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ABSTRACT

Magnetism is an old field in condensed matter physics, but it is still vibrant and
full of excitement. Regardless of deep fundamental physics therein, it also has
broad application in engineering technology, modern hard disk drive as an ex-
ample. Magnetic skyrmion, a vortex-like structure in two-dimensional magnetic
systems, has been discovered in various magnetic materials, among which chiral
magnets are a family of candidates. The skyrmions are characterized by nonzero
topological charges. The vortex-like structure of skyrmions makes skyrmion mate-
rials good candidates of new generation of data storage device. So understanding
the transport properties of the skyrmion materials is important for the possible
application in the future. The Hall effect is a key aspect of electron transports.
The topological Hall effect, which is one component in the total Hall effect, only
depends on the magnetic structures, and the topological Hall conductivity is pro-
portional to the topological charge. It thus serves as the transport signature of
magnetic skyrmions. The major mission of this thesis is to investigate the topolog-
ical charge distribution in realistic models and uncover the relationship between
the existence of skyrmions and other chiral excitations. The organization of the
thesis is the following.

The first chapter is the introduction. A historical survey about magnetic
skyrmions and chiral magnets is presented firstly. The magnetic skyrmion is iden-

tified by the topological charge. Further, the relationship between the topological
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hall effect and topological charge is described by the emergent electrodynamics.
The importance of the topological charge in chiral magnets is explained in this
part.

Following the importance of the topological charge, the investigation of topo-
logical charge in two-dimensional chiral magnets is presented in the second chap-
ter. The Monte Carlo simulation is employed to calculate the topological charge
on a square lattice. The results show that the nonzero topological charge is not
necessarily correlated to the existence of skyrmions in chiral magnets. To un-
derstand the numerical results, simple analysis based on the physical picture of
a triangle on the square lattice is performed. Then we calculate the topological
charge in continuum model of chiral magnets. At the high temperature limit, the
numerical results, picture analysis and the analytic result are consistent. Then, in
this chapter, there is a description of the recent experimental work on thin film
SrRuO3 which confirmed our theoretical prediction. A discussion on spin chirality,
topological charge and Hall conductivity is presented in the end.

However, no experiment on chiral magnets has been on a perfect monolayer sys-
tem. So we extend the investigation of topological charge into three-dimensional
situation. This work is introduced in the third chapter. The Monte Carlo sim-
ulation and the analytical calculation are presented firstly. A special issue in
three-dimensional chiral magnets is the thickness dependence. The Monte Carlo
simulation is used to address this issue. A combination of analytical calculation
and physical picture of magnons is used to explain the numerical results well. Sim-
ilar as the second chapter, the experiment on finite thickness SrRuOj3 is described.
Because the effective Dzyaloshinskii-Moriya interaction is due to the interface ef-
fect which cannot be used to judge our numerical results based on homogenous
chiral magnets.

The Heisenberg interaction in the system described in the previous two chap-
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ters is ferromagnetic interaction. More physical results with antiferromagnetic
interaction are expected in different magnetic system. In the fourth chapter, a
review of the work on a frustrated magnet with hexagonal lattice is introduced.
The direction of the DM interaction of the hexagonal lattice is perpendicular to
the bonds of nearest magnetic atoms. The topological charge is calculated numer-
ically. A similar thermally driven topology as found in chiral magnets is achieved
by investigating the topological charge. Following that, the system with staggered
DM interaction is discussed. The study of the topological charge in this system not
only gives the evolution of thermally driven topology of the system, but also dis-
tinguishes the topological charge and spin chirality based on the antiferromagnetic
interaction.

Not only thermally driven topology in chiral magnets but also the driven mo-
tion of skyrmions are interesting to us. Inspired by the similarity of the vortex
state in the Type-II superconductor and skyrmion crystal phase, we investigate
the proximity effect between the skyrmion material and non-centrosymmetric s-
wave superconductor. The method is to calculate the effective interaction between
the Cooper pairs and skyrmions. A field-theoretical approach is employed to this

end.
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CHAPTER I

Introduction

Geometry is a mature tool describing the physical world. From the vector
representation of force and to curvature description of gravity, the applications of
geometry in physics have been successful. Topology, a branch in geometry which
studies the geometric properties and spatial structures invariant under the con-
tinuous change, has recently become popular in the research of condensed matter
physics. Many novel phenomena and elegant theories relevant to topology ap-
peared, such as Berry phase[l], quantum Hall effect(QHE)[2] topological insula-
tor[3, 4] and anomalous Hall effect(AHE)[5]. Magnetism is a long living field in
condensed matter physics. In magnetic systems, there are a few topology related
structures, such as magnetic monopole[6], magnetic vortex[7], magnetic domain
wall[8] and magnetic skyrmions[9, 10]. Topology does not only make physicists
understand the universe well, but also motives the revolution of techniques. Mag-
netic skyrmion is a good example of the application on a topological object in
physics to electric engineering. The magnetic skyrmion materials are predicted as
good candidates for constructing the next generation data storage devices[11].

Skyrmion, firstly proposed by Tony Skyrme[12] in 1960s, was used to explain
the stability of the hadrons from the view of the topological defects in three di-

mensional(3D) non-linear sigma model. Magnetic skyrmions, as the topologi-



cal defects, have been found in various magnetic materials, such as chiral mag-
nets[10, 13, 14, 15] which are non-centrosymmetric,the centrosymmetric magnets
with easy-axis anisotropy[8, 16, 17, 18, 19, 20|, and the interface of ferromag-
nets with automatic breaking of spatial inversion symmetry[21, 22]. The magnetic
skyrmion, which has a vortex-like spin texture gives nontrivial topological struc-
ture comparing to the common ordered spin textures such as ferromagnetic and

antiferromagnetic phases.

1.1 Magnetic skyrmions an topological charge

The magnetic skyrmion is a vortex-like magnetic structure in a two-dimensional
(2D) plane. The spin structure of magnetic skyrmions can be viewed as a stereo-
graphic projection from a spherical hedgehog onto a 2D plane. The spins locating
on the spherical surface of the hedgehog are pointing radially away from the center
of the sphere, which is described as n(r) = 7. As Figure 1.1(b) shows, the south
pole of the sphere sits on the origin of the 2D plane. The north pole is mapped to
point at the infinity. Any other spin on the sphere is projected at the intersecting
point of the connecting line between north pole is mapped to the 2D plane by
a straight line that goes through the north pole, the point on the sphere and a
point on the 2D plane. A Néel type skyrmion is achieved by this projection. If

(a) (b)

Figure 1.1: ) o ) i
(a)The stereographic pojection of a hedge spin texture and a Néel type

skyrmion. (b) The projection of one spin the spherical hedgehog.



all the spins of a Néel type skyrmion are rotated around the axis perpendicular
to the plane by 90° at the same direction, a Bloch type skyrmion is acheived. The
magnetic structures of Néel type skyrmion and Bloch type skyrmion are shown in

Figure 2. The spins at the edge of the skyrmions are upward and spins at core are

L TTL TP

Figure 1.2: ) ) i )
(a) Bloch type magnetic skyrmion. (b)Néel type magnetic

skyrmion[23].

downward. The spins between edge and core vary gradually. If the radius of the
sphere is R, from the stereographic projection, the spin configuration of the Néel

type skyrmion can be parameterized as|24]

2Rx 2Ry 1’ —R?
7”2+R2’ T2+R2’ T2+R2

), (1.1)

Npyget = (

where r? = 22 + y?. The spin configuration of Bloch type skyrmion is

2Ry 2Rx  r?* - R?
r2+ R* r24+ R?» r?2+ R?

). (1.2)

NBioch = (

As mentioned in last paragraph, the two kinds of skyrmions can exchange to each
other by rotation which means they are topologically identical. The topological

charge is the winding number of the spins on the sphere. It is defined as

Q ! /d2rn . (0;n X Oyn), (1.3)

T 4



where n = n(r) is the normalized local magnetization.

To skyrmions, The non-zero value of the topological charge is used to point out
the skyrmions when () = 1 means the magnetization at skyrmion core is upward
(+2z direction) and ) = —1 means downward (—z direction). More generally, the
nontrivial topology in the magnetic system is identified by the non-zero value of

the topological charge.

1.2 Skyrmion phases in chiral magnets

The magnetic skyrmions are observed in many various magnetic materials with
distinctive properties. The chiral magnet is typically one of them. The crystal
structures of chiral magnetic materials are non-centrosymmetric, such as B20 com-
pounds(MnSi[10, 25, 26, 27, 28], FeGe[29], MnGe|[13, 30, 31],etc.). Here, using
MnSi as an example, the crystal structure is shown in Figure 1.3. If an inversion
operation is performed on this crystal structure, the positions of Manganese atoms
and Silicon atoms will be exchanged. The structure is no longer the same. This

kind of crystallographic structures lacks an inversion center.

o
o

Inversion

Figure 1.3: The crystallographic structure of MnSi

The study of the chiral magnets can be traced back to 1970s. Neutron scat-
tering experiments identified the helical spin structures in non-centrosymmetric
metallic ferromagnets such as MnSi[10] and FeGe[29]. In year 1980, Bak and

Jensen[32] constructed a theoretical description of the chiral magnets based on



the Ginzburg-Landau theory. In their works, the Dzyaloshinskii-Moriya(DM) in-
teraction plays a crucial role to understand the helical spin structures in non-

centrosymmetic magnets. This antisymmetric interaction is expressed as

Hpy = Dy (Si x Sy), (1.4)

(ig)
in a discrete spin model, where (ij) means nearest neighbor. The vector D;; has
D,; = —D;; and |D;| is finite. The DM interaction is achieved by Dzyloshin-
skii[33]through a phenomenal model and by Moriya[34] through a microscopic
model. The microscopic mechanism of DM interaction is based on the spin-orbit
coupling. From Eqn.(1.4), Hpys gets its minimum requires S; is perpendicular to

S;. In no non-centrosymmetric metallic ferromagnets, there is Heisenberg inter-

action between earest spins,
HJ:_JZSi'Sj; (15)
(i5)

where J > 0. H; gets its minimum requires the nearest spins should be parallel to
each other. The competition between Heisenberg interaction and DM interaction
leads the helical magnetic ground state. In Bak and Jensen’s work, they employed
the continuum model for the chiral magnets. By minimizing the energy, they

achieved the general solution of the ground state,

S(r) = %[Sq exp(iq.r) +S* exp(—iq.r)], (1.6)

which is just the helical state. The q, the magnetic modulation vector, is deter-
mined by the Heisenberg interaction, the DM interaction and the anisotropy in
the system. Then Bogdanov and his collaborators[35] extended the theoretical de-

scription of chiral magnetism by introducing the Zeeman coupling which is between



the local magnetization and the external magnetic field. A saddle-point solution
with a vortex-like magnetic structure was found, which is the magnetic skyrmion.
Moreover, inspired by the formation of Abrikosov vortex lattice in Type-II su-
perconductor, they predicted there would be a skyrmion crystal structure with
a triangular arrangement at a certain temperature and external magnetic field
region.

On the other hand, there was a curious phase in MnSi which locates just
below the Curie temperature. For a long time, it was called A-phase. The letter
A means anomalous([36, 37, 38], because at that early time, the phase could not be
understood completely. Through small angle neutron scattering experiments done
on the bulk MnSi, Pfleiderer’s group discovered the skyrmion configuration and
finally identified the A phase as the skyrmion crystal phase(SkX)[10]. The phase
diagram is shown in Figure 1.4(a). The spin configuration in real space is shown
in Figure 1.4(b). Figure 1.4(c) shows the helical, conical and field-polarized spin
structure from left to right, q is the magnetic modulation vector parallel to the
external magnetic field H. M is the component of spin parallel to the external
magnetic field H. M; is the module of spins.

Meanwhile, an experiment from Tokura’s group on the thin-film of chiral mag-
netic Fe;_,Co,Si[39] revealed the skyrmion phases at a broad range of the temper-
ature extending almost zero. In this work, a Monte Carlo simulation was employed
to accomplish explaining the experimental results. The phase diagrams(in Figure
1.4) from both experiment and numerical simulation show there is mixture be-
tween skyrmion and other magnetic phases, the helical and ferromagnetic phases.
The skyrmion phases can be stabilized in the thin-film system makes the thin-film
chiral magnets as a good candidate to test the quantum transport properties, like
anomalous Hall effect(AHE), excepted for 2D SkX state.

In the year 2012, the magnetic phase diagram of chiral magnet Cu,OSeO3 has



c2 a2

' ’}}
- B
0.5} e o “Pa) AL '.:fif”"-»' t /

. 005 O R g
NV 3‘,»%1

0.6} field-polarized "B, "By ’g’i' }.o .,f
#

- i TIASSIAY
= conica N\ +”,
o 03} % - \‘..a \« «,i\ 4
<y < A-phase |
0.1p DOm0 PO ) ) ( 5 V 1
, [_helical _ % paramagnetic q{} CI) * 1
20 25 30 35 S !
T(K) M=0 M#0 M=Mo
@) (c)
Figure 1.4:

(a)Phase Diagram of MnSi(Ref[10]). (b)Configuration of SkX phase in
real space. (c¢)The helical, conical, field-polarized spin structures[10].

been investigated by Tokura’s group[15]. The space group of the crystal struc-
ture is P2:3 which is as the same as B20 compounds. The crystal structure is
in Figure 5 and the phase diagram. The crystal structure of Cu,OSeQOj3 shares
the same space group as B20 compounds, but it is an insulator, unlike the B20
compounds. Without the itinerant electrons, there is no charge carrier. Only the
thermal carriers, such as magnons and phonons contribute to thermal conductiviy.
The magnon hall effect is proposed in this kind of systems[40, 41, 42, 43]. This
material is a good candidate to study how the chiral magnetism affects the ther-
mal conductivity because there is no interruption from the conduction electrons.
Also, Cup0SeQy is ferrimagnetic material[44, 45] which may has broad application
on techniques and engineerings. Several chiral magnets which host the skyrmion
textures have been listed in Table 1.1.

The skyrmions with zero-field[46, 47, 48] and room temperatures[49, 50] are
more likely to be applied to the data storage devices and logic gates[51, 52, 53, 54,
55, 56, 57, 58] . Many other magnetic sytems, such as the magnetic thin films[59,
60, 61, 62, 63, 64, 65, 66, 67, 68, 69] and artificial magnetic structures[70, 71, 72,
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Figure 1.5: ) . )
Phase diagram of Fey5Cog55i. (a)-(c) Magnetic field dependence of

Lorentz TEM images. (d) Temperature versus magnetic field phase di-
agram from experiments. (e)-(g) Magnetic field dependence of numer-
ical snapshots. (h) Temperature versus magnetic field phase diagram
from numerical simulationcite[39].

| Material | To(K) | Am(nm) | Conductivity | Ref. |
MnSi 30 13 Metal 10, 25, 26, 27, 28]
Fe;_,Co,Si i36 407250 | Semiconductor [39]
MnGe 170 3 Metal [13, 30, 31]
FeGe 278 70 Metal [29]
Cuy0SeO3 59 62 Insulator [15, 44]

Table 1.1: The chiral magnets which host the skyrmion structre.

73, 74, 75, 76]. So understanding the transport properties of skyrmion materials

is important to the future possible usages in engineerings.

1.3 Topological Hall effect in chiral magnets

Understanding the transport properteies of the chiral magnets is an important
aspect for the future applications. Topological Hall effect(THE)[77, 78, 79, 80, 81,
82, 83, 84| would occur in some magnetic metals when there are the non-coplanar
spin textures. THE can be simply described as non-coplanar spin textures acts on

the electrons an effective magnetic field and deflects the electron sided away. It is
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distinguished with the ordinary Hall effect(OHE)[85], which requires the external
magnetic field and anomalous Hall effect(AHE)[5, 86], which has been discovered
in uniform magnetic structure. The mechanism of THE can be explained by the
emergent electrodynamics[87, 88, 89, 90, 91].

The Hamiltonian of the conductive electrons in a magnetic system is

AL .
H = %(—ZW)? — JgM . 6, (1.7)

where m is the effective mass of the electrons, Jy is Hund’s coupling and M = M(r)

is the local magnetization. The normalized magnetization is

n(r) = : (1.8)

and M = |M(r)| If the Hund’s coupling Jy is strong enough, the motion of
electrons can be treated adiabatically, which means the spins of electrons will be
parallel to the local magnetization at each point of the space. The spin eigenstates

will be n. 6|n) = |n). Defining the projection operator P = |n)(n|, the effective



Hamiltonian which makes a rotation in the Hilbert space to make the Hund’s
coupling term simply,

. ]
mﬁ:PHP:§—@mV—9@%n@M, (1.9)
&

m

where a = 2¢(n|V|n) is the emergent gauge field. In 2D, V = (9,,9,,0), the

2e
corresponding effective magnetic field[92] is
the |

b=V xa= S AR (Opn X Oyn). (1.10)

where the effective magnetic field is perpendicular to plane. n.(d,n x 9,n) has
appeared in the definition of the topological charge. So this effect depends on the

topology of the spin textures. The magnetic flux of the emergent field is

@_/WM_%Q (1.11)

which corresponds to the topological charge. In the square lattice, n. (9,n x dyn)
can be approximated as n; . (n;1; x n;45) which is the mixing product of three
nearest spins. It is also called spin chirality.

The Hall resistivity is

Pey = RoH + RM + ptHE (1.12)

Ty ?

where R, is the OHE coefficient, R, is the conventional AHE coefficient and pf /™"
is the contribution from THE. The contribution of the AHE is mainly from the
Berry phase of electrons in momentum phase[93, 94, 95|, skew scattering[96, 97,
98] and side jump effect[99, 100, 101]. Studying the topological charge or spin

chirality is directly relevant to Hall effect of chiral magnets. Another question
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needs to be answered is does nonzero topological charge correspond the existence
of skyrmions in chiral magnets. The importance of the topological charge to the
Hall effect and the relationship with the existence of skyrmions motivate us to
investigate how it evolves thermally. We performed both numerical and analytical
method to calculate the thermal average of the topological charge in 2D chiral
magnetic system[102] which will be presented in Chapter 2. We found the nonzero
topological charge exists even above the Curie temperature at which the spin
textures are disordered. Experiments have been done to measure the signal of
THE on thin film magnetic metals StTRuO3 and V-doped SbyTe3[103]. The THE
signals are significant above the Curie temperature which means the topological
charge or the spin chirality is nonzero above the Curie temperature. The results
from the experiments confirmed our theoretical prediction in the 2D thin film. Our
investigation of the topological charge goes to the 3D chiral magnets because all
the experiments have been mentioned above were performed on the thin films with
finite thicknesses or in bulk samples. No sample can be treated as a perfect 2D
system[10, 39, 15]. The calculation of the topological charge in 3D is presented in
Chapter 3 with a discussion of the thickness dependence. Then in Chapter 4, the
systems with antiferromagnetic Heisenberg interaction are discussed. Motivating
by the similarity of the vortices in Type-II superconductor and magnetic skyrmion,
we study the proximity effect of Type-II superconductor and skyrmion material

by a field-theoretical calculation. It will be presented in Chapter 5.
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CHAPTER 11

Topological charge in 2D chiral magnets

The B —T phase diagrams of several chiral magnetic materials have been stud-
ied experimentally[10, 15] and theoretically[39]. In the skyrmion crystal phase(SkX),
the topological charge is identical to the skymion number. The definition of the
topological charge in Eqn.(1.1) respects the rotational symmetry so that it is
not proper to be selected as the order parameter. But the topological charge of
magnetic systems is directly relevant to the transport properties. Therefore, it
is interesting to study how the topological charge distributes in the B — T dia-
gram. The theoretical study of the topological charge in 2D chiral magnets will
be elaborated in this chapter. This chapter is organized as following. The first
section is about the Monte Carlo simulation of the topological charge in 2D chiral
magnets. For the purpose to understand the numerical results well, an analy-
sis on a three-spin picture is performed in the second section. In third section,
a field-theoretical method is employed to calculate the topological charge in 2D
chiral magnets. Then there is a comparison and discussion of the numerical and

analytical results at the end this chapter.
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2.1 Monte Carlo simulation

2.1.1 Methodology

The Monte Carlo simulation is performed on a 2D square lattice of classical

spin model. The Hamiltonian of the chiral magnet with external magnetic field is

H:Z(_JSI'Sm+Dlm-Sl X Sm)—gﬂBHZSf, (2.1)
(tm) l
where S; = Sn; is the spin vector on site [ and |n;| = % = 1. (lm) means

site [ and m are the nearest neighbors. In this model, the 2D square lattice
lays on the x — y plane, and the external magnetic field is perpendicular to this
plane, along z direction. The first term is Heisenberg interaction, J > 0 for
ferromagnetic exchange coupling. The second term is the DM interaction term.
In this square lattice, D4z = Dz and Dy ;15 = Dy. |Dyy,| = D is the amplitude of
DM interaction. The last term is the Zeeman coupling term, up is the magnetic
momentum. For simplicity, gugH is defined as B and we choose the natural
units(kp = h=c=1).

To calculate the thermal average of the topological charge, the square lattice
need to be triangulated. Summation over all the solid angle 2 of three spins
on each triangle divided by 47 gives the total the topological charge for each spin
configuration. The solid angle {2 can be achieved by a projecting method as Figure
2.1 shows.

After moving the ends of the three normalized spin vectors without changing
the directions the at a same point, the solid angle {2 can be easily achieved from

the area they surround on the sphere. The solid angle (2 is calculated by the Berg
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Figure 2.1: Solid angle of the three nearest spins

formula[104]:

142 .
6Xp(7) = p_l[l +1n;.n9+nNy.N3+nN3.0N7 + 217 . (IIQ X 1’13)], (22)

p=2[(1+n;.n5)(1+n5.03)(1+n;3.n;)]2. (2.3)

where n;, ny and ng are the three spins on triangle. The Metropolis and over-
relaxation algorithm are employed iteratively to generate a Markov chain of spin
configurations[105], averaging over which thermal average of the topological charge

was derived. The procedure of Metropolis algorithm is
1. It starts from an an arbitrary spin lattice.

2. After flipping one spin on the lattice, The new energy H,., is compared to

H,y If 0H = H,e, < H,q, the change is accepted.

3. Otherwise, the random number z(0 < z < 1) is generated to compare with
the probability p = exp(—‘%{)where T is the temperature. If p > z, the

change is accepted.

By repeating the steps above, the most probable spin lattice is achieved at the

given temperature 7. We imposed periodic boundary conditions and performed

14



average over 2.4 x 10° ensembles at each temperature. Also, the lattices with

different sizes have been employed to study the size dependence issue.

2.1.2 Results

The results are shown in Figure 2.2. Figure 2.2(a) shows the color plot of the
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Figure 2.2:

(a) B — T diagram of the topological charges in 2D with D/J = 0.3.
(b)The size dependence of topological charge.

average the topological charge in the B — T diagram with the fixed DM interac-
tion as D/J = 0.3. A dramatic upturn of the the topological charge is addressed
along a ridge in the B — T diagram. The value of the the topological charge is
significant in areas greatly extended to the skyrmion phase, which is located at
small B and low T in the bottom region of the ridge. Special attention need to
be paid to the high field region, where is no skrymion excepted. As a typical
example, we fix B/J = 0.2 to study the relationship between value of average
the topological charge and the temperature 7'/J, which is shown in Figure 2.2(b).
At very low temperature, the topological charge is equal to zero, as all spins are
nearly polarized. At very high temperature, the topological charge converges to

zero due to the topological triviality of a completely random phase. In between,
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the topological charge becomes significantly elevated at finite temperatures. A
deep dip of the the topological charge is witnessed around 7'/J = 1.0, the Cuire
temperature of the corresponding Heisenberg model. The negative of the topolog-
ical charge is consistent with the fact that spin at the skrymion core is opposite
to the external magnetic field. The same calculations were performed for lattices
with sizes varying from 20x20 to 100x100. No difference could be found between
different lattice sizes. This immunity to the nite size effect suggests robustness
of the the topological charge upturn, which might be related to the scaling-free
atomic scale physics.

This emergent topology at finite temperatures does not correspond to any
ordered phase such as the skyrmion crystal phase (SkX) or meron-helix composite.
The snapshots at several unique points with different temperatures and fields have
been taken to look into the spin textures in different situations. For the purpose
to show the corresponding points of the snapshots in the B — T diagram of the
topological charges(Figure 2.2(a)), the B —T diagram of the topological charges is
put at the top of Figure 2.3. Below the B — T diagram of the topological charges
are the snapshots from the different temperatures and fields.

Two snapshots of spin states around the ridge were taken, as shown in .3(a)
and (b). Location of their corresponding parameters are labeled by the same letter
in the B-T diagram on the top. At point A to the right of the ridge, B = 0.2/ and
T = 1.02J, and the total the topological charge is about -12 in a 100x 100 lattice.
However, the real space image shown in Figure 2.3(a) is completely random. Fast
Fourier transformation(FFT) of the image provides only one peak at I" point in the
reciprocal space. This indicates the uniform randomness and absence of any spin
ordering at this point. For point B to the left, where the temperature T" = 0.8
is relatively lower, the corresponding real space snapshot in Figure 2.3(b) shows

similar randomness with a single peak at the I" point of the reciprocal space.
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Figure 2.3:

(d) o (f)

Snapshots and corresponding reciprocal space plots by Fast Fourier
Transform (FFT) at points on the B — T' diagram of the topological
charges shown in top figure. (a) B = 0.20J and 7' = 1.02J , (b) B =
0.20J and T'= 0.80J , (¢) B = 0.06J and T' = 0.02J, (d)B = 0.06.J
and 7' = 0.66.J, (¢)B = 0.08J and T' = 0.02J and (f) B = 0.02J and
T = 0.02J. In real space snapshots, red (blue) contour represent the
positive (negative) value of size and the arrows represent the directions
of in-plane component. For (c) and (d), the density of the topological
charge is also shown at right panel respectively.
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Compared to point A, a higher spin polarization parallel with the field is achieved
here. From zero temperature to points A or B of interest, no phase transition
occurs. The emergence of the topological charge is thus purely a consequence of
the thermal fluctuation.

In contrast, the topological charges at low field, especially at low temperatures,
have distinct origin. The Monte Carlo simulation shows that the the topologi-
cal charge grows significantly around 7" = 0.25.J during the annealing procedure
and remains stable to zero temperature. It is attributed to the formation of the
skyrmion crystal phase. A typical snapshot was taken at point C with B = 0.06J
and T" = 0.02J. The real space image shows a well aligned skyrmion lattice,
and the reciprocal space shows the hexagonal pattern as expected. At the same
field, if the temperature is elevated to point D, the snapshot in Figure 2.3(d) does
not present any ordering, although the the topological charge remains significant.
Densities of the topological charge for C and D points are plotted in Figure 2.3(c)
and Figure 2.3(d) for comparison. Nonzero topological charge emerges only near
the skyrmion in the ordered skyrmion phase, while it is evenly distributed in the
high temperature state. At a relatively higher field at point E shown in Figure
2.3(e), the skyrmion crystal is melted and sparse skyrmions are observed. While
at a lower field at point F, the transition from skyrmion crystal phase to the helical
phase takes place, and a meron-helix composite appears at this first order phase
transition. In all these regions at low temperatures, the the topological charge is
consistent with the number of skyrmions in the lattice. Thermal fluctuation in-
duced the topological charge is suppressed. These low-field and low-temperature
results are consistent with previous studies[106, 107].

The dependence of the topological charges on DM interactions and fields are
also investigated by the Monte Carlo simulation. The the topological charge versus

temperature figures with fixed DM interaction and several values of fields and
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the one with fixed magnetic field with several values of DM interactions have

been plotted in Figure 2.4. At fixed temperature T" = 2.0.J, curve fittings are

0
|QA ~23D?
2
£ 0
S " & Al
(0] =
3 o :
- o : . 0.3
B - e . ) °
o -~ P A 012
i = O'- . & v 016
C 20t o 0.0 ) Y | v e 020
d "0.0 0.2 04 o3 2 « 024
B/J . 032 B=0.12,L=60 > 028
25 . s . s 03 .
0 1 2 3 1 > 3
T T/
(@) (b)
Figure 2.4:

(a) The topological charge versus T'/J with fixed D/J = 0.3. (b) The
topological charge versus T/J with fixed B/J = 0.12. The lattice
size is 60 x 60. The two intersecting panels on (a) and (b) shows
the relationship of the absolute value of the topological charge |Qr|
between magnetic field and DM interaction at 7" = 2.0J.

applied for the absolute value of the topological charge |Qr| with fields and DM
interaction independently. The results show that at relative high temperature

|Qr| is proportional to the magnetic field with fixed DM interaction. And it is

quadratic on the DM interaction with fixed magnetic field.

2.2 Analysis on the physical picture of one triangle in the

square lattice

As indicated by its scaling-free property, origin of the thermally driven topology
can be understood by a simple physical picture on the atomic scale. As defined
earlier, the topological charge is the summation of solid angles of all triangles in
the lattice. Due to the presence of the DM interaction, these three spins in each

triangle are canted and contribute a solid angle of {2 . If we reverse all three spins,
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the new configuration cants an opposite solid angle . In the absence of the field,
these two configurations share the same energy, as both the Heisenberg and DM
interactions are quadratic spin interactions. These two configurations thus have
the same probability of appearance at any temperature, and the average of the

topological charge is zero, which can be shown in Figure 2.5(a). However, these two

Fi 2.5:
e The sphere figure shows the net the topological charge is zero in ab-

sence of magnetic field. The triangle shows the energy degenracy of
the two triangle with opposite spins lifted by the external magnetic

field.

configurations, being time reversal to each other, share opposite magnetizations.
An external magnetic field can thus lift the degeneracy and induce a net the
topological charge after thermal averaging. One needs to be aware that under large
enough field, canting of spin takes place only when the temperature approaches the
Curie temperature, far below which the polarized state is robust and the average
the topological charge is zero. On the other hand, a very high field, the energy
difference induced by the field is no longer relevant, and average the topological
charge decays to zero as well.

Quantitively, one triangle in the square lattice can be employed to explain these
relationships. From the lattice shown in Figure 2.1. The spins at the vertices of
the selected triangle is ny, ny and n3. Notice that n, and ns are not the nearest

neighbors, so there is no direct interaction between them. By the definition in
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Eqn.(1.1), the topological charge of the triangle can be simplified as the solid
angle @ = n; . (ny X n3) without the constant ﬁ. The energy of the triangle can

be expressed as

E = —J(l’ll « 1o + n. Il3) — D(nlyngz — N1zNoy + N1N3x — nlxngz)

— B(nlz + Ng, + ngz). (24)

The thermal average the topological charge of this triangle is

Q) = %/Hdninl . (ny X ng) exp(—%), (2.5)

where Z = [[]. dn; exp(—%) is the partition function. At the high temperature

limit which means F/T < 1, we can expand the average of topological charge as

1 E

Q) = %/Hdninl . (ny x n3)[1 — ? + 5(7)2 - %(%)3 + O((?)‘*)]. (2.6)

n; can be parameterized as n; = (sin#; cos ¢;, sinf;sin ¢;, cosh;). The integral
J 11, dn; is replaced by [ ], d2; where [df2; = OZW de; [ sin0;df; . It requires
the nonzero terms in polynomial expansion in Eqn.(2.6) should include n; and their
components with even powers. The leading two orders of F/T vanish because
one cannot pair up n; and their components into even powers. The nonzero

contribution emerges at the order of % . They are

-D 2 -B DQB
_(%v#nlyrﬂznlzn?mnlz(nlynZ,anx) = F(nlynhn%)?n%z, (2.7)

-D 2 -B DQB
_%nlznh/n?)znlxnlz(nlxn2yn3z) = F(ﬂlxngyn&zﬁn%z’ (28)

(=D)*(=B) D2B

e (g )N (N Ty sy ) = nisNoyna:)°ni,.  (2.9)

Il

The contribution from above all together is proportional to D;f . Further, the
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contribution of the order % is nonzero. All the terms are listed below:

(_D)2(;4J>(_B)nly”?znlanxnlzn2zn2z(nlyn2zn3x) - %(nlyn%”%yngz”?z’
(_D)2<;4J)(_B>nlyn2zn1zn3xn1yn2yn22(_nlzn2yn3$) = _D;iBmlz”?y”?w)Q”%y”?z’
(_D)z(;4J)(_B)nlanyn3zn1zn1zn3znlz(nlxn2yn3z) - #(”Mn?yn%)%izn&’
(_D)2(;4J)(_B)nlzn2yn3zn1znlaxn3$n3z(_nlanyn?)x) - _%(nlz”%”%)zn%w"?ﬂ’
(_D)2(;4J)(_B)nly”?z(_n3zn1$)nlyn2yn2z(n1mn2yn3z) - _D;iB<n1wn2yn3z)2n%yn2Z’
(_D)z(;j _B)nlyn2z(_n3zn1x)n1mn3zn3z(nlynzzn?m) = —D;iB(”ly”QZ”?’m)z"gzn
(_D)2<7_“4J _B)nlyn2z(_n3zn1m)nlyn2yn2z(nlrn2yn3z) - _DQT(ZB(nlmmy”i%z)zn%yn?w
(—D)2(;4J)(—B)nlynzz(_ngznlw)nmngmngz(nlyngzngx) = —D;iB(nlyn2zn3m)2n§znlmv
CDPCIEE) (g, g s (s nee) = o2 (s Vo i,
COPDEBY g s (=) = 2o iy, Vo
(—D)z(;4J )(=B) (=122 )12 N3 T30 (Moo, ) = —D;iB(nlzn2yn3z)2n%zn?‘)zv
(_D)Q(;4J)(_B> (—712ny )12 N30 M1y N2y N2z (N1yN22N30 ) = _D;iB(nlynZZ”i’w)zn%z”gy'

(2.10)

They have the same absolute value after integration. The contributions to (Q)
is positive and negative are determined by the sign as Eqn.(2.10) shows. There
are 8 “-” and 4 “4+” which means the total contribution is negative in contrast of

positive contribution at the order % Moreover, it is proportional to DTf 4,

The results from the analysis on a triangle is reasonable. the topological charge
respects to the spatial inversion symmetry and breaks the time reversal symmetry.
Respecting to the spatial inversion symmetry requires the topological charge to be
proportional to D squared, which is spatial inversion odd. It can be predicted at

higher order, the DM interaction D would emerge with the even order. Breaking
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time reversal symmetry leads the linear relationship between the topological charge
and B at the nonzero lowest order of % because B is time reversal odd. The results

are consistent with the curve fitting in Figure 2.4.

2.3 The field-theory approach

The argument in the last section is only based on one triangle. To the many
spin system, a continuous field theory can be applied to calculate the average of

the topological charge.

2.3.1 Hamiltonian in the continuum model

The energy in Eqn.(2.1) can be expanded to the form, here, for simplicity, the

Zeeman coupling part is set to zero,

H=-J Sl'Sm_DZ[(Sl X Sl+§3).55—|—(Sl X SH_Q).Q], (211)
(Im) l

where (Im) means the nearest neighbor. In real materials, the ration £ < 1 means

the Heisenberg ferromagnetic exchange coupling dominates. The lattice constant

a is much shorter than the periodical length of the helical ground state so we can

treat this model in continuum limit. S = ASn, in natural units, A = 1.

2
St Stinearest = 5%+ afS; . VS, + L8, VS, + O(a?)

2
202
524 Y Y+ O(ab) (2.12)
CL252
Y 5 (Om) . (Om) + O(a*), (2.13)
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where ¢ = x,y. The odd order of a is zero because of the symmetry in the square

lattice system. The DM interaction term can be expanded as

(Sl X SlJrj) T+ (Sl X Sl+@> . g ~ CL[(Sl X &BSZ) « T+ (Sz X @,SZ) . Z)]

:a52<

Oyng Oyny Oyn,
= aSQ(nyﬁxnz — 1,0,y + N,0yny — nyOyn;)

— —aS%n. (V x n). (2.14)

Here, V = (0,,0,,0). Turning to continuum limit, the summation ), H; —

a—ld f dH. The Hamiltonian is

H= % / d2r[‘]52“ (0:m)(9m) + DS2an.(V x n)]
ngn.(v x n)l. (2.15)

_ / dzr[%(&-n)(@n) +

The Zeeman coupling term can be added to the continuum model simply,

Heeman = pr /d N, (2.16)

So, the Hamiltonian of the continuum model of chiral magnet in 2D is

H= /d%[g(@in)(&n) —Dn.(V xn)— Bn,], (2.17)
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where i = z,y, J = JS?, D = % . B = % and n(r) is the normalized spin.

Calculating the thermal average of topological charge need to be performed in a

statistical physics framework. So,
(@) = Zl | | (r)Q ex _HT)5(|11| -1 (2.18
Q i Dn;i(r)Q exp( ) 18)

where Z = [ ][, Dn;(r) exp(—£)6(In| — 1) . It is not easy to do the functional
integration over field n(r) because the Zeeman coupling term is linear. More steps

need to be applied to make it Gaussian integrable.

2.3.2 CP! formalism

CP' formalism[108, 109, 110]is a suitable method for the path integral ap-
proach, because the projection

n=zloz (2.19)

makes the Zeeman term bilinear, where ¢ = (0,,0,,0,) is the vector of Pauli
matrices. z is a two component complex spinor which is unimodule z'z = 1. The
degrees of freedom of spin vector n are two, because n has three components which
means it has three degrees of freedom and the constraint condition |n| = 1 makes
the degrees of freedom subtract one. After C' P! projection, z is a two component
complex spinor, the degrees of freedom is four, also with the condition |z| = 1, the
final degrees of freedom is tree. That means there is one residue degree of freedom
after CP! projection. To spinor, the chosen of z is arbitrary in some sense. If
z — ¢z the spin n is invariant. The residue degree of freedom corresponds to

a local gauge symmetry.
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2.3.3 Effective Hamiltonian in CP' model

The density of the Hamiltonian is

H = 2J(0;2)'(0iz) —4JA? —2Dn.A —iDz'(6.A)z+iD(Vz').oz— Bz'o.z (2.20)
where A; = —%

[z(9;z) — (9;z)"z]. We perform the Hubbard-Stratonovich[111, 112,

113] to decouple the quartic terms of field z. In C' P! representation, the partition
function is

1 - _
Z :/ H DaiDzTDzeXp{—T/d2r[2J|(8Z~—2’ai+i/€0¢)z|2—BzTazz]}é(sz—l)}
i=1,2

(2.21)
where a is the emergent U(1) gauge and k =

2%. We can transform the partition

function with quadratic terms of aj,

zZ = / Da;Dz' Dz

X exp{—? / d*r[2J(a; — A; — /<;zTal-z)2 +4Jk? — Bz'o,z — 2Dz 5,24,
+2.J[(0:2)"(0;2z) — A?] +iD(0;z' 03z — 2'0,0,2)|}0(z'z — 1).

(2.22)
After integrating the fields a; out, the partition function is

Z = C/DZTDzeXp{—%/dzr[2J[(8iz)T(8iz) — A% — Bzlo.z

+iD(0,2' 0,2z — 2'0,0,2) — 2Dzl 0,24, + 4JK*|}0(z'z — 1) (2.23)
Where C is a constant from the integral. The effective Hamiltonian is
Hyy = / Pr27((0,2) (8,2) — A2] + D (0,2 0,2 — 710,0,2)

—2DZTO'#ZA# — Bz'o.z

(2.24)

26



which is as same as Eqn.(2.20). So the effective Hamiltonian in C'P' model is

H = /d2r[2J|(8i —ia; +iko)z|* — hz'o.z)

(2.25)
where i = x,y, Kk = 2% and h = 2%. Under the gauge transformation
z — "Wz, a; — a; + 0,0(r), (2.26)

the Hamiltonian is invariant. Another important relationship is

n.(0,n x dyn) = (V x a),. (2.27)
In 2D, the curl of the emergent gauge field is the density of topological charge

without the constant % , we define b = (V x a).. So in C'P! model, the simp way
to study the topological charge is to solve the emergent gauge field a.

2.3.4 Mean field approximation

In path integral,

i=1,2

Z = /'DZT'DZ H Da; exp(—%)(F(sz —1),

(2.28)
delta function can be replaced by

6(z'z — 1) = /D)\ exp{/ d*rfiX(z'z — 1)]}, (2.29)

where the auxiliary field A is introduced to fix the module of the field z. A rescaling
Zz —

%jz and A — -5A[108] has been performed to make the Hamiltonian

27



simpler,

Z = /DZTDZ H DA exp{/dQT(—H(ai —ia; +iko;)z|?

i=1,2
~ hato.z+i(zlz ;)])}, (2.30)

. The mean field approximation[113] is to deal with the auxiliary

where f = §

field X\. We extend the C'P! model to the C PV~ model in which the field z has

N flavors and |z'z| = %/ The fields can be rescaled as z — %jz and define

h = 2%, f= % ,and A — g)\. The partition function transforms into

Z = /DZTDzDaiD)\ exp{/ d*r(=[|(0; — i + ikoy)z|* — ha'o.z — i\(z'z — %/))}

(2.31)
After integrating out the field z, the partition function has a more consise form
Z = [ Da;DXexp(—Seysyrlai, N).

Serli A = C' + Trlog|—(0; — ii + irko;)* + ho, + i\ — J\% d*r),  (2.32)

where C" is a constant. When we consider N —oo , the effective action can be
approximated by the quadratic fluctuation around the saddle point. The saddle
point is i(\) = A, (a;) = 0. Because of h < |/\%’_\| when A/ — oo with a finite

temperature, we can ignore the Zeeman coupling term in large A approximation.

The effective action around saddle point in momentum space is

3 1" 2,3 212 201 NLA
Serrl0, Al = €7+ logl(k* + A+ 262)% — 4r?k?] — 7 (2.33)
k
where L? is the area of the space. Here, we use to relationship of 30,03 = —0;

and Trlog(ABC) = Trlog(CAB) to work out the trace. By replacing >, by
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L? f © )2, we can obtain

A
2 2 3\ 2
1/ d*k 2(k% + X+ 2K7%) %[:o, (2.34)

2 (2m)2 (k2 + X+ 2x2) — 4x2k2

The momentum in the integral has a cutoff A ~ % due to the correlation length.

The saddle point equation can be transformed into

A2+ X +2 2k 2
log AT v arctan N (2.35)

DTN ey \/7 f

based on the assumption x? < A < A%, Also, the second term on the left side can

be neglected. Turning back to CP'(N = 2) mode, the solution has a simple form

A2+m?2  An
log — 0~ 2.

where m2 = X + 2k%. This scheme is the hard cutoff scheme. Also we can em-
ploy the Pauli-Villars regularization[114, 115, 116] which can protect the gauge

symmetry and translational symmetry. We integrate over k from —oo to oo, and

2(k2+2+2K2) f &2k 2(k?+A+2k2) _foo d?k 1
Y3 (

replace [ 27r)2 Tz i P 2m)? Zat2n)2—an2k2  J—oo (27)2 K244,

where Apy is the cutoff. The solution in Pauli-Villars regularization is

T (2.37)

In hard cut-off scheme, there is no need to assume m? < A? | we can perform this
model when mg is comparable with the cut-off A. Also, in very low temperature

region, (f < 1) we can get m3 < A% in both schemes which means at low tem-

47r

perature, log 7

works for both schemes. One problem left to be clarified is

why the cut-off /1 has the scale as i, where a is the lattice constant
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2.3.5 Cut-off A and correlation length

In eqn.(37), m2 = A% exp(—* ) for the purpose to clarify the problem simplify,
the x term is neglected because k < A, H = [d*2J|(0; — ia;)z|*, and the

propagator is

[\

1 2 2
== /DZTDZZT(O x) exp —?Z z} (k* + m2)z), — Z %]
K

—ik.x 1
me ~ 1 P Ixlmo). (2.38)

The two-point correlation function can be defined as

ST (@) = ([ne(0) + iny (2)][ng(x) — in,(z)])
— (29,(0) 20 (0) 27, (%) 2n (7))

= 5 (1) = |G(a)? ~ |1|2exp< 12]/(1/2my))

So we define the correlation length &,

1 1 2m

€= 5 = 52007

g 2 ). (2.39)

Going back to the square lattice model, the separation of the two nearest neighbors
is lattice constant a. If the correlation length is less than a, the nearest spins are
no longer correlated. It means below the energy scale A, the spins will correlate to
others. But above A, the energy of local spin vibration will increase, but cannot
propagate to others. The continuum model does not work any longer above the

energy scale A. That is the reason why we choose A ~ % as the cut-off.
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2.3.6 The effective action of the emergent gauge field

The basic idea in what follows is to integrate out the z field, and get the effective
action theory in terms of the gauge field a. The gauge invariant requirement gives
rise to only two possible terms up to the second order of the emergent gauge
field a in the effective action. The procedure for finding them two begins with
the antisymmetric tensor f;; = 0,a; — 0;a;(i,j = x,y), which is easy to prove
gauge invariant. One is Zij fi;ij which corresponds to the quadratic term b? .
Another one is E €zijh. fi; which is the term hb. A perturbative calculation in
field theory is employed to work out the effective action of emergent gauge field

a. In momentum space, the unperturbed part of the action is

Pk
Sy =L? / (QW)QZL(IC2 +mg — 2kk;0;)z, (2.40)

where L? is the area of the 2D film. The corresponding Feynman diagram is shown

in Figure 2.6(a).

! Go) bw”< K
NONEe=

Figure 2.6: Feynman rules and diagrams.

The perturbative part of the action is divided into two terms which are

d2kd%q

Sil = L4/ (27T)4 L-ﬁ-q( Qkiai,q — 2/1&1'#01‘ — hUz)Zk_%, (241)
d*kd?

SZ'2 = L4/<ZT)4qZ};ZqCLZ'7pCLi’k_q_p (242)
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The Feynman diagram Figure 2.6(b) corresponds to S;;, where the spring line
represents the part —2(k;a; 4+ Kka; 4+ 20.) in the three-point vertex. Figure 2.6(c)
is four point interaction in S;3. The tilde line represents the pure emergent gauge
field a;.

The Green’s function of field z is G .(k) = (zz)) = m . As discussed

Figure 2.6(b) corresponds to the interaction described by S;;. The action described

by the process in Figure 2.6(d) is

d*kd?q @ g —
Sq=L'T -
d T/ (27’(’)4 k2 -+ m% — 2:‘%]{1’0'1'

B L4/ d2kd2q[ 2i,qi,q  4x°k%a,
B (2m)* "k2+md (k2 + md)*

+ O(kY)]. (2.43)

Because of ’jl—z < 1, the terms of 2 and higher order can be neglected. The

Pauli-Villars regularization is applied to the divergent integral,

/ P 1 / LI S S
(27)2 k2 +m3 (2m)2 k2 4+m3 k2 + A%,
- Ly Ay (2.44)
a8 m3 '
So
L* A2 d*q
=—1 PV, a g 2.4
Sa 21 & mg /(27r)2al’qaz’ a (2.45)
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The process in Figure 2.6(e) corresponds to the action

5, = L[ dkd
‘ 21 ] (2m)*
1 hy
x(2zk+%(—kiai,q — RQ;q0; — EUZ)Zk—Q
T h—q
Xzzk—g(_kjajﬁq R0 T 0:)Zk1 )
d*kd*q 1 h_
= -2L'T a . a
T/ 27T4 k+g2+m2—2/£ k—i-gi/O'i/(kzal’ q_'_K/al’ qo-l—i_ 2 OZ)
2 0 2
1
X (kja;, + Kkaj 05 + —0.)
(k:_%)z‘f‘mg—Qli(k?—%)]/O'j/ J70 5277 2
d*kd*q 1 2k(k + L)poy
= —2L4/ + . + O(x”
e v g g (e 7 e O
h_q 1

0.)

X (k:z-ai7_q + K@ —q0; + 5

(k= 4)* +mj

| 26tk = G)yoy
(637 + miP

_ _2L4Tr/ Phq Rai+ i+ by

(2m)* C[(k + )% + mi[(k — §)* + mg]

(kiai—q + Ka; —qo; + %az) 2k(k —1)04

h
+ O(k*)|(kjajq + rajq0; + 7(10,2)

5 (kjajq + Kajq 05 + Eqaz)

(k+4)? +mj [(k = §)* + m§]
26(k + §)vov h_ (kja;q + Kaj 05 + “0.)
(k;,-a@_ + RaQ;,—q0; + qO'z) ’ . 2
(O g2 g e TR (k= 8§+ m3
+0O(K?)]. (2.46)

?s?? We do not consider the x?a? term with the same reason in Sj. Also h? term
is neglected because it decouples with a;. We employ Feynman parametrization

to work out the integrals

1

2 12 -2
S, = 4L / Cqdk / d (kiai)

S R P G Ve e ] (e VR 1

2.47)
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with

_ d*k / . (k;a;)?
4 /(QW)Q/d k2 4+ 2 4 m2 + 2(z — 1)k . g?

) /dx/ —3)q)? +(];T;aigm§ —(z—1)%¢*)?
_ / da / & - +z = i - (—1> o 23}2]2 019

where | = k + (z — )¢ and define A = mf + z(1 — z)¢®. A is divided into two

parts

A:A1+A2

. (la;)?

M / &/ P+A
ldl (l]a] cos6)?
/ﬁﬁ/w/‘ S

0 0
1 dI2 12
= dfcos’0 [ d 2
Ar? cos / x/ BT A%
0 0
LrT (Lrcos2, r
—I—cos
= d apr—
87T2 x/ / 12_|_A

0
oo

0

1
/ﬁ?/ P+A (2.49)
0

§h~
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B Bl (2~ DAgar)’
Az = E[)/dm/ 2r)2 (2t A2

1 0
_ i/dx/dﬁ (v — %)Q(Qiai)z
47 (12 4+ A)?
0 0

1 2
1 _1y2 i 2 |If=x
47 2+ A P
0
! 1
1 / (v — 5)*(qia;)?
= — [ dv—
4 mg + (1 — z)qg?
0
1 (qia;)? 1 [g*+4mg ¢* +4mg + ¢
= ———=[-1+ 5 9 Jog( - (2) )] (2.50)
T q q q* +4mg —q

The integral in A; is divergent. As the same as above, Pauli-Villars regularization

is applied to deduct the divergent part,

1 e’}
1 1?a? 1?a?
A A = — [ d dl? ! — !
v 87r0/ / Ermre(-neE ~ @Bt ?
= i/1d:1r;(lo Aby Ya?
87 J s mg 4+ (1 —z)g® "

1
— o [ dellog Ay — logld + a(1 — )]}
s
0

L My @ Amy P AmE+al
= [log — +2 5— log( )]a; (2.51)
87T mo q ,/q2+4m%— |q|

2 _ 4. 4.
where ai = a; 4a; 4.

g LA d*q 2 q2+4m%1 g(\/q2—|—4m3+|q|)]
e = — 4 - o)
L) @y ¢ V& +4mg — ldl

44 1 A7 d’q
xai(éij — q—j)aj — % 10g mi(%/ / W&ZQ (252)
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and

L* [ d’¢ 1 |¢? +4mo \/q + 4mg + |q|
Spe=8;+8, = — -[= — 1]
(2m)? 2 \/q +4m2 — |q

xai(&j - %)aj. (253)

The gauge violent terms in S; and S,; cancel with each other. We expand S,z by
the order of ¢? ,

L de o (@)

4:9;
e = | iz T20m O((¢*)Nai, o(0; — =5 )aj g (2.54)
0 0

q2

In the main text, b = (V x a), has been defined. S,2 has another form as Sy

L d*q bg 272

where b, = i€,;;¢;a;,. By using the result in Eqn.(2.37)

A d? b? 4
So == | e T ) + O] (2.56)

The effective action of hb term in S, is

Sea = Sy =

—4L4/ d2/€d2q[i/€2€ijz(/€+ D)iaj—qhg + ikeii(k + £)ih_qa;q
(2m)* [(k+ 2)? + mg][(k — §)* + m{]
ngl-jzai’,q(k: - %)th + 'ilﬁQEZijh,q(k - %)iam]
e+ 37+ mall(h — 37 + i

_ 4/@2L4/ koqu{ 4k v qlic i) ki(aj—ghg — aj h—q)

(2m)* " [(k + )% + m3Pl(k — §)* + mi]?
2(k* + % +mg)(bgh—g + b_ghy)
[+ 37 + a0k — 57 + i

1. (2.57)

(k. q)k; can be replaced by %k2qi in the integral. Following the procedure of the
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Feynman parametrization used above,

EUE Kb (L4 m2)
— L4 0
O = 81 / / (2 + Ay

A 2
Al (% +mg)h_gb
2714 4 0 q7-q
= 8k°L /dx/ / o Er AT (2.58)

The momentum has bounds in the integral due to the correlation length. The

hard cutoff scheme is applied to work out the integral,

2L4 2 1 (]2
Shb /dm/ —3 - m](— + mg)h_qbq. (259)

Expanding the action by ¢?,

B 2L4K2 d*q (A% +md)® —m 9
Shb - T / (271')2[ mé(/lQ + m(2]>3 + O(Q )]h*qbQ‘ (260>

Sy2 and Sy, are added together. In position space,

b2 (r) 47 (A% +md)?

mohb( )+ O(8%)]. (2.61)

_1 2
Sb2+Shb—%/dT[ QmO(AQ )

Here, we can simply set Apy = A. Ignoring the fluctuation of the b(r), the average

3(Sy2+Shy) 0
- )

value of b(r) is obtained through the saddle point equation 550

- 342 m2 4
b=— ma [1— (Ag +0m(2))3] eXp<_7) (2.62)
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The result in eqn.(23)is applied to obtain b as a function of temperature

B 3k2, Ar 127 dm
br ——5 [eXP(T) — 11— eXp(—T)] eXP(_T)
126%h ., 2 12
= //12 31nh2(77r)[1 — exp(—TW)]. (2.63)

- 9x%h 4w 3 Arm 1
b=— — P = (=)' + O(= 2.64
- 5+ o) (261)
The average of topological charge is
@~ [ (2.65)
4r '
N?a?9x*h Am 5 3 Aw 1
=— — )7 = =(— O(—)] 2.66
o [ = S o) (2.66)
: : : _ D _ D _ B _
By using the parameters in the lattice Hamiltonian (k = 55 = 57—, h = 55 =
g, | = § = ) with 4 =1, we have
1872N2D?BS® 6mJS? 1
~— 1— O(= 2.67
(@) 1= T 0] (267)
18m2L2BS® D 67.JS? 1
= T(@) [1- a +O(ﬁ)]> (2.68)
where % is the DM interaction in the continuum limit.This result matches well
i in = and % order. In one

with the simple argument based on one triangle in =

triangles the signs of these two are opposite and proportional to D?B and D?BJ

respectively.
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2.4 Experimental evidence

In Chapter I, we introduced that the topological Hall resistivity is proportional

to the topological charge in magnetic systems. Experiments on thin film chiral

magnetic metals STRuO3 and V-doped SbyTes have investigated the topological

Hall effect. It have shown that the topological Hall signal is significant above the

Curie temperature[103]. They measured the Hall resistivity of the thin film sam-

ples and subtract the contribution from OHE and AHE. The thin film SrRuOj

and V-doped SbyTes have different density of carriers. Here, we compared the

experimental results of thin film SrRuOj3 and our theoretical results. The ex-

0.1

Pyx (12 €M)

Figure 2.7:

0.2

]

0.0

——a

=
| (Langevin)
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119K

123K

HT)

135K

(a) Total Hall resistivity. (b) Anomalous Hall resistivity is subtracted.
(c) Topological Hall effect. (d) The relationship between topological
resistivity and temperature. Right top is the thickness dependence of
the topological Hall resistivity[103].

periment was done on a sandwich structure SrTiO3-SrRuO;3-SrTiO3. The DM
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interaction is due to the inteface of SrTiOsand SrRuOs. Figure 2.7(a) is the total
Hall resistivity. THE signal is subtracted from the total. By the linear relation-
ship between external magnetic field and ordinary Hall resistivity, they subtracted
the OHE signal. (b) shows anomalous Hall resistivity is subtracted by employed
the Langevin method, left the topological hall resistivity as Figure 2.7(c) shows.
(d) indicates the peak of topological Hall resistivity is above the Curie tempera-
ture. The we compare the theoretical results and our theoretical results shown in

Figure 2.8. The configuration of topological Hall resistivity in Figure 2.8 (a) has

J=1.00, D=0.30, B=0.20
80 (a) : —B— 3 u.c. (b) « L=20 « L=40 & L=8D
= B U.C. 0.0 * L=80 + L=100
—— 4 .C. _\
(uncapped) [ ]
60 0 -
_ o :
§ §osr -
g % S .
= = .
== "‘;_ - I:
20 o 1.0 . i
s §
L]
. V
. 1.5 - -
1.4 1 2 3
T/Jd
T,
Figure 2.8:

(a) The thickness dependence of the topological Hall resistivity. (b)
The theoretical results of the topological charge.

matched our theoretical results in Figure 2.8 (b). The peak of the Hall resistivity
emerges above the Curie temperature, and in our theoretical results, the valley of
the topological charges emerge at the random phase which appears with a higher
temperature than the Skyrmion crystal phase. Here are two things need to be
mentioned. First there is no stable Skyrmion phase has been discovered in the
thin film SrRuOs. Another, in their work, they used spin chirality in stead of
the topological charge. In their work they used spin chirality not the topological

charge. We also investigated topological charge and spin chirality. The results
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indicate they are not identical.

2.5 Spin chirality, topological charge and Hall resistivity

For the purpose to investigate the Hall effect, the Kubo formula[117, 118, 119,

120] is employed to calculate the Hall conductivity, the form we used is

_ ¢ po N W Em) = fen)[imlie|n) (n]oz|m)
Oasw) = R W; e — (w1 i : (2.69)
Oay(w) = %Im Z [f(€m<)€; ft:;;il ’(12 |Z>i<?77”b)|2@y|m)‘ (2.70)

where g, is the energy of the electron’s eigenstate |m). The f(e,,) is the Fermion

distribution function which is

1
J(Em) = exp(em —p) + 17 (2.71)

Here, we used the natural unit h = ¢ = kg = 1 for simplicity. When w = 0,

Opz = Oyy =04,(0) and o,y = 0,,(0) are we concerned. The conductivity is

(2.72)

Ozz Oxy
O, = .

Oyz  Oyy

The matrix of the resistivity is p = o, !. The Hamiltonian for the electrons within

a spin system is
H=—t Z cjﬂgcj’,, —Jy Z c;USZ- « 000/ Cigls (2.73)
(ij),0 i

T

where ¢; . and ¢;, are the creation and annihilation operators of the electrons at

the i-site. o and ¢’ are the spin index which can be 1 or |. S; is the local spin
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of the i site. t is the hopping constant of the nearest spins and Jy is the Hund’s

coupling. The position operator is
R=> Rl ,ci,, (2.74)

where the vector R; indicates the position of the 7 site. R acts on an eigenvector

|7,0") of the electron which lays on the i site

R|j, 0J> = Z RiCz’JCZ—7U|j7 0J>
©,0
= Z RiC;UCLO—C;,U/ ’0>
©,0
— Z Ricj,a{civg, c}’g,}|0) — Z Riczgcj’acjﬂd())
i,0 i

= Z RiC;r’U(Sij,aa/ |O>

= Rycl,,[0) = Rylj, o) (2.75)
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Here , we define }?Z => Ricj,gci,a for the ¢-site. The velocity operator is

b, = R; = —i[R;, H]
= Z[R Ci oCioy —t Z €l oCm.a Z JHcl WS1e Tapal, 3]
(Im),«
=it Z i gcl oCios Z €l oCm.a | +iJu Z[cz Ucl o c;racl EISIREY:
o,l
=1t Z Ri[c;aci,a, clTyacm,a] +aJy Z[ci,gc;a, c;fvacl,g]Sl o
i,(lm),o,« 1,0,l
Z R ZJ{CZ o) Cla}cma Cla{cma C }lef)
i,(lm),o,«
+1iJ Z Ri[cj,o'{ci707 Cza}clﬁ - Cg,a{clﬂ’ C}L,U}CZ}U]Sl *0ap
o,l
=t Z Ricg,gailéaacm,a - Riczr7a5m2'5aaci,a
(lm),o,«
+ iJRi(czaci,g — cg7aci75)5l o
=t Z Ri(czgci—l—nearest,a - C;‘r—ﬁ-nearest,ociﬁ)‘ (276)
So the velocity operator is
v=it Z(Ric;r,cci-i‘nea’/‘esta - Ric;r—knearest,aciﬁ)' (277)

0,0

In 2D system, the components fo the velocity operator are

g T T i T
Ug =1t E :Ri,x(ci,acwriw + G oCimd0 — CiysoCio — Ci_4Ci)s (2.78)
1,0
_ T T T T
Uy =1t E Riy(CloCirgo + CloCigo = CioyoCio = C_yCic)- (2.79)
1,0

After diagonalizing the Hamiltonian, we can get the eigenvalues ¢, and the cor-

responding normalized eigenvectors |m). This system can also be described by
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another set of complete orthogonal basis |i, o), which is

cl,10) =1i,0) = ( 1 — (2i + a)th ) (2.80)
0

when 0 =1, o = 1 and 0 =/, a = 2. So the matrix element of the velocity operator

can be rewritten as
(mloaln) = 3 (mli, o) 016l o) o). (281)
ijoo’

We define a new operator is

Vo= > [i){iloali)(j (2.82)

ijoo’

We used a 3 x 3 square lattice to explain how the new operator works. The

lattice is shown in the Figure 2.9. The spin index o is not considered for a simple

7 8 9 7
o - - O @ L
Fi 2.9:
e Left is the 3 x 3 square lattice. Right shows the periodical boundary
condition.
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explanation. The periodical boundary condition is employed, as shown in the right
of Figure 2.9. At x—direction, we have [1+2) = |2), [24+2) = |3) and [3+2) = |1).
Also at y— direction, we have |1 + ) = [4), |4+ y) = |7) and |7+ g) = |1). The

same rules are applied to other rows and columns. To the first row of the lattice,

Vg rowl = it[Rlx(cJ{CQ + c§c3 — cgcl — cgcl)

+ Rgx(c;@ + cgcl — 0302 — 0102)
+ Rgx(c;cl + cg;cQ — 01;03 — 0503)]

= it{(R1z — Ray)(cles — cher)] + [(Raw — Ray)(ches — chen)]
+ [(Rss — Ruy)(cher — cle)]}

— it[(Ry — Ry)chey + (Rs — Ry)ches + (Ry — Rs)eles] + he.,  (2.83)
especially Ry, — R3, = —a where a is the lattice constant. So,
Vo rowl = ita(cgcl + c;gcQ + 0103) + h.c.. (2.84)
The operator V, for the 3 x 3 lattice is

A

Ve = 2ita(|2)(1] + |3)(2| + 1) (3| (first row of the lattice)
+ |5) (4] + |6) (5] + [4)(6] (second row of the lattice)

+ 18Y(7T| + [9)(8] + |7)(9]). (third row of the lattice). (2.85)

The matrix form is

A3><3 0 0 001
V. =2¢m( 0 Ass 0 ) Asys = < 100 ) (2.86)
0 0 Asys 010
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Also we can achieve the f@ of the lattice by the same procedure. Then adding the
spin index back, we do numerical calculation with the spin textures in 2D chiral
magnet with nonzero topological charge. For the purpose to study the topological

Hall effect which just depends on the spin texture, we set a strong Hund’s coupling

Ji/t = 1. With the spin textures we chose, 0., > 0, which can lead to p,, = Ziy )

The results are shown in Figure 2.10. The low field one Figure 4. (a) shows, at

T : : r : o r
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Fi 2.10:
1BHre The relationship between Hall resistivity, topological charge and spin

chirality, (a) low field, (b) high field.

low temperatures, the topological charge is flat and the absolute value of chirality
decays with the increasing temperature, and also the Hall resistivity p,,. The high
field situation shows that the behaviors of topological charge and the chirality are
similar. The peak value of p,, is very close to the valley values of the spin chirality
and topological charge. More work need to be done to distinguish the spin chirality
and the topological charge and how they contribute to the Hall effect, especially
in the magnetic system with superexchage antiferromagnetic coupling[121]. The
program for calculating Hall conductivity written by Python is in the Appendix
A.
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2.6 Conclusion

In this chapter, the thermal average of topological charge in 2D chiral magnet
has been studied through three different methods. In common belief, the param-
agnetic phase is a totally random magnetic phase which is topological trivial. But
through the discussions above, in thin film chiral magnets, the paramagnetism is
not necessarily topologically trivial. In a region of high temperature which is out of
the skrymion crystal phase, the average of topological charge is nonzero although
the snapshots show random spin textures. A significant upturn of the topological
charge was observed outside the skyrmion crystal phase. This phenomenon is well
understood by both analyzing thermal fluctuations in the atomic scales and field
theoretical approach based on C'P! formalism. As has been extensively studied
in the skyrmion phasse, non-zero topological charge would lead to the topological
Hall effect, which was observed in the skyrmion crystal phase only[10, 79, 80],.
The discrepancy between the topological Hall signal and distribution of the topo-
logical charge observed due to the itinerant nature of the magnetism in most chiral
magnets under investigation. Close to or above the Cuire temperature, the local
magnetic moment in these magnets is significantly reduced. But all the calcula-
tion and analysis in this chapter is based on the assumption the local magnetic
moment is constant which does not apply to the itinerant magnetism. Only in-
sulating magnets such as CuyOSeQOgs, local magnetic moments are persistent at
elevated temperatures. The magnon Hall effect has been observed in such insulat-
ing chiral magnets[40]. The transport properties of the insulating chiral magnets
have a lot of interesting aspects to be discovered, which may be closely relevant

to the nontrivial topology in the materials.
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CHAPTER III

Topological charge in 3D chiral magnets

In Chapter II, the thermal average of topological charge in 2D chiral magnets
has been investigated. There is nonzero topological charge out of the skyrmion
crystal phase. If looking into the past experiments about the chiral magnets, there
was no one done on a monolayer sample. The small angle neutron scatting(SANS)
was performed on the bulk MnSi[10]. The skymion crystal phase was detected on
the surface of the bulk. The experiments about Fe;_,Co,Si[39] and CuyOSeO3[15]
were a thin film with tens of nanometers thickness. Even with this thickness, the
sample cannot be treated as a 2D system. How does the topological charge behave
when there the sample has finite thickness motivates us to do further analysis in

this session.

3.1 Monte Carlo simulation

3.1.1 Methodology

The Monte Carlo simulation is performed on a 3D cubic lattice of classical spin

model. The Hamiltonian of the chiral magnet with external magnetic field is

H=> (=JS+Sm+Dim+Si xS,) —BY S, (3.1)
(lm) l
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where S; = Sn; is the spin vector on site ¢ and |n;| = I%il = 1. (ij) means site i

and j are the nearest neighbors. In 3D model, the DM interaction is
D;iie = De, (3.2)

where ¢ = z, gy, Z. The procedure is similar in 2D situation. Here, we just
used Metropolis method[105] to make the Markov chain of spin configurations.
The over-relaxation method was not employed here because we used graphics
processing unit(GPU) programming[122] to accelerate the calculation. The over-
relaxation method was used to make the results converge more rapidly than using
many spin configurations for the average value. In GPU programming, the struc-
ture of the storage units is very suitable for writing and reading data repeatedly
quickly. And GPU can make the summation and average operations much more
quickly. It makes employing larger sizes of spin lattices and averaging more data
points at unique temperatures become acceptable. With the help of GPU, the
over-relaxation method is not required.

Triangulation of the lattice at © — y plane is performed to calculate the solid
angle surrounded by the three spins. The Berg formula is used to calculate the
solid angle, which has been mentioned in the last chapter. Here, we do summation
of all the topological charges at every layer, then get the average, which is depicted
in Figure 3.1.

Here, we just focus on the signal of the topological charge. A 16 x 16 x 16

cubic lattice with periodic boundary condition is employed.

3.1.2 Results

With different combinations of DM interactions and external magnetic fields,

We have the results shown in Figure 3.2. The similar curve fitting in 2D can be
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Figure 3.1: Triangulation of the cubic lattice

done to investigate the relation between the thermal average topological charge
and DM interaction with fixed magnetic field at a fixed high temperature, as well
as the relation between the thermal average topological charge and magnetic field
with fixed DM interaction.

Another interesting topic of 3D chiral magnets is the thickness dependence.
In the experiment[103], StRuOj thin film samples with different number of layers
have been employed to measure the topological Hall effects. It motivates us to
investigate the topological charge with different number of layers. We employed
the lattice with the sizes 32 x 32 x N, (N, = 1,2,3,4,8,16,32), the x — y plane is
periodic boundary condition, z direction is open boundary condition which mimics
the experimental environment. The results have been shown in Figure 3.3. The
valley values of the topological charge decrease and the positions of valleys move
from low temperature to high temperature with the increasing number of layers.
The positions of the valleys may relate to the finite size effect. We employed the

finite size scaling to investigate this effect.
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3.1.3 Finite size scaling

B = 0.2J and D = 0.4J is chosen to investigate the finite size effect. The
specific heats of different layers need to be calculated for the finite size scal-
ing purpose[123].The Figure 3.4 shows the specific heats(a) and the topological
charges(b) with different N,. The package pyfssa written by Python was used to
do the finite size scaling. The finite size scaling makes the curves of the specific
heats collapse together. The scaling happens by ch;C/ Yvs, [(T— Tc)Li/ Y+ T/
in which T, is the critical temperature searching by the finite size scaling. The
topological charge is size effect free, means no need to rescale. The diagram after

finite size scaling has been shown in Figure 3.5. The best values of the rescaling
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Figure 3.3: Topological charge versus 7'/.J.

parameters are 7, = 2.455 4+ 0.003, v = 11.857 £ 0.014 and ¢ = 0.761 4 0.001.
The specific heats collapse together well. The valleys are at the same position. It
proves the positions of the valleys are affected by the finite size effect. But till
now, there is not a good explanation of the finite values of topological charge at

high temperature.

3.2 The field theory approach

As the same as 2D situation, the field-theory approach has been performed to
calculate topological charge lay on the x — y plane which is perpendicular to the

external magnetic field h,.
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3.2.1 The model and Hamiltonian

The discrete Hamiltonian of cubic spin lattice has been shown in Eqn.(3.1).
The Heisenberg interaction term can be expanded as the same as 2D situation

but V = (9,, 0y, 0,). The DM interaction in 3D can be expanded as The DM
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So the Hamiltonian in continuum limit is

H = A/d?’r[g(ain) . (Om) + Dn.(V x n) — Bn,]. (3.4)

where i = z,y,2, J =JS*, D = DTQS and B = 12—5 .The parameters are the same

as 2D situation. By employing C'P! projection, we have
Hy = A/d3r{2J|(a,- —ia; + iko;)z|?, (3.5)

witout the Zeeman coupling term, where a; is the emergent gauge field and 2%.

And
Hyeorman = —A/dgrhzTazz, (3.6)
where h = 2%—. Extending C'P* model to C PN~ model, the partition function is
’ H N
Z = | Dz'Dz | | Da; exp(—=)d(z'z — —). 3.7
| ][ Pwespl—p)itele = 5) (3.7)

By replacing §(z'z — %/) by [d\expliA(z'z — 1)], the partition function is

3
Z = / Dz'Dz | [ Da;DA
=1

X exp(—% /d3r[|(8i —ia; + iko;)z|? — i/dST’)\(ZTZ - %[)] (3.8)

After rescaling z — %z, = % and A\ — %)\, Th partition function has a
simpler form,
- N
Z = H/DZTDzDaiDA exp[—/dSTH(&» —ia; +iko;)z|* — iN(z'z — T)]
i=1
A
X exp[— /d37“[|(32- —ia; +ikoy)z|? — iN(z'z — A%)] (3.9)
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3.2.2 Mean field approximation

The partition function has the form Z = [[°_, [ Da; DA exp(—Sess[ai, \]) after

integrating out the field z and
Suplan Al = C'+Tx / ' {logl—~(0; — o+ inc)? +i0] = L) (10)

In momentum space, the mean field approximation i(\) = A, {a;) = 0,
S S ALP)
Serr[0, N =C" + Z log[(k* + X\ + 3k%)? — 4k%k?] — N o (3.11)
k

@k then solving the saddle point equation (;i% = 0.

By replacing >, by L? [ on)?

Pk 2+ A+36%)  NALP

L? S
/ 277 (K2 + A+ 3r2)% — 4r2k2  f
/ k?dkd(z[ 1 N 1 | = M4
2m)3 (K2 — 20k + A+ 3k2) | (k2 +2kk + A+ 3K2)  f
k2dk 1 1 NA
/ [ _ i _ |="—. (312
212 (k= k)2+ A +2r2 (k4 K)?2+ X+ 282 f

Setting m2 = A\ + 2x? | and we assume x — 0 then use the Pauli-Villars regular-

ization,

1 NA

/ d*k 1 . / d*k o
(27)3 k2 + mg 2m)3 k2 +md k*2+ A2 2f
dk N72A

o2 f ar 2 _
/dk: 7710/]{2+m3 /dk:+/1 /k2+A2 ;
0

o0

0 0 0
2
g(/l —myg) = N; -
mg = (1 — 477)2/12. (3.13)
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We can see at high temperature my is comparable with A. With the condition
k < 1, we can neglect it when using the mean field theory to estimate the value

of m?.

3.2.3 Perturbative Calculation

In momentum space, the non-perturbative part Sy and perturbative parts S;q,

S;o are

So = Z z| (K* +m2 — 2kk;0:)zy, (3.14)
k
Sil = - Z ZZ.,_% (Qkiai,q + zﬁai,q + hqaz)zk—%a (315>
k.q
Sia = Zszqai,pai,k_p_q. (3.16)
k.q.p

Yy = 1 The relevant

The propagator of z field can be read as (z;z,) = Y s e el
0 1074

Feynman diagrams are in Figure 3.6. The propagator is Gy .(k) = (zkzD =

1
k2+m3—2kk;o;

WQW e

Figure 3.6: Feynman rules and Feynman diagrams

The relevant Feynman rules and diagrams are in Figure 3.6. The
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effective action of Figure 3.6(d) diagram is

d3kd3q @ g Qi —
Sa = L°T n
d r/ (27?)3 k2 + m% — 2/%]{51'0}'

_ L6/ dBkdq 2a; 4a; n 4%k a; ga; g
2m)3 K2 +mg (K2 +mg)?

+ O(xY). (3.17)

Here we just ignore the x? and higher order, by employing Pauli-Villars regular-

ization,
/ d3k 1 . / A3k ( 1 1 )
(2m)3 k2 + A 2m)3 k2 +md k24 A2
1
= — (A —my). (3.18)
4
So that,
LS d3q
Sd = %(A - mo)/ (27r)3ai,qai7_q. (319)
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In Fig(e),

B LY [ d®kdq
c 2t ) (2n)s
x (220 o (—kia; g — Ka; 405 — @J VZj_g
k+% 1Wi,q i,qY1 2 3 k—2
h_
x 22 g (—kjaj—y — Kaj g0 — 5 08)Zk1g)
37,73
— —2L6T7"/ d kdﬁq q\2 2 ! q
(27’(’) (k + 5) + mgo — 2/@'(/{7 + 5)@/0’2‘1
h_
X [kiai,—q + Ka;,—q0i + (Kaz —q + Tq)ff?,]
1
X (k — %)2 ¥ m2 — 2k(k — %)j/aj: [kjajq + Kaj 05+ 03]
dPkd3q 1 26(k + L)ooy
_ _2L6/ [ 4 27" 0(x2)]
2m)8 "(k+ 924+ mg  [(k+ 12+ mf)?
h_ 1
X [kii,—q + Ka; —q0; + (Kaz —g + 2q)03][<k — 02 4 mg

2k(k — §)y0;
(k= §)* + mg]”
2w(k + D)o
[(k + 5)? + mj]

+ O(K?)] (3.20)

h
+ (9(/42)] (kjajq + kajq0; + (kag, + Eq)ag]

1) (kjajq + Kajq0; + 2os)
2 (k —2)24+m]

s kiai g + Kai g0 + (Kaz g +

We do not consider the x?a? term with the same reason of 2D situation in Sj.
Also h? term is neglected because it decouples with a;. We employ Feynman

parametrization to work out the integrals,

1

(3.21)

476 d’qd’k T (kiai)Z
Sa =41’ [ <2w>60/ Gl + 97+ mg) + (L )[(k — D + m3))?
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with

1
A= / &k / (kia;)?
k2+£+m%+2(x—%)k_q]2

/ / dgk —3)4)? —l-(lzzéaiQm% — (x — 3)2¢?})2
Sor pl@ﬂ;{ffi’f} o)

(3.23)

where | = k+ (z — 1)q and define A = m? +z(1 —z)¢*. A is divided into two parts

A=Aty (3.24)
1
d’l (liai)z
A =
1 /dl’/(zﬂ_)3 (l2+A)2
0
_/ / 7 Pdl 1_Paa,
- 312+ Q)
0
1T ta
= — 2
" 62 /dx/ E i Ay (3.25)
0 0
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1
1 [dl 1dl
Ay = A= L - :
1~ Ay 67T2/dx/[(12+A>2 (l2—|—/12)2]a1
0 0
1

:—i/dx (VA - A)a?

8#/dm \/m0+x1—xq — Apv)a;
0

1 (1 —2)¢?, \
S—W/dx mO_APV_Q—mO]ai + 0O(¢h
0
Fa’ \
T & - 2
8 ( - 12m0) + O(Q ) (3 6)

Pl (z = 3)%(qia)?
Ay = /daf)/ E l2_|_A)

_ 1 |2 (z —%) (qia;)?
= d/ldl E

27'('2 )
0 0
L[ T Adl 1
= 27T2/dx[/[12+A (l2+A)2](1’ 2) (qza/z)
0 o

_ 1 w1 1., )
o 272 /dl‘4 \/Z<$ 2) (QZaz)

0
1 1
= 96—#%(%&1’)2 +O(q") (3.27)
1 1
A/ A:__ _A 2 2,2 4\2 4 9
1+ Ao 87r(m0 )a 067 g lg"a® — (g;a;)"] + O(q") (3.28)
L? d3q 1 2.2 2 4
Se1 o (27r)3( o—A)+ Tmo[q a” — (qa:)’] + O(q")
LS d3q 1 9 4
% (271')3 (mo Apv) + Tm[&lq a; — quLi(]jaj] + O(q ) (329)
L¢ d3q
Sa+ S = 24mmyg / (27?)3 [a,q2a1 qzaijaj] * O( )
L3
247Tm0 /d3r[—ai62ai + ai(?i(‘?jaj] + (’)(q4)
_ /d3 fiifi; + 00" = L7 /d3 b? + O(0") (3.30)
~ 487my it ~ 247my " ’
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where f;; = 0;a; — 0;a;. Then

S , = Shb _ —4L6 / d3]€d3q [i/€2€ij3(k§ + %)iaj7,qhq —+ Z'/ﬁ?2€,53j (k + %)ih,qam
@ 2n)° (k92 + ma2[(k — 2% + m3)
ik2esa; —o(k — 1)k k2esih_g(k —2),a;
iK%€ij3a; g : 22)j q2—|—m 52]2 q( i 1) aj’q]+(9(/-£3)
[(k +2)? + mgl[(k — £)* + mg]
_ 4/4;2L6/ d3]€d3q{—4k . q(iagij)ki(aj7,qhq — CLth,q)
(2m)6 (K + £)2 + mg]*[(k — £)* +mg]?
2
2@?4—%~+nﬁxgh_q+b_gw)}
[(k+ g)2 +mgl?[(k — 4)? + m%P

— 8/{/2L6/d / d3ld3q h_qb + mO)

)6 P+A)
0
1
12dl C 4+ m2)h_yb,
o o 5
o v ] o 3 Z2+A)
0
/ 12dl 1 2
8 2L6/d / / q h_gb
om o e 12+A) YA
4/<;2L6 d3q 7r 1 ,q¢ )
/ / 27) 332 m B F)(Z +m0)h—qbq
2L6 dPq m2
S N S h_yb, 31
8T /(2%)3(7713 /15) +0(¢") (3.31)

Here, we also add the term MLAQ even the integral is not divergent because we
need to consider in the system there exists the momentum cut-off A which is pro-
portional to 1/a, a is the lattice constant. We use the Pauli-Villars regularization
J° f(k,mg) — f(k, A) to replace fOA f(k,mg). In real space,

L3 1
Sb2 + Shb d3
m

’h 1 m2
b2y L0 o b, + ... .32
24m, * 8 (m% /15) * (3:32)
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o _ _3,2p1 _mj - — A(1—4x
The saddle point is easy to get (b.) = —5x°h(— — %) and pluge in my = A(1—F)
0

at high temperature . So,

0 =3l mp -7 (3.33)

Then we expand it to the order of #

3k%h 20m 32073 1
30rk2h 1 1672 1
- 2 + fj O3] (3.34)

The average of the topological charge in the plane perpendicular to the external

magnetic field is

(@ = ) =~ ST S+ (T + 0(3)")
= SN (T + 0((5)"), (3.35)

where N2 is the size of the # — y plane. This calculation is for the homogeneous
cubic bulk chiral magnets. Roughly, we can compare the absolute value of (Q)
in 3D and 2D at a unique temperature in high temperature region. It is obvious

that, the value of 3D is smaller than 2D.

3.3 Thickness dependence

The deviation of spins n away from its ground state can be described by the
magnon whose dynamic can be described by a plane wave if it is confined in a
finite size space. If the layers at z direction is finite, the modes at z direction is
no longer treated continuous due to the cut-off of |k,| as A and A ~ % where a

is the lattice constant of the cubic lattice. To explain the thickness dependent
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problem, A is set to be Z. If the number of layers is V., the modes of magnons

has k, = ﬁ , in which N, > 2 and m < N, — 1 is an integer makes |k,| < A.
When the number of layers are small, the modes are discrete. When the number
of layers increases, the number of modes increases correspondingly in the range of
[0, A] which means the magnon becomes more close to the continuous modes. It

can explain why the number of layers get to some point, the topological charge

versus temperature figures do not change in configurations.

3.3.1 Mean field approximation

Firstly , the k. is discretized and k = /kZ + k2 is defined for simplicity.
Employing Pauli-Villars regularization[114, 115, 116] the mean field approximation

is regularization, the mean field approximation is

Z/ Z/ 1 N4
27r2k:2+k2+m0 27r2k:2+k:2+m0 R4+ A2 2f

Z/ 2k 1 N4
27r2k:2—|—k2+m0 R4 A2 2f

dk2dk, 1 1 NA
2/( o0m2 K2+ k2 +m2 K24+ k2+ A2 2f
Z 1 1gk2+/12 NA

dr T k2 +m§ 2f

k-

K2+ A2 27N A
Z log =

kE24+mi2  f
(3.36)
when NV = 2,
k2 /12 4
Zlog - T (3.37)
f
when N, = 1 which means k, = 0, it is
A2 4
log =5 = — (3.38)
mg  f
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When N, = 2,

log -2~ 242 +1 og L A2 47r
O
A2 + mg o f
1 2/14 _Am
E T mmy S
(A% + mg)mg + 3A4* o (_4_7r)
214 Py
4
(A2 4 m2)? = 24* eXp(—Tﬂ) - —/14
4 1
7%:A«¢%m@§5—z—n
when N, =3, |k,| =0, %(%), (A),
1g/§12 2+1g 2/12 +1g 2 47'('
(0] 5} (0] o — — —
2y g B T
2 2 2 2 A7
| | log — = —.
og(/12 4%)+Og/12+ 3+og > 7

When N, =n, k. = 235, (m = £(n — 1), £(n —2), ..0).

3.3.2 Thickness dependence of (b.)

(3.39)

(3.40)

By comparing to the 2D calculation, the effective action is similar to 2D model,

just add ), and replace A* and mg by A* + k2 and mg + k2,

q 212
Z/ 2ﬁ212m0+k2)+0(qb)

2L K2 A2+k2 m3 + k?)3
Shy = Z/ 2 ) — (my ) + O(q*)]h_gb,.

(m + 2202 + 2

By solving the equation W =0, we can get

(A2 + k2)3 — (md + k2)?
2 0
) =12 hz (A2 + k2)3(m2 + k2)2 /Z
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Several N, has been chosen to do this calculation and the results shown in Figure

3.7. From Figure 3.7(a), the (b,) will decay more quickly and has the larger

(b,) [ — (by | T
__.--"'____ — - 931w me1n . " - 1T . e S e L

-
e -10 { LA

(a) (b)

Figure 3.7: ) . ) .
(a) The relationship between (b,) and T7'/J. (b)The relationship be-

tween (b,) and T'/.J.
value with a smaller number of layers. And Figure 3.7(b) shows at each fixed
temperature chosen, (b,) will decay with the increasing number of the layers.
When the number arrives at some point, the change of the (b,) becomes flat. The
analysis from a magnon view is consistent with the numerical results, especially
for the invariance of the topological charge when the numbers of layers are larger

than some value.

3.4 Conclusion

As an extensive work of the 2D chrial magnets[102], we investigate the topo-
logical charge in 3D chiral magnetic system through Monte Carlo simulation and
CP! field theory calculation. Then thickness dependent phenomenon was also
discussed explained by a physical picture of the magnon excitations. Whatever
from the numerical or the analytical results, it can be seen that the absolute value

of the topological charge at the valley point is smaller with a larger number of the
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layers. When the number of layer arrives at some point, the configurations of the
of (Q) versus T'/J figures is invariant, won’t change with increasing of the layers.

In the experiments of thin film SrRuO3[103], they increased the number of
layers to test the variance of the THE signals. When the number of layers is
seven, there no THE signal. Because the DM interaction in SrRuO3/SrTiOj is
due to the interface effect. The D.s¢ Xt =constant where ¢ is the number of layers.
Our theoretical calculation is based on the model of homogenous chiral magnets.

So we look forward the future experiments to confirm or fight against our results.
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CHAPTER IV

Topological charge in antiferromagnetic system

with different kinds of DM interaction

The results from chapter II and chapter III have proved that the nonzero topo-
logical charge does not respond to the existence of the skyrmions in the magnetic
systems[102]. However, the topological charge is very important to the topo-
logical Hall effect, as mentioned in previous chapters[77, 87]. In the previous
chapters, we just focus on the the spin systems with ferromagnetic interaction
and Dzyloshinskii-Moriya(DM) interaction which is parallel to the bonds of two
nearest spins. This model describes the non-centrosymmetric ferromagnets. The
Heisenberg interaction in the this system is ferromagnetic system. It is natural to
think about the situation when the type of Heisenberg interaction changes to the
antiferromagnetic interaction. This magnetic system can be found in real materi-
als, for example, the monolayer MnBi[124, 125]. By the results from the previous
chapters, the DM interaction plays an important role to produce the nonzero topo-
logical charge in non-centrosymmetric system. However, in centrosymmetric mag-
nets, there still can be DM interaction. The staggered DM interaction will respect
the inversion symmetry of the whole system and can be found in CaMnOj3[126,
127, 128], BiFeO3[129, 130, 131] and LaFeO3[132] . In this chapter, the thermally

driven topology in non-centrosymmeric antiferromagnet and centrosymmetric an-
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tiferromagnet with staggered DM interactions will be discussed.

4.1 Topological charge in frustrated magnetic system

The thermally driven topology of the 2D Antiferromagnetic frustrated system
has been studied in Ref[133]. The model is based on a simple hexagonal lattice
which can be regarded as a 2D hexagonal boron nitride structure with buckling, as

shown in Figure 4.1(a). There are two sublattices A and B, are in different atomic

Py Py Py Oy O
ETRTRTRT , ofn,
Py 93, 090,90 5 | &
? § :/Dg A} o 2f : 36x36
J J J ,-"_'.I" ' J — L a2 %
LA S B | A 9696
@ @ 90 o & « 120x120
A (a) 8 . . (b)
) 0 ) 0.5 1.0 1.5
T/d

Figure 4.1: i i i ) i i
(a)Top view and side view of the Top view and side view for the crystal

structure of a 2D hexagonal lattice with A and B sublattices. (b)The
relationship between topological charge density and temperature with
D =040J, K, =0.20J and B = 0.40J.

mono-layers. Magnetic atoms are located at sublattice A and heavy atoms such
as 4d or 5d transition metal with strong spin-orbit coupling (SOC) are located at
B. A has local magnetic moment. Three dashed lines in Figure 4.1 give six nearest
neighbors for one A site. The direction of DM interaction D is given by six arrows.
This system has the point group of ('3, without inversion symmetry and it is also a
prototype of many non-centrosymmetric magnetic monolayer film systems such as
Fe/Ir(111) and Fe/Re(0001)[134, 135, 136]. Then the Hamiltonian in this model

is given by
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1
H=Y [JS;.S; +D;;.(S; xS,)] — Z(§KUS?Z + BS..), (4.1)

(ig) i

where (ij) means nearest neighbors in the first term, J > 0 is for antiferromag-
netic Heisenberg interaction which originates from the superexchange between two
neighboring A sites along A-B-A bond as well as direct exchange along A-A bond.
The direction of DM interaction is shown in Figure 4.1 which is perpendicular
to the bond connecting the nearest magnetic sites. |D;;| = D is a constant in
the numerical simulation. The K, is the uniaxial anisotropy. In this model, the
anisotropy makes the z—axis which is perpendicular to the plane of hexagonal
lattice plane as an easy axis of spins. The object of introducing this interaction is
to study the MnBi system. The last term in Hamiltonian is the Zeeman coupling
term. B is the external magnetic system.

It has been reported that the skyrmion phase is, in principle, possible in frus-
trated magnets[137, 138]. However, such phase exists only at external fields B
comparable to the antiferromagnetic exchange J, which is extremely large in most
antiferromagnets. The Monte Carlo simulations reveal that nonzero topological
charge takes place at low fields and elevated temperatures. The numerical results
predicted that the experiments can be easily performed to measure the signals
from the topological charge. Specially, in monolayer MnBi, the DM interaction is
exceedingly large. The high field situation is also discussed in this work. Figure
4.1(b) shows the relationship between the topolgoical charge and temperature.
It is obvious that the topological charge is immune from finite size effect. The
parameters are D = 0.40J, K, = 0.20Jand B = 0.40J. The topological charge
density is zero at very low temperature. With the increasing of the temperature,
at some point, the topological charge begins to emerge and get the maximum

of the absolute value at T = 0.34.J with |Qr| about 6.07 per 1000 spins. Then
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the absolute value of the topological charge decays. At very high temperature it
converges to zero. Accomplishing that, the spin textures become completely ran-
dom. The configuration of the |Qr| per 1000 spins versus temperature is similar to
the 2D homogeneous non-centrosymmetric ferromagnets which have been shown
in Chapter[102]. Also, in this work, the Q7versus magnitude of DM interaction
D and the external magnetic field B has been done. At the high temeprature
T =1.49J. It is

Qr o D*B (4.2)

The results are shown in Figure 4.4. And also the relationship between Q7 and
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Figure 4.2:

the anisotropy K, is studied in this work. The Figure 4.5 shows the results. At

Relationship between topological charge, and DM interaction as well

as external magnetic field.
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anisotropy.

high temperature, it is
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Qr x D*B(1 + aK,), a > 0.

Here, in frustrated magnetic system with antiferromagnetic system also has the

thermally driven topology.
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4.2 'Topological charge in antiferromagnets with staggered

DM interaction.

4.2.1 Model

Here, we perform the calculation on a 2D antiferromagnetic square lattice with
staggered DM interaction. There are two sublattices, A and B . The unit cell is

shown in Figure 4.4(a). The position of the unit cell is chosen as the same position

~

as A site. The primitive vectors are a1 = & + ¢ and as = & — 3.

Z SA SB + SH—al + Sz+a2 + Sz—l—aﬁ—ag)

D R .
+§[y . SA (SB + Sz+a1+a2) — . (Sfi-al + Sfi—az)]

B (54 5 (4.4)

in which J > 0 and D > 0. For site B, A <+ B, D — —D is the reason why it is

called staggered DM interaction. The Fourier transformation of S(r) as
1 .
SA = T Z S exp(ik . R;) (4.5)
Z SE exp(—ik,) exp(ik « R;) (4.6)
The Heisenberg interaction part is

J (1! . . . )
HHeisenberg = W Z Z Z Sﬁ, . Sfel(k +k)'Ri(elka§ + e—zk’m + ezky + e—zk;y)
7 K’ k

= % Z Z S« SP0kw o(cos k, + cosk,)
Kok

= JZ S4, +SP(cosk, + cosk,).
k
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The DM interaction is

2D X R ik VR
Hpy = W;;;(y.SﬁXSkBCOSI{:x—x.Sf,xSEcosky)e(k+k)R’

= DY (j.8% x S cosk, — #8%, x Sf cosk,)
k

The total energy has the form

——— S
.
B al @
e *- © @ 4 &
R-—% B_..*ﬁz S So 543
— g,
(a) (b)
Figure 4.4: ) o
(a)The unit cell and primitive vectors. (b)The smallest cell of stag-
gered DM situation.
1 AT 0 My Sa
= 5> (85, 87D () (4.7)
k ME 0 Sb
in which
J(cos ky + cos ky) 0 —Dcosk,
M = 0 J(cos ky + cos ky) —Dcosk, , (48)
D cos k, D cos k, J(cos k; + cos ky)
Si!
and Sy = < ) Next is to determine the ground state of the system.
Sy
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4.2.2 Ground state
4.2.2.1 Situation without the external magnetic field

We add the Lagrangian multiplier to make sure the length of the spins S4

and Spy, are the same , Hy = A\(S%, . S;t — S5, . SB). So

0 M, , S
H = %Zk:(s/_‘f, S?Z)( e ok )( S:B ) (4.9)

0H

S, = 0 will get the minimum value of the energy which

Solving the equation

corresponds to the ground state of the system. The equations are

Mg M St
(Mo Meoysty g 10
Then Si! = _M’;Aﬁ Si! and SP = —M’%:éwk SP. The matrix is
A? + D?*cos*k, —D?cosk,cosk, 0
MM = MMy, = —D?cosk, cosk, A7+ D?cos®k, 0 >7
0 0 A2 + D*(cos? k, + cos? ky)

(4.11)
in which Ay = J(cos ky+cos k). The eigenvalues are E} = J?(cos k,+cosk,)?, E3 5 =

J?(cos ky, + cos k)2 4+ D?(cos? k, + cos? k). So vy = £J|cosk, +cosk,|, Eaze =

++/J?(cos k, + cos ky)? + D?(cos? k, + cos? ky). When k, = k, =0, E can get its

0 M,
minimum Ep, = —24/J2 + %2 . So we have < " )So = —24/ J? + DTQSO-

MI 0
The k, = k, = 0 means, for the sublattice A, the ground state is the ferromagnetic
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state, and either for sublattice B. Then, we have

2J 0 -D SB sS4
D2
( 0 2J —D)(SB)=—2VJ2+—<5A>, (4.12)
Yy 2 Yy
D D 2J SB sS4

J D

\/@, tanf = 757 and

we define cosf =

A sin 0 B

S cos 0 e S
A — sin 6 B

S; ) 0 cosf — v < S, ) (4.13)
A sin O sin 0 B

S —*% S5 cost Sy

Cc __ C
Here Sf = 57, _, and

cosf 0 5?/159
M’:_< 0  cosd —% ) (4.14)
— Si%e Sir/lg cos
Then
cos# 0 Si;‘; cos 0 — S\i;‘;
MMT =MTM = 0 cosf —n 0 cosf =32 )
— % Si\‘}; cos 0 % — Si%’ cos
cos? 0 + 1 sin 0 —1sin*0 0
= —2sin” 0 cos? 0 + £ sin” 0 0
0 0 cos? 0 + 3 sin? ¢

(4.15)
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The equation is

St = M"TM'SH (4.16)
SP% = M'M'"SP (4.17)
By solving the equations, we can get S; = Sy, 57 = 0 where ¢ = A, B which means
the spins of sublattice A and sublattice B are parallel to the diagonal direction of

the square lattice.

4.2.2.2 The situation with external magnetic field

When turning on a small external magnetic field perpendicular to the 2D plane,
intuitively speaking, the component at the direction of the magnetic moments will
not be zero. Following the results of ground state without the external magnetic

field, we can make the ansatz as

Sy = (% sinfy, isin(9,4, cosfy), (4.18)

V2
which is for sublattice A and for sublattice B, it is

1
o

1
sinfp, —=sinfpg, cosfp), (4.19)

Sy —
N V2

With this ansatz, the energy of one unit cell is

H =2Jcos(04 — 05) — V2D sin(04 — 05) — B(cos b, + coslp). (4.20)
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Then we minimize the energy by solving the following equations,

H

27 — —2Jsin(f4 — 0g) — V2D cos(04 — ) + Bsinf, = 0, (4.21)
A

0H : .

0. 2Jsin(f4 — 0g) + V2D cos(04 — 0p) + Bsinf, = 0. (4.22)
B

Then the solution is

sinfy = —sinfp, (4.23)

with 04,0p € [—m, 7] . So we can get 84 = —0p. And
2.J sin 204 + V2D cos 20,4 = Bsinf,. (4.24)

This results match the Monte Carlo simulation at almost zero temperature. The
ground state is that the in-plane components are parallel to the diagonal direction
of the square lattice but for sublattice A and sublattice B, the in-plane components
are antiparallel. And the sublattice A and sublattice B have the same component

perpendicular to the plane. This is a canted antiferromagnetic phase.

4.2.3 Spin chirality at high temperature

Inspired by the work of the chiral magnets, we investigate the topological
charge of the smallest cell. We use the spin chirality of the triangle to replace
the solid angle which is the triple product of the tree spins on this triangle. The
smallest unit cell in staggered DM system is shown by Figure4.6(b). The energy
is

4 4
E=—jSo.) Si+dSo.[x (S1+83)+§x (S2+8s)]—h) Si.. (4.25)

=1 1=0
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where 7 > 0 is the Heisenberg antiferromagnetic interaction, d is the magnitude
of DM interaction and h is the external magnetic field. The topological charge @
is

47TQ = S() . (Sl X SQ + SQ X Sg + Sg X S4 + S4 X Sl) (426)

The thermal average is

H
(@) = /HdSiQ oxp(—77)- (4.27)
With high temperature limit,

@ = [TId8QU -5+ 5P = (P + )+ @
Employing the same method from Ref[102], we can get the first non-zero value as
the order of % Now we need to do an analysis first. The notation is i = 0 ~
4, o = x,y, z. The solid angle part 47() gives 3 components of spins. If we want to
get the paired components, the total number of components should be even. The
Heisenberg term will provide two components and also the DM term. The Zeeman
coupling term just provides one component. So it is required that nonzero terms in
the polynomial form of (Q)) should include the odd orders of h. The terms without
DM interaction d can be ignored because it is identical to d = 0 situation which
it is just ferromagnetic phase with an external magnetic field, from the physical
picture, the topological charge cannot emerge. Also, the terms with odd orders of
d can be ignored because of the binary system, for example, the sublattice A has
positive d and B has the negative d. If we sum over all the lattice, the terms of
the two different sites will be cancelled with each other. They will not contribute

to the net topological charge. The summation of the selecting rules is

1. Odd order of h( even number of the components),

79



2. Contain d (DM interaction induces the topological charge),

3. the order of d should be even( Terms with odd orders will be canceled with

two kinds of sites with opposite DM interaction.)
Then we do it order by order,
e (7)": None,

)': None,

* (

Sl

)2: None,

.
il

. d*h(proved no contribution),

[ ]
—~
=
~—

w

)4 jd?h(proved no contribution).

* (

el

)51 j2d%h(no contribution), d?h®(no contribution), d*h(no contribution),

* (

il

... . We use the Mathematica to pick up the terms we want and then pick up all

the terms have the even orders of the s;,. Our algorithm is

1. Compute QH"™(n > 3) which corresponds to the order %,

2. Array s[j](j = 0 ~ 15), replace {50z, Soy, So-} — {s[1], s[2], s[3]}, ..., {54z, Say, Sa} —
{s[13], s[14], s[15]},

3. Pick up the coefficient of unique combination of j, d and h, for example,

Q3 = coefficient[QH?, d?h),

4. For j =0, j <16, j =j+1, Q3 = 3[Qs + Qs(s[j] = —s[j])]. Use this

iterative method to eliminate the terms have odd orders of s, ,

5. Analyze the left terms.

The way to analyze the left terms is direct forward, just representing the compo-

nents of spins in spherical coordinate.
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1. {s[1], s[2], s[3]} — {sin6; cos ¢y, sinb; sin ¢y, cosb}, ... ,{s[13], s[14], s[15]} —
{sin @5 cos ¢, sin B sin @5, cosbs}.

3. Then integrate over all the 60;, ¢;.(The Mathematica code will be added as

an appendice.)

With the results arrive at (%)5, at high temperature limit, there is no nonzero

contribution terms to the spin chirality. From the view of the symmetry, it is not

hard to get the average of the spin chirality is zero. If we change the spin S7 and

47TQ,:SO.(S3XSQ+SQX81+81XS4+S4X83)

= —So . (82 X 83 + 81 X SQ + Sl X S4 + S4 X Sg) = —471'@. (429)

But from Eqn.(4.24), the energy does not change. It is to prove that the thermal

average of chirality is zero. In antiferromagnetic case, it is not proper to use the

spin chirality to replace the solid angle. The solid angle need to be calculated

by the Berg formula which has been used in the numerical simulation. We did

a Metropolis calculation on this five spins system, searching for the explanation

based on a simple physical picture as we did in 2D chiral magnets. But no converge

results is achieved. The program written by Mathematica is attached in Appendix

B. It motivated us to investigate the topological charge in a finite size lattice with

staggered DM interaction.

4.2.4 Topological charge in antiferromagnetic square lattice with stag-

gered DM interaction

The procedure is similar to the pervious works of calculating the average topo-

logical charges in various magnetic systems. The Metropolis method[105] is used
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to generate Markov chain of spins to construct the spin lattice. The Berg for-
mula is employed to calculate the solid angle of nearest three spins. Then after
summing over all the solid angles, the thermal average of the topological charge is
achieved by employing the Boltzmann distribution. The results have been shown

as Figure 4.5. The left one of Figure 4.5 shows relationship between topological
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Figure 4.5:
& The topological charge of antiferromagnetic system with staggered DM

interaction

charge density and temperature with fixed DM interaction and various magnetic
fields. Comparing to the chiral magnetic system, the topological charge starts to
emerge at a very low temperature. Another difference is that when the external
magnetic field is along +z direction, the absolute values of topological charge den-
sity is positive and the value is large comparing to the chiral magnetic system.
When the external magnetic field is along —z direction, the topological charge
density is negative.The right picture in Figure 4.5 shows the relationship between

topological charge density and temperature with fixed magnetic field and various
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DM interaction.

In this system, each site of the lattice is an inversion center. It means the sys-
tem is centrosymmetric. The giant topological charge density at low temperature
need to be further investigated. The ground state without the external magnetic
is that the spins are parallel to the diagonal of the square lattice. The nearest

three spins are projected on the sphere as shown in Figure 4.6(a) and (b). At

if)
Imexpl IT“l

3

Q, e @2m || | @,

L if2
R{‘.‘C!pI]T'\I

n v
Q€ (=21, -1 Q, € (—-1.0)

()

Figure 4.6: ) _ o )
(a) Three spins on one triangle.(b)The projection fo the three spins

on the shpere.(c)The value of solid angle 24 by Berg formula.

zero temperature, if there is no external magnetic field, they are coplanar. After
turning on the external magnetic field along +z direction, they will get a nonzero
component of z direction. With increasing the temperature, the S; and Sy will
no be parallel by the thermal fluctuation. The three spins are no longer coplanar.
There will be a spin configurations of the three spins shown by SE), S| and Sy’ as
shown in Figure 4.8(b). The solid angle surrounded by them three is almost 2.
A jump of solid angle from zero to almost 27(or —27 when magnetic field is along
—z direction) is induced by the thermal fluctuation. The Berg formula[104] can

be written in another form,

exp(ZQQAl) = cos(%) + isin(Q;Q)
1
- ;[(1 + S() . Sl + Sl . SQ + SQ . So) + ZSQ . (Sl X Sg)] (430)
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How to determine the value of {24 is shown in Figure 4.8(c). This phenomenon
happens around the ground state. When the temperature becomes higher, the
topological charge will be zero because of the randomness of spin textures. The

B — T diagram of topological charge is shown in Figure 4.7. It shows a symmetric

Q+ per 1000 spins
20.00

I canted AF 10.00

PM 0.000

canted AF -10.00

' - -20.00

Figure 4.7: B — T diagram of topological charge in staggered DM system.

pattern about B = 0. The topological charge in paramagnetic phase is zero due to
the totally random spin textures. Also several points at different temperatures are
selected to capture the snapshots to investigate the spin textures, shown in Figure
4.8. The DM interaction is D = 0.20J and external magnetic field is B = 0.10.J.

In this system, whether the topological hall effect is still connected to the
topological charge is doubted. The topological hall effect can be explained by
the adiabatic motion of electrons in magnetic system when the spin textures vary
gradually. In this kind of system, the nonzero topological charge exists at the

canted antiferromagnetic phase which has a staggered spin textures, the nearest
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D=0.2J _ g _ TR -1
B=0.1J : : e ;

.+1

(a) T=0.0176J (b) T=0.1998J (c) T=0.3947J

(d) T=0.5912J (e) T=0.7845J (f) T=0.9998J

Figure 4.8: .
Snapshots of spin textures(a)T” = 0.0176.J. (b)T = 0.1998J.(c)T =

0.3947J.(d)T = 0.5912J.(e)T = 0.7845.J.(f) T'= 0.9998J. And D =
0.2J,B=0.1J.
spins are almost antiparallel. We look forward to the experiments to investigate
the relationship of topological charge and topological Hall effect in the antiferro-
magnetic systems. Another is that in this system, the difference of the topological
charge and spin chirality is significant. The relationship between topological Hall

conductivity, spin chirality and topological charge need to be further investigated
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CHAPTER V

Proximity effect between skyrmion material and

Type-II superconductor

As mentioned in the introduction, the magnetic skyrmion is a vortex like struc-
ture and the skyrmion crystal phase has the triangle lattice arrangement. In type-
IT superconductor, there is a vortex phase. At this vortex phase, the arrangement
of the vortices is a triangular lattice. This triangular lattice is called by Abrikosov
lattice. With the similarity of the vortex structure and the triangular arrangement,
the interaction of the skyrmions and vortices in type-II superconductors[139, 140]
intrigued our interest. Our investigation based on a system contains two thin
films contacted together. One of the two films is the type-II superconductor and
another is skyrmion material. The type-II superconductor is in the vortex phase
and skyrmion material is in the SkX phase. The proximity effect of electrons in
the interface of the two films is studied by perturbative calculation. The behavior
of the vortices is described by the copper pairs . The direct way to understand
the interaction between vortices and skyrmions is to study the interaction between

the copper pairs and magnetization of the skyrmion materials.
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5.1 Model

We consider a 2D system consists of skyrmion material and superconductor
thin films. The superconductor is s-wave, so the copper pair is described by a

scalar field. The wave function of electrons is written in Nambu space[141] as

U= (v, ¥y, O], —0D)" (5.1)
The Hamiltonian of the model is

2

1 P 1
_ T T,T
H= ELT/ TZ(Qm —pu+ap.o)¥ — §JHW+M coW — g(AYY) +he),  (5.2)

hich can describe the non-centrosymmetric superconductor and the skyrmion ma-
terials. M = (M,, M,, M,) is used to describe the ferromagnetism. The A is
the field of the Cooper pair for the s-wave superconductor, the coupling constant
is g. « is the strength of Dresselhaus spin orbit coupling. For simplicity, we set
Hund’s coupling Jy = 1 and g = 1 . The motions of the conducting electrons and

holes are confined in a two-dimensional(2D) plane, so p, = 0. The action can be

written as
8 L
S = /dT/d%{lWT[E) +7. ((—iV)2 —iaV.a—,u)]lP—EWTM.GW—(Al/JTW—kh c)}
2 VT om 2 AR
0 0
(5.3)
Turning to the frequency and momentum space, the Grassmann fields are
8 L
Yonp L_/ /d2rwa r,T)e UwnT=pr), (5.4)
0
8 L
Vinp = / / Al (r,m)el e, (5.5)
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So¥, = (Vrnp, Vpnps @Z)I,n,—p? —wl,nﬁp)T. The order parameter,
Ay = — [ drA(r)e (5.6)
L
A__k = (Ak)T = /dQTA_(T)ik'r. (57)

The action in momentum space is

—twp +& +ap.o 0
S(wn,p, k) = Wg( P )!P

0 —iWp —&§—p— QPO

17T ng Mk e Ak v
S yED I ot
p.k A, My.o

—wp, +&tap.o 0
w;( & )wp

0 —iwy, — & p —Qp.o

T Mk O Ak
—=y v v (5.8)
L s A M .o :

—k k»

DO | —
A\
3
3

with &, = % and ¢, = £_,. The interaction part can be defined as

T M .o Ak
Xy = ﬁ( ) (5.9)

A,k Mk.O'

The spinor in momentum space can be represented as ¥, = (1, ¥, p, wL_p, _w%—p)T

and Wg = (@D%fp, %blfp’ Y p, —Urp) . The Green function of electrons and holes
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is read as

And

Further,

(e)
p+3

—iw, +

1
—iwy, + & Fap.o
—iwy, +& —ap .o
(—iwn, + )% — a?p?’

1
—iwy, — &, —ap.o
—lw, —§p+ap.ce

(_iwn - g—p)Q — a?p?

iy +& —ap .o

(iwy, + &) — a2p?
—iwp, —&_p+ap.o _ g(h)
(—iwn — &-p)? r

iwy, — & +ap.o

(iwy, — &p)? — a2p?
B —iwp +&§ —ap.o _©

(—iwn — &)? — a?p?

+£)2
v _a(p+%).o

[—iw, —

—iwp + (P Pk +E)—ap+¥) .o

(p+5)2

[—iw, — (P2 +pk+E)2—a2(p2 +p.k+5)

5.2 Effective action and Its Expansion

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

Here, we set the Boltzmann constant kg = 1. So, FF = —T'InZ and—S =

—BF =InZ with 8 = % where Z is the partition function. And Z = Tr(e PF) .
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The partion function in path integral is
Z = /DLUTDW exp(—S

B L
1
= /Dgpfpwexp(—/dT/d2r§wgw> (5.15)
0

0

By Summing (Intergrating) over ¥, S = —InZ = —TrInG~!. The minus sign is

from the exchage

S=-TrinGg™" = —Trin(G;'+G;")
= —TrhGy'(1+ GG Y]

= —TrinGy' —Trin(l — Gy X)) (5.16)
. The first term is a constant. After expanding the second term,

1 1
S=-Tr 11’1(]_ - QOE) = T’I"(goE) + §TT(g02902) + gTT(QOZQOEQOE)

+;1TT(QOEQOZQOZQOE) + O (5.17)

and tr(GoX) = 0. We study the free energy for the system, FF = —TInZ =TS.
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5.2.1 Second Order Calculation of Free Energy

The second order of the action is

T2 d*p d*q
Sy = 7;/ (27T)2 / (ZW)QTI‘(QO,IH-%quO,P—%Z—ll)
T? d? d? 95k 0 M, .ce A
Mk q>T< )( M.,
n T T 0 gﬁp_g A, M_,.ce
< G 0 ) ( M_,.0 A, )
0 g}_‘p+% A, M,.o
_ T_Qz/ d2p / qu Tr g;+%Mq.a g;+%Aq
2 & (2m)% ) (2m)? hoLAL, g" WMo
p—3

g_p_g

. ( g;_%M_q 0 9;_%A—q )
h qA_q gi 7Mq 'y
2 2

T2 d2p d2q e h A h A e
— 2 Z/ (2)2 / o)z T pr 4809 pe g Aa + 05534094 A

+ g aMyaogy osM_guo+gt M_iog", JM.0) = Soa+ Sour, (5.18)

where
T? d2p d2q . X B . ) )
Son = - 2m)? / (%)Qtr(gp%Aqg,p%Aq + gfpng*qu,%qu)

& [ g c

-8 / (2m)? / (27r)2tr(gp+%’+Pp+%v+ + gp—l—%,—Pp-i-%—)Aq
% (ngJF%#P_P*%HF + gﬁp-{-%,—P—p—i-%,—)Aq + h.c.
T d2p 2q . . ) . ) )

= Z (27T)2 / (27?)2 [(gp-i-%,—f— + gp+%7—)(g—p+%7+ + g_p+%,_)Aqu

h h —p* + <
e _ e . i B

+(9p+g,+ gp+g,—)(g_p+g,+ g_p%’_) b7 9p_ 9] AA,]
+h.c. (5.19)
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and

Sonm tr(g;+%1\/[q 09, gM_g.0 +g}_‘p_%M_q . agﬁer%Mq .0)

T2 d2p / d2q
2 | @2n2 ) (2n)

T dp [ dPq c
- ?/ (27)2 / (271-)2t1"[(gp+%,+Pp+%,+ +9p+%’,Pp+g7_)Mq.a

X (g;,%,Jer_g,Jr + g;fgﬁpp_%,_)l\/[,q .0+ h.c.

T2 d2p d2q . ) ) )

p+9).oM;.o(p—2).cM_4.0

H(Gprgr — Gpre, ) Gpog s — s )

p+3llp—3
. . . . M,.o(p—3).cM_,.0
g T 95 )94 — Gpos) p—4d
. . . . P+3)oM,.0)M_4.0
+(gp+%,+ - gp—i—%,—)(gp—%,—l- + gp—%,—) p+ % |+ h.c

T2 d2p d2q . . ) )
— Z/ (27'{') / (277')2 [(gp-‘r%,—l- + gp—}-%,—)(gp_%’_i_ -+ gp—%,—)Mq . M_q
p+3llp— 3

(gt — Gpre, ) Gpas — s )

q q
X(p+ E)iMqJ (p— §)kM—q,l
i€ijkMgi(p — 3);M_gk
p—3
ieije(p + §)iMa; M_gp
P+ 3|

(g e ) (Gpg4 — Gpg )

|+ h.c.

g~ g, ) Gp-g4 + G5og,)

T2 d2p 2q . . . ) )
- Z / (27'{')2 / (27‘(‘)2 [(gp+%7+ + gp+%,—)(gp—%7+ + gp_%7_>Mq . M_q

€ €

(gp+%,+ - g;+%,—)(g;_%,+ - gp_%,—)
p+3llp—3

CE Mq);q M_,) (»* — qZQ)(Mq CM_,)]. (5.20)

2(p- M,)(p-M_,)

Firstly, we consider the dynamic parts of the order parameters. Here, for the
purpose to estimate the coefficient before the 0AJA , we just consider the O(]fn—Q)

term.

Fap= /d%«[caA‘aA + a| AA| + g|A‘A|2 +...] (5.21)
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The term — L4 an k w2i§2 . 4m(AkA k+h.c.) corresponds to the the term [ d?rcdAJA

)

7 &
dm LA Z (uﬂ T 52) (At hec)

Pk,
27T 5 5pw2 +§2 ( 71_)2141 (AkAk + hc)

27rpdp / A2k ) B
/ 472 w2 + &2 2 W)gk (ALAg + h.c.)

B T2 2md(p*/2m — ) 1 &k, -

d’k -
= 16 / fp i, 2+£2/( ) k2(AkAk+h.C.)

dk
167rzw2

&2k :
K2(ApAg + hec.
167rz7r2 2n+1 /(27r)2 (Axddy +hec)

I g [ o
16772 8 ) (2m)2

_ L[ Ek E*(ARAg + h.c.) (5.22)
T1287 ) (2m)2t VRTR T '

AkAk+hC)

In position space,

d*k ~ 9 2 7
(271’)2 (AkAk + h. C - —= d*rAJ° A

- 3 / d*r(0A)0A (5.23)

. So in this approximation, we recover the coupling parameter g can obtain ¢ =

g°T
64rL? "
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A=ac = —2T%g 2+52
2w
or(2m)de, 1
_ —2T3 2 p
’ Z/ ™ wg
2mT? g, wy
- g Z/w_naﬂ + €2
~ 2mT? 1 1
- )2w
- T32 L
ey Zn:zw(2n+1)
_ ~mT?g? 1
2r A~ 2n+1
1
a = —32mTZ2 i (5.24)
n

For the local magnetization part, we didn’t calculate that. The Ruderman-Kittel-
Kasuya-Yosida(RKKY)[142, 143, 144] interaction has been studied in Ref[145],
which discuss how the conducting electrons affect the local spins. The result in

the reference will give a similar result for this part.
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5.2.2 The Third Order Calculation

In the third order calculation

d*p1d®pad’ps
S3 = TI‘ Z / —go P12y P2g0 p22ps P3g07p3 Zps.m

_ 'I‘I‘Z/d2 p1d?p 2d2p3< 0 )(U-Mu Aqg )
h A_Ql o« Mo

0 g%
X(g; 0 ><U-M23 Agg )(gg 0 )(J.Mgl Agl >
0 g, Aszy 04 My 0 g(h) Az 04 Msy

() (e)
d2p1d2p2d2p3 g1 0« My gy Ag
_ Trz | Rl s

,1)421 g(,hl)U « Mo

% ( gée)o' . M23 gée)Agg) ) ( g:(;e)O' ] M31 gée)Agl )
g(—hQ)A732 g(—h3)o- . M23 g(_h3)A713 g(_hl)o' . M31

T3 d2 d2 d2 M M
_ ? / p1(2 p)26 pgTr( 11 12 7 (5'25)
n T M21 M22
where
My = g§6)4129£h35329§6)0 « M3 + g§6)0 . Mlzgée)ﬂmg(_hg?Aw
+9§E)A129(f2)0 . M23g£hgj13 + .., (5.26)
Moy = g£h35219§e)0 . M239;(36)431 + gghl)U . Ml2g£h3532g§8)A31
+9" A1 g8 Agyg®lor Mgy + ... (5.27)

95



We just consider the leading term after expanding the Green funcion.

tr[9§e)A129(_h2)A_329§6) (0. M31)]

1

:mtr[_a(_ZWn + fpl)(_iwn - £—p2)A12A_32p3 . 0—(0- . M31) 4o

— o (—iw, + £ps)P1 » 0A19Pa « 0 A33(0 « M)

+ a®(—iw, — € p,)P1 » 0A19P3 « 0 Aza(0 « M)

— ®(—iwy, + &y )P2 « 0 A12P3 « 0 Agp(0 « M)

— @ (P1+0)A1a(P2«0)Asa(ps« o) (0« May)]. (5.28)

_ 2

p1 p—% p p3
We replace the momentum } — { 2 N { 2 } .
p2 p+4 s p+%  m

D — a3

{ > and just focus on the dynamic term of order parameter which means
p+%

¢:M, = 0and M, = M, . Also ¢; +¢2+gs = 0 can be obtained from p; +p;+p3 = 0

and
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tr[gf A1g" o Azags (o« May)]

=trlgy u Ag0", 1A 0,05(0 « My, )]

tr e e h e
:g[(gp—%,Jer—%,Jr tgu Ppa )A(0 e (Pope g a Pa
x (g;f%ntpp—%?’rir + gp—%?’,—Pp—%”’,—)(U - My,)
tr P—%).0 . P—%).0
=g gy (1 W) +tg,a (1 W)Mql
P—F)-0,, 4 (p—F):0o &
gty (1= ) g e (1+ o )1A-
p+2 .+ p— %| p+L2, p qu g2
e (p_%a)-a e (p—%).o
X [gpf%S,Jr(l + |p — %| ) + gpf%ﬂf(l - |p % )](M% . U)
tr (p—4).o
:g{[(g;*%ﬂr + ng%lyf) + (g; 244+ ggf%l’f) |p 2%| ]Alh
(P-%).0
X [(gﬁp+q?27+ + gﬁp+%2’,) - (gﬁp+q72’+ - gﬁp+q727,) |p 2%| ]A—qz
e e € € ( B %) o
X [(gp,qg,+ + gp,qg,,) + (gp,qg,+ - gp,qg,,)w](l\/{qs . 0)
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h h e e A (p - %) " MQS
= {[( p_f + + gp a1 _)(g_p+%2,+ + g_p+%2,_)(gp_%3,+ - gp_q737_)Aq1AQQ ’p _ %l
e e e A <p B %) -M
(gm0 NG 0" )G w0 w )G Ay D = oy =
€ € e e e (p - ﬁ) . M
+ (gp7%7+ - gp,%l’,)(gip+q727+ + g}iij%?’f)(gpf%?ﬂL + gpf%‘"),f)AlhA(h |p 2_ %| £
gy =Gy IO~ o w0 w )
v i€ik(p — %l)iAql( - ) A—q2Mq3 k
p—%lp - F
— (gt a N e — 0" e g w — 0w )
5 igijkAm( - %)iA*QQ (p - %)quSJC
p—%lp - F
+ (g; ‘Ll —+ - g;,L 7>(ghp+q27+ + glip+q7277)<g;7q737+ - ngq%’f)
v lgwk( ) Ay A—qg( qES)qus,k
Ip — %p - %
— (g =0y a N — 0" e NG w, — 0w )
(0450k1 — 0i0j1 + 6:10,1) Ay A_qu ¢ q2 aqs
(p—5)ilp— 50— 5 )My (5.29)
p-Fllp-$lp-% ¢ 2T 2T e
Then
T q1 q2 q3
(0350w — k01 + 0udj) Agy A—ge(p = )i (P = )i (P = 5 )iMaay
A q1 q2 q3
=2, 440~ ) 0~ Byjlo - L) v,
A q1 a3 q2
- AQ1A—¢12[(p - _) . (p - _)[(p - _) . MQ:;]
2 2 2
A q2 ds a1
P80~ ) - o - D)., (530

We do summation over p. It is easy to prove that the gauge violent term is equal to

zero( One method is just from the notation we choose, another is V.(V x fTM) = 0.
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) The Hermite conjugate term is

h x (e h i )2 (h)3 ~
trlg" Agigs” Agsg") (00 Mig)] — —5042[29(();)) 9<() )p5ZJkQ1zA—q1QZ]A My,

h)4 (e
+g(() )pg(() ;))ql ZA—Q1QQ ]A M ] (53]_)
By the permutation 1 — 2 — 3 — 1, the free energy Fia,, is

53 = @FA‘AM
T? i (©3 (2 | (e (h)
- 76 Z 504 5ijk(290p 90,~p +90p Yo, p)quA‘hC.ZQ JA—sza K+ h.c.)

n7p7{ql}

X6(q1 + g2 + g3). (5.32)

In position space,

Fian = / Priiv(0A x §A) . M] (5.33)
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where,

2T3 dp 63 h h)3 (e)2
v = T8 [ Gl - k)
h
+(gé,; gé,lp - gé,lpgé})]
T /ﬂ'dpz[ A¢, 2§p(3wi—§§)]
2 dr? (W + &P (Wi )

B 2ma 2519(3%21—55)
- /@” TR R

_ ma?T? 2 (3w? — fg)
T T Z/ Slarer t@rg
B ma2T4 5w +§2

ma?T* 7
4 Zn: 6w?

2T4 2 1 2T2
_ ma Z 76 _ Tmao ' (5.34)
4 6(2m)2 (2n+1)2 7687 LS
With this approximation, if we rescale the Free energy and get J back,
_ _ b L
Fe / PriOB)04) + a(A4) + 5 (AN + iy (FAx 58). M (535)

ol 7L2ma2JT
p .

where 7/ =21 = T
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5.2.3 The fourth order perturbation

Fourth order perturbative calculation will give us the quadratic term of A and

the term (AA)(M . M).

S —lT—4T GoXGo X Gy X Gy X
4—4L87“(0 02GoXGo X))

B 1 T4T gie) 0 o« Mo Aqg
418 " h) T
0 9g_1 AQl [ M12

h
9(72) Agy

( g;(f)o « M3y g:(;e)A34 ) ( 91(16)0 « My 94(16)441 )
9(3314 9(,]14)0 « My

( 956)0 « Mos gée)Az?, )

9"« My

gihg? Ay gghg)ff « My
(5.36)

We use mean field theory J2(AA)(M . M) to replace J*(AA)(M.M). The fourth

order is

TmT?g*

F
4 25673¢

¢(3) / d*r(AA)? (5.37)

So, b = 71";;24((3)63%2 = 7mgiZL2C(3). With the assumption a < J ~ g < 1, v/

term can be treated as the perturbative interaction.
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5.3 Ginzburg-Landau equations

The improminent parts of the free energy of order parameter and skyrmion
spin textures is Fy + Fj,
- =
0

Fany = / d%[c(&;A)(&iA)+a(AA)+§(AA)2]+z’7[( x T A)M]+... (5.38)

To get the equation of motion of A, gg =0 . Then

where 9* = 92 + 0} and A = A(z, y) . For further simplifying,

4,YIR2

0°A+aA+b(AA)A + 2<T2 TR

(y0,A — x0,A) = 0. (5.40)

To the off center situation

4~' R?

J— 2 A .—
0°A+aA+ b(AA)A + Z(rlz e

(y — 10)0: A — (x —19)0,A] = 0. (5.41)
By defining n = x + iy, =z — iy, it is easy to get 0, = 0, + 05, 9y = (0, — O5)
and z = $(n+17), y = 5(n —17) . So the Eqn of motion can be rewritten as

40* - 4~' R? 0 0
— _A—i—aA—i—bAAA—l—_—
onon (44) (m + R?)? r Tom nan)

A=0. (5.42)

Turning to polar coordinates,

1o 9 1 & 8iyR?* O
r—A) — ———A+aA+b(AA)A - (2 + R2)2 00

o (r5-A) — o A=0. (543)
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The off center situation is

x = rcosf, y = rsinf, r"* = (rcosf —ro)* + (rsinf —rg)> = r? + 12 —
2rro(cosf + sind) So
10 0 1 o SiR? 0

By solving the equations, how the skyrmions affect the vortex can be achieved.

5.4 Discussion

The proximity effect between superconductors and magnetic materials has been
studied in various combinations[146, 147, 148, 149]. The interaction between vor-
tices in Type-II superconductor and skyrmions is studied in some special situ-
ations[150, 151]. The structural similarity of the vortices in Type-II supercon-
ductors and skyrmions[152] inspire us to study the dynamics of the vortices and
skyrmions in general case. In the above calculation, we assume the skyrmions are
robust. As a consequence, the spin textures of Bloch type skyrmion is introduced
directly into the Ginzburg-Landau equations. We can also put the interaction
(35 X gA) . M into the Hamiltonian of chiral magnets and get the Landau—
Lifshitz—Gilbert equation[153, 154]. By solving both Ginzburg-Landau equation
and Ginzburg-Landau equation, more physical phenomena are expected. The
spin-orbit coupling is considered in the calculation because the superconductor
is non-centrosymmetric as we assumed. At the same time, chiral magnets which
host the skyrmions also lack the inversion symmetry. This breaking inversion sym-
metry in 2D system makes more nontrivial topological structures excepted to be

found in non-centrosymmetric materials.
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CHAPTER VI

Summary and future directions

In this thesis, we investigated the topological charges of several magnetic sys-
tems which have the Dzyaloshinskii-Moriya(DM) interactions. Firstly, we make
a historical description of the study on chiral magnets, especially the skyrmion
physics therein. Then we pointed out that the topological charge which was used
to identify the skyrmions is directly relevant to the topological Hall effect. So
understanding the topological charge is important to the transport properties of
chiral magnets.

Then we study the two-dimensional chiral magnetic system. In this system,
the Heisenberg interaction is ferromagnetic interaction. We employed Monte Carlo
method to calculate the topological charge on a square lattice. A B — T diagram
of topological charge is shown . Several points in the B — T diagram are chosen
to take the snapshots to study the phases. The results show that the maximum
absolute value of the topological charge does not correspond to the skyrmion crys-
tal phases. The phase with the maximum absolute value of the topological charge
is a random phase. Then we made an analysis on one triangle to understand the
physics well. The analysis show the external magnetic field lifts the energy degen-
eracy of triangles with opposite spins on the vertices of the triangles It leads to the

conclusion that the thermal average of the topological charge, which is replaced
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by triple product of the three spins on the vertices, is no longer zero and the topo-

D?B
T3

logical charge scales as ) o at high temperature, where D is the magnitude
of the DM interaction, B is the strength of the external magnetic field and T is
the temperature. It matches the results from the Monte Carlo simulation. At a
fixed high temperature, when D is fixed Q o< B and when B is fixed, Q o D?2.
Then we performed a field theoretical calculation of the topological charge through
CP! model. In the C'P! model, there is an emergent gauge field whose curl is the
density of the topological charge. The curl of the emergent gauge field is the emer-
gent magnetic field. We calculated the effective action of the emergent magnetic
field and get the saddle point value of the emergent magnetic field to estimate
the topological charge. At high temperature, the analytical result matches the
analysis of the physical picture on one triangle and the numerical calculation well.
An experimental work on thin film SuRuOj3 confirmed our theoretical results.
Then we extend our calculation into three-dimensional system. The Monte
Carlo simulation and the field theoretical calculation through C' P! model are per-
formed. At high temperature, there is still nonzero topological charge. There
is one more question need to be clarified is that in three-dimensional case, the
thickness dependent issue. We investigated the topological charges with different
thicknesses or layers in the direction of the external magnetic field. Both numer-
ical and analytical method were used to investigate this issue. An explanation
based on a physical picture of magnons in the box can explain the phenomena re-
lated to the thickness of the sample. The SrRuOj3 experiments cannot confirm our
theoretical results because the effective DM interaction is induced by the interface
of SrRuO3 and SrTiOgs, the effective DM interaction is inversely proportional to
the thickness. When the sample is thick enough, the effective DM interaction is
too weak to host this nontrivial topology. However, our model is used to describe

the homogenous chiral magnets which have the constant DM interaction.
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Here, we would like to mention that so far the topological hall effect is still
regarded as the best transport signature of the skyrmions. But in the past, topo-
logical Hall effect is misused to identify the skyrmions. The value of our work is
to provide a new mechanism of the topological Hall effect can be induced by the
thermal fluctuation without skyrmions.

Our works are not limited to non-centrosymmetric ferromagnets. A work on
the two-dimensional hexagonal frustrated magnets have been reviewed to show
that the non-zero topological charge can also exist in the system with antiferro-
magnetic Heisenberg interaction. The DM interaction in this system breaks the
inversion symmetry. The topological charge in this system has the similar pattern
of the chiral magnets. Then we investigate the staggered DM interaction system
which is centrosymmetric. The giant non-zero topological charge exists at very
low temperature, By our analysis, the reason is from the speciality of spin tex-
tures at ground state. The linear relationship between the topological charge and
topological Hall resistivity is doubted here because the adiabatic approximation
may fail to describe the motion of conductive electrons with the staggered spin
textures at low temperature. The work about proximity effect between type-1I
superconductor and skyrmion materials is introduced finally. This work gives a
open question what will happen in the non-centrosymmetric systems.

As mentioned above, the relationship between the topological charge and topo-
logical resistivity in various magnetic systems is worth investigating, especially in
the systems with antiferromagnetic Heisenberg interaction. Moreover, whether the
breaking the inversion symmetry is necessary to the nonzero topological charge is
still needed to prove. Also we hope the experiments can confirm or fight against

our theoretical results.
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107



APPENDIX A

The program for calculating the Hall

conductivity

The program for calculating the hall conductivity is written by Python. For
a compact appearance, the program does not follow the standard indention in

Python.

from numba import cuda, float64 , njit
import numpy as np

import math

HT = —100.0 # hopping constant
H.J = —100.0 +# Hund’s coupling
ETA = 1.0

MU = —80.0 # Fermi energy

N_LX: int = 32
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N.LY: int = 32
N_SPINS: int = NLX«*N.LY #lattice size
N2_SPINS: int = 2xN_SPINS #matrix size of the Hamiltonian

TpB: int = 256

TpB2D = (8, 8)

NBlock: int = (N_SPINS+TpB — 1)//TpB

NBlock_2D = (N_.SUB//8, N.SUB//8)

NBlock 2D_a = (NSUB//8, N.SPINS//8) #GPU bloch size

Path="" #The path of the spin texture files

Temperatures =[]

@Qcuda.reduce
def reduce_sum(a, b):

return a + b

cuda. jit (device=True, inline=True)
def fermi_cuda(e, t):

return 1.0/(math.exp((e-MU)/t) + 1) #Fermi distribution function

@cuda. jit
def get_sigma_cuda(e, u, ux, uy, sxx, sxy, t):
m, n = cuda.grid(2)

sh_sxx = cuda.shared.array ((8, 8), dtype=float64)
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sh_sxy = cuda.shared.array ((8, 8), dtype=float64)

tx

bx,

ty = cuda.threadldx.x, cuda.threadldx.y

by = cuda.blockldx.x, cuda.blockldx.y

gx = cuda.gridDim .x

X,

fac

iv = 0.0, 0.0
= 0.0

#initialization

if m!= n:

fac = (fermi_cuda(e[n], t)—fermi_cuda(e[m], t))\

/ (ETA«ETA+(e [n

J]—em])«(e[n]—e[m]))

for iis in range(N_SPINS):

jx 4= u[iis , m]

.conjugate ()xux[iis , n]\

— u[iis, n]x ux[iis, m].conjugate()\

+ u[1is+N_SPINS, m]. conjugate ()*ux[iis+N_SPINS, n]\

— u[iis+N_SPINS, n]sux[iis+N_SPINS, m]. conjugate ()

jy += u[iis , m]

— uf[iis, n

.conjugate ()*xuy[iis , n]\

Jxuy[iis , m].conjugate()\

+ u[iis+N_SPINS, m]. conjugate ()*uy[i1is+N_SPINS, n]\

— u[1is+N_SPINS, n]suy[iis+N_SPINS, m]. conjugate ()

sh_sxx [tx, ty]

sh_sxy [tx, ty]

else:

sh_sxx [tx, ty]

sh_sxy [tx, ty]

cuda.syncthreads ()

= fac\x(jx.conjugate()\
* jx/complex(e[m|—e[n], ETA)).real

= —facx(jx*jy.conjugate ()).imag
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#GPU summation

if ty % 2 = 0:

sh_sxx [tx, ty] += sh_sxx[tx, ty + 1]
else:

sh_sxy [tx, ty] 4+= sh_sxy[tx, ty — 1]
cuda.syncthreads ()
if ty % 4 = 0:

sh_sxx [tx, ty] += sh_sxx[tx, ty + 2]
elif ty % 4 = 3:

sh_sxy [tx, ty] += sh_sxy[tx, ty — 2]
cuda.syncthreads ()
if tx % 2 = 0:

sh_sxx [tx, ty]
else:

sh_sxy [tx, ty]
cuda.syncthreads ()

sh_sxx [tx, ty]
elif tx % 4 = 3:

sh_sxy [tx, ty]

shosxx [tx + 1, ty]
shosxy [tx — 1, ty]
if tx % 4 = 0:

shosxx [tx + 2, ty]

sh_sxy[tx — 2, ty]

cuda.syncthreads ()
if (tx = 0) and (ty = 0):
sxx [bx + gx * by] = sh_sxx [0, 0]+sh_sxx[0,
+ sh_sxx[4, 0]+sh_sxx[4,
elif (tx = 3) and (ty = 3):
sxy [bx + gx * by] = sh_sxy[3, 3]+sh_sxy[3,

+ sh_sxy[7, 3]+sh_sxy|[7,

@cuda. jit
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def get_un_cuda(u, nbs, ux, uy):
i, iis = cuda.grid(2)
nbx, nby = 0, 0
if iis < N_SPINS:
nbx = nbs[iis , 0]
nby = nbs[iis , 2]
cuda.syncthreads ()
if (i < N2.SPINS) and (iis < N_SPINS):
if iis + 1 == nbx:
ux[iis , 1] = u[nbx, 1i]
ux[iis 4+ N.SPINS, i] = u[nbx + N_SPINS, i]
if iis + 32 = nby:
uy[iis , 1] = u[nby, 1i]
uy[iis 4+ N_SPINS, i] = u[nby + N_SPINS, i]

@cuda. jit
def get_hamiltonian_cuda (ham, nbs, sp):
i = cuda.grid (1)
if i < N_SPINS:
if i + 1 = nbs[i,0]:
ham[i, nbs[i, 0]] = HT
ham [ i+N_SPINS, nbs[i, 0]+N_SPINS] = H.T
if i — 1 = nbs[i,1]:
ham[i, nbs[i, 1]] = H.T
ham [ i+N_SPINS, nbs[i, 1]+N_SPINS] = H.T
if i + NLX = nbs[i,2]:
ham[i, nbs[i, 2]] = HT
ham [ i+N_SPINS, nbs[i, 2]+N_SPINS] = H.T
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if i — N.LX = nbs[i,3]:
ham[i, nbs[i, 3]] = HT
ham|[i+N_SPINS, nbs[i, 3]+N.SPINS] = H.T
cuda.syncthreads ()
if i < N_SPINS:
ham[i, i] += H.Jxsp[i, 5]
ham [ i+N_SPINS, i4+N_SPINS] += —H Jxsp[i, 5]
ham[i, i+N_SPINS] += H_Jscomplex(sp[i, 3], —sp[i, 4])
ham [ i+N_SPINS, i] += H_Jxcomplex(sp[i, 3], sp[i, 4])

import numpy as np
from numba.cuda.cudadrv.devicearray import DeviceNDArray
from datetime import datetime

import os from THC import x

start = datetime.now() #timing
nbs_data =np.loadtxt ()

# the information of spin texture files in ()

neighbors = np.zeros ((N_.SPINS, 4), dtype=np.int32)
for i in range(N_SPINS):
neighbors[i] = list (map(np.float64 , nbs_data[i, 1].split()))
nbs_d = cuda.to_device(neighbors)
print ('neighbors shape = {0} ’.format (neighbors.shape))
sigma_xx_d:\
DeviceNDArray = cuda.device_array (NREDUCE)
sigma_xy_d:\
DeviceNDArray = cuda.device_array (NREDUCE)
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e_d:DeviceNDArray = cuda.device_array (N.SUB)
u_d:DeviceNDArray = cuda.device_array ((N2_.SPINS, N_.SUB))
ux_d:DeviceNDArray = cuda.device_array ((N2_SPINS, N.SUB))
uy-d:DeviceNDArray = cuda.device_array ((N2_.SPINS, N.SUB))

for temperature in Temperatures:
sigma_xx_sum: float = 0.0
sigma_xy_sum: float = 0.0
sigma_yy_sum: float = 0.0
sigma_xx_sq: float = 0.0
sigma_xy_sq: float = 0.0
sigma_xx: float = 0.0
sigma_xy: float = 0.0
sigma_yy: float = 0.0
files = []
#read the spin texture files
n_f = len(files)

print (temperature, n_f)

for file in files:

# read spins
spins_data = np.loadtxt ()
# spin texture fies in ()
spins_d = cuda.to_device(spins_data)
ham_ = np.zeros ((N2_SPINS, N2_SPINS))
#hopping
get_hamiltonian_cuda [ NBlock, TpB]\
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(ham_, nbs_d, spins_d)

e, u_ = np.linalg.eigh (ham_)
#diagonalize the Hamiltonian

e.d = cuda.to_device (e. [[.BEGIN:I.LEND])
u.d = cuda.to_device)

(np.ascontiguousarray (u-[:, [.LBEGIN:I.LEND]))

get_un_cuda [NBlock_2D_a, TpB2D]\
(u.d, nbs.d, ux.d, uy.d)
get_sigma_cuda [NBlock 2D, TpB2D]\
(e.d, ud, ux.d, uyd,\

sigma_xx_d , sigma_xy_d,temperature)

sigma_xx = reduce_sum (sigma_xx_d) % H.T«H. T % ETA / N_SPINS
sigma_xy = reduce_sum (sigma_xy_d) = HT«H.T / N_SPINS
sigma_xx_sum -+= sigma_xx

sigma_xy_sum 4= sigma_xy

sigma_xx_sq += sigma_xx*sigma_xXX

sigma_xy_sq 4= sigma_xyx*sigma_xy
#output
print (sigma_xx, sigma_xy)

print (date .now()—datetime)

sigma_xx_sum /= n_f

sigma_xy_sum /= n_f
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sigma_xx_sq /= n_f
sigma_xy_sq /= n_f
sigma_XX_err = sigma_XX_sq — Sigma_XX_sums#sigma_XX_sum
sigma_xXy_err = sigma_xXy_sq — sigma_xXy_sums#*sigma_xy_sum

print (temperature , sigma_xx_sum, sigma_xx_err ,\

sigma_xy_sum , sigma_xy_err))
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APPENDIX B

Metropolis program for calculating the

topological charge in a staggered DM system

The program is written by Mathematica.

Array[s, 15, {1, 15}](*spinsx)

Array [EN, 1000000, {1, 1000000}];(*energy*)
Array [TC, 1000000, {1, 1000000}];(* Topological Chargex)
Array [ZW, 1000000, {1, 1000000}];(* weight :ZW=exp(—EN/T)x)

(¥T=1 j=1 d=0.5 h=0.5 max:number of stepss=)
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For[max = 10000, max <= 10001, max = max + 1000,
Z = 0;(xpartition function )
Q= 0;

For[j =1, j < max + 1, j++,

For[i =1, i < 16, i =i + 3,

ri = 2.0;
While [ri >= 1.0,
rx = RandomReal[{—1, 1}];
ry = RandomReal[{—1, 1}];
ri = rx"2 + ry 2];
rk = \[Sqrt](1 — ri);
s[i] = 2xrxxrk;
s[i + 1] = 2xryx*rk;
s[i+ 2] =1 — 2%ri;

I;
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