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Abstract

Two-dimensional materials are of great interest in the field of solid state physics due to
the wide range of applications of these, including the developement of efficent batteries,
spintronics, electrocatalytic hydrogen evolution and solar cells. To be able to make use
of these exciting new materials, the properties must be well-understood. The electronic
and magnetic properties of three distinct two-dimensional materials have been inves-
tigated in this thesis. DFT calculations [I] suggests that the oxychloride compound
YbOCI exhibit ferromagnetic properties. This is investigated analytically consider-
ing the classical Heisenberg model. The transition metal dichalcogenide monolayer VS,
has been proposed to exhibit metallic behaviour with high conductivity by DFT [2], [3].
VS, can be found in two dinstinct geometrical configurations 1T-VS, and 2H-VSs. The
band structure of both structures is obtained, using the tight binding model combined
with the Hubbard model, from which a metallic groundstate is obtained. Both phases
are found to be ferromagnetic though a higher spin polarization is obtained for the 2H
structure. From experiments, the organic inorganic hybrid 2D material CrCly(pyz)sa
has shown to exhibit ferrimagnetic ordering with a Curie temperature of ~ 55 K and
an insulating groundstate [4]. In this thesis the band structure of the compound is
obtained using the tight binding model. This also suggests an insulating groundstate,
though the density of states of the itinerant electrons on the pyrazine ligands is only
one quarter filled. A simple model is suggested to describe the behaviour of the relevant
spins in the system. This results in a ferrimagnetic ordering in agreement with the ex-
perimental data. The exchange interaction between neighbouring sites is investigated
and an expression of the indirect exchange coupling between neighbouring chromium
spins is obtained using the RKKY model.
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Chapter 1

Introduction

1.1 Motivation

The first two-dimensional (2D) material ever realized was graphene in 2004 [5]. The
importance of the result was emphasized in 2010, when the Nobel Prize in physics was
given to Andre Geim and Konstantin Novoselov for this discovery. Graphene has shown
to exhibit highly fascinating properties, including a resistance close to that of diamond,
high thermal and electrical conductivity and the ability to generate electricity when
exposed to sunlight [6]. Graphene has been studied broadly ever since the first realiza-
tion. Other 2D graphene-like materials have subsequently been synthesized. Transition
metal dichalcogenides (TMDs) can also be found in a two-dimensional form and is of
great interest due to the wide range of properties, be they electronic [7], optical [8], me-
chanical [9] and thermal [TI0]. Another member of the family of 2D materials is MOX
(M = Fe, Co, Mn, Cr, lanthanide, or actinide metals; O = oxygen, X = F, Cl, Br, I).
These have theoretically been predicted to exhibit interesting electronic and magnetic
properties [I]. An example of this is monolayer chromium oxyhalide (CrOX; X = Cl or
Br), which is suggested to exhibit ferromagnetic semiconducting properties with Curie
temperatures up to 160 and 129 K [I1].

The versatile properties of 2D materials makes them usable in a wide range of appli-
cations. The present energy crisis demands fabrication of eficient batteries to restore
energy. For this purpose 2D materials with large interlayer spacing and weak interlayer
interactions together with high surface activity can be used [12]. Spintronics is one of
the next-generation nanoelectronic devices in the goal of reducing power consumption
and increasing memory and processing capabilities [13]. These devices, together with
e.g. magneto-electrics and multi-ferroics, make use of the spin degree of freedom in-
stead of or in addition to the charge degree of freedom of the transported electrons.
This require materials with non-zero magnetic moments.

For these applications to be realized using 2D materials, the fundamental properties of
these must be well investigated, both theoretically and experimentally. This motivates
the study of the electronic and magnetic properties of three distinct 2D materials,

namely YbOCI, VS, and CrCly(pyz)s.
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1.2 Thesis Outline

This thesis is structured in the following way. In chapter [2| an introduction to group
theory will be given, since this is exploited in the understanding of the energy sepctra
obtained in the thesis. This is followed by a brief introduction to both the properties
and fabrication of TMDs in Chapter [3] In chapter [4]the compound YbOC] is studied.
The classical Heisenberg model is used to investigate the magnetic properties of this.
Chapter [5| deals with monolayer VS,. Using the tight binding model together with
the Hubbard model, the electronic and magnetic properties are considered. Following a
similar approach the compound CrCl,(pyz), is studied in chapter [6] Further, a simple
model is suggested to understand the behaviour of the relevant spins of the system. The
magnetic properties are further investigated using the RKKY model. Lastly, chapter
contains a summary of the study’s conclusions and suggestions for further research.



Chapter 2

Group Theor

In quantum mechanics a great effort is spend on solving the Schrodinger equation to
obtain eigenenergies and -functions in the study of atoms, molecules and solids. In the
Hamiltonian, various effects can be included such as the Coulomb repulsion between
the electrons, spin-spin coupling and external-field couplings, for instance the Zeeman
effect. The eigenfunctions are functions of both the location and spin of all electrons in
the system. Thus, even for a small number of interacting electrons, the dimension of
the Hilbert space becomes too great for us to solve the Schrodinger equation. This is
where group theory comes into play, since this is a measure to simplify the system. In
the sort of problems explained above, symmetries of the Hamiltonian will be searched
for, to simplify the calculations. Further, symmetries of a molecule or a Hamiltonian
can be used to understand degeneracies and interactions in a system.

2.0.1 Abstract Group Theory

A group is given by a set of elements G = {A, B, C, ...}, for which a group multiplication
is defined as a binary operation that combines two elements to give a third element of
the group. This operation must satisfy the following four conditions:

1. The set of elements must be closed under group multiplication.
2. The associate law must hold, i.e., A(BC) = (AB)C.

3. Any group must contain a unit element E for which FA = AE = A for any
element A € G.

4. To each element A € G there exists an inverse A~! in the group for which AA™! =
ATTA=F.

If the group multiplication is commutative, i.e., if AB = BA, then the group is said to
be Abelian.

In the following we will focus on finite groups. The order of a group is given by the
number of elements in the group. A finite group thus has a finite order. An example
of a finite group of general order is the set of the so-called covering operations of
a symmetrical object. A covering operation is a reflection, rotation or inversion of a
given object that brings the object to a form which is indistinguishable from the original
object, i.e., the object is kept invariant under the transformation.

IThis section is build on chapters 1-3 of [14].
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The elements of the groups are given by the symmetry of the object. In this case the
group multiplication AB means that operation B must be performed before operation
A. These operations can be written in matrix form in a chosen basis, and the group
multiplication is then matrix multiplication. The unit operation, F, corresponds to
doing nothing. In matrix form this is the identity matrix. The inverse of an operation
is given by physical considerations. The inverse of a rotation is a rotation with the same
angle around the same axis but in the opposite direction. A mirror is its own inverse.
An example of a set of covering operations is the Vierergruppe, which is the rotational
symmetry group of a rectangular crystal.

Y

E A B C
) E|E A B C

A|lA E C B

B|B C E A

5 C|C B A E

Fig, 2.1: The Vierergruppe consists of the Table 2.1: Group—multiplication table of the
symmetry elements covering a rectangular Vierergruppe with elements {E, A, B,C}.
crystal. In addition to identity this group

consists of three elements, i.e., rotations of 7

about the three axes; x, y and z.

A group-multiplication table characterizes the group. The Vierergruppe consists of the
elements {F, A, B,C'}, where A, B and C are rotations by 7 around three orthogonal
symmetry axes, see Fig. [2.1] It is therefore of order four. The multiplication table
of this group is illustrated in Table [2.1] Each entry in the table is the product of the
group element stated in the given row and column. All multiplication tables must obey
the rearrangement theorem, which states that each row and column only contains each
element once. This is a result of the fact that the group is closed and contains the
inverse of each element of the group. The length of a column or row is equal to the
number of elements, i.e., the order of the group. Thus, the group-multiplication table
shows the rules of group theory.

The period of an element A is defined as
A A% AL AT = F, (2.1)

where n is the order of A. This sequence forms a group and if it does not contain all
elements of the group, it forms a cyclic subgroup. Clearly, the elements of the subgroup
must commute, and thus all cyclic groups are abelian. For an abelian group the group-
multiplication table is symmetric around the diagonal. From Table it is clearly
seen that the Vierergruppe is in fact an abelian group.
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Groups can be split up into classes. Two symmetry operations, A, B € G, are said
to be conjugate to each other if there exists another symmetry element, X € G, that
relates A and B by a similarity transformation, i.e.,

B=X"1AX. (2.2)

If A and B are both conjugate to another element C' of the same group, they must be
each other’s conjugate as well:

C=X"'AX =Y 'BY
A=XOX ' =Xy 'BYX'= (X H'Byx! (2.3)
A=7"1'BZ, where Z=YX 1

Here we have exploited the fact that groups are closed under group multiplication such
that Z € G. Further, we have used that XY ! = (Y X~!)~'. This means that a group
can be divided into classes, which are sets of mutually conjugate elements. The identity
element is always in a class for itself, since X" 'EX = FE for all elements X € G. All
elements in an abelian group commute, such that

B=X1TAX=X"1'XA= A (2.4)

This cannot be true, since all elements in the group must be unique. Therefore, all
elements in abelian groups must be in their own class.

2.0.2 Representations

A representation of a group is a set of square matrices, where each matrix represents one
element of the group. For an abstract group G = {E, A, B, C, ...}, the representation
of the element A is denoted I'(A). The matrix representations must fulfill the same
multiplication table as the elements, thus

[(A)D(B) = T(AB). (2.5)

If all the matrix representations are distinguishable, the order of this group is the same
as the order of the group they are representing. In this case the representation is said
to be faithful. The matrix representations of symmetry operations can often be reduced
to block matrices. The goal is to seek an irreducible representation, since there is
an infinite number of reducible representations but only a finite number of irreducible
representations. The number of irreducible representations is equal to the number of
classes of the symmetry point group. An irreducible representation is a representation
that cannot be expressed in terms of other representations of lower dimensionality, where
the dimensionality is given by the number of rows or columns of the representation.
Reducible representations can be written in block form in terms of the irreducible
representations. The advantage of block diagonal matrices is that the blocks are also
representations of the operation, since they obey the same multiplication laws.
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The great orthogonality theorem is essential to find the irreducible representations. This
theorem states that for all nonequivalent, irreducible and unitary representations, it
must be true that

: 4 h
> TR, T (R)0p = 0100008, (2.6)
R %

where R runs over all the elements of the group, [; is the dimensionality of the ith
representation I'(), d;; is the Kronecker delta and h is the order of the group. Another
useful tool is the dimensionality theorem given by

Y 2=h, (2.7)

where 4 runs over all distinct irreducible representations?} The character of a symmetry
operation is given by the trace of the irreducible matrix representation, tr[I'(A4)], i.e.,
the sum of the elements in the diagonal. Operations of the same class have the same
character. Thus, the classes of symmetry operations can be distinguished by their
character. If the group is not abelian and AB = C' and BA = D, then C' and D still
have the same character, yo = xp. This has to do with the general property of the
trace, that it is unchanged under cyclic permutation of the matrices of which the trace
is taken, i.e.,

tr[ABC| = tr|[CAB] = tr[BC A]. (2.8)
Further, if C' = A ® B then x¢ = xaxs-

The characters of all irreducible representations of a given group can be viewed in a
so-called character table. The characters of each irreducible representation need also to
fulfill the multiplication table of the group.

Properties of character tables

1. The sum of the squares of the dimensionality of all irreducible representations are
equal to the order of the group. This is the dimensionality theorem, see Eq. (2.7)).

2. The sum of the squares of the characters of any irreducible representation is equal
to the order of the group.

3. The sum of the products of the corresponding characters of any two distinct
irreducible representations must be zero. This originates from the orthogonality

theorem, see Eq. (2.6).

4. All operations of the same class have the same character. This is referred to as
simalarity.

5. The number of irreducible representations is equal to the number of classes of the
group. This is referred to as completeness.

6. All groups have a completely symmetric irreducible representation.

2Both theorems are proven in [I4] pp. 20-25.
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Representations of the Vierergruppe

A reducible representation of the Vierergruppe can be obtained from the elements of
the Cq, group, since the Vierergruppe and the Cs, group are isomorphic. Cs, consists
of the elements; Cs: a rotation of an angle of 7 around the z-axis, o,: a reflection in the
xy-plane, and o/: a reflection in the yz-plane, besides the unit transformation. This
can be written as three-dimensional matrices, using the cartesian coordinates depicted

in Fig. [2.1]

1 0 0] 1 0 0
E=1010|, A=0,=]0 —1 0],
0 01 0 0 1
- (2.9)
-1 0 0 -1 0 0
B=o=|0 10, C=C=]0 -10
0 0 1] 0 0 1

Since it is an abelian group, it has four classes, i.e., {E}, {A}, {B} and {C}. We
will now seek the irreducible representations of this group. From the dimensionality
theorem, see Eq. (2.7), we know that

B+B+1E+15 =4 (2.10)

The only solution to this is [y = Iy = I3 = 4 = 1. Thus, there must be four one-
dimensional irreducible representations. This agrees with the fact that the number of
classes must be equal to the number of irreducible representations. From the second
property of character tables, we know that the sum of the squares of the characters in all
four irreducible representations must sum to four. Therefore, all characters must be £1.
From the sixth property we must write one of the representations with all characters
equal to one. From the orthogonality theorem the rest is found. This is illustrated in

Table

E Cy o, o
rs 1 -1 1 -1
r,|1 -1 -1 1
r.|1 1 1 1
r,l1 1 -1 -1

Table 2.2: Character table of the Vierergruppe.
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Reducible representations of the four elements can now be written in terms of these
irreducible representations as

10 0 O] 1 0 0 0
0100 0 -1 0 0
E=1g 010" 4=%=10 0 1 o]
000 1 0 0 0 —1 (2.11)
~1 00 0] -1 0 00 '
., 1o 10 0 . 1o 100
B=o,=149 01 o “=©%=|¢ o 10
0 00 -1 0 0 01

These representations consists of the previous representations with an addiational com-
ponent such that the dimensionality of the representations is the same as the order of
the group. Since these are not irreducible representations, the trace of the diagonals do
not agree with the characters of the character table, see Table [2.2]

2.0.3 Group Theory and Quantum Mechanics

In quantum mechanics, the relevant operators are symmetry operators that leave the
Hamiltonian of the given system invariant. These operators can be specified by a
real orthogonal transformation, R, which relates the new coordinates x’ with the old
coordinates x by

x' = Rx. (2.12)

This transformation R can represent a rotation of the coordinates, a reflection, an
inversion or a combination of these. A new group, isomorphic to this group, can be
introduced in which the elements of the group are transformation operators that acts
on functions instead of coordinates. The operator that corresponds to R is denoted Pr
and is defined through the following relation

Ppf(Rx) = f(x), (2.13)
Ppf(x) = f(R™'x). (2.14)

This means that P transforms the functional form of f (z) such that it compensates
for the way R transforms the coordinates. To investigate if the group of operators Pgr
is in fact isomorphic to the group of coordinate transformations R, we must verify that

PgPr = Pgp. (2.15)
To do this we define the new function g(x) as

Ppf(x) = f(R™'x) = g(x), (2.16)
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and using Eq. (2.14]), we find that

Ps[Prf(x)] = Psg(x) = g(S™'x),
= fIR7Y(S™'x)] = fIRS)™'x] = Pspf(x).

This proves the relation in Eq. , which says that the operation Pgp is the product
of the operation PS and Pp in the proper order. Now we will focus on a certain group
of operators Py that commute with the Hamiltonian 7, i.e. [PR, H] = 0. The elements
in this group will consists of all transformations that leave H invariant. Such a set of
operators are said to form the group of the Schrédinger equation. Applying one of these
operators to the Hamiltonian results in

(2.17)

PrHup, = PrEnthn, (2.18)
HPri, = B, Prib, (2.19)

where 1, and E,, are the eigenvectors and eigenenergies of the Hamiltonian, respectively.
Thus, knowing one eigenfunction of the Hamiltonian, the degenerate eigenfuntions can
be found by applying symmetry operators that commutes with the Hamiltonian. If
this procedure results in all the degenerate eigenfunctions, the degeneracy is said to be
normal.

Basis Functions

Basis functions form a linearly independent set that span the space, such that every
functlon in the space can be uniquely represented by a linear combination of these. Let
% denote the basis function for the kth row of the jth irreducible representatlon The
so-called partners of this basis function are the other basis functions <;5A required to
complete the basis for the representation. The result of operating any element of the
group on gb,(g ) can be written in terms of the basis functions as

L
= > AVTO(R). (2.20)
A=1

Multiplying through TP (R)%,.,, summing over R on both sides, and applying the great
orthogonality theorem, see Eq. (2.6]), we obtain

h

> TO(R), Pro) = 75¢j5m¢(§)- (2.21)
R J
The projection operator can now be defined as
con L N
P = 72 TU(R) P (2.22)
R

It is evident from Eq. (2.21)) that applying this operator on a basis function yields zero
unless this basis function belongs to the xth row of '),
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If this condition is satisfied, the operation results in the basis function ¢&j). Knowing

just one basis function, this provides a method for obtaining the partners of that basis.
If A = k, then

Pl = o). (2.23)

This shows that gb,(f ) is an eigenfunction of 29) with eigenvalue 1. This allow for a
unique identification of the labels of a given basis function. Due to the fact that the
projection operator is linear, any linear combination of basis functions from the xth
row of Y expressed in terms of other basis functions, will also be an eigenfunction of
29 1 70 ), T® .. T are all the distinct irreducible representations of a group of
operators PR, then any function F', in the space operated by Pg, can be decomposed
into a sum of the form

n U

F=) Y9, (2.24)

=1 k=1

where f,gj ) belongs to the xth row of the irreducible representatio Since we know
how the projection operator works on the right hand side, i.e.,

PD ) = 6060 D), (2.25)
combined with Eq. (2.24)), we conclude that
PIDF = fO), (2.26)

This equation explains the name of the projection operator, since it projects out the
part of any function that belongs to the xth row of the jth representation. The pro-
jection operator can be used to obtain the basis functions. The procedure is as follows
start with any function F', project mto the xth row of the jth representation using f@,m
and finally find all partners using ,@)\ This procedure is called the basis-function gen-
erating machine. Lastly, we want to rewrite the expression for the projection operator
in terms of the characters of the given representation. Setting A = x in Eq. and
summing over x leads to the expression

oL , R
) =2 P =12 XV(R) P, (227)
KK R

since . TU(R)%, = xW(R)*. Thus, knowing the character table of a given symmetry
group, any functlon can be projected into a representation using this expression. This
will be put into use in both chapter [5] and chapter [6]

3This is proven in [14] pp. 40-41.



Chapter 3

Introduction to TMDs

TMDs are materials of the type MXs where M is a transition metal, i.e., elements in
group 3 to 12 of the periodic table, and X is a chalcogen atom, i.e., elements from group
16 of the periodic table. One layer of the M-atoms is sandwiched in between two layers
of X-atoms. To form bulk materials these layers are coupled through the weak Van
der Waals (VAW) force like in graphite. This enables the experimentalists to produce
transition metal dichalcogenide monolayers, which is a special type of 2D materials [15].

3.1 Properties of TMD Monolayers

Already in 1977 the photoelectrochemical properties of bulk TMDs were studied [16].
Both MoS; and WS, can experience a phototransition without photodecomposition,
and this is a great advantage for solar energy conversion to electrical energy. The
following years many other TMDs were found to be good candidates for solar cells, but
the interest in TMDs was mainly focused on the high stability they can exhibit. Today,
TMD monolayers of different kinds are stacked together or combined in nanohybrids
monolayer TMDs to enhance this stability [I7]. Several TMDs e.g. MoSs, MoSes,
WS,, WSes changes from having an indirect band gap to having a direct electronic and
optical band gap when reducing the thickness to monolayer [I8]. The high stability
combined with the existence of a band gap and a good electron mobility make TMD
monolayers good candidates for transistors. The mobility of monolayer TMDs is usually
lower than for bulk, though this problem can be solved by coatings [19]. The existence
of a direct band gap further make TMD monolayers promising candidates to use in
optoelectronics. The majority of TMD monolayers are semiconducting though TMD
monolayers with metallic behaviour exists. This results in a higher conductivity, which
is relevant in the developement of efficient batteries as devices for energy storage [2].
Further, these monolayers can exhibit both magnetic [20], [2I] and superconducting
[22], [23] behaviour. The former case is of great importance when producing devices
that explore the spin degree of freedom.

3.2 Fabrication of TMD Monolayers

TMD monolayers can be fabricated in several ways, of which two will be described
briefly here. The first method, named exfoliation, exploits the fact that the layers off
bulk compounds are coupled through the very weak VAW force. Adhesive tape is placed
on the bulk material. Removing this tape will pull of one (or more) layers of the TMD.
Thereafter, the adhesive tape is placed on a substrate on which it will deposit small

11
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flakes of monolayers or multilayers of the TMD material. This amazingly simple and
cheap method has been used widely ever since graphene was obtained experimentally
for the first time in 2004 using this method [5]. The disadvantage of this method is
that it is difficult to control the thickness of the sample placed on the substrate, such
that the reproducibilty of TMD monolayers is small. An alternative to this method
is chemical vapor deposition (CVD) [24]. This is a more complicated and expensive
method, though it is much easier to control. To form TMDs using the CVD method,
precursors of the material, i.e., a transition metal oxide and pure chalcogen, are placed
in a furnace together with the substrate. The furnace is heated to temperatures between
650 and 1000 "C with an inert gas flowing through the furnace, picking up the precursors
and depositing it on the substrate.



Chapter 4

YbOC]

4.1 Introduction to YbOCI

In 1993 four lanthaniddl oxychlorides, including ytterbium oxychloride (YbOCI), was
realized [25]. Magnetic susceptibility data was obtained, which showed YbOCI to be
paramagnetic. Song and Kauzlarich suggested that this was due to the unpaired elec-
trons on YY" (f1?) ions. In 2018 a numerical study of 108,423 unique, experimentally
known 3d compounds were investigated [I]. A subset of promising exfoliable layered
compounds were identified. A small subset of 258 compounds were investigated more
thoroughly and the electronic and magnetic properties of these were investigated using
density-functional theory (DFT) calculations. In this study YbOCI was characterized
as a metal with ferromagnetic properties. This motivated Yao et al. [26] to realize
this material experimentally using the CVD method described above. The structure
was characterized using Raman scattering and YbOCI has never been realized this thin
before with a thickness of ~ 6 nm.

Monolayer YbOCI is a 2D MOX material, and it consists of a layer of Cl-Yb-O-O-Yb-Cl
as seen in Fig. In bulk YbOCI these layers are stacked through the VAW force.
The electron configuration for the relevant elements is Yb: [Xe]|6s?4f'*, O: [He|2s?2p?
and Cl: |Ne|3s?3p®. Thus, the ytterbium atoms lose one electron to the chlorine atoms
and two electrons to the oxygen atoms which results in Y3t -ions. In the following we
will investigate one layer of YbOCI using the classical Heisenberg model. This is done
both with and without an external magnetic field.

(a)
WW:’/ ISR

Do saenlin 1,'""’ ‘”l”“l"f‘
ool b @ g
S )

- ‘w\ \\ /‘ J’ Lo
¢eYb @0 eCl

Fig. 4.1: Structure of YbOCI seen along the b crystalline axis (a) and the c crystalline axis
(b). In the upper right corner of (b), a single YbsO tetrahedral unit is shown. Blue circle
represents Yb, red circle: O and green circle: Cl. The figure is taken from the paper by Yao

et al. [26].

!Lanthanides are elements with atomic numbers 57-71. The name stems from the fact that their
chemical properties are similar to lanthanum.

13
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4.2 Classical Heisenberg Model of Monolayer YbOCI

Monolayer YbOCI will now be studied theoretically using a classical approach. The
structure illustrated along the c¢ crystalline direction is seen in Fig. [4.2] Only the
ytterbium atoms, located in two distinct sublayers denoted top (t) and bottom (b), are
viewed.

Fig. 4.2: Schematic top view of the Yb atoms of the top (black) and bottom (white) sublayers
of YbOCI. One unit cell, indicated with the dashed hexagon, includes three Yb atoms of each
sublayer. The three Yb atoms of the top sublayer has been enumerated 1t¢, 2¢ and 3t. The
coupling lines between the Yb atoms in the top sublayer are illsutrated with solid lines.

Since the f-shell on each ytterbium atom is only missing a single electron to be filled,
these sites can be viewed as if they are occupied by a single hole with spin S = 1/2.
These couple through the oxygen atoms between them, but in this simplified model we
assume that the spins couple directly. The Hamiltonian for the exchange interaction is

(i)

which is refered to as the Heisenberg model. J denotes the exchange coupling constant
and S; denotes the spin of the electron at site i. The latter is a vector since the
calculations are done in a classical picture. Only nearest neighbour contributions are
included, which is indicated by the (ij) in the sum. The sign of J determines the
configuration of the spins. When J is positive, Eq. is minimized if S; and S;
are antiparallel, which is an antiferromagnetic coupling. J < 0 yields a ferromagnetic
coupling since Eq. is minimized for parallel spins. Focusing on the top sublayer
and knowing that the spins are configured in a triangular lattice, see Fig. [4.1] the
Hamiltonian can be written as

He = Ji [S1t - (Sar + Sst) + Sor - (St + Sse) + Sse - (S1e + Sat)| N, (4.2)

where S, i = 1,2, 3, are the three spins in one unit cell, see Fig. [4.2] N is the number
of unit cells and J; refers to the exchange integral for sublayer t. The latter is assumed
to be constant.
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This Hamiltonian can be expressed in terms of the length of the spin using

S; = S1t + Sor + Sst, (4.3)
S? = SF, + S5, + S5, +2(S1; - Sor + So; - S3; 4+ S - S3e) (4.4)

Exploiting the fact that one hole occupies each site such that 5%, = Sy,(Sy;;+1) = 3/4 =
S2, = S2,, the Hamiltonian for the top sublayer can be written as

He = J; (Sf - Z) N, (4.5)

and similarly for sublayer b. The Hamiltonian describing the interactions between the
spins of the two sublayers, still assuming only nearest neighbor coupling, is given by

Huy = Juw (S1p + Sop + Ssp) - (S12 + Sor + Sst) N = JuSp - SN, (4.6)

which results in the total Hamiltonian

9 9
Ho=H,+Hy+ Hp = J, (53 - Z) N +J, (sg - Z) N+ J4S:- SN, (4.7)

Assuming that the two coupling constants are identical in the two sublayers, i.e., J; =
Jy, = J, the total Hamiltonian becomes

9
H=J (Sf + 57 — 5) N + JuSt - SyN. (4.8)

We can now introduce the angle ¢ between S; and S, such that

H=1J (S,? + 57 — g) N + JyuNS,Sy cos ¢. (4.9)

The constant shift will be neglected since it has no influence on the choice of groundstate.
Further, the length of the spins in the two sublayers are assumed to be identical, i.e.,
S; = S, = 5, such that the Hamiltonian can be written as

H = S*N (2J + Jycos @) . (4.10)

The total Hamiltonian is minimized to find the groundstate. The groundstate configu-
ration of the spins depends on the sign of both J and Jy,. If both J and Jy, are negative,
it is trivial to see that the Hamiltonian is minimized for ¢ = 0 and maximized spin.
This yields both an intralayer and interlayer ferromagnetic coupling. This groundstate
configuration is depicted in Fig. (a).

If J <0 but Jy >0, Eq. is minimized for maximized spin and ¢ = , since this
makes the second term negative. This results in a ferromagnetic coupling between the
spins in the sublayers, though the total spin of each sublayer couple antiferromagneti-
cally since ¢ = w. This groundstate configuration is depicted in Fig. (b). When J
is positive the groundstate configuration depends on the relative size of J and Jy,.
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SRS Pyt by
(a) (b)

Fig. 4.3: Illustration of a groundstate configuration exhibiting ferromagnetic interlayer cou-
pling (a) and antiferromagnetic interlayer coupling (b). Both spin configurations exhibit a
ferromagnetic intralayer coupling. The black and white circles represent the Yb sites in the
top and bottom sublayer, respectively.

If Jy, is below (above) the line Jy = 2J (Jyp = —2J), Eq. can never become
negative, and it is minimized for S = 0. This is a non-magnetic phase. Since the spins
are located in a triangular lattice, this means that they are oriented with an angle of
27 /3 between all spins in the sublayer. This is illustrated in Fig. [4.4]

Fig. 4.4: Groundstate configuration of the spins on the Yb sites of one sublayer with S = 0.

If J, is positive and above the line Jy, = 2J, the energy is minimized for ¢ = w. If Jy
is below the line Jy = —2J, it is minimized for ¢ = 0. Both cases are minimized for
S = Spaz, where S, denotes the maximal length of the total spin, namely S, = 3/2.
The phasediagram of J and Jy, is illustrated in Fig. [4.5]
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Fig. 4.5: Phase diagram of intra- and interlayer exchange coupling constants J and J.

Including an External Magnetic Field

An external magnetic field, B, will now be introduced. Including only the top sublayer,
the Hamiltonian can be written as

HP=1> Si-S;+gus > Si-B, (4.11)
(i) i

where g ~ 2 is the Landé g-factor and pp is the Bohr magneton. Evaluating the sums
and introducing the length of the spins, as in the previous section, the Hamiltonian
becomes

HE = N.J,S? — const. + NgugB -S; ~ NJ,S? + NgupBS; cosb. (4.12)

Again, the constant shift is neglected. Further, 6, the angle between the total spin and
the magnetic field, has been introduced. For J; < 0 this Hamiltonian is minimized
for S = 5,4 and 8 = 7. The case where J; > 0 is slightly more complicated. The
derivatives

OHP

58 = 2N J;S; + NgugBcos = 0, (4.13)
t
B

a(?;—ét = —NgﬂBBSSIHQ = O, (414)

can be obtained. From Eq. , assuming that the magnetic field is non-zero, either
the length of the spin or sinf must be zero. The condition sinf = 0 requires that
0 = nm, for even n. For the second term in the Hamiltonian to be minimized, see Eq.
, it is trivial to see that # = 7 is the solution. Thus, the total spin is antiparallel
to the magnetic field. Inserting this in Eq. (4.13)), the length of the spin is found to be

_ gusB

g — 4.15
T oo, (4.15)

Remember that S; = Si; + So; + S3;. This means that the sum of the three spins in
the unit cell will sum up to give this number. For a small external magnetic field, the
total spin will be just above zero, and for increasing magnetic fields, the size of S; will
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increase until it reaches maximal value, i.e., when all spins in the unit cell are parallel.
Inserting these results in the Hamiltonian we find the groundstate energy to be

Ng’upB?

EP =
t 4J,

(4.16)
This is a lower energy than for S; = 0, so Eq. (4.16]) is the groundstate energy for
Ji > 0. That the spin is antiparallel to the magnetic field means that the spin magnetic
moment is parallel to the magnetic field, due the negative sign in

s = ———gS (4.17)

om 7>
where e and m is the charge and mass of the relevant particle, respectively. If the
magnetic moment is only present due to the presence of the external magnetic field, the
material is paramagnetic. Now we include both sublayers, and the coupling between
them, together with the magnetic field. In this case the Hamiltonian is given by

9
H=J (53 + 87 — 5) N + JuS: - SyN + gupB - (S, +S,)N. (4.18)

As previously we assume that J, = J, = J. When both J and J,; are negative,
a ferromagnetic coupling arise between the spins in the sublayers and between the
sublayers as illustrated in Fig. (a). These spins will be antiparallel to the external
magnetic field. If both J > 0 and Jy > 0, the second term is minimized if S; and S, are
antiparallel. Assuming this, and that the magnetic field is perpendicular to the spins,
the inner products can be parametrized using only one angle ¢, i.e., the angle between
S; and B, and S, and B. Thus, the angle between S; and S, is 2¢. The Hamiltonian
can then be written as

H = JN (5 +57) + JuNSSycos 2¢ + NgupB(S; + Sp) cos . (4.19)

The length of the two summed spins are assumed to be identical, i.e., S; = S, = 5,
such that the Hamiltonian can be written as

H = NS*(2J + Jy cos2¢) + 2N gupBS cos ¢. (4.20)

This Hamiltonian can now be minimized with respect to ¢ and S for various magnitudes
of Jiy, and B. A phase diagram for Jy,/J and B/up can thus be found numerically. This
results in three different regimes, see Fig. [4.6]
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Fig. 4.6: Phase diagram between the two parameters, u%

(b) external magnetic fields for Jy > 0 and J > 0.

and % for small (a) and bigger

When Jy,/J is small the Hamiltonian is minimized for the maximal value of S, and
with ¢ = . This is viewed as the green area in the phase diagram, see Fig. (a).
Remember that ¢ is the angle between S and B such that the angle between the total
spins of the two sublayers are twice this angle. The condition S = S,,,, means that
the three spins in the unit cell of one layer are parallely oriented, whereas the condition
¢ = m requires that the total spin of each layer is parallel to each other. The material
is thus ferromagnetic in this regime as illustrated in Fig. (a), and the spins are
pointing antiparallel to the external magnetic field. In the pink regime the Hamiltonian
is minimized for S = 0 and this is a non-magnetic regime. This configuration is depicted
in Fig. . In the last regime, i.e., for bigger Jy;,/J, the Hamiltonian is minimized
for S = Sjue and ¢ = § — 7 for increasing magnetic fields. At which magnitude of
the field ¢ reaches ¢ depends on the magnitude of Jy;,/J. The same phase diagram for
small magnetic fields is shown in Fig. (b). Here, the non-magnetic regime is clearly
observed. Looking at the Hamiltonian, see Eq. , we can try to understand these
results analytically.

When Jy, is smaller than 2.J, the first terms can never become negative regardless of
the value of ¢. Thus, it is trivial to see that the Hamiltonian is minimized for S = 0 for
small magnetic fields and for greater magnetic fields when the latter term is negative,
i.e., when ¢ = m. When Jy, becomes greater than J, the first term can now become
negative. Thus, for a small magnetic field it is advantegous to maximize the length of
the spins and choose ¢ = 7/2. In this case the term with the magnetic field becomes
zero. For increasing magetic fields the last term in Eq. becomes more dominent
until the magnitude of this surpasses the other two and ¢ = w. The non-magnetic region
with S = 0 is much smaller in the presence of the external magnetic field. Thus, in a
specific part of the phase diagram between Jy;, and J, the compound is paramagnetic
in agreement with experimental results [25].

For J > 0 and J < 0 Eq. is minimized for ¢ = w. For small magnetic fields the
spin is just above zero though it increases with increasing magnetic field until it reaches
the maximal value. The magnitude of the field at which the spin reaches the maximal
value depends on the relative size of Jy, compared to J, see Fig. (a).



CHAPTER 4. YBOCL 20

0.00 025 050 0.75 1.00 125 150 1.75 2.00 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
[Jel /1] [Jewl /1]

(a) (b)

Fig. 4.7: Phase diagram between /% and % for Jiy < 0 and J > 0 (a), and for Jy > 0 and
J <0 (b).

When J < 0 and Jy > 0 Eq. is minimized for S = S,,,, everywhere, though ¢
varies. For small magnetic fields ¢ = 7/2 which set both the term including B to zero
and makes the term including J;, negative. For increasing magnetic fields, ¢ — w. The
magnitude of the field at which ¢ = 7 depends on the relative size of Jy;, compared to

J, see Fig. (b).

4.3 Conclusion

Monolayer YbOCI has been studied in this section. Focusing on the single hole oc-
cupying each Yb site in a triangular lattice, these spin % particles have been studied
through the Heisenberg model. The groundstate of monolayer YbOCI] was found to
depend on the relative sizes of the exchange coupling constant between spins in the
same sublayer J and the exchange interaction coupling strength between spins located
in two different sublayers .J;,. Further, this depends on the sign of both J and Jy. A
non-magnetic region with S = 0 was obtained. Outside this region the Hamiltonian, see
Eq. , was minimized for maximized total spin of one unit cell, though the size of
¢ depended on the sign and sizes of Jy;, and J. One region exhibited antiferromagnetic
interlayer coupling whereas the other exhibited ferromagnetic interlayer coupling be-
tween the spins. Both regions exhibited ferromagnetic intralayer couplings. All phases
are depicted in Fig. [4.5] Thereafter, an external magnetic field was introduced. Again,
the groundstate configuration was dependent on the relative size and signs of Jy and
J. For Jy < 0 and J < 0 both a ferromagnetic intra- and interlayer magnetic coupling
minimizes the Hamiltonian, see Eq. . These spins were oriented antiparallel to
the magnetic field. For Jy;, > 0and J >0, Jy > 0and J < 0 and Jy < 0 and J > 0 var-
ious phases was observed. The phase digram between B/ug and Jy,/J for these three
cases are depicted in Fig. and Fig. [4.7] Except for a small region with S = 0, the
spins are oriented antiparallely to the external magnetic field. The non-magnetic region
with S = 0 was much smaller in the presence of the external magnetic field. Thus, in
a specific part of the phase diagram between Jy;, and J, the compound is paramagnetic
in agreement with the experimental results [25].
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VS,

5.1 Introduction to VS,

Vanadium disulfide (VSy) is a TMD that corresponds to layers of S-V-S that, when
stacked, form bulk VS,. These layers couple through the VAW force. Two phases of
crystal structure is observed for VSs, i.e., the 2H and the 1T phases. The geometry
of these will be introduced further below. In 2016 VS, was investigated by Wang
et al. using DFT calculations [2]. This study showed that for monolayer VS, the
2H phase is more stable than the 1T phase, and oppositely for bulk VS,. The DFT
C2DB (computational 2D materials database) from DTU [3] agree with this. Both 2H
monolayer VS, and 1T bulk VS, have been shown to exhibit metallic behaviour. As
discussed previously many TMDs are semiconducting with low conductivity, including
the highly investigated MoSs, which is a disadvantage in several technologies, including
energy storage. Wang et al. conclude that VS, exhibit a lower adsorption energy and
a higher ion diffusion rate compared to other 2D materials. This makes both bulk and
monolayer VSy promising candidates to be the anode material in sodium and lithium
ion batteries. The disadvantage of VS, is that it exhibits poor stability due to Peierls
distortion [27]. Lu li et al. reported that VS, can become stable in a lithium-ion
battery by coating it with a ~ 2.5 nm thick titanium disulfide layer, which is found
from DF'T to be less susceptible to Peierls distortion. Further, VSy has shown to exhibit
ferromagnetic behaviour which suggests it to be a good candidate for spintronic devices

28]

In the following sections both the 1T and 2H phase of VS, will be investigated sepa-
rately. To begin with, the model complex VSg will be studied. First, the tight binding
model in the Slater Koster decomposition will be used to obtain the energy spectrum
of the single molecule. This will be further studied in the subspace of the d-orbitals
present on the vanadium atom. Using group theory the symmetries of the molecule
will be investigated to understand the obtained energy spectrum. A specific high-
symmetrical case of the 1T phase will be explored. Subsequently, monolayer VS, is
considered. The band structures will be obtained using the tight binding model in the
Slater Koster decomposition together with the Hubbard model. These band structures
will be compared to DFT calculations.

21
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5.2 Model Complex VSg

Both the 1T and 2H structure of the hypothetical model complex VSg will be studied in
the following to give an intuition of the compound prior the investigation of monolayer
VS,. A side view and a top view of these two phases are illustrated in Fig. and
Fig. [5.2] respectively. The vanadium atom is stacked between two sublayers of sulfur
atoms, which will be denoted the top (t) and bottom (b) sublayers. For the calculations
in this section to be relevant, when considering monolayer VSs, the stoichiometry for
VS, and not VSg will be used here. One unit cell of VS, only consists of two sulfur
atoms; this will be introduced further in the Chapter [5.3] Vanadium and sulfur have
the electron configurations [Ar]4s*3d® and [Ne]3s?3p?, respectively. Both sulfur atoms
in the unit cell will acquire two electrons from the vanadium atom to fill their outermost
p-shells. Thus, a unit cell is made up of two S?-ions and one V**-ion. This leaves a
single electron in an unfilled d-shell on the vanadium atom.

Fig. 5.1: The 1T (a) and 2H phase (b) of the molecule V.S for § = 37°, where 6 is the
angle between the z-axis and the sulfur atoms in the top sublayer of the molecule as indicated.
The white atoms illustrates the vanadium atom in the middle sublayer and the grey atoms
illustrates the sulfur atoms in the top (t) and bottom (b) sublayer.
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o o o
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Fig. 5.2: Top view of the 1T (a) and 2H structure (b) of the molecule VSg. Furthermore, the
chosen coordinate system is depicted.

The energy spectrum can be obtained using the tight binding model, which in second
quantization can be written as

Ho=eX d e, —t3 Y (éj.ﬂéj,g + h.c.) . (5.1)
2,0 (i,3) ©

Here £ refer to the onsite energies, t is the hopping integral and h.c. refers to the
Hermitian conjugate terms. éza and ¢;, are the creation and annihilation operators,
respectively, for an electron on site ¢ with spin . Only nearest neighbour interactions
are included. For simplicity the spin-indices will be omitted in the following. In both
the 1T and the 2H phase there is six times three p-orbitals and one times five d-orbitals.
The Hamiltonian in Eq. can now be written in matrix form in the basis of these

orbitals in the following order

0) = {Iduy); ldye), 1dza), |daz—y2), 1da2), 2D Iy 12D 1) Iy 12,

(5.2)
), 1620, [, (612, 512, (%), (22, 1620, (022, [, ™, [} ),
as
Ha Va
H = Pl 5.3
[Vpd H} (5.3)

Hq is a diagonal 5x5 matrix with {; on the diagonal whereas H,, is a 18x18 matrix with
&y on the diagonal, where {; and ¢, are the onsite energies of the d- and p-orbitals,
respectively. Thus, the onsite energies of all p-orbitals are assumed to be degenerate
prior the interaction with the d-orbitals and similar for the d-orbitals. The two off-
diagonal blocks of the Hamiltonian Vg, and V4 couple the d-orbitals to the p-orbitals
and vice versa.
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The elements of V, and V4 can be written in terms of the interatomic matrix elements
E; (v, ) = (n,i|H:n', j) found by John Clarke Slater and George Fred Koster [29],

Epwy = V3P*mVyse + m(1 — 20*) Vs, (5.4)
Eyy. = \/_lmandU 2lmnVpr,
Ep e = V3P0V + n(1 — 21%) Voo, (5.6)
By = L2 = 1)V 101~ B 1)V, 5.7
By 2= ?m(ﬂ —m*)Wpao —m(1 + 1> —m*) Vo, (5.8)

V3 oo

E, 2 2= Tn(l — m*)\Voie — n(1> — m*) Vo, (5.9)
B,z 2 =1[n*— (P +m?) /2] Vogo — V3In*Vyr, (5.10)
By 2 =m [n? — (I + m*)/2] Viar — V3mn*Vian, (5.11)
B, 32 2 =n[n* — (I +m?)/2] Voao + V3n(1* + m?) Vpar, (5.12)

where H, is the tight binding Hamiltonian in Eq. 1} The matrix elements not
stated here can be found by cyclically permuting x, y and z. For simplicity, the 3r? — 22
d-orbital will be referred to as the z? d-orbital. Vpir and Vp4, are the bond integrals
for m and o bonds, respectively. A method for obtaining an estimate of the numerical
values of these is given in Appendix [A] Further, the interatomic matrix elements are
expressed in terms of the normalized vector between the vanadium atom and the sulfur
atoms r = (14, 7y,7,) = d(l,m,n), where we have chosen d = 1, and [, m and n is given
by

[=sinflcos¢p , m=sinfsing , n =cosh. (5.13)

To obtain the numerical values for I, m and n for the atoms in the molecule the coor-
dinate system depicted in Fig. can be transformed into spherical coordinates, and
0 and ¢ for each atom can be obtained. The interatomic matrix elements can thus be
found for each sulfur atom.

5.2.1 1T Structure

First, the 1T structure will be considered. The eigenenergies of the 23x23 matrix, see
Eq. is obtained numerically, setting &; = 0, &, = 1, VgZ” = 0.35, ”d“ = 0.1
and 6 = 370. o bonds are in generel stronger than 7 bonds, since this allows the
electrons to mainly be localized between the two nuclei; therefore, we choose V4, >

Vpir. We are seeking the bonding orbitals of the d-electron, so we focus on the five
lowest eigenenergies. These should all be below zero since §; = 0. In Fig. these
eigenenergies are depicted together with the orbitals included in the eigenvector for
the given eigenenergy. It is evident that two of the three energy levels are two-fold

degenerate. This problem can be simplified by projecting into the d-subspace.
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Fig. 5.3: Illustration of the five lowest eigenenerg@ levels E, obtained numerically from the
23x23 matrix in Eq. 1; with & = 0, & = 1, "2 = 0.35, ng” = 0.1 and 0 = 37° for
1T-VSg. The orbitals included in the eigenstates of each eigenenergy are illustrated.

Subspace of the d-orbitals

The Hamiltonian describing the system can be split up into a part that describes the
d-orbitals, a part that describes the p-orbitals and then a term that describes the
interaction between these orbitals,

H=H,+Hs+ V. (5.14)

Since we are only investigating a single electron, the eigenstate can be expressed as a
sum of a p- and d-part of the stateﬂ as

) = [¥p) + [ta)- (5.15)

The projection operators P, and @p for the d-subspace and the p-subspace, respec-
tively, can be applied to rewrite the Hamiltonian. These projection operators must
sum to identity, @p + Z; = 1, and are defined to project the eigenstate of the full
Hamiltonian into the subspace of either the d- or the p-orbitals, as

Palv) = Elba) ,  Pple) = Ely). (5.16)

Using these two operators yields
Hala) + Vaplty) = Eltba), (5.17)
Holtop) + Voaltba) = Elisy). (5.18)

Here Vy, and V,,q refer to the 5x18 and 18x5 off-diagonal blocks of Eq. ({5.3)), respectively,
as described in the previous section. Isolating [¢,) in Eq. (5.18) and inserting this in

Eq. (5.17) leads to the expression

Halba) + %pﬁvpdw — Elya). (5.19)

— Tip

'For a multi-electron system this would be a product not a sum.
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Using that [¢4) and |¢,) are eigenstates of H,4 and 7:[1,, respectively, and introducing
the eigenenergy of V;,V,q as &2, this can be written as

2

Ealvba) + 2 3 |Yha) = Elta). (5.20)
Setting £; = 0, E is isolated as
Eizg—p 1+ 1—|—<%)2 ) (5.21)
2 3

Since we are seeking the bonding orbitals and since §, is chosen to be positive, the
plus solution is discarded. Numerically, all £’s are found to be positive both for the
1T and 2H structure and thus all E’s are found to be negative, as expected. Thus,
knowing the eigenenergies of the 5x5 Hamiltonian VpTdV;)d in the d-subspace, the five
lowest eigenenergies of the full Hamiltonian can be found from

2
E:%p = 1+<§—§) | (5.22)

Therefore, in the d-subspace the same degeneracy is observed as in Fig. Each
eigenstate is a superposition of d-orbitals, which can be found by investigating the nu-
merically obtained eigenvectors in the d-subspace. The orbitals included in the eigen-
vectors of each eigenvalue are indicated in Fig. [5.3] The eigenvector of one of the two
lowest eigenenergies of the 5x5 matrix is a linear combination of the zy d-orbital and
the yz d-orbital. The other is a linear combination of the zx d-orbital and the 2% — 3?2
d-orbital. Similar results were found for the two degenerate high energy levels. This
indicates that zy and yz only couples to each other and similarly for zz and 2% — y2.
Further, it indicates that they couple in exactly the same way such that the energy level
splitting results in degeneracy. The non-degenerate energy level in the middle is fully
expressed in terms the 2% d-orbital. This indicates that the z? d-orbital does not couple
to any of the other d-orbitals. Now the question is why only some d-orbitals couple
to each other and further why zy and yz couple in the same way as zx and 2% — v
To be able to answer these questions, the symmetries of the 1T-VSg must be explored.
This will be considered in section [5.2.1] First, the d-subspace will be investigated in
a more analytical manner. The matrix Vg,V,q expressed in terms of Vj4r, Vyae and 6 in
the basis {zy,yz, 2z, 2% — y?, 2%} can be written analytically as

My My, 0 0 0
My M,y 0 0 0

ViVia=| 0 0 DMy —My 0 |, (5.23)
0 0 —Ms M; 0

0 0 0 0 Mss
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with
M, = zsinz 0 (4V2 (1 + cos® ) + 3V sin’ 0) , (5.24)
My = ; (4V2, — 3V%,) cosfsin® 6, (5.25)
My = Z [41/;3“ (% + cos? 0 + cos 40) + 3V, sin’ 29] : (5.26)
Ms s = g [12V77 sin® 20 + V% (3 cos 260 + 1)] . (5.27)

It is clear from Eq. (5.23]) that the reduced matrix is block diagonal. Further, the
eigenvalues of the two 2x2 blocks are identical and the z2-orbital is not coupling to any
of the other d-orbitals.

Symmetry of the 1T phase

By inspection of the symmetries of the compound, 1T-VSg is found to belong to the
point group Dsq for # = 37° and can therefore be described by its character table
viewed in Table [5.1I As always one element of the group is identity. Looking at
Fig. it is clear that the molecule is symmetric in rotations of +27/3 around the
z-axis. This gives the two elements 2C5 seen in the character table. Further, it is
symmetric in rotations of m around a vector pointing from the origin in a direction
parallel to the vector from p-orbital 1t to p-orbital 2¢ but with a zero z-component.
This transformation lets 3t — 1b, 1t — 3b and 2t — 2b. Similar rotations around
the vector between 2t and 3¢ and the vector between 1¢ and 3t exists. This is the
three C) elements. Inversion, represented by the element i, lets * — —z, y — —y and
z — —z. Further, the Hamiltonian is invariant under a rotation of +m/2 around the
z-axis followed by a reflection in the xy-plane. This transformation is represented by
the two Sg elements. Lastly, the molecule is symmetric under reflection in the planes
spanned by the coupling lines, referred to as o4. This results in a total number of twelve
symmetry elements. The dimensionality theorem, see Eq. , can only be obeyed by
four one-dimensional irreducible representations and two two-dimensional irreducible
representations, thus leading to a total number of six irreducible representations. The
characters of these can be read off in Table [5.1] Further, this table illustrates which
irreducible representations different quadratic functions belong to. This is very useful
when investigating d-orbitals that can be described by quadratic functions. What it
means that a quadratic function belong to a specific representation will become clear
below.
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D3gq E 20}, 3C% ) 2S¢ 304 Quadratic Functions
Ay 1 1 1 1 1 1 (2% + 2, 2?%)

Ay 1 1 1 1 1 1 —

E, 2 -1 0 2 -1 0 (22 — y?, 2y) (22, y2)
AL, 1 1 1 1 1 1 —

Ay 1 1 1 1 1 1 —

E, D) 1 1 1 1 1 —

Table 5.1: Character table of the Dgq point group [30].

From the character table of D3zq we see that all d-orbitals, except for d.2, belongs to
the same representation, namely the £, representation. These four d-orbitals in the
E, representation are, however, still split into two "groups" marked by parentheses so,
what does this mean? We know from the numerical results that zy only couples to
2% — y? and that zx only couples to yz. To understand why, and answer the question
of why they couple identically, we need to explore the symmetries of the 1T phase of
the molecule further. First, a reducible representation of the symmetry operators will
be formulated, which is used to apply the projection operator in Eq. to the
various d-orbitals. This motivates a formulation of an irreducible representation of the
symmetry operations. Using this the matrix elements of Eq. can be investigated.

The relevant symmetry operators can be written in this three-dimensional reducible
representation using the coordinate system depicted in Fig. [5.2] as

1 00 -1 0 0
INE)= |0 1 0, r@)y=10 -1 0],
001 0o 0 -1
Cos (%’r) —sin (%’r) 0
[(C3(27/3)) = [sin (%”) CoS (%“) 0f,
0 0 1 (5.28)
[(Cs(—2m/3)) = T'(Cs)?,
1 0 07 [cos(3) —sin(3) 0
['(Se(m/3))=10 1 0 | [sin(3) eos@ 0l,
00 —1 0 0 1

Here, 2C), and 30,4 have been excluded since the characters of these symmetry operations
are zero in the I, representation. We can show that the xy-orbital is in fact in the E,
representation by projecting the xy-orbital into this representation. Using Eq. (2.27)



CHAPTER 5. VS, 29

we get

2 > ~ ~ A A
:E[ZPE PC3_PC§+2Pi_PSG(7r/3)_Psﬁ(_ﬂ/g)] xy
1 Ty \/3 ) ) Ty \/g ) ,
= | uy — | -2 — X5(%2 — Ty Vo, o 5
6[ <2 ;@ =) 5 T @ =) | + 2y
- —ﬁ—i-ig(ﬁ—gf) - _ﬁ_§(2_y2)
2 4 2 4

= 1y. (5.29)
The 22 — y? orbital is defined as —3(z? — y?) where the 1/2 is a normalization fac-
tor. Since this gives back xy it must indeed belong to this representation. That a
quadratic function belong to a particular representation therefore means that applying
the symmetry operators in the group multiplied with the characters in that represen-
tation leaves the quadratic function invariant. A similar calculation can be done for
2% — y?, yz and zx which yields the same conclusion. Here it is also seen that the xy
orbital only mixes with the 22 — y? orbital when either one of the symmetry operations
are applied. Focusing on the Sg symmetry we see that

P ay= -2 _ v3 (—1 (22 — yﬂ) , (5.30)

2 2 2
~ 3
Ps,yz = _y? - \/7—256, (5.31)

P, (_% a2 — yﬂ) - <_% [a? — yz}) + %xy (5.32)
yz. (5.33)

From these four equations it is evident that zy and 2? — y? only mix together when
P, is applied and similar for zz and yz. Further, we see that zy mixes with 22 — 32
in exactly the same way as yz mixes with zz. A similar pattern can be seen applying
any other symmetry operator on these four d-orbitals.
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These transformations can be used to write a two-dimensional irreducible representation
of the operators in the Dgq point group according to the E, representation in the basis

{zy, (* —y*)} as

I(E)=TY() = [(1) ﬂ : (5.34)

N%Fﬂh&hw:zjﬂ, (539

rwa=w%w=h§jfr (5.36)
) (1 B

['(Cy(la —2a)) =T'(04(3a)) = NG _zl] : (5.37)
, (1

['(Cy(3a — 1a)) =T'(04(2a)) = - ] , (5.38)

I(C (30— 2a)) = T(04(1a)) = __01 ﬂ . (5.39)

Writing these irreducible representations in the basis {yz, zx} yields an identical result.
This indicates that zy and yz does in fact couple in the same way as (22 — y?) and
zx. Note that the characters of the irreducible representations in Eq. (5.34)-(5.39
agree with the characters listed in Table . The projection operator in Eq. (2.22
that projects a basis function onto the xth row of the jth representation can now be
explored. First, yz is projected onto the first row of the irreducible representation

~ 1r ~ ~ ~ ~
@11 Yz = g FH(E)PE + F11(03)PC3 + Fn(Cg)ch + Fu(Ud(la))Pad(m)

+ T11(04(20)) Pry(aa) + Tt (0(30)) Pryga |2
[ 11 3 1{ 1 3
=-|lyz—=- | —zyz+ —z2z | — = | —zyz — —zx | — (—y2)

This verifies that yz belongs to the first row of the two-dimensional irreducible repre-
sentation. Applying 91{ to zy yields the same conclusion. Similarly,
Py (@ =) = (@ o), P ew =z,

50) 50) () () (5-41)
QZ;yZ:()v ‘@2;‘73?/:07 QI{Z"L‘:O, ‘@](x _y) 0.
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The overlap between zy and yz can now be obtained

(xy|Hyz) = (xy|U(Se) U (Se)HU (Se) U (S6)|yz) = (xy|U(Se) HU(S6)|y)

(o L) (- )

1 N
= Z(Sﬂymly@ + T<xy\7i!zx>
V3

. 3 X
+ T@Q — v Hyz) + Z@«“Q — y*|H|zx)

1 - 3 .
= JlenlAlyz) + 3@ — A=) (542)

A unitary operator must always obey U (SG)TU (Ss) = 1, and the first equality sign is
obeyed. That this operator, as any other operator of the E, representation, must leave
the Hamiltonian invariant, requires that U(S)HU(Ss)! = H. Thereafter, UT(Sg) is
applied on (zy| and U(Sg) on |yz). This results in four terms of which the two are
zero due to the fact that the involved orbitals belong to different rows of the irreducible
representations, as shown above, and therefore do not couple. For the last equality sign
to be obeyed, it is required that

(wy[Hlyz) = (=° — y*[H|2). (5.43)

This proves that the orbitals must couple in the same way, which leads to the degeneracy
viewed in Fig. [5.3] The proof can be reproduced using any other symmetry of the £,
representation.

High symmetrical case of the 1T phase

Plotting all eigenenergies as a function of 6, the spectrum viewed in Fig. [5.4]is obtained.
In general there are three curves, as expected, two two-fold degenerate energies and one
non-degenerate. The degeneracy increases at four points for § € [0, 7], two of them
which are marked with red lines, i.e., # = arctan(v/2) and § = 7 — arctan(v/2). A
change in degeneracy indicates a change in the symmetry of the molecule, though
accidental degeneracies can occur.
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Fig. 5.4: The five eigenenergies of Eq. (5.23) as a function of § with Yodo (.35 and

€p
VZ—Z" = 0.1. The two red lines marks # = arctan(v/2) and 7 — arctan(v/2).

The symmetry of the 1T molecule increases when all coupling lines are perpendicular
to each other. Using the coordinate system depicted in Fig. [5.2] these three vectors
can be written as

sin @ cos (%”) sin 0 cos (—2?”) sin 0
vp=1| 0 |, Vo = | sin (%’r) sinf | , V3 = | sin (—%ﬁ) sind | . (5.44)
cos 0 cos cos

Demanding that vq; - vo; = 0 results in the following angles

— arctan (\/5) + 2mcy, c1 €7
0— T — arctan (\/5) + 2mceq, c €L (5.45)
arctan (\/5) + 2mcq, c €EZ

—7 — arctan (\/5) + 27y, ¢ € 4.

Looking at angles greater than zero, the first two angles, that increases the symmetry
of the molecule, is # = arctan (\/5) and 0 = 7 — arctan (\/5) In Fig. these angles
are marked with red lines. The shape of the molecule in this highly symmetrical case
is illustrated in Fig. [5.5]

The five lowest eigenenergies of the full Hamiltonian of 1T-VSg, see Eq. (5.3)), is found
for § = arctan(y/2) and is depicted in Fig. . To obtain this spectrum the coordinate
system illustrated in Fig. 5.5 (b) is used.

Comparing this spectrum to Fig. it is evident that the spectrum has changed.
Again, the included d-orbitals in the eigenvectors are viewed in the figure and in this
case each eigenvector is only made up of a single d-orbital. Since the symmetry of 1T-
VSg is increased at this angle, the number of symmetry elements also increases. 1T-VSg
for 0 = arctan(v/2) is illustrated in a rotated view in Fig. (b) and it is clear to see
that the symmetry has changed.
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1b

(b)

Fig. 5.5: 1T octahedral structure with = arctan(y/2), in the same direction view as in Fig.
(a) and in a rotated direction view (b) that emphasizes the higher symmetry.

~0.051 ) ) )
{xy} {yz} {zx}
~0.101
& —0.151
~
48]
~0.20 1
—0.25 1
{x* - ?} {z%}

Fig. 5.6: Illustration of the five eigenenergy levels F¥ obained numerically with §; = 0, §, =1,

VE—Z" =0.35, ng” = 0.1 and # = arctan(y/2) for 1T-VSg.

The symmetry of the molecule is now described by the Oy point group with the total
number of 48 elements. The character table of this group is depicted in Table [5.2]
E and 7 is the unit transformation and inversion, respectively. Cj5 are rotations of
27/3 around axes located at the center of three sulfur atoms. Cy denotes rotations of
7 around the axis \%(m + y), see Fig. [5.5| (b), or similar rotations. C, and CY are

rotations of m/2 and m around the z-, y- and z-axis, respectively. o, represent the three
reflections in the zy-, yz- and zz-plane. o4 are reflections in planes spanned by e.g. the
z-axis and the %(x +y). Lastly, Sy = Cy @ 0, and Sg = ¢ @ 0.
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On| E | 8Cs| 6Cs| 6Cy| 3C,=C% | i | 6S4| 8Ss| 304| 604 Quadratic Functions
Ay 1] 111 1 L1 [1]1]1 (22 +y* + 27)
Agg| 1 1 -1 - 1 1 -1 1 1 -1 —

E, [ 2-1]01]0 2 2 10 [-1] 2] 0 | (22—2*—y%2*—y?
Tig| 3 0 | -1 1 -1 3 1 0 |-11]-1 —

Thy | 3 1| -1 -1 3 (-110|-1|1 (zx,yz,zy)

Al 1 1 1 1 -1 0-17-17]-171-1 —

Ayl 1 1 -1 -1 -1 1 -1 -1 1 —

E,| 2 | -1 0 0 210 1 ]1-21]0 —

Ty, 3 0 | -1 1 -1 -3 | -1 0 1 1 —

To, | 3 0 1 -1 -1 -3 1 0 1 -1 —

Table 5.2: Character table of the Oy, point group [31].

In this table we see that xy, yz and zz belongs to the same representation, i.e., the Ty,
representation, and that z? and 2% — y? belongs to the same representation, E,. This
explains the degeneracy observed in the spectrum in this high symmetrical case.

5.2.2 2H Structure

The 2H phase of VSg will now be investigated using a similar approach as for the 1T
phase. Here the atoms in the lower sublayer are rotated by 60° compared to the 1T
phase, see Fig. (a). This results in the five lowest eigenenergies depicted in Fig.
[5.7] At first sight, this looks very similar to the spectrum for the 1T phase with two
two-fold degenerate energy levels and one non-degenerate. The difference between the
two cases appear from the eigenstates. As for the 1T phase, the eigenstate belonging
to the energy level with no degeneracy is solely made up of the z? d-orbital. The
eigenfunctions for the two higher energies are both superpositions of the xy d-orbital
and the 22 — y? d-orbital whereas the eigenfunctions for the two lower energies are
superpositions of the yz and the zx d-orbitals. The reason for this will be investigated
using group theory in the following subsection.

Comparing the two lowest energies in Fig. with the two lowest energies in Fig. [5.3]
it is evident that the lowest energies in the 1T phase is slightly lower than the lowest
energies in the 2H phase. This indicates that the 1T phase of monolayer VS, is more
stable than the 2H phase. This does not agree with DFT calculations [2]. This could be
explained by the choice of # in these calculations. Later, when investigating monolayer
VS, the relaxed structure is collected from C2DB [3]. These lattice parameters yield
an energyspectrum where the lowest energy level is the 22 level, and in that case the 2H
phase is more stable compared to the 1T phase in agreement with DF'T calculations.
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—0.05 . .
{xy, 22 = y?} {xy, 2 —y*}

—0.10 1

E/E,

—0.151 (2}

—0.201
ez} {yzzx)

Fig. 5.7: Illustration of the five lowest eigenenergy levels E obtained numerically with £; = 0,
& =1, Vgﬁ" = 0.35, VZZ” = 0.1 and 0 = 37° for the 2H phase.

VTded for the 2H phase can now be obtained analytically. In the basis {zy,yz, zx, 2% —
yg, 2?} in terms of 0, V4, and V,4, this is
My O 0 0 0
0 My O 0 0
ViVia=| 0 0 My 0 0 |, (5.46)
0 0 0 M, O
0 0 0 0  Mss
where
3
M, = 5 sin” @ [12V2, (1 + cos 20) + V.2, (1 — 3 cos 20)] , (5.47)
3
My = S [QVPQdF(Q + cos 260 + cos 40 + 3Vdea(1 — cos40)] (5.48)
9[. , oo (U S S
M; 5 = 2 Vioan (1 — cos40) + Vo, 75 + cos 20 + 1 cos4 : (5.49)

It is evident that this matrix is diagonal and that only three unique values enter in this
diagonal. This will be explained in the following subsection.

Symmetry of the 2H phase

The symmetry of 2H-VSg will now be investigated. The 2H phase belongs to the Dgy,
point group with the same number of symmetry elements as D3gq, i.e., twelve elements.
The character table of this group is depicted in Table [5.3] A part of the elements of
the D3sq point group recur in D3y, namely E and the two C3 rotations. Additionally,
2H-VSg is symmetric under a rotation of m about a vector with z- and y-components of
a vector pointing from the origin towards either of the three atoms in the top sublayer
but with a zero z-component.
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This gives the three Cy elements, one for each atom in the top sublayer. Contrary to the
1T phase, the 2H phase is symmetric under reflection in the xy-plane and this element
is denoted oy, (zy). Further, 2H-VSq is invariant under a rotation of £27/3 around the
z-axis followed by a reflection in the xy-plane. These transformations are denoted Sj.
Lastly, the molecule is invariant under reflections in the planes spanned by the coupling
lines perpendicular to the xy-plane. This is the three o, elements which corresponds
to the three o, elements in D3q.

Dsy, E | 2C5(2) 3CY | on(xy) 25 30, | Quadratic Functions
Al 1 1 1 1 1 1 (2% 4 92, 2%)

A 1 1 -1 1 1 -1 —

E 2 -1 2 -1 0 (22 — 32, xy)

Al 1 1 -1 -1 -1 —

A 1 1 -1 -1 -1 1 —

E" 2 -1 0 -2 1 0 (zz,92)

Table 5.3: Character table of the D3y, point group [32].

In the character table for Dgy, it is evident that xy and 2% — 32 belong to a different
representation than yz and zz in contrast to the former case. As for the 1T phase, 22
belongs to its own representation. The two-dimensional irreducible representations of
all elements in Ds;, according to the E” representation in the basis {yz, zz} can now
be formulated, following the same procedure as in section [5.2.1]

, 1 0 , 1 3 , _1 V3
rcaa =y O] rGea =g T rGen - | 4 ]
r<ah>:[‘01 _01], r<sg>:[_5£ . T(=5y) [f 7

Again, note that the characters of these irreducible representations are equal to the
characters stated in Table . Using the projection operator, see Eq. , in terms
of these irreducible representations, we can show that yz belongs to the first row and
zx belongs to the second row, i.e.,

Qinyz =yz, 9%223/2 =0, Pyprx=zr, P,zx=0. (5.50)

Likewise, a two-dimensional irreducible representation can be formulated for the ele-
ments of the E’ representation in the basis {zy, 2> —y?}, where it can be shown that xy
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belongs to the first row and 2% — 4% belongs to the second row. The diagonal element
(yz|H|yz) can now be written as

(2 Pz} = (el 0 (ST SRO STl = (el (SRTSly)
- <§<yz| - ?w) i (§|yz> - %m)

1 ~ 3 ~
= Z(yz[?—ﬂyz) + Z(za:|’}-[]zx> (5.51)
The cross terms proportional to (yz|H|zz) and (zz|H|yz) are zero as a result of the fact

that yz and zz belong to two different rows of the E” representation. For the equality
sign in Eq. (5.51) to be obeyed, it requires that

(yz|H|yz) = (zz|H|z2z). (5.52)

This result is independent of the choice of symmetry operator. Using the same procedure

it can be shown that all off-diagonal elements are zero and that (vy|H|zy) = (2? —
209012 52\ :

y2|H|x? — y?), in agreement with Eq. (5.46).

The spectrum of 2H-VSg thus looks very similar to the spectrum obtained in the 1T
phase, see Fig. and Fig. [5.3] though the degeneracy here has nothing to do with
the direct coupling between the d-orbitals; rather, that the shift in the energies, due to
the presence of the p-orbitals, leads to a similar degeneracy.
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5.3 Tight Binding Model of Monolayer VS,

In this section the band structure of monolayer VS, for both the 2H and 1T phase
will be obtained using the tight binding method. This is done with inspiration from
Ridolfi et al. [33]. Further, the Coulomb interaction will be included using the Hubbard
model. The results will then be compared to DFT results of the same structures taken
from C2DB [3]. The relaxed structures of the two phases of VS, have been collected
from this database, such that the band structure obtained in the following is based on
exactly the same structure as for the band structure obtained with DFT.

5.3.1 2H Structure

In Fig. a top view of the structure of monolayer 2H-VS, is illustrated together with
the two lattice vectors a; and as. Seen from above the structure is strikingly similar to
graphene though VS, in contrary to graphene, also extends spatially along the S-V-S
direction, see Fig. (b). One unit cell contains one vanadium atom and two sulfur
atoms, one in the top (¢) sublayer and one in the bottom (b) sublayer. We will thus be
working in this three-atom basis. The unit cell is marked with dashed lines. Note that
since the x and y coordinates of the two sulfur atoms coincide, both are not evident in

Fig. [5.8

Fig. 5.8: Top view of monolayer 2H-VSs in real space. The black dots illustrates the vanadium
atoms whereas the white dots illustrates the sulfur atoms. The unit cell is shown with dashed
lines and the lattice vectors a; and as are indicated. Further, the two vectors d+ that connect
the vanadium atom with the two sulfur atoms in one unit cell, is shown. Lastly, the used
coordinate system is illustrated.
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K’
M
K

Fig. 5.9: Brillouin zone for the 2H phase of monolayer VSs. ki and kg are the reciprocal
lattice vectors and I', K, K’ and M are the high-symmetrical points.

Using the same coordinate system as depicted in Fig. [5.8] the two lattice vectors can
be written as
3
ar=(0,-a,0) , ap= £a, “%0]. (5.53)
2 2
The distance a is found from DFT [3] to be a = 3.186 A. The brillouin zone in reciprocal

space also forms a hexagon, see Fig. [5.9] The reciprocal lattice vectors is found from
a; and a, to be

=27 47
= (1,\/§,0) , k2:\/§a(1,0,0). (5.54)

The high-symmetrical points in k-space illustrated in Fig. are given by

—T —Tr
r=(0,00, M=|—— —,0/,
( ) (\/§a a )

16 9 —2
K=[0-/="0] K=(=2E"""9).
9 a V3a  3a

Let r; denote the location of the vanadium atom in unit cell 7. Since there is five
d-orbitals on the vanadium atom, we define the states

‘ri;d1> - |dxy>7 |r17d2> - |dyz>7 |rZad3> - |dzm>7

(5.55)

(5.56)
|I'i;d4> = ‘dIZ_y2>, ’I’l,dg)) = ‘dz2>.
Each sulfur atom in the unit cell have three p-orbitals, so we define the states
v;+ 055p1) = [p%), v+ S5 pe) = [pl/P),  |ri + 8xsps) = [p/?), (5.57)

where 6, and §_ are the vectors pointing from the vanadium atom to the sulfur atoms
in the top and bottom sublayers, respectively, see Fig. [5.8]
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Using this basis the Hamiltonian can be written as

7-[ Zéuduu (N7 + ng |: pzz/ pzu (ﬁ?,y)Tﬁ?,u]

i riv

+ Z Z {tt Jd! i+ tb Jd! upw + h,cl
DD DD [tzﬁdj B, Ebdl b+ h.c.}

r; rj=r;+aj—az pv

+Z Z Z [tltdijy+tlbdijy+h.c.] .

r; rj=r;—az uv

(5.58)

The operator ciju (dw) creates (annihilates) an electron in orbital p on the vanadium

atom at r; in unit cell 7. Similarly, the operators (ﬁ;i)T and ﬁ;lfj creates and annihilates
an electron on the sulfur atom at site r; +d4+ in orbital v in the top or bottom sublayer,
respectively. The three first terms of the Hamiltonian state the onsite energies of the
d- and p-orbitals of the three atoms in the unit cell. Further, the Hamiltonian consists
of six terms where an electron can hop from a p-orbital to any nearest neighbor d-
orbital. The Hermitian conjugate of these terms includes hopping from a d-orbital to
any nearest neighbour p-orbital. For simplicity the spin indices are omitted for now.
The following onsite energies and hopping amplitudes have been defined as

fZ = <ri§d,u|7_zt’ri§ d,), (5.59)
&0 = (r; + 61 py | Hlri + 15p), (5.60)
t = (Ti3 du|Helr; + 845 p0), (5.61)
th, = (ri; du[Hilri + 6 p,), (5.62)
t;i = (r;; du|7:lt|1“i + 04 +a; —ag;py), (5.63)
1) = (vi; dy|[Halrs + 6 + a1 — ag; py), (5.64)
thl, = (vi; du[Helr; + 81 — ag;py), (5.65)
thh = (ry;dy|Halr; + 6- — as;p,), (5.66)

where H, is the tight binding Hamiltonian, see Eq. 1) The numerical values for
these can be obtained using the Slater Koster decomposition introduced in section
[5.2] As previously we assume that the onsite energies for the d-orbitals are degenerate,
ie. §d &q for all p1. Similarly, for the p-orbitals &8 = ¢, for all v.
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In the Slater Koster decomposition the hopping matrices simplifies to

0 ¢, 0
0 t, 0
= t§1 0 tgs )
0t
0ty
L
L |t y
el s s
b i iy
ls1 t5y ts3
e
O o M ”
A o
woE
51 52 53

The Hamiltonian is Fourier transformed, using

. 1 o . 1 o
dl = —= e ™dl and di,=— eXTd,,
e

which results in the expression

H=2 [&z STl i+ &S [0 Bl + () 0]
k o v

th =

[0

t
t12

t
_t22

It
—l4y

It
—lsy

-
0
th3
—ti3
—155 |
—ths
t%’é
t,
i
—ls3 ]

+ Z {eikl&_ﬁ_tzucﬁ-{)/”jjf{vy + 6ik.5_ tz’/d\-ll'{:ﬂﬁl;{al/ + h.c.
pv

k- (6 1-a2 t 7 N b7 ~
+ etk (04 +al-a2) (tzyd;f{’“pk’y + t;’l,dLupk’l,

+ h.c.)

+ 6ik~(5—a2) (tilidL,uﬁi,V + tfjl;d;“ﬁily + hC> }] .

Defining
T = 6,(t', + 2125t
— Y1\l 12t
b b ENTR
T° = 6,(t,, + 2125t + 2
with s s
(51261.4—, 52261._
2 = 6zk~a1 — e—zkya’ 2y = €$k~a2

* 41t
+ Z2t,uu)7

Sthin):

— e—zkya/Zez\/gkza/Q’

bl

41

(5.67)

(5.68)

(5.69)
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the Hamiltonian can be written in the simple form
H=2.
Kk

Tl B+ (T (Bl ey + T, + (T () s | ] -

pv

&Y dldi+ &> [0 B, + (0L, ok,
g Y (5.73)

Both 4; ~ 1 and d; ~ 1, so these are set to one. Projecting the vector 7:[|k> onto the
three-atom basis, we can write

HE Tt TP [a a
(T 1 o | || =E]|r]. (5.74)
(Tt 0 HP| |S 5

Here H? is a 5x5 diagonal matrix with &; on the diagonal, and H” is a 3x3 diago-
nal matrix with &, on the diagonal. « represents the d-orbitals on the vanadium site
and 7 and [ represent the top and bottom p-orbitals, respectively, on the sulfur sites
in the unit cell. This expression is sufficiently simple to diagonalize the Hamiltonian
numerically. As in section the five energy bands of the d-orbitals can be ob-
tained. This can either be done by diagonalizing the full Hamiltonian or from the matrix
(T, T°)(T*, T®)f. The Hamiltonian is solved as a function of k, where we investigate
the path k =T — M — K — I'. In the previous sections we have set the onsite energy
of the p-orbitals to be greater than the onsite energy of the d-orbitals. From DFT
calculations of the energy bands [3], it is determined that &, < &;. This does not affect
any of the results and conclusions from previous sections, though we will set £, < &; in
the following.

To be able to investigate the full problem analytically, further simplifications must be
introduced. The basis, written in terms of the amplitudes of the eigenvector, can be
written as

T = (1, @9, 03, 5,71, 7o, T3, 1, B, Ba). (5.75)

The o’s are thus the amplitudes corresponding to the d-orbitals in the order given
in Eq. (5.56), the 7’s and the f’s correspond to p-orbitals in the top and bottom
sublayer, respecitvely, in the order presented in Eq. (5.57). To be able to diagonalize
the Hamiltonian, we introduce the symmetric and antisymmetric components

1 1
O, = — (T, + Byx,) and = — (T — By ). 5.76
K \/§<k Bicv) P \/ﬁ(k Bia) (5.76)
Further, the new hopping matrices
TF =

(T'+T% and T° =—(T"'-1"), (5.77)

Sl
Sl
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are defined, such that the eigenproblem can be written as

fHd TE TO

« (6
(TEY HP 0| |0| =E|7]. (5.78)
(T 0 HP| |¢ 15

We can now rearrange the amplitudes of the eigenvector collecting all even components
and all odd components, leading to the basis

wT = (OK5, Oy, O, 017 027 ¢37 a3, o, (blu ¢27 03) (579)
The eigenproblem can now be written in the decoupled form

E -~ -
H |- (5.50)

where we have defined the even Hamiltonian
TS T TG

E HEE TR : E,0 E mE 70
i T T

and the odd Hamiltonian given by

4.0 TOE ' TO TO TE
) H O.E 31 132 133

HEE HEO and HPF are 3x3 diagonal matrices with the diagonal elements &; and &,
respectively, whereas H%? is a 2x2 diagonal matrix with diagnoal elements ;.

Expansion around the I'-point

At the I'-point in reciprocal space, k, = k, = 0 and thus z; = 2o = 1. This results in
the simplified expressions of the off-diagonal blocks of the Hamiltonian

L, + 26b! 0 thy + 2tht
TEO = V2 |t + 215! 0 thy + 264 (5.83)
it
0 tty, 4+ 2t4 0
L+ ot 0 N T
TOE — D) 31 31 33 33 . 584
£ =v2 0 thy + 2t5 0 (5:84)

In the Slater Koster decomposition some matrix elements are zero, i.e.,

o2t =0, thy+2th =0, th 425 =0, (5.85)
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which leads to further simplification. Only five non-zero off-diagonal elements remain
and the Hamiltonian can be decoupled to five 2x2 matrices and one 1x1 matrix:

(on. 6} : _ﬁ(tgfi " ﬁ(téz : 2té;§): | (5.86)
ot [ty ™) 50
{as, ¢} : ﬁ(tgfi 211) ﬁ(tglgj 2%): , (5.89)
{02, ¢} : ﬁ(tgfi 21} ﬁ(ttzg Qt%): , (5.90)

{3a}: [&)]- (5.91)

These are trivial to diagonalize. For a given value of &, {4, V,4r and V,4,, the numerical
values of these analytical expressions can be obtained and compared with the numer-
ical results from the d-subspace, previously obtained. These analytical expressions do
indeed agree with the numerical results in the I'-point.

The lowest band of the d-bands is found to be

2
Blas, 05) = 245 _ \/(%) +2 (B2, + 2E3fz2>2. (5.92)

2

Investigating the numerically obtained eigenvector of the lowest band when diagonal-
izing the full Hamiltonian in the I'-point, it shows that it is purely made up of the 22
d-orbital. This agrees with the fact that the analytical expression for the lowest band

is expressed in terms of the Slater Koster matrix elements E! , and E* ,.

That &, < £ means that the z? d-orbital is the d-orbital that couples to the p-orbitals
the least. This could be explained by the fact that the d,» orbital is more spatially
confined compared to the other d-orbitals, which results in a smaller overlap with the
p-orbitals. For k # T" the eigenvector of the lowest d-band is a superposition of the five
d-orbitals but still with a greatest contribution from the 22 d-orbital.

Further, an expansion around the K-point has been performed, see Appendix [B| These
calculations also show an agreement between the analytical and numerical results.

Including nearest neighbour coupling between the p-orbitals

The nearest neighbour coupling between the p-orbitals will now be included. As with
the coupling between p- and d-orbitals, this will be expressed in terms of Slater Koster
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Fig. 5.10: Top view of the real space lattice of monolayer 2H-VSy. All nearest neighbour

couplings between p-orbitals and between p- and d-orbitals are indicated.

matrix elements, which for couplings between two p-orbitals are given by [29],

Eyp = PVipo + (1 = 1) Vpr,
Eyy = m2‘/;9pcf +(1— m2)‘/;9p7ra
E..= nQVIDpo +(1- n2>vmnr=
By = 1ImVype — ImVypr,

Ey. =mnVppe —mnVppr,

E, . =InVype — InVy:.

Vope and V. denotes the bond integrals for a ¢ bond and a m bond between two
p-orbitals, respectively. To the Hamiltonian, see Eq. (5.73]), we must add the terms

t,b
1 =573 [ (i) Bl + 02 (o)
k v i

ne . x*

+ une’ZQ(ﬁicu)Tﬁiu’ +u 29 (ﬁi(V/)Tﬁi{V

+ unwzfzz (ﬁi(V)Tﬁi{V/ + unwzlz; (ﬁiu’)Tﬁiﬂ/] :

Defining
U =2(cru® 4 cou™ + cpau™),
with
21+ 2% 29 + 25 2125 + 2927
a=—5— €= y Q2= ———(5
2 2 2

Eq. (5.99) can be written as
HP =) Y U (i) Pl + () ]
k w/

Thus, Eq. (5.78)) becomes
He TF T° a a
(TE) HP+U 0 0| =E |7
(TO)f 0 HP+U| | ¢ B

(5.99)

(5.100)

(5.101)

(5.102)

(5.103)
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In the Slater Koster decomposition, the components of Eq. (5.100)) are of the form

e ne ne ne ne
uj; 0 0 uff ufy 0 uff  —uyy 0
e __ e ne __ ne ne nw __ ne ne
0 0 uy 0 0 uy 0 0 u

Remember that z; = 1 and 2z, = 1 in the I'-point and thus ¢; = 1, ¢co = 1 and ¢ = 1.
This leads to

ufy + 2uif 0 0
UF =2(u® 4+ u" 4+ u™) = 0 ugy +2uns 0 | . (5.105)
0 0 3us,

Following the same procedure as applied to Eq. (5.78) results in a slightly modified
expression for the energy of the lowest d-band in the I'-point;

r _ ¢ _ T\ ? 2
E(as,0;) = & T 0 _ \/<M—Uﬂ) +2(Bl, +2B2,) . (5.100)

2 2

Again, the analytical results are identical to the numerically obtained results.

Further, we want to add the Coulomb repulsion between the electrons in the d-orbitals.
In the following section the generalized Hubbard model will be derived and thereafter a
mean-field (MF) approximation is applied on the obtained expression. Lastly, this will
be included in the numerical calculations of the energy bands.

5.3.2 The Hubbard model

Derivation of the generalized Hubbard model

We begin from the Coulomb interaction term written in second quantization as

-1 . . R A
H= 5 Z/drdr'\lfl(r)\llz, (r')VWee(r — 2 )W (2 )W, (1), (5.107)
where
2
1
Vee(r = 1) = = 5.108
(I‘ ) 47_‘_50 |I'—I‘,‘7 ( )

is the repulsive Coulomb potential. \ifa(r) is a fermionic field operator with spin o at
location r. These field operators can be written in terms of ordinary first quantization
wavefunctions 7, and fermionic creation, or annihilation operators ¢l _, é,, using

vo)

i) => uel, and To(r) =D téy. (5.109)
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Thus, the Hamiltonian can be rewritten as

"= %Z D> Vil Elao s Cro o, (5.110)

oo’ ijkl afuv
where we have defined

VA — e, j8|Vee(r — v kp, 1)

afuv

- / drd' ¥, (105 (F)Voel — 1) () (). (5.111)

Due to the fact that this matrix product does not depend on spin, the Hamiltonian only
.|.

has two spin indices o and ¢’ and not four distinct spin indices. ¢}, creates an electron
in orbital ¢ with spin o at site « of the lattice. We will focus on the Coulomb repulsion
between electrons in the d-orbitals, since both the p-d and p-p Coulomb repulsion is
smaller compared to this. This has to do with the larger spatial extend of the two latter
cases. Due to the very confined size of the d-orbitals, the Coulomb repulsion between
electrons in d-orbitals at neighbouring sites will be neglected. Thus, only Coulomb
repulsion between electrons in the same or different d-orbitals at the same site will
be included. Therefore, we omit the sum over sites in the lattice and focus on the
calculations of a single unit cell, i.e., with r = 0. Thus, the indices «, 3, ¢ and v
are neglected. The spin indices can each take two values 1 and |, and the ¢, 7, £ and
[ indices each sum over the five d-orbitals. Thus, the Hamiltonian consists of many
different terms, specifically 10* terms. Fortunately, many of these can be neglected.
Let us investigate the most prominent terms.

In the following we yvill simplify the expressions using the number operators n;,, n; and

the spin operators S; defined as

. o . ) . ~ 1 . .
Nig = clTo_ci(7 , =gty o, Si= 3 E c;raTaﬁcBi, (5.112)
af

where To5 = ((7%)ag: (7Y)as, (T7)ap) is a vector consisting of the Pauli matrices. Further,
we will define the matrix elements

U=V , V=Vyi , J=-"2Vyy; , Y=Vu; , X=Vu (5.113)

Writing out the sum over spins for ¢ = j = k = [ results in four terms, of which two
terms cancel due to the Pauli principle

§ZU [CZTTCZH%C@'T+CLCI¢CWC¢¢ + élelenti + el u%}
7

=D Uhiriy. (5.114)
7

The rewriting is done using the anti-commutator relations that fermionic creation and
annihilation operators must obey, i.e.,

{ehéhv=0 , {&e¢r=0 , {&,&) =0 (5.115)

)
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When ¢ =1[,j = k and i # j the terms
st A A L afata s abab oA A ataf s o
B Z V CipCj 1 CiuCit + C CinCjnCiy + CipCipCipCip + € €5 C1.Ci
j
st ata A st ata s st st s b ata oo
+ Cjp G CilCjp + Cj CipCinCly =+ CjpCinCitCit + €5 € Ci Gl
= Vi, (5.116)
4]
arise. Eq. and describe the classical Coulomb repulsion. In the latter

case the electrons are not occupying the same orbital.
Ifi=Fkand j=1andi+# j, we get the terms

1
2 Z Viji

ij

Aol aa Al aa Aalaa Aol aa
CipCipCirCit + € Cj Cit Gy + Cip €y Ci Cjp + €5 CpCin Gl

.|>
+ c]TczTc]Tcm + cﬂcwcﬂcu +c Tcwcﬂcn + CNCZTCJTCw]

== Vi [mmﬁ + gy + e d e + el éndl @ . (5.117)
ij

The first two terms can be rewritten using

. L. 1. Lo 4

fir = 5 (Mir +7,) + 5 (g = yy) = i+ Sis, (5.118)
and

R 1, L. L s

N = 5 (TLZ'T + nji) - 5 (niT — nu) = Enz — Sz (5'119)

This leads to the expression
- Z Vijij [ nin; + 2512532 +¢ TCQCLCJT +c icﬁcTTcﬂ
~ A 1 .
i i

The first term is the exchange coupling, and the second term is an extra Coulomb term.
Since J < 0, see Eq. , the exchange coupling term is minimized for parallel spin.
This is where Hund’s first rule stems from. This rule states that the energy of a multi-
electron atom is minimized for parallel spin.
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If i = j = k # [, we obtain the following

E :E : of of AT oAt 4
o X [Cza wCZCfCJCf + C]a jacjffcw + Cw jJC]CfCJU + cjaczacwclff

+ chjaclﬁcw + C]O' IUCJUCJU + cza IUCJUCW + c;fo ;LUCWCJU
= Z Z X (cwcjg + c cw> (Niz + Nz ) - (5.121)

If ¢ and j referred to different sites in the lattice, this term would be called the bond-
charge interaction. As is evident from the expression, this term describe an electron
hopping from one orbital to another, where the hopping amplitude depends on the
occupation of that orbital of an electron with opposite spin.

Lastly, i = j, k = [ and i # k results in
5 Z Y [ zTCwCJiCJT + Cucmcﬁcji +c et + € Jicjii|
= Z chcucjicj% (5.122)
tj
Two terms have been canceled due to the Pauli Principle. This term describes hopping
of two electrons with opposite spin from one orbital to another. The terms with three
different orbitals and four different orbitals are of even smaller magnitude than the

terms already presented since the overlap in Eq. (5.111)) decreases. These will thus be
neglected. The Hamiltonian now reads

. o 1 . & &
H=> Unyiy+ Y <v - ZJ) fung + Y JSi - S,
7 i i
+ S veleenan+ 30 30X (s + eyt ) (is + sa)
ij ij oo

which is sometimes referred to as the generalized Hubbard model.

(5.123)

Mean-field approximation

The MF approximation can be used to decrease the number of degrees of freedom
to make the Hamiltonian solvable. In practice the Hamiltonian is expanded around
the mean of the field in terms of the magnitude and the fluctuations of the field. A
number-operator can be written in terms of the mean field and the fluctuations as

/'//\I//[:o' - <ﬁio’> -+ Aﬁia‘- (5124)
Using this, the product of two number-operators can be written as

'fligﬁjgl - Aﬁig<ﬁjgl> —|— Aﬁjgl <’flig> —|— <ﬁio><ﬁjgl> —|— AA' Ajgl. (5125)
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The fluctuations are assumed to be small and the second order term can be neglected.
Rewriting An;, = nj, — (M) and similarly for An,,/, the expression becomes
ﬁia‘ﬁja‘l ~ <flio‘>ﬁjo’/ —+ ﬁio’(ﬁjo‘/> — <7//\I/f[:0'><7/>l/ja'/>- (5126)

The MF approximation will now be applied to the Hamiltonian in Eq. (5.123)). This
yields

HM ZU )Py + Rir(Ray) — (Par) (Ry)]
= 32 (v ) s i) )]

+ZJ[ S, +S'<Sj>—(§z‘>'<§j>]
(5.127)

+ ZY [ TCJT ¢Cj¢ + él'LTéjT@Léjw (¢ TTCJT>< gl CN)}

+ Z Y x |:<élcrél’a>ﬁl6 + CioCro (fus) — (CoCro)(fus)

ij IAV=ij o

+ (CioCro) s + CioCrro(fvg) — <élaéya><ﬁl'5>]-
Hubbard estimated the magnitudes of these terms to be U ~ 20eV, V ~ 2 — 3eV,
X ~1eVand J ~ Y ~ 0.025¢V [34]. In the following only the Hubbard terms will
be included, i.e., the two first lines of Eq. ([5.127)). A sum over unit cells is introduced,

indicated as a sum over r. Note that the mean-fields does not depend on the position.
Thus, we obtain

=Uo ) Z [P ) Toes), 4 Porig (Rriy) — (Fan) (Pt )]

0.128
+ULY Z (P3P + Tii(725) — (R) (R5)] >:125)

where we have defined U; = (V + }IJ ) Further, we assume that both Uy and U; have a
constant value independent of the orbital. This expression can be Fourier transformed
using Eq. . Thus, the MF Hubbard model for the full structure in the reciprocal
space is described by

. U e e e
HH = WO D> O )y + P () — (ap) ()]

kk'eBZ r %

ST OSSO (i + e (i) — () ()]

kk'eBZ r ij

Z DD (o) s — (iar) ()

kEBZ i o

Z > i) iug + fu{ivg) — (i) ()] (5.129)

kEBZ ij
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Implementing the Hubbard model in the band structure

The number operators can be written in the basis of the eigenvectors of the Hamiltonian,
obtained numerically, using

11
Chie =D Oniblons (5.130)
n=1

where n refer to the energy bands, and « is the amplitude of orbital ¢ in the given band.
Remember that there are eleven bands, since there are five d-bands and two times three
p-bands. The expectation value of 7;,(r) then becomes

R 1 . At s
<ni0<r)> = NZ Z Qni&mi<clingckma>a (5131)

n,m keBZ

where we set n = m since this is an excitation otherwise. Thus, we end with the
expression

(Mg (r)) :% DY o (g uno)- (5.132)

n<npgp k€eBZ

The bands are filled with electrons up to the Fermi Surface, where np refer to the
last band below the Fermi Energy. In the previous calculations of the energy bands,
there were five d-bands and six p-bands, where each of these bands could contain two
electrons, one of each spin. Since the Hubbard model affects electrons with spin 1 and
spin | differently, the bands will be spin-resolved when including the Hubbard terms.
Each spin band can contain one electron. Remember that after the vanadium atom has
given two electrons to each sulfur atom in the unit cell, each sulfur atom contain six
valence electrons whereas the vanadium atom only contains a single valence electron.
Since the unit cell contains two sulfur atoms and a single vanadium atom, there are
thirteen valence electrons in total. Since the twelve p-bands are lowest in energy, these
are all filled and a single d-band is filled. Thus, we set (éLmékm> =1forn < np and
zero otherwise. Finding the energy bands, without the Hubbard interaction included, it
is evident from the eigenvector of the lowest d-band that this is mainly made up of the
d .24 orbital. Thus, for the first iteration including the Hubbard model, we approximate
(n,2;) = 1 and all other mean-fields are set to zero. In this case the MF-Hamiltonian
simplifies to

~ Us . U . .
LAEDY Nonkz% + Wl > (gt +ngy) | (5.133)

k J#2?

where a factor of two has been absorbed into U;. All constant terms drop out. From
this a new value for (n,24) from the eigenvectors of the numerically solved Hamiltonian
is found. This is repeated iteratively until self-consistency is reached. In these iterations
the occupation of the other d-orbitals are also included in the Hamiltonian. In each
iteration numerical integration over the first Brillouin zone is performed using a grid of
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evenly spaced points of the Brillouin zone. The resulting (n.2¢) depends on the different
parameters in the Hamiltonian. With V4, = 2.2 eV, V4 = —0.9 ¢V, V., = 0.974 €V,
Vopr = —0.19 eV, & = —0.774 eV, & = —1 eV, Uy = 1.426 ¢V and U; = 2.17 eV
self-consistency is reached at (n,24) = 0.9769. Thus, we can conclude that it is a good
approximation that there is a single electron in the 22 d-orbital with spin 1. This is in
agreement with the results from DFT. The projected density of states (PDOS) is the
relative contribution of a particular orbital to the total density of states. The PDOS
for the five d-orbitals on the vanadium atom in monolayer 2H-VS, is shown in Fig.
[5.11] Positive PDOS corresponds to 1 states and negative PDOS corresponds to spin
J states. The zero-point on the z-axis corresponds to the Fermi Energy. It is clear that
just below the Fermi Energy, i.e., where the lowest d-band is located, the PDOS is only
non-zero for the z? 1 band.

—1.0 A dey
-154 ~ d}‘Z
d3zz
—2.0 A Clez
dyez—y2
—2.5 1 ; : : : : : :
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Energy (eV)

Fig. 5.11: The PDOS for the five d-orbitals on the vanadium atom in the 2H phase of
monolayer VSs. The Fermi level is located at zero energy. Positive PDOS corresponds to
the PDOS for the spin 1 d-orbitals and negative PDOS corresponds to spin |, (I. E. Castelli,
personal communication, March 2020).

The fact that we obtain self-consistency at (n,2;) = 0.9769 allow us to approximate
this to one and all other mean-fields to zero. Thus, we can use the simple expression
for the Hubbard model in Eq. when producing the band structures. Using the
stated parameters the band structure viewed in Fig. is obtained. This is plotted
alongside with the energy bands obtained from DFT for the same structure [3]. The
energy bands obtained with the tight binding model and Hubbard model have been
shifted in energy to be comparable to the DFT-calculated band structures.
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Fig. 5.12: (a) The band structure for the 2H phase of monolayer VSy obtained from tight
binding theory combined with the Hubbard model along the path ' - M — K — I'. (b)
Band structure of the same structure from DFT calculations from C2DB [3].

It is evident that the energy bands obtained from tight binding and the Hubbard model
deviates from the energy bands obtained with DFT, though they definitely contain
similar features. Most importantly, in both cases there is a gap between the lowest and
the second lowest d-band. The Fermi Energy is located just below the highest energy
of the lowest d-band. Thus, the density of states (DOS) is just above zero at the Fermi
Level. This can also be viewed from the PDOS in Fig. [5.11] The band structures
obtained from tight binding and the Hubbard model results in a metallic groundstate
for the 2H phase of VS,. The results from DFT [3] from which the relaxed structures
are collected, are contradicting. The PBEE| method results in a zero band gap though
HSlﬂ results in a band gap of 0.83 eV. Other DFT calculations [2] concludes a metallic
groundstate for monolayer 2H VS,.

Regardless of which is true, this means that the d-bands are fully (or almost fully) spin-
polarized. The self-consistency calculations of (f2,24) yields a similar conclusion as from
the PDOS calculations from DFT, namely that the lowest d-band consists of a single
electron located in the d,24 orbital. Thus, the structure must be ferromagnetic. This
agrees with the magnetic investigation of VSy by DFT [3] which find the 2H phase to be
ferromagnetic. It is evident from the band structures that the spin-splitting is dependent
on k. The spin-splitting in the bands, that are not d.2; and d,2|, obtained from DFT
is more spin-split compared to the band structures obtained from tight binding and
the Hubbard model. This could be explained by the fact that the exchange term, see
Eq. (5.120), in the latter method is neglected. Within the MF-approximation, see
Eq. 1} <Sz2T> can be viewed as an external magnetic field that affects the bands
differently depending on spin.

2Perdew—Burke-Ernzerhof
3Heyd-Scuseria—Ernzerhof
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5.3.3 1T Structure

Following the same procedure as in the previous section, the 1T phase of monolayer
VS, will be studied. As for the 2H phase of the VS, structure, there are three atoms in
a unit cell, see Fig. [5.13] Contrary to the 2H phase, the z- and y-coordinates of the
two sulfur sublayers do not coincide.

Fig. 5.13: Top view of the 1T phase of monolayer VS in real space. The black (white) dots
illustrates the vanadium (sulfur) atoms. The unit cell is shown with the dashed hexagon and
the lattice vectors a; and ap are indicated. Further, the naming of the sulfur atoms partly
present in the unit cell is indicated. The vectors 6“* and 8¢ between the V and S atoms of the
unit cell is shown. Lastly, the used coordinate system is illustrated.

In this case the Hamiltonian, only including the onsite energies and hopping between
nearest neighbouring d- and p-sites, is

# = ZZfddi#dzﬁZZ@ (6418, + ()Y

r; v=1

t gt At 1,b ~l,b
+22[t A+ ] B+ e

+ Z Z Z [t”dl upj LT tb dZ Mﬁéby + h.c.} (5.134)

r; rj=r;+aj—az pv

+y N > [t;fdjuAgi-i-hc]

r; rj=r;+a; pv

—1—2 Z Z [tltdijy—kh.c.] .

r; r;=r;—az puv

We have defined the following matrix-elements

= (ri; dy|[Hilr; + 8" py), (5.135)
t”’ (rs; d|Hilri + 675 py), (5.136)
trt (ri; dy|Helr: + 8" + a1 — ag;py), (5.137)

= (rg; d[Hylr; + 6" + a; — ag;p,), (5.138)
t”’ (i du[Hylr; + 8" + ay; p,), (5.139)
thl, = (ri dy|Hlri + 8" — a; p,), (5.140)
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where H, is the tight binding Hamiltonian, see Eq. (5.1). The coupling lines are viewed
in Fig. [5.14] In the Slater Koster decomposition, these are of the form

0 iy 1 tyy ts thy

0 thy th Ly s 3
=1t 0 0| =—t" , = |h &b A =,

ty 00 ty Ll

0 5 5 _té’f tés té’g_

b b rb (5141>
tllb t12b tl?;)
oy 1ty o
= |ty ty | =t
b b r.b
t4l t42 t43

r,b r,b r,b
_t51 t52 t53 i

The Hamiltonian can now be Fourier transformed and simplified following a similar
procedure as in section |[5.3.1] This leads to the Hamiltonian

=X (6 6 [k O
k m >

(5.142)
+ 3 (Thdl e, + TG B+ hec) |,
v
where we have defined
T' = (' + 25t + 2257, T = ¢ (0 4+ 29t™ + 2125t7) (5.143)
with
o =™ =™ (5.144)

z1 and zy are given in Eq. . We approximate ¢; ~ 1 and ¢, ~ 1 as in the last
section. The shape of the Brillouin zone of the 1T phase is identical to that of the
2H phase. Thus, the expressions for the high symmetry-points used for the 2H phase,
expressed in terms of the lattice constant, see Eq. , are the same here. The
distances between the atoms in the two structures are not completely identical. From
the DFT calculated relaxed structure, the lattice constant is found to be a = 3.195 A
for the 1T phase compared to a = 3.186 A for the 2H phase [3]. Due to the proximity
of these the lattice parameters of the 1T structure will be approximated to be the same
as for the 2H phase.

The coupling between neighbouring p-orbitals can now be added. Remember that only
couplings between p-orbitals at nearest neighbouring sulfur atoms in the same layer are
included. This is thus straightforward to include using the results from section [5.3.1]
These coupling lines are also illustrated in Fig. [5.14]
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Fig. 5.14: Top view of the 1T phase of monolayer VSs. All nearest neighbour couplings
between p-orbitals are indicated with dashed lines. Only the nomenclature for one sulfur
atom is indicated, since the nomenclature of the other is the same. Similarly, all nearest
neighbour couplings between p- and d-orbitals are indicated.

As in section we can now find the five energy bands of the d-orbitals in the d-
subspace to obtain a preliminary view of the band structure before adding the Hubbard
model. From the numerically obtained eigenvectors, it is observed that the lowest
d-band is mainly occupied by an electron in the d.2-orbital, though this is not as
pronounced as in the 2H phase. The self-consistent calculation for (7,2:) cannot be
performed here, at least not in the same simple way as in the previous section. This is
due to the fact that the calculation would not only include a single d-band as previously.
In the 1T phase there are two bands, namely the d,»; and the d,2|, that are partially
occupied. For this reason the Hubbard model will be implemented in a slightly different
way compared to the previous section, where both of these two bands will be included
as

Uy . Ui . . Up(1 —2x)
LAEDY %”kﬂi + = (Maejr + aejy) + M”kz%

N - N
k j#22
Ul(l — I’) N N
t—5 > gy + fugr)
J#22
U[).TA U()(l —iL')A U1 N "
= zk: T?’Lkﬂi + TnkZZT + W ; (nkji + nij) : (5145)
j#z

x is a unitless number between zero and one, that quantifies the occupation of the d,24
band and the d.2; band. Contrary to the case of the 2H phase, the constants do not
cancel, since both (f,24) # 0 and (n,2) # 0. These terms will still be neglected since
any constant shift does not affect the dynamics of the band structures. Just below the
Fermi energy, the main contribution to the PDOS comes from the d,2¢ orbital, see Fig.
[6.15] though it is evident that both the xz and z? — y? d-orbitals are also present.
These are neglected in the calculations performed here.
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Fig. 5.15: The PDOS for the five d-orbitals in the 1T phase of monolayer VSs. The Fermi
Energy is located at zero energy. Positive PDOS corresponds to the PDOS for the spin 1

d-orbitals and negative PDOS corresponds to spin |, (I. E. Castelli, personal communication,
March 2020).

The final band structure is depicted in Fig. alongside with the band structure
from DFT [3]. The parameters used to obtain the former are V4, = 2.2 €V, V4, = —0.9
eV, Vipe = 0974 eV, Ve = —0.19 eV, { = —0.774 eV, §, = —1 eV, Uy = 1.426 €V,
Uy = 217 ¢V and z = 0.732. Further, the bands have been shifted in energy to
be comparable to the band structures obtained with DFT. Also here, there are some
deviations in the two band structures, though the main points are evident from both
plots. Both band structures suggests a metallic groundstate for monolayer 1T-VS,. This
is also clearly observed from the PDOS in Fig. |5.15| Here, the d,2+ and d,2; bands are
only partially spin-polarized. Thus, this structure is also ferromagnetic, though with a
lower magnetization compared to the 2H phase. This agrees with the results from DFT
calculations that find the magnetic moment to be 0.49 au for the 1T phase compared
to a magnetic moment of 0.95 au for the 2H phase.
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Fig. 5.16: (a) The band structure for the 1T phase of monolayer VSs obtained from tight
binding theory combined with the Hubbard model along the path ' - M — K — I'. (b)
Band structure obtained from DFT calculations [3].

5.4 Conclusion

First, the hypothetical model complex VSg was studied using the tight binding method
in the Slater Koster decomposition. Degeneracies in the energy sepctrum was observed
both for the 1T and 2H phase, see Fig. and Fig. These degeneracies were
explained by the different symmetries of the two molecules using a group theoretical
approach. A specific high-symmetrical case of the 1T phase was explored, for which
the degeneracy of the spectrum changed, see Fig. Subsequently, monolayer VS,
was investigated using the tight binding method together with the Hubbard model. For
both phases the band structure was obtained, see Fig. and Fig. The 2H
structure was found to exhibit a metallic groundstate, though the highest non-empty
band was almost filled. Thus, the groundstate was found to be highly spin-polarized
and the compound exhibited a ferromagnetic ordering. This agrees with the DFT calcu-
lations from Wang et al. [2]. The DFT calculations from DTU [3] showed contradicting
results, though one method also suggested a metallic, ferromagnetic groundstate. Both
the PDOS of the d-orbitals and a self-consistent calculation of (f,24) also yielded a
ferromagnetic ordering. Similarly, the 1T phase was found to be metallic in agreement
with the DFT calculations. This was only partially spin polarized and thus had a
smaller magnetic moment. This result agrees with DFT calculations [3].
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CI‘CIQ (pYZ)Q

6.1 Introduction to CrCly(pyz)J]

Chromium-chloride-pyrazine, CrCly(pyz),, was synthesized by an international group
at the chemistry department at DTU, lead by assistant professor Kasper Steen Pedersen
[4]. This is the first organic and inorganic hybrid 2D material ever produced. The fact
that it is both organic and inorganic, in contrast to graphene and all other previously
synthesized 2D materials, makes it highly tunable. This material is made in such a way
that parts of the material can be replaced, which allow for a more accurate design of
both the electrical and the magnetic properties of the material.

The structure of CrCly(pyz)s is viewed in Fig. [6.1] One layer of CrCly(pyz), consists of
chromium atoms crystallized in a lattice exhibiting orthorhombic symmetry that couple
through pyrazine rings and are sandwiched in between two layers of chlorine atoms, see
Fig. a and b. This will be introduced in greater detail below. In Fig. b it is
evident that the 2D layers, when stacked, couples through the VAW interaction. The
fact that the interaction between the layers are so weak makes it possible to tune the
magnetic properties using a weak external magnetic field. Chromium-chloride-pyrazine
exhibits both long-range magnetic order together with high 2D electronic conductivity,
which not only makes the material of interest in regards to quantum computing but also
in future superconductors, catalysts, batteries, fuel cells and in electronics in general.

Fig. 6.1: A view of the structure of CrCly(pyz)2. a The structure viewed along the Cl-Cr-Cl
axis. b Side view of the layered material. ¢ Thermal ellipsoidElplot at 80% probability level.
The structure consists of carbon atoms (black), nitrogen atoms (blue), chromium atoms (dark
green) and chlorine atoms (light green) as indicated in c. For clarity, the hydrogen atoms
of the pyrazine rings has been omitted in a and b. This figure is taken from the paper by
Pedersen et al. [4].

!This introduction is based on [35] and [4].
2Thermal ellipsoids illustrates the magnitude and direction of the thermal vibrations.

99



CHAPTER 6. CRCLy(PYZ), 60

First, the experimental results obtained by Petersen et al. will be sketched, since
this gives valuable information about the compund that can be used in the following
calculations. Thereafter, the hypothetical model complex CrCly(pyz), is studied and
the energy spectrum of this is obtained using the Slater Koster decomposition of the
tight binding model. Further, the symmetries of this molecule will be investigated using
group theory. Subsequently, monolayer CrCly(pyz)s is explored. Using the tight binding
model, the band structure will be obtained and compared to DFT calculations from
Pedersen et al. [4]. Lastly, the magnetic properties of the compound will be considered.
First, a simple model will be proposed to describe the behaviour of the relevant spins in
the compound. The exchange interaction between electrons on neighbouring chromium
and pyrazine sites is calculated, and an expression of the indirect exchange interaction
between neighbouring chromium sites is found using the RKKY model. Lastly, an
expression for this coupling constant in terms of the ordering temperature is obtained
using MF theory.

6.2 Experimental Results of CrCly(pyz);

This section portrays the experimental and numerical results by Pedersen et al. [4]. In
the following sections the electronic and magnetic properties of the compound is investi-
gated analytically and compared to these results. First, they solve the crystal structure
shown in Fig. using synchrotron X-ray powder diffraction data. To examine the
oxidation of the Cr-ions in CrCly(pyz)s, it is compared to two mononuclear model com-
plexes, namely trans’F[CrCly(NCNHy),] (Cr(I1)) and trans-[CrCly(pyridine) ] (ClOy4)-1/4
H,O (Cr(III)) with the established oxidations Cr*? and Cr™3, respectively. The bond
lengths around the chromium atom in CrCly(pyz), is comparable to the bond lengths
in Cr(IIT) which could indicate that the chromium atom in CrCly(pyz)s possess a +3
oxidation. This is further investigated by X-ray absorption spectroscopy (XAS), col-
lected at the Cr and Cl K-edgd'| of CrCly(pyz)s, Cr(II) and Cr(III), see Fig. [6.2] Both
the Cr and the Cl K-edge XAS spectra of CrCly(pyz), show a great resemblance with
the same spectra obtained for Cr(III). Thus, it is concluded that the Cr in CrCly(pyz)s
possess -+3 oxidation, which means that an extra electron has been collected by the two
pyrazine rings. This is confirmed by DFT calculations.

In Fig. c the conductivity as a function of temperature is depicted. The room-
temperature is measured to be orr = 32mScm™!, which makes CrCly(pyz), one of
the more conducting coordination solids reported so far [36], [37]F] The fact that the
conductivity increases for increasing temperature indicates an insulating groundstate.
Contrary to this, DFT calculations of the ferrimagnetic case suggests a metalic ground-
state. This will be elaborated below.

3 Cis and trans refer to two different isomers of the same molecules. These prefixes stem from Latin
where Cis means "this side of" and ¢rans means "the other side of". This refer to the placement of
the functional group with respect to the carbon chain.

4K-edge in XAS refer to a sudden increase in the absorption when the energy of the x-rays is just
above the binding energy of the innermost electron shell of the atoms interacting with the photons.

SSiemens (S) is the derived unit of electric conductance. In Sl-units this is kg~ tm~2s3A2.
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The measured conductivity clearly fits well with the 2D Mott law described by

o) = (- (2) ) 1)

where d is the dimensionality of transport, in this case d = 2, and oy and Ty are
empirical constants.
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Fig. 6.2: XAS spectra of CrCla(pyz)2, Cr(II) and Cr(III) at 7' = 3 K for Cr K-edge a and Cl
K-edge b. ¢ Temperature dependence of the conductivity of CrCly(pyz)s. The solid line shows
the best fit to the Mott law, see Eq. , with g = 1.2-10?>mSem ™! and Ty = 4.2 - 10° K.
This figure is produced by Pedersen et al. [4].

Further, the magnetic properties of CrCly(pyz), has been investigated. The mag-
netic susceptibility-temperature product, x7', is measured, see Fig. a, to be
2.7 cm®Kmol ™!, 3.3 cm3Kmol ™! and 4.7 ecm®Kmol~! at 400 K, 300 K and 200 K, re-
spectively. This thermal behaviour indicates strong magnetic interactions, and the
Curie-Weiss law does not describe this well. Though, for high temperatures it is a fine
approximation, and from this the spin on the Cr-ions are estimated to be either 3/2 or
2, see Appendix [C| A sudden increase in x7 is observed at ~ 55 K, which indicates
that a phase transition to an ordered phase has occured. A hysteric behaviour is ob-
served in the magnetic field dependence of the magnetization, see Fig. [6.3] b, where
the remnant magnetization as a function of temperature is shown in the inset. Clearly,
only a remnant magnetization is present for temperatures below ~ 55 K, which sup-
ports the suggestion of a phase transition. This ordering temperature is much higher
than previously reported ordering temperatures for pyrazine-networks. The satura-
tion magnetization at 7 T and 1.85 K is measured to be 1.8 pug. If the spin on the
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chromium atoms coupled ferromagnetically to the radical spins on the pyrazine rings
this would be expected to be ~ 4up. For an antiferromagnetically coupling this should
be around 2up. Thus, this indicates an intralayer antiferromagnetic coupling with a
parallel alignment of the layer magnetic moments, such that a resulting magnetization
remains. DF'T calculations show a significant spin density on the pyrazine rings and the
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Fig. 6.3: a Susceptibility-temperature product as a function of temperature measured with
a d.c. magnetic field at ugHg. = 0.1 T applied. Inset: Temperature dependence of magnetic
susceptibility for various d.c. field strengths. b Magnetic field dependence of the magnetiza-
tion at selected temperatures measured with a sweep rate of 30 Oe min~!. Inset: Remnant
magnetization as a function of temperature. The solid line is a simulation of the tempera-

an B
ture dependence of the remnant magnetization using Myey, X (1 — (Tlc) ) with a = 2.0,

B =0.33 and T, = 52 K. This figure is collected from Pedersen et al. [4].

antiferromagnetic exchange coupling between the Cr3*-ions and the pyz radical spins is
estimated to be ~ —2,000 cm™!' ~ —0.25 V. The alignment of the magnetic moments
has also been investigated with DFT calculations. Two states have been compared,
the experimentally observed ferrimagnetic state and the antiferromagnetic state, i.e.,
where the layer magnetic moments couple antiferromagnetically. The DFT-optimized
structures have similar lattice constants, which do not deviate significantly from the
experimental results. In both cases the local magnetic moments on the pyz ligands are
found to be antiparallel to the local magnetic moments on the Cr-ions, and the local
magnetic moment on the Cr atoms is estimated from DFT calculations to be ~ 2.54u 5.
This is significantly smaller than the expected ~ 3up for S = 3/2. To be able to deter-
mine this experimentally, X-ray magnetic circular dichroism (XMCD) experiments have
been performed from which the Cr local magnetic moment is estimated to be 2.3, see
Fig. in Appendix [D] From DFT the total magnetization of a unit cell is found
to be 1.98up. This agrees with the measured value, 1.8up. The band structures of
both states and the PDOS are viewed and compared to the band structures produced
in the following section. DFT calculations suggests a strong degree of m — d conjuga-
tion which could explain both the high magnetic ordering temperature and the high
electrical conductivity.
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6.3 Model complex CrCly(pyz),4

To begin with the energy levels and symmetries of the model complex CrCly(pyz)y4 is
investigated. This molecule is viewed in Fig. [6.4] For the calculations in this section to
be applicable, when investigating monolayer CrCly(pyz)s, the stoichiometry used in this
section will be that of CrCly(pyz)s and not CrCly(pyz)s. One unit cell of CrCly(pyz)s
consists of one Cr-ion, two Cl-ions and two pyrazine rings. The electron configuration
for Cr and Cl is [Ar]4s'3d® and [Ne]3s?3p®, respectively. Thus, each chlorine atom
collects an electron from the chromium atom, which is then reduced by two electrons.
As argued from DFT caulcations in the previous section, the two pyrazine rings reduces
the Cr atom of an extra electron, such that three electrons remain in an unfilled d-shell
on the Cr-ion. If these spins occupy three distinct energy levels and align parallely to
each other, to obey Hund’s first rule, the spin on the Cr-atoms is S = 3/2.

t

F,
* ) 2.t O : Cr
1,1 x vz o P
LS 1,r Q : Cl
2,b ;
O L pyz

b

Fig. 6.4: Illustration of the model complex CrCls(pyz)4. The nomenclature of the six relevant
atoms, the coordinate system in use and the orientation of the pyrazine rings is illustrated.

As seen from Fig. two neighbouring chromium atoms couple through a pyrazine
ring. A pyrazine ring is much like a benzene ring except for the fact that two of the
carbon atoms have been replaced with nitrogen atoms. Nitrogen atoms possess one
extra electron compared to carbon atoms, which results in two less hydrogen atoms on
each ring. Instead there is a lone-pair electron on the nitrogen atoms. A benzene ring
has four energy levels of which two are two-fold degenerate. Replacing two carbon atoms
with nitrogen atoms lifts this degeneracy, due to the decrease in symmetry; a pyrazine
ring thus has 6 non-degenerate energy levels. The d-orbitals on the chromium atoms
mainly couple to the p, orbitals of the atoms of the pyrazine ring. For simplicity only
these orbitals will be included. The eigenstates of the six energy levels of the pyrazine
ring are then approximated as either even or odd linear combinations of p.-orbitals
with different amplitudes on each one of the six sites in the pyrazine ring. Since the
interaction between the chromium atom and the atoms in the pyrazine rings decreases
with increasing distance, the ring is approximated to be a single site. Therefore, only the
two linear combinations with the greatest amplitudes on the nitrogen atoms are included
and the rest is neglected. Thus, the pyrazine rings are approximated as a single "atom"
on which p.-orbitals with two different amplitudes, as and a4, are located, where the
latter is even and the former is odd. Lastly, the pyrazine rings are rotated compared to
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the Cl-Cr-Cl axis, see Fig. c. Pedersen et al. measure these rotation angles to be
42.5" and 43.9" with respect to the crystallographic c direction for the pyrazine ring 1
and 2, respectively. This will be approximated as 45 in both cases. This means that the
pr-orbitals of the pyrazine "atoms" are instead linear combinations of both p,, p, and
p. orbitals with respect to the global coordinate system, see Fig. [6.4] Thus, 2’ refer
to the local coordinate system of the pyrazine sites, i.e., the direction perpendicular to
the rings.

As in previous sections the full Hamiltonian for a single molecule can be written in
terms of the Slater Koster elements. The full Hamiltonian is written in the basis

(0 = {lday), ldyz), |da), |daz—y2), daz), [p5), |03, 165), [05), 10), 62),
2 (a2)), P2 (), P2 (02)), P2 (0)), (6.2)
2 (), P2 (), P2 (a2), (P2 (aa)) },

where the first five elements refer to the d-orbitals of the chromium atom followed by the
three p-orbitals of both chlorine atoms (top and bottom), and lastly the p,/-orbitals for
the four pyrazine-"atoms". As in section the full Hamiltonian can be projected
into the subspace of the d-orbitals and an analytical expression for the 5x5 matrix
VpTded can be obtained. To make the matrix block diagonal, this is written in the basis
{dy.,d.0, dyy, dy2_ 2, d2 },

M11 M12 0 0 0
My Ms 0 0 0
Hi=1 0 0 My Msiy Mss|, (6.3)
0 0 M34 M44 M45
0 O M35 M45 M55
with
1
M, = §|V})dn‘2(4 + a), (6.4)
V3
My, = —7‘/;9@‘/;“04, (6.5)
3
My = §|V};da|2047 (6'6)
1
M3y = ZVPTClWa <\/§V;7d7r - ﬁvpda) ) (6.7)
1
Mas = =7Vl (VBViir + Voo ) (6.8)
1 3
Mys = 3 4\/§|Vpdo|2 -« (2\/5‘/Z7d7r + \/5‘/;%10) (vadw - \/;szd0> ’ (6.9)
My = -12\/3 Voo |2 2V, V6V, Vi Sy 6.10
44 — g | pdcf| + « pdm — pdo pdr 5 pdo 9 ( . )
1 -
Mas = = [4Voao|* + 0 (Vi1r (6Vpn + V6Vhto ) + Vi (Voo + V6Vhar)) | (6.11)
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where a = |ag|? + |a4]? has been defined. The two blocks in Eq. are trivial to
diagonalize. It is evident from Eq. that the d,. orbital only couples to the d.,
orbital, and further that d,,, d,2_,2 and d,2 only couple to each other. To understand
this, the symmetries of the molecule are investigated.

The fact that the pyrazine rings are rotated decreases the symmetry of the molecule.
As always the group describing the symmetry of CrCly(pyz), includes identity. In ad-
dition to this only three more operations leave the molecule invariant, namely inversion
(i), a rotation of m around the z-axis (Cy(z)), and a reflection in the plane spanned
by the z- and y-axis (03,), see Fig. . These four symmetry-operations form the
point group Cay. This group is abelian and thus both the order of the group and the
number of irreducible representations are equal to four. The character table can now
be constructed using the rules listed in the bottom of section [2.0.2] see Table [6.1]

Con | E | Cy(2) | 1 | op | Quadratic Functions
A, |1 1 111 22, %, 2%, xy

B, |1 -1 1| -1 Yz, 2x

A, |1 1 |-1]1 =

B, |1 | 1 |11 =

Table 6.1: Character table of the Cyy, group [38].

From this character table it is observed that yz and zx belong to the same representation
and similarly for the rest of the d-orbitals. This explains the block diagonal form of
Eq. . Further, we see from this equation that (zy|H|zy) = (yz|H|yz), which has
to do with the symmetry of the object and the chosen coordinate system.

6.4 Monolayer CrCly(pyz)s

6.4.1 Tight Binding Model

Monolayer chromium-chloride-pyrazine, see Fig. (a), is now investigated. Using
the Rietveld refinement techniqud’, Pedersen et al. [4] have found the three lattice
constants to be a = 6.90351(4) A, b = 6.97713(4) A, and ¢ = 10.82548(6) A. The
proximity of a and b motives the lattice to be approximated as a square lattice in the
Cr-pyz plane. The relevant symmetry-points are thus approximated to be

T = (0,0,0), M:(o,o,%), X:(—%,o,z—\lﬁ). (6.12)

6Rietvild refinement is a technique used to characterize crystalline structures developed by Hugo
Rietveld. Neutron and x-ray diffraction of powder yields a pattern characterized by reflections at
specific positions. Using a non-linear least square method, the Rietveld method then fits theoretical
predictions to the experimental data to determine various charactistics of the structure [39].
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(b)

Fig. 6.5: (a) Monolayer CrCla(pyz)s viewed along the Cl-Cr-Cl axis. The chromium and
pyrazine sites are illustrated with black and white cirles, respectively. Further, the unit cell is
marked with a dashed square and the relevant lattice vectors and the used coordinate system
is indicated. The last lattice vector, as, not indicated, points from Cr to the top Cl. (b) The
symmetry-points used in the calculations of the band structure marked on an illustration of
the approximated square Brillouin zone.

These symmetry points are indicated on the Brillouin zone illustrated in Fig. (b)

A unit cell includes one chromium atom, two chlorine atoms and two pyrazine rings,
which will be labeled 1 and 2. Assuming that the two pyrazine rings have the same onsite
energy, and similarly for the chlorine and chromium atoms, a tight binding Hamiltonian
for this system in real-space, including only nearest neighbour interactions between p-
and d-orbitals, can be written as

écrzzd ,u+§ClZZ (1), + (07,)'9%,]

r; v=1
+ épyz Z [(pi,z’) ﬁz{z’ + (ﬁiz’)Tﬁiz/}
1 > _
DD DY [i’;de/L ot td] Pt e (6.13)

r; rji:ri:tal pn=1

+ > Z 3 Z[Qtdj#AiZ/%—thdTup] ot e

r; rji—rliagu 1

5 3 ]
+Z Z ZZ[ Z;,Lﬁ;er—'_tb dwp] —i—h.c._.

r; r]i—rz:tag,u 1 v=1

Here cij " (d;,,.) creates (annihilates) an electron on the chromium site at r; in unit cell i

and orbital p. Similarly, the operator (pﬁf;)f and ﬁ;i creates and annihilates an electron
in the orbital v at the chlorine atom at site r; & ag, respectively. Lastly, the operators
(gzﬁjl(j))Jr and ]5]1(22,) creates and annihilates an electron in a p., orbital on the pyrazine site

1 (2) at r; + a; (r; + as), respectively.
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The three first terms of the Hamiltonian states the onsite energies of the d- and p-
orbitals of the five atoms in the unit cell. Further, the Hamiltonian consists of six
terms where an electron can hop from a p-orbital to any nearest neighbor d-orbital. The
Hermitian conjugate of these terms includes hopping from a d-orbital to any nearest
neighbour p-orbital. The factor 1/2 is included on eight of these terms to prevent double
counting. For simplicity the spin indices are omitted. The following onsite energies and
hopping matrices have been defined

= (ri; dy|Hilrii ), (6.14)
fCl (r; £ ag; p, [Helrs £ a3 p,), (6.15)
Y = (r; & ag; po[Hlri £ ag; o) = (v & ag; po|[Hor; + ag; ), (6.16)
by = (risd Wl + as;p,), (6.17)
th, = (vi; du[Hilr; — as; p,), (6.18)
t;’:' = (ri; dy| Halri + a1 por), (6.19)
tit = (v dulHales — anipar), (6.20)
ti;/ (ri; dy| Hylr; + a0 pr), (6.21)
t2% = (v dy| Halri — ag; por). (6.22)

H, includes hopping between the two relevant orbitals, see Eq. 1) The numerical
values for these can be obtained using the Slater Koster decomposition. t,, and tfw
are 3xb matrices that consists of the Slater Koster matrix elements stated in section
5.2 The hopping matrices for the pyrazine rings are 2x5 matrices that include both
the even and odd wavefunction for the pyrazine rings as described in the section [6.3]
These matrices thus have the form

1,r a2Ez/,xy O42£?z’,yz QQEZ’,zx aQEz/,gﬂny a2EZ/,ZQ

b = | auE E E E E (6.23)
QY Lyt gy Qqllyt gy Q4llpt ng Qqllyr 242 Qqllyr 52

1,0 _OQEZ’,:Ey _QQEZ/,yz _a2Ez’,zx _OCZEZ/,gﬂny _a2Ez’,22 4

1, = (6.24)

a a4Ez’,xy 054Ez’,yz a4Ez’,zm a4Ez’,x27y2 O‘4Ez’,z2‘

These Slater Koster elements in the global coordinate system for d-orbital u is given by

1
E.,= {Z (V2-2) Bopt 2B+ (24 V2) E,W] . (6.25)

The bonding matrices t o ! and t ~» are of similar form.
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The Hamiltonian can now be Fourier transformed to give

3

5
H=) {50’" D ey + €D [0 B + () ]
k pn=1

v=1
gpyz [(ﬁll(z )Tﬁll( 2 + (ﬁi,z’)Tﬁ%{,z’}

+ Z [dk“ Pr.o ( Mz,e’k al —}—tﬂ € Zk'”“) + h.c.} (6.26)
+ Z |:dk,u P, ( PR i Zk"'”) + h.c.}

35 [l + i ] )

p=1 v=1

The eigenenergies of this Hamiltonian can be found numerically for the path M —
I' — X in reciprocal space to obtain the band structure in Fig. [6.6] The following
values have been used to obtain these energy bands, (¢! = —7.048 eV, €7 = —0.856
eV, P = —2.944 eV, Vygo = 4.8 eV, Vygr = —1.344 eV, ap = 0.428, oy = 0.932.
This is viewed alongside the band structure of CrCly(pyz)s both for a ferrimagnetic and
antiferromagnetic state obtained from DFT calculations performed by Pedersen et al.
[4]. The bands obtained here have been shifted in energy to be comparable with the
band structures collected from Pedersen et al. [4]. The Fermi Level is located at 0 eV.
Remember that these groundstates both exhibit antiferromagnetic interactions between
the chromium ions and the pyrazine ligands within the layers, but the orientation of
the CrCly(pyz)s layer magnetic moments are parallel or antiparallel, respectively. Note
that the DFT calculated band structures are thus for bulk CrCly(pyz)s whereas the
band structures obtained using tight binding are for monolayer CrCly(pyz)s.

(c) FI (d) AF
2 2

Energy (eV)
o
T
1
\ o
>
1

Fig. 6.6: (a) Band structure of monolayer CrCly(pyz)2 obtained from the tight binding
Hamiltonian viewed in Eq. along the path M — I' — X. (b) Band structure obtained
from DFT calculations [4] both for a ferromagnetic (¢) and an antiferromagnetic (d) spin
configuration. Black (red) bands correspond to spin up (down).
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The d-bands are mainly located above 1.5 eV, which is clearly seen from the PDOS plot
obtained from DFT [4], see Fig. This is consistent with the results from investigat-
ing the eigenvectors of the bands obtained in this section. These d-bands are quite flat,
which means that the d-electrons are localized at their sites. Pedersen et al. suggests
that this could indicate a strong 7-d hybridization. Looking at the band structures ob-
tained from DF'T, clearly the ferrimagnetic state has a metallic band structure whereas
the antiferromagnetic state is insulating. This can also be seen from the PDOS plots.
This contradicts the experimental results, which show that the observed ferrimagnetic
state exhibit an insulating behaviour, see Fig. c. This discrepency is suggested by
Pedersen et al. to be due to the fact that DFT does not include the structural disorder
of the pyrazine ligands. The band structures obtained in this thesis agrees with the
experimental results of an insulating, ferrimagnetic groundstate, described in section
6.2|

pDOS

pDOS

Energy (eV)

Fig. 6.7: The PDOS obtained from DFT calculations by Pedersen et al. [4] for a ferrimagnetic
groundstate (a) and an antiferromagnetic groundstate (b).

6.4.2 Simple Model of Two Unit Cells of CrCly(pyz)-

In the search of a better understanding of CrCly(pyz)s the simple model illustrated
in Fig. is investigated. This is not identical to two unit cells of a single layer
of CrCly(pyz)s since it contains fewer pyrazine sites. Further, they are moved with
respect to the two chromium atoms. It does contain the battle between kinetic energy
and exchange energy. This toy model is developed in the pursuit of a simple model
to explain the behaviour of the relevant spins in CrCly(pyz)s. In this model the two
chromium atoms are viewed as localized spins with length S = 3/2. Further, it includes
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Fig. 6.8: Simple model containing two chromium sites (light circles) and four pyrazine sites
(dark circles). Each Chroimium spin only couples to three out of the four pyrazine sites.

two electrons that can delocalize over the four pyrazine sites. The chlorine sites are
neglected in this model, except for the fact that they have reduced the number of
electrons on the chromium sites. In this model the exchange coupling between the
chromium spins and the spin of the two electrons on the pyrazine sites is included.
Further, the electrons on the pyrazine sites are able to hop between the pyrazine sites,
indicated with dashed lines in Fig. [6.8] Lastly, a cost due to Coulomb repulsion, U,
is included if these two electrons are located at the same site. The full Hamiltonian is
thus written as

7'2:—2JSA'<S1+S2+S3>—QJSB'(S2+SS+S4>

> (a{(,é% I S N R S N o h.c.>
U:T%L (6'27)

4
A AT A A
+U 5 E CigrCigCioCio’

i=1 o,0'=t,

where S 4 and Sp represent the spin of the two chromium atoms, and S, with i = 1,2,3,4
represent the spin of the four pyrazine sites. éj and ¢; is the creation and annihilation
operator of an electron on site i, respectively. J is the exchange integral, ¢ the hopping
constant, and U is the strength of the Coulomb repulsion of two electrons occupying
the same site. The —2.J convention is adopted here to comply with the methods in [4].

The spins of each chromium ion can take four S, values, i.e., | —3/2), |—1/2), |1/2) and
|3/2). The basis for the two electrons on the pyrazine sites will be written in terms of
the singlet and triplet states. For this purpose a new notation is introduced. A singlet
state with S, = 0 will be represented by a line as illustrated in the following examples:

= 00) = <= (1 14.00) = 41.00)). (6.25)
/00) = (11010} = | Lot 0). (6.20)
|~ 000) = — (| 11 000) — | I 000)) (6.30)

2

Sl



CHAPTER 6. CRCLy(PYZ), 71

The first state is a singlet state between an electron on site 1 and an electron on site
2, the second between an electron on site 1 and one on site 3, and the last is a singlet
state of two electrons both occupying site 1. A triplet state with S, = 0 is represented
by an arrow as

| = 00) = <|¢¢,00>—+| 1100)), (6.31)

<ﬂ

|70N0) = —= (] 10L0)+]L0710)). (6.32)

CE
Due to the Pauli principle, the state in Eq. (6.30]) is not a possible triplet state. The
triplet states are represented by an arrow since the positive sign in the superposition
means that éhégi +é @T = (c%c1 L Hé ¢01T> contrary to the singlet states where
these two states would be identical. All triplet states are defined such that the creation
operator to the left creates an electron on a site denominated with a lower numerical

value compared to the creation operator to the right. Similarly, for the triplet states
with S, =1 and S, = —1. The basis for the two electrons are thus

) = {1 = 00), 10 = 0, [00=), 17070}, [0/, | 700,
| — 000), [0 — 00), |00 — 0), |000—),
[ 14.00),10 41.0),100 L), [ L0 40),10 L0 ), ] L 00 ), (6.33)
| — 00), [0 = 0),]00 =), [70V0),[070V), [ 700V),

[ 100,10 1 0),100 1), | $00), 1040, 100 1) }.

~

~ — —

The full state is then given by |mss) ® |msg) ® |¢), where |msa) and |msg) is the
z-component of the A and B chromium spins, respectively. The Hilbert space is thus
448 dimensional. For this reason the Hamiltonian is diagonalized numerically. To
be able to accomplish this, the Hamiltonian is first rewritten, using that S-S, =

S78; + 1 (Sf Sy + 57 Sy), such that
H=-2J5% (Sf + 5% 4 S3> —JSt (S‘; + 55 + S‘g) —JS; (S*f + S5 + 5*;)
—2J5% (SQ + 5% + S*j) — JS% <5‘2‘ + S5 + 5‘;) —JS; <§2+ + S5+ 31)
_ (a{aagg I S N R S N O h.c.>

UTi

+ U§ : § : w’czaclacw

i=1 o,0'=1,)
R (6.34)
To begin with, we focus on the first three exchange terms including S%. The chromium
part of this is trivial to write in matrix form, in the basis {| —3/2),|—1/2),(1/2),|3/2)},
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as

3

N[ =

. 0
cr =1y (6.35)
0

ok O O

o O
wiw O O O

Now, let us see how this affects the basis states for the electrons on the pyrazine sites.
Applying this operator on basis states where neither of the two electrons are located
on site 4 results in the expected S, = 0 for a singlet state, e.g.,

(5 + 85+ 53) | - 00) = ( |N00>——|N00>——|w00> %|¢T00>)=

(6.36)

\/_

Similarly, for triplet states with S, = 0 with no electrons occupying site 4 and for singlet
states where both electrons occupy the same site. On the other hand, when one of the
electrons is occupying site 4, singlet and triplet states are coupling, as in the following
example

. A A 1 |1 1 1
85+ 85 + 5)100-) = —= | 5100 4) = ( =5100 — ~[00 ). 6.37
(-4 85+ 85) 00-) = = [ 500 ) = (=31004m) )| = glo0 . (631)
The triplet states with S, =1 or S, = —1 are eigenstates to this operator, though the

eigenvalue depends on whether one of the electrons is occupying site 4 or not, as seen
in the following examples:

( SZ+SZ) 1044 0) = —[0 44 0Y, (6.38)
(55 + 85+ %) Joo 1) = —%|oo W, (6.39)
(SZ 48 Sz> 044 0) = 011 0), (6.40)
(SZ v 8 SZ> 00 11) = —|00 ). (6.41)

This procedure is similar for the S}, part of the Hamiltonian, though in this case, singlet
and triplet states with S, = 0 are coupled when one of the electrons occupy site 1.

Now, let us look at the last two parts of the first line of Eq. (6.34). The raising and
lowering operators for the chromium spins can be written as

0
0
0
V3

For the electrons on the pyrazine sites it is not as simple. As before, the outcome
depends on whether one of the electrons is occupying site 4 or not.

0 0
g5 = |V3 g and Sg, = (6.42)
0

0
0

o O OO

0
0
0
0
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Focusing on the electron part including raising operators for the pyrazine electrons, a
few cases will be shown to illustrate how the basis states are affected by these operators,

(S*f 8 S*;) |~ 00) =0, (6.43)
(Sr §+ 5 ) 100-) = ——roo ), (6.44)
( ) | = 00) \/_ 21 11 00), (6.45)
( S ) 100 —) \/_|00 ), (6.46)
(SF -+ 8¢ +84) 10044 = Joo m

= 2 (00 14) + 100 1)) + 7 (100 1) — 00 11))
1 1

= —|00 =) + —|00—). 6.47
\/5\ ) \/5! ) (6.47)

The final example is quite interesting since this results in a superposition between a

triplet state and a singlet state. A similar pattern can be observed when applying

the operator <§1_ + 55_ + 5”3_> These results can be generalized to the B-part of the

Hamiltonian though in this case, the occupation of site 1 determines the outcome. The
full matrices used in the numerical calculations are shown in Appendix [E]

The tight binding part of the Hamiltonian will now be investigated. Since the spin
is unchanged here, the singlet and the triplet states will not be coupled. One example
is sufficient to illustrate what happens to all ten singlet states,

H,| — 00) = —t (\/§| — 000 + v/2[0 — 00) + |/0N0) + [0 — 0) + y/oo\>> . (6.48)

Note that a factor of v/2 arises when two single occupied state becomes a double occu-
pied state, since

o . 1 .
1 fad ~ ~ A
V2 (CITCL - CLCH) 0) = V2 — 000). (6.49)

|0) represents the vacuum state. Due to the antisymmetry of a singlet state, the order
of the fermionic operators is irrelevant. To see how the triplet states are affected by
this, one example is again suffecient:

Hol 1100) = > (aggel(, el o+ éjwéga> | 14 00)

— (yenlydly + dyearclyel, + cenelidl, ) 10)
— (el + ey + eldly ) 10)
— 0 0) 4+ 1010y +]1007). (6.50)
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The last term in Eq. (6.34) that includes the Coulomb repulsion between electrons oc-
cupying the same site is trivial to include for the four relevant double-occupied singlet
states.

Now, the 448x448 Hamiltonian can be diagonalized numerically. To invoke an ani-
tiferromagnetic coupling between the spin of the pyrazine electrons and the chromium
spins, J must be negative. When all three variables, J, t and U, are comparable in
size, the groundstate energy is two-fold degenerate. The eigenstates of these consists
of superpositions, including many different states, though one basis state in each are
highly dominant, i.e.,

| —3/2,—3/2)® 011 0) and [3/2,3/2) (0 | 0). (6.51)

The contribution from the exchange interaction in the Hamiltonian is minimized for
maximal spin of both the pyrazine electrons and the chromium spins. The Cr spins
are antiparallel to the pyz spins due to the sign of J. Electrons located at site 2 and 3
couple to both chromium spins, in contrast to electrons located at site 1 and 4. Thus,
the exchange interaction is further minimized by the electrons being located at site 2
and 3. For t = 0 this effect is even more dominant, and the amplitudes of the states
shown in Eq. increases. Though, when ¢t # 0 the electrons can gain energy by
delocalizing, and the amplitudes on the triplet states with S, = 0 and the singlet states
increases.

(a) (b)

Fig. 6.9: The two different configurations of the spins on the pyrazine sites. The electron
can delocalize over two sites with different exchange energy, in this way both minimizing the
exchange coupling term and the tight binding term in Eq. (6.27).

Focusing on the dominant part of the eigenstates, i.e., going to the limit where J > t,
a simple model is suggested to understand how the groundstate energy changes when
increasing the hopping parameter t. For ¢ = 0 the two electrons will be on site 2 and 3
with their spins antiparallel to the chromium spins. When ¢ increases the two electrons
can delocalize over two sites each and still avoid each other. This they can do in two
different configurations. One electron can hop between site 1 and 2 while the other
hops between 3 and 4, see Fig. (a), or one electron can hop between site 1 and 3
while the other hops between 2 and 4, see Fig. (b).
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The two sites, over which a single electron delocalizes, do not exhibit the same energy,
due to the fact that the electron can couple to both Cr spins at one site and not the
other. The gap between these two levels is A = %. This yields the Hamiltonian

. 3J ¢
4
with eigenvalues
37\°
E=4+ (I) + 2. (6.53)

It is trivial to conclude that the negative solution is the groundstate. Now, this function
can be plotted together with the exact eigenvalues as a function of ¢t with J = —0.2529
eV and U = 0.2529 eV, see Fig. [6.10] The value chosen for J is taken from Pedersen
et al. [4] as described in section @ U is chosen to be of the same size as J. Note
that Eq. has been shifted to fit with the exact eigenvalues. Clearly, the exact
groundstate energies follow this simple model quite closely. The exact solution is a bit
lower in energy compared to Eq. . This can be explained by the fact that it can
make the other configuration depicted in Fig. (b). This only lowers the energy
slightly since the change must be coordinated such that the electrons still avoid each
other. The solutions do not change when setting U = 0 since the states where the two
electrons occupy the same site is not favourable in this model, even without U present
in the model.

-2.30 s ‘ ‘ ‘ _
0.00 0.05 0.10 0.15 0.20 0.25

t [eV]

Fig. 6.10: The five lowest, degenerate eigenenergies plotted as a function of t with J =
—0.2529 eV and U = 0.2529 eV alongside with the function in Eq. (6.53]), though it has been
shifted.

When ¢t = 0 the groundstate energy becomes five-fold degenerate. Setting ¢t # 0 this
energy split in three, of which two is two-fold degenerate. That it is five-fold degenerate
in the limit J > t indicates that the system behaves as a spin 2 particle.
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This can be understood from

Sil3/2) ©13/2) @ 10 14 0) = (S5 + S5 + 55 + 55) 13/2) ®13/2) @ 0.4, 0)

- (3+3-3-3)pepmebuy 69

=2|3/2) ®13/2) ® (0 1 0).

Clearly, this yield a ferrimagnetic ordering. All these five lowest states are plotted in
Fig. both for t = 0 and ¢ # 0. To see how these states are affected by an external
magnetic field, the following term is added,

7:[3 = gNBB : Stot = QMBBszot- (655)

The magnetic field is chosen to point in the z-direction. As seen in Fig. (a)
the five-fold degeneracy of the groundstate for t = 0 is lifted when a magnetic field is
applied. Furthermore, we see that for ¢ # 0, see Fig. (b), the energy split in
three, of which two is two-fold degenerate. The two double degenerate states act as
a doublet, and the non-degenerate states behaves as a singlet for increasing magnetic

fields.

-2.27/

_ 228

E [eV

~2.297

-2.30"

.31:
0.000 0.001 0.002 0.003 0.004 0.005

Fig. 6.11: The five lowest eigenenergies of Eq. (6.27) + Eq. (6.55) depicted as a function of
B/pup with J = —0.2529 ¢V, U = 0.2529 ¢V and ¢ = 0 eV (a) or £ = 0.2529 ¢V (b). Clearly,
the degeneracy is lifted for B # 0.

From the introduced magnetic field, the expectation value of the total spin can be
obtained using

(Su) = 5 (6.56)
Both for t = 0 and t # 0, this is found numerically to yield S = 2, which agrees with

previous conclusions.

We will now follow the same procedure as above, this time on a model that have a
closer resemblance to the structure of CrCly(pyz)s. In this case all four pyrazine sites
exhibit the same exchange coupling to both chromium spins, see Fig. [6.12
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7/

4Q

Fig. 6.12: Tllustration of the model investigated in this section. It includes two Cr-ions (light
grey) and four pyrazine sites (dark grey), on which two electrons in total can be located.

The same three interactions as in the previous section are included here. Due to the
different shape of the model, the Hamiltonian is not completely identical to the previous.
In this case the Hamiltonian reads

H=—27(Si+85) (81+8+8;+8))

_ti:(ﬂﬁ%+ﬁ%@¢+ﬂﬁ%+é&@g+ha>
o="1| (6.57)

4
+UY N el dintio

i=1 oo’=1]

To diagonalize this Hamiltonian numerically, the basis used above is employed. Since
all sites now couple to both chromium spins, singlet and triplet states do no longer
couple. Thus, the exchange part of the Hamiltonian simply consists of operators acting
on the total spin of the state. For the tight binding part of the Hamiltonian, a factor of
V/2 is still introduced when two single occupied states become a double occupied state
and vice versa. Further, the ordering of the creation and annihilation operators still
results in sign changes for the triplet states.

Solving Eq. numerically, we find that for ¢ = 0 eV the groundstate energy is
thirty-fold degenerate whereas when ¢ # 0 the groundstate energy is ten times degener-
ate. This higher degeneracy is due to the increased symmetry of this model compared
to the former. Two of these groundstates are dominated by the following basis states

|—3/2)®| —3/2)®]0041) and |—3/2)®|—3/2) @ |1+ 00). (6.58)

The other eigenstates include many more states where none dominates as clearly as
these two states. Now we can simplify this model to only include the two states in Eq.
(6.58)) where the hopping allows them to delocalize in two different configurations as
shown in Fig. [6.13] In this case the site over which the electron delocalizes exhibit
the same energy, so the eigenenergies is expected to decrease with a slope of —2¢. This
is exactly what is observed from the eigenvalues, see Fig. [6.14
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Fig. 6.13: The two configurations of the spins on the pyrazine sites in this model. The
electrons can delocalize over two sites, in this way both minimizing the tight binding part and
exchange part of the Hamiltonian. For simplicity the chromium atoms have been omitted.
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Fig. 6.14: The ten lowest, degenerate eigenenergies plotted as a function of t with J =
—0.2529 eV and U = 0.2529 eV together with the function —2¢t — J.

Adding a magnetic field using Eq. , the expectation value of the total spin of
this toy model is also found to be S = 2. Since this model contains the same number
of pyrazine rings and chromium atoms as two unit cells of CrCly(pyz)s, this would
correspond to one unit cell having S = 1. This yields a magnetic moment of 2up,
which agrees with previous results obtained above. Further, it agrees with both the
experimental and numerical results from Pedersen et al. [4]. Generalizing these results
to monolayer CrCly(pyz)sa, a possible configuration is depicted in Fig. The spin
of the electrons on the pyrazine sites couple ferromagnetically, and each delocalize over
two neighbouring pyrazine sites. Further, the electrons on the pyrazine sites couple
antiferromagnetically with the spins of the chromium sites. Due to the uneven length
of the spins on the chromium sites and the spins on the pyrazine sites, this results in a
ferrimagnetic coupling. Obviously, the delocalization of the electrons can be configured
in several ways, but one configuration is chosen since it will be very energetically costly
to change configuration. The electrons on the pyrazine sites are drawn randomly on
either of the two sites it can occupy.
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AR B A

Fig. 6.15: A sketch of one of the configurations the spins on the pyrazine ligands can choose.

This model provides an approximate and intuitive description of CrCly(pyz)s, though
it is most likely too simple to grasp the physical aspects of the material. Due to the big
size of the pyrazine rings, the Coulomb repulsion on these sites are quite low. Thus,
the electrons on the pyrazine sites can most likely gain a lot of energy by delocalizing
in a greater extend than this model allow for. Instead, the valence electrons on the
chromium sites can be viewed as localized ions, and the electrons on the pyrazine ligands
as a free electron gas. Thus, this interaction can be investigated using the RKKY
(Ruderman-Kittel-Kasuya-Yosida) model to describe the indirect exchange coupling
between neighbouring chromium spins. First, the direct exchange interaction between
the chromium spins and the pyrazine spins is investigated.

6.4.3 Exchange Interaction between Cr and Pyz

To understand why CrCly(pyz)s exhibit ferrimagnetic properties, the direct exchange
interaction between the spins on the chromium sites and the neighbouring pyrazine sites
can be investigated. Here, two electrons exchange location with one intermediate step.
In this proces the spin of the included electrons remain unchanged. In the crystallized
environment five relevant energy levels are present on the chromium site of which three
of these are singly occupied. Let [¢)) represent the relevant eigenstate of the highest
occupied energy level on the chromium site. This is a superpostion of d-orbitals, and the
explicit expression is obtained from the numerical calculations of the band structures
obtained in section [6.4.1] Both pyrazine sites in the unit cell will be included. Let
|¢) represent the relevant eigenstate of the highest occupied state on the pyrazine sites.
This can be written as
1

V2

where |¢1) and |¢9) denotes the eigenstates of the highest occupied energy level on the
two pyrazine sites in the unit cell, also obtained from the band structure.

) (I¢1) +192)) , (6.59)
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Seven electrons are present in this collective pyrazine site. The electron on the highest
occupied state on the chromium site should now exchange location with the electron
on the highest occupied state on the collective pyrazine site. This exchange can be
achieved in many ways, though two are by far the most dominant. Both are illustrated

in Fig. [6.16]

1.
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Fig. 6.16: Schematic view of the two ways that an electron on the pyrazine sites can exchange
location with an electron on the chromium site of one unit cell. Left column illustrates the
energy levels of the five d-orbitals. Right column illustrates the six energy levels of two included
pyrazine sites.

An expression for the change in energy, that arises from the interaction, is obtained
through second order perturbation theory,

o RIE (WAL _ (1)
ap - HRUAE RO o (a5 ) =+ ©00

#, denotes the tight binding Hamiltonian given in Eq. 1D A denotes the difference
in energy of the two relevant energy levels, and U is the strength of the Coulomb
repulsion of two electrons occupying the same energy level on the chromium site, see
Fig. [6.16] The Coulomb repulsion for two electrons occupying the same energy level
on the two pyrazine sites is neglected due to the much larger spatial extend compared
to the chromium site. For the coupling between the Cr sites and the pyrazine sites to
be antiferromagnetic, it requires that A > U.
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6.4.4 RKKY Interaction

In this section the chromium spins are viewed as localized spins whereas the electrons
occupying the pyrazine sites are viewed as a free electron gas. The indirect exchange in-
teraction between neighbouring chromium spins is then mediated by these free pyrazine
electrons. We will focus on two specific neighbouring Cr-ions, i.e., S; and S,. The ex-
change interaction in real space between the spin of the Cr-ions and the spin of the
electron, §, on the two pyrazine sites, can be written as

Hi=-27) S8, (6.61)
Hy=—-27) S, 8. (6.62)

é and ¢’ sums over the vectors pointing to the four neighbouring pyrazine sites of S;
and S,, respectively. The spin of the valence electrons can be written as

. 1 . . 1 R .
Ss = B} Z C:rngO'o’CéU’ = oN Z Z ClTwTaa’Ck’o’- (6.63)
oo’ oo’ Kk’

In the last step the term is Fourier transformed using Eq. (5.68). 7 = (7%, 7Y, 7%) is a
vector consisting of the Pauli matrices. Thus, the two interaction Hamiltonians can be
written in reciprocal space as

7:[1 = Zzzck Ck/ / Z 7' /S (664)

oo’ kk’ l=z,y,2
H2 — _N E E E éI{”o”ék/IIUW E TOT.T/l/a.///S;n- (665)
5§ oo KK m=x,y,z

Perturbation theory can now be applied to these interactions. The lowest order term
that include both interactions [40] is

Z@) / dn / dTQ 7'[[(7'1)7'[2(7'2)>>0. (6.66)

Z denotes the partition function, § is inverse temperature and (-)o means that the
expectation value should be taken with respect to the unperturbed groundstate. T,
denotes the time ordering operator, where 71 and 75 are imaginary time parameters. The
superscript [ states that the Hamiltonians should be given in the interaction pictureﬂ

In the most commen version of the RKKY model, the itinerant electrons are viewed
as a completely free electron gas. In this case these electrons are viewed as delocal-
ized electrons though they are anchored at the four neighbouring sites of the given
chromium sites. For the spin-operators in each correlation function, we must sum over
all bonds to the relevant chromium spin. The dominant term will thus be the term
where the neighbouring chromium atoms couple through an electron anchored to the
site in between them.

"This is described in chapter 11 of [40].
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Thus, we end with

2.J?
Jor—cr = Wsl -Sa X, (6.67)
where y is the Lindhard function given by
np (&) — nr(e)
= . 6.68
X 2T h G (6.68)

The factor of two in Eq. (6.67)) stems from the fact that
(o | TOTP [the) = Tr[TTP] = 2045. (6.69)

Here, |t{yx,) are Bloch waves describing the free pyz electrons. At T = 0 the fermi
functions in Eq. (6.68) is either equal to one or zero. The Lindhard function can then
be written as

X=2> ng_gk/_Q/dg/dg (6.70)

k>kr k'<kp

where D(§) is the DOS. The DOS for a square lattice with spectrum & = 2t(cos k, +

cosk,) is given by
N? £\’
D(¢) = WK (1 — (E) ) : (6.71)

Here K gives the complete elliptic integral of the first kind which can be defined as the
power series

K(k) = gz (%) = (6.72)

n=0
The DOS is plotted as a function of energy in Fig. [6.17 In the subspace of the
pyrazine sites, there is 1/2 electron in each unit cell, and thus the DOS will be a 1/4
filled due to spin. The DOS is normalized such that

at
/dﬁD(ﬁ) =1. (6.73)
“at
Thus, the Fermi energy can be found by requiring that
&r
/ deD(€) = i (6.74)
“a

The Fermi energy is obtained numerically, and the Lindhard function is found to have
a numerical value of 0.15 for ¢ = 1, such that

J2
Jer-cr =03 (6.75)

This gives an idea of the order of magnitude of JCT_CT in terms of J and ¢.



CHAPTER 6. CRCLy(PYZ), 83

0.5

0.4}

0.3

DOS

0.2

0.1:

0.0 |

-4 -2 0 2 4
&/t

Fig. 6.17: The DOS for a square lattice with spectrum & = 2t(cos k; + cosky).

6.4.5 Estimate of Curie temperature from mean-field theory

From mean-field theory an expression of the exchange coupling constant between neigh-
bouring chromium spins S; can be obtained. The Hamiltonian of this exchange inter-
action can be written as

H=—-2Jcr—cr »_Si-S;. (6.76)

Using mean-field theory and neglecting the constant shift, see Eq. (5.126), the interac-
tion of the ith spin is

H; = —2Jcr_cr2(S) - Si, (6.77)

where z denotes the number of neighbouring spins, i.e., 2z = 4 for a square lattice.
Defining

2ZJCT’—C’!’
9HB

H= (S), (6.78)

the Hamiltonian for the ith spin can be written as
H; = gupS; - H. (6.79)

Thus, H can be viewed as an exchange field affecting the ith spin, that arise from the
polarization of the spins on the neighbouring chromium sites. The magnetization from
this exchange field is given by

M = —gupN(S), (6.80)
where N is the number of magnetic chromium atoms in the sample. The exchange field

can be written as

2ZJCTfCr

H=AM, with A= P

(6.81)
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Including an external magnetic field B the total magnetization can be written as

M= % (B + AM), (6.82)

where C' is the Curie constant which, for L = 0, is given by

%
C="TBNg2S(S +1). (6.83)
3kg

The magnetization can now be isolated

C
Knowing the Curie-Weiss law given by
C
X = ﬁu (6.85)

we can conclude that AC' = T, where T is the Curie temperature, from which we
obtain the expression

3kpTc

2%1025(S + 1) (6.86)

JCrfCr =

Remember that S = 3/2, T¢c ~ 55 K and z = 4. This gives an idea of the order of
magnitude of Jo,_¢,. Combining this equation with Eq. (6.75), an estimate of the
order of magnetude of J can be obtained.

6.5 Conclusion

To begin with, an analytical expression of the energy spectrum of CrCly(pyz)s was
obtained, see Eq. , and the symmetry of this was explored using group theory.
Thereafter, monolayer CrCly(pyz), was studied. From the band structure, see Fig.
[6.6] the compound was found to exhibit an insulating groundstate in agreement with
the experimental results. Furthermore, the d-bands were observed to be quite flat, which
suggested that these are localized. To investigate the magnetic properties of monolayer
CrCly(pyz)2 a simple model was proposed. Here, the electrons on the chromium sites
were viewed as localized spins, whereas the electrons on the pyrazine sites could delocal-
ize over a few sites. This suggested a specific configuration of the spin, see Fig. [6.15]
which resulted in a magnetic moment of one unit cell to be 2up. This corresponds to
an antiferromagnetic interaction between the chromium spins and the pyrazine spins.
Considering the exchange interaction between these two using second order perturba-
tion theory, this was exactly what was observed, see Eq. . An antiferromagnetic
coupling between the pyrazine spins and the chromium spins resulted in a ferromag-
netic coupling between neighbouring chromium spins. Due to the uneven lengths of
the chromium spin and the pyrazine spin, this yielded in a ferrimagnetic ordering. The
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itinerant electrons on the pyrazine sites could be viewed as an electron gas such that
the indirect exchange between neighbouring chromium sites is mediated by the RKKY
interaction. From this an expression for the Cr-Cr indirect exchange coupling constant,
Jor—or, expressed in terms of the Cr-pyz direct exchange constant was obtained, see
Eq. . Furthermore, from mean-field theory an expression of Jo,_¢, in terms of
the ordering temperature was found, see Eq. .



Chapter 7

Conclusion and Further Research

In this thesis three distinct two-dimensional compounds have been investigated theo-
retically. To begin with, monolayer YbOCI was studied using the classical Heisenberg
model. Focusing on the single hole occupying each ytterbium site in a triangular lattice,
these spin 1/2 particles was studied. The groundstate of monolayer YbOCI was found
to be dependent on the relative size of the exchange coupling constant between spins
in the same sublayer J, and the exchange interaction coupling strength between spins
located in two different sublayers Jy,. Further, this depended on the sign of both J and
Jiw. A non-magnetic region with S = 0 was obtained. Outside this region the Hamilto-
nian, see Eq. (4.10), was minimized when the total spin was maximal, though the size of
¢ depended on the sign and sizes of Jy, and J. Both regions exhibited ferromagnetic in-
tralayer couplings. One region exhibited antiferromagnetic interlayer coupling whereas
the other exhibited ferromagnetic interlayer coupling between the spins. All phases are
depicted in Fig. [4.5] Thereafter, an external magnetic field was introduced. Again,
the groundstate configuration was dependent on the relative size and signs of Jy, and
J. For Jy < 0 and J < 0, both a ferromagnetic inter- and intralayer magnetic coupling
minimized the Hamiltonian, see Eq. (4.20). These spins were oriented antiparallel to
the magnetic field. For Jy, > 0 and J >0, J3 > 0and J <0 and Jy < 0and J >0
various phases were observed. The phase digram between B/up and Jy,/J for these
three cases are depicted in Fig. and Fig. [4.7] Except for a small region with
S = 0, the spins are oriented antiparallely to the external magnetic field. The non-
magnetic region with S = 0 was much smaller in the presence of the external magnetic
field. Thus, in a specific part of the phase diagram between Jy;, and J, the compound is
paramagnetic in agreement with the experimental measurements [25]. For further re-
search the spin waves could be investigated using the Holstein Primakoff transformation.

Further, the TMD VS, has been considered. First, the energy spectrum of the hy-
pothetical model complex VSg was obtained using the tight binding model and the
degeneracies observed, see Fig. and Fig. [5.7] was explained using group theory.
The band structure of both the 1T and the 2H phase of monolayer VS, was obtained
using the tight binding method combined with the Hubbard model, see Fig.
and Fig. [5.12] The 2H structure was found to exhibit a metallic groundstate, even
though the highest non-empty band was almost filled. Thus, the groundstate was highly
spin-polarized and the compound was ferromagnetic. This agrees with the DFT calcu-
lations from Wang et al. [2]. The DFT calculations from DTU [3] showed contradicting
results, though one method also agreed with a metallic ferromagnetic groundstate. 1T-
VS, was also found to exhibit metallic behaviour, though the highest occupied energy
band was only partially spin polarized and thus exhibited a smaller magnetic moment
compared to 2H-VS,. This result agrees with DF'T calculations. Due to the stagnation
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of the experimental investigation of VS, in Beijing, this project was concluded here. An
experimental study of the magnetic and electronic properties of VSs should motivate
further theoretical investigation of this.

Lastly, the 2D material CrCly(pyz)s has been studied using a similar approach as
for VS,. First, an analytical expression of the energy spectrum of CrCly(pyz), was
obtained, see Eq. , and the symmetry of this was explored using group theory.
Thereafter, the band structure was obtained using the tight binding model, see Fig.
[6.6] from which the compound was found to exhibit an insulating groundstate. This
agrees with the experimental results of the electronic conductivity [4]. From the band
structure, the spins on the chromium sites are found to be localized in contrary to the
electrons on the pyraine ligands. To investigate the magnetic properties of monolayer
CrCly(pyz)2 a simple model was proposed. This suggested a specific configuration of
the spin, see Fig. [6.15] which resulted in a magnetic moment of one unit cell to be
2up. This corresponded to an antiferromagnetic coupling between the chromium spins
and the pyrazine spins. Considering the exchange interaction between the Cr spins and
the neighbouring pyz spins using second order perturbation theory, this is exactly what
was observed, see Eq. . An antiferromagnetic coupling between the pyrazine
electrons and the chromium electrons invokes a ferromagnetic coupling between neigh-
bouring chromium spins. Due to the uneven lengths of the spins on the chromium sites
and the spins on the pyrazine sites, this results in a ferrimagnetic ordering in agreement
with Pedersen et al. [4]. The itinerant electrons on the pyrazine sites could be viewed
as a free electron gas such that the indirect exchange coupling between neighbouring
chromium sites is mediated by the RKKY interaction. From this an expression for the
indirect Cr-Cr exchange coupling constant, Jo,_ ¢, expressed in terms of the Cr-pyz
exchange constant, J, was obtained, see Eq. (6.75). Furthermore, from mean-field
theory an expression of Jo,_ ¢, in terms of the ordering temperature was found, see
Eq. . Neutron scattering data of the compound has been realized recently (N.
B. Christensen and X. Chen, personal communication, December 2020). This mea-
sures both the ordering temperature and the spin waves. Motivated by this, further
research could adress this theoretically. Ferromagnetic spin waves for a square lattice
including nearest neighbour coupling Jo,_¢, could be calculated. In this thesis only
monolayer CrCly(pyz)s has been studied, though the compound on which the neutron
scattering mesaurements are performed is bulk CrCly(pyz),. The interlayer exchange
coupling constant J/,._., has a smaller magnitude compared to Je,—¢,. Thus, a mean-
field ordering temperature could be obtained in terms of Jo,_¢, and Ji,_,. Lastly, a
collaboration with experts on DFT calculations could be established in the pursuit of
more accurate parameters entering the tight binding calculations.
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Appendix A

Estimate of Bond Integrals

The bond integrals between two neighbouring orbitals can be estimated following the
example given below. We will focus on a p, orbital located at + = —d/2 and a d,2_,2
orbital located at x = d/2. Thus, the distance between the center of the two orbitals
is denoted d, see Fig. [A.1] In this example only the o-bond will be calculated. The
wavefunctions for the relevant orbitals, if they were located at the origin, are given by

V3dy_ = de\/%@\/%_ﬂ, (A.1)
V3p, = R@@ﬁ, (A.2)
with
Rsq = ﬁpQZS'/Qe_pﬂ, (A.3)
Ry, = ﬁp(él — p)Z3er/2, (A4)

Here, we have defined p = 2%, where Z is the effective nuclear charge for the orbital in

interest located in the atom, r is the radius, and n is the principal quantum number.
To simplify the following calculations, the coordinate transformation, that let x — z,
xr — —z and let y remain unchanged, is performed. Further, the wavefunctions are
shifted to place the d- and p-orbitals at x equal to d/2 and —d/2, respectively. Thus,

Fig. A.1: Spin densities of the p, orbital (left) and the d,2_,» orbital (right).

93



APPENDIX A. ESTIMATE OF BOND INTEGRALS 94

the wavefunctions become

_ Ry [15(z-5) -y

B

3244
— [ 2 A.
¢3px R3p A T ) ( 6)

d 2

Tq = {E2 + y2 + <Z — 5) s (A7>
d 2

Tp = 1’2 + y2 + (Z + 5) . (A8>

Note that the p’s in the radial parts of the wavefunctions are now a function of r4 and ),
for the d-orbital and the p-orbital, respectively. The overlap between the two orbitals
can now be obtained,

Z2 7} 27,1 d\ _zm d\’ _Zara
<¢3pz|w3dz2,y2> :ﬁ dr (4—%) (z+§)e 3 (z—§> — P e

(A.9)

where we have defined

These integrals can be evaluated in spherical coordinates, so the transformation

z=rcosf, y=rsinfsing¢ (A.10)

2
Ty = \/T2 + (C_l) + C_ZT cos 0 (All)
2 2
2
ry = \/r2 + (g) - gr cos 6, (A.12)

is performed. Thus, the overlap can be written as

<¢3pw|1/’3d12_y2> =A / drdfd¢ r* sin 6 (4 — @) (7“ cosf + g) (A.13)

2
e [(r cos ) — g) — r%sin 6? sin ¢2] e (A.14)

This integral can not be solved trivially, though this can be split into a sum of eight
integrals. These can be solved numerically individually using the substitution y = cosf
such that

T 1
/dé’sine = /d,u. (A.15)
0 -1

A similar approach can be used to obtain the remaining bond integrals.



Appendix B

Expansion Around the K-point

The expansion around the K-point is not as trivial as the I'-point, and it has proved to
be convenient to change coordinate system to be able to diagonalize the Hamiltonian
in this point. Thus, in this section we let + — v and y — —=x compared to the
coordinate-system described in section [5.3.1]

In addition to changing coordinate system, it is convenient to use another basis, namely
{d.2, dyo_y2, dyy, o, dyey 0L, D, 0L, D5, 1Y, 2} The eigenvector can now be written in
terms of the amplitudes as

\IIT - (0657 Oy, 01,3, X2, T1,T2, T3, /817 /827 B3) (Bl)

In this basis and coordinate system the hopping matrices become

0 thy ti] 0 tie —tis
0 thy th 0 thy —ty
th=1t,, 0 0f, t'=|ty 0 0 |,
thy 0 0 —th, 0 0
| 0 &y 15 0 —th i
tiﬁ til’g til’é tig t;; _til»g
A | B
0= |ty t3p t3g|, 7= | t5 3 —ts|, (B.2)
tyi ti ti —ti —ti
t51 s tss) |t —tsp 55 |
iy s 1] iy s ]
—t5 3t —t5 3 —ts
S
i i I M
—ls;  ls  ts3 ts1 —tl5y 153
In this basis the K-point has the componenets k, = g—’; and k, = %%Z’ which means
that z; = —e™3 and ¢; = ¢ = ¢y = —%. Thus, in this case, the components of the
Hamiltonian is
Tt — tt . efiﬂ/3tl,t . eiﬂ/Str,t 7 Tb _ tb . efiﬂ'/Stl,b . eiﬂ/Btr,b. (BB)

Following the same procedure as in section we can split the Hamiltonian in an
even part and a odd part. Making use of the two identities

—e ™3 L ™3 = /3 and  —e B 4 =1, (B.4)
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we get that 779 and T9F, in the K-point, simplifies to
. i3ty =ty 0
T2° = V2 mtg;t thy — f%é thy — # (B.5)
th —ts iV3tn V3t

and
b Lt e et . el
TOF 3 [P —th B, VBt | (B.6)
V3t thy —th thy — 5
Now the Hamiltonian can be diagonalized by the chiral transformation
Qg — iOég Qg + 7;043 ay — ’i()é5 oy + iOé5
Y - A
01 — 16, 01 + 105 P1 — 12 ¢1 + 192
9 — , 9 — , = — = — B8
M NG P /2 Om NG op (B.8)

V2

a1, 03 and ¢35 remain unchanged. Thus, we now have the eigenvector

Q/}T — (alv OKM27 aP27 9P7 9M7 ¢37 OéMl ) Oépl, ¢P7 ¢R7 63) (Bg)

Using the Slater Koster decomposition, many elements reduce to zero, and as in the
expansion around the I'-point, the problem reduces to five 2x2 matrices and one 1x1
matrix, given by

&a i(Ky — K12):|
Oar) - ,
{Oélu M} __Z(Kll o K]_2) fp y
{a,,0p} : - &a i(Ky — Kg1 + Koo + Ksz)/q
3 L | —i(Kay — Ky + Kap + Kap) /V2 & ’

ol g Try g,

{ap, bp} : i £a (K — K51 + Kup — Ks) /\/ﬂ
1 : _(K41—K51+K42—K52)/\/§ £, ,
{aan, 03} _—i(K4§d— o) Z(K43£; Ks:%)] 7
{om}: [&)]-

Here, we have defined the following identities

Ky =3ty Kip=th, — 1}, (B.10)
Ko = V3th!, Koy =1th, —thl Koy =thy — the, (B.11)
Ky =14 —t5!,  Kgy =34, Ks3 =34 (B.12)
Ky =t — i Ky =3t K =V3tht (B.13)
Ky = V3thl,  Kgy=1tl, — b, Ks3=tt, —tih. (B.14)

These are trivial to diagonalize. The analytical expressions yield identical results to the
numerical solutions for the K-point obtained previously.



Appendix C

CrCly(pyz)s Described by the Curie-Weiss Law

In this appendix a brief investigation of the magnetic properties of CrCly(pyz)s is per-
formed. The Curie-Weiss law is given by

= 1
X= 7 (C.1)
with the Curie constant
2
C =", 2 (] +1) (C.2)
3k

in SI units. pp denotes the Bohr magneton, g is vacuum permeability, n the number
of magnetic atoms per unit volume, kg the Boltzmann constant, and J = L + S is the
angular momentum quantum number. In this case L = 0. Note, that to get Eq.
in cgs units, to be able to compare with the results in [4]), this must be multiplied with
10°Na where N, is Avogrado’s constant. Setting 7. = 0, xT'(J) at T'= 400 K can be

4
obtained for three distinct J’s,

xT(1) = 1.00cm®*Kmol ",  x7'(3/2) = 1.88cm®Kmol !, x7'(2) = 3.0lcm*Kmol .

This is in accordance with numbers presented in [4]. The measured value at 400 K
is 2.7cm®Kmol ™!, and for this reason could indicate that J = S = 2, though the
theoretical prediction is greater than the measured value. As shown in section [6.2] an
ordering temperature at ~ 55 K is observed. Thus, setting 7. = 55 K x7'(J) at 400 K
is found to be

xT(1) = 1.16cm*Kmol ",  xT'(3/2) = 2.18cm*Kmol ', x7'(2) = 3.49cm*Kmol .

This could suggest that S = 3/2 is also a possible spin configuration for the Cr-ions.
Due to the strong magnetic interactions and strong m — d conjugation, this method is
not suitable to describe the magnetic susceptibility-temperature product.

Fitting the Curie-Weiss law to the xT' data, Pedersen et al. have obtained, for dat-
apoints above the ordering temperature confirms that this is not describing the data
well. Fig. (a) depict the magnetic susceptibility temperature product data along
with a fit of the Curie-Weiss law multiplied with the temperature. The data is collected
from Pedersen et al. [4] and the fit is performed using the x? method. The fit yields a
Curie constant of C' = 10.32+ 1.6 and a Curie temperature of T = 52.1 +0.58 K. Fig.
(b) shows a log-log plot of the same data excluding the first five points. Here, it is
clearly observed that the Curie-Weiss model does not fit the data well.
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Fit:
200 ‘ C 10.32 = 1.6
Tc 52.1 + 0.58
Chi2 14.9
1751 | Ndof 9%
[ Prob 1.0
150 |
[
125 \‘
= \
=100 \
g
75 |
50
‘\
N
25
0
50 100 150 200 250 300 350 400
T
(a)
Slope -0.7986
~
>
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e
o<
10! 102
T-Te
(b)

Fig. C.1: (a) xT data collected from Pedersen et al. [4] together with a fit of the Curie-Weiss

law in Eq. (C.1). (b) Log-log plot of xT' data together with fit. The ten first datapoints has
been excluded.



Appendix D

Supplementary Figures from Pedersen et al.

4]

— CrCly(pyz),
—— Cru)
T T

Absorption
(a.u)

0.0 T T T T

o

01 ] —— CrClypya),

-0.2 i —— Cr{n) (Intensity x 0.75)
T T I T I T | T T
5,980 6,000 6,020 6,040 6,060

Photon energy (eV)

Fig. D.1: a Normalized XAS spectra of CrCla(pyz)2 and Cr(III). b XMCD spectra shown
as the percentage of the peak at the edge. The data was obtained at a temperature at 3 K
with a magnetic field of 17 T. 7 illustrates the pre-dge, { the edge and § marks multi-electron

excitations.
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Appendix E

Spin-Matrices used in Numerical Calculations
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