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ABSTRACT In this paper, we identify non-translation-invariant constructive Gibbs measures for the Ising model
on a third-order Cayley tree, which differ from known ones. We provide the conditions for the existence of
at least two distinct Gibbs measures, which implies that a phase transition occurs. The free energies and
entropies corresponding to the identified measures are calculated. These free energies and entropies are then
compared with the known ones and shown to differ from them.

KEYWORDS Cayley tree, Ising model, Gibbs measure, free energy, entropy.

ACKNOWLEDGEMENTS The authors thank Obid Sh. Karshiboev for valuable advice and an anonymous referee
for helpful suggestions that improved the paper.

FOR CITATION Rahmatullaev M.M., Burxonova Z.A. Free energy and entropy for the constructive Gibbs
measures of the Ising model on the Cayley tree of order three. Nanosystems: Phys. Chem. Math.,
2025, 16 (3), 261-273.

1. Introduction

One of the main problems for the Ising model is to describe all limiting Gibbs measures corresponding to the model.
It is well known that for the Ising model such measures form a nonempty, convex, and compact subset in the set of all
probability measures. The problem of completely describing the element of this set is far from being completely solved.
Some translation-invariant (see, e.g., [1-3]), periodic [4, 5], and continuum sets of non-periodic Gibbs measures for the
Ising model on a Cayley tree have already been described (see, e.g., [2,3,6,7]).

In [8, 9], the notion of weakly periodic Gibbs measure is introduced. This notion generalizes the notion of periodic
Gibbs measures and such a measure is non-periodic. In [10], the author constructs new sets of non-periodic Gibbs
measures for the Ising model on the Cayley tree of order k, which called (kg )-translation-invariant, (ko )-periodic and
(ko)-non-translation-invariant, respectively. In [11], authors investigate p-adic Gibbs measures for the g-state Potts model
with an external field and establish the conditions for the existence of a phase transition. In p-adic case, such kind of
constructed measures for the Ising model were studied in [12—-14]. In [15], the authors construct a very wide class of Gibbs
measures. The existence of the Gibbs measures for a given model defines the occurence of a phase transition [16, 17].

Entropy and free energy are fundamental concepts in thermodynamics that provide a powerful framework for under-
standing the behavior of systems. By considering both the energy content and the disorder of a system, these concepts
allow us to predict the direction and extent of spontaneous processes, making them invaluable tools in various fields of
science and engineering [18].

The progress in nanoscience and nanotechnology has spurred considerable research into adapting the principle of
thermodynamics and statistical mechanics for small systems with a limited number of particles, moving beyond traditional
large- scale applications [5].

Nanoscale systems are characterized by their dynamic structures, unlike the static equilibrium of macroscopic phases.
Phase coexistence in these small systems shifts from sharp points to ranges of temperature and pressure. This behavior
invalidates the Gibbs phase rule and allows for the formation of metastable phases that are unique to the nanoscale
[19,36-39].

Working with nanoscale materials presents difficulties in accurately describing how their properties and phase
changes behave. To overcome these hurdles, we need to formulate new thermodynamic and statistical models specif-
ically designed for small-scale systems. This is particularly crucial for understanding molecular self-assembly, a core
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process in bottom-up nanotechnology, which is fundamentally governed by phase transition phenomena as emphasized
by Feynman [20].

In [21], the authors present, for the Ising model on the Cayley tree, some explicit formulae of the free energies (and
entropies) according to boundary conditions. They include translation-invariant, periodic as well as those corresponding
to (recently discovered) weakly periodic Gibbs states. It is proved that the free energies for the translation-invariant and
periodic boundary conditions are equal.

In [22], the authors consider the calculation of the entropy of an Ising ferromagnet with nonmagnetic impurities
distributed at random over the lattice sites or bonds. In [23], the authors found the exact free energy of such a chain
as a function of the impurity concentration, temperature, and the external magnetic field. In [24], the authors studied
Ising-Vannimenus model on a Cayley tree for order two with competing nearest-neighbor and prolonged next-nearest-
neighbor interactions. Moreover, the free energies and entropies, associated with translation invariant Gibbs measures,
are calculated.

In [25], the author considers the Ising-Vannimenus model on a Cayley tree of order three. In [26], the authors gen-
eralized the Ising-Vannimenus model’s Gibbs measures on a Cayley tree of any order using the Kolmogorov consistency
condition and classified the fixed points. They obtained a new formula to calculate the free energy of the model on
the Cayley tree of any order under given boundary conditions. In [27], the author studied thermodynamic properties of
mixed-spin (2, 1/2) Ising and Blum-Capel models on the Cayley tree.

In [28], the author constructs the partition function and then calculate the free energy of the Ising model having the
prolonged next nearest and nearest neighbor interactions and external field on a two-order Cayley tree using the self-
similarity of the semi-infinite Cayley tree. In [29], the author calculated the free energy and entropy for (1,1/2)-MSIM.
In [30], the author identified regions where the disordered phases are extreme by means of the tree-indexed Markov chain
and satisfied the Kesten-Stigum condition for non-extremality of the disordered phase according to the fixed point.

Recently, in [31], we constructed new Gibbs measures for the Ising model on the Cayley tree of order two and
calculated free energies of these measures. We noticed that these free energies are equal to the free energies of the
translation-invariant boundary conditions.

In this paper, we construct Gibbs measures for the Ising model on a third-order Cayley tree, which differ from those
mentioned above, and calculate the free energies and entropies. Also, we prove that the free energies and entropies
corresponding to the obtained measures (which are constructed on the Cayley tree of order three) differ from the free
energies of the translation-invariant boundary conditions.

This paper is organized as follows. In Section 2, we present necessary main definitions and formulas. In the next two
sections, we construct new Gibbs measures. In Section 5, we calculate the free energy corresponding to these measures.
In Section 6, we calculate the entropy corresponding to the measures.

2. Preliminaries

Let T = (V,L),k > 1 be the Cayley tree of order k, where V and L are the set of vertices and the set of all edges
of the tree I'*, respectively. I'* can be represented as a group Gy, which is the free product of k + 1 cyclic groups of the
second order (see, e.g. [2,7]).

Two vertices 2 and y are called nearest neighbors if there exists an edge [ € L connecting them | = (z,y). A
collection of nearest neighbor pairs (x,x1), (1, Z2), ..., (Tm,y) is called the path from x to y. By the path, one can
define distance d on the tree. The distance between vertices x and y is the number of edges of the shortest path from x to
y. Let us fix a vertex 2z° € V and call it as a root of the tree. Then for any natural number 7, we introduce the following
set:

W, ={z eV |dz,2°)=n}, V, = U Wi, Lp={(z,y) € L: z,y € V,},
m=0
The sets W, and V,, are called a sphere and a ball with radius n, respectively.
For a given x € W,,, we in troduce
S(x)={y € Wpy1 :d(z,y) =1}, x€W,,

which is called a set of direct successors of x.
For A C V, a spin configuration on A is defined as a function

xr€A—og(x)e®={-11}.

The set of all configurations coincides with Q4 = d*. We denote Q = Qv and 0 = oy
We consider the Hamiltonian of the Ising model

H(o)=-J > o(z)a(y), (1)
(z,y)€L

where J € R, o(x) € ® and (x, y) are the nearest neighbors.
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For every n, we then define a measure (i, on {2y, by

pn(On) = Z;1 eXp{_ﬁH(Jn) + Z hza(x)}, ()
zeW,

1
where 3 = T (T is a temperature, T' > 0), 0, = {0 (), x € V,,} € Qy,,, Z;l is the normalizing factor, and

H(op)=-J Z o(x)o(y).

(z,y)ELn
The compatibility condition for the measures fi,,, n > 11is

Zﬂn(o—nflaa(n)) :Nlnfl(o—nfl)» (3)

o(m)
where 0™ = {o(z),2 € W, }.

Let 11, » > 1 be a sequence of measures on the sets {2y, that satisfy compatibility condition (3). By the Kolmogorov
theorem, we then have a unique limit measure y on €2 such that

p{o lv,=on}) = pnlon),

foreveryn = 1,2,...and 0,, € ®". Such a measure is called a splitting Gibbs measure corresponding to the Hamiltonian
(1) and function h,,x € V.

Theorem 2.1 [1-3] The measures p,(c,), n = 1,2,..., in (2) are compatible iff for any x € V, the following
equation holds:

yeS(z)
where f(z,0) = arctan h(0 tanh x), = tanh(J3).

Definition 2.1 Let K be a subgroup of G, k > 1. We say that a function h = {h, € R: x € G} is K- periodic if
hye = hg forallz € Gy, and y € K. A G-periodic function h is called the translation-invariant one.

Definition 2.2 A Gibbs measure is called K -periodic if it corresponds to K - periodic function h.

Definition 2.3 A set of quantities h = {h,,x € G} } is called K- weakly periodic, if h, = hij, for any x € H;,
x), € Hj, where x| -ancestor of z.

Theorem 2.1 establishes a one-to-one correspondence: a boundary condition solving the functional equation (4)
uniquely determines a Gibbs measure and conversely. This means that finding all Gibbs measures is equivalent to finding
all solutions to equation (4).

We aim to investigate the relationship between the boundary condition and the resulting free energy, specifically when
the free energy exists:

. 1
F(B,h) = _nlbl&mlnzn(ﬁ’h)' &)

The authors of [15] define a large variety of Gibbs measures. Studying the Gibbs measures on a k-order Cayley tree
is equivalent to solving a system of equations

h = (al — ag)f(h, 9) + (CL?, — a4)f(l, 9),

(6)
L= (b1 —b2)f(h,0) + (b3 — ba) f(1,0),
where a;, b;, © = 1,2, 3, 4 are non-negative integers and
a1 +as +az+ag =k, by +bo+b3+by =k. 7

Theorem 2.2 [15] Independently of the parameters, there is one Gibbs measure which corresponding to the solution (0, 0)
of the system of equations (6), and if

‘ ((CLg — a4)(b1 — bg) — ((11 — ag)(bg — b4))02 + (a1 — az + b3 — b4)0 |> 1

then there are at least three distinct Gibbs measures corresponding to the solutions (0,0), (Zh., £l,), of system of
equations (6), where h, > 0, [, > 0.

If an arbitrary edge (z,y) = € L is deleted from the Cayley tree I'*, it splits into two components, i.e., two identical
semi-infinite trees T'5 and '} (see Fig. 1). In this paper, we consider semi-infinite Cayley tree I'f = (V9 L°). The vertex
x( is considered as a root of tree, the root has k nearest neighbors and all other vertices of r’g has k 4+ 1 nearest neighbors.

This work identifies new families of Gibbs measures that differ from those described in the previous studies [5,31-34],
as well as those presented in Theorem 2.2.
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FIG. 1. The Cayley tree of order k = 3, separated to two semi-infinite sub-trees 1"]5 and I"f

3. Constructive Gibbs measures with rule A

This section will detail the construction of Gibbs measures for the Ising model on a Cayley tree of order three. The
following definition specifies the set of quantities h = {h,,x € V'}:

(A) If h,, = ho, then we put h; on all direct successors of x.

If h, = hj, then we put ho and O on an arbitrary vertex and the other two vertices of direct successors of z,
respectively.

If h, = 0, then we put 0 on all direct successors of x (see Fig. 2).

FIG. 2. Set of quantities h = {h,, € V'} corresponding to the rule (A)

The set of the boundary condition {0, k1, ho} defined by the rule (A) must satisfy the boundary condition (4):

hl = f(h279)7

(3
hy = 3f(h1,0).

It is clear that hy = ho = 0 is a solution of (8).

1. (1+60)e*h+(1-0
Using the formula f(z,0) = arctan h(f tanh x)=§ In El i_ 9%2% ::__ El n 9;, and introducing the notations o =
1-90
zi =€

2h
1_"_97 )

‘,i = 1,2, we have o € (0, 1) U (1, +00). By the last notations, (8) yields the following system of
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equations:
20+«
1= >
azog + 1
9
z1+ o 3 ©)
Z9 = .
2 azy +1

The following lemma defines the number of positive solutions of (9).
Lemma 3.1 Let A/ be a number of the positive solutions (9). Then the following assertions hold:
3, if a€(0;2—v3)U(2+V3;0),
N = (10)
L, if a€U@2-vV3;1) U (1;2+V3).
Proof: See Appendix 1.
Using Lemma 3.1, we obtain the following theorem:

Theorem 3.1 For the Gibbs measures for the Ising model corresponding to h = {h,,z € V} which defined by rule
(A) on the Cayley tree of order three the following statements hold:

(1) ifa € (0;2— \/3) U2+ V3: 00), then there are three Gibbs measures, moreover, two of them are non-translation-
invariant Gibbs measures;
(2) if o € (2 —V/3;1) U (1;2 + V/3), then there exists a unique translation-invariant Gibbs measure.

Remark 3.1 The translation-invariant measure corresponding to (z1, z2) = (1, 1) found in Theorem 3.1 was studied
[1,8,19].

4. Constructive Gibbs measures with rule B

The values for the set h = {h,,x € V'} are assigned according to the following rules.

(B) If h,; = hg, then we put hy on all direct successors of x.

If h, = hj, then we put 0 and ho on an arbitrary vertex and the other two vertices of direct successors of =z,
respectively.

If h, = 0, then we put 0 on all direct successors of x (see Fig. 3).

The set of quantities {0, k1, h2} as determined by the constructive rule (B) is constrained by the boundary condition
specified in equation (4):

FIG. 3. Set of quantities h = {h,, 2 € V'}, which corresponding to the rule (B)

h1 = 2f(hs,0),
(11
hs = 3f(h1,0).
From (11), we write the following:
(=)
21 = )
azg +1 (12)

21+« 3
Z =
2 azp +1
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According to the calculation in based on graphical analysis and the Descartes’ theorem we have the following result:
Lemma 4.1 Let /C be a number of the positive solutions of (12). Then the following assertions hold:

3, if @€ (0; ag]Ulae,; 00),
K — (13)

1, if a€ (ag; ac,)-

where o, =~ 0.44, ac, = 2.3.
Proof: See Appendix 2.
Using Lemma 4.1 we obtain the following theorem:
Theorem 4.1 Let £ = 3. For the Ising model constructed with rule (B) on the Cayley tree, the following holds true:

(1) if @ € (0; ] U Jae,; 00), then there are three Gibbs measures, moreover, two of them are non-translation-
invariant Gibbs measures;
(2) if @ € (a¢,; @, ), then there exists unique translation-invariant Gibbs measure.
Remark 4.1 The translation-invariant measure corresponding to (z1, z2) = (1, 1) found in Theorem 4.1 was studied
[1,8,19].
Remark 4.2 The measures found by rules (A) and (B) are neither periodic nor weakly periodic, they are new Gibbs
measures (see in [5,31-35]).

5. Free energy for the Gibbs measures constructed by rules (A) and (B)

In the section, we calculate the free energy for the measures found in the previous sections. Free energy plays an
important role in the fields of chemistry and physics, being used to determine the occurrence of processes and reactions,
energy transfer between systems, and their energetic stability.

The following theorem gives a formula of the free energy.

Theorem 5.1 [21] For boundary conditions satisfying (4), the free energy is given by the formula

F(B,h) = — lim ﬁ > a(w), (14)

n—00
zeV,

where
1
a(z) = 5 In [4 cosh(hy, — BJ) - cosh(hy + BJ)] .
Theorem 5.2 The free energy of the Gibbs measures which are defined by rule (A) for the Ising model on the Cayley
tree of order three is defined the following formula:

3
Fa(B,ha) = —Eln@cosh(ﬁ(])), (15)
where h 4 are constructed according to the rule (A).
Proof Let A C V. Denote by | A(h4,) | the number of 4, in the set A, where i = 0,1, 2 and h 4, is defined by rule
(A). Firstly, we calculate | Wa, (ha,) |, | Wa, (ha,) |, | Wa, (ha,) | (see Fig. 1). W4, are constructed according to the
rule (A). After some calculations, we have

n . .
3" —32, if mn is even,

| Wa, (hay) | = . .
3" -3, if n is odd,

0, if n is even,

‘ WAn(hAl) | = n+1

2 if n is odd,

3%, if n is even,

| Wa,(ha,) | = _ .
0, if n is odd,

It is clear that
| Va, (ha) 1= | Wa,(ha,) |, i=1,2. (16)
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Using (16) we find the following:

A,, n is even,

| Va, (ha,) | = ,
B,, n is odd,
Chp,if n is even,
| Va, (ha,) | = o
D,, if n is odd,
FE,,if n is even,
| Va, (ha,) | = o
F,, if n is odd,
where
An:9%2*1,3%2*17
8 2
B — 3.(9" —1) 73%—1,
8 2
3. n
C, = 5(3? -1)+1,D,=0,E, =0,
1 n4+1
F,==--(32 —1).
3 B~
According to (14), we have
FA(thA) =
1 2 Ay, In[d cosh(—pJ) - cosh(B8J)], if n is even

BET e e —
28 n=o0 3" =1 | B In[4cosh(—BJ) - cosh(BJ)],if n is odd

1 i 2 Cy In[4cosh(ha, — BJ) - cosh(ha, + BJ)], if niseven
— lim ————
2B =00 3" =1 | D 1n[dcosh(ha, — BJ) - cosh(ha, + BJ)], if n is odd

1 9 E, In[4cosh(ha, —

25 il T

283 n—oo 3 -1\ g, In[4 cosh(ha, —
1

= 35 %1n[4 cosh(—fJ) - cosh(8J)] = —%111[2 cosh(8J)].

J) - cosh(ha, + BJ)], if niseven

5
BJ) - cosh(ha, + J)], if nis odd

Similarly, we can prove the following theorem for the Gibbs measures which are defined by rule (B).
Theorem 5.3 The free energy of the Gibbs measures for the Ising model, defined by rule (B) on the Cayley tree of
order three, equals

Fi(8, ) =~ In(2cosh (7)), (17)

where h g is constructed according to the rule (B).
Remark 5.1 a) Due to Theorems 5.2 and 5.3, we have

Fu(B,ha) = Fp(B,hB).
Moreover, we also show that
FA(B7]7’A) = FB(B7h’B) 7é FTI(57O)a
1
where Fr;(8,0) = 3 In(2 cosh(8J)) is the free energy of the translation-invariant (TT) boundary condition [21].
b) In [21] it is shown that
Fwp(B,h) < Fri(B,0).
In the present paper, we show that
Fri(B,0) < Fa(B,ha) = Fp(B,hp).

It implies that the free energy corresponding to the rule (A) differs from the free energy corresponding to the weakly
periodic b.c., more precisely,

Fwp(B,h) < Fri(B,0) < Fa(B,ha) = Fp(B,hB).

Corollary 5.1 The free energy of the Gibbs measures which are defined by rules (A) and (B) for the Ising model on
the Cayley tree of order three is defined as follows::
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Fa(B.ha) = F(8,h5) = S Fry(5,0).

1
1
1
1
1
]
I

.|....l....l....l....l....l3
0.5 1.0 1.5 2.0 25 3.0

FIG. 4. Free energy Fr;(f,0) (dotted line) and free energy built according to rules (A) and (B) i.e
F4(B,ha)=Fp(B, hp)(solid line). Here J = 1 and k = 3

6. Entropy for the Gibbs measures constructed by rules (A) and (B)

In this section, we calculate the entropy for rules (A) and (B). The concept of entropy is crucial to understanding
processes in both physics and chemistry. In physics, it expresses the energetic state and disorder of systems, while in
chemistry, it is used to determine whether reactions are spontaneous or non-spontaneous. The increase in entropy is the
main trend observed in natural processes, indicating changes in energy and the efficiency of movements between systems.

The entropy is found by the following expression (see in [21]):

dF(B,h)
S(B,h) = T

Theorem 6.1 The entropy of the Gibbs measures which are given by rule (A) for the Ising model on the Cayley tree

of order three is defined the following formula:

Sa(B,ha) = 2 - (In(2cosh(JB)) — J B tanh(J B)) (19)

Proof We calculate the entropy for the Gibbs measures constructed according to rule (A)
dF(8,ha) d(—3In2cosh B.J)

(18)

Salfha) = =g = ST B
3 b b 3 J eT —e T

== T i 1 W — (20)
1 In(eT +e7T) 1T daod

- g . (In(2 cosh(.J8)) — JBtanh(JB)).

Remark 6.1 In [21], the entropy of the (TI) boundary comdishihe the following formula for h = 0
St1(8,0) =1In(2cosh(JB)) — JB tanh(JB). (21

We have the following expression according to Theorem 6.1
3
Sa(B,ha) = i (In(2 cosh(JB)) — JB tanh(Jp)),

i.e. the entropy of Gibbs measures constructed according to rule (A) differs from S7;(8,0).
The entropy calculation for Gibbs measures associated with rule (B) follows the same procedure as for rule (A).
Theorem 6.2 The entropy of the Gibbs measures for the Ising model defined by rule (B) on the Cayley tree of order
three, equals

3
Sp(B,hp) = Y (In(2cosh(JB)) — JB tanh(JB)). (22)
Remark 6.2 In [21] and according to Theorem 6.2, we get the following

Sp(8,hp) = Z - (In(2 cosh(J3)) — JBtanh(JB))
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i.e. the entropy of the calculated according to the (B) is different from the Gibbs measures S7;(f,0).
Corollary 6.1 The following relation is valid between the entropy of the Gibbs measures constructed according to
(A) and (B) and the entropy S71(83,0) of the Gibbs measures:

Sa(B,ha) = S5(8,h) = S5m1(3,0).

0.5 1.0 1.5 2.0

FIG. 5. Entropy St;(f,0) (dotted line) and entropy built according to rules (A) and (B), i.e Sa(3,h4)
= Sp(B, hp)(solid line). Here J = 1 and k = 3

Appendix 1
Let us now explain how to calculate the proof of Lemma 3.1.
Proof Solving system (9) reduces to analyzing the following equation

- (;1;31)3 ta _ 23)

3
+
o ((jlzl—io-él) + 1

Simplifying (23), we have
(1—1) - (1 4+1)-(®+a) 22+ (—a*+6-a®>—1)-z1 +a® +a) =0. 24)
It follows z%o) =1lor
(@+a) 22+ (—a*+6-a*—1)- 21 +a®* +a=0. (25)
According to (9), every positive value of z; corresponds to a positive value of z5. Therefore, we only need to focus on the
positive solutions of equation (25). Equation (25) can be rearranged as follows:
a- (@ +1)22 (' —6-a*>+ 1)z +a-(a?+1)=0. (26)
Denote by D the discriminant of the equation (26), i.e.
D=(a"-6-a>+1)?2—4-(a®+a)
Case 1. Equation (26) have two positive solutions, i.e.
D >0,
27)
at=6-a*+1>0.

After solving the inequalities, we find that
a € (0;2 —V3)U (24 V3;00),
the equation (26) has two positive solutions
(12 a*—6-a>+1+Vad—16-a8+30-a*—16-a%+1
2T 2. a-(a2+1) ’

Inserting these solutions into system (9), we obtain two corresponding solutions

3
(12 [ 3a*—4a?+1+ Va8 —16a6 + 300t — 1602 + 1
2 aat — 402 + 3+ Va® — 16a8 + 30a* — 16a2 + 1)
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It is clear that solutions z%l’Q) and 251’2) are positive.

Case 2. Equation (26) has a unique positive solution, i.e.

D=0,
(28)
at—6-a’24+1>0.

The equation D = 0 yields that a; » = +1, a3 4 = 2+ V3 and a5 6 = —2 & V/3. Since a € (0, 1) U (1, +00), we
consider the cases a3 4 = 2+ V3. According to the inequality in (28), it is sufficient to consider the case a3 4 = 2+ V3.
Ifags =2+ /3 then we get the translation-invariant solution (21, z5) = (1,1).

Case 3. Let us assume that (26) does not have any positive solution, i.e.

D <0, (29)

or

D >0,

(30)
a4—6~a2—|—1§0.

It means that if o € (2 — V3; 1) U (1;2 + v/3), then the equation (26) does not have any positive solution.

Appendix 2
The proof of Lemma 4.1 is found using this basic idea using the following algebraic substitutions.
Proof Solving system (12) reduces to analyzing the following equation

( zZoto )2 +
2 o
2 = @zt , 31)

2
. zZota
«Q ((x~22+1) + 1

3

Simplifying the last equation, we receive

(2 —1)-(a+1)3-(@® 2§ —(a®*~3-a° +6-a* —14-0®*+6-a> -3 -a+1) 25—
—(@®+3-a°-9-a*-5-a* -9 +3-a+1) 25—

—(a®+6- a5—15-a4—4-a3—15~a2—|—6-a+1)~23— (32)
(@ +3-a°-9-a*-5-a*-9-a*+3-a+1) 2
—(@®=3-a°+6-a*-14-0>+6-a>-3-a+1)- 22+a3):0.

It follows that zéo) =1lor

25— (@ =3-a°+6-a'—14-0+6-a>-3-a+1)- 25—
—(@®+3-a°-9-a*-5-a*-9-a*+3-a+1) 25—
—(a®+6-a°—15-a*—4-0®>-15-a*> +6-a+1)- 25— (33)
—(a®+3-a°-9-a*-5-0*-9-a*+3-a+1) 25—
—(@®=3-a°+6-a'—14-0>+6-a>-3-a+1) -z +a=0.

Due to (12), each positive solution z, defines a positive solution z;. Thus, it is sufficient to consider positive solution of

1
(33). We make a substitution £ = 2o + — and form the following equation
22

B4 (—af+3-a°"—6-a'+14-a*—6-a*+3-a—1)-+
+(—a%=3-a°+9-a*+2-0*+9-0®* -3-a+1) &+
+(@?+1)-(a*—12-0®*+26-a* —12-a+1) = 0.
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In the last cubic equation, D < 0, we know that when D < 0, the cubic equation has one real root. Let us find this real
root. In order to simplify this solution, we make the following substitution

t=(8-a'®—72.a'" +360-a'® - 1380 a'® +4320- ot —

—11016 - o3 + 22944 - o'? — 39132 - o' + 54288 - 10—

—60712 - @ 4 54504 - a® — 39564 - o + 23952 - — 11448 - o°+

+12- (=15 a®* + 252 - a®® — 2088 - a® + 11568 - o? — 48798 - a0+
+167328 - ' — 480252 - a'® + 1165176 - o' — 2395593 - a1®+

+4179936 - a'® — 62049242 - o** 4 7861968 - a*® — 8527860 - 2+
+7931520 - o' — 6324768 - !0 + 4318848 - o — 2521269 - o+

+1254636 - o — 527532 - + 187272 - a® — 54954 - o + 13080 - o*—
—2412- 0 + 288 - o — 15)7 4 4536 - o — 1452 - 0 + 360 - a® — 72 - o + 8) 3.

The result is the following expression:

E=@t+4-> (@®—6-a't+21-a'0—61-a°+141-0® —237-a"+
428205 —237-0° +141-a* —67-a®*+21-0®> —6-a +1))/
6-a® t4+2-(a®*=3-a°+6-a*—14-0*+6-a*> -3 -a+1)).

By the substitution, we take

1

m+—=@t+4-0 (@?—6-a +21-0'°—61-0°+141-a% - 237-a"+
Z2

4+282-0a% —237-0° +141-a* —67-0* +21-a* —6-a+ 1))/

6-a%-t+2-(a-3-a°+6-a*-14-a*+6-a> -3 -a+1)).

The last one yields that

224+ ((—4-a'® +24-a' —84-a’ 4244 - a'? — 564 - '+
+948 - a'? — 1128 - a” + 948 - a® — 564 - a” + 268 - o —
—84-a°+24-a*—4-a®—t)/(2-a® —6-a° +12-a* — 28 - a3+
+6-0?-t+12-a> —6-a+2)) -2 +1=0.

We find the discriminant of the last quadratic equation

D=((—4-a%+24.-a" —84-a" 4244 . o'~
—564 - o' +948 - !0 — 1128 - o + 948 - a®—
—564-a" +268-0% —84-a° +24-a* — 4.0~
—1)/(2-a%—6-a°+12-a* —28-a®+6-a% - t+
+12-a% —6-a+2))? — 4.
We introduce the notation
p=(—4-a¥+24.-0" —84-a' 4244 - a'? — 564 - o'+
+948 - 0! — 1128 - ® + 948 - a® — 564 - " + 268 - a°—
—84-a’°+24-a*—4-0>—1)/(2-a® —6-a° +12-a* — 28 -+
+6-a% t+12-a* —6-a+2).
As a result
z%—i—p-zg—i—l:O. (34)

The discriminant of (34) is as follows:
D =p*—4.
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Case 1. Let (34) have two positive solutions, i.e.

D >0,
(35
p <O0.
Case 2. Let (34) have a unique positive solution, i.e.
D=0,
(36)
p <O0.
Case 3. Assume that (34) does not have any positive solution, i.e.
D <0, (37)
or
D >0,
(38)
p>0
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ABSTRACT In this paper, the energy formula for charge carrier (e) confined in a diluted magnetic semiconductor
(DMS) quantum well QW made from Cd;_.Mn_Te is generated and utilized to calculate the Density of States
(DOS) and the Lande g-factor. The Landau levels in a quantum wire that is placed in uniform magnetic field
along its axis, taking into account the presence of Rashba spin-orbit interaction and exchange effect, are
explored. These effects have altered the DOS and the Landau levels. The electron g-factor for the lowest state
is explored. Our results show that the g-factor is strongly affected by the combined effects of magnetic field and
Rashba spin-orbit interaction strengths. The g-factor can vary in a wide range of expands for the bulk value of
2 up to 300, which makes it a good candidate for spintronic applications.
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1. Introduction

At the nanoscale, electrons in nanostructures behave differently compared to bulk materials. The two main reasons
cause the properties of nanomaterials to significantly deviate from those of bulk materials are the effects of quantum con-
finement and the increase in the relative surface area to volume ratio. These factors can alter or enhance the properties
such as reactivity, as well as the optical, and magnetic characteristics of nanomaterials [1-5]. The optical and electrical
characteristics of low-dimensional semiconductor structures such as quantum wires have attracted considerable interest
in recent years due to their potential technological applications [6,7]. The spin-dependent phenomena in quantum wires
(QW) have promoted the implementation of these nanowires as potential building blocks in spin electronic devices and
future quantum devices [7-9]. Researchers have been exploring nanowires from various materials, well-developed mate-
rial synthesis, and fabrication techniques have enabled the production of high-quality quantum wires with precise control
over their dimensions and properties. For example, chemical precipitation, and laser ablation has been used to produce
high-quality nanowires [10, 11].

It has been noticed that the electron spin plays a crucial role in influencing the electrical and optical properties of QW
semiconductor structures. Numerous theoretical studies have offered deeper insights into the electrical, dynamical and
thermal properties in one-dimensional systems. Kasapoglu et al. studied the combined effects of electric and magnetic
fields on the optical absorption coefficients and refractive index changes in GaAs nanowires using the effective-mass
approximation and the compact density-matrix approach [12]. A. Bouazra et al. investigated the stability of quantum
wire with respect to its shape and size. They examined the optical properties, as well as the energy levels of electrons and
holes, along with their corresponding wave functions in various shapes of InAs quantum wires [13]. R. Khordad studied
the influence of the external magnetic field and the Rashba effect on the optical properties of 1D quantum wire [14].
Y. Khoshbakht investigated the thermodynamic properties of a nanowire under the presence of the Rashba spin-orbit
interaction and external magnetic field. The study provided analytical expressions for the mean energy, the free energy,
the specific heat, the entropy, and the magnetic susceptibility of nanowires in the presence of gate-controlled Rashba
spin-orbit interaction and an in-plane magnetic field [15]. B. H. Mehdiyev investigated the effect of finite temperature on
the electrical conductance of diluted magnetic semiconductor cylinders made of CdTe [16].

One of the essential material parameters of a QW is the effective Lande g-factor. This parameter represents the
response of a material to a magnetic field. The study of the effective Lande g-factor in semiconductor nanowires has
received great attention because of its importance in manipulating the spin splitting of carrier bands. Its effect on device
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performance should be considered. In particular, exploring the g-factor provides a deeper understanding of the behavior
of electrons in magnetic fields and helps scientists assist these findings in practical applications.

Many studies have been carried out on the effective Lande g-factor in low-dimensional structures. Several theoretical
and experimental studies examine the effect of spin-orbit coupling and the magnetic field on the g-factor. The effects of the
magnetic field and Rashba effect on the Lande g-factor in the InAs quantum wire have been examined [17]. In Ref. [18],
the authors have explored the g-factor in diluted magnetic semiconductor (DMS) quantum well with parabolic potential
in the presence of an external perpendicular magnetic field, the study shows that the g-factor increases with increasing the
magnetic field due the increment in the strength of spin-orbit coupling [18]. The authors examined the electron g-factor
for various sub-bands in quantum wire in Ref. [19], the effects of electric field, magnetic field, and Rashba spin-orbit
interaction strength on g-factor have been explored.

Rogerio de Sousa et. al found that the g-factor of a heterojunction quantum dot is very sensitive to its radius and
magnetic field arising from the interplay between Rashba and Dresselhaus spin-orbit interactions [20]. Rodrigues et al.
investigated the optical properties of CdMnTe/CdTe heterostructures grown on Si substrate, highlighting the effects of
quantum confinement and structural roughness on emission spectrum [21].

In this work, we will study the g-factor in Cadmium Telluride material that doped with Manganese Cd; _,Mn,Te
nanowires, where x is the fraction of moles of Mn ions. The spin splitting of the sub-bands can be enhanced by introducing
magnetic ions (Mn). The strong s—d exchange interaction between the carriers and the local magnetic ions can be enhanced
by an external magnetic field [22,23]. The Lande g-factor in Cd; _,Mn,Te nanowires can be controlled by varying the
magnetic field, the concentration of Mn, the radius of the wire and it‘s temperature. It has been recorded that the Lande
g-factor in CdTe at zero magnetic field is —0.5 while for Cdg gsMng g2 Te, it goes to 100 at 4 K [24]. Afanasiev et al.
explored the behavior of the electron g-factor due to the s—d exchange interaction between electrons and manganese ions
in coupled quantum wells of CdTe and CdMnTe, where the dependence of electron g-factor on the barrier thickness and
temperature is experimentally investigated [25].

This work aims to compute and investigate the dependence of energy spectra Density of States (DOS) and effective
Lande g-factor of CdMnTe QW. A theoretical examination of the Lande g-factor in a CdMnTe QWs is carried out,
considering the effects of an external magnetic field, with particular emphasis on the Rashba effect and the exchange
interactions.

2. Theoretical model

The Hamiltonian of an electron in quantum wire (QW) of a given radius p under an external magnetic field (B) in
the z-direction that is parallel to the axis of the wire that represented the kinetic energy operator term and confinement
potential term is given by [18]:

H

_—h2 182+02 ,h638+6232p2+1* Bo.+
C2mr \ p2 0p? 022 M ome Op 8m* 99 HBDT

-1 Sgmapip B afr, =z -
75035/2 <I(B(T+TO) NozJs_q0. + 0 {U X P} ~n. (1)

505 ). i
constants that are in the Hamiltonian are defined as g* and m* donated the electron effective g-factor and effective mass,
respectively. o, denotes the Pauli spin matrix along the z-axis. The third term represents the Zeeman effect, that will
lead to extra energy splitting in the spectrum. The fourth term indicates the exchange effect which describes the s—d
exchange Heisenberg interaction between the conduction electrons and Mn ions. Where Sy is the effective spin, Bs 5 is
the Brillouin function, .S is the spin of the localized electrons of Mn ions, gy, is the g-factor of Mn, kB is the Boltzmann
constant, Ny is the density of unit cells and J;_4 is constant which describe the exchange interaction according to the s—d
exchange integral. The last term is the Rashba term which significantly influences the magnetic properties of Mn-doped
CdTe wire. Here P is the momentum operator, « is the strength of the spin orbit coupling, & = (0,0, 0,) denotes the
Pauli spin matrices and 7 is the unit normal to the surface.
After determining each term of the Hamiltonian, the full Hamiltonian is written in a matrix form as follows:

Where, in this model, the vector potential induced by the magnetic field is defined as A =

.0
_ ip Y
H11‘ ; ae o U1 (@, 2) 7 2
—ae'?— Hypy—¢ V2 (¢, 2)
0z

where,

Hy=———0
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of plane wave with angular part.

By diagonalizing the Hamiltonian Matrix, the energy dispersion relation for confined electron of the two sub-bands
of each index (n) found to be:

1 ) )
Ais given by 65035/2 ( ) NozJs_ 4, and the wave function is ¢, (¢, z) = elkzzez'ruﬂf which is the product

h?(2K? — v —v2 + 73 + 7a) 1 2 2

Enr = g2 F Ty \/ (4mKa) +ht(y1—y2—y3+74)", 3

eB  2ma
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The energy in Eq. (3) depends on the radius of the nanowire, the strength of the external magnetic field, the Rashba
parameter, the magnetic ion concentrations and the temperature.

The energy dispersion relation is used to calculate the density of states DOS of the electrons in the CdTe QW. The
DOS is defined mathematically as the delta function and it can be written in terms of Green’s function as follows

1
DOS (E) = —— I E 8
08 (B) W%}m(G( 6)), ®
where F is the energy, and € is a very small parameter. Green’s function is defined as:
1
GE,¢) = ———. 9
(E,e) H—-FE+ie ©)

In addition to previous quantities, the effective Lande g-factor (g) is computed for the low-lying state using the relation

5 Bol) = Eo(l)

. 10
inB (10)

3. Results and discussions

In this section, we present the computed results for Landau energies of an electron confined in a cylindrical quantum
wire under the presence of an external magnetic field, for different ranges of physical parameters. In the following
computations, the values of the parameters in the energy expression are as follows: S = 5/2 corresponding to the spins of
the localized electrons of Mn ions, the g-factor of Mn gy, = 2, the effective spin Sy = 1.97, Ty = 3K, m* = 0.096m.,
Js_qg = 220 meV, and g* = —1.47. These values are taken from the literature [26].

In Fig. 1, the eigenenergies of different states range from n = —2 to n = 2 are plotted against the applied magnetic
field for (a) in the presence of Rashba effect and (b) in the presence of Rashba and exchange effects for the two sublevels
of each state: (spin up: solid line, and spin down: dotted line). The plot shows that the magnitude of the energy increases
with increasing the external magnetic field, this can be explained as the increment of the magnetic field will enhance the
confinement potential on the electron, so the energy splitting will be increased as it is expected.

The effect of the Rashba parameter (o)) on the eigenenergies has been taken into account, Fig. 1(a) shows the
enactment in the Rashba constant o from 50 to 100 meV-nm changes the magnitude of the energy levels (red for
o = 50 meV-nm and blue for 100 meV-nm), Rashba effect shifts the energy of the states with spin down to higher
energy values, while shifting the energy of spin-up states to less positively energy under given value of the magnetic field.
In Fig. 1(b), we show the exchange effect, in the presence of the Rashba effect, the exchange term has different influence
on shifting the energy of the sublevels in the presence of the magnetic field compared to the Rashba term. By enhancing
the exchange interaction through an increase in Mn ions, the spin-down states shift to lower energy levels, while the
spin-up states move to higher energy levels. The energy change is due to the exchange term in the Hamiltonian being
linearly proportional to the number of Mn ions in the CdTe nanowire. Furthermore, Fig. 1 demonstrates that the crossing
point (degeneracy point) between the sublevels of the ground state shifts to higher magnetic field values as the molar
concentration of Mn is increased. With increasing the magnetic field, energy levels corresponding to different quantum
numbers (different sub bands). When such a crossing occurs, the ground state can switch to a different quantum number.
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FIG. 1. The low-lying energy of states as a function of magnetic field (spin-up states in solid lines while
spin-down in dashed lines) (a) in the presence of spin-orbit interaction only (red: o = 50 meV-nm,
blue: 100=50 meV-nm ) (b) In the presence of the combined effect of RSOI and exchange effects (red:
x = 0.01,z = 0.03)

The density of states DOS(E), which represents the number of states per unit of energy, is a fundamental property in
solid-state physics and condensed matter. It is used to study electronic structure and carrier concentration, which, in turn,
determine the type of matter and its conductivity. Therefore, we highlight the effects of Rashba and the exchange term on
the density of the states of electrons.

Figure 2 displays the density of states DOS as a function of energy. Fig. 2(a) represents the density of states of spin up
and spin down as a function of energy for Cdg 9gsMng g2 Te of radius 10 nm in the presence of an external magnetic field of
1 T taken into account the Rashba effect of (&« = 50 meV-nm). The presence of the Rashba spin orbit interaction lifts the
degeneracy in the states, and as it can be noticed the number of states is more at low energy values. The Rashba spin orbit
interaction reduces the difference in energy between the spin up and the spin down states as can be seen in Fig. 2(a). Also,
it can be noticed at a given value of energy, it is more preferred to occupy the spin-up state compared to the spin-down
state as the spin-up state has lower energy compared to the spin-down state. It’s evident from the comparison between
Fig. 2(a and b) after enhancing the exchange effect, by increasing x from 0.02 to 0.04, the degeneracy between the states
are removed. By making a comparison between Fig. 2(a and b), it can be noticed that the separation in DOS peaks for the
spin down levels is much larger compared to spin up.
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FIG. 2. The density of states of spin up and spin down as a function of energy for (a) Cdg gsMng g2 Te
(b) Cdy.96Mng o4 Te QW of radius 10nm in the presence of an external magnetic field of 1 T
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The effective Lande g-factor of the electron in quantum wire made from CdMnTe (QW) under an external magnetic
field (B) in the z-direction that is parallel to the axis as a function of the radius of the confinement p, magnetic field (B),
the Rashba parameter («) , Mn ions concentration (x), and temperature (7') is examined.

In Fig. 3, the effective Lande g-factor has been plotted as a function of the QW radius for Cdg.g9Mng g1 Te in the
presence of an external magnetic field of 1 T taking into account the Rashba spin orbit interaction (v = 50 meV-nm).
From Fig. 3, it is clear that as the radius of the confinement increases the g-factor decreases, and it reaches its bulk value
for large values of p. It can be noticed that by modulating the radius of the QW, the g-factor can be tuned in a range
from 2 to 200 which makes it a suitable for a wide range of applications. However, for experimental implementation,
other factors should be considered, particularly, strain effects. Additional factors such as structural disorder, interfaces,
and lattice strain can influence the effective g-factor. Disorder and impurity scattering may cause a modifying in the spin
splitting effects induced by the Rashba spin-orbit interaction and exchange coupling. Similarly, strain in the crystal lattice
can lift band degeneracies and alter the spin—orbit coupling strength, thereby affecting the g-factor. While these effects
are beyond the scope of the present analytical model, they are crucial in realistic systems and should be taken into account
when interpreting experimental data or designing spintronic devices based on Mn-doped CdTe nanostructures.
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F1G. 3. The effective Lande g-factor vs. QW radius of for Cdy.g9Mng g1 Te in the presence of an
external magnetic field of 1 T

In Fig. 4, the effective Lande g-factor has been plotted as a function of the magnetic field (B) for Cdy.9sMng g2Te
of radius 30nm in the presence of external magnetic field taken into account the Rashba effect (o ranges from 50 up to
150 meV-nm). In CdTe QWs, in the absence of Rashba spin-orbit interaction, the effective g-factor increases with the
applied magnetic field. This increase is attributed to the enhancement of the carrier confinement potential induced by
the magnetic field. However, this confinement-induced enhancement of the g-factor saturates beyond a magnetic field
strength of approximately 3 T. This trend is consistent with previous theoretical and experimental studies [23]. When the
Rashba SOI is introduced, the g-factor exhibits a decreasing trend with increasing Rashba coupling strength («), due to
the reduced spin splitting, as illustrated in Fig. 1. The influence of Rashba SOI is particularly prominent at low magnetic
fields. For instance, at &« = 50 meV-nm, the SOI dominates for magnetic fields below 0.4 T, resulting in a decrease in the
g-factor as the magnetic field increases. Above 0.4 T, the magnetic confinement becomes the dominant factor, leading to
an increase in the g-factor. This behavior is clearly observed for & = 50 meV-nm and o = 100 meV-nm, as shown in
Fig. 4.

For fixed parameters, p = 30 nm, B = 1 T, the SOI can be manipulated by changing the value of o. The SOI strength
effect on the Lande g-factor has been investigated in Fig. 5. In the first case, where the exchange interaction is neglected,
a QW composed of CdTe is considered (represented by the red line). The effective g-factor decreases with increasing
Rashba spin-orbit coupling strength («). This behavior arises from the enhanced spin-orbit interaction, which reduces
the energy splitting between the spin-up and spin-down states of the ground subband, thereby leading to a lower g-factor.
However, when the exchange interaction is included the behavior of the g-factor changes. For small Mn concentrations, at
low values of ¢, the Rashba SOI and the exchange interaction act in opposition regarding the spin splitting of the ground
state. As a result, increasing « initially reduces the g-factor, reaching a minimum where the opposing effects remove the
splitting and lead to a degenerate ground state, leading to an effective g-factor close to zero. Beyond this critical value of
«, the Rashba SOI becomes dominant, and both interactions contribute constructively to the spin splitting, resulting in an
increase in the g-factor with further increases in «, as illustrated in Fig. 5. In the case of stronger exchange interaction
(e.g., higher Mn concentration, represented by the black line), the exchange term dominates. Here, the g-factor increases
with increasing . This behavior is evident for Mn concentrations of z = 0.01 and x = 0.05. The observed increase
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FI1G. 4. Effective Lande g-factor vs. magnetic fields for CdTe QW at different values of the Rashba
parameter (o = (0.50 and 100 meV-nm))

in g-factor can be explained by the exchange interaction, which enhances the energy splitting between spin-up and spin-
down states in the ground subband as the Mn ion concentration increases. Since the g-factor is directly proportional to
this energy splitting, it increases accordingly.
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F1G. 5. Effective Lande g-factor vs. Rashba coefficient (a)

The influence of exchange interaction is also investigated. Fig. 6 illustrates the dependence of the effective g-factor on
the Mn ion concentration () at various temperatures below 20 K. For a fixed temperature, the g-factor initially decreases
with increasing Mn molar concentration in the low-z regime. This decrease is attributed to the dominance of the Rashba
SOI, which suppresses the spin splitting. As z increases further, the g-factor reaches a minimum (critical value) and sub-
sequently increases approximately linearly with increasing x, due to the growing dominance of the exchange interaction,
as discussed earlier.

As temperature increases, the g-factor decreases for a given Mn concentration. This reduction is due to the thermal
fluctuations of magnetic moments, which weakens their alignment with the external magnetic field and thus diminishes
the strength of the exchange interaction. As a consequence, the critical Mn concentration at which the g-factor begins
to increase shifts to higher values with increasing temperature. This temperature dependence is further illustrated in
Fig. 7. As shown, higher temperatures reduce the g-factor, and at elevated temperatures, the g-factor tends to approach its
bulk semiconductor value. This behavior is consistent with the temperature dependence of the Brillouin function, which
governs the magnetization of Mn ions and decreases with increasing temperature. As a result, the exchange-induced
energy splitting between spin-up and spin-down states diminishes at higher temperatures, leading to a reduction in the
effective g-factor.
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4. Conclusion

In this work, we have analytically studied the energy spectrum of a cylindrical quantum wire (QW) composed of CdTe
under an external magnetic field, incorporating both Rashba spin-orbit interaction (SOI) and exchange interaction effects.
These interactions significantly influence the density of states (DOS) and modify the Landau level structure. We focused
particularly on the behavior of the electron effective g-factor associated with the zeroth Landau level, demonstrating its
strong dependence on both the magnetic field strength and the Rashba SOI parameter.

Our results reveal that, in Mn-doped CdTe quantum wires, the effective g-factor increases with the strength of the
Rashba SOI, especially when the exchange interaction becomes significant. By tuning structural parameters of the QW
and the Mn ion concentration, it is possible to engineer large, tunable g-factors. This tunability opens promising avenues
for the use of such nanostructures in spintronic applications, where control over spin-dependent properties is essential.
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ABSTRACT To improve the efficiency of circuits including SiC MOSFET, it is necessary to increase their specific
currents and reliability, respectively. One needs it to reduce the transistor on-resistance and to increase its
breakdown voltage. To achieve these goals, the influences of the transistor’s electrophysical characteristics on
its design and technological features have been studied with Sentaurus TCAD. We showed that for increasing
the transistor currents, it is necessary to reduce the channel length — the distance between the p-bases of the
transistor sources, and to create a JFET region. For the increasing the breakdown voltage of the device, we
proposed to increase the doping level of the drift region, and suggested a new transistor design that will allow
one to obtain devices with a breakdown voltage up to 2500 V.
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1. Introduction

Nowadays, many devices are formed on silicon wafers, particularly, devices for power applications. IGBT silicon
transistor is the most applicable for power electronics since it has higher breakdown voltages and operating temperatures
compared to other types of silicon devices. It is difficult to achieve a high power conversion factor using Si devices
[1]. The most suitable devices for power applications are based on wide-bandgap materials [2], such as gallium nitride,
silicon carbide or gallium oxide. SiC compared to Si has larger bandgap width — 3.26 eV, higher thermal conductivity —
4.9 W / cm-K, and higher value of the critical electric field strength of breakdown —3 MV / cm.

Power MOSFETs can be lateral or horizontal. Power lateral devices must have a wide drift area to withstand high
voltages, i.e. the cell size must be large. Vertical transistors don’t require wide drift areas, that allows one to reduce the
cell size and also solve the problem of large electric field on the surface.

Standard Si MOSFETs have breakdown voltages of less than 150 V [3] and there are many such offers from different
companies. However, there is now a trend to increase the values of the device’s operating voltages and breakdown voltages.
Vertical silicon carbide devices have high breakdown voltages, high radiation resistance, low on-resistance and excellent
switching frequencies compared to silicon-based devices therefore they are more attractive for power applications. The
main researches in this area are aimed on improving their characteristics, namely, the breakdown voltage Vbd, the channel
resistance Ron,sp, the gate charge Qg and the maximum electric field in the gate dielectric Emax,ox [4-7].

Standard SiC MOSFETS have breakdown voltages in the range of 600 to 900 V and threshold voltages up to 10 V [8].
At breakdown voltages below 1000 V, the performance of SiC devices is strongly dependent on the on-resistance as well
as the charge carrier mobility. If the charge carrier mobility is approximately 100 cm?/Vs, the on-resistance becomes
almost equal to the ideal value when the breakdown voltage exceeds 5000 V. Even at high breakdown voltages, if the
charge carrier mobility reaches values of 10 cm?/V-s, the performance of SiC devices deteriorates [9]. Therefore, it is
necessary to create transistor designs with low on-resistance and high breakdown voltages.

Nowadays, a sufficient number of different designs of power SiC MOSFETs have been developed in order to improve
the listed characteristics: SiC Power DI-MOSFET (Double-Implant Process) [10], Shielded SiC Planar Power MOSFET
[11,12], MOSFET with spreading layer or/and JFET region that solves the problem of low on-resistance [13], ACCUFET
structure with epitaxial layer N-base region under the gate [14, 15], JBSFET with integrated JBS diode [16, 17], Bi-
directional FET — 2 JBSFET with common drain [18, 19], trench-gate MOSFET or/and JFET region [20] etc. Shielded
SiC Planar Power MOSFET has a shielded layer under source and base that solves a reachthrough problem, problem
of a high gate oxide electric field and low channel mobility. But all the listed designs allowed obtaining devices with
breakdown voltage in the range from 1000 to 1650 V. One work reflects the formation of an ACCUFET with a breakdown
voltage of about 10 kV, but its threshold voltage was approximately zero.

© Chukanova O.B., Tsarik K.A., 2025



Influence of SiC MOSFET design on on-resistance and breakdown voltage 283

In this paper, we study the design and technological features of a standard power MOSFET using physical simulation
in the Sentaurus Technology Computer Aided Design (TCAD) and the transistor design to reduce channel resistance
Ron,sp and increase the breakdown voltage Vbd.

2. Structure

Fig. 1 demonstrates a schematic image of the SiC MOSFET. The values of the layer thicknesses and their concen-
trations are standard for such structures [21-24]. When a bias is applied between the drain and source Vds, and the
gate-source voltage Vgs is greater than the threshold voltage Vth, the transistor opens and a vertical current exists be-
tween the drain and the source. If the gate-source voltage Vgs is less than the threshold Vth, and the bias Vds is still
applied between the drain and the source, then there is no current, the transistor is closed, the drift region is depleted, and
an electric field begins to be induced. Breakdown occurs when the value of the induced electric field exceeds the critical
value as the bias between the drain and the source increases.
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FIG. 1. Schematic image of SiC MOSFET, tp — width of p-region, t — drift region width, p — half length
of the structure, Lch — channel length, Wp — width of p-n junction p-base/N-JFET, Wj — JFET region
width

3. Simulation

The study of the design and technological features of SiC power MOSFETSs has been carried out using the Sentaurus
TCAD. Two-dimensional simulation of the structure has been carried out. To save time half of the structure was considered
during simulation since the device is symmetrical relative to the vertical axis, therefore, to compare it with the real device
the results of simulation drain currents, for example, should be increased twice.

The first step of the device simulation is to describe the structure, then you should form the device grid in the nodes
of which such electrophysical characteristics of the device as electric field, voltage, current, etc. will be calculated using
numerical calculations. The number of nodes in the grid affects the modeling process, namely, the accuracy of the results,
as well as the convergence of the problem. If the number of nodes is small, i.e. a so-called “rough” grid has been
generated, the result may be inaccurate. If the number of nodes is large and the grid is very “fine”, the problem may not
converge or the simulation time will be too long. Therefore, it is important to select the optimal number of grid nodes.
For the accuracy of the results, it is necessary to generate a “fine” grid only in the areas of heterojunctions, channel,
concentration gradient, etc.

The key model in simulation of devices is the diffusion-drift model, which is based on the approximation of the
Boltzmann charge transport equation in the diffusion-drift approximation. The current in the device flows due to the
drift and diffusion of charge carriers simultaneously with their generation and recombination. The diffusion-drift model
numerically solves the Poisson equations and calculates the concentrations of electrons and holes, and determines the
electrostatic potential at each grid node. A thermodynamic model is often also included. The influence of temperature on
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F1G. 3. Influence of drain p-region describing on SiC MOSFET breakdown voltage

the parameters of the device is taken into account. If it is included then the heat flow equations are additionally solved,
i.e. the temperature gradient in the device is taken into account.

The physical model of the transistor should take into account the recombination and carrier generation. These are the
processes of creation and destruction of an electron-hole pair by the transition of an electron from the valence band to the
conduction band, thereby creating a hole in the valence band, and vice versa. The difference in energies between the final
position of the electron and the initial one leads to different classifications of the recombination process. If the radiative
recombination energy is released in the form of a photon and in the case of nonradiative recombination, it is transferred
to one or more phonons.

The key model of recombination and generation is the Shockley-Read-Hall model. The Shockley-Read-Hall model
describes the process of electrons and holes recombination through the trap levels in the forbidden band. An electron
moves from the valence band to the trap level and then from this level to the conduction band. This process occurs in a
semiconductor due to the presence of impurities and defects formed during the growth [22].

Auger recombination model should be included at simulation of power SiC MOSFETs that have high drain currents.
Auger recombination is an interband transition of an electron or a hole. The energy released during such a transition is
transferred to another electron or hole that affects the recombination rate [23].

Incomplete ionization models and band gap narrowing model should be also used since the dopant in 4H-SiC isn’t
completely ionized at room temperature. Doping dependence mobility and high field saturation mobility models have
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been used to calculate the mobility. An avalanche model, i.e. impact ionization model, should also be used to simulate
breakdown voltage.

One of the advantages of SiC for practical application is the formation of insulating silicon oxide layers SiO5 on
SiC by thermal oxidation. This effect is important for the fabrication of field-effect MOSFETs. There are two types of
oxidation processes: dry and wet. The dry oxidation process of SiC is carried out in an O atmosphere. The wet oxidation
process is carried out in an O2 and H,O atmosphere and it effectively reduces the influence of deep trap levels on the
Si04/SiC heterojunction, which improves the channel mobility of the MOSFET [24,25]. Therefore, the effect of this
charge on the transistor electrical characteristics has been studied (Fig. 2). Based on the literature data [26], the value
of this charge is about 10'* cm~2. The influence of this charge on the drain current at the same gate voltage is weak.
Therefore, in our case a charge of 1-10'! cm™2 was set on the heterojunction.

It is necessary to describe the fillet of the p-doped region simulating such devices. If this is neglected the maximum
electric field strength at breakdown voltage simulation will be concentrated at corner of the p-region. It will lead to
incorrect results and a decrease in the breakdown voltage from 1500 V to 1200 V for the research structure heterostructure
(Fig. 3).
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4. On-resistance

One of such devices research directions is to reduce on-resistance. The most popular approach is to dope the region
under the gate between the p-type regions [27]. This region is named as a JFET. JFETSs are usually formed by implanting
high-energy nitrogen ions with a concentration of about 10'” cm™ [28]. In the open state, the current through the
transistor begins to flow through the inversion layer, which is formed in the upper part of the p-type region due to the
positive bias. This is so-called channel. The current then flows through the JFET region and then spreads into the drift
region, in which the current flow region also extends under the p-type region at an angle of 45° (gray region in Fig. 1) [9].
The total on-state resistance of the transistor can be calculated using the following formula:

Ron = Rch + RA + ijet + Rdrift + Rsub57

where R, is the channel resistance, R 4 is the resistance of the p-n junction, 12, ¢.; is the resistance of the JFET region,
Ryt 1s the resistance of the drift region and [ is the resistance of the N+ substrate.

The on-resistance depends on the channel length Lch or the structure length p. The longer the channel length or the
structure length, the greater the channel resistance. The influence of the channel length on the drain current was simulated



Influence of SiC MOSFET design on on-resistance and breakdown voltage 287

1,0x107 7
[ J
. ' N
8,0x10” .
= E ) @
gl B g g
6,0x10° o ook | i ol
u ® 24 c
~ & I
g = = & =
< 5 = - ‘g =
< 4,0x10° Z Z = 'ZO
=
=
2,0x10°
0,0
T . T . T £ T . T : T . T
0 500 1000 1500 2000 2500 3000
Vbd, V

F1G. 8. Dependence of SiC MOSFET breakdown voltage on drift region doping concentration Ndrift

1,0x10”°
8,0x10°
) 6.0x10° - — T=523K ]
g
=
= 4.0x10° T=423K ,:
i
2,0x10° !
e T=300K !
0.0 T T y T T T
0 500 1000 1500
Vbd, V

F1G. 9. SiC MOSFET breakdown voltage at different temperatures

(Fig. 4). Increasing the channel length, the resistance of the channel region also increases, which leads to a decrease of
the drain current. Therefore, the optimal transistor channel length is about 0.5-1 pm.

The p-n heterojunction resistance 24 depends on p-base/N-JFET junction width W), at zero bias and on the JFET
region width. In turn, the width W, depends on the dopant concentration of the JFET region. The resistance of the JFET
region is determined by the parameters of the p-base, the width of the JFET region and the width W),. The resistance of
the drift region also depends on the base parameters and the parameters of the JFET region. If the typical values of the
resistance for 4H-SiC substrate are 0.02 2- cm and 350 pm, then the resistance is equal to 7 x 10~4Q-cm? [29].

Obviously, the transistor resistance is greatly affected by the dopant concentration of the JFET region, as well as the
length of the structure. Therefore, the dependences of the transistor drain current on the JFET region dopant concentration
N jrer and the width of this region Lg were investigated. Fig. 5 demonstrates that the JFET region doping reduces the
transistor resistance, but the dopant concentration has small effect on the drain current value. The larger the width of the
JFET region Wj, the lower the resistance and the higher the drain current (Fig. 6). Therefore, JFET region with a width of
approximately in the range from 0.5 to 9 um should be created in the device to reduce the transistor resistance.

Thus, the following SiC MOSFET design was chosen: the distance between the p-regions W is about 9 um, the
channel length Lch — 1 pm, the thickness of the p-region tp 5 pm, the drift region width t—25 pum, the doping concentration
in the source region N is 1.5¢20 cm ™3, the doping concentration in the p-region - 4e17 cm ™2, the doping concentration
in the drift region Ndrift = 4e15 cm™> and the JFET concentration is 2e16 cm™>. For this transistor current-voltage
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characteristics were simulated (Fig. 7). The threshold voltage was 10 V, and the maximum drain current at 20 V on the
gate was 192 A/cm?. To obtain a higher transistor current the channel length or the distance between the p-regions should
be reduced. The purpose of our work is to study the design and technological features of SiC MOSFET, so we consider
the standard design and offer ways to improve the electrophysical characteristics of the device. Let us consider in more
detail the methods for increasing the breakdown voltage of SiC MOSFET.

5. Breakdown voltage

The breakdown voltage of the research SiC power transistor depends on the doping concentration of drift region
and on its width [30]. It was found that the value of the breakdown voltage weakly depends on the drift region width
SiC transistors with different drift region widths (20, 25, 30 and 35 pm) have been simulated. The breakdown voltages
of the studied SiC transistors with different draft region widths were 1510 V, 1498 V 1518 V and 1493 V accordingly.
However, the doping concentration of the drift region has a strong effect on the breakdown voltage value. The lower the
concentration, the higher the breakdown voltage takes place (Fig. 8).
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The influence of temperature on the breakdown voltage was investigated (Fig. 9). The breakdown voltage of the
device was 1500 V. The drain current increases at the same drain voltage values with increasing temperature, and the
breakdown voltage doesn’t change. This can be explained by the fact that holes have higher temperature coefficient in
SiC [31], and accordingly, they have a higher ionization rate compared to electrons, so the breakdown voltage doesn’t
change. Despite the fact that there are many additional holes, electrons remain the main carriers.

As mentioned above, one of the key goal of SiC MOSFET study is to increase the breakdown voltage. One of the
ways to solve this problem is to increase the doping level of the drift region. In this paper, we also propose a transistor
design with an additional p-region in the drift region (Fig. 10). This p-region extends the peak of the breakdown electric
field, which allows increasing the breakdown voltage. It is possible to obtain transistors with different breakdown voltages
by changing the distance from the p-base to the additional p-region t,f;: at 2 um, the transistor has a breakdown voltage
of 2475V, and at 20 um — 1845 V (Fig. 11).

6. Conclusion

In this article, the design and technological features of standard SiC MOSFET transistor are stuydied and the process
of simulation such devices in the Sentaurus TCAD are described in detail. To reduce the on-resistance of such transistors,
and, accordingly, to increase the drain currents, it is necessary to form the JFET region between the p-bases of the sources.
Also, to increase the current, it is possible to reduce the channel length to 0.5—-1 pm or reduce the width of the JFET region.
The distance between the p-bases of the sources should be less than 9 ym. To increase the breakdown voltage of power SiC
MOSFET, it is necessary to reduce the concentration of the dopant in the drift region: at the concentration of 1e15 cm ™2,
a breakdown voltage of 2500 V can be obtained. In order to increase the breakdown voltage, a new design of power SiC
MOSFET with an additional p-region in the drift region is proposed. By varying the distance from this p-region to the
p-base, it is possible to obtain transistors with the breakdown voltages of various values up to 2500 V.
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ABSTRACT This work presents a theoretical study of the parametric amplification process of optical radiation
in crystals with periodic modulation of quadratic nonlinear susceptibility, using MgO:LiTaO3 as an example.
Special attention is given to analyzing the influence of basic factors such as linear absorption and dispersion
on the process efficiency. It is found that in the infrared spectral range, linear absorption and dispersion effects
significantly affect the signal wave amplification coefficient, determining the energy redistribution dynamics
and spectral characteristics of the resulting radiation. The study introduces a novel approach to optimizing
domain length relative to coherence length, achieving up to 18 % efficiency through precise tuning, which
surpasses previously reported results for similar materials. The obtained results are important for optimizing
nonlinear crystal parameters, developing efficient parametric amplification schemes, and creating promising
optical devices operating in the infrared range.
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1. Introduction

The parametric amplification process, first described within theoretical models of nonlinear optics, received experi-
mental confirmation with the development of laser technologies that provide high-intensity radiation generation. The main
reason for studying this phenomenon was the creation of lasers capable of inducing strong nonlinear effects in optical me-
dia [1,2]. Since the first experimental demonstrations, parametric amplification has made significant progress, evolving
from the use of traditional nonlinear crystals to modern nanostructured materials. Achievements in materials science,
particularly in developing nonlinear photonic crystals and nanoscale structuring technologies, have greatly expanded the
practical applications of this process, offering new possibilities for light control in optical systems [3].

The physical basis of parametric amplification lies in the coherent energy transfer from a strong pump wave to a weak
signal wave in a medium with quadratic nonlinear susceptibility. The efficiency of this process depends on meeting the
phase-matching condition, where three coherent waves form in the nonlinear medium: the pump wave, the signal wave,
and the idler wave. However, strict phase matching can be disrupted by factors like linear absorption, group velocity
dispersion, and thermal effects in the medium. In this work, we specifically investigate the impact of linear absorption,
group velocity dispersion, and domain structure geometry on the efficiency of signal wave amplification in MgO:LiTaOg
crystals, addressing challenges posed by the infrared spectral range where these effects are pronounced. To overcome these
limitations, the quasi-phase matching mechanism is widely used, achieved through periodic modulation of the quadratic
nonlinear susceptibility. This modulation is provided by the structural periodicity of the crystal’s reciprocal lattice vector,
typical for nonlinear photonic crystals [4, 5].

In recent years, studies of parametric amplification in nonlinear photonic crystals have become highly relevant due to
their unique ability to tune across a wide range of laser radiation wavelengths. These materials are applied in generating
high-intensity coherent radiation in the visible and infrared spectral ranges, where laser beam intensity is a key factor in
nonlinear process efficiency. However, using powerful radiation sources comes with challenges, with linear absorption,
dispersion, and related effects being the most significant limitations [6,7]. Recent studies, such as those by Zhang et al. and
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Li et al., have demonstrated improved efficiency in periodically poled lithium niobate (PPLN) crystals, but MgO:LiTaO3
offers unique advantages due to its lower absorption in the mid-infrared range (1.5 — 3.5 pum) and higher damage threshold,
making it a promising candidate for next-generation optical devices. Unlike previous works that primarily focused on
nanosecond or picosecond pulses, this study explores the femtosecond regime, addressing the challenges of broad spectral
widths and their impact on dispersion.

Visible and near-infrared (IR) tunable lasers provide a technology that supports numerous applications in spec-
troscopy, photochemistry, classical and quantum information processing, material structuring, optical imaging, and di-
agnostics in materials science and life sciences [8]. This work contributes to the field by providing a detailed numer-
ical analysis of how linear absorption, dispersion, and domain geometry affect signal wave amplification efficiency in
MgO:LiTaOs, offering insights into optimizing crystal parameters for enhanced performance in infrared applications.
The novelty lies in the precise tuning of domain lengths to mitigate dispersion effects, achieving efficiencies up to 18 %,
which is a significant improvement over previously reported values for similar materials [9, 10]. Numerical modeling
showed that linear absorption and dispersion significantly influence the energy redistribution dynamics between waves,
with specific impacts quantified in this study (e.g., efficiency drop from 6 to 4.7 % due to absorption).

This study employs numerical modeling to quantify how linear absorption, dispersion, and domain geometry influ-
ence signal wave amplification efficiency in MgO:LiTaOj3 crystals, focusing on the infrared range where these effects are
pronounced. Using numerical modeling methods, it is shown that linear absorption and dispersion effects significantly
change the energy redistribution dynamics between interacting waves and affect the spectral width and energy efficiency
of the process. Special attention is given to the infrared range, where these effects are most noticeable, making the study
results particularly relevant for developing modern optical systems.

2. Equations of parametric amplification under nonstationary conditions

Parametric amplification is a fundamental phenomenon in nonlinear optics, based on the coherent interaction of
electromagnetic waves in media with quadratic nonlinear susceptibility. In this process, a high-frequency pump wave
with frequency w,, and a weak signal wave with frequency w, are introduced into a nonlinear crystal. Due to nonlinear
interaction inside the crystal, two new coherent waves form: an amplified signal wave with frequency ws and an idler
wave with the frequency w;. Energy and momentum are conserved in this process, expressed by the conditions of energy
and phase matching:

Wp = Ws + Wy,
kpzks—f—ki—kG,

where &, k5, and k; are the wave vectors of the pump, signal, and idler waves, respectively, and G is the reciprocal lattice
vector arising in periodically poled crystals, such as nonlinear photonic crystals.

The efficiency of parametric amplification depends on several factors, including the crystal’s optical properties like
quadratic nonlinear susceptibility, linear absorption, group velocity dispersion, and thermal and photorefractive effects.
This work focuses on the interplay of linear absorption, group velocity dispersion, and domain structure geometry, which
are critical in the infrared spectral range due to the pronounced effects of material dispersion and absorption [11].

As a result of nonlinear interaction, energy exchange occurs between the waves, depending on the phase-matching
condition. In real crystals, this condition can be violated due to dispersion, determined by the refractive index n (w)
dependence on frequency. To compensate for phase mismatch, nonlinear photonic crystals use the quasi-phase matching
mechanism, achieved by periodically modulating the sign of X(2) with period A, corresponding to the reciprocal lattice
vector GG. The quasi-phase matching condition takes the form:

Ak =k, —ks—ki —G=0.
To describe the dynamics of parametric amplification in a nonlinear medium under nonstationary conditions, a system
of coupled differential equations is used, accounting for the following physical effects:
e Linear absorption, which causes exponential decay of wave amplitudes and reduces process efficiency.
e Dispersion effects, including group velocity dispersion and higher-order dispersion, which affect phase matching
and the temporal structure of pulses.
e Nonlinear interactions, determined by the effective nonlinear coupling coefficient.

The system of equations describing the evolution of complex amplitudes A,,, A, and A; (for pump, signal, and idler
waves, respectively) is as follows [11]:

04, 104, «p LW )
— LA, = —i—L2 @ 4,4, Ak
0z +vp ot * 277 ZancX exp (iAk2),
0A, 1 0A «@ Wy
S T A =~ P A Afexp (—iA
0z +’US ot + 277 ZQnScX pAiexp (—idkz),
8Ai 1 6AZ i . i * .
— + a—Ai = —zw—X(Q)ApASeXp (—iAkz),

0z v; Ot 2 2n;c
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where:

Ap, A,, A; are the complex amplitudes of the pump, signal, and idler waves;
wp, Ws, w; are the frequencies of the pump, signal, and idler waves;

np, N, n; are the refractive indices for the respective waves;

X(Q) is the effective second-order nonlinear coupling coefficient;

Qy,, g, ay; are the linear absorption coefficients [12,13];

e Dispersion effects are modeled using the group velocity dispersion parameter 5 = %, incorporated into
the equations via second-order temporal derivatives, ensuring accurate representation of pulse broadening in the
infrared range [14, 15].

Boundary conditions for the system are chosen based on experimental setups typical for femtosecond laser systems:

Ap (Z = O,t) - ApOeXp (_tQ/T;g) ’
AS (Z = O,t) = O-OlAp(Ja
Ai (Z = 07t) = 07

where, A, is the maximum pump wave amplitude at the crystal input, 7, is the pump pulse duration (10, 50, or 100 fs),
and A, (z = 0,¢) is set to 1 % of A to simulate a weak signal wave, consistent with experimental conditions.

3. Results and discussion

Figure 1 shows the dependence of the refractive index of this crystal on wavelength. Our calculations, based on
the Sellmeier equations for the extraordinary wave (e—e—e interaction) as described in [12], agree with experimen-
tal data, confirming the reliability of our model. The refractive index was computed using the formula n? (\) =

B . . . . . .
A+ Y_C + D)2, with coefficients A, B, C, and D derived from experimental data. The calculations were validated
against measurements, showing a maximum deviation of less than 0.5 %. From the graph, it is clear that the refrac-
tive index decreases as wavelength increases, confirming theoretical predictions. The coherence length is calculated as

L. = mm.%% pm. Here, we considered only the extraordinary wave, i.e., e—e—e interaction. This result
p — s T Ry

is crucial for understanding the optical properties of MgO:LiTaO3 and optimizing quasi-phase matching. This result is

important for determining the optimal domain period A for quasi-phase matching, ensuring efficient energy transfer.

3

28T
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2271
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FI1G. 1. Dependence of refractive index on wavelength

Figure 2 presents results obtained from the system of equations (4)—(6) with boundary conditions, accounting for
all effects, including absorption. Here, the curves show the change in signal wave efficiency depending on the nonlinear
photonic crystal length. The number of domains is about 1000. The solid line represents the case without absorption,
while the dashed line shows the case with absorption (v = 0.1 cm™1). It is evident that energy exchange efficiency drops
from 6 to 4.7 % due to linear absorption. This reduction is attributed to the exponential decay of the pump wave intensity,
modeled as I (z) = Ipexp (—az), which limits the energy available for transfer to the signal wave.

To address the role of the domain length, we analyzed its impact relative to the coherence length (L. = 16.2594 pm).
Deviations of 10 % from the optimal domain length (dy = L.) were modeled to assess phase-matching sensitivity.
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F1G. 2. Dependence of signal wave efficiency on the length of the nonlinear photonic crystal based on
periodically poled MgO:LiTaO3 (7 = 10 fs)

Calculations show that using femtosecond pulses can significantly increase efficiency if we reduce the domain length of
the nonlinear photonic crystal. This is well illustrated in Fig. 3. The domain length is critical because it controls how
well the waves stay in phase as they interact. Precise tuning of the domain lengths is essential for maintaining phase
matching, as deviations from the coherence length degrade efficiency, as quantified below. Femtosecond pulses enhance
nonlinear interactions due to high peak intensity, provided domain lengths are optimized, as discussed below. This makes
the process more efficient, especially in a crystal with periodic structure like in our case.

40
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251 1
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20} 1
= -
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F1G. 3. Signal wave efficiency (7 = 10 fs) versus nonlinear photonic crystal length for different domain thicknesses

Figure 3 illustrates the dependence of signal wave formation efficiency on domain thickness in a periodic crystal
structure, with fixed main and signal pulse durations of 10 fs. The domain length was varied by £10 %. Reducing the
domain length by 10 % (d = 0.9L.) increases the efficiency to 15 %, highlighting the process’s sensitivity to changes in
domain geometry. The solid line, representing the baseline case where the domain length remains unchanged (dy = L),
shows an efficiency of 10 %. Increasing the domain length by 10 % (d = 1.1L.), results in a sharp decrease in signal
wave efficiency to 0.12 % (this dependence is practically invisible), supporting the hypothesis that precise domain structure
tuning is critical for enhancing efficiency. These results underscore the importance of accurate domain length optimization
in achieving effective quasi-phase matching.

Next, we studied the role of pulse duration in signal wave efficiency formation. We examined this at different input
pulse durations (100, 50, and 10 fs). The results are shown in Fig. 4. Pulse duration influences the interaction time
and peak intensity of the waves, with shorter pulses (e.g., 10 fs) enhancing nonlinear effects due to higher intensity
(I < E?/7), but requiring careful domain tuning to mitigate dispersion, as quantified below.
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FI1G. 4. Numerical calculation results of signal wave generation efficiency, considering all limiting
factors, at pulse durations of 100, 50, and 10 fs

Figure 4 quantifies the combined effects of absorption and dispersion on signal wave formation. Here, the dependence
of signal wave efficiency on crystal length with a regular domain structure is presented for different input pulse durations,
denoted as 7. The results indicate that the dispersion limits signal wave efficiency only when the main pulse duration is
less than 10 fs. Thus, achieving maximum efficiency requires considering dispersion effects and selecting an appropriate
pulse duration. For this range, an optimal domain length should be used, as shorter pulses (10 fs) achieve peak efficiency
of 15 % with d = 0.9L., while longer pulses (100, 50 fs) stabilize at 8 — 10 % due to reduced dispersion but lower peak
intensities.

Further, the study examined the role of domain thickness changes, calculated based on coherence length at a fixed
crystal length, in forming the signal pulse. It was found that phase changes caused by dispersion effects can be partially
compensated by adjusting the nonlinear lattice wave number. Fig. 5 shows the dependence of signal wave generation
efficiency on the domain thickness at a fixed periodic crystal length (0.1 cm). Adjusting domain thickness optimizes
quasi-phase matching, aligning wave interactions to mitigate dispersion effects, as quantified below.
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F1G. 5. Dependence of signal wave efficiency on domain thickness at a fixed crystal length (0.1 cm)

During the numerical experiment, it was observed that reducing domain thickness increases signal wave generation
efficiency. The results showed that efficiency reaches 18 % when the value decreases to d = 0.9L., corresponding to
an efficiency increase of about 13.2 % compared to d = L. (4.8 %). This enhancement is due to improved quasi-phase
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ok
matching, modeled by the phase mismatch term Ak (z) = Akg + <8) Aw, which allows partial compensation of
W

dispersion-induced phase shifts.

Finally, Figure 6 shows the dependence of signal wave amplification efficiency on the length of the periodic crystal
for different domain thicknesses. Calculations were performed for two cases: in the first, domain thickness equals the
coherence length (solid curve, d = L.), and in the second, domain thickness differs from the coherence length (dashed
curve, d/dy =~ 0.868. As in the previous graph, a significant efficiency increase is clearly seen when domain thickness
deviates from the coherence length. This confirms that precise tuning of domain geometry enhances energy transfer by
maintaining phase coherence over longer crystal lengths, consistent with theoretical models of quasi-phase matching.

20 T v r v

15}

0 0.2 0.4 0.6 0.8 1
z [cm]

FIG. 6. Dependence of signal wave efficiency on periodic crystal length (dashed curve at d/dy = 0.868,
solid curve at d/dy = 1), dy = 16.25 pm, 7 = 10 fs

4. Conclusion

Thus, this work studied the parametric amplification process of femtosecond pulses in MgO:LiTaOg3 crystals with
periodic modulation of quadratic nonlinear susceptibility. By optimizing domain length to 0.9dy, we achieved a signal
wave efficiency of 18 %, a significant improvement over the baseline 4.8 %, demonstrating the potential of precise domain
tuning to mitigate dispersion and absorption effects. The calculation results showed that there is an optimal domain length
at which a significant increase in frequency conversion efficiency is achieved in the nonstationary regime. Additionally,
it was found that even a small deviation of domain size from the coherence length can lead to quasi-phase matching and
partial compensation of phase shifts caused by medium dispersion effects. The influence of linear absorption was also
studied; as calculations showed, it significantly affects the parametric light amplification process in this crystal. These
results advance the understanding of femtosecond parametric amplification in the infrared range and provide a foundation
for designing efficient optical devices, such as tunable IR lasers and amplifiers.
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ABSTRACT We study a scheme of fast-forward adiabatic quantum dynamics of a (2 + 1) Dirac particle. This
scheme was originally proposed by Masuda and Nakamura. In this scheme, we include the adiabatic parameter
that maintains the adiabatic motion of the particle and fast forward its motion by introducing a time scaling
parameter. The fast forward adiabatic state is obtained by determining the regularization term and driving
potential. We introduce the proposed method to the system with the Dirac particle using a (2 + 1) dimension-
time-dependent Dirac equation and obtain the regularization term, the driving scalar potential Vrzr and the
driving vector potential Apr. By tuning the driving electric field, this method can accelerate the adiabatic
dynamics of an electron as a Dirac particle trapped in the ground state in the plane zy and an electric field in
the z direction and a constant magnetic field in the y direction. This acceleration will preserve the ground state
of the wave function from the initial time to the final time.

KEYWORDS fast forward, adiabatic, planar Dirac

ACKNOWLEDGEMENTS I.S. thanks Prof. Katsuhiro Nakamura for a valuable discussion. |.S thanks Hibah Ko-
laborasi Internasional Universitas Bengkulu 2024 and Hibah Fundamental DRTPM Kemdikbudristek 2024. 1.S
and B.E.G. acknowledge the World Class Professor Program (WCP) from Kemdikbudristek 2023 for financial
support.

FOR CITATION Setiawan I., Ekawita R., Sugihakim R., Gunara B.E. Fast forward of adiabatic quantum dynam-
ics: an application to planar Dirac systems. Nanosystems: Phys. Chem. Math., 2025, 16 (3), 298-305.

1. Introduction

Attempting to control the dynamics of quantum systems is one of humanity’s biggest dreams in this millennium.
To achieve this, some theoretical frameworks have been developed. The theory currently being developed and widely
used is an adiabatic quantum theorem [1-6], which allows us to maintain the quantum state during the evolution of the
system. Adiabatic quantum dynamics is crucial in understanding how quantum systems evolve, especially in quantum
computing and quantum annealing [7]. However, challenges such as small energy gaps and slow evolution times are
significant hurdles that must be overcome for practical implementation. It takes a very long time to obtain the desired
target state, which is less beneficial when manufacturing a massive product or designing large macroscopic systems.
Some methods have been developed to solve this problem. The fast-forward method is one of the promising methods
developed in many aspects of quantum systems [8—10]. Another method called a shortcut to adiabaticity (STA) has also
attracted much attention [11-14]. A wide variety of techniques have been developed in terms of STA. Transitionless
quantum driving [15, 16], and the STA method from the classical point of view [17-19]. The STA method has also
been considered in term of open quantum systems [20]. The fast-forward scheme is developed to accelerate the adiabatic
quantum dynamics by modifying the original Hamiltonian by introducing the adiabatic time parameter that goes very slow
and tends to zero. Then, by obtaining the additional Hamiltonian to satisfy the Schrodinger equation, the adiabatic time
parameter is replaced by the time scaling magnification factor that goes to infinity. Fast forward methods recently have
been developed to accelerate adiabatic quantum dynamics of quantum spin systems [21-24], quantum tunneling [25, 26],
stochastic heat engine [27] and also on how to accelerate the dynamics of particle which include non-equilibrium steady
states of charged particle [28]. The fast-forward technique and STA method has a strong correlation and it has been
also reported [29]. Some methods are considering the relativistic quantum dynamics that governed by the Dirac equation
[30-32]. The technique of STA on a relativistic quantum system has been found by using time-rescaling methods [33].
Key features of Dirac dynamics include its relativistic nature, prediction of antiparticles, spin-1/2 particle behavior, and
Lorentz invariance, making it essential for understanding the quantum dynamics of relativistic systems [34, 35]. In this
study, we design a method to accelerate relativistic quantum dynamics using a fast-forward scheme on (2+1) dimensional
using the Dirac equation. By applying the fast forward method to the (2 + 1) Dirac particle, we can derive the expression
of driving energy in terms of driving scalar potential, driving vector potential, and driving electric field. These driving

© Setiawan 1., Ekawita R., Sugihakim R., Gunara B.E., 2025
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energy can accelerate the adiabatic dynamics of an electron as a Dirac particle trapped in the ground state of the zy
plane. The adiabatic acceleration that preserve the ground state of the wave function from the initial time to the final time,
is essential to improve the unique properties of such two dimensional material like graphene. These techniques aim to
tailor graphene’s unique characteristics to specific applications, such as improving electrical conductivity, and electron
mobility. Recently, this study has developed and attracted a lot of attention due to the ability to describe quasi-particles
in graphene, a revolutionary material with a host of exceptional and remarkable properties [36,37]. Graphene, a single
layer of carbon atoms arranged in a two-dimensional honeycomb lattice. One of its most intriguing features is its ability
to host massless Dirac fermions. This connection between graphene and Dirac particles arises due to the special nature
of its electronic band structure [38]. Application of fast-forward approach gives one useful protocol to understand and
control this two-dimensional honeycomb lattice which is important for their applications in nanoscale electronic sensors,
heat conductive material, and energy harvesting devices [39]. In Section 2, we shall introduce a time-dependent (2 + 1)
Dirac equation. Section 3 considers about adiabatic dynamics of the Dirac equation. Sections 4 and 5 consider the fast
forward of adiabatic dynamics of the Dirac particle and the example respectively. Section 6 is devoted to the conclusion.

2. Dirac equation

In this section, we briefly introduce and review the literature on the time-dependent Dirac equation. The (2+1)
dimension Dirac equation is written as [40]

ov t
in YD) gy, (1)
ot
with Hamiltonian is defined as
Hp = (p:r + Az)az + (py + Ay)gy + mc20z + VoI, )

where 04y 2, Da(y)s Ax(y), Vo are the Pauli matrices, momenta, vector potentials and scalar potentials, respectively. By
substituting the above Hamiltonian, the time dependent Dirac equation can be rewritten as

L 0V(z,y,t)
h—"5

For convenience in notation, we denote prior wave functions (¥, U5). The matrix form of the Dirac equation is written
as

= [(—z’h(‘)m + Ag)o, + (—ihd, + Ay)oy, + mclo, + VOH] U(z,y,t). 3)

oV,

24V T ]
. ) [ mec + Vo 1
" 87\62 B T —mc? +V; v 7 @
ot + 0 2
where 7 = 7, +im,, and
. 0

3. Regularization scheme
We begin by considering a Hamiltonian H for the massless Dirac system in (2 + 1) dimensions. The Hamiltonian of
this system is written as
Hy =vp (pw—l—AI)O'm-i-’UF (py—‘rAy)O'y—Vo]L (6)

with the effective Fermi velocity vy = ¢/300, and p,., py are the components of momentum, A, A, are the components
of the vector potential, and Vj) is the scalar potential. Meanwhile, there is the corresponding spinor ¥ for the system that
satisfies the adiabatic dynamics where there is a time-dependent parameter R(t) that is slowly changing over time such
that

R(t) = Ry + et. 7)

Here € < 1. Such a spinor can be written as

(bl,n (.I, Y, R(t))
¢2,'n (.CE, Y, R(t))

\IJO — ei(;n (t)

where 9,, is the dynamical phase.

To accelerate the adiabatic evolution with a slowly changing time-dependent parameter R(, €), a huge time scaling
factor, denoted by « is necessary. Thus, we must create a scheme to regularize the system so that «e is finite. This pro-
cedure is used by modifying the wave function into an adiabatic wave function ¥"Y as written in Eq. (8), and modifying
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the potentials as

UFAJL‘ (.13, Y, R(t))ax — UFALIJ (.CC, Y, R(t))ax + E’UFVV, &)
UFAy (l‘, Y, R(t))dy - UFAy (’I, Y, R(t))dy + GUFVVa (10)
_V()(xv:%R(t))H - _W)(xava(t))H_ GI/Vv (11)

where W is a 2 x 2 matrix, and its components W;; = W;;(z,y, R(t)).
Then, after modifying the potentials of system, we have a regularized Hamiltonian H"®9 written as

H™ = Hy(R(t)) + €, (12)
where
H=(2vr —1)W. 13)
The governing dynamical equation for regularized system is
10,079 = HTeI9Qme9, (14)

By using Eq. (14) and collecting the O(1), we have
HoU™ = —0,6,¥", (15)
and O(€) terms
10RU™ = 2up — L)W P9, (16)
Here in the limit ¢ — 0, & — 00, and eax ~ 1, we can suppress the terms of 0(62). Eq. (15) results in the eigenvalue
equation for the Hamiltonian Hy. This implies F,, = —0;J,,. Meanwhile, we solve Eq. (16) to obtain the matrix W.

The components of the regularized spinor ¥"*Y and the matrix W are complex numbers. Expanding them into real
and imaginary parts, we have

auyl + cuig — bvyp — dvgg = — (2UF — 1)_1 8Rb, (17)
ausy + Cugs — bugy — dvgg = — (21}F — 1)71 ORrd, (18)
bu11 + dU22 + aviy + CU12 = (2’UF - 1)71 83@, (19)
bU21 + du22 —+ avay1 + Cvgg = (QUF - 1)_1 aRC, (20)
where
u u v v
W = 11 12 —|—7, 11 12 7 (21)
U1 U2 V21 V22
a b
yres — +i . (22)
c d

Eq. (21) is the main equation for the present work. Here, W has a role as a regularization term to fulfill the Dirac equation.
By obtaining W, we can preserve the spinor state of the systems during the evolution of time. However, this will result in
four freedoms of choice of solutions for W.

3.1. The solution of regularization matrix

The system of equations of our regularization matrix is given by

U1l
Ui2
a ¢ 00 -b —d O 0 U1 —0grb
0 0 a ¢ O 0 —-b —d U22 _ 1 —0grd 23)
b d 0 0 a c 0 0 V11 2vp —1 Ora
0 0 b d 0 0 a c V12 Ogrc
V21

V22
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We find the row echelon form of the equation is

U1y
U12
1S90 -0 _d 0 0
“ a? Jrab2 ac +abd e
1
0 00 ad —bec ad—bc Ob Od U22
001 <% o 0 2 ¢ v
¢ 2—|—ab2 ac—!—abd
a V12
1
000 0 0 ad —bc ad—bc
V21
V22

_Orb

adra + bOgb
_ 1 ad — bc
2vp —1 _Ord
aOgc +ab8Rd
ad — be

From the above equation, we see that there are four free variables, which are {v11, v12, Vo1, Vo2 }.
To solve the algebraic equation in Eq. (24), we should pick up only four unknown variables so that the number of
equations and the number of variables are matched. Here we assume that all imaginary parts of W are zero, that is,

Vij = 0. SO,

Uil =

1 ( adra + bOgrb ¢

2up — 1 ad —bc a
1 adgra + bOgd
Uio —
2T our—1 ad—be
S 1 B algc + bORd ¢
21_21)1:71 ad —bc a
Uro — 1 CLaRC + baRd
2T %p—1 ad—be
4. Fast-forward of adiabatic Dirac dynamics
We define the fast-forwarded spinor as
Upp(ey,t) = Uy, RAWD) = | ]

_8Rb>

1 (@, y, R(A(2)))

¢ Ord
a )

i0n (A1)

2 (z,y, R(A(2)))

t

while in this time §,, (A(t)) = — / dsE, (R(A(s))) in natural units. Here A(¢) is defined by

A(t) = /a(t’)dt’,

0
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(24)

(25)

(26)

27

(28)

(29)

(30)

with the standard time ¢. «(t) is an arbitrary magnification time scale factor that satisfies «(0) = 1, a(t) > 1(0 < ¢ <
Trr)and a(t) =1(t > Trr). For along final time 7 in the original adiabatic dynamics, we can consider the fast forward

dynamics with a new time variable which reproduces the target state \I'(()”) (R(T)) in a shorter final time Tr g defined by

Trr
T= /a(t)dt.
0

The simplest expression for «(t) in the fast-forward range (0 < ¢ < T p) is given by [9] as :

a(t) = G — (& — 1) cos(—="—1),

Trr

€2V

(32)

where & is the mean value of a(t) given by @ = T/Tpp, while the limit @ — oo and € — 0 under the constraint of
ae = v. Here R(A(t)) is given by [9]

TFF sin (

R(A(t)) = Ry + 20

t TP A\Ter )
2 47

)

(33)
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We postulate that the fast-forwarded spinor satisfies the Dirac equation as follows

OVpp m+VFF+‘/0Teg WfF
b it Yrp, (34)
ot ﬂ.fF —m4+ VFF + Vvoreg
where .
Vo = Vo + eW, (35)
.0 0 . ;
wa:—z%+a—y+A2+1A2+AfF+zA5F, (36)
FF .0 9 0 i A0 FFr - A\FF
Tt = —z% — 8—y—|—A$ —iA, + AT — AT (37
By substituting ¥ pr in Eq. (29) to Eq. (34), we see
Z_aq/reg _ m+ Vpr + Voreg 7T€F 7{69 (38)
ot ﬂ,fF —m+ VFF + Voreg ;eg
We apply the time rescaled t — A(t) as
Wy [ m+VG w2 . 39
6A(t) B 70 —m 4 Ve regs (39)
+ 0
where
L AU 40
=gt o, + A, £iA; (40)

By taking the time derivation of Eq. (39) and noting dA(t) = «(t)dt, with the limit e — 0 and o — oo, ae — v(t), we
see (the detailed derivation given at Appendix)

Ver AT AT o) W Wi (e @1)
AP +iAlT Vrr b2 W +iW W b2
The electric and magnetic fields are related to the driving vector potential Vpr and the driving vector potential App as
Epp = —d/:;F — VVep and Bpp = V X App, respectively.

5. Examples

We apply our calculation to a system that has a constant magnetic field perpendicular to the graphene plane in the
positive direction of the z axis. This is the very well-known case of Landau levels [41]. We use their solution, for n > 0,
written as:

¢711 — eiky Pn—1 (37) ’ (42)
where the eigenfunctions are given in terms of the Hermite polynomials, which correspond to harmonic oscillator poten-
tial:

on(x) = cne_z2/2Hn(z(:1c))7 z(z) = g (x — %f) . (43)
We define the adiabatic parameter as transforming the spatial variable of = as
x — x — R(t). (44)
After calculation from Eqs. 25-28, we found the solution for W,
o1 0 z(p;71 —Q(n—l)?:;%

Spnf 1 Cn—1

For a constant magnetic field B(xz) = 1/2 and w = k = 1, the density of the wave function p (solid line) and the current
density j (dotted line) with n = 1 are depicted in Fig. 1. Using the regularization term W, we obtained the same wave
function from the initial to the final time of evolution, and the time to obtain the target state is shorter. The regularization
term preserves the wave function, and the final state is obtained in a shorter time.

The regularization term for (2 + 1) Dirac systems appears only in terms of the real part. There are four freedoms of
choice to solve the regularization term. Here, we suppress the imaginary part of W in order to become more practical in
realization. We see that the regularization term W fulfills the Dirac equation and guarantees the adiabatic wave function.
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FIG. 1. Probability and current density of wave function with constant magnetic field and n = 1

Once the driving scalar and vector potential have been obtained, the targeted wave function will be obtained in a shorter
time.

6. Conclusion

We have presented the fast-forward method of adiabatic quantum dynamics for a Dirac particle. This scheme is
proposed to accelerate the spinor component of the wave function without disturbing the eigenstate of the system. During
the evolution, we will obtain exactly the same eigenstate from the initial time to the final time. Using this scheme, we
can reach the target state at any desired time. The strategy used in this scheme is the combination of two opposite ideas:
infinitely large time-magnification factor (&) and infinitely small growth rate (€) of the adiabatic parameter. To accelerate
the adiabatic wave function we have to obtain the regularization term of Hamiltonian to guarantee the adiabatic motion.
Then, by calculating the driving scalar potential and the driving vector potential, the time to obtain the target state will be
shorter. As a typical example, we considered the adiabatic dynamics of the Dirac particle. We obtain the driving scalar
potential Vg and the driving vector potential Arp. By tuning the electric field, we can accelerate the adiabatic electron
dynamics in the ground state trapped in the plane zy, an electric field in the x direction, and a constant magnetic field in
the z direction. This acceleration will preserve the ground state of the wave function from the initial time to the final time.
The fast-forward method gives one a useful protocol for understanding and controlling graphene as a two-dimensional
honeycomb lattice, which is important for their applications in nanoscale electronic devices and superconductor.

Appendix : Derivation for the driving potential in (2 + 1) Dirac equation

We see on the left hand side of Eq. (39)

. a\I}'reg a\:[j'r’eg

i )
= ih| — ~aEV,, + —2 | i0n (A1) A.46
RO T B i A T (A.46)
and on the right hand side
meVge
Iy Uegs (A47)
0 reg ‘
T -m+V,
then we have
reg reg 0
) m—+V T
aB | ! Fih=Tpey = 0 Uy (A.48)
o5 ot TR
. aq’reg
By deleting ETI and from Eq. (38) and Eq. (A.48), we see
m + V + Vreg ﬂ_}jF reg m + Vreg 779 reg
FF 0 1 —a 0 ) \I/reg_(a_l)E 1
i —m A Ver + Vg o w m Vg A

(A.49)
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Now we apply

Uyeg(w,y, R(t) = V" (z,y, R(t) = é1(@3, B(AD)) (A.50)

(/52(“7") Y, R(A(t)))

Substituting above spinor state to Eq. (A.49), we see

m+ Vep + Vg ! rkF o1 m+ Vg ™ h1 o1
_ = _ _(Oé_].)E _
it —m + Vep + V5 b2 ) —m + Vg b2 b2
(A.51)
From Eq. (A.51), we see the eigen value problem as
m + V i b b
—(a—1) 0 dfl = —(a-1)E dfl (A.52)
™ —m+V b2 05
Eq. (A.51) can be rewritten as
V AFE Al b w W —iWw )
FE @ v (fsl =e(a—1) ?l (A.53)
AFF +iA)" Vir 2 W+iw W o

Noting dA(t) = «(t)dt and taking the limit € — 0 and o« — oo, ave — v(t), we will obtain Eq. (41)
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1. Introduction

The subject of quantum dot (QD) has been extensively studied both theoretically [1-3] and experimentally [4,5] over
the last four decades and a wealth of data on the electronic, thermodynamics optical and magnetic properties of QDs have
piled up in the literature. One of the essential information that is required to carry out a theoretical investigation for the
electronic and several other properties of a QD is the nature of the potential that is responsible for the confinement of the
electrons in the QD. Several initial investigations have considered the confinement potential as a square well. According
to this potential, the force experienced by the particles inside a QD is zero which is of course not true. Thus, the square-
well potential is an over-simplified approximation of a realistic QD. Later, it has been shown based on the generalized
Kohn theorem and the magneto-optical experiments that the confinement potential in a QD is essentially harmonic in
character [6,7]. This triggered a large number of theoretical studies in this area [8—10] as the parabolic potential can be
handled much more easily. Some relatively recent experimental observations have advocated that the QD confinement
potential does not truly conform to the parabolic form but in reality has an anharmonic character. Motivated by these new
observations, Adamowsky and collaborators [11] have considered an attractive Gaussian potential as a model for the QD
confinement potential to investigate certain properties of a QD. It turns out that a Gaussian potential is a much better model
for quantum confinement in a QD than the parabolic potential or the square-well potential. The Gaussian potential mimics
the behaviour of a harmonic potential near the minimum and therefore it does satisfy the generalized Kohn’s theorem for
low-lying states [6]. Because of its finite depth, the Gaussian potential can take care of realistic phenomena like ionization
and tunneling processes which are not possible with a parabolic potential. Also, since this potential is smooth at the dot
boundary, it is mathematically more convenient to handle [12, 13]. Another advantage of the Gaussian potential over the
power law anharmonic potentials is that the latter can lead to divergences at larger distances.

Since in polar semiconductor QDs, the scale of the electron-longitudinal-optical (LO)-phonon interaction energy is of
the same order as that of the confinement energy and the repulsive Coulomb energy, the electron-LO-phonon interaction
is expected to influence the electronic properties equally as the other potentials do [1-3,8-10, 13]. Indeed, the electron-
phonon interaction has been shown to produce pronounced effects on the various properties of a polar Semiconductor QD.
Most studies in this context have been essentially confined to the ground state (GS) [12, 13] and the investigations on the
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excited states [14] have been only few and far between. Also the research studies have been mostly limited to square well
and parabolic confining potentials [7-9, 15].

Chatterjee and collaborators [13] have carried out extensive studies on the GS polaronic properties of a Gaussian QD
(GQD) using several approximate methods. The purpose of the present paper is to explore the nature of the polaronic
correction to the first excited state (ES) of a one-electron GQD. Since the contribution of the electron-phonon interaction
to the polaronic correction according to the first-order Rayleigh-Schrodinger perturbation theory (RSPT) vanishes, we
will use the second-order RSPT in this work to obtain the lowest-order polaronic effect [14—18]. The knowledge of the
excited states would be important for the study of optical properties of a QD system. We will formulate our theory for a
general N-dimensional (ND) QD and finally get results for a 3D QD.

2. Main results

Let us consider a system of an electron that moves in an ND GQD and interacts with its LO phonons of dispersionless
frequency wg. The system under consideration can be modeled by the modified Frohlich Hamiltonian in the Feynman
dimensionless units as [8, 19]

2

p _i —iq.r
H:7_‘/Oe SR2 +zq:bgbq+ Z(gqe q bg—‘r h.C.>7 (1)

where all the vectors are N dimensional, r (p) is the electron position (momentum) operator, V, (R) is the depth (range)
of the Gaussian confinement potential, bzl (bq) is the creation (annihilation) operator the LO phonons of wave vector q
and energy Aw, and &, is the electron-phonon interaction coefficient which is given by [1, 5, 8]

T ((N;)) o(N-%) D

oy gVt

=

I

a, 2

where « is the dimensionless electron-phonon coupling constant which depends on the material parameters and vy is the
2. . .
is given by the usual expression:

2 2/om
&z = <2> a 3)

UNQ

We assume that at least for low-lying states, it is possible to write the Gaussian potential as a sum of a harmonic potential
and a small perturbative potential [20,22]. So we rewrite Eq. (1) as

1 =2 1 —iq. 7t
H_7+§ 2 r2—V, —|—ZbTb —|—)\{ (ezz-‘c —1)—2w;2b7‘2] +z7:(£76 7 b7+ h.c.), 4)

where we have added and subtracted a parabolic potential and introduced a parameter A. For A = 0, the confinement
potential becomes parabolic while for A = 1, Eq. (4) describes a Gaussian confinement potential. We choose: w;, =
\/170 /R so that the lowest-order perturbative term for the confinement potential becomes quartic in (r/R) . Let us now
write the Hamiltonian (4) as

H = Hy+ Hy + H», (%)
where )
HO:%+ By SR VA +beq, )
Hy =\ {—VO <eR - 1) - ;527«2] : 7
Hy = %: (e~ 7ok + he.), 8)

where Hj is exactly soluble, the harmonic oscillator part having the GS wave function q&év P (r) and H, and H; can be
treated as perturbations. We approximate the A-term by its average w.r.t. qbév b (r). Thus, we write:

o [ =2 1 1. o [ _ 2
A {:; (62R2 — 1) — 2‘*’}%} f)\< NP (r) ‘ [Qw% + :% (e 2RZ — 1)} ’gbéVD (r)> r? =
S P ARG ) o)
N-2 R2 (N —2) (2R%@), + 1)(N*2)/2
Substituting Eq. (9) in (5), we have an effective parabolic QD problem given by the effective Hamiltonian:
2
1
Hepy = % + wir? = Vo + > blbg+ Hy = Hyar — Vo + > blibg + Hy = HS + H,, (10)

q
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where
H = Hypor — V, +Zb*bq, (11)

9 _ - 1 1/2
P L g gy Ve N
Hhar = 9 + 2th y Wh = [(1 )‘) Wh + (N 7 2) 1- 2V 2 1 ' (12)

We shall consider H, gf f as an unperturbed Hamiltonian and Hy as the perturbation. The eigenstate of H Sf ¥ can be written
as [ ¢}'7) ® In), where | 37 satisfies the Schrodinger equation

Hpard) P (r) = ENP NP (1), (13)

with
1/2

N/2
Wh / —Lopr?
977 (r) = (7TN/2211+j2+"'-&1jN(j1!j2!...jN!)> x Hj, (Vwnwr) Hj, (Vwnas) - Hyy (Voney) e 207, (14)
Hj, (y/wn;) being the Hermite polynomial and

. . . 1
EJI‘VD:(11+32+"'+1N+2N>wh, (15)
and | n) = H | ng), where ng =0, 1, 2, 3 ...etc., is the eigen state of Hp, = Z b};bq belonging to the eigen value
q q
ni.e.,
Hpp |n) = ij;bq In) = an In) =nln),
a

where |0) = H | 0q), bql| 0g) = 0 for all g and Z ng = n. As we have already mentioned, the lowest-order perturba-

tive contrlbutlon from the electron-phonon 1nteract10n H, comes from the second-order RSPT. We are here interested in
calculating the polaronic correction to the first ES energy of I, Oef 7 due to Hy [3,13].

The second-order RSPT correction of the electron-phonon interaction Hy to the first ES energy of H, Oef ! is given by
the expression [14, 15]:

(6P| (n| Hy | 0) | NP |

ND _ ’
AENP = ; o (16)
which can be easily simplified to
_— 2
ND _ ‘<¢§VD | &g | $1'P)]
AE! _z]:zq: END B0 + 1 (17)

Applying the transformation

EN END+1

/e (B P =EXP+1)t gy (18)
J 0

and the sum rule for the Hermite Polynomials

; Q%TL'HH (Az) Hy, (Az*) X exp [/\22 (:c2 + xbz) B an] _
= 28511(217) exp {—iA2 [(x + 2*)*tanh (p) } + (z — xb)Zcoth(p)} , (19)
we obtain
AENP— 78\2}7 FF(S:II/—Q i)/li) x {(21\7 ~1)B ( 1h ;) +B ((wlh ~1), ;)] , (20)

B(z,y) being the beta function. Finally, in terms of simpler functions, the first ES polaron energy is given in second-order
RSPT as

gy N+ ayar (3 T+ ) e

= 14—
Lper g 2. T(d) r (L + %) . < * AN (1 — wp)
wh

which can be calculated numerically to give the first ES energy of a GQD with polaronic interaction. One may note that
the present approximation leads to a divergent result in 2D and therefore it cannot be applied to a 2D QD. This however
is not a matter of concern here since we are interested in a 3D QD in this work, as mentioned earlier. For the sake of
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completeness, we would like to mention that a slightly different approximation can be made to obtain results for a 2D
GQD. For example, Eq. (9) can alternatively be approximated as

V, [ =2 1 Lo Vo (oo
)\{_742 <€2R2 _1>_2w}21:|r2z —)\< éVD(r)‘[2w;21+r2<e 2R2 —l):| ’¢§D(r)>r2m

~ _\ |1z2 Vo ND — i | 4ND _ 2
~ 2 3% m ey (47 O 60 m) 1)] A -
which gives
~ - . . 1 1/2
wn = [(1= 0@ +22Vo@n {1 - 2, R% (1+ 2, 8%) ' }] 23)

One can easily see that the approximation made in Eq. (9) is supposed to give better results in all dimensions except
in 2D. Therefore, we use Eq. (21) in this work, as we are interested here in a 3D GQD.

We are interested in applying our theory to a realistic material. Since GaAs QD is a useful QD for technological
applications, we apply in this work our theory to a GaAs QD with Gaussian confinement. For GaAs, we have considered
m = 0.066 mg, a = 0.068 and hwy = 36.7 meV [3,21]. Fig. 1. shows the behaviour of the ES polaronic correction —AE
(in meV) with respect to the effective QD size R (in nm) for GQD of GaAs for different strengths of the confinement
potential (V) [22]. One may note that in the effective parabolic problem, the energy of the first excited state electron
plus the zero phonon energy is degenerate with the electron GS energy plus the one LO-phonon energy. Because of this
degeneracy, an electron in the first ES of the effective QD problem is unstable to the emission of an LO phonon. This
instability is expected to show up in the first ES polaronic correction in the form of a singularity. Indeed, the singularity
structure is clearly visible in Fig. 1. For different potential strengths Vj, the singularity in the ES polaronic correction
occurs at different values of the range 2. As Vj increases, the value of R at which the singularity appears also increases.
Thus, the singularity point can be tuned by tuning the potential. In general (except around the singularity), the polaronic
correction increases as the QD size decreases. The figure also shows that, as the confinement length is sufficiently
reduced, the polaronic correction may become substantially large. For large values of R, the electron- phonon interaction
corrections appear to be independent of R, as one would naturally expect in the case of bulk material. Therefore, we may
conclude that the effect of electron- phonon interaction on the first ES of a GQD is really important when the size of the
size of the GQD is small.

-A E in meV

Rin nm

FIG. 1. Polaronic correction AE (in meV) to the first ES energy of an electron in GQD of GaAs with
respect to R (in nm)

3. Conclusion

In conclusion, we have studied the effect of electron-LO-phonon interaction on the first ES energy level of an electron
in a 3D GQD using second order RSPT. We have obtained an analytical expression for the first ES polaronic energy under
a plausible approximation. Since we are interested in a realistic material, we have applied our results to a GaAs polar
semiconductor QD. We have shown how the polaronic correction to the first ES energy of an electron in a GQD of GaAs
behaves as a function of the effective confinement length for two values of the potential strengths. The energy curves
show the singularity behaviour that corresponds to the instability of the first ES electron to the emission of an LO phonon.
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Our results show that the polaronic effect to the electron in the ES of a GaAs GQD can be significantly large if the size
of the QD is small. Since the information of the energies and wave functions of the excited state is important for the
study of decoherence phenomena particularly the decoherence time, our results could be useful for quantum information
processing.
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ABSTRACT Phase-randomized coherent states are widely used in various applications of quantum optics. They
are best known to be the core part of decoy-state quantum key distribution protocols with phase-coding. From
the perspective of future development of quantum protocol architecture, it is important to determine whether
phase randomization can be applied at an arbitrary stage of an optical scheme without affecting the informa-
tional properties of the quantum system. In this paper, using the superoperator formalism, we have shown that
phase randomization of a two-mode coherent state commutes with linear optical transformations. This implies
that phase randomization can be applied virtually at any point within the optical setup. We further demonstrate
that the Holevo bound for such a state coincides with that of regular coherent states, bearing in mind that the
Holevo bound quantifies only the maximum amount of information accessible to an eavesdropper. Advantages
of phase-randomized coherent states compare to regular ones in particular cases of eavesdropper’s strategies
should be considered separately. Also, these findings indicate that phase randomization can be directly applied
to a subcarrier wave quantum key distribution type of systems, opening prospects for its future development.

KEYWORDS coherent states, phase randomization, phase-averaged coherent states, quantum key distribution,
Holevo bound, subcarrier wave quantum key distribution.
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1. Introduction

Phase-randomized or phase-averaged coherent states (PHAVs) are peculiar quantum optical states: a mixture of Fock
states with Poissonian distribution. In particular, they are known to be utilized in the study of generalized Hong-Ou-
Mandel effect [1]. However, they are best known in the context of quantum key distribution (QKD) protocols based on
weak coherent states. Especially, two-moded ones are widely used in protocols with phase-coding, implying utilization
of Mach-Zehnder interferometer [2, 3], or other interferometric schemes [4—8]. Compare to single photons, attenuated
laser radiation - treated as weak coherent states - can contain more than one photon, which may compromise the security
of such protocols for quantum communication, and PHAVs have proven to be an effective tool for enhancing the security
of weak coherent state QKD protocols [9], leading to the development of decoy-state QKD protocols [10]. Since then,
PHAVs have become critically important in quantum communication. Their properties have been extensively studied,
revealing the non-Gaussian nature of their Wigner functions, simple methods of generation, and a growing range of
applications [11-17].

Practical decoy-state QKD protocols with phase-coding utilize multi-mode (precisely, two-mode) PHAVs. The main
difference compare to single-mode PHAVs is that multi-mode ones may contain relative phase. And, unlike single-mode
PHAVs, the informational properties of multimode PHAVs remain incompletely characterized. In this paper, we focus on
exploration in regards to the order of optical transformations including phase-randomization taken place in QKD optical
schemes, and how this order might affect the informational aspects. In other words, our goal is to elaborate on whether
phase randomization in two-mode systems commutes with linear optical transformations and what consequences of the
ordering choice are.

© Guselnikov M.S., Gaidash A.A., Miroshnichenko G.P., Kozubov A.V., 2025
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2. Commutation of phase-randomization with transformations of linear optics

First, consider a density matrix p of a two-mode phase-randomized state constructed from coherent states |«) and
|3), where a = |ar|e’® and B = |8]e’®+?) are complex amplitudes of coherent states, respectively,

@ = [ la)al ®15)(615;- m

Density matrix above can be expressed in terms of superoperator notation:

¢) = N/e(aa1+6a$)+(a*a1+,@*az;|0><0|%
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where we have mtegrated over the common phase 6 of the two coherent states; aT(al) is the creatlon (annihilation)

operator of the it" mode, N = e_‘c“| -181” is normalization constant, also ICE;E ) Z R(¢ Ua aj introduced in [18],

ZB = AB and ZB = BA is left- and right-action notation for superoprators, ( - )* denotes complex conjugation and
(- )Jr denotes the Hermitian conjugation, d;; is the Kronecker delta-symbol. Obtained superoperator form provides some
explicit insights on the properties of the state, that will be discussed further.

We discuss additional transformations applied to the state, that may take place before or after the phase randomization.
Expression of the state in the superoperator notation (2) explicitly shows that any transformation that maps a set of creation

(annihilation) operators to a different set of creation (annihilation) operators, in particular, of the form aj — Z M;; a;(

for a given matrix M;;, preserves the state to be phase-randomized. Basically, these are transformations thatjdescribe
actions of linear optics devices. Note, it may even change the number of considered modes. The same holds true for the
coherent state before the phase randomization, i.e. the same transformation preserves the state to be coherent. We may
conclude, then, that this type of transformations should be commutative with phase-randomization. Consider sequential
actions of the transformation (M) and phase-randomization (PR) and vice versa to show that they are indeed commutative:

— a; aa
®jla;) = NoeZi %0y L5, Ngz Z ) j))|
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where Ny is normalization constant. Thus, phase randomization and transformation provided by elements of linear optics
are commutative operations.

3. Consequences of the ordering choice for a QKD

As mentioned in the introduction, phase-randomized states are employed in QKD, especially in decoy-states schemes.
The essential parts of such QKD schemes are beamsplitters as well as phase modulators (as a part of Mach-Zehnder
interferometer scheme), where the latter can be described by the following transformation: ei‘ﬁ“faaTe*i‘ﬁ“Ta = aTew’, that
also agrees with the provided point above in regard to commutativity. The main idea of phase randomization in the decoy
state method is to separate the single-photon fraction of the received mixture of Fock states. Thus, practically, the phase
randomization process, according to the conclusions made above, can be applied to the state at any point of the optical
scheme, even at the receiver’s side, and, at the first glance, that may lead to a new design of protocols. Indeed, from the
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point of view of legitimate user only, it does not affect the performance of QKD setup. However, and we shall emphasize
that, position of phase-randomization obviously may impact the information accessible to an eavesdropper.

In order to elaborate on the latter issue, we shall estimate the difference of regular coherent states and phase-
randomized coherent states in regard to provided to eavesdropper information. Thus, we propose to compare the Holevo
bound for these two types of states as rather simple example without necessity of considering special cases, that is given
by

- ZpiS(p(asi)), )

where p = Z pip(¢;) is the density matrix of an ensemble, S(p) = —Tr(plog, p) is von Neumann entropy. Further

i
two phases ¢g = 0 and ¢; = 7 within one informational basis will be considered. Also, their probabilities of choosing

are equal, i.e. pg = p; = 3 For coherent states, Holevo bound is well known and is given by

1 — 218
ves ==, ®
h(z) = —xlogy(z) — (1 — ) logy(1 — ), (6)
where the latter is the binary entropy function. As for the phase-randomized states, von Neumann entropy can be estimated
by eigenvalues A; of the density matrix: S(p) = — Z Ailogs, A;. Eigenvalues of p(¢) can be easily calculated by
i (
introduced in [18] superoperator algebra: adjoint action of J\/iv =1 Z Vnm —a am) provides unitary rotation
of the matrix R(¢) in ICE;E ) and thus can be diagonalized, i.e.
NS _ ) — ()
MK Kew rigre=v = Kur@yvr @
where U is given by
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According to (7), R has two eigenvalues: 0 and || + |3, so p(¢) can be expressed in its diagonalized form as follows:

pus(@) = 8 30 LD ) oy . ©
n=0
Since
[9(n)In)(n| @ [n)(nl, g(k)|k) (k| @ k) (k[]] =0, (10)
gl = 1oL 18" o
where [ -, - ] stands for commutator, operators under the sum can be diagonalized by the same eigenoperators, and

non-zero eigenvalue of p(¢) can be determined as
_ (laf+ 181" _
A=N) - =1. (12)

Both p(0) and p(7) have the same non-zero eigenvalue: A = 1. Thus, they do not contribute to the Holevo bound

1
quantity. However, for the ensemble density matrix p = §(p(0) + p(m)) introduced superoperator algebra cannot be

directly applied, since superoperators of (ICE;E())))” + (/c;j(;))" cannot be simultaneously diagonalized. So, firstly, we

express the density matrix in the Fock basis in its general form as follows:

RSPl il la 12Tt
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Note, that
|A(n,k,p), Am, )] = 0. (14)
A(n k,p) = Y f(n,k,p)ln — k)(n — p| @ [k)(pl, (15)
k,p=0
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F(nk,p) = |al [BI*P(1+ (=1) )7 (16)

2y/(n — k)!(n — p)lk!p!
as well, so operators A(n, k, p) under the sum for different values of n in p share the same eigenoperators, and thus they
can be diagonalized simultaneously. Therefore eigenvalues of p are determined by the sum of eigenvalues of A(n, k, p)
for all values of n. Characteristic equation for each A(n, k, p) is given by

et ((—1)““ oy (Il =By
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and there are only two non-zero eigenvalues, thus
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and, respectively, the Holevo bound for two-mode phase-randomized coherent state y pg is equal to the Holevo bound for
regular coherent states x¢s. Dependence of the Holevo bound on | 3] is shown in Fig. 1.
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FIG. 1. Dependence of the Holevo bound x for PHAV ensemble state p = 3 (p(0) + p()), where p(¢)

is defined in Eq. (2), on the absolute value of the amplitude of the coherent state || as it shown in
Eq. (6)

At this point, we have shown that the phase randomization of two-mode coherent state do not influence the maximum
of accessible for an eavesdropper information. Unfortunately, consideration of special cases of eavesdropper’s interactions
with the states, whether they are regular coherent or PHAV ones, is obligatory for a security analysis. For instance, in
case of unambiguous state discrimination (USD) [19-23], an eavesdropper can easily construct positive operator-valued
measure (POVM) for a set of linearly independent pure states, such as a set of coherent states. However, mixed states may
introduce linear dependency, and in this case USD POVM cannot be constructed.

4. Implementation to subcarrier wave quantum key distribution

Another thing to note is that, from the observations, it immediately follows that multi-moded phase-randomized
coherent state can be created by applying multi-mode (generalized) beamsplitter to a single-mode phase-randomized
coherent state. Therefore, phase modulation with harmonic signal, as it is employed in subcarrier wave (SCW) QKD
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[23-27], also produce multi-moded phase-randomized coherent state, since the provided transformation of annihilation
(creation) operator is given by

S

a; = Z Dzsj(uvyﬂﬁaja (19)
j=—8

where Disj (1, v, m) is the Wigner D-function with S being a number of interaction modes, u, v, and 7 are some angles that
define axes of rotation [28]. Considering the stated above, it appears that the decoy-state method may be directly applied
to an SCW QKD protocol as well, providing a new variation of the protocol. However, in order to make a final decision on
that and elaborate full decoy-state protocol for an SCW setup, a few points should be addressed prior in regards. The first
one is accurate selection of single-photon fraction of the signal, that may be non-trivial problem for a milti-mode states
with high (approaching to infinity) amount of modes, and parameter estimation, such as quantum bit error of detection
events that have originated from single-photon signals. The second is required analysis of discrete phase-randomization,
as it was provided recently for the original decoy-state protocol. Estimation of closeness between full phase-randomized
states and the discrete phase-randomized [29-31] ones and conclusion regarding the necessary amount of discrete phases
for them to be close enough in case of SCW setup are essential for practical implementations.

5. Conclusion

In this paper, we have investigated two-mode PHAVs from the point of view of the superoperator formalism, that
provide useful insights on its properties. In particular, observations demonstrate preservation of state’s type (phase-
randomized) under a linear optical transformation. Therefore, this approach clearly shows that the phase randomization
transformation commutes with one provided by linear optics. In context of QKD applications, phase randomization can
be applied at any point within the optical scheme, at least, from the point of view of legitimate users.

At the same time, utilization of phase-randomization may significantly influence accessible to an eavesdropper in-
formation. Hence, we have estimated the Holevo bound for ensemble of two-mode phase-randomized coherent states

1
(p = 5(,0(0) + p(m))) and found it matches with the Holevo bound for regular coherent states with the same phase

difference within the ensemble. However, the Holevo bound quantifies the maximum of accessible to an eavesdropper
information and consideration of particular attacks may vary the outcome. For instance, USD probabilities are heavily
affected by the type of considered states to be measured, especially for pure and mixed states. Therefore, additional
estimations for particular cases may be considered for a full informational characterization of PHAVs.

Also, if phase-randomization commutes with transformation provided by linear optics, it appears, that phase-randomi-
zation may be directly applied to SCW QKD type of systems. It may open prospects to a new kind of SCW QKD protocol
with PHAVs.
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ABSTRACT Magnetic skyrmions offer a pathway to ultra-dense, low-power memory, but writing them efficiently
remains a challenge. Using atomistic spin simulations and minimum energy path calculations in a PdFe/Ir(111)
film, we show that deliberately placing linear chains of four atomic vacancies cuts the skyrmion nucleation
barrier nearly in half-down to 44.7 meV at 3.75 T-compared to 85 meV in a pristine track. Linear defects
excel because they remove high-energy core regions during skyrmion creation while minimally disturbing its
outer negative energy halo during depinning. This geometry-driven effect relies only on generic energy density
profiles, making it broadly applicable to all skyrmion-hosting materials.
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1. Introduction

Magnetic skyrmions (Sks) are topological spin structures that arise in chiral magnetic materials [1,2]. Their nanometer-
scale size, high mobility, and the low current densities required for their manipulation make them promising candidates
for information carriers in future storage devices [3]. The intentional creation, destruction, and control of Sk are essential
challenges that must be addressed to facilitate their application in future spintronic technologies.

One of the factors that influences the control of Sks is their interaction with impurities that are inevitably present in
the sample. Impurity-induced pinning has been shown to affect Sk mobility [4], potentially leading to slower operation
of spintronic devices. Furthermore, pinned Sks exhibit lower stability compared to free Sks [5-8], which may lead to a
shorter information storage lifespan.

Impurities can also serve a beneficial role in skyrmionic applications. For instance, impurities can be utilized to
create repelling and attracting rails for Sks guides [8—10]. Boundary notches can be employed to position Sks by creating
potential wells [11-13]. Experimental evidence shows that Sks nucleate more readily on impurities [14], suggesting that
artificially created impurities can act as effective nucleation centers for Sks. Additionally, the destructive effects of defects
on Sks have been proposed for use in the development of Sk deletion devices [15].

Effective use of Sks requires a thorough understanding of their interactions with defects of various types, sizes, and
geometries. Numerous studies have focused on the theoretical studies using various approaches, including atomistic
models [7-9, 16-18], micromagnetic models through the solution of the Landau-Lifshitz-Gilbert equation [19-26], rigid
models described by the Thiele equation [25-27], as well as analytical approaches [28-30].

However, Sk nucleation on impurities remains insufficiently explored. This paper will focus on investigating the
influence of the geometry and size of atomic-scale non-magnetic defects on the processes of Sk creation and depinning.
By calculating the activation barriers for Sk creation and depinning, we aim to determine the optimal defect type for
efficient Sk nucleation in future memory and computing devices.

2. Method and simulated system

A thin magnetic film is modelled within the generalized Heisenberg model, which is a standard tool for Sk simulation
with atomistic resolution. Symmetric (Heisenberg) exchange, Dzyaloshinskii-Moriya interaction (DMI), anisotropy, and
the Zeeman energy of interaction with an external field B contribute to the total energy E:

E=-J) 8;-S; =Y D;j-(Six8;)—pY B-S;—K» S7.. (1)
(i,9) (i,9) i i

The summation is taken over all pairs (4, j) of nearest neighbours atoms, and over all atoms 4 of the crystal lattice, except

for non-magnetic impurities (vacancies). Here J is the symmetric exchange parameter; D;; is the DMI vector, which
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lies in the film plane and is perpendicular to the vector connecting atomic sites ¢ and j, thus stabilizes Néel-type Sks.
K > 0 is the anisotropy constant corresponding to an easy axis along the coordinate axis z perpendicular to the film;
B is the external magnetic field, applied parallel to z-axis; and S; is a three-dimensional unit vector in the direction
of the magnetic moment at the site 7. The magnitude of the magnetic moment, u, is assumed to be the same at all
sites. Impurities are treated as vacancies without magnetic moments in the lattice. The system parameters correspond
to experimentally observed Sks in a Pd/Fe bilayer on an Ir(111) substrate: a triangular crystal lattice, uB = 0.093.J,
K =0.07J, D = |D;;| = 0.32J, and J = 7 meV [31]. The parameters correspond to an isolated free Sk with a
radius of approximate 4a = 1.08 nm, where a = 0.27 nm is the lattice constant. We apply periodic boundary conditions
along the x-axis and assume free boundaries along the y-axis, thereby simulating a track of finite width. Track length

l; = 60a and width I/, = 60a sin T are the same for all simulations and are large enough to prevent Sk self interaction

and interaction with the track boundaries. Nonmagnetic impurity cluster (IC) is simulated by removing a cluster of the
spins and excluding corresponding terms from energy (1).

(Meta)stable states correspond to local minima on the multidimensional energy surface defined by equation (1) for F,
as a function of the directions of all magnetic moments S. For the given set of parameters, the ground state corresponds
to the ferromagnetic (FM) state, with a perturbation near the IC and rotating moments at the free boundary. A Sk pinned
(attached) to the IC and a free Sk form two distinct metastable states. Metastable states were computed using a constrained
nonlinear conjugate gradient method adapted for magnetic systems [32]. Activation barriers for the transition between
pinned, depinned Sks and FM phase were computed using minimum energy path (MEP), which provides the most prob-
able transition scenario [33]. The energy maximum along the MEP determines the first-order saddle point on the energy
surface (transition state). Activation barrier is computed as difference between energies of the transition state and the
initial one. MEP is approximated by its discretization defined by several states of magnetization vectors (called images)
computed numerically. In our computations we used 15 to 50 images along each path and employed the string method for
the numerical optimization of the MEP [34,35]. For all paths, the initial state was FM and final state corresponds to the
relaxed isolated Sk, completely separated from the IC.

3. Results

We investigated the processes of Sk nucleation on multiatomic nonmagnetic impurities, taking into account their
geometry and size. To this end, we calculated MEP between two states: the initial state represented a FM configuration
with the IC, while the final state corresponded to a Sk that was separated from the IC. We considered three types of IC
shapes: compact, angular, and linear. A compact IC is defined as a cluster of atoms arranged in such a way that it has the
smallest boundary for a given number of atoms. Examples of compact ICs are shown in the upper row of the right panel
in Fig. 1. A linear IC refers to a cluster of atoms aligned along a lattice vector, thus maximizing the boundary; examples
are shown in the lower row of Fig. 1. An angular IC consists of two linear ICs oriented along different lattice vectors that
originate from a single lattice site. We denote the number of atoms forming the IC as N. The resulting nucleation barriers
for the three types of ICs as a function of N are presented in the left panel of Fig. 1.

For N = 1 and 2, the ICs of different types are identical; however, starting from N > 3, the ICs differ in geometry,
which, as shown in the plot, leads to variations in the corresponding nucleation barriers. For all values of IV, linear ICs
yield the lowest barrier for Sk nucleation. It is also evident that, for all types of ICs, there exists an optimal impurity size
at which the barrier is minimized. The reasons for these two observations are discussed below.

Effect of Linear IC Size on the Nucleation Barrier. The mechanism of Sk nucleation on a linear IC is illustrated in
the lower panel of Fig. 2. As the domain wall winds around the IC, it begins to expand until a Sk core is formed. The Sk
then shifts toward one end of the IC and subsequently detaches from it. It is worth noting that for long ICs, Sk creation
occurs on one side of the impurity, while the magnetization texture on the other side remains unaffected, until very late
stages of the creation process.

The upper panel of Fig. 2 presents the MEPs for several values of N. Each path exhibits an intermediate minimum
corresponding to a Sk pinned to the IC. Thus, the nucleation process can be divided into two stages. The first stage
involves the creation of a Sk on the IC, where the initial state is a homogeneous FM configuration with an IC, and the final
state is a Sk localized at the IC (insets 1-2-3 in Fig. 2). The second stage is the depinning of the Sk from the IC, where
the initial state is a Sk localized at the IC and the final state is a free Sk (insets 3-4-5 in Fig. 2). For clarity, we will refer
to the first stage as creation, while encompassing both stages-including depinning from the IC-as nucleation.

The nucleation barrier is defined by the maximum energy along the MEP, with the energy of the FM state set to zero.
As illustrated in Fig. 2, the energy of the transition state for creation rapidly decreases with increasing NV, while the energy
for depinning increases moderately. Energy of intermediate metastable state (the pinned Sk) also decreases with increase
of N, but more slowly. For large IV, the energy of the pinned Sk approaches the energy of the transition state for the
creation process.

The obtained dependencies of the energy maxima for both stages, within the range of N up to 15, are presented in
Fig. 3a. For small IC sizes up to N = 4, the barrier for creation dominates. However, as the size increases, depinning
starts to take precedence. The maximum along the entire path determines the barrier for Sk nucleation at a specific N
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(indicated by empty circles in Fig. 3a). The maximum determines energy barrier in Fig. 1. We are interested in identifying
the optimal value of N at which the nucleation barrier is minimized, thus Sk nucleation is fastest. Since both dependencies
are monotonic, this minimum occurs at their intersection. In our case, with discrete values of NV, the optimal size is the
smallest N at which the barrier for depinning exceeds that for creation. Thus, in our analysis, we find that Ny = 4.

To explain the contrasting behaviour of the barriers as IV increases in Fig. 3a, we examine the spin configurations
at the saddle points for both creation and depinning across three different sizes, along with the corresponding energy
density distributions (see Figs. 4 and 5). During the creation process, we observe that the impurity is situated in a region
of maximum positive energy (relatively the FM state). Introducing an IC — essentially removing atoms from this region —
results in a decrease in energy. For small N, as illustrated in Figs. 4a and b, an increase in the size of the linear IC is
accompanied by an increase in the radius of the saddle point. In this case, a larger radius of the Sk-like transition state
configuration leads to a reduction in energy, since exchange energy in a micromagnetic framework behaves as R~ for
small R [36]. It is worth noting that the presence of the IC allows the Sk to bypass the small-radius phase during creation,
since its minimum diameter is constrained by the size of the IC. Thus, two factors contribute to the sharp decrease in
creation energy at small N: the increase in the subtracted positive energy as the IC size increases and the expansion of the
saddle point radius.

At the saddle point, the energy densities associated with exchange, anisotropy, and Zeeman terms are positive, while
the DMI energy density is negative. In the outer region of Sk, the DMI contribution dominates, resulting in a negative
total energy density, whereas in the inner region, the other contributions prevail, leading to a positive total energy density.
Introducing vacancies without changing the radius of the transition state would typically reduce the total energy, as the
vacancies lie in the inner region of the Sk along the MEP. However, if the shape of the saddle point is assumed to remain
fixed, the energy should decrease monotonically with the addition of impurities. This monotonic decrease is not observed
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in Fig. 3c, which shows that the contributions from anisotropy, Zeeman, and symmetric exchange interactions actually
increase at small N. This indicates that the energy reduction due to an increasing Sk radius has a stronger effect than the
energy reduction from IC removal alone.

Inside the Sk, the energy density is positive, so removing atoms from this region reduces the energy barrier. However,
it is energetically unfavourable for the saddle-point configuration to exceed the typical size of the Sk. As a result, beyond
a certain IC size (in our case, N = 5), the IC can no longer be fully contained within the positive-energy region. At this
point, some IC atoms extend into areas of zero or even negative energy density (see Fig. 4c), diminishing the effectiveness
of energy reduction. This explains why the energy contributions in Fig. 3c exhibit a change of trend at point N=5. From
the energy density distribution shown in Figs. 4d, e, and f, it is evident that in the negative energy regions, the energy
density is relatively low and decreases gradually. This behaviour explains why the energy for creation begins to change
only slightly for N > 5 (as depicted in Fig. 3a).

The depinning process involves the transition from a Sk localized at an IC to a free Sk. The saddle-point configura-
tions associated with this process (see Fig. 5, upper panel) can be qualitatively understood as follows. The energy density
distribution (Fig. 5, lower panel), shows that the maximum of positive energy in the inner region of the Sk decreases with
radial distance r from the center, becomes negative, and reaches a minimum at a finite distance R;. Beyond r > Ry, the
negative energy density decreases in magnitude with further increase in r. As the Sk detaches from the IC, it traverses
this region of negative energy. Introducing an IC into this region effectively removes contributions with negative energy,
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F1G. 6. Distribution of energy per atom in transition state for creation and depinning of Sk from
compact IC (a) and (c) and linear IC (b) and (d).

thus increasing the total energy. Consequently, the maximum energy along the depinning path occurs when the IC coin-
cides with the region of minimum energy density. Since we are interested in the minimum energy path, the path must be
arranged to minimize this maximum energy. The total energy also depends on the orientation of the linear IC relative to
the Sk’s radial direction. Because the negative energy density diminishes for > R;, the lowest-energy configuration is
achieved when the IC is aligned radially with respect to the Sk.

Adding atoms to the IC corresponds to removing additional atoms from the negative energy region, progressively
further from the Sk center (see Fig. 5d, e, f). As shown, the energy density in the negative region is relatively low
compared to that in the central part and also decreases with increasing distance from the center. This behavior accounts
for the minimal change in the depinning barrier as IV increases, as shown in Fig. 3a. It is worth noting that the variation
in the depinning barrier with N is primarily driven by changes in the DMI energy contribution, as illustrated in Fig. 3d,
which plots the energy components at the depinning saddle point as a function of N.

Effect of IC Geometry on Nucleation Barrier. In the previous section, we analyzed the influence of linear IC size on
Sk nucleation. Another key factor is the geometry of the IC maximizing Sk nucleation rate. As mentioned earlier, for all
values of NV, linear ICs yield lower nucleation barriers compared to angular and compact ICs geometries. To understand
the origin of this trend, we examine nucleation on compact IC more closely. During the Sk creation process, a compact
IC - like a linear one — is located in a region of maximum energy. However, the radius of the saddle point associated with
a compact IC is smaller (see Fig. 6a, b), leading to a higher creation barrier compared to that of a linear IC for N values
up to 6 (as shown by the red curves in Fig. 3).

As previously noted, for N > 6, the linear IC no longer fits entirely within the Sk and begins to overlap with regions
of negative energy, whereas the compact IC remains fully confined to the positive energy region. In this regime, the
compact IC exhibits a lower creation barrier than the linear one (see N = 7 and 8 in Fig. 3a and b).

Regarding the depinning process, a linear IC consistently yields a lower energy barrier than a compact IC for all
values of N (see Fig. 3a and b). This can be attributed to the fact that a compact IC, situated in the region of minimum
negative energy, will inevitably removes atoms with a higher magnitude of negative energy (Fig. 6¢), whereas a linear IC
extends along the gradient where the negative energy density gradually decreases (Fig. 6d).

The crossover point between the creation and depinning barriers for a compact IC occurs at N = 4. For smaller
N, the creation barrier dominates and is higher for compact ICs than for linear ones. For N > 4, the depinning barrier
becomes dominant and remains higher for compact ICs as well. As a result, the nucleation barrier for a compact IC
exceeds that for a linear IC across all values of NV, as shown in Fig. 1.

It is worth noting that the depinning energy varies non-monotonically with N for compact ICs (Fig. 3b). This
nonmonotonic behavior arises because adding impurities can create sharp angles that contribute to a reduction in the
depinning barrier.

It is also important to note that the creation process for compact ICs effectively “disappears” when the size reaches
N = 9 (see Fig. 3b). As demonstrated in the work by Potkina et al. [7], as the size of the compact IC increases, the barrier
for the collapse of the Sk localized on it decreases, ultimately reaching zero at NV = 9. Consequently, the metastable state
associated with the Sk localized on the IC vanishes, leading to a transition from a two-stage nucleation process to a single
process in which a Sk is created while simultaneously detaching from the IC.

In addition to the types of ICs discussed, intermediate variants are also possible, such as an angular IC. This type
differs from a linear IC by having a break at one point, resulting in a more compact shape, which leads to intermediate
values of nucleation energies, as shown in Fig. 1. As can be observed, the difference between the energies associated with
an angular IC and those of a linear IC is not high. Therefore, minor imperfections in the fabrication of a linear IC do not
significantly compromise the effect of reducing the nucleation energy.

4. Discussion

Based on the calculated energies of the transition states, we have identified a trend indicating that elongated ICs
are more favorable for Sk nucleation compared to compact ones. We have provided a qualitative explanation for this
observed effect, independent of the specific parameters of Hamiltonian (1) and the type of lattice used. This supports the
universality of our findings.
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In addition to geometry, the size of the linear IC also influences the nucleation energy. An increase in the IC size
reduces the barrier for creation, but simultaneously raises the barrier for depinning. Therefore, the optimal size is deter-
mined by balancing the energies of the transition states for creation and depinning. Since these energies generally depend
on the parameters of the system, the optimal IC size will also vary accordingly. It is important to note that for certain
system parameters, there may be no crossover between the energies of creation and depinning, or nucleation may occur
in a single stage without an intermediate minimum corresponding to a Sk localized on the IC. These scenarios warrant
further investigation.

The superiority of the linear defect geometry is further supported by our earlier findings on nucleation at boundary
defects [37]. We discovered that among all possible notch geometries, the most favorable configuration for nucleation is
a needle-shaped notch with sufficient depth. However, this option is still less effective than a linear IC. For instance, in
the studied PdFe/Ir(111) system at a magnetic field of B = 3.75 T, the nucleation barrier for a needle-shaped notch is
45.65 meV, whereas for a linear IC consisting of 4 atoms, it is 44.74 meV, resulting in an energy gain of approximately
2%. This difference arises from the additional exclusion of atoms from the region of negative energy density in the case
of the notch, which adversely affects the energy required for depinning.

It is interesting to compare nucleation on ICs with other types of Sk nucleation on a track that we have previously
investigated [6]. The barriers for Sk nucleation within the track and at its boundary were found to be 85.07 meV and
75.62 meV, respectively. In contrast, a linear IC of optimal size, as well as a needle-shaped notch, can reduce the
nucleation barriers by nearly half in the PdFe/Ir(111) system under consideration at a magnetic field of B = 3.75 T.

The energies of the saddle points for creation and depinning are measured from a homogeneous FM state with an IC
that does not contain a Sk. To investigate the reverse process — the annihilation of a Sk on ICs — the obtained energies of
the transition states should be referenced from the energy of a free Sk, which is independent of the shape and geometry of
the IC. Consequently, the behavior of the transition state energies for pinning and collapse qualitatively aligns with those
reported for creation and depinning. This indicates that, for erasing information, it is also most advantageous to utilize a
linear IC of optimal size.

In experimental studies [38—41], notches at boundaries have been employed to create Sks. Our findings suggest that
boundary notches of any geometry are less energy-efficient for Sk creation compared to a linear defect. It is also worth
noting that the minimum possible nucleation barrier is determined by the difference in the energy of the final free Sk and
the energy of the initial ferromagnetic state. A linear cluster of optimal size yields a barrier only slightly higher than
this value (44.74 meV versus 43.9 meV). We hope that these results will encourage further experimental research into Sk
nucleation at defects.

In summary, we have demonstrated that a linear defect of optimal size minimizes the energy required for Sk nucle-
ation, which could be advantageous in the design of Sk-based magnetic memory and computing devices.
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ABSTRACT We investigate the internal structure and dynamics of transverse domain walls in amorphous,
stressed ferromagnetic microwires by comparing two magnetoelastic anisotropy models. In the complete
model, all three principal stress components (axial, radial, circumferential) extracted from a realistic stress
profile are converted into spatially varying anisotropies; in the reduced model, only the dominant stress com-
ponent in each radial region is retained. Micromagnetic simulations reveal that the reduced model produces
exaggerated peripheral deviations-stronger radial magnetization projections and deeper penetration of the dis-
turbed layer-compared to the complete model. Energy analysis show that omitting non-dominant anisotropy
leads to underestimation of domain wall-defect interactions and a sharp, shell-like radial ordering at higher val-
ues of surface anisotropy. Furthermore, dissipation calculations based on the Thiele approach indicate that the
reduced model overestimates domain wall velocity by up to 50%. These results demonstrate that incorporating
the full stress tensor is essential for accurate prediction of both static domain wall profiles and their dynamic
response in stressed microwires.

KEYwORDS Domain wall, cylindrical wire, amorphous ferromagnetic microwires, micromagnetics, magnetoe-
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1. Introduction

The use of magnetoelastic interactions controlled by mechanical deformations in solids for the development of new
information, sensor, and energy-saving technologies has led to the creation of a new direction in micro and nanoelec-
tronics, called straintronics [1,2]. Mechanical stresses can be associated with the magnetic or ferroelectric material,
which manifests itself both in dynamic and static properties, and allows manipulation of the magnetic state and change in
magnetic characteristics [3].

One such class of systems is the the amorphous ferromagnetic glass-coated microwires, which are a composite object
with cylindrical symmetry consisting of a metallic nucleus and a glass shell [4,5]. The peculiarity of such a microwire
is the amorphous and stressed state of its metallic nucleus, due to its production using the Ulitovsky-Taylor method
[6], which includes melt drawing and rapid quenching. Several types of stress coexist in an amorphous ferromagnetic
microwire: i) stresses arising during rapid cooling, ii) stresses arising during the drawing process, and iii) stresses arising
due to the difference in the thermal expansion coefficients of the metal and glass [7, 8].

Such coexistence of stresses leads to a certain, rather complex distribution of the three components of the mechanical
stress tensor along the radius of the metal nucleus: axial (), radial (¢,,) and circumferential (o44). The magnitude of
internal mechanical stresses ranges from fractions to several units of gigapascals. Currently, there are several theoretical
works that predict this distribution. In particular, the distribution of all three components of the mechanical stress tensor
along the radius of the microwire, taking into account the solidification process, was calculated in [9].

Mechanical stresses together with the magnetostriction [10] effect determine the magnitude of magnetoelastic energy
and, due to the amorphous state of the metallic nucleus along with the cylindrical shape, play a major role in the formation
of the magnetic state and magnetic characteristics of the wire [9, 11-14]. In works published in the early 2000s, the
authors considered the formation of magnetic anisotropy, directly dependent on the distribution of internal mechanical
stresses along the radius of the metallic nucleus of the microwire [13]. Calculations were carried out for a microwire of
composition Fer7 5Si7 5B15 with a positive magnetostriction coefficient, a metallic nucleus diameter of 25 pm and a glass
thickness of 15 ym. The authors determine the type and value of anisotropy in each part of the wire by taking into account
the dominant component of mechanical stress.

© Chichay K.A., Lobanov L.S., Uzdin V.M., 2025
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In the distribution of stresses along the radius of the microwire, two regions can be distinguished: the region where
the axial component has the largest value and is positive (tensile stress), and the region in which the circumferential and
axial components of stress are negative (compressive stress) and have the greatest absolute value [9, 13]. We will call
these two areas conditionally the center and the periphery. If we take into account only the dominant component of
mechanical stresses, then the determination of the anisotropy type occurs in the following way. In the case of positive
magnetostriction, axial tensile stresses in the center will then induce an easy-axis axial anisotropy, which will prevail in
almost the entire volume of the metallic nucleus of the wire with the average value of K** = 3.10% J/m®. At the
peripheral layer, where negative circumferential stresses are dominant in magnitude, the resulting easy-axis anisotropy
must be perpendicular to this direction, so it will be either axial or radial. But since in this region the axial compressive
stresses are also large, the resulting direction of easy-axis anisotropy satisfying both types of stresses will be radial with the
maximum value of K™ = 5.6-10* J/m® (the value corresponds to circumferential mechanical stresses at the periphery).
It is this distribution of anisotropy that is usually taken into account when discussing the formation of the domain structure
of microwires and domain wall configuration.

In this work, we consider how taking into account all three types of stress affects the structure of transverse domain
wall. We refer to such consideration as the complete model and compare it with the results obtained for the reduced model
(when only the dominant component is taken). We discuss the change in the domain wall internal structure with a change
in the anisotropy value at the periphery and analyze the energy contributions for the both cases of complete and reduced
models.

2. Model

We simulate magnetic domain walls (DWs) in a cylindrical wire using a custom-developed Magnes software. The
system under study is a wire with fixed geometry: length L and radius R. Equilibrium DW configurations are obtained
by minimizing the micromagnetic energy functional, containing contributions of symmetric exchange E°* and three
anistorpies: axial %%, radial E™4_ and circumferential E°°:

E = EX +Eax +Erad + Ecirc' (1)

The first term in (1) corresponds to the exchange energy, with exchange stiffness A = 2 - 107! J/m

= (2 - () (2)]

where S(p, ¢, z) is the magnetization vector field. The z-axis is aligned with the wire axis, while p and ¢ are polar
coordinates in the cross-sectional plane. Three anisotropy contributions are defined by corresponding spatially varying
parameters K(p) and axis e’, where e is unit vector along z-axis, €'*! = e” and e“" = e? are local orthonormal basis
in polar coordinates in the wire cross section:

E' = —// K’(,o) (S . e’:)2 dV, 1= ax,rad,circ.

The energy density corresponding to energy contribution E° is denoted w®. In our simulations, we consider a wire of
radius R = 10~ m and length L = 1075 m.

The micromagnetic problem was discretized on a cylindrical grid with the following resolution: N, = 15 points in the
radial direction (from the wire center to the boundary), N, = 40 angular divisions, and N, = 200 points along the wire
axis. The energy functional was approximated using central finite differences for spatial derivatives and the trapezoidal
rule for numerical integration. This discretization scheme yields a second-order accuracy, with an error scaling as O(h2)
for the exchange energy, where h denotes the grid spacing [15].

The non-zero anisotropy contributions and the spatial distribution of the magnetoelastic anisotropy K;(p) were de-
fined differently in the two modeling approaches mentioned above. In both cases, the magnetoelastic anisotropy arises
from internal mechanical stresses and is given by

me

K' = 5/\50“, 1 = ax, rad, circ,

where \g is saturation magnetostriction coefficient and o;; is the diagonal stress component. In both models, we also
account for the effective shape anisotropy of the cylinder, arising from the demagnetizing field. This contribution is
included as an additional uniaxial anisotropy term with strength K% = 1 /4419 M? where M, = 500 kA/m is the saturation
magnetization. Radial and circumferential anisotropy contain only the magnetoelastic anisotropy:

KX — Kfn); + gf)fc’ Jcire — feire Krad _ Krad'

me ? me
In the first approach, referred to as the reduced model, only a single dominant magnetoelstic anisotropy component

was assigned to each region of the wire, reflecting the prevailing stress orientation and magnitude. Specifically, in the
wire core, an easy-axis axial anisotropy was imposed, with a average value of K3\ = 3 - 10% J/m3. At the periphery, an
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FIG. 1. a) Schematic representation of a wire in cylindrical coordinate system. R is the wire radius, L
is the length of the wire. b) and c¢) Radial dependence of magnetoelastic anisotropy components in the
complete and reduced models, respectively. Light blue and light pink areas correspond to the core and
surface regions

easy-axis radial anisotropy was applied, reaching up to K, ffﬁx = 5.6 - 10* J/m? at the surface layer. Further details can be
found in the previously cited work [13]. Radial profiles of magnetoelastic anisotropies are shown in Fig. 1c.

The second approach, referred to as the complete model, incorporates all three components of internal stress (axial,
radial, and circumferential) each distributed along the wire radius (Fig. 1b). Following the methodology of [13], tensile
stresses are translated into easy-axis anisotropy, while compressive stresses correspond to easy-plane anisotropy. As a
result, all three types of anisotropy are present throughout the entire wire volume, with their radial distributions directly
reflecting the magnitude and sign of the underlying stresses. The stress profile was adopted from [13], and the magne-
tostriction coefficient was set to Ag = 25-107, a typical value for Fe-based microwires. The maximum anisotropy values
at the wire surface were K9 = —5.6 - 10* J/m® for the circumferential component and KX = —3.9 - 10 J/m?® for
the axial component. The radial profiles of the anisotropy components reveal two distinct regions: a core region p < 87
nm, and a surface region p > 87 nm, which are shown in Fig. 1a. In the core, all three anisotropies remain virtually con-
stant, but the axial anisotropy dominates in magnitude. In contrast, in the surface layer both the axial and circumferential
anisotropy components vary more strongly with p, and notably, change sign as one moves to the surface, while radial
anisotropy maintains its value practically constant. This sign reversal reflects the shift from tensile to compressive stress
regimes across the wire radius.

To investigate the influence of peripheral anisotropy K (R) we kept the anisotropy constants fixed in the inner region
of the wire and modified them only within the surface region. To ensure smooth spatial variation, a linear interpolation was
applied between the anisotropy values in the inner region and those at the surface. The maximum absolute anisotropy value
was always attained at the surface. Surface anisotropy was controlled by a scaling factor k such that K*(R) = k;KfnaX,
where Kfnax denotes the maximum anisotropy strength. The same scaling factor was applied to both the radial easy-
axis magnetoelastic anisotropy component in reduced model and easy-plane axial and circumferential components of
magnetoelastic anisotropy in the complete model.

3. Domain wall structure

We consider a metastable state of a cylindrical microwire, comprising two oppositely magnetized domains separated
by a transverse head-to-head domain wall. As demonstrated in our previous work [16], radially inhomogeneous anisotropy
can lead to deviations from the conventional internal structure of the domain wall. In the present case, these deviations
emerge near the wire periphery, where the strong anisotropy favors directions other than the axial easy axis. In contrast,
near the wire center (where the axial easy-axis anisotropy dominates) the magnetization remains predominantly transverse.
Under these conditions, the transverse domain wall can be viewed as consisting of two sectors (typically symmetric), each
characterized by a magnetization component with a radial projection. In one sector, the magnetization points inward
toward the wire center; in the other, outward. Both sectors are aligned with the preferred transverse direction at the wire
core. This configuration represents a compromise between a conventional transverse domain wall and one where the
magnetization is entirely radial. A domain wall with such an internal structure is illustrated in Fig. 2.
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FI1G. 2. Evolution of the magnetic configuration of the transverse DW with a change of the anisotropy
value at the periphery for the cases of complete and reduced models. For each anisotropy value k, an
unrolled view of the p — ¢ DW cross section is given.

To provide a more intuitive visualization, we present domain wall structures using an unrolled p — ¢ view instead of
a circumferential cross-section. Fig. 2 illustrates domain wall configurations at the wire periphery for different values of
the scaling factor k, comparing the complete and reduced anisotropy models. The top row in each column corresponds to
k = 1, with parameters taken from [13]. In both models, the same general type of domain wall is stabilized; however, the
extent of peripheral magnetization deviation differs significantly. In the reduced model, deviations from the ideal trans-
verse wall are much more pronounced. Specifically, magnetic moments near the surface exhibit larger angular deviations
from the transverse direction imposed by the wire center. Additionally, the perturbation penetrates deeper into the wire
compared to the complete model. As the peripheral anisotropy strength increases (i.e., as k increases), the models exhibit
more pronounced deviations, characterized by stronger radial projections of the magnetization and deeper penetration
into the wire core. Nevertheless, even at k = 3, the complete model shows smaller deviations than the reduced model at
k = 1. This highlights the stabilizing effect of including all three anisotropy components in the complete model, which
helps preserve the transverse domain wall structure across a broad range of peripheral anisotropy values.

To gain deeper insight into the domain wall structure, we analyze the contributions of each anisotropy component
separately. Fig. 3a presents the spatial distribution of the axial anisotropy energy density, w®* across the domain wall
cross-section for various values of the peripheral anisotropy scaling factor k. Each cross-section reveals two distinct
regions: a central zone (in blue) and a peripheral zone (in green), separated by a narrow transition region characterized
by a minimum in anisotropy energy density (dark blue). Importantly, the magnitude and spatial uniformity of w®* in the
wire center remain unchanged with increasing k, reflecting the fact that the axial anisotropy constant is held fixed in this
region. In contrast, the peripheral value of w®* increases proportionally with k. Notably, the thickness of the outer shell
where w®* approaches zero behaves differently in the two models: it remains constant in the complete model, whereas in
the reduced model it increases with k. This indicates a more pronounced sensitivity of the reduced model to peripheral
anisotropy modulation.

Figure 3b shows how the total axial anisotropy energy, /%%, varies with the peripheral anisotropy scaling factor k.
The energy is computed relative to that of a uniformly magnetized (homogeneous ferromagnetic) reference state. The
plot reveals that E®* at the wire center is identical for both the complete and reduced models only at Kk = 1. As k
varies, the two models exhibit opposite trends: in the complete model, E** increases slightly, while in the reduced model
it decreases. This energy dependence highlights a key feature of the micromagnetic structure obtained in the reduced
model. Beyond a certain threshold value ??? £ > X, the domain wall at the wire surface becomes significantly wider. In
this regime, the radial orientation of the magnetic moments at the periphery begins to spread symmetrically outward from
the domain wall, forming a radially ordered “shell”. The sharp drop in E** observed for the reduced model starting at
k = 2 corresponds to the formation of this shell throughout the wire volume.

Figure 3¢ shows the spatial distribution of the radial anisotropy energy density, w"“, across the domain wall cross-
section. In the reduced model, radial anisotropy is applied only in the peripheral layer of the wire, resulting in w**? = 0 in
the central region. In contrast, the complete model assigns radial anisotropy throughout the entire wire volume, though its
magnitude remains constant with respect to k. Consequently, the spatial pattern of w™? remains largely unchanged across
different values of k in the complete model. The minima of w"?(indicated by dark blue regions) correspond to areas
where the magnetization aligns closely with the radial direction. As k increases, the radial projection of the magnetization

ad
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FI1G. 3. (a) and (c) Distributions of axial and radial anisotropy energy density for an unrolled p — ¢
DW cross section for different values of k. The color bar indicates the energy density value from
the lowest negative (dark blue) to the highest positive (dark red) value. (b) and (d) Axial and radial
anisotropy energy as a function of anisotropy value at the periphery & for the cases of complete and
reduced models. The largest dots on the graph are related to the £ = 1.

grows in both halves of the wall, causing the low-energy regions near the surface to expand slightly. The corresponding
dependence of the total radial anisotropy energy, F™* on the scaling factor k is presented in Fig. 3d. The two models
agree only at small values of k. For the reduced model, a sharp drop in E™ occurs as k increases, which reflects the
emergence of a fully formed radially ordered layer that extends along the wire surface. This pronounced difference in
w™ between the complete and reduced models is expected to significantly influence both the structure and dynamic
behavior of moving domain walls, including their shape and velocity.

Figure 4a presents the distribution of circumferential anisotropy energy density, w™, for the complete model only,
as circumferential anisotropy is not included in the reduced model. In the domain wall cross-sections, nonzero values
of w are observed exclusively in “transitional” regions-specifically, at the boundary between two sectors where the
magnetization points radially inward in one and outward in the other. Notably, circumferential anisotropy is the only
anisotropy component for which the energy density assumes both positive and negative values. The extrema of w®*®
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periphery k for the case of complete model. The largest dot on the graph is related to the & = 1.

are highly localized in both angular and radial coordinates. This spatial confinement may play an important role in
domain wall interactions with defects and impurities. Such interactions can be considered from two perspectives. First,
because the maxima and minima of w°"® are sharply localized and occur at specific depths, the nature of the domain
wall’s interaction with a given impurity-whether attractive or repulsive-depends critically on the impurity’s radial position.
Second, domain walls in cylindrical wires exhibit azimuthal rotation during motion due to the cylindrical symmetry (i.e.,
energetic equivalence of all transverse directions). As a result, interaction with an impurity also depends on whether
the rotating anisotropy features (such as the localized maxima/minima of w™®) spatially overlap with the impurity, and
on the impurity’s size. This interplay can have a significant impact on domain wall dynamics, particularly affecting the
domain wall velocity and the nucleation field (i.e., the critical magnetic field required to nucleate a domain wall inside
the microwire). Since circumferential anisotropy is omitted in the reduced model, it may underestimate the strength and
complexity of domain wall-defect interactions.

The behavior of the total circumferential anisotropy energy, F<*® shown in Fig. 4b, exhibits a non-monotonic trend:
it increases with the scaling factor k£ up to £ = 2, and then begins to decrease. This trend likely arises from the interplay
between the localized minima and maxima of the energy density w®*, which evolve with increasing k. As k increases, the
radial extent of magnetization deviations at the wire periphery also increases. Consequently, the region at the boundary
between the two radially magnetized sectors of the domain wall-where the magnetization momentarily aligns in the
circumferential direction-expands. This expansion can lead to a faster growth in the magnitude of the negative (minimum)
values of w®'®, which may dominate the total energy and result in the observed decrease in E°*¢ beyond a certain k.

Figure 5a shows the total energy of the wire as a function of the scaling factor k, revealing opposite trends for the
complete and reduced models: the system energy slightly grows in the complete model and decreases in reduced model.
Note, that the energy is computed relative to that of a uniformly magnetized (homogeneous ferromagnetic) reference
state. For small £ the energies of obtained magnetic states are almost coincides. As the anisotropy in the surface layer
k increases, the differences in energies become noticeable. Hence, it can be assumed that for large anisotropies at the
periphery the applicability of the reduced model is questionable.

4. Domain wall movement

Domain walls (DWs) in magnetic wires are typically driven by external magnetic fields. In the simplest scenario, a
uniform field H is applied along the axis of the wire. One domain, aligned with the field, is energetically favored, while
the oppositely oriented domain becomes unfavorable. As the system relaxes, the domain aligned with the field expands,
and the opposing domain shrinks.

The dynamics of such a system are governed by the Landau-Lifshitz-Gilbert (LLG) equation, which can lead to com-
plex phenomena, including the formation, motion, and detachment of singularities in the magnetization texture. However,
in this study, we provide a simplified estimate of the DW velocity by assuming the domain wall maintains a fixed shape
during motion.
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Under the assumption that only the DW position changes while all internal degrees of freedom remain fixed, the LLG
equation reduces to the Thiele equation [17]. Let the domain wall be described by a traveling ansatz of the form:

S(r,t) = So(r — R(t)e?),

where Sy is the static DW profile, R is the DW position at time ¢. Substituting this ansatz into the LLG equation and
projecting onto the subspace spanned by 9S/0R, we obtain the Thiele equation in the general form [18]:

aDV — GV =F,

where V = R is the DW velocity, « is the Gilbert damping parameter, D is the dissipation matrix, G is the gyrotropic
tensor, and F' is the net force (or generalized torque) acting on the wall. In our case, the DW position is described by a
single parameter R, and the gyrotropic term G vanishes due to the antisymmetry of the gyrotropic tensor and the absence
of azimuthal precession in the ansatz. The dissipation reduces to a scalar quantity given by:

9S\ 2
D= 72
/(a> W

which corresponds to the portion of the exchange energy associated with deformations along the wire axis. The driving
force I’ is given by derivative of total energy E with respect to the DW position:

oF
F= R 2MHs,
where s is the cross-sectional area of the wire. This result follows from translational symmetry: shifting the DW by
dR effectively reverses the magnetization in a volume s - dR, yielding a change in Zeeman energy proportional to H.
Assuming the DW shape remains unchanged during motion, the force F' becomes independent of position, and the DW

velocity simplifies to:
F 1
“aD D
We computed the dissipation coefficient D for both the reduced (1-axis) and complete (3-axis) anisotropy models across
a range of surface anisotropy strengths. The results are presented in Fig. 5b. Under the considered parameters, the
domain wall in the complete model moves approximately 1.5 times slower than in the reduced model, due to higher
dissipation. This implies that simulations based on the simplified reduced model are likely to overestimate DW velocity.

The discrepancy becomes even more pronounced at higher anisotropy strengths.

5. Conclusion

We studied the structure of transverse domain walls (DWs) in amorphous, stress-induced magnetic wires using two
models of magnetoelastic anisotropy: the complete model, which accounts for all stress components throughout the wire
volume, and the reduced model, which includes only the dominant stress component, converted into anisotropy. While
both models yield domain walls of the same general type, their internal structures differ significantly.

In the reduced model, deviations of the magnetization near the wire surface are more pronounced, and these distur-
bances penetrate deeper into the wire compared to the complete model. An analysis of how the DW structure evolves with
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increasing anisotropy at the periphery reveals that the complete model better preserves the transverse character of the DW
over a wider range of anisotropy strengths.

Notably, the omission of circumferential anisotropy in the reduced model may lead to an underestimation of the
domain wall’s interaction with defects and impurities. At the same time, it tends to overestimate the DW velocity, due to
lower calculated dissipation in the system.
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ABSTRACT We study the photon statistics of a single-mode sub-Poissonian light propagating in the lossy ther-
mal bosonic channel with fluctuating transmittance which can be regarded as a temperature-dependent model
of the turbulent atmosphere. By assuming that the variance of the transmittance can be expressed in terms of
the fluctuation strength parameter we show that the photon statistics of the light remains sub-Poissonian pro-
vided the averaged transmittance exceeds its critical value. The critical transmittance is analytically computed
as a function of the input states’ parameters, temperature, and the fluctuation strength. The results are applied
to study special cases of the one-mode squeezed states and the odd optical Shrédinger cats.
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1. Introduction

The nonclassical properties of optical fields lie at the heart of quantum optics and, from its very beginning, they have
been the subject of numerous intense studies. There are a number of indicators introduced to measure the quantumness
(nonclassicality) of light such as negativity of the Wigner function [1], squeezing [2, 3] and sub-Poissonian statistics [4]
(see also a recent review on quantumness quantifiers based on Husimi quasiprobability [5]).

Note that, for the squeezing and the sub-Poissonian statistics, the indicators are formulated in terms of second-order
moments of fluctuations of the experimentally measured quantities. For nonclassical fields, these moments violate certain
inequalities. For example, the sub-Poissonian light is indicated when the Fano factor, defined as the ratio of the photon
number variance and the mean photon number, is less than unity.

Aside from its fundamental importance, light nonclassicality plays a vital role in quantum metrology [6]. For sub-
Poissonian fields that will be our primary concern, there are various experimental techniques used to generate sub-
Poissonian light [7-11] and their applications in quantum imaging are reviewed in [12] (higher-order sub-Poissonian
statistics is discussed in [13, 14]). Security analysis of BB84 protocol with sub-Poissonian light sources was performed
in [15]. Influence of temporal filtering of sub-Poissonian single-photon pulses on the expected secret key fraction, the
quantum bit error ratio, and the tolerable channel losses is analyzed in [16].

It is well known that continuous variable quantum states of non-classical light used in quantum metrology and quan-
tum communication protocols [17, 18] are subject to loss and added noise, leading to degradation of non-classicality and
quantum correlations.

For free-space communication links [19-22], a widely used general theoretical approach to modeling environment-
induced decoherence effects is based on Gaussian quantum channels with fluctuating parameters. Specifically, a pure-
loss channel with fluctuating transmittance exemplifies a popular model that describes the propagation of quantum light
in a turbulent atmosphere (see a review on propagation of classical electromagnetic waves through a turbulent atmo-
sphere [23]).

This model has been extensively used to study nonclassical properties and quantum correlations of light propagating
in turbulent atmospheres [24-27]. In Ref. [28], Bell inequalities in turbulent atmospheric channels are explored using
the probability distribution of transmittance (PDT) in the elliptic-beam approximation with parameters suitable for the
weak to moderate-turbulence channels [29]. Gaussian entanglement in turbulent atmosphere and a protocol that enables
entanglement transfer over arbitrary distances [30,31]. The evolution of higher-order non-classicality and entanglement
criteria in atmospheric fluctuating-loss channels are investigated in [32]. Theory of the classical effects associated with
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geometrical features of light propagation, such as beam wandering, widening, and deflection, is developed in [33, 34]. In
Ref. [35], the PDT derived by numerical simulations is compared with the analytical results.

In this paper, we adapt a generalized model of the channel and use the thermal-loss channel with fluctuating trans-
mittance to examine how the temperature effects combined with the fluctuating losses influence the sub-Poissonian light.

The paper is structured as follows. In Sec. 2 we describe a thermal-loss channel and the parameters expressed in
terms of the first-order and second-order moments of the photon number used to identify sub-Poissonian light fields. In
particular, we deduce the input-output relation for the g-parameter introduced as an unnormalized version of the Mandel
Q-parameter. In Sec. 3 this relation is generalized to the case of the thermal-loss channel with fluctuating transmittance.
After parameterization of the transmittance variance, it is shown that the output light will be sub-Poissonian only if the
average transmittance exceeds its critical value. In Sec. 4 we apply the theoretical results to the special cases of squeezed
states, odd optical cats and Fock states and study how the critical transmittance depends on the temperature and the
strength of transmittance fluctuations. Finally, concluding remarks are given in Sec. 5.

2. Channel and moments

We consider a single-mode quantized light with the annihilation and creation operators, ¢ and a', propagating through
a quantum Gaussian channel. The simplest and widely used method to describe the channel is to introduce an additional
bosonic mode representing the degree of freedom of the environment and assume that the interaction between the light
and noise modes is determined by the channel unitary U, giving the beam splitter transformation of the form:

UlaU, = a, = Vra+ V1 —1b, 1)

where 7 is the channel transmittance and b is the annihilation operator of the noise mode.
For the temperature loss channel, the input state of the bipartite system is the product of the density matrices given

by
0 = Pin @ Peh, 2
where pyy, is the density matrix of radiation
Pin = [Yin) (Yin] 3)
prepared in the pure state |);, ), whereas the environment is in the thermal state
J 1

> my ), = Te{bbpn) = < v

Pth = e + 1 2 T
where 8 = 1/(kpT) is the inverse temperature parameter (kg is the Boltzmann constant and 7T is the temperature), 7 is
the Planck constant, w is the photon frequency, nyy, is the average number of thermal photons (the mean thermal photon
number).

Temporal evolution of the density matrix (2) is governed by the channel unitary (1) as follows

p(r) = U, pU}. ©)
We can now use Egs. (1) and (5) to obtain the normally ordered characteristic function of the light as a function of the
channel transmittance

X(,7) = Tr{: D(a) : H(r)} = xin(VT@)x (V1 = 701), (6)

where : D(a) :=: exp(aal — a*@) := exp(ad') exp(—a*a) is the normally ordered displacement operator; i, and xn
are the input and thermal characteristic functions given by
Xin (@) = Tr{: D(O‘) “Pin},  Xew(a) = Tr{: D(O‘) tpen} = eXp(_nth|O‘|2)~ (7

Note that the form of this result reproduces the characteristic function derived by solving the thermal single-mode Lindblad
equation (see, e.g., [36]) so that the beam splitter transformation representation (1) and the approach based on the Lindblad
dynamics appear to be equivalent tools for modeling the temperature loss quantum channel.

Given the transmittance 7, it is not difficult to find the average photon number of the output state n.:

n, = Tr{np(r)} = Te{n,p} = (Nr) = Tnin + (1 — 7)ngn, (8)
Nin = ’I‘r{’ﬁ‘ﬁm} = <win|ﬁ|z/]in>a (9)
where 7 = aa and Ny = &idT.
Since 72 — 7 = a'a'aa =: 42 -, the difference between the variance and the mean photon number for the quantum
state p(7) can be computed as the g-parameter given by

¢r = Tr{: 2% : p(1)} —n?. (10)

Clearly, for p(7), the photon statistics is sub-Poissonian if and only if the parameter (10) is negative. Note that the ratio
q-/n- gives the well-known Mandel Q-parameter [37], Q(TM ), introduced in Refs. [38,39]. Note that the ()-parameter
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is also related to the normalized second-order correlation function 952)(0) = QSM ) /nr + 1 and the Fano factor F;; =

QM) 4+ 1.
We can now use the relation
(A2 =720A% ) +2(1 — 7)%nd, +47(1 — T)ninnen (11)
derived with the help of the identity <BT bf 33) = 2n2, to deduce the explicit expression for the parameter (10)
gr = (72 1) —n2 = 72qin + (1 — 7)%ng, + 27(1 — T)ninnoen, (12)
where
Gin = Tr{: 2% : piu} — 02, = (A2 :) —nd. (13)

In the zero-temperature limit with n, = 0, formula (12) shows that losses cannot destroy the sub-Poissoinian statistics of
input light. The latter is generally no longer the case at non-zero temperatures. In the subsequent section, we will discuss
the conditions for negativity of the parameter ¢ .

3. Fluctuating losses and critical transmittance

Now we extend the results of the preceding section to the case where the transmittance fluctuates and thus should be
treated as a random variable. In this case, the output density matrix takes the generalized form:

1
Pous = / P(r)p(r)dr, (14)
0

where P(7) is the probability density function (PDF) of the transmittance. We can use Egs. (8) and (5) with j(7) replaced
by pout to introduce the output parameter qo,¢ as follows

out = Tr{: n? ﬁout} - Tr{ﬁﬁout}2 = ((: ﬁ?‘ Nr— <nT>72' = (¢r)r + [<n'2r>'r - <n7>3]7 (15)

1
where (---), = / -+« P(7)dr. After substituting formulas (8) and (10) into Eq. (15), we obtain the parameter ¢, in the
0

following explicit form:
Gout = ?2(%1 - ’le2n) + (?nin + (1 - F)nth)2‘i‘
Var(7){gin — nf, + 2(nin — n4n)*)}, (16)

where 7 = (7), is the averaged transmittance and Var(7) = (72), — 72 is the variance of the transmittance.

Since the transmittance varies from zero to unity, 0 < 7 < 1, and the variance Var(7) cannot be negative, Var(r) > 0,
the mean of the squared transmittance cannot exceed the average transmittance and must satisfy the condition: 7> <
(1%), < 7. As a result, the variance is bounded from above by the product (1 — 7)7: 0 < Var(r) < (1 — 7)7. In our
model, we assume that (72), = F7 4 (1 — F)72, so that the variance takes the following form

Var(t) = (1) =72 = F(1 = 7)7 (17)

where 0 < F' < 1 is the parameter characterizing the strength of fluctuations.
In what follows, we shall treat the fluctuation strength F' as a phenomenological parameter which is independent of
7. The variance representation (17) can now be used to express the g-parameter (16) in terms of 7 as follows

Gout(T) = ?Q(t]in —a)+7(a — nfh) + nfh, (18)
where
a = 2niwnen — niy + 9F, 9= gin — 13, + 2(nin — nen)”. (19)

In the limiting case of transparent medium described by the identity channel with 7 = 1, the g-parameter is equal to
its initial value ¢, given by Eq. (13). For sub-Poissonian light, the parameter g;, is negative, so that ¢out(1) = gin < 0.
In the opposite case with vanishing transmittance, 7 = 1, from Eq. (18), the g-parameter is positive, gout (0) = nfh > 0.
Clearly, this implies that the transmitted light will remain sub-Poissonian provided the average transmittance exceeds its
critical value: 7 > 7.

From Eq. (18), it is not difficult to find the analytical expression for the critical transmittance (the transmittance
threshold). So, we deduce the inequality

2 212 2
a—ny )+ (a+n —4ng ¢
> 7. = _( th) \/( th) thin (20)
2(qin - a)
giving the condition that effects of transmittance fluctuations and temperature fail to destroy the sub-Poissonian statistics
of light and the g-parameter of the transmitted (output) light is negative, gout < 0.
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We conclude this section with the remark on two important special cases with 7' = 0 and F' = 0, respectively. In the
zero-temperature limit, the expression of the transmittance threshold is simplified as follows

F(Qin + nlzn)

T ’|T:0 = (21)
¢ F(qin + n?n) - Qin7
whereas the critical transmittance for the case, where fluctuations of the transmittance are negligible, is given by
n
th (22)

Tc‘F:O = .
2
Nth + /Ny — ¢in — Nin

Clearly, when F' and T are both vanishing, the critical transmittance is zero. This is the well-known case of non-fluctuating
pure-loss bosonic channel where gou = T2qin (see Eq. (12) with nyy, = 0).
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FIG. 1. Dependence of the critical transmittance 7. on the square of the displacement amplitude, |5
for the squeezed state (23) computed at different values of the fluctuation strength parameter F' for
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4. Effects of fluctuations and temperature

In this section, we apply our analytical results to the two special cases of input states: the displaced squeezed states
and the odd Schrodinger cat states. More specifically, we shall study how the temperature and transmittance fluctuations
influence the transmittance threshold for these states.

4.1. Squeezed light

The density matrix
Pin = qu> <¢sq|7 |¢sq> = 15(5)5(5)\@ (23)

describes the case of displaced squeezed vacuum states expressed using the squeezing operator, S (€), and the displacement
operator, D(3), given by

§(¢) = @@€2 P(g) = P =07, 24)

¢ = re' is the squeezing parameter and 3 = |3 |ei9 is the displacement. For the squeezed state (23), it is rather
straightforward to derive the expressions for the parameters ni, = nsq and gin = gsq that enter the expression for the
critical transmittance (20):

g = |B? +sinh®r, g = galBJ° + sinh® r cosh 2r, @5)

where gy = 2sinh? r + sinh 2r cos(2¢) and ¢ = 6 — 1) /2.

From formula (25), the case where the photon statistics of the squeezed light is sub-Poissonian with negative param-
eter gsq may occur only when the coefficient g» is negative. The latter requires the angle ¢ and the squeezing parameter r
to meet the inequality

|tan¢| > e”, (26)
so that the squeezed light will be sub-Poissonian only when the squared displacement amplitude is above its critical value:

e” sinh r cosh 2r

(sin? ¢ — 2 cos? ¢)

181* > 3 =52 @7
Clearly, when cos ¢ = 0, the condition (26) is always fulfilled and 3. takes the minimal value that grows with 7.

In Figs. 1 and 2, the threshold transmittance is plotted against the squared displacement amplitude, |3 \2, at o =7/2.
The numerical results for 7. are evaluated using Eq. (20) with formula (25) giving the mean photon number n;, and the
g-parameter giy.

At || = B., the g-parameter vanishes, and thus the threshold transmittance equals unity. So, in the close vicinity of
f.. the transmittance 7, drops as |3|? increases.

From Eq. (22), it is not difficult to show that, when fluctuations are negligible, 7. monotonically decreases with \ﬂ|2
approaching the value ny, /(nyn — g2/2) (see Fig. la). By contrast, from the relation (21) describing the zero-temperature
case, in the large displacement limit, the critical transmittance approaches unity. As a result, the | ﬁ\z—dependence of
T, reveals nonmonotonic behaviour illustrated in Fig. 2a. It can also be seen that such behaviour where the critical
transmittance exhibits a local minimum occurs at non-vanishing temperatures provided F' # 0.

Normally, it is expected that the threshold will get higher at elevated temperatures. This is the case for the curves
shown in Figs. la—1c.

Interestingly, in the case of intense fluctuations with sufficiently high values of fluctuation strength, the latter is
no longer the case. From Figure 1 which shows the 7.-vs-|3|? curves computed at ' = 0.7, it is seen that the long
displacement part of the zero-temperature curve appears to be above the curves with non-zero nyy, .

Similarly, the threshold is expected to increase with the fluctuation strength F'. It is not difficult to show that the
threshold 7. grows with F' only if the coefficient g given by Eq. (19) is positive. According to formula (19), this coefficient
quadratically depends on n4}, and it takes negative values within the interval:

nizn — (in
5
So, in the low temperature region where n¢;, < n_ the critical transmittance is an increasing function of the fluctuation
strength. The curves presented in Figs. 2a—2b provide support to this conclusion.

For the cases of elevated temperatures illustrated in Figs. 2c—2d, the short displacement part of the curves where ngy,
meets the condition (28) is arranged differently. In this part, the curve with negligibly small fluctuations determines the
largest value of 7.. Note that all the curves shown in Figs. 2c-2d intersect at the point where the coefficient g vanishes
with nyp, = n_.

n_ <ngp <Ny, Nt =nNip £ (28)
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4.2. Odd optical cats

Similar to the case of squeezed states, formulas

1
Ain = |Wca cat |s cat) = T Y/ 5 - | ) 29
P [Ycat) (Yeat|,  |Ycat) 2(1—e—2|5|2)(‘6> |—5)) (29)
Necat = ‘BF COSh‘BF; Gcat = _|B‘4a (30)
. 2
where |(|? = ,‘L, present the analytical results needed to evaluate the critical transmittance for the odd (antisym-
sinh |5]?

metric) cat states, |[tcat)-

In Fig. 3 we show how the fluctuation strength affects the |3|>-dependencies of the critical transmittance at different
temperatures. From Eq. (22), in the weak fluctuation limit with F' = 0 (see Fig. 3a), the starting value of 7, is ny, /(ngn +
V2-— 1) and it monotonically increases approaching unity. By contrast to the case of the squeezed states, for the odd optical
cats, all the curves shown in Figs. 3 and 4 reveal similar behaviour. Similar to the squeezed states, it turned out that, at
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FI1G. 3. Dependence of the critical transmittance 7. on the square of the displacement amplitude, |B|2,
for the odd cat state (29) computed at different values of the fluctuation strength parameter F'

sufficiently strong fluctuations (sufficiently large fluctuation strength F) and sufficiently large |3|?, the zero-temperature
curve gives the largest value of 7.

Figure 4 presents the graphs illustrating the temperature induced effects. Since, in the limiting case of a single photon
state with § = 0, the mean photon number 7, is unity and g.,s = —1, all the zero-temperature curves described by
Eq. (21) start from zero (see Fig. 4a). As is depicted in Figs. 4b and 4c, at non-vanishing temperatures and sufficiently
small |3, the values of 7, are dominated by the zero-fluctuation curve with F' = 0 (for the single photon state, the zero-
fluctuation value of 7. is nn /(ngn + V2 — 1)). Referring to Fig. 4d, in the high temperature region with n¢, > 0.9, the
latter holds for all values of |3].

Since in the zero amplitude limit with 5 = 0, the odd state (29) becomes the single-photon state |1}, it is instructive to
briefly discuss the case of the Fock states |n). For such states, we have m;, = —n and n;, = n. So, at low temperatures
with ngy, < n_ =n — /n(n +1)/2, an increase in F' will enhance the threshold. Interestingly, in the special case with
n = 1, we have n_ = 0. As a result, all the curves in Fig. 4a start from the zero and, in Figs. 4b—4d, the thresholds at
8 = 0 are below the zero-fluctuation value of 7.: ng, /(e + V2 — 1).
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FIG. 4. Dependence of the critical transmittance 7. on the square of the displacement amplitude, |B|2,
for the odd cat state (see Eq. (29)) computed at different values of the mean thermal photon number n¢y,

5. Conclusions

In this paper, we have studied effects of the thermal-loss channel with fluctuating transmittance on the sub-Poissonian
light whose non-classicality is characterized by the g-parameter (see Eq. (10)). We have combined the input-output rela-
tion for the g-parameter (16) with the variance of the transmittance parameterized using the fluctuation strength param-
eter (17) to show that the condition for sub-Poissonian statistics of photon at the channel output is determined by the
critical transmittance (20). For the cases of the displaced squeezed state (see Eq. (23)) and the odd optical cat state (see
Eq. (29)), the critical transmittance is computed as a function of the squared displacement amplitude, |3|?, at different
values of temperature and the fluctuation parameter. In contrast to what is expected, under certain conditions, an increase
in either the fluctuation strength or the temperature may result in a decrease in the critical transmittance.

Note that the key point greatly simplifying our analysis is the parameterization of the transmittance variance (17),
where the fluctuation strength F is introduced as a phenomenological parameter which is independent of the mean trans-
mittance 7. A more sophisticated treatment of the atmospheric channels [29, 33, 35] requires computing the first-order
and second-order moments of the transmittance, (7) = 72 and (%) = 72, from the correlation functions derived using
the phase approximation of the Huygens-Kirchhoff method [40,41].
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ABSTRACT A novel alkoxide-free method for the sol-gel synthesis of germania aerogels is proposed. The
method is based on the hydrolysis of GeCl, by propylene oxide in concentrated acetic acid which is used as a
solvent. The proposed protocol allows one to obtain monolithic amorphous germania aerogels constructed of
a three-dimensional network of nanoscale (~ 20 nm) particles and possessing specific surface area of about
80 m?/g. The addition of hydrochloric acid to the reaction mixture results in the synthesis of nanocrystalline
GeO, (hexagonal system) aerogels. The synthesized materials were characterized by X-ray diffraction, IR
spectroscopy, scanning electron microscopy and low temperature nitrogen adsorption.
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1. Introduction

Nanodispersed germanium oxide is unique material possessing outstanding thermal, optical and electrical properties.
Germanium dioxide is characterised by a large band gap energy (5 eV), high refractive index, intense blue photolumi-
nescence, high reversible capacity and excellent thermal stability [1-3], giving this material a wide range of diverse
applications [4-13]. In view of the considerable practical interest, a number of different approaches to synthesising
nanostructured GeO; have been described in the literature, including gas transport reactions, chemical vapor deposition,
electrospinning, sol-gel precipitation, and others [14-21]. The aforementioned methods result in germanium dioxide in
the form of dispersed nanoparticles, 1D or 2D structures; however, the methods for the production of ultralight and highly
porous GeOs aerogels are extremely limited [22-24]. At the same time, the conjunction of the physicochemical properties
of GeO4 with the unique structure of aerogels could result in new functional materials with unusual characteristics, e.g.
electrochemical.

Currently, the common method to obtain metal oxide aerogels is the alkoxide-mediated synthesis, which includes the
hydrolysis and polycondensation of an alkoxide of the corresponding metal with subsequent drying of a wet-gel. The most
typical example of oxide aerogels is silica aerogels, and the wide variety of the methods for their synthesis is extensively
presented in literature [25]. Surprisingly, despite the similar chemical properties of silicon and germanium, the synthetic
approaches for GeO- aerogels are extremely scarse. Presumably, this is due to the markedly higher rate of germanium
alkoxide hydrolysis relative to the hydrolysis of silicon alkoxides [26-29]. Thus, special approaches for the synthesis
of GeOs lyogels should be used. In particular, Kucheyev et al. [30] carried out a controlled hydrolysis of germanium
methoxide in acetonitrile, followed by a rapid supercritical drying. As a result, aerogel formed consisting of elongated
nanoligaments of amorphous GeO, which possessed specific surface area of ~60 m?/g. Zhang ef al. obtained GeO,
lyogel using germanium ethoxide dissolved in absolute ethanol and dilute hydrochloric acid as a gelation catalyst [31,32].
GeO» aerogels were synthesized upon the supercritical drying of the lyogels, they possessed high degree of crystallinity,
specific surface area up to 155 m?/g and strong blue luminescence.

Due to the high cost of metal alkoxides as well as their high hydrolysis rates, epoxide-mediated method has also been
proposed as an alternative for the synthesis of metal oxide aerogels [33, 34]. Nevertheless, to the best of our knowledge,
the use of this versatile method for the synthesis of GeO5 aerogels has been documented in only a single report. Briefly,
this approach involves the synthesis of amorphous and crystalline germanium dioxide aerogels using a propylene oxide as
a hydrolysing agent, aprotic solvents (butyl/ethyl acetate), and hydrochloric acid as a controlled source of protons [35,36].
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In the present work, it was hypothesised that acetic acid being a common reagent for the synthesis of metal oxide sol-gel
materials [37—42] can also be used for the synthesis of germania aerogels as a solvent and a source of protons.

2. [Experimental section

The following materials were used as received: germanium chloride GeCly (Acros Organics, 99.99 %), acetic
acid (Aldosa, pure grade), hydrochloric acid (Sigma Tec, extra-pure grade), propylene oxide (Thermo Scientific, 99.5 %).

The synthesis scheme is shown in Fig. 1. To obtain germanium oxide lyogels, 0.10 ml (0.87 mmol) of germanium
chloride was dissolved in 1 — 4 ml (17.4 — 69.6 mmol) of glacial acetic acid (AcOH). Subsequently, 0.61 ml (8.7 mmol)
of propylene oxide (PO) was added to the resulting solution, which was then cooled to ~ 18 °C. In some cases, up to
0.16 ml (8.7 mmol) of concentrated 36.5 wt. % hydrochloric acid was additionally added to the cooled solution under
sonication. The final molar ratios of the components in the reaction mixtures as well as the visual observations are

presented in Table 1.
'3 »
GeCl,
- propylene

/> oxide

acetic
acid

germania
aerogel

ultrasonic bath

FI1G. 1. The scheme of the synthesis of germania aerogels synthesised from the mixtures of GeCly,
acetic acid and propylene oxide as starting reagents

TABLE 1. Designations and synthesis parameters of the germanium oxide aerogels

Sample Molar ratio Gellation Lyogels stability Superc.ritical
GeCly:AcOH:HCIL:PO time drying
Ac20 1:20:0:10 ~20 days | Monolithic gel > 1 week +
Ac60 1:60:0:10 ~ 9 days | Monolithic gel > 1 week +
Ac80 1:80:0:10 ~ 9 days | Monolithic gel > 1 week +
Ac60_HCI2.5 1:60:2,5:10 ~60 min | Monolithic gel > 1 week +
Ac60_HCI5 1:60:5:10 ~ 15 min | Monolithic gel > 1 week +
Ac80_HCI5 1:80:5:10 ~ 120 min | Monolithic gel > 1 week +

The monolithic lyogels which formed during the synthesis were subjected to supercritical drying, carbon dioxide
was used as a solvent. Supercritical drying (SC) in CO2 was carried out in a setup consisting of a high-pressure pump
Supercritical 24 (SSI, USA), a steel reactor with a capacity of 50 ml, and a backpressure regulator BPR (Goregulator,
Waters, USA). Each sample was washed with liquid COs, for 2 h at a temperature of 20 °C and a pressure of 15 MPa, then
the temperature in the reactor was increased to 50 °C and the sample was washed with supercritical CO5 (15 MPa) for at
least 5 h. Then, the pressure in the heated autoclave was gradually (over 30 — 40 min) reduced to atmospheric pressure,
after which the autoclave was cooled and opened.

The Bruker D8 Advance X-ray diffractometer (CuK radiation, Ni filter and Lynxeye detector) was used to identify
the phase composition of the products. Diffraction data were collected in the range of 26 from 7° to 65° with a step of
0.02° and accumulation time of 0.3 s/step. The identification of the diffraction peaks was carried out using the ICDD
database. The full-profile analysis of diffraction patterns with quantitative determination of the crystallite sizes was
performed using the Rietveld method applied using the MAUD software (version 2.99).
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The morphology of the samples was studied by scanning electron microscopy (SEM) at Amber GMH (Tescan, Brno,
Czech Republic) or NVision 40 (Carl Zeiss, Oberkochen, Germany) microscope using a secondary electron detector.
The SEM images were acquired at acceleration voltage of 1 kV. Energy-dispersive X-ray spectroscopy (EDX) data were
obtained using an Ultim Max (Oxford Instruments, Abingdon, UK) detector at an accelerating voltage of 20 kV.

The textural characteristics of the materials were determined by ATX-06 analyzer (Katakon, Russia). The samples
were degassed at 80 °C in nitrogen current (1 atm) during 2 hours. The specific surface area was defined with the use of
The Brunauer—-Emmett-Teller (BET) model, based on 7 points within the range of nitrogen partial pressures (P/FPy) from
0.05 to 0.25.

Diffuse reflection IR spectra were recorded using a laboratory IR Fourier spectrometer FSM 2202 relative to KBr in
the range of 400 — 4000 cm ™! with a resolution of 2 cm™!, the averaging of 100 spectra was applied. To register the
spectra, the samples were diluted in potassium bromide to a weight fraction of 3 %.

Raman spectra were collected using a Confotech NR-500 spectrometer (Sol Instruments), equipped with a 1,800 mm ™
grating and a 785 nm laser with 25 mW output power at the sample surface. The x20 objective lens (NA = 0.55) was
used.

Photoluminescence spectra were recorded at room temperature on a Perkin Elmer LS-55 single-beam luminescence
spectrometer (resolution 0.5 nm) in the wavelength range from 300 to 800 nm at A, = 440 and 530 nm and at Aexc = 390
and 240 nm, the optical slit sizes were 10 nm.

1

3. Results and discussion

As illustrated in Table 1, the gelation times for the solutions of GeCly in acetic acid depended strongly on the molar
ratio of acetic acid-to-propylene oxide. Unexpectedly, the higher was the AcOH:PO ratio in the reaction mixture, the
lower was the gelation time (see samples Ac20-Ac80 in Table 1). For the mixtures containing AcOH and PO at molar
ratios of 2:1 and 8:1, the gelation times differed approximately twofold. Importantly, under the selected experimental
conditions, for the reaction mixtures containing germanium chloride, acetic acid and propylene oxide, the gelation time
exceeded one week. Addition of an aqueous solution of hydrochloric acid (36.5 wt. %) to the reaction media allowed to
obtain lyogels in a several minutes or tens of minutes. Such a significant change in the gelation rate could be induced
by free hydroxonium cations which appear upon the addition of strong hydrochloric acid and water and protonate the
molecules of propylene oxide due to nucleophilic attack with subsequent triatomic ring opening [43]. Presumably, the
rate of these processes in glacial acetic acid is very low due to the low value of the autoprotolysis constant of AcOH which
is close to the autoprotolysis constant of water [44].

The appearance of the obtained lyogels is shown in Fig. 2a, all of them were transparent and retained their trans-
parency after the supercritical drying (Fig. 2b), the aerogels possessed extreme fragility and can hardly be handled.

EEMN EE]

] i
[ I

\
IIII‘-IIII

FIG. 2. The visual appearance of the a) germania lyogel formed from GeCly, acetic acid and propylene
oxide as starting reagents (sample Ac60_HCI2.5) and b) the corresponding germania aerogel

According to X-ray diffraction data, the aerogels obtained without the addition of hydrochloric acid in the reaction
mixture regardless of the molar content of acetic acid, were amorphous. In contrast, aerogels synthesized in the presence
of hydrochloric acid showed diffraction patterns characteristic of hexagonal GeO, (Fig. 3). The estimations of crystallite
size for the samples Ac60_HCI2.5, Ac60_HCI5, Ac80_HCI15 amounted to 24+2, 2041 and 2041 nm, respectively.

Thus, very slow gelation of the solution containing acetic acid, germanium chloride and propylene oxide results in
the formation of X-ray amorphous materials while fast gel formation which occurs upon the addition of aqueous HCI to
the reaction mixture, results in the formation of nanocrystalline germanium oxide. The exact reasons for such a dramatic
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F1G. 3. X-ray diffraction patterns of germania aerogels synthesised from the mixtures of GeCly, acetic
acid and propylene oxide as starting reagents. The Bragg peak positions of GeOs (PDF No. 36-1463)
are shown as a reference

difference in the structure of GeOs aerogels is unclear, they can be related to the very different rates of gelation. One
should also consider the chemistry of germanium complexes with acetic acid: their formation and hydrolysis mechanism.
Despite the formation of such complexes is discussed in the literature [45] their composition and chemical behavior is
underexplored.

IR spectroscopy data for the aerogels are presented in Fig. 4a. All the spectra show two main absorption bands in the
region of 1000 — 790 and 620 — 480 cm ™, related to antisymmetric stretching and deformation vibration of Ge-O-Ge
in hexagonal GeOs, correspondingly [46-50]. Absorption band at 755 cm™! can be assigned to the Ge-O stretching
vibration, or more probably, to the Ge—OH vibration [32,51]. The coincidence of the positions and intensity ratios of all
the main absorption bands in the IR spectra of amorphous and crystalline samples provides indirect evidence that, in terms
of composition, the X-ray amorphous samples also represent germanium dioxide. In the IR spectrum of the Ac60_HCIS5
sample in the wavenumber range from 1800 to 1000 cm ™, the most pronounced absorption bands are most likely related
to the characteristic vibrations of the acetic acid and propylene oxide molecules [52—54], which remained in the aerogel
after supercritical drying. The IR spectroscopy data matched well with the Raman ones (Fig. 4b). The band at 262 cm ™!
corresponded to the Ge—O bending modes and three bands in range from 440 to 590 cm ™! are associated with Ge—Ge
stretching motions [55]. Weak peaks in high-frequency region (up to 970 cm ™) are typically assigned to Ge—O stretching
motions within tetrahedral GeO, groups. Vibrations of the organic residues are manifested in the range above 2800 cm ™",
Similar to the IR spectra, the magnitude of these oscillations is most pronounced in the Ac60_HCI5 sample.

From the chemical sense, the mechanism of the formation of germanium oxide through sol-gel route should include
the interaction of germanium-containing species with water molecules or hydroxy groups followed by the condensation of
germanoles. In the mixtures of GeCly, glacial acetic acid and propylene oxide one can hardly expect the presence of free
water molecules. However, the formation of GeOs as a result of interaction of GeCl, with benzyl alkohols was recently
reported [56]. In that case, the formation of water in the reaction mixture was either due to the GeCl, catalysed interaction
of alkohols and the formation of ethers, or due to the alkyl chloride elimination reaction. Thus, it can be expected that
the mechanism of GeO, formation in glacial acetic acid and propylene oxide can include either the formation of acetic
anhydride or, more probably, acetyl chloride.

Note that, according to EDX data, for all the germania aerogels, the presence of chlorine did not exceed 0.1 atomic
percent, which indicates that the hydrolysis of germanium tetrachloride occurred quantitatively, and supports the formation
of GCOQ .

The microstructure of amorphous samples Ac20, Ac60, Ac80 can be described as a three-dimensional network con-
sisting of nanosized (~ 20 nm) particles. In turn, crystalline samples (Ac60-HCI2.5, Ac60_HCI5, Ac80_HCIS) consist of
micron sized ellipsoid-like aggregates of ultrasmall particles nearly 20 nm in size (Fig. 5). The latter observation is in a
good agreement with the results of X-ray diffraction.

Table 2 presents the values of the specific surface area of the obtained aerogels. For the series of amorphous samples,
the obtained values are very close to each other (~ 80 m?/g), which agrees with the SEM data. Conversely, the specific
surface of the crystalline samples differs greatly from each other. The lowest specific surface (~ 5 m?/g) was registered
for the Ac60_HCI15 sample, which may be due to the presence of the reaction by-products (see the IR spectroscopy
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FIG. 4. (a) IR and (b) Raman spectra of germania aerogels synthesised from the mixtures of GeCly,
acetic acid and propylene oxide as starting reagents

F1G. 5. SEM images of a) Ac20; b) Ac60; c) Ac80; d) Ac60_HCI2.5; e) Ac60_HCIl5; f) Ac80_HCIS samples
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data). Despite the fact that, according to SEM data, the Ac60_HCI2.5 sample consists of agglomerates about 500 nm in
size, it possessed the largest surface area (~ 113 m?/g) among all the samples. Probably, the chosen ratio of reagents
makes it possible to achieve the most optimal gelation time. The gelation time was low enough to prevent the strong
coalescence (ageing) of individual particles, yet high enough for the formation of the 3D aerogel network with reasonable
mechanical strength.

Analysis of the luminescent properties has shown that the shape and position of the main bands in the excitation
and emission spectra of the obtained aerogels coincide with those for aerogels obtained by both the decomposition of
ammonium germanate [50] and the epoxide-induced sol-gel synthesis in an aprotic solvent [36]. The most pronounced
bands in the excitation spectra (Fig. 6) recorded at 440 and 530 nm are localized in the region of 238 and 390 nm.

TABLE 2. Specific surface area of germanium dioxide aerogels

Sample Molar ratio Gel forrpation Sper, m2/g
GeCly:Ac:HClI:Prop duration
Ac20 1:20:0:10 ~20 days 79
Ac60 1:60:0:10 ~ 9 days 74
Ac80 1:80:0:10 ~ 9 days 83
Ac60_HCI2.5 1:60:2,5:10 ~60 min 113
Ac60_HCI5 1:60:5:10 ~ 15 min 5

Ac80_HCI5 1:80:5:10 ~ 120 min 44

a 8 Ac80_HCI5 b = —— Ac80_HCI5
o Ac60_HCI5 Q Ac60_HCI5
i Ac60_HCI2.5 | - Ac60_HCI2.5
Ac80 | Ac80
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FI1G. 6. Excitation spectra recorded at 440 nm (a) and 530 nm (b) of germania aerogels synthesised
from the mixtures of GeCly, acetic acid and propylene oxide as starting reagents

The luminescence spectrum obtained under excitation at 390 nm reveals three well-defined bands in the blue-green
spectral range at 447, 487, and 530 nm (Fig. 7a). It is a common point, that the blue and green photoluminescence
of GeO» powder is associated to radiative recombination processes involving different defects, first of all oxygen and
oxygen-germanium vacancies centers [19,57]. The ratio of the blue and green bands varies for different samples. One
plausible explanation for this phenomenon could be attributed to the variation in the number of oxygen vacancies present
on the surface of the aerogel materials. When excited by radiation with a higher energy (at 240 nm), the emission spectrum
becomes more complex (Fig. 7b). Additional bands appear in the violet region of the spectrum around 370 — 430 nm.
The origin of violet photoluminescence is typically ascribed to the presence of neutral oxygen vacancies in germanium
oxide [7].

Thus, it has been shown that the use of acetic acid as a solvent for GeCl, and propylene oxide as a gelation agent leads
to the successful formation of monolithic lyogels, in contrast to the previously proposed synthesis with butyl/ethyl acetate,
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F1G. 7. Emission spectra excited at 390 nm (a) and 240 nm (b) of germania aerogels synthesised from
the mixtures of GeCly, acetic acid and propylene oxide as starting reagents

which also required the use of hydrochloric acid [35,36]. Although it is evident that the formation of germanium oxide
occurs through the non-hydrolytic sol-gel process, further research is needed for establishing the reaction mechanism.
Employing supplementary methods, particularly NMR spectroscopic studies of the reaction mixtures at different stages of
the gelation process can contribute to understanding of the mechanism. Most importantly, the role of the hydrochloric acid
should be elucidated, whether it alters the reaction mechanism or merely accelerates the rate of the reaction. It should be
noted that the sol-gel synthesis of crystalline aerogels presents a challenging task for modern materials science [58]. The
discovery of the potential to synthesize germanium dioxide aerogels with desired and high textural characteristics through
minor alterations of the synthesis route can be a significant advance from a fundamental standpoint. This approach offers
the flexibility to tailor the functional properties of the resulting materials, a capability that holds immense promise for
diverse applications [59, 60].

4. Conclusions

For the first time, a method for producing germanium dioxide aerogels by the epoxide-induced sol-gel method using
acetic acid as a solvent has been proposed. It was found that the molar content of acetic acid used (20-80-fold molar excess
relative to GeCly) has virtually no effect on the composition and microstructure of the products — the resulting aerogels are
X-ray amorphous with a particle size of about 20 nm and a specific surface area of about 80 m*/g. Moreover, the addition
of hydrochloric acid to the reaction medium leads to a significantly higher rate of gelation of the initial lyogels and the
production of aerogels of crystalline germanium dioxide (hexagonal syngony) with a crystallite size of about 20 nm. The
morphology and degree of crystallinity of aerogels did not have a direct impact on their luminescent properties. The
general appearance of the excitation and emission spectra was similar for all samples. However, when excited at 390 nm,
the ratio of the intensities of the green and blue bands differed between samples.
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ABSTRACT TiOz nanotube (TNT) electrodes were fabricated by electrochemical anodization of titanium in ethy-
lene glycol electrolyte with added NH4F (0.5 wt.%) and water (2 % w/w). The (TNT)-cadmium oxide (CdO)
composite was fabricated using potentiostatic cathodic deposition. Structural properties of the obtained coat-
ings have been investigated by scanning electron microscopy and X-Ray photoelectron spectroscopy, Raman
spectroscopy, X-Ray diffraction and transmission electron microscopy. The TNT-CdO electrode demonstrates
high efficiency in photoelectrochemical degradation of methanol, ethylene glycol, glycerol and sorbitol in aque-
ous solutions of 0.1 M Na»,SO, upon irradiation by a simulated sunlight. The highest photooxidation currents
were obtained for sorbitol. Intensity-modulated photocurrent spectroscopy shows that the photoelectrocatal-
ysis efficiency is due to suppression of the electron-hole pairs’ recombination and to increase in the rate of
photo-induced charge transfer. Thus, the TNT-CAO composite is an effective photoanode for developing the
technology of photoelectrochemical degradation of sorbitol and other alcohols by-products of biofuel produc-
tion.

KEYwWORDS Nanotubes, TiO,—CdO composite, photoelectrocatalytic oxidation, methanol, ethylene glycol, glyc-
erol, sorbitol
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1. Introduction

Titania — TiO, — is widely used in very diverse fields due to its high photosensitivity, non-toxicity, simplicity of
preparation and stability in a wide pH range [1,2]. Rich variety of nanostructured titania morphologies may be fabricated,
such as nanoparticles, nanotubes and nanofibers. Harvesting solar energy by titania nanotubes (TNT) prepared by titanium
anodization [3, 4] attracts considerable attention due to higher rate of photogenerated charge transfer in comparison with
films made of titania nanoparticles [5,6]. Large band gap of TiO, limits light absorption to photons with energies close
to UV-range. Absorption in the visible spectral range is made possible by introducing dopants narrowing the band gap;
for example, CdS [7, 8], CdSe [9, 10], TiSis [11], FeoO3 [12] and NiO [13]. In particular, admixture of CdO, a n-type
semiconductor characterized by a 2.32 eV direct and 1.36 eV indirect band gaps [14], is promising for several applications.
Nanostructured TNT-CdO materials could be obtained using different approaches including electrodeposition of CdO on
TNT substrate [15] or soaking of TNT with cadmium salts with subsequent annealing in air [16]. These composites
demonstrate noticeable enhancement of water photoelectrochemical oxidation relative to pure TNT.

Common approaches to decompose the alcohols into carbonyl compounds are characterized by harsh reaction condi-
tions, formation of abundant harmful waste and low selectivity. Novel methods based on photo-, electro- and photoelectro-
catalytic alcohols’ oxidation to precursors and intermediates for production of pharmaceuticals and other substances [17]
combined with simultaneous production of pure hydrogen are of considerable theoretical and applied interest. Among al-
cohols produced from renewable biomass sorbitol plays an important role due to possibility of its conversion into alkanes,
methanol and hydrogen by reforming in aqueous medium [18-21]. Sorbitol also serves as a precursor for medications
(e.g., isosorbide — a popular diuretic), polymers, solvents, fuel additives etc [22].

In this work we report influence of CdO promotion on photoelectrocatalytic activity of nanostructured titania pho-
toanodes in reaction of selective photoelectrochemical sorbitol degradation under simulated Solar light. The photoanodes
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were made by two-step anodisation of VT1-0 titanium alloy followed by cathodic deposition of CdO. Note that the current
study does not address the composition of the products of photoelectrooxidation of the mentioned alcohols.

2. [Experimental
2.1. Materials

Chemically pure (>99 %) ammonium fluoride NH4F and ethylene glycol (99.9 %), methanol, ethylene glycol, glyc-
erol, sorbitol, Cd(NO3)s - 4H2 O, sodium bicarbonate (NaHCO3), sodium sulfate (NasSO4) were purchased from (Aldrich,
St. Louis, MO, USA) and used in the coating fabrication without further purification.

2.2. Preparation of TNT/Ti photoanodes

The electrodes were prepared by anodic oxidation of titanium foil (VT1-0 alloy, 99.5 % of Ti, 1.0 x 1.0 x 0.3 cm) at
20 °C in electrochemical cell, containing solution of ethylene glycol 0.5 % (w/w) NH4F and 2 % (w/w) H2O as supporting
electrolyte, and a Pt—Ir plate (8 cm?) used as cathode. Two-step anodization procedure was employed to obtain stable and
uniform structure [23-26]. The first step was performed at a constant voltage of 60 volts for 1 hour, followed by the
coating removal in an ultrasonic bath in a 0.1 M HCI solution for 180 s. Next, the electrode was rinses with distilled
water, air-dried at 50 °C and subjected to a second anodization step in the same solution at a constant voltage of 60 V
for 1 hour. Subsequently, the TNT/Ti electrode was washed with deionized water, dried in air and annealed at 450 °C
(heating rate 7 °C/min) for 1 h. After cooling in the oven for 12 h, the obtained samples coated with the uniform TNTs
film were used for further investigations. The titania nanotubes grow due to two competitive reactions anodic oxidation
and chemical dissolution of TiO5 [27].

2.3. Preparation of TNT-CdO Photoanode

Cadmium oxide was deposited on the preformed TNT at a constant potential &' = —0.75 V (vs. Ag/AgCl) from a
5 mM Cd(NOs), - 4H50 + 0.1 M KCl solution while stirring the electrolyte according to the procedure described in [28].
Depending on the deposition time, the electric charge that passed varied between 50 and 800 mC. CdO formation via
generation of intermediate Cd(OH)y was proposed in [29].

NO3; + H30 4 2e~ — NO, +20H™, (1)
Cd*" 4+ 20H™ — Cd(OH),. )

Cd(OH), is converted to CdO at temperatures above 280 °C by the following reaction [30]:
Cd(OH), — CdO + H,0. 3)

2.4. Characterization of the TNT-CdO photoanodes

2.4.1.  Study of the structure and phase composition of the TNT-CdO photoanodes. Morphology of the deposited TNT
and TNT-CdO, the phase composition and Raman spectra were recorded as in [31-33].

Morphology of the deposited TNT and TNT-CdO was assessed by Scanning Electron Microscopy (SEM) with a
JEOL JSM-6060 SEM and JED-2300 Analysis Station (JEOL).

The phase composition of the deposited film coatings was studied by X-ray diffraction (XRD) analysis on an Empyrean
X-ray diffractometer (Panalytical BV). Ni-filtered Cu-Ka radiation was used; the samples were studied in the Bragg—
Brentano geometry. The phase composition was identified using the ICDD PDF-2 diffraction database.

Raman spectra were recorded using an inVia “Reflex” Raman spectrometer (Renishaw) with a 50x objective. The
405-nm line of a diode laser was used for excitation, and laser power on the sample was less than 0.2 mW.

XPS spectra were obtained on an OMICRON ESCA+ spectrometer (Germany) with an aluminum anode, equipped
with a monochromatic X-ray source XM 1000 (AlK« 1486.6 eV and a power of 252 W).

2.4.2.  Photoelectrooxidation. Photoelectrochemical measurements were performed using a setup comprising photoelec-
trochemical three-electrode cell PECC-2 (Zahner Elektrik, Germany), a 150 W Solar spectrum simulator 96000 (New-
port) with an AM1.5G filter, and an IPC-Pro MF potentiostat (IPChE RAS, Russia). The working electrode in the cell
was a 1 cm? TNT and TNT-CdO photoanodes. A Pt wire with a surface area of approximately 3 cm? was used as an
auxiliary electrode. All potentials are measured with a silver chloride electrode as a reference. Potentials relative to a
reversible hydrogen electrode can be determined from the equation: Egrgg = Eag/agct + 0.059 X pH + Eagagqci, where
EAg/AgCl =0.197.

Photoelectrochemical oxidation of alcohols (methanol, ethylene glycol, glycerol and sorbitol) and Intensity modu-
lated photocurrent spectroscopy (IMPS) were carried out as described earlier in [31-33].
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3. Results and discussion

Several photoanode samples were fabricated for research. The samples with pure titania nanotube coatings are
designated as TNT. The photoanodes with modified TNT films are denoted as TNT-(0.05)CdO, TNT—(0.2)CdO, TNT-
(0.8)CdO, where the number in parentheses denotes the electric charge spent on the electrodeposition of CdO in Coulombs
per cm? of the geometric surface of the photoanode. The technique for manufacturing photoanode samples is described
in detail in the Experimental details section.

Nanotubular structure of the TNT and TNT-CdO samples annealed at 450 °C is clearly visible in scanning electron
microscopy (SEM) images, see Fig. 1. The nanotubes are 20 — 22 um long, average wall thickness is ~ 20 nm and average
diameter of nanotubes is ~ 100 nm. Results of chemical analyses are shown in Fig. A1 and Tables A1-A4 (Appendix).

FI1G. 1. SEM images (SE mode) of the TNT photoanodes obtained by two-stage titanium anodization
(see text for detail). A —pure TNT film; B, C, D — CdO cathodically deposited with 50, 200 and 800 mC,
respectively. Images Al, B1, C1, D1 were acquired at sample inclination of 45° relative to the incident
electron beam

X-ray diffraction patterns and Raman spectra of the TNT—(0.05)CdO, TNT-(0.2)CdO, TNT—(0.8) CdO (Fig. 2) sam-
ples show absence of peaks due to CdO or CdTiO3. The patterns/spectra are virtually identical and correspond to the
anatase polymorph of TiO». The relative intensity of the 004 and 105 anatase reflections varies slightly between the sam-
ples, reflecting minor differences in texture of the deposited films. The 004 texture of the deposited TNT films is much
less pronounced than in our previous study of the TNT-based photoanodes [33]. The only minor change in the Raman
spectra is a slight decrease in intensity of the A4 and of the By, peaks (517 and 395 cm™ !, respectively) relative to the
E4 mode observable for the two samples with the highest amount of the deposited CdO. These variations are difficult to
discuss quantitatively, but may also correspond to texture. Fig. 1(D and D1) demonstrate that at the highest electric charge
(0.8 C) during the CdO electrodeposition the surface of the TNT becomes “smeared”, presumably, due to large amount
of defects. Nevertheless, even in this sample separate Cd-rich phase are not formed. This implies formation of cadmium
solid solution in titania.

Positions of Ti 2p transitions in X-ray photoelectron spectra correspond to anatase. Positions of the Cd 3ds,;
and 3dz/p peaks (405.6 and 412.5 eV, respectively) are slightly higher than reported for CdO (e.g., compilation at
https://xpsdatabase.net/, accessed on 13.11.2024), which implies lowering of the electron density on Cd ions, presum-
ably, due to distortions of the TiO3—CdO solid solution lattice and/or presence of vacancies (Fig. A2, Appendix). The
shift may be also related to electron transfer from Cd to Ti as suggested in [15].

Figure A3 (Appendix) shows TEM image of a carbon replica from the TNT-(0.2)CdO sample. The TNT array
is covered by micron-size spherolites. Most likely, the formation of the spherolites results from incorporation of large
amount of Cd impurity into anatase lattice. Note that texture, pronounced in spherolites, is also manifested in Raman
spectra.

3.1. Photoelectrocatalytic degradation of methanol, ethylene glycol, glycerol and sorbitol aqueous solutions in
0.1 M Na,SO4

Figure 3A shows voltammograms of photoelectrochemical oxidation of water and of several alcohols on the prepared
TNT photoanode. Addition of the alcohols into the aqueous solution shifts the photoanode potential towards the cathode
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FIG. 2. Phase composition of the TNT-CdO samples after cathodic deposition of CdO. A — X-ray
diffraction pattern, reflections of anatase are noted. Sharp peaks correspond to titanium substrate. B —
the Raman spectrum of the initial TNT and of the TNT-(0.8)CdO sample, positions of the main anatase
peaks are indicated. The curves are displaced vertically for clarity

A —Aq.0.1 M Na,SO, B
20% CH,OH
3 N o

1-61 _a—20% ¢ H (oH), o == = —
—=-20% CH(OH), @ f‘“{, 2 e —1 e

"L 12 20% C H,(OH), g ‘ r ' i

; ] o
b L] 0.8 |
E 0.8 {II ] o |
' L4 )

— T4 € | J

0.4 1el) 0.4 ! ’

I |f |

ia ,L_;._Liﬂi__j’u | . i i

0.0-15— ——— 0.0 —_— —
-0.5 0.0 0.5 1.0 0 40 80 120
E, V vs. Ag/AgCI LS

F1G. 3. Voltammetry of the TNT photoanode under the “light—dark” conditions. A — Voltammograms
of the TNT photoanode; B — Photocurrent transients measured at £ = 0.5 V (vs. Ag/AgCl). The back-
ground solution (black curve) corresponds to aqueous 0.1 M Nas SOy solution. Other curves correspond
to the background solution with 20 % addition of CH3OH, CoH4(OH)2, CsH5(OH)s, C¢Hg(OH)g, re-
spectively. Illumination is performed by a sunlight simulator with a power density of 100 mW-cm™ 2.

Potential scan rate is 10 mV-s ™

one; the oxidation photocurrents increase with the alcohol atomicity. Time-dependent transients of the oxidation pho-
tocurrents of water and of the alcohols on the TNT photoanode at a potential 0.5 V rel. Ag/AgCl (Fig. 3B) confirm the
voltammetry results. The oxidation photocurrents of glycerin and sorbitol are virtually equal and are the highest (0.2 —
0.3 mA) among the studied compounds. This indicated that concentration of photogenerated holes reaches plateau and
does not depend on number of hydroxyls (from 3 to 6) in the alcohol molecule.

Water photooxidation currents decrease in line with the increase of the CdO admixture to the TNT photoanode
(Fig. 4A). This also follows from behavior of photocurrent transients (Fig. 4B), measured at a potential of 0.5 V relative
to Ag/AgCl, as a function of the current spent for the Cd electrodeposition. Presumably, CdO admixture in TNT decreases
the photoelectrocatalytic activity of the photoanode in oxidation of water molecules due to changes in rates of the relevant
processes (recombination rate and rate of the charge transfer to a depolarizer molecule).

Earlier [31] we have shown that alcohol photoelectrooxidation current on an illuminated photoanode may correlate
with number of alcohol structural groups. The highest photoelectrocatalytic currents were obtained for the sorbitol, the
influence of the CdO modification of the TNT photoanodes is discussed on an example of this six-atomic alcohol. Fig. 5
shows that addition of 20 % (5.4 mM) of sorbitol into 0.1 M NaySO,4 solution leads to considerable increase of integral
photoelectrocatalytic process on all CdO-promoted TNT photoanodes in comparison with water oxidation. The largest
effect is observed for the TNT—(0.8)CdO photoanode. Fig. 6 reveals that the photoelectrooxidation currents for the six-
atomic sorbitol and for one-atomic methanol are virtually equal, but the molar sorbitol concentration is approximately six
times lower.
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FI1G. 4. Electrochemical measurements for the TNT-(z)CdO photoanodes under “light—dark” condi-
tions in 0.1 M NaySO4 aqueous solution. A — voltammograms curves; B — Photocurrent transients
measured in 0.1 M NaySOy4 aqueous solution at £ = 0.5 V (vs. Ag/AgCl); C — Dependence of the wa-
ter photoelectrooxidation current at E' = 0.5 V (vs. Ag/AgCl) as a function of the amount of deposited
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FI1G. 5. Voltammograms under “light-dark” conditions in aqueous solution of 0.1 M Na;SO,4 + 20 %
CsHg(OH)g for the photoanodes: TNT, TNT-(0.05)CdO, TNT-(0.2)CdO, TNT—(0.8)CdO
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FI1G. 6. Voltammograms of the TNT—(0.05)CdO photoanode under conditions “light—dark”. The back-
ground solution (black curve) is for the aqueous 0.1 M NaySO, solution. Other curves correspond to
the background solution with 20 % addition of CH30H, CgHg(OH)g, respectively. Illumination is per-
formed by a sunlight simulator with a power density of 100 mW-m~2. Potential scan rate is 10 mV-s~*
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Even minimal admixture of CdO in TNT increases partial currents of sorbitol photoelectrooxidation at least two
times in comparison with pure TNT photoanode. Transients of the photoelectrooxidation currents are shown in Fig. 7.
The dependence of the sorbitol photoelectrocatalys on amount of deposited Cd is shown in Fig. 8.
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FI1G. 7. Photocurrent transients measured in 0.1 M NaySO,4 aqueous solution with addition of 20 % of
CsHs(OH)g at E = 0.5 V (vs. Ag/AgCl) for the TNT —(z)CdO photoanodes. For all panels, the blue
curve corresponds to the solution with added CgHg(OH)g; the black curve — to the pure 0.1 M NaySOy4
solution
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F1G. 8. Dependence of the partial current of photoelectrooxidation of 5.4 mM CgHg(OH)g at £ =
0.5V (vs. Ag/AgCl) on the amount of deposited CdO

3.2. [Estimation of recombination losses in the photoelectrooxidation of sorbitol

Figure A4 (Appendix) shows wavelength dependence of incident photon to current efficiency (IPCE %) for the TNT
and TNT—(0.05)CdO photoanodes in 0.1 M NaySO4 aqueous solution. The sharp rise of the photocurrent is observed
below ~ 400 nm, which is consistent with crystalline anatase. Formation of the solid solution upon Cd addition does not
shift neither the IPCE, nor the optical absorption spectra (relative to pure anatase in the latter case).

Recombination losses of photogenerated holes in the TNT photoanode in course of water and sorbitol photooxidation
were studied using Intensity-modulated photocurrent spectroscopy (IMPS) [34-36]. Monochromatic light with wave-
length of 385 nm (8 mW-cm™2 power density) was selected since it corresponds to IPCE % values (Fig. 9), providing
sufficient precision of the IMPS measurements. The IMPS spectra were obtained in 0.1 M NaySO,4 and in 0.1 M NaySO4 +
5.4 mM sorbitol solutions at 0.2 V potential. The high frequency intercept of the IMPS curve with the abscissa gives total
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amount of photogenerated current /5. The low-frequency part gives I, corresponding to oxidation of compounds present
in the electrolyte. For the 0.1 M Nay SOy solution, high curvature of the IMPS trace in the first quadrant at low modulation
frequency (Fig. 9A) points to recombination losses at the TNT photoanode in course of water oxidation. Subsequently,
I; < I. Sorbitol addition markedly increases I5 value (the radius of the IMPS semi-circle increases). Larger I» values
reflect higher oxidation rate of sorbitol in comparison with water; weak bending of the IMPS curve in the first quadrant
suggests lower recombination losses.

TNT
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-m- 20% CgHg(OH)g '
o D ’1/’-_\ ’2 ™
‘E 0.0
o =
< =
wc; o
- = -0.2-
2 1l E
2
E 0.4
0 1 2 3 4 00 02 04 06 08 1.0
Re dph). 10°, A cm” Re dph)i2

F1G. 9. IMPS (A) and normalized IMPS (B) dependences measured at £ = 0.2 V (vs. Ag/AgCl) on
the TNT photoanode. Illumination is performed by monochromatic 385 nm light, 8 mW-cm ™2 power
density

For quantitative analysis, the IMPS curves were normalized to I5 (Fig. 9). In 0.1 I Nay;SO4 at E = 0.2 V, the
water oxidation photocurrent reaches 50 % of the total photogenerated current, I; /1o = 0.5 (Fig. 9B, black curve); the
recombination losses are also ~ 50 %, (Iz — I1)/Is = 0.5. Addition of 5.4 mM of sorbitol reduces the losses to ~ 7 %
(Fig. 9B, blue curve), since higher photooxidation rate of sorbitol consume the holes from surface states of the TNT
photoanode.

The IMPS measurements allow estimation of the recombination rate constant K .. and charge transfer constant K.
The I, /I, ratio of the low frequency part of the IMPS spectrum is related to these constants as 11 /Is = K¢/ (Kyec + Ket)-
The frequency of the light intensity in the semi-circle maximum in the first quadrant (fi,ax) is related to K. and K¢
by the equation 27 fiyax = (Kiee + K¢t). In case of water photoelectrooxidation on the TNT photoanode at £ = 0.2 V
the calculated values of K and K. are 0.247 and 0.247 s~ 1, respectively. For the sorbitol photoelectrooxidation K =
0.46 s™% and Ko > Ko = 0.034 s~1; thus, sorbitol is more efficient acceptor of the photogenerated holes than water
molecules.

Figure 10 shows that even minute admixture of Cd in the titania nanotubes leads to marked decrease of the recom-
bination losses (there is no bend in the IMPS in the first quadrant at low modulation frequency). This observation is
in line with increase of partial photocurrents of sorbitol oxidation on the Cd-promoted anode in comparison with the
pure TNT photoanode (Fig. 7). Consequently, a photoanode based on Cd-promoted titania nanotubes is an efficient
photoelectrocataliser of sorbitol degradation. Presumably, the enhancement of this photoanode properties is due to small
recombination losses of the photogenerated charges (K. < 0.034 s—!) and higher charge transfer rate (K > 0.46 s~ 1)
to a stronger acceptor.

Modification of TNT with CdO markedly increases sorbitol photoelectrooxidation rate both because of the smaller
recombination constant and due to larger constant of the charge transfer to more efficient holes acceptor. Therefore, CdO-
modified photoanodes from titania nanotubes may be employed for photoelectrochemical degradation of sorbitol and of
other alcohols, by-products of biofuel manufacturing.
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FI1G. 10. IMPS dependences measured at ¥ = 0.2 V (vs. Ag/AgCl) on the TNT and TNT-(0.05)CdO
photoanodes in aqueous 0.1 M NaySO,4 with 20 % addition of C¢Hg(OH)g. Illumination is performed
by monochromatic 385 nm light, 8 mW-cm ™2 power density

4. Conclusions

Nanostructured photoanodes consisting of titania (anatase) nanotubes on a titanium substrate were fabricated by
electrochemical anodization of Ti metal foil in ethylene glycol with addition of 0.5 wt.% NHyF and 2 wt.% of water.
Subsequently, various amounts of CdO were electrochemically deposited. At the employed conditions solid solutions
CdO-TiO; were formed. Under illumination with solar light simulator, obtained photoanodes demonstrate high activity
in photoelectrochemical degradation of alcohols, and, in particular, of sorbitol (C4¢Hg(OH)g) in aqueous 0.1 M NasSOy
solution. The photoactivity increases with amount of CdO in the photoanode. Results of intensity-modulated photocurrent
spectroscopy show that despite significant reduction in recombination losses due to formation of the CdO-TiO, solid
solution, rate of water oxidation drops, presumably due to decrease of the charge transfer constant to H,O molecules.
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F1G. Al. Typical EDX spectrum of the samples TiOo—NTbs promoted by CdO and Standardless Quan-
titative Analysis of samples with different cadmium oxide content presented in the Tables A1-A3
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TABLE Al. ZAF Method Standardless Quantitative Analysis (0.05 C). Fitting Coefficient: 0.2626

Element (keV) Mass%  Error % At % Compound  Mass % Cation K

CK 0.277 1.97 0.05 4.73 1.2149
OK 0.525 30.27 0.47 54.57 12.6515
TiK 4.508 67.46 0.34 40.63 85.7918
CdL* 3.132 0.30 0.47 0.08 0.3418
Total 100.00 100.00

TABLE A2. ZAF Method Standardless Quantitative Analysis (0.2 C). Fitting Coefficient: 0.2679

Element (keV) Mass % Error % At % Compound Mass % Cation K

CK 0.277 2.17 0.05 5.02 1.3691

OK 0.525 33.10 0.43 57.51 14.6929
Ti K 4.508 64.45 0.33 37.40 83.6111
CdL* 3.132 0.28 0.46 0.07 0.3269
Total 100.00 100.00

TABLE A3. ZAF Method Standardless Quantitative Analysis (0.8 C). Fitting Coefficient: 0.2617

Element (keV) Mass%  Error % At % Compound  Mass % Cation K

CK 0.277 1.62 0.05 391 1.0134
OK 0.525 30.89 0.45 55.88 13.1659
TiK 4.508 65.86 0.33 39.79 83.9665
CdL* 3.132 1.62 0.46 0.42 1.8542
Total 100.00 100.00

TABLE A4. Binding energy and the composition of the sample TiO3—NTbs promoted by cadmium
oxide (0.2 C/cm?)

Peak name Eb, eV Quant., at.%

Ti2p TiO, 459 2595 25095
Cd3d Cd 405.6 0.12 0.12
H>,O 533 3.36
C-0 531.8 10.81
Ols C=0 531 7.9

TiO, 530.2 51.86

73.93
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F1G. A2. XPS spectra of cadmium-modified TiOo—NTbs prepared by cathodic deposition of CdO
(0.2 C/em?) (a); High-resolution XPS spectra of Ti 2p, Cd 3d and O 1s (b—d). The sample was cal-
cined at 450 °C in air for 1 h

F1G. A3. TEM image of the supermolecular surface structure of TNT-(0.2)CdO
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F1G. A4. Wavelength dependence of IPCE% for the TNT and TNT—(0.05)CdO photoanodes in 0.1 M
NaySO, aqueous solution
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ABSTRACT A study of the morphological features of regenerated wood pulp LS-0 obtained from its solutions in
[BMIm]CI at concentrations ranging from 2 to 26 % has been performed. It was demonstrated that at concen-
trations of LS-0 up to 8 % in [BMIm]CI, thermograms exhibited a reduction in thermal stability concomitant with
an increase in coke residue. In samples of regenerated cellulose obtained from solutions with an LS-0 content
of 14 % or more, two maxima are observed on the differential thermogravimetric curves (DTG). This phe-
nomenon was explained by the presence of two phases formed during the dissolution-regeneration process.
The impact of [BMIm]CI on the structural characteristics of regenerated cellulose was investigated through IR
spectroscopy and X-ray diffraction analysis.
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1. Introduction

Cellulose, a renewable natural polymer, has long been the subject of considerable interest, both in terms of its po-
tential applications in various spheres of human life and the study of its physicochemical properties [1-3]. The unique
structure of cellulose is a combination of amorphous and crystalline particles that together determine its properties [4].
The fundamental monomeric unit is typically regarded as a cellobiose, which unites two glucose residues through a -
glycosidic bond [5]. In contrast to the typical a-glycosidic linkages of starch, these linkages are more resistant to acid
hydrolysis. The strength of the cellulose polymer chain is due to hydrogen bonds between hydroxyl groups included in
cellobiose [6,7]. Interactions between adjacent chains lead to the formation of structural fragments — fibrils, which have an
ordered structure and form microcrystalline regions [4]. This structure of cellulose determines its properties on the macro
level. Depending on their origin, cellulose fibers have different degrees of polymerization (DP), which determine their
field of application. Flax fibers have the greatest length [8], which allows them to be used in the production of ropes and
in the textile industry. Cotton fibers have a lower DP and are primarily used in the textile industry. Wood cellulose, which
is the most common, has a DP of 103 — 104 and is mainly used in paper production. Since cellulose does not allow direct
processing, the chemical modification of its glycosidic units by the formation of ether groups has been used to expand
the range of its applications [8]. This modification affects the hydroxyl groups of both amorphous and crystalline regions
of cellulose. Based on this process, nitrocellulose [10], cellulose sulfite and acetate [11] were obtained. When cellulose
is dissolved in Schweitzer’s reagent (copper ammine) [12], spinning solutions are formed. When they are extruded into
acidified water, free hydrated cellulose is formed. The dissolution of cellulose without its chemical modification has been
demonstrated using dimethylacetimide with lithium chloride [13, 14], in aqueous solutions of transition metal complexes
with amines, molten hydrates of inorganic salts [15], and various quaternary ammonium salts in DMSO [16, 17]. Other
studies have used ionic liquids in DMSO [18] or N-methylimidazole [19], as well as a combination of the ionic liquid
[BMIm]OAc with LiCl [14]. The use of mono-solvents allows them to be used in recycling. An illustrative example is
N-methylmorpholinoxide (NMO), which was proposed in 1939 [20]. This compound was subsequently employed in the
production of Liocell§fibers. In this process, NMO is reused following its extraction from the wash water. Another group
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of monosolvents are ionic liquids (ILs), formed by a cation-anion pair and having a melting point below 100 °C [21]. In
2002, a series of compounds based on an imidazolium cation with different anions were employed for the dissolution of
cellulose [22]. In subsequent works, the range of IL employed for this process has been considerably expanded [23-25].

The interaction of ionic liquids with the polymer chains of cellulose results in the rupture of the hydrogen and
intermolecular bonds that are present in its macro molecules. The dissolution of cellulose in IL involves a number of
stages: infiltration, limited swelling, partial dissolution, dissociation, and complete dissolution [26]. Based on nuclear
magnetic resonance (NMR) data, it has been revealed that the solvation of cellulose in the IL [BMIm]CI occurs through
the formation of hydrogen bonds between hydroxyl protons of the cellulose and the chloride ions that make up the IL [27].
Structural changes of microcrystalline cellulose (MCC) during its dissolution in [EMIm][OAc] over a wide concentration
range (0 — 100 %) were investigated using small-angle X-ray scattering (SAXS) [28]. It was shown that at a cellulose
content of about 35 % (mol) in solution, a cellulose/IL complex with high structural periodicity is formed, and a crystalline
structure is observed at a concentration exceeding 40 % (mol). In addition to the study of solubility, an equally important
issue is the study of the morphology of regenerated cellulose after its isolation from IL solutions [25,29]. Previously, we
published the results of studies of the structure of cellulose fibers obtained by extrusion of its solutions in [BMIm]CI into
water [30]. It was found that the fibers consist of a core consisting of pseudofibrils about 30 nm thick, and a shell. At the
same time, the tensile strength averaged 250 MPa.

The aim of this work was to study the morphological features and thermal stability of wood cellulose LS-0, depending
on its concentration in solutions based on the ionic liquid [BMIm]CI.

2. Materials and methods

The ionic liquid 1-Butyl-3-methylimidazolium chloride [BMIm]CI was prepared according to the procedure given
previously [30].

FT-IR spectrum was recorded on a Bruker Tensor 27 spectrometer equipped with an ATR attachment (Pike MIRacle)
with a germanium (Ge) crystal in the frequency range 800 — 4000 cm ! with 32 rescans and 4 cm ™! resolution.

Thermogravimetric analysis (TGA) of cellulose samples was conducted on thermoanalytical scales TG 209 F1, man-
ufactured by the Netzsch company, in an inert argon environment at a heating rate of 20 °C/min. The samples were
suspended at a weight of 3 — 6 mg. The data were analyzed using the NETZSCH Proteus program (version 4.8.4).

X-ray radiographs (XRD) of cellulose samples were obtained at room temperature on a Rigaku Smartlab SE auto-
mated diffractometer using Cu Ko radiation with a wavelength of 1.5406 A (Bragg reflection geometry, 40 kV, 50 mA).
The 26 angle range was set to 10 — 50°, with a scanning step of 0.02° and a scanning speed of 5 °/min.

The electron microscopy analysis was made using a JSM 7500F scanning electron microscope (JEOL, Japan). The
spatial resolution varied between 1.0 nm (15 kV of accelerating voltage) and 1.4 nm (1 kV).

Bleached wood sulfate pulp from a mixture of hardwoods (LS-0 grade, GOST 28172-89, manufacturer — JSC
“Arkhangelsk PPM”, DP 900) was washed with water, filtered and dried at 55 °C to constant weight. 1-Methylimidazole
(99 %, Acros Organics), 1-chlorobutane (99 %, Acros Organics). Methylene chloride and acetonitrile were purified by
distillation and stored over 3 A molecular sieves.

The preparation of samples of regenerated cellulose was conducted in accordance with the methodology outlined in
reference [32]. A fixed quantity of wood cellulose (LS-0) was introduced into [BMIm]CI solutions of varying concen-
trations (98, 92, 86, 80, and 74 %). Subsequently, the samples were heated at 65 — 70 °C to remove the acetonitrile.
Once the solvent had been completely removed, the impregnated [BMIm]CI was heated to 110 °C for a period of two
hours. Solutions with LS-0 concentrations of 2, 8, 14, 20, and 26 % were obtained. Following a period of cooling to room
temperature, 20 mL of distilled water was added to the resulting samples. After four hours, the water was drained off the
precipitated cellulose, and 20 mL of water was added to the precipitate. This washing process was repeated five more
times in order to completely remove the [BMIm]CI. The regenerated cellulose was then dried at 55 °C until it reached a
constant weight.

3. Results and discussion
3.1. Effect of dissolution of wood cellulose in [BMIm]CI on its structure

The use of ionic liquids as a solvent for cellulose, discovered by Swatloski et al. [22], has gained widespread accep-
tance. In subsequent studies, a wide range of such compounds was investigated, in which the key elements are quaternized
ammonium or phosphonium cations, and organic and inorganic acids are used as anions [25]. However, not all of them
demonstrated satisfactory cellulose dissolving capacity. In addition to the structure of the IL, the degree of polymerization
of the cellulose itself also influences the production of a homogeneous solution. Dissolution of microcrystalline cellulose
(MCC), which is characterized by low DP, is the most effective. In this case, it is possible to obtain solutions with a high
concentration, up to 20 %, using IL [BMIm]CI [31]. In the previous work [32], devoted to the study of the dissolution
of wood cellulose LS-0 in IL based on [BMIm]™ with various anions, it was established that homogeneous solutions of
LS-0 with a concentration of up to 8 % (wt.) are formed when using the C1~ anion. When the anion is replaced by Br™
or CH3C(O)O™, the dissolution of LS-0 is significantly reduced, and the maximum concentration is 2 and 4 % (wt.),
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respectively. It was also found that the imidazolium cation in [BMIm]OACc reacts with the aldehyde group of the open end
of the carbohydrate chain. Therefore, our further studies aimed at dissolving cellulose LS-0 in IL were carried out using
[BMIm]CI.

For our study, LS-0 solutions in [BMIm]CI] with concentrations of 2, 8, 14, 20, and 26 % were prepared. After
precipitation of LS-0 in water and subsequent removal of [BMIm]CI from the cellulose matrix, the hydrogen bonds that
were disrupted during dissolution are formed (Fig. 1).

Cellobiose unit

FI1G. 1. Cellulose polymer chain and hydrogen bonds in the original cellulose (A) and in the regenerated
cellulose (B) obtained by precipitation from its solutions in ionic liquid

Figure 1(A) illustrates that natural cellulose predominantly comprises intramolecular hydrogen bonds situated at the
cellobiose unit [6, 7]. In the process of dissolution in IL, these bonds are disrupted as a result of the interaction between
the hydroxyl groups and [BMIm]CI. As the concentration of LS-0 in the IL increases, the efficiency of its dissolution is
reduced. This is due to the insufficient quantity of IL capable to interact with hydroxyl groups. In this instance, a certain
degree of initial ordering in the crystalline regions of the cellulose may be retained due to the retention of hydrogen bonds
in the cellobiose unit. After treating the cellulose solution in IL with water, the solvent is removed, which leads to the
formation of new intermolecular hydrogen bonds within the polymer (Fig. 1(B)). As a result, the cellulose molecules
become more tightly packed and strongly bonded to each other. In some cases, such packaging reduces its reactivity,
similar to what happens with cellulose II [6,7]. This phenomenon was observed during the precipitation of LS-0 cellulose
in water from its solutions in [BMIm]CI with a concentration of up to 6 % [32].

Figure 2 illustrates the X-ray diffraction patterns of LS-0 cellulose solutions in [BMIm]CI.

As evidenced by the provided diffractograms, the initial LS-0 sample exhibits the presence of crystalline forma-
tions [33]. The crystallinity is markedly diminished in [BMIm]CI solutions. Nevertheless, the diffractograms do reveal
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FIG. 2. Diffractograms of LS-0 cellulose solutions and its solutions in [BMIm]CI. LS-0 content: 2, 8,
14, 20 and 26 %
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the presence of weakly pronounced peaks, which can be taken to indicate the existence of a residual amount of ordered
regions. This phenomenon is particularly evident at a concentration of 26 %. These ordered regions probably play a key
role in the restoration of the structural features of cellulose during its precipitation in water upon removal of the IL. As a
result of this process, structures are formed that resemble the original cellulose in their architecture. Fig. 3 shows scanning
electron microscopy (SEM) images of recovered cellulose samples obtained from its solutions in [Bmim]Cl.

M 100 nm

F1G. 3. SEM-image of precipitated (recovered) cellulose from its solutions in [Bmim]Cl: (1) fragment
of precipitated cellulose 26 %, (2) film surface 2 %, (3) film surface 5 %

Scanning electron microscopy images (Fig. 3(A)) demonstrate that at high concentrations of LC-0 in [Bmim]CI and
its subsequent precipitation, the main structural fragments of cellulose are preserved. In this case, partial swelling of
the fibrils occurs, while their morphological characteristics remain unchanged. This indicates that hydrogen bonds in
the cellobiose units are practically unaffected. At a low concentration of cellulose, the dissolution process is particularly
intense, which leads to the formation of transparent solutions. In this case, cellulose deposited on a glass substrate exhibits
individual nanoscale fragments (Fig. 3(A,B)).

3.2. IR spectroscopy

Changes in the structural features of regenerated cellulose are clearly observed when analyzed using IR spectroscopy
(Fig. 4).

Lo ! P !
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FIG. 4. IR spectra of precipitated wood cellulose LS-0 after dissolution in [BMIm]CI. The percentages
inlL: 1-2%,2-8%,3—14%,4—-20%,5 - 26 %, and LS-0 is the original cellulose (wave numbers
are given for the original cellulose LS-0)

Figure 3 illustrates the spectral characteristics of the initial LS-0 and those observed following a dissolution/precipita-
tion cycle in water from its solutions in [BMIm]CI with a concentration of 2 — 26 % (weight). The portion of the spectrum
depicted in Fig. 3 pertains to the valence vibration region of the structural units constituting the cellobiose linkage. The
band assignment of the IR spectrum of cellulose was conducted in accordance with the data presented in the sources cited
in the references [34,35]. It can be observed that in solutions with concentrations of 2 and 8 %, a notable amorphization
of LS-0 occurs, as evidenced by the disappearance of the bands at 1056 and 1035 cm™!. These bands, which refer to
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the valence vibrations of C—O (mainly C(3)-O(3)H) and deformation vibrations of C—O groups in the primary alcohol,
respectively, are absent in the amorphous state. As the concentration of LS-0 in [BMIm]Cl increases, the bands in question
become more pronounced. At a concentration of 26 %, two characteristic maxima are observed, which are typical of the
original cellulose. A notable alteration in the regenerated LS-0’s morphology is indicated by the broadening of the
band at 1109 cm™!, which belongs to the asymmetric vibrations of the glucopyranose ring. Concurrently, the band at
1163 cm™! (asymmetric vibrations of the 5-glycosidic C—O—C bond) undergoes a shift of 5 cm™!, which is particularly
pronounced for low concentrations (Fig. 3). There is also an increase in the intensity of the weak band at 1202 cm ™!,
corresponding to in-plane deformation vibrations of OH groups. Although this band has insignificant intensity in the
spectrum of LS-0 itself, the increase in its intensity indicates an increase in the content of alcohol groups that do not
have hydrogen bonds with neighboring hydroxyls. On the other hand, the 896 cm ™! band corresponding to the valence
vibrations of the S-glycosidic C—O—C bond undergoes the least changes. Thus, the results of vibrational spectroscopy
indicate significant changes occurring in the structure of LS-0 cellulose during dissolution in [BMIm]CI and during its
subsequent precipitation in water.

3.3. Thermal stability of regenerated cellulose

The thermal stability of cellulose is a characteristic that can be employed in the prediction of the stability of products
subjected to temperature exposure. As demonstrated in reference [36], the thermochemical conversion of cellulose is
contingent upon its associated components, namely hemicelluloses. Thermal stability of regenerated cellulose may also
depend on the type of solvents used during its processing [37]. Regenerated celluloses obtained from their solutions in
ionic liquids also show differences in TG analysis conditions. Using the example of microcrystalline celluloses dissolved
in ionic liquids of different chemical compositions, it was found that the nature of the solvent affects both the crystallinity
and the thermal stability of the recovered cellulose [38,39].

In contrast to MCC, the wood cellulose LS-0 used in this work has a higher DP and contains both crystalline and
amorphous regions in its composition. The thermal stability of the obtained regenerated cellulose samples was investigated
using TGA. Fig. 5 shows the TG and DTG curves of wood pulp samples isolated from its solutions in [BMIm]CI ionic
liquid.

Figure 5 illustrates that all samples exhibit a slight mass loss in the low-temperature region (less than 100 °C) due to
the evaporation of absorbed water. In the temperature range above 200 °C, there are notable differences in the behavior
of TGA curves, as evidenced by the alteration in the maximum values of DTG curves and the values of the final residual
mass (Fig. 5, Table 1).

TABLE 1. TGA/DTG results of cellulose samples before and after dissolution in [BMIm]CI (LS-0
contentinIL, 2 %; C -8 %; D — 14 %; E — 20 %; F — 26 %)

Sample ( %, wt)  Tia1 (°C)  Tmaz (°C)  Coke residue ( %)

LS-0 290 348.3 9.5
2 —/— 318.7 20.7
8 —/— 3334 18.3
14 291.9 358.7 15.7
20 284.8 352.5 14.0
26 297.0 364.2 12.6

Tinra1 and Tiqp — temperature of maximum decomposition rate
at the first (1) and second (2) stages on the DTG curve

As evidenced by the data presented in Table 1, the temperature of maximum decomposition rate (7},.q2) of the original
pulp is 348.3 °C, and the value of coke residue is 9.54 %. In the case of regenerated pulp samples, these parameters
exhibit a markedly different profile. A decrease in the value of Ty, is observed in the case of LS-0 in [BMIm]CI
2 and 8 % compared to the original cellulose. As the concentration increases, two well-defined temperature maxima
are observed in the DTG curves. Concurrently, the Ti,4; value for LS-0 and all samples derived from ILs remains
essentially unaltered, whereas Tpq> shifts towards the high-temperature region. Additionally, a notable increase in coke
residue is observed when the concentration of cellulose in [BMIm]CI is reduced. This phenomenon can be attributed to
alterations in the intermolecular interactions of cellulose chains. Apparently, the content of a large number of ordered
structures (crystallites) in the original cellulose at the initial stage of thermal destruction can contribute to the acceleration
of dehydration processes and the breakdown of glycosidic bonds (Fig. 1(A)). This leads to the formation of both volatile
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furan derivatives and levoglucosan [40], as well as solid products — unsaturated polyene structures capable of crosslinking
and aromatization (coke formation) [41].

Similarly, coke residue is also formed in amorphous regions of cellulose with less ordered structures (Fig. 1(B)).
Fig. 6 depicts a plot of the formal dependence of coke residue formation on the concentration of cellulose in [BMIm]CI.

As illustrated in Fig. 6, an increase in LS-0 concentration within the ionic liquid is associated with a reduction in coke
residue within the regenerated cellulose samples. At the same time, the rate of formation of volatile products is observed
to increase, as evidenced by a decline in T1,q> (Table 1). This phenomenon may be attributed to the complete destruction
of the initial hydrogen-bonded structure at concentrations up to 8 %. After removal of the ionic liquid, cellulose undergoes
chaotic restoration of hydrogen bonds, which leads to its amorphization. As the concentration of cellulose in [BMIm]Cl
increases, the dissolution process becomes more difficult, which contributes to the partial preservation of crystalline
regions. It can be assumed that after precipitation in water and removal of IL from cellulose, pseudofibrils are formed on
the basis of partially ordered fragments [30]. The listed circumstances allow us to assume that the thermal destruction of
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cellulose depends on the amorphous and an ordered region contained in its structure and is determined by the difference
in the directions of thermochemical processes (Fig. 7).

As shown in Fig. 7, the initial stage of thermal destruction of cellulose includes the elimination of water molecules
and the formation of unsaturated C=C bonds. However, further development of the process begins to depend on the
morphological features of cellulose. Apparently, the ordering of the crystalline regions caused by hydrogen bonds in the
glycoside unit (Fig. 1(A)) significantly reduces the mobility of cellulose chains. Therefore, stabilization of dehydroxylated
hexoses of the cellobiose unit occurs due to the rupture of the glycoside bond (Fig. 7(A)). As a result, unstable structural
fragments capable of forming low-molecular compounds are formed at the site of the rupture. After dissolution in the
IL with subsequent regeneration, the morphology of cellulose changes (Fig. 1(B)), which is reflected in the process of
its thermal destruction (Fig. 5(B, C) and Fig. 7(B)). In regenerated cellulose, especially at low concentrations in the IL,
the hydrogen bonds that determine its spatial structure are destroyed. When cellulose is precipitated with water from an
IL solution, new hydrogen bonds are chaotically formed between its macromolecules, the arrangement of which differs
from the initial contacts. This leads to a change in the morphology of cellulose. In this case, as for the original LS-0,
the initial act is the elimination of water. However, at a later stage, the thermochemical processes begin to differ. Since
macromolecules in amorphous regions can have increased mobility, the stabilization of dehydroxylated hexoses can lead
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F1G. 7. Formal representation of thermal degradation of regenerated LS-0 cellulose before (1) and after
dissolution in [BMIm]CI (2)
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to intermolecular reactions with the formation of polyene structures. In this case, the rupture of glycosidic bonds and
the formation of low molecular weight pyrolysis products occur to a lesser extent, which leads to significant formation
of coke residue (Fig. 5). As the LS-0 content in ILs increases, the crystallinity disorder decreases, which also affects
the change in the directions of thermochemical processes. In this case, the process of formation of low molecular weight
fragments accelerates, which, in turn, leads to a decrease in the amount of polyene structures and coke residue.

Figure 8 depicts the diffractograms of the regenerated cellulose samples. It can be observed that at concentrations of
2 and 8 %, the disappearance of characteristic reflections at 26 (16.2 and 22.7) occurs, which may indicate the complete
disappearance of the original ordering. This phenomenon is reflected in the thermochemical processes observed in the
TGA curves (Fig. 5(B, ©)).
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F1G. 8. Diffractograms of regenerated cellulose samples

As illustrated in Fig. 5(D), the thermal decomposition of cellulose regenerated from the solution containing 14 % is
significantly different from the previous cases. The amount of carbon residue decreases, and two characteristic maxima
appear in the DTG curve: Tyq1 (291.9 °C) and Tipao (358.7 °C). It is noteworthy that the DTG curve of the original LS-0
cellulose (Fig. 5(A)) also shows a weak peak in the range of 290 °C, which is difficult to distinguish from the primary
peak of Tiyran.

It can be assumed that this peak is also present in samples B and C (Fig. 5), although less distinct than that ob-
served for Tiq>. The same thermal degradation pattern is evident in the samples prepared from 20 and 26 % solutions
(Fig. 5(E, F)). The maxima observed for Tj,q; and Tjg2 in the DTG curves can be explained by the presence of two
structurally different phases contained in the samples. The presence of these peaks can be explained by the incomplete
dissolution of the ordered regions present in the cellulose fibers.

Apparently, the initial dissolution of LS-0 cellulose involves the interaction of [BMIm]CI with the most accessible
amorphous regions, which leads to the consumption of most of the IL. The observation of crystalline formations with an
ordered structure indicates a reduced susceptibility to dissolution, which suggests that their original structure is partially
preserved. During precipitation of cellulose in an aqueous medium, a rapid regeneration of amorphous regions occurs,
and the presence of partially ordered structures leads to the formation of pseudofibrils. In light of these observations,
the first maximum observed in the range of 290 + 7 °C in the DTG curves can be attributed to the decomposition of the
amorphous phase, and the second maximum to structural fragments with partial order.

The application of X-ray diffraction analysis (Fig. 8) to the examination of reduced cellulose samples enables the
clear verification of structural alterations affecting the alteration of thermal stability. The graph illustrates the presence of
ordered structures in the samples.

The degree of crystallinity was evaluated in accordance with the peak height method of the diffractogram, as previ-
ously described in the literature [42]. The following formula may be employed:

C =100 - 1200 - Inon—cr

Ix00
where C — degree of crystallinity [ %], and 5 is the maximum peak intensity at the angle 26 equal to 22 — 24 degrees.
Additionally, I,,,,.c; represents the diffraction intensity of the non-crystalline part, which is taken at the angle 26 equal to
18 degrees between the peaks. The results calculated using this formula are presented in Table 2.

Thus, the conducted studies of regenerated cellulose LS-0, obtained by precipitation from its solutions in [BMIm]CI,
show that there is a significant transformation of its structure. This is clearly observed during analysis using IR spec-
troscopy. These changes are fully observed in the results of TG analysis, which is expressed in a change of its thermal
stability. Moreover, for high concentrations, this parameter increases.
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TABLE 2. Degree of crystallinity of the regenerated cellulose under study

Sample Degree of crystallinity C ( %)
Initial cellulose LS-0 81.3
LS-0 2 % after dissolution in [BMIm]Cl 41.8
LS-0 8 % after dissolution in [BMIm]CI 43.7
LS-0 14 % after dissolution in [BMIm]Cl 59.7
LS-0 20 % after dissolution in [BMIm]Cl 59.3
LS-0 26 % after dissolution in [BMIm]Cl 62.7

4. Conclusions

The study examined the physicochemical properties and morphological features of regenerated cellulose obtained
by precipitation in water from its solutions in [BMIm]CIl with concentrations from 2 to 26 %. It was found that when
the cellulose content in [BMIm]CI was up to 8 %, significant morphological changes occurred, expressed in a significant
change in its infrared spectra and a decrease in thermal stability. With increasing concentration, the spectral characteristics
of the reconstituted cellulose approach the original LS-0. At the same time, the thermal stability increases significantly,
and at LS-0 concentration of 26 %, the temperature of maximum decomposition rate exceeds this parameter for pure
cellulose by more than 15 degrees. Thus, the study revealed significant changes in the structure of cellulose fibers that
occur during their dissolution in ionic liquid [BMIm]CI and determine the physicochemical properties of the reconstituted
cellulose.
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ABSTRACT In this paper, the stability, geometric and electronic properties of boron doped small fullerenes
Co0, Ca4, Cog were investigated using density functional theory (DFT) methods. Average bonds lengths were
calculated and the stability of optimized structures was estimated. An analysis of one-electron spectra and the
density of states (DOS) allowed us to define the mechanisms for the change in the band gap and to determine
the dependence of this parameter on the concentration of boron atoms. The established dependence of the
band gap on the concentration of impurity atoms suggests the possibility of controlling the refractive index
of the considered nanomaterials by doping with different concentrations of boron atoms, which indicates the
applicability of such an approach to the construction of heterostructures in general and photonic crystals in
particular. The obtained results can be useful for the fabrication of the novel optoelectronic devices which are
used in infocommunication systems for the manipulating and transformation of optical signals.
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1. Introduction

Improving the efficiency and reliability of information transmission systems is one of the most important vectors of
the development of modern infocommunication technologies. Information transmission technologies using visible light
as a signal carrier have become widespread. In this case, it is possible to implement a communication channel not only
based on optical fiber, but also wirelessly, the so-called Li-Fi. Optical fiber technology, characterized by extremely high
transmission capacity, the values of which can range from tens of Gbit/s to hundreds of Tbit/s [1-3], has now firmly
entered the modern world. Li-Fi technology is only developing and is not so widespread yet, but it is high promising and
is characterized by a sufficiently high transmission capacity and the possibility of application in air transport and medical
facilities where Wi-Fi cannot be used cause of safety issues [4-6]. The above methods of information transmission, of
course, require technical implementation using various optoelectronic devices. Heterostructures, and especially, photonic
crystals, can be a basis for the construction of such devices, for example, optical switches [7,8], filters [9-14], logic adders
and subtractors [15, 15-20], logic gates [21,22].

Photonic crystals are structures characterized by a periodically (quasi-periodically) changing refractive index. The
concept of a photonic band gap, analogous to the concept introduced to describe the behaviour of electrons in solids
with a band gap, is used to describe the behaviour of photons in such structures. This corresponds to a certain range of
wavelengths (frequencies), and photons with a wavelength (frequency) value within this range are unable to pass through
a crystal [23-25]. The periodicity (or quasi-periodicity) of the refractive index changing determines the existence of
such zones. The distinction between one-dimensional (1D), two-dimensional (2D) and three-dimensional (3D) photonic
crystals is made on the basis of whether the refractive index changes along one, two or three orthogonal vectors (Fig. 1).
It is also noteworthy that photonic crystals can be used to slow down optical pulses. Indeed, the speed of optical pulses
can be reduced by more than 100 times [26,27].

The selection of appropriate materials for heterostructures fabrication and the implementation of the technological
process of its fabrication represent significant challenges. Carbon nanomaterials offer significant promise in this regard.
Researchers have constructed different composites with the periodically changing properties using carbon nanotubes [28—
34], graphene [35—41], and fullerenes [42—46]. These materials are advantageous, because structures with periodically
changing physicochemical properties based on them can be obtained by doping different regions with impurity atoms.
Boron atoms can act as an impurity, and this choice has a number of advantages: little distortion of the topology of the
nanostructure due to a relatively small difference in the atomic radii of boron and carbon atoms, a significant effect of
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F1G. 1. Schematic illustration of one-dimensional (a), two-dimensional (b) and three-dimensional (c)
photonic crystals consisting of two phases with different refractive indexes n; and ng

even small amounts of impurity on the electronic properties of the material, and a well-established technology for doping
carbon materials with boron atoms [47,48].

In previous studies [49, 50], the concept of refractive index control was proposed. It is based on the relationship
between the refractive index and the energy gap. By controlling the energy gap with the help of substituting boron atoms,
it becomes possible to control the refractive index. The problem of the influence of substitution of carbon atoms by boron
atoms in small fullerenes on electronic and optical properties is poorly studied. So, in the present work, we propose
to consider the physicochemical properties of small fullerenes Cyp, Co4, Cog doped with boron atoms in the context of
heterostructures fabrication.

2. Materials and methods
2.1. Description of the investigation objects

The investigation objects were small fullerenes Cog with a point symmetry group I;,, Co4 with a point symmetry group
Dgq, Cag with a point symmetry group D». The concentrations of boron impurities were 15, 25 and 50 %. The structures
corresponding to these concentrations were designated as BCs, BC3 and BC, respectively. The chosen concentrations are
not arbitrary: a similar approach is widely used for planar and tubular carbon nanostructures [49-53].

It should be noted that the case under consideration is more specific in that neither graphene nor carbon nanotubes
generally contain pentagons in their structure. The features of the structural characteristics of fullerenes lead to the devia-
tion from the strictly defined structures BC5, BC3 and BC that are observed in boron-carbon nanolayers and nanotubes. It
will be demonstrated subsequently that in BC5; Cog each boron atom is surrounded by either five or six carbon atoms; in the
BC;5 nanotube, as indicated by the designation, there are precisely five carbon atoms around each boron atom. However,
when defects (vacancies) are introduced into the graphene structure and pentagonal fragments are formed, it is possible to
form fullerenes by convolution [54]. It is precisely due to this interconnectedness of various carbon nanostructures that it
is possible to extend the approach previously used for graphene and carbon nanotubes to fullerenes. In certain instances,
multiple variants of the mutual spatial arrangement of impurity atoms were contemplated, with the structures designated
as Type A and Type B, respectively.

2.2. Details of the computer modeling

The study was carried out using the methods of DFT [55] at the level of theory B3LYP/6-31G. 6-31G basis set
is widely used for computing structural and electronic properties of boron doped carbon nanostructures in modern stud-
ies [56,57]. The initial fullerenes were optimized, after which part of the carbon atoms were replaced by boron atoms, and
reoptimization was carried out. The geometry of the obtained structures was characterized by the average bond lengths
C-C dc_c, B-C dg_c and B-B dg_g. It was also calculated the value of the relative elongation of the C—C bond ddc_c:

dc_c(doped) — dc_c(pure)
ddcc = dec (doped) - 100%, (1
where dc_c(doped) is an average length of the C—C bond in doped fullerene, dc_c(pure) is an average length of the C—C
bond in pure one.

Important for possible practical applications is the determination of the stability of boron doped fullerenes. The

stability of the considered structures was evaluated by the bond energy Ej, calculated by the formula

E, =nE(C)+mE(B) — E(C,Bn), )
where E(C) and E(B) are the energies of the isolated carbon and boron atoms, n and m are the numbers of the carbon
and boron atoms, E(C,, B,,) is the energy of the fullerene.

The next step in the investigation is the evaluation of the possibility of refractive index control by doping selected

small fullerenes with different concentrations of boron atoms. It should be noted here that the simplest way to change the
refractive index n in the framework of this problem is to change the band gap. Thus

n? = Ree + k?, 3
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where ¢ is the permittivity, £ is the imaginary component of the complex refractive index, which is responsible for
absorption.
The absorption « is determined by the conductivity of the sample o according to the generally accepted formula:

a = o/cney, €]

where c is the speed of light and ¢ is a permittivity of a vacuum. The relationship between conductivity and the band gap
AE, is well-known:

o~ exp(—AE,/2kgT), (5)
where kp is the Boltzmann constant, 7" is a temperature. All above described allows to control the refractive index of the
nanostructures under consideration.

The band gap AE, was estimated as the difference between energy of the lowest unoccupied molecular orbital Eyymo
(the bottom of the conduction zone) and the energy of the highest occupied molecular orbital Eyomo (the maximum of
the valence band):

AE,; = Erumo — Erowmo. (6)

Such simple way of estimation of the band gap is suitable for heteroatom doped carbon nanostructures [58,59].

In the case of spin degeneration of electronic states, the energy values of molecular orbitals corresponding to both
the spin-up state (alpha orbitals) and the spin-down state (beta orbitals) were considered. The band gap is calculated
separately for each type of orbital. The one-electron spectra and DOS were constructed using the GaussSum program [60].
The analysis of the charge distribution was carried out on the basis of calculations of the values of atomic partial charges
according to Mulliken [61].

It should be noted that the values of some estimated parameters for different types of structures corresponding to
the same concentration of impurity atoms were not considered separately, but rather, their average values were taken.
Therefore, if no indication is given that a parameter value pertains to a specific structure type (e.g., A or B), the value in
question represents the average.

3. Results and discussion
3.1. Geometry and stability

Optimized geometries of the pure and doped small fullerenes Cyg, Cay4, Cag are represented in the Fig. 2.

(a) (b) g (d)

.

FI1G. 2. Optimized geometries Cqg (a), BCs Cag (b), BC3 Cy (c), BC Cy type A (d), BC Cqy
type B (€), Ca4 (f), BC5 Ca4 (g), BC3 Co4 type A (h), BC3 Ca4 type B (i), BC Coq4 type A (j), BC
Ca4 type B (k), Cag (1), BC5 Cag (m), BC3 Cag (n), BC Cag (0)

It was found that with the addition of 15 % of impurity atoms, the C—C bond length increases by 0.5 % in the case of
fullerene Cay4; for the rest of the considered fullerenes, this value practically does not change and the absolute value of the
elongation is several hundredths of a percent or less. An increase in the concentration of boron atoms leads to a decrease
in the average C—C bond length for Cog and Csg fullerenes, as evidenced by the monotonously decreasing nature of the
dependence of the elongation on concentration and negative values of this value over the entire concentration range from
15 to 50 % (Fig. 3a). In the case of fullerene Ca4, the elongation value is observed to lie in the positive region of the graph
between 15 % and approximately 20 % of the concentration of boron atoms. Upon further increase in the concentration
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of the impurity, the observed dependence is found to be consistent with that observed in the case of the other fullerenes
under consideration. Based on the dependence of the average length of the B—C bond on the concentration of boron atoms
(Fig. 3b), an increase in this indicator is observed with increasing concentration, reaching a maximum in the concentration
range from 30 to 40 % of the impurity and then decreasing. Neighboring boron atoms take place only in BC structures,
and the dg_g parameter is only applicable to these. For BC Cyy and BC Cy4 fullerenes, the average B—B bond length is
on the order of 1.70 — 1.75 A, depending on the type of structure. This value is 0.10 — 0.15 A longer than the average
B-C bond length and approximately 0.20 A longer than the average C—C bond length in BC Cyy and BC Cy4. In BC
Cys fullerene, the value of the average bond length of B-B is more than 2.60 A, which is 1.00 — 1.20 A longer than the
average bond length of B—C and C—C in it. This is manifested in the appearance of octagons in the structure (Fig. 4),
which, hypothetically, could facilitate the intercalation process of this kind of material by atoms and molecules. This is
due to the fact that the potential barrier overcome by the particle during the intercalation process is lower for an octagon
than for a pentagon or hexagon.
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FI1G. 3. The dependences of the relative elongation (a) and the average length of the B—C bond (b) on
the concentration of boron atoms

FIG. 4. Three octagons that take place in the BC Cag structure; atoms forming octagons are highlighted
by yellow (carbon) and blue (boron) colors

Let us turn to the consideration of the stability of boron doped small fullerenes. The binding energy in such systems
decreases monotonously with increasing impurity concentration (Fig. 5), respectively, pure fullerenes are more stable.
However, the positive values of the binding energy over the entire concentration range under consideration indicate the
possibility of their practical production, as well as the benefits of being in these states compared to being in the state of
isolated carbon and boron atoms. Interestingly, the different spatial arrangement of boron atoms often has little effect on
stability. The binding energies of different types corresponding to the same concentration differ by 0.22 — 0.43 %.

3.2. The influence of the concentration of the boron impurity on the band gap

Having considered the geometric and stability-related issues, we shall now turn our attention to the electronic prop-
erties of boron doped fullerenes. The following section will examine the relationship between the band gap of these
nanostructures and the concentration of impurity atoms (Fig. 6).
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F1G. 5. The dependence of the binding energy on the concentration of boron atoms

In the case of fullerene Cy, the addition of 15 % of the impurity leads to an increase in the band gap to a value of
3.007 eV for the spin-up electronic states. For the spin-down states, an increase is also observed, but relatively small, by
0.126 eV compared to the initial structure. In the region of 15 % of the impurity concentration, the maximum value of
the band gap is observed for both spin-up and spin-down states. In the range from 15 to 50 %, the function decreases
monotonously. For the spin-up states, the band gap of the BC3 Cy structure still has a greater value of the band gap
compared to pure Coq; for the spin-down states, a different situation is observed — the band gap is smaller compared to
the original structure. In BC Cyq fullerenes of both types, the electronic states are non-degenerate in spin, respectively,
the band gaps for the spin-up and spin-down states are identical. The addition of 50 % of the impurity leads to a decrease
in the band gap compared to the initial fullerene by 0.195 — 0.316 eV, depending on the spatial arrangement of the atoms.

Consider the case of fullerene Ca4. For the pure variant, the band gap is 1.864 eV. It is noteworthy that the electronic
states for all its derivatives considered are non-degenerate in spin. The addition of 15 and 25 % of impurity boron atoms
increases the band gap; the addition of 50 %, as in the case of Cy, leads to its decrease to values of 1.801 eV (for type A)
and 1.531 eV (for type B), i.e. up to 1.666 eV, if we take the average value.

For fullerene Cag, spin degeneracy is observed only in the case of the BC3 Cayg structure. The addition of 15 and
50 % impurities of boron atoms makes it possible to decrease the band gap to values of the order of 1.30 eV. The addition
of 25 % of the impurity leads to an increase of the band gap. The values of this parameter for the spin-up and spin-down
states differ by 3.6 %.

3.3. Analysis of the one-electron spectra, DOS and PDOS

Following an overview of the general patterns of change in the band gap during doping of small fullerenes, it is
essential to examine the processes occurring with the electronic structure in greater detail. The objective of this analysis
is to examine the single-electron spectra and DOS for each nanosystem in greater detail.

Consider the case of fullerene Coy. The comparison is made with a pure structure (Fig. 7a). An increase in the band
gap for the BC5 Cy case (Fig. 7b) for the spin-up states is associated with an increase in the bottom of the conduction
band of 0.314 eV and a decrease in the top of the valence band of 0.860 eV. For the spin-down states there is a decrease in
the top of the valence band by 1.070 eV, but at the same time there is a decrease in the bottom of the conduction band by
0.944 eV — these two processes have opposite effects on the band gap. Thus, in spin-down states, a decrease in the bottom
of the conduction band partially compensates for a decrease in the top of the valence band, so the increase in the band gap
is not as significant as in spin-up states.

We will now proceed to examine the BC3 Cqyg structure (Fig. 7c). In this case, two processes are observed for
both the spin-up and spin-down states: a decrease of the top of the valence band and a decrease of the bottom of the
conduction band. The values of the top of the valence band are essentially identical for the various types of states under
consideration, with a maximum difference of approximately 0.10 %. The value of the conduction band bottom for spin-up
states is 0.979 eV higher than that for spin-down states. The decrease in the bottom of the conduction band for spin-down
states is greater in absolute value than the decrease in the top of the valence band, which ensures a decrease in the band
gap compared to the initial structure. In contrast, for spin-up states, the decrease in the bottom of the conduction band
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FIG. 6. The dependence of the band gap on the concentration of boron atoms; in the brackets it is the
type of orbitals used for calculation of the band gap

is less significant in absolute value than the decrease in the top of the valence band, and therefore the band gap have the
greater value than in pure Cqg.

The qualitative mechanisms observed in the structures of fullerene Cyy with a 50 % boron impurity (Fig. 7d,e) are
analogous to those observed in the structures with a 25 % impurity. These include a decrease of the bottom of the
conduction band and a decrease of the top of the valence band. However, in this case, the decrease in the bottom of the
conduction band is fully compensated for by the decrease in the top of the valence band, resulting in a further narrowing
of the band gap for both type A and type B structures. A comparison of the two structures reveals that the band gap of
type A is 0.121 eV smaller than that of type B.

We now turn to materials based on fullerene Co4 (Fig. 8). In the case of BC5 Co4 (Fig. 8b), there is an increase in
the valence band top of 0.269 eV, while the bottom of the conduction band increases by 0.355 eV. Consequently, the band
gap is observed to increase by 0.086 eV.

An increase in the impurity concentration to 25 % (Fig. 8c,d) results in an increase in the band gap to 2.130 eV for a
type A structure and to 2.216 eV for a type B structure. In the case of a type A structure, there is an increase in the bottom
of the conduction band and a relatively insignificant (approximately 0.30 %) decrease in the top of the valence band. It is
evident that these processes are responsible for the observed increase in the band gap. In the case of a type B structure,
a decrease is observed in both the bottom of the conduction band and the top of the valence band. A sufficiently large
decrease in the top of the valence band by 0.511 eV results in an increase in the band gap. Conversely, a decrease in the
conduction band bottom by 0.159 eV partially compensates for this.

The decrease in the band gap in BC Cyy structures (Fig. 8e,f) is determined by a decrease in the bottom of the
conduction band. The positions of the bottom of the conduction band in structures of type A and type B differ by 0.72 %,
however, the band gaps differ by 17.6 %. This is due to a stronger decrease in the top of the valence band in the type A
structure, while in the type B structure it is not so significant.

Further we will examine a number of different variants of boron doped fullerene Cag (Fig. 9). Upon doping Cag with
15 % of the impurity of boron atoms (Fig. 9b), the top of the valence band increases by 0.470 eV and the bottom of the
conduction band increases by 0.210 eV. Therefore, the band gap is decreased by 0.260 eV. An increase in the band gap
in the case of the BC3 Cag structure (Fig. 9c) for both spin-up and spin-down states is associated with a more significant
increase in the bottom of the conduction band relative to an increase in the top of the valence band. For the BC Cog
structure (Fig. 9d), a decrease in the band gap is realized due to the same mechanisms as in the case of BC5 Cog, i.e. due
to a more significant increase in the top of the valence band relative to a smaller increase in the bottom of the conduction
band. However, if in the case of BC5 Cag, there was an increase in the bottom of the conduction band by 4.60 %, then
here it was only by 0.62 %. At the same time, in the case of BC5 Cag, there was an increase in the valence band top by
7.63 %, and in the case of BC Cyg — by 4.95 %. As a result, the values of the band gap for structures with 15 and 50 %
impurities differ slightly (by 1.28 %).

3.4. Charge distribution analysis

The analysis of the charge distribution showed that in all the considered cases, the electron density shifts from boron
atoms to carbon atoms. A similar pattern also occurs for other carbon nanostructures: nanotubes [50] and nanolayers [51].
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FIG. 7. One-electron spectra and total DOS of the Cy( (a), total DOS (green curve) and partial DOS of
boron atoms (blue curve) of the BC5 Cy (b), BC3 Cy (c), BC Cy type A (d), BC Cy type B (e)

We denoted the average charge on carbon atoms as Q(C'), on boron atoms — Q(B). For the case of fullerene Cqg, the
maximum average charge on boron atoms is observed at an impurity concentration of 15 % and is 0.313; with increasing
concentration, this indicator decreases monotonously. For BC Cy structures, the difference in the considered indicator for
the two types is 1.7 %. The average charge on carbon atoms also decreases monotonously with increasing concentration,
from —0.055 for BC5 Coq to —0.242 for BC Cy type A and —0.238 for type B. For boron doped fullerene Ca4, the spatial
arrangement of boron atoms is crucial. At an impurity concentration of 15 %, the average charge on boron atoms is 0.308.
When switching to a concentration of 25 %, two options are possible: a decrease in this indicator by 19.8 % for type A
and an increase by 6.4 % for type B. The difference in the value of the average charge on boron atoms for the two types of
structures is 24.9 %. The average charge on carbon atoms decreases from —0.062 for BCy to —0.082 for BC3 Caq4 type A
and —0.110 for type B. In the case of a 50 % impurity concentration, the average charge on boron atoms is 0.243 for type
A and 0.257 for type B; here, too, the minimum average charge on carbon atoms for all considered Co4-based structures
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FIG. 8. One-electron spectra and total DOS of the Cy4 (a), total DOS (green curve) and partial DOS of
boron atoms (blue curve) of the BC; Cay (b), BC3 Coy type A (c), BC3 Ca4 type B (d), BC Cayy type
A (e), BC Caq type B (f)
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FI1G. 9. One-electron spectra and total DOS of the Cag (a), total DOS (green curve) and partial DOS of
boron atoms (blue curve) of the BC; Caog (b), BC3 Cag (c), BC Cog (d)

is —0.243 for type A and —0.257 for type B. In the case of fullerene Csyg, the maximum average charge on boron atoms
is for the BCj3 structure and is 0.337; for BC5 and BC, the values of this parameter are 0.334 and 0.263, respectively. The
average charge on carbon atoms decreases monotonously from —0.056 for BC5 to —0.263 for BC.

Table 1 presents a compilation of the values of all the physical quantities discussed in the work.

4. Conclusion

In the present work optimized structures of boron doped small fullerenes Coq, Ca4, and Cag with concentrations of
the impurity of boron atoms of 15, 25, and 50 % were obtained. The study of their stability, geometric and electronic
properties was carried out by calculations performed using methods of DFT. Single-electron spectra and DOS were also
obtained for all the structures considered.

Thus, it was found that small fullerenes doped with boron atoms remain stable enough for their practical production.
In the vast majority of cases, the substitution of carbon atoms with boron atoms leads to a decrease in the length of the
C—C bond. At the same time, the B-C and B-B bonds formed have a longer length compared to C—C. The doping of the
fullerene Cog with 50 % of the boron atoms impurity leads to a sufficiently strong distortion of its geometric structure and
the appearance of octagons in it.

The possibility of obtaining materials with different band gap widths from 1.311 to 3.007 eV by doping of the
considered small fullerenes with different concentrations of boron atoms was established. The change in this parameter
is associated with the restructuring of the electronic structure, the displacement of the bottom of the conduction band and
the top of the valence band. If in fullerenes Coy and Coy4 the determining process leading to a decrease in the band gap
was a decrease in the bottom of the conduction band, then in the case of fullerene Cog this was determined by an increase
in the top of the valence band. For all the considered nanostructures, it was established that the addition of 50 % of the
impurity of boron atoms leads to a decrease in the band gap. This may be due to the fact that the average charge on carbon
atoms and boron atoms in them is equal in modulus.

Ultimately, the present work demonstrated the possibility of controlling the refractive index of nanomaterials based
on small fullerenes by changing the band gap by doping the material with boron atoms. Thus, it is possible to construct
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TABLE 1. Geometric and electronic properties of boron doped small fullerenes Cyg, Co4, Cog. dc_c —
an average length of the C—C bond, dg_¢ — an average length of the B—C bond, dg_g — an average length
of the B-B bond, E} — binding energy, E;ymo — energy of the lowest unoccupied molecular orbital,
Exomo — energy of the highest occupied molecular orbital, AE, — band gap, Q(C') — an average charge
on carbon atoms, Q(B) — an average charge on boron atoms
Structure dec,A | dpc,A | dgp, A | Ep,eV | ELumo, eV | Enomo. eV | AEg eV | Q(C) | Q(B)
Cao 1.4636 — — 155.67 -3.568 -5.401 1.833 0.000 —
BC5Cy | 14636 | 15627 | — | 148.48 jéi;‘ Eg; ;66'3811 ((%)) f:ggg Eg; ~0.055 | 0313
BC3Cop | 14578 | 1.5883 | — | 14271 j:g';"; Eg; :2;;2 Eg; fg?g Eg; -0.086 | 0.258
BC Cqo type A | 1.4387 | 1.5851 | 1.7120 | 124.15 —4.208 -5.725 1.517 | -0.242 | 0.242
BC Cyo type B | 1.4247 | 1.5881 | 1.7056 | 124.43 —4.384 -6.022 1.638 | -0.238 | 0.238
Caq 1.4651 — — 190.22 —4.146 -6.010 1.864 0.000 —
BC5 Ca4 1.4725 | 1.5448 — 179.13 -3.791 -5.741 1.950 | -0.062 | 0.308
BC3 Caq type A | 1.4586 | 1.5703 — 175.07 -3.900 6.030 2.130 | -0.082 | 0.247
BC3 Cay type B | 1.4543 | 1.5773 — 175.46 —4.305 -6.521 2216 | -0.110 | 0.329
BC Coqtype A | 1.4334 | 1.5778 | 1.7409 | 152.10 —4.555 -6.356 1.801 -0.243 | 0.243
BC Caq type B | 1.4349 | 1.5860 | 1.6942 | 151.45 —4.522 -6.053 1.531 -0.257 | 0.257
Cos 1.4579 — — 225.95 —4.569 -6.157 1.588 0.000 —
BC5 Cas 1.4575 | 1.5631 — 214.13 —4.359 -5.687 1.328 | -0.056 | 0.334
BC; Cog 14556 | 1.5713 | — | 206.03 :i:ggg Eg; :gzg‘s‘j Eg; }:232 Eg; ~0.112 | 0.337
BC Cag 1.4043 | 1.5638 | 2.6052 | 182.82 —4.541 -5.852 1.311 —0.263 | 0.263

heterostructures in general and photonic crystals in particular based on considered nanostructures. This opens up new
opportunities for creating new and improving existing optoelectronic devices that can find their application in modern
infocommunication systems.
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CBoOoaHast JHeprusi U SJHTPONMA KOHCTPYKTHUBHBIX Mep I'm06ca nus monesn M3unra
Ha nepeBe Kaiu nopsinka tpu
M.M. Paxmartysiaes, 3.A. bypxoHoBa

B aT1oit cTathe MBI M3y4aeM HETPAHCISLUOHHO-UHBAPUAHTHBIE KOHCTPYKTHUBHBIE MEpPbI
['m66ca nmns momenu WM3umura Ha aepeBe Komm Tperbero mopsiika, KOTOPBIE OTIUYAIOTCS OT
u3BecTHBIX Mep ['mO6ca. IlpuBeneHsl ycinoBus Ui CYIIECTBOBaHMS IO KpailHeH Mepe IByX
pasnuuHbiXx Mep ['n00ca, KOTOpHI OonpeAensoT cyuecTBoBaHue (pa3oBoro nepexoaa. BeraucieHs
CBOOO/IHBIE DHEPTUU W DHTPONUU JJsl HaWIeHHBIX Mep. llomyueHHBIE CBOOOIHBIE DHEPTHUU U
SHTPONHMM CPAaBHMUBAIOTCA C W3BECTHBIMM pE3yJIbTaTaMH, W IMOKa3aHO, YTO OHU OTIMUYAKOTCA OT
CBOOO/IHBIX SHEPTUU U SHTPOIUH s Apyrux mep [ 'ndodcea.

KiroueBbie cnoBa: nepeBo Komu, momens M3unra, mepa ['mG0ca, cBoOOgHAs IHEprus,
SHTPOIHS.

Teopernueckoe nuccaenosanue 3¢gppekTuBHOrO g-paKrTopa KBaHTOBOI nNpoBosaoku Cdl-
xMnxTe npm KOMOMHMPOBAHHOM BO3ACHCTBHM TPUJIO0KEHHOI0 MATHMTHOIO IOJIS, CIMH-
opOMTANBbHON CBSA3M M 00MEHHBIX 3P PeKTOB

Moxamman Dnbcaun, Juana Jlanuax, Aiixam [laep, Maxmyn Anu

B aToii cTaThe hopmyma sHEPTUU 11 HOCUTENS 3apsia (€), 3aKJIF0UeHHOT0 B KBAaHTOBOH sIMe
pa3baBieHHOro MarHuTHOro mnomynpoBogHuka (DMS) QW, wmsrortosnenHoit m3 Cdl-xMnxTe,
MoJTydeHa W MCIOJIb30BaHa I pacdera rmioTHoctH cocrosHuii (DOS) m g-dakropa Jlanne.
Uccnenyrorcs ypoBHu JlaHay B KBAaHTOBOM NMPOBOJIOKE, MOMEUIEHHONW B OJHOPOJHOE MarHUTHOE
T0JIE BJIOJIb €€ OCH, C YYETOM HaJH4us CIIUH-OPOUTAILHOTO B3auMoeicTBus Pamlrsl 1 0OMEeHHOTO
sadpdexra. O1tu 3 ekt nzmenwm DOS u yposuu Jlannay. Uccnenyercs g-pakTop 37IeKTpoHA s
CaMoro HU3KOro coctosiHus. Hamm pe3ynbTaThl MOKa3bIBalOT, YTO g-(haKTOp CHUIIBHO 3aBHCHUT OT
KOMOMHUPOBaHHBIX  3((})EKTOB  MAarHUTHOIO TOJS W BEJIWYMHBI  CIIMH-OPOUTAIILHOTO
B3auMozecTBusa PamiOpl. G-pakTop MOXET M3MEHSATHCS B IMHPOKOM JIHANA30HE 3HAYCHHM IS
o0beMHOro 3HaueHus or 2 no 300, 4To Jenmaer ero XOpOIIUM KaHIHIATOM Ui CIIMHTPOHHBIX
MIPUIIOKEHUH.

KimroueBsie cioBa: g-dpakrop Jlamme; s¢dexkr Pamlbpr; MarHuTHOE TMO0J€, TJIOTHOCTH
COCTOSTHUM.

Bausinue xkoncrpykuuu SiC MOSFET Ha ero conmpoTruBjieHHEe OTKPBITOI0 KaHajaa u
NpoOMBHOE HANIPSIZKEHUE
O.b. Uykanoga, K.A. [{apuk

Annortanus: s noseimenus 3¢ dexktuBHOcTH cxeM Ha ocHoBe SiC MOSFET neobxoaumo
YBEIUYMBAaTh WX YJCIbHbIE TOKM U HAJEKHOCTb, COOTBETCTBEHHO, HEOOXOJMMO YMEHbIIATh
COIIPOTHBIIEHUE TPAH3UCTOPA B OTKPHITOM COCTOSIHUU M YBEIMUYUBATh UX MPOOUBHOE HAIPSIKEHHE.
Jist TOCTHXKEHMS 3THX LeJeld HCCIeA0BaHbl 3aBUCUMOCTH 3JEKTPO(U3NYECKHX XapaKTEPHUCTUK
TPAaH3MCTOpPa OT €ro KOHCTPYKTUBHO-TEXHOJOTHYECKUX OCOOCHHOCTEH IpH MOMOLIM Sentaurus
TCAD. IlokazaHo, 4TO Ui YBEJIWYEHHUS TOKOB TPAH3UCTOpAa HEOOXOAMMO YMEHBIIAThH JIUHY
KaHaJla, pacCTOsIHUE MeXay p-0a3zamu ucTOKOB TpaH3uctopa u coszmaBaTh JFET oOmacte. s
yBEIUYEHUS POOMBHOTO HANPSHKEHUS MPUOOpa MPeIoKEHO YBEIUYUBATD CTEICHb JETHPOBAHUS
obmactu npeida, a Takke MpeUIoKeHa HOBas KOHCTPYKLMS TPaH3MCTOpa, KOTOpas MO3BOJIMT
MOJTy4yaTh MpUOOPHI C MPOOMBHBIM HAPSHKEHUEM Pa3IMUHBIX HOMUHAJIO0B 10 2500 B.
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Kirouessie ciioBa SiC MOSFET, TCAD, JFET nerupoBanue, npoOMBHOE HANIPSHKCHUE

HccnenoBanue ycmieHusi GeMTOCEeKYHIHOro Jaszepa B kpucraiax MgO:LiTaOs ¢
NMepHOANYECKMMHU HeJIUHEHHBIMM CBOMCTBAMM

0O.U. Cobupos, A.3. Pamxkabos, A.P. MarHazapos,

b.X. Dmyanos, III. Oraxxanos, Y.K. Camaes

B nmanHoii  paGoTe  mpeACTaBIEHO  TEOPETUYECKOE  HCCeOBaHUE  Mpolecca
apaMEeTPUUECKOT0 YCWJICHHS ONTHYECKOTO H3Iy4YeHHs B KpHCTAIaX C MEePHOAMYECKON
MOJYJISIIMEeNH KBaJApaTUYHON HeNMHEWHOH BocrnpuumuuBocTd Ha mpumepe MgO:LiTaOs. Ocoboe
BHUMAaHHE Y/IEJICHO aHaJIU3y BIMSHUS OCHOBHBIX (DAKTOPOB, TAKMX KaK JIMHEHHOE MOTJIOLICHUE U
nucrniepcusi, Ha 3¢ (EKTUBHOCTh Tpoliecca. Y CTaHOBJIEHO, YTO B MH(PAKPACHOM CHEKTPaTbHOM
nuanazoHe AQPQEKThl JUHEHMHOTro TMOIJIOMIEHUS W JUCHEPCHH CYLIECTBEHHO BIHMAIOT Ha
KO3 (ULMEHT YCUJICHUS! CUTHAJIBHOW BOJIHBI, ONpenesss AMHAMUKY MepepacipeieieHus] S HEpIun
U CHEKTpAJIbHbIE XapaKTEPUCTHKHU TOIY4aeMOoro M3iyueHus. B uccineoBaHnu NpeasioskeH HOBBIH
MOAXO0Jl K ONTHUMM3AIMK JJIUHBI JIOMEHAa OTHOCUTENBHO UIMHBI KOT€PEHTHOCTH, YTO IO3BOJIMIIO
noctuub pdexTuBHOCTH 10 18% 3a cueT TOYHOW HACTPOWKHM, TPEBOCXOANICH paHee
OIyOJINKOBAaHHBIE PE3yNbTaThl JUIsl aHAJIOTUYHBIX MarepuayioB. [lodydeHHBbIE pe3yJabTaThl UMEIOT
BXHOE 3HAYCHHME JJIs ONTHMM3ALMU [apaMeTPOB HEIMHEWHBIX KpPUCTAJUIOB, pa3pabdOTKU
3(G(EeKTUBHBIX CXEM IapaMeTPUUYECKOro YCHIJIEHHS M CO3JaHUSl TMEPCHEKTUBHBIX ONTHYECKUX
YCTPOUCTB, paboTaoIMX B HHPPAKPACHOM JUAIMa30HE.

KnroueBble croBa: mapameTpuueckoe ycuieHue, HenuHedHbl kpuctamn MgO:LiTaOs,
MHOQpPaKpacHbIl  JMana3oH, Jla3epHble TEXHOJOIMM, HEJIMHEHHas ONTHKa, KBazHuda3oBoe
COIJIACOBAHUE.

BbroicTpoe pa3BuTHe agnadaTHYeCKOil KBAHTOBOW JMHAMMKN: NMPUMEHEHHUE K MJIOCKUM
cucreMam Jlupaka
N. Cernanan, P. OkxaBurta, P. Cyruxakum, b.2. I'ynapa

Mbl u3yyaeM CXeMy YCKOpEHHOW annabaThyeckod KBaHTOBOW awHamMuku (2+1)
JTMPAKOBCKOW YacTHIIBI. JTa cxema Oblla MepBOHAYAIbHO MpeanoxkeHa Macynoit u Hakamypoii. B
3TOM CX€ME Mbl BKIIOYAaeM aauadaTUYecKUil mapaMeTp, KOTOPbIH MOAAepKUBAeT aquadaTHuecKoe
JBIJKEHUE YacTUIBl, U YCKOpSE€M ee MABIDKEHHE BIIEpel, BBOJAS MNapaMeTp MacIITaOMpOBaHUS
BpPEMEHU. Y CKOPEHHOE ajuabaTHUECKOe COCTOSIHUE BIIEpE]] OIYHaeTCs IyTeM OIpeesIeHHs YeHa
peryisipuzallud M ABMXKYIIETO INOTEHLHuana. Mbl BBOOUM IIpEAJIaraéMblii METOJl B CUCTEMY C
JMPAKOBCKOM 4YaCTHUIICH, MCMOJIb3ysl 3aBUCAILECE OT pPa3MEPHOCTH BpEeMEHM YypaBHeHue Jlupaka
(2+1), u nDomyuyaeM wWIEH peryisapu3aliy, ABWKYIIUNA CKaJApHBIA MOTEHIHMA] W JABWXKYIIUN
BEKTOPHBIN NoTeHIMan. Hactpansas qBHKyIee 3JIEKTPUYECKOE MOJIE, 3TOT METOJ MOXKET YCKOPHTh
annabaTU4ecKylo JWHAMHUKY JJIEKTpOHA KakK JIMPAKOBCKOM YacTUIIbl, 3aXBaYCHHOM B OCHOBHOM
COCTOSIHMM B INIOCKOCTU XY U DJIEKTPUYECKOM II0JIE B HANPABICHUHU X U IIOCTOSHHOM MAarHUTHOM
10JIe B HANpPaBJICHUU Y. DTO YCKOpEHHE COXPAaHUT OCHOBHOE COCTOSHHE BOJHOBOHM (DYHKLIHHU OT
HA4YaJIbHOT'O 10 KOHEYHOIO MOMEHTA BPEMEHHU.

KiroueBnbie ci10Ba: yCKOPEHHOE Pa3BUTHE, ainadaTUHICCKU, TUIoCKui Jlupak
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¢ deKT 31eKTPOH-(POHOHHOIO B3aMMOAEHCTBHSA HA NMEPBOM BO30Y/KICHHOM YPOBHe
JHEPIrvM rayccoBoil KBAaHTOBOM TOUKU GaAs
Coma Myxkxonaaxbsii, U. Buastonnara, [Tympxa Cannu, 3axun Manuk

OddexT 3meKTpoH-HOHOHHOTO B3aUMOJCHCTBUS HAa TIEPBOM BO30YKICHHOM COCTOSTHUH
TPEXMEPHOW TMOJSIPHON MOJYNPOBOJHUKOBOM KBAHTOBOM TOYKHM C TayCCOBBIM OIPAHUYEHUEM
M3Yy4aeTcs C MHCIOIb30BAaHMEM Teopuu Bo3MylueHuil Panes-Ilpenunrepa BTOpOro mnopsaxa.
AHanUTUYECKOE BBIPAKEHUE IS TMOJSIPOHHOW TMOIMpPaBKU MEPBOr0 BO30YXKACHHOTO COCTOSIHHS
MOJIyYeHO B MpPaBIoNoa00HOM npubamkeHnn. [TokazaHo, 4To 3Ta SHEPrusi 3aBUCUT KaK OT CHUIIBI,
Tak U OT JMara3oHa rayccoBa MoTeHIMana. HakoHel, Hamia Teopus MPUMEHSETCS K KBAaHTOBOM
touke GaAs, U MOKa3aHO, YTO MOJSAPOHHBIN 3(deKkT Ha mepBoM BO30OYNKIEHHOM YPOBHE MOXKET
OBITH 3HAYUTEIHHO OOJBIINM, €CIIH pa3Mep ToUku Maj. [Tockonbky uH(pOpMaIus 0 BO30YKIEHHBIX
COCTOSIHUSIX BaXKHA JUIS M3YUEHUS SIBICHUH JIEKOTEePEHINH, HAIlIW PE3YJIbTaThl MOTYT OBbITh MOJIC3HBI
JU1s1 00pabOTKM KBAaHTOBOW WH(OPMAITUH.

KiroueBbie  cioBa:  3JEKTPOH-(POHOHHOE B3aMMOJICUCTBHE; TIEPBOE  BO30YKICHHOE
COCTOSHUE; KBaHTOBas Touka (GaAs.

CBoiicTBa MHOTOMO/I0BbIX ()a30B0O-yCpPeIHEHHbIX KOT€PEHTHBIX COCTOSTHU I
M.C. I'ycenbuukoB, A.A. lNaiigam, I'.I1. Mupomranuenko, A.B. Kozy6os

@Da30BO-yCPEHEHHBIC KOIEPEHTHBIE COCTOSHHUS IIMPOKO HCIIOIB3YIOTCS B IPOTOKOJIAX
KBAHTOBOI'O paclpeseeHus KIo4el ¢ JIOKHBIMHU COCTOSHUSAMH U (a30oBbIM KoaupoBaHuem. C
TOYKU 3pEHHsI Pa3BUTUSA APXUTEKTYpPbl KBAHTOBBIX IPOTOKOJIOB BAa)XKHO IIOHUMATh, MOXET JIU
(ba3oBoe ycpelHEHHE OCYLIECTBISTHCA HA IMPOM3BOJIBHOM JTale ONTUYECKON CXeMbl 0€3 BIMSIHUSA
Ha WH(POpPMAIMOHHBIE CBOWCTBA KBAHTOBOW cHcTeMbl. B Hacrosmell pabore ¢ HOMOIIBIO
dopmanu3zMa anreOpbl CyHeporneparopoB IMOKa3aHO, 4TO (Pa30BOE€ yCpEAHEHHUE JBYXMOJOBOIO
KOT€PEHTHOTO COCTOSIHUS KOMMYTHUPYET C JIMHEHHBIMH ONTHYECKUMH MPeoOpa3oBaHUAMU. DTO
O3HauaeT, 4To (Ha30BOE YCPEIHEHHE MOXKET OCYILECTBIIATHCS MPAKTUUYECKH Ha JOOOM JTame
ONTUYECKON ycTaHOBKH. lIpomeMoHCTpupoBaHO, 4TO rpaHuna XOJIeBO I TAKOIO COCTOSHUS
COBIIAAET C rpaHuLiedl X0s1eBO A OOBIYHBIX KOTE€PEHTHBIX COCTOSHUMN, MUMesl B BUJY, YTO TPAHULA
X0JeBo SBJISETCS KOJMYECTBEHHON MEPOil MaKCUMaIbHOTO 00beMa HH(OPMAIMH, JOCTYITHOTO JUIS
370yMBIIIICHHUKA. [lodydeHHble pe3yabTaThl yKa3blBalOT Ha TO, YTO (pa30BOEC YCPEAHEHUE MOXKET
ObITh HANpsMYI0 TNPHUMEHEHO K CHCTEMaM paclpeleNieHHss KBAaHTOBBIX KIIO4YeH Ha OOKOBBIX
4acToTax.

KiroueBsie coBa: KOrepeHTHbIE COCTOSIHUS, (ha3oBasi paHaoMu3anus, (a3o0Bo-ycpeIHEHHbIE
KOTE€PEHTHBIE COCTOSIHUSA, KBAHTOBOE pacHpejesieHue KiIouel, rpaHuia XoJieBO, KBAaHTOBOE
pacnpezeneHue Kiodei Ha O0KOBBIX YacTOTax

OnTuMAaIbLHOCTH JUHEHHOr0 BAKAHCHOHHOIO Ae()eKTa /ISl HyKJIeallul CKUPMUOHOB
M.H. ITorkuna, 1.C. JIobaHoB

MarHuTHble CKHPMHOHBI ~ OTKPBIBAIOT ~TEPCHEKTHBY CO3JIaHUSl  CBEPXIUIOTHBIX U
9HEprod(PPEeKTUBHBIX YCTPOUCTB MAMSATH, OMHAKO WX 3(PQPEKTUBHAS 3aMUCh OCTACTCS CIOKHOM
3amaueii. Mcnonp3yst aTOMHCTHYECKOE CIHUHOBOE MOJCIMPOBaHWE U pacu€Thl TyTeH ¢
MUHUMaJIBHBIM TiepenaaoM sHepruun B TuieHke PdFe/Ir(111), mMbl mokasanw, 4TO HaHECCHHE
JMHEWHBIX IIETI0YEK M3 YETHIPEX aTOMHBIX BAKaHCHUW TMOYTH BJBOE CHIKACT Oaphep HYKIJICAIHH
ckupmuona — 110 44,7 mdB npu 3,75 Tn — no cpaBHennio ¢ 85 MdB B oOpasie 6e3 mpuMecei.
JIuneiiHble 1e()eKTHI SBISIOTCS HAWIYYIIUM PEIICHUEM 3a CUET TOTO, YTO OHU MCKITIOYAIOT 00JIaCTh
C BBICOKOW PHEPruei B siApe BO BPEMs CO3[aHUs CKUPMHOHA, P TOM MUHUMAJIBHO HapyIlas ero
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BHEIIIHEE OKPY)KEHHE C IJIOTHOCTHIO OTPHUIATEIbHON SHEPTUU TMpHU JACMUHHHUHTE. DTOT 3PQEKT,
0OyCIIOBJICHHBIII TeOMeTpHeil, OCHOBaH TOJBKO Ha OOLIMX MPO(UILX IMIOTHOCTH SHEPrHH, YTO
JIeTIaeT ero MUPOKO MPUMEHUMBIM KO BCEM MaTepuaiaM, ClIOCOOHBIM MOAIEPKUBATH CKUPMUOHBHI.

KiroueBrie cioBa: TCOpHUsSA MHNCPEXOAHOI0 COCTOAHHA, TOIIOJIOTHYCCKUC MAIrHUTHBIC
COJIMTOHBI, 3apOKICHUC, OeroBas mamsaITh

MarHuTHasi CTPYKTypa /[OMEHHBIX TPaHUIl B HANPSKEHHbIX HHIHHIAPHYECKHX
NMpoBoaaX
K.A. Ynuaii, 1.C. Jlo6anos, B.M. Y3nun

MBI ucciielyeM BHYTPEHHIO CTPYKTYpY U JMHAMMKY IOIIEPEYHBIX JOMEHHBIX IPaHULl B
aMOp(HBIX, HANpsPKEHHBIX (EpPPOMArHUTHBIX MHUKPONPOBOAAX, CpaBHMBAs [JBE MOJEIHU
MarHuTOYIpPyrol aHU30TPONMUHU. B MOIHON MOJENH BCE TPU OCHOBHBIE KOMIIOHEHTHI HAIPSKCHUMN
(oceBast, paauanbHas, LUPKYJApHAs), MOJYYCHHbIE U3 PEAIUCTHYHOTO MPOQYUIA HAIPSKEHWH,
npeoOpas3yloTcss B MPOCTPAHCTBEHHO HM3MEHSIONIMECS aHWU30TPOINUHU; B PEIyLIMPOBAHHONW MOJENN
COXpaHseTCs TOJbKO AOMUHHMPYIOIIAs KOMIIOHEHTA HANPsSKEHHUs B KaXJOW paJuanbHOM 00JIacTH.
MUKpPOMarHuTHOE MOJCIIMPOBAHUE IIOKA3bIBACT, YTO pEeAyLUMPOBAaHHAs MOJAECIb  CO3LAcT
IpeyBeINYEHHbIe Nepudepuyeckue OTKIOHEHUs — Oosiee CHIbHBIC paJualbHbIE MPOEKIHUU
HaMarHMYEeHHOCTH U OoJee Tiy0oKoe NMPOHWKHOBEHHE BO3MYIIEHHOTO CIIOSI — IO CPAaBHEHUIO C
IIOJIHOM MOJEIBI0. DHEPreTUYEeCKUM aHaJINW3 IIOKa3bIBAET, YTO MCKINYECHHE HEIOMUHAHTHBIX
AHU3OTPONHIA TPUBOAUT K HEJOOIICHKE B3aMMOJCHCTBHI JOMEHHOW TpaHHIBI C JePeKTaMu U
pE3KOMy, IIOXOXKEMY Ha O00OJOYKY pajHaibHOMY YHOPSIOYEHHIO IpU 0ojee BBICOKMX 3HAYEHUSX
ITIOBEPXHOCTHON aHU30TPOIIHH.

Kpome Toro, pacyersl OUCCHIIALIMKA, OCHOBAaHHBIE Ha MOAXoAe Twisd, MOKa3bIBAIOT, YTO
COKpalIeHHasi MOJIENb IEPEOLIEHUBAET CKOPOCTh JAOMEHHOW rpaHuubl 10 50%. DTu pe3ynabTaTsl
JEMOHCTPUPYIOT, YTO BKJIIOYEHHE IIOJHOTO TEH30pa HANpsKEHUH HEoO0XOAUMO JUIsi TOYHOIO
MIPOTHO3UPOBAHMS KaK CTAaTUYECKUX NpOQMIEH JOMEHHBIX TIpaHHIl, TaK U HUX JUHAMHYECKOTO
OTKJIMKA B HaIIPSHDKEHHBIX MUKPOIPOBOIAX.

KntoueBble cnoBa: JloMeHHas rpaHuna, IWIMHAPUYECKUE CHUCTEMbI, aMOpQHbIE
(beppoMarHuTHBIE MUKPOIPOBOA, MUKPOMArHeTH3M, MarHUTOYIpyTasi aHU30TPONHsI, BHYyTPECHHUE
MEXAHUYECKHE HAIIPSKECHUS.

CyOnyaccoHOBCKHIl cBeT B 0030HHBIX KaHajAaX ¢ (QIYKTYHPYHOIIMMH TeNJIOBLIMU
noTepsiMu
N. Crenanos, P. I'onuapos, A.Jl. Kucenes

Mbl  u3y4aeM CTaTUCTUKY (DOTOHOB OJHOMOJIOBOTO  CyOITyacCOHOBCKOTO  CBETa,
paclpoCTpaHSIOWIErocss B TEIJIOBOM OO030HHOM KaHaje C TMOTepSIMH U (QUIyKTyHPYIOLIUM
MPOMYCKaHUEM, KOTOPBI MOXHO paccMaTpuBaTh KakK 3aBUCALIYI0 OT TEeMIEpaTypbl MOJEINb
TypOyneHnTHoi armocdepsl. [Ipeanonaras, yTo AUCIEpCUst MPOIYCKAHUS MOXKET OBITH BhIpa)KeHa
yepe3 mapamerp CHIIbl (PIIyKTyallMH, Mbl MOKa3bIBaeM, YTO CTAaTHCTUKA (POTOHOB CBETA OCTAETCsS
cyOIyacCOHOBCKOM MPHU yCIOBUH, YTO YCPEIHEHHBIH KO3()PHUIIMEHT MPOIyCKaHUs MPEBBILIAET CBOE
KpuTHuyeckoe 3HaueHue. Kputuueckuit ko3puuueHT npomyckaHus aHATUTHYECKH BBIYHCISETCS
Kak (yHKIUS [MapaMeTpoB BXOJHBIX COCTOSHUM, TeMIepaTyphl U CHIIbl (IyKTyaluu. Pe3ynbrarsl
MNPUMCHATIOTCA IJId U3YyUYCHHA OCO6BIX CJIyd4acB OJHOMOIOBBIX CiKATbIX COCTOSHUM M HEYETHBIX
ONTHUYECKUX cocTosiHUM KoTa [lIpenunrepa.

KiroueBsie cioBa: CyOIyacCOHOBCKUM CBET; (IyKTyalnu; 0030HHBIN KaHaJ.
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INOKCUA-UHAYUHPOBAHHBIN CHHTE3 ajporeJieil repMaHus B YKCYCHOM KHCJI0Te
Omnpra lNaliTko, Ceetiiana ['onomyxuna, Cepreit Koruos, Anekcanapa Con,
Taucus Kosnosa, Anekcanp bapanunkos

[IpennoxeH HOBBIM METOA 30Jb-T€Jb CHHTE3a aj’poresell repmanusi 0e3 ywacTus
ankokcusoB. Meron ocHoBaH Ha ruaponu3e GeCls MpOMMICHOKCHIOM B KOHIIGHTPHUPOBAHHOM
YKCYCHOM KHCJIOTE, UCHOJIB3yEeMOM B KauecTBe pacTBopuTels. [IpennoxeHHbli crnocod mo3BoseT
[0JyyaThb MOHOJIUTHBIE aMOpP(HBIE a’3pOreiad TIepMaHMs, COCTOSIIME M3 TPEXMEPHOH CeTKH
HaHOpa3MepHBIX (~ 20 HM) YacTUI] ¥ 00JaJatolie yAEIbHON IUIOMAAbI0 MMOBEPXHOCTH 0KoJIo 80
M*/r. JloGaBieHHE COJNSHOW KHCIOTHI B PEaKIMOHHYIO CMECh IIPHBOJAUT K IIOJYYEHHIO
HaHOKpHUCTaUIM4Yeckux asporened GeOr (rekcaroHanbHast cuUHTOHMS). CHHTE3MpPOBAHHBIC
Marepuanbl OBUTM OXapaKTepU30BaHBI METOJlaMU peHTreHoBckou mudpakiuu, HWMK-u KP-
CIIEKTPOCKONUH, CKaHUPYIOIIEH 3JEKTPOHHOW MHUKPOCKONHUU M HU3KOTEMIIEpaTypHOU aacopOnuu
azoTa.

KnroueBble cioBa: 307b-relib  CHHTE3, JHUOKCHJ T€pPMaHUs, OKCHJA IPOMNMIICHA,
CBEPXKpUTHYECKAs CyIIKa

Hanorpyoxu TiO2, MoaguguuupoBaHHbIE OKCHAOM KaaMHusl, I (OoTO31eKTPOKATAIHU-
TH4Y€CKOIr0 OKHMCJIEeHUsI CHUPTOB
B.A.I'pun6epr, B.B.Emen, A.B.Illanarun, A.A.Aepusn, A.A.lllupses

Onektpoasl w3 HaHOTPpyOOK TiO2 (TNT) ObUTM HM3TrOTOBJICHBI SJIEKTPOXHUMHUYCCKAM
aHOJMPOBAHUEM THTAHA B 3JEKTPOJIUTE HA OCHOBE STHIICHIIHMKOIA ¢ nodasnenrnem NH4F (0,5 mac.
%) m Bomel (2 Mac. %). Kommosutr (TNT)-okcun xaamus (CdO) Obl1 HM3rOTOBIEH C
UCTOJIb30BAHUEM TOTEHIIMOCTaTUYECKOT0 KATOAHOTO ocaxiaeHus. CTpPyKTypHbIE CBOMCTBa
MOJIyYEHHBIX OKPBITUH OBUTN UCCIIEI0BaHbl METOIaMH CKaHUPYIOLIEH 371€KTPOHHOW MUKPOCKOIIUU
U PEHTTCHOBCKOM (POTOIIEKTPOHHOM CIEKTPOCKOMHH, CIEKTPOCKONUU KOMOHMHAIIMOHHOTO
paccesiHUsl, PEHTTEHOBCKOM AMQPPAKIMA ¥ MPOCBEUMBAIONIEH OSJIECKTPOHHOM MHUKPOCKOIHUH.
Onexrpon TNT-CdO pemoHCTpHpyeT BBICOKYIO 3((EKTUBHOCTE B (POTOIIEKTPOXUMHUYECKON
Jerpajallud METaHoJa, ITHIEHIJIMKOJA, INIMIepuHa U copOuToia B BOJHBIX pacTtBopax 0.1 M
Na;SOs npu 00JaydeHHH SMHUTATOPOM COJHEYHOTo cBeTa. HambGonbmime TOKM (POTOOKUCIICHUS
MOJIy4YeHb! A copOuTona. MeTogoM CHeKTpOoCKONMHM (OTOTOKA C MOAYJALUEH MHTEHCHUBHOCTU
MOKa3aHo, 4To 3(PPEeKTUBHOCTH (HOTORIEKTPOKATATIN3a 00YCIIOBIEHA MTO/IaBJICHUEM PEeKOMOMHAIINN
JIEKTPOHHO-ABIPOYHBIX Tap U YBEIUYEHUEM CKOPOCTH (POTOMHIYLMPOBAHHOIO MEpEeHOca 3apsaa.
Takum ob6pazom, komno3ur TNT-CdO sBasercs 3¢ ¢dexkTuBHBIM (HOTOAHOAOM Ui pa3pabdOTKU
TEXHOJIOTUU (DOTONIEKTPOXUMUYECKON Jlerpajaliii COpoOUTONIa U APYTHX CIUPTOB — MOOOYHBIX
MIPOAYKTOB ITPOU3BOICTBA OMOTOIITMBA.

KiroueBbie cnoBa: HawotrpyOkm - xommosuta TiO>—CdO, merTaHOIN, STHUICHIIIHMKOIb,
TJIMIEPUH, (DOTOIIEKTPOKATATUTUYECKOE OKUCIICHUE, COPOUTOI.

Hccaenobanue Mop(oIorHYecKUX OCOOEHHOCTENl W TepMHYECKOH CTa0HJIbHOCTH
pereHepupPOBAHHOM IPeBECHOM 1eJJTI0JI03bI U3 ee pacTBOpoB B [BMIm|C

M.I'. Muxanesa, C.B. Ycaues, A.C. Begenknn, M.U. Ukum,

I''T". ITonmutenkoBa, C.M. JlomakwuH.

[IpoBenensl  ucciaegoBaHus  MOPQOJIOTHYECKUX  OCOOCHHOCTEH  pereHepHpOBaHHOU
npeBecHoil memtono3bl JIC-0, momydeHHoit u3 ee pactBopoB B [BMIm|Cl B amamazone
KoHIeHTpanuid oT 2% no 26%. OGHapyxeHo, uro npu KoHIeHTpanusx JIC-0 o 8% B [BMIm]CI
Ha TepMOrpaMMax HaOJIOJAaeTCs CHIDKCHHE €€ TEPMHUYECKON CTaOMIBHOCTH C OJHOBPEMEHHBIM
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YBEJIIMYEHUEM KOKCOBOTO OCTaTka. B oOpasuax pereHepHpOBaHHOM LIEIUTION03bI, MOJYYCHHOH H3
pactBopoB ¢ coaepxanuem JIC-0 14% u 6onee, Ha nuddepeHInaIbHBIX TEPMOTPaBUMETPUUYECKUX
kpuBbix (DTG) HabmromatoTes 1Ba MaKCUMyMa. DTO sIBIIEHUE ObLIIO 00BSICHEHO MPUCYTCTBUEM JIBYX
(da3, oOpazyronmxcsi B mpoliecce pactBopeHus-pereHepanun. Merogamu MK-crnexkTpockonuu u
PEHTTCHOCTPYKTYpPHOTO  aHaim3a  nokazaHo  BiusHue [BMIm]ClI wa  mopdonoruto
pereHepupoBaHHOM LIEJUIIOIO3bI.

KinroueBble  ciioBa:  1LEUIIOJI03a, HOHHBIE  KUAKOCTH, TepMmorpaBumerpusa, HMK-
CHEKTPOCKOIMUS, PEHTT€HOCTPYKTYPHBII aHaIIN3.

JdonupoBanubie 60poM Masbie Qysuiepenbl C2o, C24, C28 KaK 0OCHOBA ISl
(popmupoBaHusA (POTOHHBIX KPUCTALIOB
A. P. Onp 3anun, C. B. bopo3nun, U. B. 3anoponkosa

B mnactosimelr pabotre merogamMu TeopuH (yHKIMOHAJA TUIOTHOCTH OBLIM HCCIICIOBAaHbBI
CTaOUIIBHOCTh, TEOMETPUYECKUE U DIICKTPOHHO-DHEPTETUYECKUE CBOWCTBA JOMUPOBAHHBIX OOpPOM
Maieix GyimepeHoB Cao, Ca4, Cog. bbutn ompeneneHsl CpeiHUEe JJITMHBI CBA3EH ONTUMU3UPOBAHHBIX
CTPYKTYp, COJEpKalluX pPa3IMYyHOE KOJUYECTBO TPUMECHBIX aTOMOB Oopa, OIleHEHa WX
cTabuiabHOCTh. 110 MOTyYeHHBIM OJHOZJIEKTPOHHBIM CHEKTpPaM W TUIOTHOCTH COCTOSHMM yNaioch
ONpPENEIUTh MEXAaHU3M W3MEHEHMs IIUPUHBI 3alPELICHHOM 30HBI JUI KaXIOW CTPYKTYpHI.
YcTaHoBNeHHas 3aBUCHMOCTh IIMPHUHBI 3aMPEIIeHHON 30HBI OT KOHLEHTPALUU aTOMOB MPUMECH
MO3BOJIACT TOBOPUTH O BO3MOKHOCTHU YIPABJICHUA TTOKA3aTCJIICM MPCIOMIICHUA paCCMAaTPUBACMBIX
HAaHOMATEepHaJIOB IyTEeM JOMUPOBAHUS pPa3IMYHBIMM KOHLEHTpAalUAMU aTOMOB 0Oopa, 4YTO
CBUACTCIILCTBYCT O IMPUMCHUMOCTU HOI[OGHOI‘O noaxoga A KOHCTPYHUPOBAHUSA (1)OTOHHBIX
Kkpuctaiios. [lonydeHHble pe3ynbTaThl MOTYT OBITh MOJIE3HBI JUISl CO3JJaHMsI HOBBIX ONTHUYECKUX U
OIITOSJICKTPOHHBIX yCTpOﬁCTB, IMPUMCHACMBIX B I/IHq)OKOMMYHI/IKaI_II/IOHHBIX CUCTEMax A
peryIupoBaHus U MpeoOpa30oBaHUs ONTHYECKOrO CUTHAJA.

KnroueBpie croBa: Manble (QyJuiepeHbl, Teopus (YHKIUMOHANA IUIOTHOCTH, IIMPHHA
3aIpeleHHOM 30HBl, TNIOTHOCTh COCTOSIHUHM, (DOTOHHBIE KPUCTAIUIBI.
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