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Abstract

In this thesis, we develop theories to investigates chiral magnets, which have been a field of
intensive study with various experimental techniques such as neutron scattering measurement,
circular polarized X-ray diffraction, and the Lorentz transmission electron microscopy(TEM)
as well as the material synthesis. Chiral magnets have antisymmetric spin interactions, called
Dzyaloshinskii—-Moriya interaction (DMI), which emerges because of broken inversion sym-
metry and strong spin-orbit coupling. The spin system has chirality due to the DMI, which
induces non-trivial spin structures, e.g., helical and conical states, soliton lattice, skyrmions.

This thesis mainly focuses on a uniaxial chiral magnet represented by Cr;/;3NbS,. The
lattice structure of this material has the space group symmetry P6322, but we simplify it
as a tetragonal lattice system with a single type of DMI at zero magnetic field. This DMI
induces a helical order with modulation along the helical axis. This system shows a rich phase
structure with changing field strength and direction even at zero temperature. The field is
rotated from perpendicular to parallel directions to the helical axis. When the field is applied
along the perpendicular direction Hey = (HZ,0,0), the system shows a lattice structure of
solitons, which have a highly nonlinear spatial pattern. The corresponding phase transition
is unconventional because of its logarithmic singularity rather than conventional power law.
When the field is applied along the parallel direction He, = (0,0, HZ ), the transition shows
conventional power-law singularities, but non-reciprocity in the spin wave excitations develops
for HZ, < H., where H, is the critical field of the transition. The non-reciprocity is the
asymmetry between the right- and left-propagations.

Main results of the present thesis consist of two parts. The first part is about the spin wave
structure of the uniaxial chiral magnet under parallel field (0,0, HZ ), and it is discussed in
Chap. 3. It is well known that the dispersions of spin wave excitation energy £, are non-
reciprocal E; # E_, in the uniform state of the chiral magnets for HZ > H.. We have
clarified how the non-reciprocity appears in the spin wave structure at 1, < H.. We study the
excitation spectrum by calculating the dynamical spin structure factor C**(q, w) for momentum
q parallel to the helical axis. We find that the transverse component such as C**(q, w) has two
branches of its peak, and C**(q,w) = C**(—q, w). Note that peak positions (¢, w) and (—¢,w)
belong to different branches. Intensity of one branch increases with increasing field, while the
other’s decreases and disappears completely at the critical field H.. Hence the non-reciprocity
develops through the asymmetry of spectral intensity C**(q,w) # C**(—q,w), and finally
there is only one non-reciprocal branch for H? > H.. The uniaxial system is convenient to
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observe this behavior since the system changes from the helical state to the uniformly saturated
state through the conical state by increasing magnetic field along the chiral axis, and each step
is feasible for thorough analysis.

The second part of the main results is discussed in Chap. 4 and it is about the phase diagram
and surface effects in tilted magnetic field from the view point of chiral solitons. Laliena et
al. obtained the phase diagram numerically, and found that it is separated into one ordered
phase with periodic spatial modulation and one disordered phase in which spins are polarized
by the field[Phys. Rev. B 93, 134424 (2016)]. Their phase boundary consists of two lines of
continuous phase transition and one line of discontinuous phase transition in between. The line
of discontinuous transition connects with the two continuous transition lines at multicritical
points. The continuous phase transition around H?, ~ 0 is called the instability-type one, while
the other continuous phase transition around HZ_ ~ 0 is called the nucleation-type following
de Gennes’s classification. The standard picture of the latter transition is a condensation
of solitons. Following the Schaub and Mukamel[Phys. Rev. B 32, 6385 (1985)], we call
the point connected to the instability-type the tricritical point and the point connected to the
nucleation-type the multicritical point.

We perform a linear analysis which examines an asymptotic form of an isolated soliton
or a sinusoidal mode for a small deviation from the uniform state. This analysis separates
the phase diagram into three regions, and we find that the region described by a distorted
conical order has the boundary consistent with the instability-type phase transition. In order to
study this instability, we derive the Landau energy of this order starting from the microscopic
Hamiltonian and determine the corresponding phase boundary and the location of the tricritical
point. They are consistent with the numerical results, and this justifies our Landau expansion.
We separate the other region where a soliton tail structure exists into two subregions depending
on whether the tail oscillates or not and find that the soliton interaction changes its sign on
the phase boundary at the multicritical point. Hence we confirm that the mechanism of the
discontinuous phase transition is attractive interaction between solitons, as the same as that
studied by Schaub and Mukamel. Then we determine more precisely the instability field of
solitons since the linear analysis underestimates the soliton instability. We call the instability
field the H line and find that the instability is caused by the spin motion toward the helical
axis.

We also study the surface effects preventing solitons from entering the system, and calculate
a surface barrier, which is similar to the Bean—Livingston barrier of superconducting vortices.
This may lead a hysteresis observed in experiments for micrometer-sized samples, which is not
related to the discontinuous phase transition mentioned above. In experiment, a large jump is
observed in decreasing field. Our theoretical result shows that the field at which the surface
barrier disappears agrees with the field at jump in magneto-resistance experiments. We also
apply this theory to the surface barrier of skyrmions, and find that its elongation instability to
the soliton occurs before the surface barrier vanishes.

Finally Chap. 5 summarizes our main results, their implications, and future perspectives
associated with this thesis.
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Chapter 1

Introduction

1.1 Background

Topology has been a concept of great importance in condensed matter physics for about half
a century. It had been introduced into condensed matter physics as a mathematical tool in
1970s[1], to classify the topological defects, such as quantum vortices in magnetic systems,
superconductors and superfluids, and dislocation and disclinations in crystals and liquid crys-
tals. Many of topological defects are described and classified by homotopy groups, and are
characterized by the corresponding integer called topological indices or winding numbers. For
an example, a point defect in the two-dimensional space or a line defect in the three-dimensional
space is described by the fundamental group m;(S') = Z, which is equivalent to how many
times a particular quantity of the order parameter rotates while one rotates in the real space
around the defect. An example of the higher homotopy group is 75(5?) corresponding to the
skyrmion number. Vortices and dislocations are very important to describe the phase transition
in two-dimensional systems, so-called Kosterlitz—Thouless transition[2—4].

In 1980s, after the observation of the quantum Hall effect (QHE)[5] and accompanying
theoretical works[6], a new type of topology was introduced, which is associated with Berry’s
geometrical phase. Thouless, Kohmoto, Nightingale, and den Nijs developed the TKNN
number appearing in the quantized Hall conductivity[7]. The TKNN number picks up the
topology of Bloch wave functions. Later Kohmoto clarified that the TKNN number is identified
with the first Chern number[8]. Haldane constructed the model showing the QHE without a
magnetic field[9], which is called quantum anomalous Hall effect (QAHE). The concept of
the Berry phase is also important for the anomalous Hall effect[10-12]. Kane and Mele
proposed the time-reversal-invariant version of QAHE, which is the quantum spin Hall effect
(QSHE), in 2005[13, 14], motivated by the spin Hall effect[15, 16]. QSHE has attracted
intensive attentions, opening the field of the topological insulator[17, 18]. The topological
invariant charactering quantized spin Hall conductivity is given by Z, invariant[14], which is
the extension of the TKNN number describing the Haldane’s model. The whole classification
of topological insulators and topological superconductors based on the Altrand—Zirnbauer
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Figure 1.1: (Left) (a) Néel skyrmion. (b) Bloch skyrmion. (c) Skyrmion on racetrack memory.
(d) Lorentz transmission electron microscopy. Figures (a)—(c) are from [24] and (d) is from
[25]. (Right) Domain wall on racetrack memory. Figure is from Ref. [26]

symmetry groups[19] with the calculation of its Homotopy group was done by Ryu ez al.[20—
22]. Itis acommon property that the non-trivial topology in the bulk is reflected to the presence
of edge mode, and it is so-called bulk-edge correspondence[23]. Topology in these cases is
inherent in their Bloch wave functions in the momentum space and appears through the Berry
curvature. In many topological systems in this family, the spin-orbit interaction (SOI) plays
an important role instead of the magnetic field in QHE. The SOI opened up the field of the
topological insulator in 2000s.

One of the most intensive study in these days may be the field of topological magnets: Much
attention has been paid to studies of topological textures such as domain walls, magnetic bubbles
or skyrmions and magnetic vortices appearing in magnets[27-34] since they are expected to
work as information carriers in the memory device (the race track memory[24, 26, 35-38]) as
well as fundamental interests in dynamics and statics associated with the topological textures.
In particular, skyrmion has attracted more attention since skyrmion can be driven by lower
spin-polarized current[39—41]. Figure 1.1 shows the images of skyrmions and the racetrack
memory using domain wall[25, 26]. By the way, SOl is relevant also in magnets. Ferromagnets,
where such topological textures are often observed, with strong coercive field are highly desired
for stability. A strong coercive field is attributed to the anisotropy, which actually exists in
a real magnetic system and originates from the SOI and crystal fields. SOI plays a role of
reflecting the crystal symmetry in the anisotropy of the spin structure. Anisotropy has relevant
effects on the topological textures: The domain wall width is determined by /A/K, where
K is the anisotropy and A is a spin stiffness constant. This width is crucial to achieve a tiny
information carrier and correspondingly a tiny magnetic memory device. A magnetic bubble
is also (meta)stabilized by the anisotropy as well as the dipole-dipole interaction[28-30, 42].
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Another important role of the SOI is the introduction of an antisymmetric interaction between
spins with the combination of the lack of inversion symmetry or mirror symmetry.

The reason of the recent intensive studies is somewhat attributed to the experimental
observations of topological textures in chiral magnets[34, 43] as well as the numerical progress
in frustrated magnets[44-46]. The difference between these two is as follows: The chirality
of the topological structures is fixed in chiral magnets, while left- and right-handed structures
are degenerated in frustrated magnets[47]. [We make a remark on the term “chiral magnet”:
In a magnetic crystal with crystalline chirality or a magnetic chiral molecule, the chirality is
transcribed to the magnetic interaction via spin-orbit coupling. The magnetic interaction is
antisymmtric in the spin Hamiltonian and called Dzyaloshinskii—-Moriya interaction (DMI)[48,
49]. The DMI gives chirality to a spin system and we use the chiral magnet for a magnetic
system with DMI.] Thus we can say that the order or topological textures in chiral magnets are
protected by its chirality, while not in frustrated magnets and separated into multiple domain
structures, i.e., mixture of left- and right-handed orders. The stability of each state in chiral
magnet is expected to be controllable because of this chiral protection. Another difference
is the length scale of topological textures. The atomic scale of the modulation realizes in
frustrated magnets, while the scale ranges from 1nm to 100nm in chiral magnets. This rather
large length scale comes from the ratio of the exchange interaction and DMI. Because this
long-scale modulation can be approximated as a smooth variation, the modulation is literally
topologically protected. Therefore chiral magnets are appropriate subjects to study physics of
the topological textures.

How does the DMI modulate spin structures? DMI takes the form of the vector product for
two spins. Within a classical picture of a lattice model, it favors the orthogonal configuration
of two spins, while the exchange interaction does the parallel or antiparallel alignment since it
takes the form of the inner product. The competition leads to the helical structure with finite
rotational angle. More complicated structures are caused by a magnetic field and/or more
than one DMI. The DMI was first introduced by Dzyaloshinskii in order to explain the weak
ferromagnetism of a-Fe;O3 and CryO3 on the basis of symmetry considerations[48]. Later
Moriya derived it in a microscopic approach[49]. Their works clarified that the DMI originates
from inversion-symmetry breaking and the SOI.

The recent remarkable developments of experimental techniques have actually revealed the
modulated spin structures: non-trivial structures are observed using the small angle neutron
scattering (SANS)[50-53] and high resolution magnetic microscopies[25, 54-57], and it is also
highly developed to synthesize of bulk chiral magnets, and chiral magnetic thin film structures
with interface induced DMIs[24, 58—60].

In this thesis, we mainly focus on the uniaxial chiral magnet. The material motivating us
is Cry/3NDbS,, which belongs to the space group of P6322[43, 61, 62]. The dominant DMI is
along the c-axis of the crystal and we call this axis the helical axis. For the uniaxial chiral
magnet, though the skyrmion states do not appear, there are still rich phenomena and states
which are rather simple and pedagogical than those for the cubic materials such as MnSi[50,
63] and FeGe[54, 64]. The ordered state at zero field is a helical state propagating along the



4 CHAPTER 1. INTRODUCTION

helical axis. There are two characteristic directions for applications of magnetic field.

(i) One is parallel to the helical axis. This does not change the character of the ordered state.
The ordered state is given by the helical order in the plane perpendicular to the helical axis in
the spin space with the uniform component along the helical axis, which is called a conical
state. However, excitations develop into the fully non-reciprocal magnon in the uniform state,
which is given by Ey, # E_, for a particular direction of k. Here Fy, is the excitation energy of
a single magnon with momentum k[65-73]. In the presence of the DMI, the magnon acquires
the Berry phase during the hopping process. The phase from the uniform DMI is constant
and thus does not contribute to the Hall conductivity!, but it horizontally (i.e. parallel to a
momentum axis) shifts the energy dispersion. This can be interpreted as an analogous situation
for electrons as follows: the phase is equivalent to the constant vector potential, and the kinetic
momentum can be given by the canonical momentum shifted by the vector potential. Shifted
dispersion relation has similarity to the Rashba splitting of the electronic dispersion relation(,
in more general, splitting because of an antisymmetric spin-orbit coupling)[78]. Magnetic field
leaves one of these splitting bands, as the ferromagnetic spin waves have only one direction
of the precession. The non-reciprocity is well known and experimentally confirmed, in the
uniform state[69, 71-73]. The purpose of Chap. 3 is to investigate the non-reciprocity in the
modulated state using the dynamical spin structure factor.

(ii) The other direction of a magnetic field is perpendicular to the helical axis. In this case,
the spins are restricted in the plane perpendicular to the helical axis. This field introduces
higher harmonics into the helical order of the single-q. The helical structure develops into the
periodic structure of a discommensuration[79], so-called chiral soliton lattice[80]. The discom-
mensuration here is a 2r-domain wall which we call a chiral soliton. We can characterize the
chiral soliton by the topological charge or winding number defined by w = (2m)~! [ dz0,¢(z)
with the in-plane angle ((z) of the spin at z, the coordinate along the helical axis. The inter-
chiral-soliton distance, which is the period of the chiral soliton lattice, goes to infinity as the
field approaches to the critical field and then transforms into the uniform state of the disordered
phase. These chiral soliton lattice state and disordered-incommensurate (D-IC) transition are
obtained by Dzyaloshinskii first through the analytical solution for the sine-Gordon model: [61,
62, 81-83]. Interestingly this phase transition is not accompanied by the instability, neverthe-
less the phase transition is continuous. The phase transition can be described by the melting
of discommensurations and cannot be described by the Landau theory using a small and local
parameter[79]. This is an example of unconventional continuous phase transition caused by
topological textures, and this kind of transition is classified into the nucleation-type continuous
phase transition by de Gennes[84]. Another example of this kind of transition is that at the
lower critical field of type-II superconductors[85].

The whole phase diagram is not well understood yet even for uniaxial chiral magnet. Re-
cently Laliena ef al. theoretically addressed phase transitions under the tilted field connecting
these two directions[86]. This work showed the presence of a discontinuous phase transition

IThere are cases of magnon Hall effects because of Berry phases on a non-trivial lattice e.g. pyrochlore[74]
or for non-trivial spin structure e.g. skyrmion[75-77].
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line between two continuous-phase-transition lines and corresponding two critical points. The
purpose of Chap. 4 is to comprehend the whole magnetic phase diagram and the origin of
discontinuous phase transitions using the chiral solitons. It should be remarked that the phase
diagram and phase boundary in cubic system are still controversial[53, 87]. In three dimen-
sional systems, the skyrmion phase can stabilize only assisted by the thermal fluctuation[50].
Moreover, the presence of a fluctuation disordered phase and fluctuation-induced first-order
phase transition are proposed near the skyrmion phase pocket called “A-phase”[53, 63, 88].
The reason of the complexity of the skyrmion phase diagram is the presence of a conical phase
propagating along the magnetic field, which competes with the skyrmion phase. In contrary
to the three dimensional case, a skyrmion phase can stabilize in a thin film which suppresses
the stability of the conical phase[89]. In this limit it is predicted that the phase transition
depends on whether the interaction between skyrmions is repulsive or attractive[90, 91]. This
scenario was developed in the contexts of charge density waves by Jacob and Walker[92] and
superconducting vortices in Refs. [93—96]. The magnetic phase diagram is constructed on the
basis of the skyrmion states nevertheless they are not the most stable state. Even in the two
dimensional system, the competition between skyrmion and helical order under the magnetic
field complicates the phase diagram to see phase transition related to the attractive interaction
between skyrmions in experiment. In addition, finite temperature makes the phase transition
further complicated as there is a melting problem[97-99]. Even in the uniaxial chiral magnet,
the controversy between the Monte Carlo simulation[100] and mean field calculation[101, 102]
remains. In these senses, the exhaustive study of a simple uniaxial system at zero temperature
under the tilted field is necessary for more fundamental understanding.

In addition, we describe a characteristic hysteresis observed in the recent magneto-resistance
measurement for micrometer-sized samples[103, 104]. This hysteresis cannot be attributed to
the thermodynamic first order phase transition because it is observed for much wider region in
the phase diagram than that suggested as the first order phase transition. Also note that this
characteristic hysteresis is observed for small samples. As de Gennes mentioned, the hysteresis
is a rather frequent phenomenon for nucleation-type phase transition[84]. For superconducting
vortices, the Bean—Livingston surface barrier causes the hysteresis[85, 105, 106]. We will
discuss the surface barrier of chiral solitons and skyrmions as another example[107].

The purpose of this thesis is, for the uniaxial chiral magnet, to clarify the properties using
the chiral solitons as a particle picture of topological textures and the helical order as a wave
picture.

1.2 Structure of this thesis

We illustrate the structure of this thesis on the basis of the above background.

In Chap. 2, we review the derivation of SOI, DMI, and the Landau-Lifshitz—Gilbert equa-
tion. DMI is the origin of non-uniform structure in chiral magnets and always exist in this
thesis. We also review the chiral sine-Gordon model describing chiral soliton lattice states



6 CHAPTER 1. INTRODUCTION

at zero temperature, Schaub and Mukamel’s study on temperature effects, and de Gennes’s
classification of two continuous phase transitions.

Chapters 3 and 4 are the main results of this thesis.

In Chap. 3, we discuss the non-reciprocal spin wave excitations caused by DMI. In particular,
we study the dynamical spin structure factor in order to deal with the non-reciprocity in non-
uniform state.

In Chap. 4, we mainly study a uniaxial chiral magnet which is likely to be a simplified
model of Cr;/3NbS, in the presence of a tilted magnetic field in terms of two aspects: the
zero temperature phase diagram in the thermodynamics limit, and the surface barrier of chiral
soliton and hysteresis phenomena observed in experiment.

In Chap. 5, we summarize the main results achieved in Chaps. 3 and 4 and discuss the
importance and future problems related to the present study.



Chapter 2

Several basics

In this chapter, we review several theoretical arguments important to this thesis. In the first
two sections we summarize the derivation of SOI and DMI. Then in Sect. 2.3, we derive
the Landau—Lifshitz—Gilbert equation, which is an equation of motion for the local magnetic
moment. We use this equation to compare our theoretical arguments with the numerical
calculation in Chap. 3. In Sect. 2.4, we review the chiral sine-Gordon model, which is expected
to describe the uniaxial chiral magnet at zero temperature in the presence of a magnetic field
perpendicular to the helical axis[81-83]. There we review a construction of the solutions to the
sine-Gordon equation and discuss the stable state in the presence of DMI. In Sect. 2.5, we review
the Schaub and Mukamel’s study based on the Ginzburg—Landau (GL) model[101], which is
equivalent to the GL expansion of the mean field approximation for a uniaxial chiral magnet in
the presence of a magnetic field perpendicular to the helical axis for finite temperature. The GL
expansion is given in Appendix A. Finally we summarize the two continuous phase transition
classified by de Gennes[84]

2.1 Spin orbit interaction

The SOI can be derived from the Dirac equation by taking the non-relativistic limit[108]. The
SOI is necessary to derive the DMI. In this section, we review the derivation of the SOI from
the Dirac equation:

4
> (0, +ile/c)AL) +me| ¢ =0, (2.1)
pn=1

where the electron charge is —e and

Yo = To ® 0¢, YV = T2 ® 0, Ya = T3 & 0Oy, (2.2)

Note that ¢;(7;) denote the Pauli matrices in the spin (particle-hole) space, and 0-th component
denotes the identity matrix. We define the time as fourth component of the position vector:

7
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x4 = ict. The greek subscripts take 1, 2, 3, or 4, and the roman ones take 1, 2, or 3. The
four-component vector potential is defined as

A, = (Ay, Ay, Az, iV)T (2.3)

where A = (A1, A, A3) and V are a vector and scalar potentials, respectively.
We consider an eigenstate of the form ¢ = we_i(m‘?*e)t and assume a non-relativistic case
mc? > |e|. Note that we neglect the time dependence of the scalar and vector potentials.

0Py — [(e+eV)/cJthy = 0, (2.4)
—6; Py + [(2me® + € + eV) /)by = 0, (2.5)

with P; = p; + (e/c)A; and p; = —i0;. We remark that 1)y and 1), are still two-component
vectors in the spin space. The second equation tells us that the leading order of 1), is the order
of 1, /v/mc?. We are going to derive the wave equation of order €/(mc?), where we write € as
a characteristic energy of the system in the non-relativistic limit, and € is the order of e, sz /2m
and so on. We use the Einstein convention for repeated roman symbols. The second equation

gives us that
C

- oIme® + e+ eV

(e 0 Pjibr. (2.6)

The integral of 1/);% can be evaluated up to first order in €/(mc?) as
i P
dTQ/)Q’QZJQ = d’f’@/]lm%gigjpipj’gbl. (27)

This means w;wz affects the normalization condition. To eliminate this, we take the unitary
transformation such that

¥ -3 (%)2 g Y b
<1;;> N @Igw 1 mc}CZ-Pi 2 (q/;;) = <0> +O([e/(me*)]?),  (2.8)
~ 2mec =3 <2mc>
where 1) is a normalized spinor and
1 1
Sl Rt R 29)

Here we take summation over ¢ and ;.
Next we multiply Eq. (2.4) by (2mc?® + € + V') /c and using Eq. (2.5) we obtain

2
€t eV) b =0.  (2.10)

PN €.
0,0, PPy — Eaj(ij)z/zg — [2m(6 +eV) + <
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The first and third terms are on the order of (¢/mc?)° and thus by dealing with the second and

fourth terms in an appropriate way as
c A A
wQ ~ ngljjwl, 2m(e + GV)wl ~ O'iO'jPinwla (211)

we obtain with the notation 6;P; = ¢ - P that

. e, c . (6 - P)?
-P)*), — -6 - (pV —2 V) |1 2| =0
(6 P = o (pV) 5 mieteV) |1+ 20| 4y
(2.12)
Multiplying this by [1 — ;- (”zp & | and retain the terms up to first order in €/mc?
) 1 (6-P)? )
- P)? |1 — - - V - P
o Pr1- s T - e ) e P
1 (6-P)? (6 - P)?
—|1- — 2 V)1 T =0. 2.13
[ dmc?  2m } m(e+ev) [ * 2mc®  2m 1 @2.13)
The second line can be transformed into
—2m(e +eV) S [(P*eV) +2(peV) - P . (2.14)
The leading order of the second term of Eq. (2.13) is
. 1 e .
—eo - (pV)s—5(0- Pl = ——— {6 - [(VV) x P+ (pV) - P}, (2.15)
2mc 2mec

which is relativistic correction. Note that the wave function is ¢ rather than v); and that the
second term of Eq. (2.15) and the last term of Eq. (2.14) cancel out. Then we summarize the
above calculation.

{w(1—212<&'P)2> 6 - [(VV) x P

2m mc”  2m 4m~c
V
(erev)+ 2° 2)}¢=0. (2.16)
8m-c
Finally we rewrite the first and second terms. Note that (6 - P)* = P? + £6 - B. We introduce

the Bohr magneton g = e/2mec. Therefore, the deduced non-relativistic Schrodmger equation

is
p? 1 1 [P? 1 2
= o (-=6-B) eV — |~ —oup(--6-B
{Qm “B< 27 ) ‘ 2m02{2m “B< 27 )]

—550 - [(VV) x P] + — }2/1 = e1). 2.17)
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2.2 Interaction in magnet

We will introduce several interactions appearing in magnets.

2.2.1 Exchange interaction

First we obtain the exchange interaction originally introduced by Heisenberg. Here we consider
Wannier orbitals coming from d orbitals. Wannier orbitals on different sites are orthogonal and
they include contributions from negative ions. Therefore we can explain the super-exchange
interaction. The original Hamiltonian is given by

M- Z/drw* Ho () (r Z/drdfr?{ (r = oYL (5 Y () ),

Hor) =~ L V(). Ha(r) =

2m lr — 7|

(2.18)

For the meanwhile, we omit the SOIs. The second term in the one body Hamiltonian V' (r)
describes a periodic potential. The basis diagonalizing the one body Hamiltonian is given by
Bloch wave functions with indices n and k, which label a band and a crystal momentum in the
first Brillouin zone, respectively. Then we assume that some of bands have large inner products
with the linear combination of d-orbitals. From those bands, we construct the Wannier orbitals
by

¢n,i(r) = Gbn('r' — Rz) = \/LN Z e_ik'Ri@/Jnk(’f‘). (2.19)
k

Each orbital is no longer characterized by the original atomic orbitals. The field operator ¢ (r)
can be expanded with this Wannier orbital as

= Z ¢n,i(r)cn,i,a- (220)

For simplicity, we omit the band index and assume that there is a single band. Then the
Hamiltonian reduces to

H= Zt”cwcjg + = Z Z U”klcw N,clpxck,a, (2.21)

o0’ 1,5k,

~:—Zeke BRa) Uy ey = /drdr’qﬁf(r)(b;f(r') Gu(r)gu(r).  (2.22)

L

The first term is called hopping term. The Wannier orbitals are well localized, and thus we
do not have to consider all of the contributions from the above summation. We retain the



2.2. INTERACTION IN MAGNET 11

on-site contributions and the nearest-neighbour contribution from the hopping term. Ignoring
the dependence of the hopping on its direction, we then obtain the Hubbard model as

H = g edc oCio — g tcwc](,—k E cwz —oCi—oCic

(i.3),0
—Zedc oCio — Z tcwcjc,—l-Uannw—Ho—l—Ht—i-HU (2.23)
(i,j),0

Note that —o describes the opposite direction of 0. Here we have introduced the following
parameters:

1
-~ 3 (2.24)
k
1 .
—t~ —ts = N ; ere'®0 with a primitive translation vector &, (2.25)
U=U ki fori=7=k=1. (2.26)

The first term of the Hubbard model is the “energy level” of the band n, and this just shifts the
origin of the energy.

Kinetic exchange

We see that the above Hamiltonian leads to the interaction between the spins. Let us consider
the case of 0 < t < U and the half-filled case. Then we can treat the hopping term as
a perturbation and we easily see that the ground state of the unperturbed Hamiltonian is
described by the presence of a single electron on a single Wannier orbital. Here we use the
second order perturbation theory, and it suffices to consider two sites, which we label by j and
[. There are two electrons in the half-filled case The ground states with zero eigen energy
have four-fold degeneracy and are given by cJ Sl o 10) = |0, 0") for o, 0’ =1, |.. If we consider
the whole system, the ground states have 2"V-fold degeneracy. We treat the hopping term by
the perturbative method, and then the second order perturbation Hamiltonian is given by

1

"Egs. —Hu
t2
= _ﬁ (C;j’gcl’U + C;,Uijo-) (C;U/Cl’gl + Cj,U’CJ',U/) . (2.27)

ag,0/

Here we have used the facts that energy of intermediate states is U and that the ground-state
energy is zero. Note that the relations between the fermion operators and the spin operators on
site j are given by

T _ ey c;ﬂcj’_o — S (2.28)
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The symbol o on the right-hand side of the first relation takes 4 or —, corresponding to 1 or

J. Then we can rewrite the above perturbation Hamiltonian in terms of spin operators. When
/

o=0,

H((f:)a, = 7 <c}7acl,0 + clT’ch,g) (C;(,Cz,o + c;rvgcj,g)
o=1,4
/2
=0 2 [(nj +2057)(2 —ny — 2057) + (2 — nj — 2055) (0 + 2057))|
e 4t 1

From the third line to the fourth line, the terms with o become zero by the summation over
o = =+, and in the last equality, we have used the fact that the states operated by this Hamiltonian
has a single electron on each site. Next we calculate it for the case where 0/ = —o. Define the
pair annihilation operator b; = ¢;4c; ;.

2
9 t
==L 5 (dern b cytsa) (6 vete +locis)

U
o=t
t2 ocQ—0o —0 Qo T T 2t2 + o— — o+
=== > (7877 — sy b= bty ) = T (SFST+S7SE) . 230)
o=t{

Again we use the fact that the pair annihilation operator annihilates the states we are considering.
Finally we can summarize the second order perturbation Hamiltonian as

4t? 1 - = 1
HP = i (S .S — 5) = Jiin (Sj -5 — 5) : (2.31)

Note that Jy;, > 0, which means antiferromagnetic.

Potential exchange

Next we discuss an interaction between spins, which stems purely from the Coulomb interaction,
called a potential exchange interaction. In the above derivation of the Hubbard model, we retain
only the on-site contributions to the Coulomb interaction. Now we consider the Coulomb
interaction between the different sites, in particular, the nearest neighbor sites. This can be
written as

§ : E : 1
Py U]7 7] l cl O'ICl o Cj g _'_ szl»lu] ] O'Cl U/ijalclvo'

1 N |
= §Uj,l7j7lnjnl — Uj,l,l,j (S] . S[ + annl) . (232)
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The sign of U;;; ; is discussed as

2

e dg 4me?

Ussas = [ drdr'5(m)oi(r) s, = [ S0 0@ 0, @39
r— 7’| (2m)” ¢

where ®;(q) is the Fourier transform of ¢%(r)¢;(r). The positive Uj; ; gives a ferromagnetic

spin coupling. Then it is important to consider the competition between kinetic and potential

exchange interactions as well as other mechanism, such as higher order contributions.

2.2.2 Antisymmetric exchange interaction

Next we are going to discuss an antisymmetric exchange interaction, which is given by the form
of the vector product as D- (5’] X §Z) This antisymmetric interaction should be zero when
the system has inversion center and it is necessary to consider the inversion symmetry broken
system.

First we discuss a derivation similar to that of the kinetic exchange interaction above. To take
broken-inversion symmetry into account, we introduce the following antisymmetric hopping
terms, which depend on the spin component.

M, => [(f +ity)e]rcivsy + (—ty +ito)e] civsr +ita(clscirsr — ¢f jcivsy) + huc.
= > (tucl oot pcirar + ). (2.34)

LU=T,Y,2

The superscript of the Hamiltonian, 9, denotes the bond-direction of the hopping and takes x
or y for the square lattice, for example, and 0570/ is the Pauli matrix. We treat the hopping term
and these antisymmetric hopping terms as a perturbation Hamiltonian. Then the second order
perturbation theory gives us

H(Q) - (Ht + Hg.o.) (Ht + Hgo) (235)

Ecs —Hu
We consider the contributions associated with the sites 7 and j + 6 = [. In the following
calculations, we use the fact that the occupation number of each site for ground states is
one. Note that energy for intermediate states is U. We use also the relation between fermion
operators and spin operators given by Eq. (2.28). First we see in detail the contribution to the
perturbation Hamiltonian, including ?¢, as an example, which is given by

o t t t t
i {Cj,acl,—a ~ C6Cj—0) Cj o Clo’ T Cz,gfcj,a’}

0,0

tt
= lﬁ ({6.17.170'617707 62-70/Cj70/} - {CI,O'C‘%*U’ C;;O'/Clvo'/}) ° (2’36)

0,0

!
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When o’ = o, this reduces to

_1_ 220 S757 — S257) = 4’% (SvS; — Sz8¢) = 43 (s x Sl> .37
In a similar way, we obtain the same contribution for ¢/ = —o. Thus we have
Bt (8 S) =D, (S5 x 5,) (2.38)
The terms including ¢¢,, and ¢t are obtained as
85 (587 — S257) = D, (§j x §l>y, (2.39)
832 (S7sy - sust) = D. (S5 % §) (2.40)

Up to the second order perturbation we can obtain terms which are anisotropic but symmetric.
By defining

8ttty
L'y = [’} (1—0u), (2.41)
we can write
>TSSy (2.42)
nv

Now we summarize the perturbation Hamiltonian for 6-bond which we derive from the second
order perturbation theory as

HO =% [Jkingj S5+ D- (§j X §j+5> +) FWS;‘S;’] . (2.43)
j pv

The second term is the Dzyaloshinskii—-Moriya interaction. This derivation is essentially the
same as that done by Moriya and written in his main text[49]. He considered the first principle
Hamiltonian and also the orbital degrees of freedom. Our Hamiltonian used here is an effective
Hamiltonian analyzed intensively to study the roles of antisymmetric spin-orbit terms in very
wide field such as topological insulators and superconductors[17, 18].

Then we review the conventional derivation, which is referred in quite a lot of books and
originally written in the appendix of Ref. [49]. In this part we consider the SOI as well as the
terms considered in Eq. (2.18). The SOI Hamiltonian is expressed by

Heo = / dryl () Vg (1), (2.44)

Vooi(r Z Ar — 7' - R))- ggya/ = Z )\i(r)fi(r) . ggya/ with § =

i

ag. (2.45)

DN | —
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Here & is the 2 by 2 Pauli matrices. The field operator 1, (r) can be expanded using the
Wannier function ¢, ,,() and its annihilation operator c; ,, ,, which is the Fourier transform of
the Bloch wave function v, x(7) as an eigenfucntion of the Hamiltonian #,. We reduce the
SOI Hamiltonian with ¢, ,,(r) to

Hs.o. = Z )\Ez (]a m; l, n) ' S_'U7O'/C;’m’gcl,n70'/
i,5,l,m,n,o,0’
~ N AL(j.m;5in) - Sperch i gCino (2.46)
7m,n,o,0’
AL;(j,m;1,n) = / drg? . (P)X(r) Li(r) dun () = ALo(j — i, ms 1 — i, n). (2.47)

To obtain the second line, we use the approximation that the dominant contribution comes from
the on-site integral. In the following we abbreviate L;(j,m;j,n) as L;(m,n). The reduced
tight binding Hamiltonian can be written as

— E T m .t 7 G At
H - Encj,n,acj,”ﬂ + ti,jci,m,acj,m,g + ALJ (m7 n) ’ SU,U'Cj,m,JCl,”J' + HC’

]7”70- Z7‘77m j7m7n7o7al

(2.48)

where ¢, = N™' 3" e, and £, = N1, em e F Fi~Ri) We also use the simplified

notation that >, Lij(m,n)- ggﬂ/c}mﬁqﬁmd — L;- ;. The hopping term is irrelevant for
the order of perturbation we will consider, as it does not change the spin state and thus in the
following we do not consider this term. Then we discuss the important Coulomb terms included
in Hc. We consider the case where the on-site intra and inter band Coulomb interaction terms
are unlimitedly large, and the double-occupancy of each site is forbidden. Generally speaking,
the Coulomb terms include a term such that more than two sites involve. In the following,
however, we focus on two electrons and two sites, which we call 7 and [, and consider only
exchange integral terms rather than Coulomb (direct) integral terms. They can be written as

He = 5 Z Ujal (m,7 m, nla n)cg,m/,cfc;,n/,o’ Clin,o' Cjm,os
3lLm! mmn’ n,o,o’
2
e
Uj(m',m;n',n) = / drdr'e] . (r)¢] . (T/)hn_—ﬂ(blvn(rl)%,m("‘)- (2.49)

This model never gives antisymmetric spin-orbit coupling since this model itself does not
include the terms breaking inversion symmetry. As we mention later, according to Moriya’s
rule DMI should be zero in this case. Nevertheless the following calculation is instructive and
after the calculation we will discuss what should be changed in the model. The unperturbed
Hamiltonian is the first term of Eq. (2.48) and consider the second order perturbation theory.
We assume that €, # ¢, for m # n for simplicity, and thus the ground state n = 0 has only
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spin-degeneracy in each site. The ground state is described as each site is occupied by a single
electron. Let the perturbation Hamiltonian be

H = AL;- S+ He. (2.50)

J

We consider the perturbation process involving spin-orbit coupling on either site j or [ and the
Coulomb interaction, and obtain the following perturbation Hamiltonian:

e =Y (A5

J

1 L
s — ']—[(0) HC + HCW)\LJ : S]) . (251)

Let us consider the projection operator P = [, (1 — c}vnﬂcjmya). Then a part of the
perturbation Hamiltonian associated with the sites j and [ is given by the following. The other
part can be obtained by replacing j < [.

PHOP=PAS. S LA0,m)SE el ot

H,m,n 0,0’ ,01,02

1

€0 — €n

+77)\Z Z Uj,l(O,m;0,0)0;707010270’02cl,oﬁgzcj,m,gl

Hym,n 0-70-/70—170-2

€0 — €n

. P
X Uj1(0,0;7,0)¢1 0.5, Chnos CLO0Ci0.00 P

X

Lé»‘(n, O)S{’;U,ct ¢j0,0P

]7”7U

_ Z Lg(o’n>Uj’l(07n;070)5(’fﬂ,

€0 — €n

/
/"L7n7a'10- ’0-1

T T T T
X P(Cj,o,acj,O,ol €1,0,01 €100 — Cj,O,UlCJ7O,U'CZ,0,Ucl70701)P‘ (2.52)

We have used the facts that U; ;(0, 0; n, 0)(= U;(n, 0;0,0)) = U, ;(0,n;0,0) and that L;(0,n) =
—Lj(n,0), which follows from the fact that non-degenerated eigenfunctions for a real Hamil-
tonian are real. (Proof: When ¢,,(7) is an eigenfunction, ¢} (7) is also an eigenfunction. There
is no degeneracy. Thus ¢, (7) = ¢%(r).) Our unperturbed Hamiltonian is real, but we note that
the system does not have degeneracy on each site as the orthogonal eigenfunction is charac-
terized by site and band indices. Also we remark that the angular momentum operator is pure
imaginary and that A(r) is isotropic. We give a short proof for the matrix element of angular
momentum below. Here we can shift the dummy variable in the integral from » — r + R; and
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thus we just investigate it for j = 0.

250 = [ art S g (<1227

i (S50 )

/dr {1 p(;jr (idV( )) doo(r) + idzy) (&bgo/g ))1 e

= [art S (1298 ) o) = ~ (0.0 2.53)

where we omit the surface integral. Also note that L{j(0, n) is pure imaginary.
Then we reduce the operators in Eq. (2.52), particularly,

E H T T T T
So',o’ (cj,O,UCjD’UlCl,(),alcluoﬂ' - Cj,O,O'lCjuova'lcho,o'clzovgl . (254)

0,0’ 01

In the following we omit the band index “0”. For 1 = z,

1 S (d : f :
5 (Cj7UCj701 Cl,O'l Cl’—g' - Cj,o'l Cj7_gcl,Ucl701)

= 5 Z (C}OC]-’UCZUCL_U + C;gcj,—acz_gcl,—a — C;,ch,—aC;JCl,o — C;,_ch,_gczfyacl,_cf)
1 z o (o2 4 g 4 z ag
— -2 (5157 - S58¢) = 2 (9 < §) (2.55)
In similar ways, for 4 = y and z, we obtain
— — )
—9i (sj x sl> for i = y, (2.56)
=21 (% ) forp ==, 2.57)

Therefore by taking into account the counter part of j <+ [, we obtain the antisymmetric
spin-spin interactions in the following form:

H = (D — Dyy) - (g X §l> 7 (2.58)

(0,n;0,0) LV 1(0,0:
Dﬂ—DU_mZ( Ui0,7:0,0) _ 1(0’")(]”(0’0’0’")). (2.59)

€0 — €n €0 — €n
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(a) I (b)

_.

X

Figure 2.1: (a) Two magnetic ions are at the points A and B. The point C is the bisection. (b)
Layered structure from [24].

This is always zero as we mentioned. Then we briefly argue about how to improve our model
Hamiltonian (2.48). The Wannier orbital ¢, ,,(r) is well localized at site j or in unit cell j. Now
we consider the case where there are more than one atoms in a unit cell, which is labeled by
a, 3, --. Our new Wannier orbitals are defined by ¢, ,,,(r) = VN St U (B) 0 e B
Now m can be labeled as (a, m,, ), which denote the ath atom and its Math level, respectively.
Finally we deduce the model Hamiltonian by omitting the hopping terms between atoms and
levels on an atom. We could apply the above argument for electrons on « site and o site of the
deduced model, and in that case generally speaking the term Daa/ — Da o 1S non-zero.

We summarize the Moriya rule here[49]. Let two magnetic ions be at positions “A” and
“B”, and we call the bisection point of the line “AB ” “C”.

1. When a center of inversion is located at C, D = 0.

2. When a mirror plane perpendicular to AB passes through C, D || mirror place.

3. When there is a mirror plane including A and B, D L mirror plane.

4. When a two-fold rotation axis perpendicular to AB passes through C, D 1 two-fold axis.
5. When there is an n-fold axis (n > 2) along AB, D || AB.

Concerning 3 and 4, the directions are unique except their signs.
Here we only prove the rule 3. We assume that the mirror plane is yz-plane. The mirror
operation transforms the spins as

Sﬁ(B) = Sf\(B)a SX(B) = _SZ(By and Sf\(B) = _SZ(B)- (2.60)

Thus the DM vector can take the z-direction only as only D*(S% S§ — S.5%) is even under the
operation.

Now we consider the direction of interfacial DMI proposed by Fert and Levy[58], where
we consider the magnetic layer on a heavy metal layer with strong spin-orbit coupling. The
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Figure 2.2: Schematic picture of the magnetic moment equivalent to the loop current. The
magnetic moment tilts from the magnetic field by angle 6.

configurations of atoms are shown in Fig. 2.1(b). We can take the mirror plane including two
spins and the heavy metal atom. According to the rule 3, the direction of the DM vector is
allowed as shown in the figure.

2.3 Magnetization dynamics

We review the derivation of the equation of motion for local magnetic moments called Landau—
Lifshitz—Gilbert (LLG) equation. The equation without the Gilbert damping, o = 0, is used in
Chap. 3

2.3.1 Torque on magnetic moment

We start by studying a torque on a magnetic moment exerted by magnetic field. One can
consider the magnetic moment, /i, being created by a loop current, I, as shown in Fig. 2.2.

ji = 1Sh. (2.61)

When the magnetic moment tilts from the field-direction by the angle 6, the Lorentz forces
acting on the edges AB and CD are FAB = Blaz = —FCD, which have no contribution to the
torque, and on the other edges are Fge = BI by = — Fpa, which give the following torque on
the system:

N = 1Blabsing x 2i = ji x B. (2.62)

The torque causes the change of the angular momentum given by

—

dJ

— N. 2.63
T (2.63)
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The magnetic moment is related to the angular momentum through the gyromagnetic ratio
e
Y = g5, by

—

i=—~J. (2.64)

Here g is a g factor and its value depends on the kinds of angular momentum and the carrier. In
the present case, as we consider the orbital moment, g = 1. Therefore we obtain the equation
of motion for magnetic moment as

= = _4jix B. (2.65)

2.3.2 Landau-Lifshitz equation

In real system, there are contributions to the magnetic moment from not only orbital moments
but also spin moments. For a spin moment of a free electron, the ¢ factor included in the
gyromagnetic ratio takes the value of 2.0023 - - - very close to 2. The deviation stems from the
interaction between electron and photon. Hence we can describe the motion of the magnetic
moment in the presence of spin moments by choosing the gyromagnetic ratio, while it is
important to derive the equation of motion in spin systems, where the system is described by a
spin Hamiltonian. We start with the action appearing in the path integral expression for a spin
system given with use of the coherent state by

S0, ¢] = /dt{/ {hsd@ (cos O, — 1)} —’H} = /dtL, (2.66)

where the localized spin is described by
S. = Sh, = S(sin 6. cos ¢, sin 0, sin ¢y, cos 0,.). (2.67)

The notation 6, means that ¢ is a function of = and so do others. The action S[¢, ¢| is the
functional of 6,. and ¢,., and we can obtain the equation of motion by taking the variation with
respect to 6 and ¢ as follows:

d 6L L d oL oL
a5, o o, don 269
They reduce, respectively, to

h . . OH  h . . Ony OH
FS(Z%. sin 0, + E = —S¢T sin 6, + 5’75751, =0, (2.69)
h . d 57{ _h On,. OH
—=S5— 0, — 0, sin 6, . 2.7
a3Sdt(COS 1)+ 5¢r S sin 0, + — 96, o7, =0 (2.70)
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Note that the time derivative of 7, is given by

dn, . On, . On,

:97. 97"+¢Ta¢'r'

= 5 = 0,80, + Gp SinB,éy, , (2.71)
we can combine this with the above coupled equation of motion as

sin 9,.@—2(;—? = sin HTG—ZS% = (Sin Hré¢7r§%) €or — (égﬂn%) sin 0,64,
h s o i oy OH . 0N
A FE - = ; (62)77'69,1' - eé,reqﬁ,r) % - = gejkl <6¢>,r X 69,7“)[ %
J
_ (n « LH) | 272)
0Ny

Note that the terms for £k = j are always zero on the second line. We have used that n, =
€or X €4 . Finally the relation M, = —vyhS,./a® reduces this to
dM 5 oM .=
L= —yM, x | ———= | = —yM, x B, 2.73
T gl ( v ) Y r (2.73)

r

This equation is called Landau—Lifshitz equation, and describes the time evolution of local
magnetic moments. Any terms of the spin Hamiltonian 7 possibly contribute to the effective
field as well as external magnetic field. This is the generalization of Eq. (2.65), in which we
can obtain the Landau—Lifshitz equation by replacing B by Eﬁﬁ.

2.3.3 Gilbert damping

The above equation of motion successfully explains the precession motion of the magnetic
moment. However in realistic cases, the magnetic moment relaxes to the direction of the
external or effective magnetic field with precession motion (see Fig. 2.3). Thus we need to
modify the above equation since it conserves the magnetic moment. Although there are a lot
of studies concerning the microscopic derivation of the relaxation, we treat this, for simplicity,
by introducing the Rayleigh’s dissipation function, which is common in classical mechanics.
Analogous to the friction force, the dissipation function is given by

F= /dr%% (5‘)2 — /dr%Z—f (93 + sin? e,,q'ai) — /dr%ﬂ;‘;o (1\2)2. (2.74)

We add the dissipation term to the Euler—Lagrange equation:

d 6L SL  6F

= 2% withz, = 0, by 275
Wz, ou,  ox Vo =0.9 (275)
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Figure 2.3: Precession motion (a) without the Gilbert damping and (b) with the Gilbert
damping.

The dissipation function is not negative since it can be interpreted as the energy loss rate as
dey  d oL d oL oL
—_— == dre,— L) = [drz, | —— — —
dt  dt ( / "us, ) / " (dt 5i, 5%)

= - /dr (%%) = —2F < 0. (2.76)
M

For the last equality, we have used the Euler’s homogenous function theorem as F' is homoge-
nous of degree 2 with respect to the time derivatives @,.
Then the dissipation function contributes to the Landau-Lifshitz equation as a torque term

hdS . oM h (- dS
G (S X 55) aaSS <S X dt) , 2.77)

or by using M = —vAS/a® and My = vhS/a?

as

dM - ose o oa (o aAM

— =AM x B 4+ — | M x — |. 2.78
T g + M, ( ) (2.78)
This is called the Landau-Lifshitz—Gilbert equation. We remark that there is another but
equivalent expression. That is given by

—

dM — — — — —
(1+a2) S8 = M x B — 420 x (M x Beff> . (2.79)
dt My
The last term on the right-hand side is the torque tilting the magnetic moment along the effective
magnetic field, which is called a damping torque.
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2.4 Chiral soliton lattice at zero temperature

In this section, we review the analysis of uniaxial chiral helimagnet based on the chiral sine-
Gordon model[81-83, 109], which describes the chiral soliton states and the transition between
the disordered and incommensurate states. We represent a classical spin using the polar
coordinates as M (z) = S(cos () sin 0(z), sin ¢(z) sin 0(z), cos (z)). Here we consider one
dimensional modulation in the z-direction. In the following, for convenience we omit the
argument of M , 0, and .

The energy functional of the chiral sine-Gordon model is given by

1/do\* 1 dp\? d
E:J||S2a/dz () +2sin?0(S2) — Qosin?052 — m2sinfcosg|, (2.80)
2 \dz 2 dz dz

where QQy and m? are determined by the parameters defined in the lattice model which will be
introduced in the following chapters: Qo = D/(Jja), m* = He/(JySa?). Jj, D, Hex, and a
are strength of the exchange interaction between nearest neighbor spins along the z-direction
and the DMI, an external magnetic field perpendicular to the helical axis ﬁex = (He, 0,0),
and the lattice constant, respectively. Since the constant polar angle § = 7 /2 satisfies the
Euler-Lagrange equation of the functional (2.80) with respect to ¢, we focus on this case.
The spatial structure appears through , which is determined by the following Euler—Lagrange
equation for (:
2

in = m?sin . (2.81)
Note that the equation itself does not contain the DMI. For convenience to seek for solutions,
we transform this into

d*p
dz?

— T

2

= —m?sin @ cos @, with p = (2.82)

We can construct the solution by considering the Jacobi’s amplitude function, which is given
by

R Szam d9
Pam = am(u, K), U = . (2.83)
0 V1—k2sin®6
This is related to the Jacobi’s elliptic functions as
sn(u, k) = sinlam(u, k)|, cn(u, k) = coslam(u, k)], (2.84)

dn(u, k) = \/1 — kZsin*lam(u, )]. (2.85)
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Figure 2.4: (a) Spatial dependence of ¢ for several values of field and corresponding ~ through
Eq. (2.97). The horizontal axis is normalized by the period for given parameters. (b) Hey/H.
dependence of the magnetization M?* and the period L¢sy, /Lo, whose values are indicated on
the left- and right-vertical axes, respectively.

The second order derivative of ¢,,, with respect to u is given by

d ~am . ~
gu = \/1 — K28in? Ga = dn(u, k), (2.86)
d2 ~arn . ~ ~
dSOQ = —r*sn(u, k)en(u, k) = —kK2 i Gam COS Gam.- (2.87)
u

Therefore the solution to Eq. (2.81) is given by
@ =7+ 20 =m £ 2am(mz/k, k). (2.88)

The modulus ~ determines the period Lcs, = 2xK(k)/m,! and the sign of the amplitude
function control whether the spin structure is right-handed or left-handed. Spatial profiles of ¢
are shown in Fig. 2.4(a). Here we connect m Héf and x through the energy minimization
condition Eq. (2.97), and thus the label of each curve is given by H../H.. The field induces
higher harmonics into the linear evolution of ¢ at H., = 0. The sign of )y favors the happy

Note that K () is the complete elliptic integral of the first kind, defined by

(2.89)

w/2 do
0 V1 — k2sin® 0

We also use the complete elliptic integral of the second kind E(x) defined by

/2
E(n):/ dfV1 — k2 sin? 6. (2.90)
0
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direction. The in-plane spin structure is given by

32 [1 —dn*(mz/k, k)] — 1, (2.91)

cosp = 2sin?p — 1 = 2sn*(mz/k, k) — 1 =

sin p = —2sin @ cos p = F2sn(mz/k, k)en(mz/k, k). (2.92)

The sign in the second line corresponds to the sign in Eq. (2.88). The energy per one period is
given by?

_ E _AE(k) qmN2 (2 TQom
Fosi = JiS%alesy  K(k) ('f> " </‘62 1) TR (R) (259

To determine the modulus «, which is an integral constant, we minimize the energy with respect
to k. The relations

dK 1 (E dE 1
d,(f) Tk (1—_(’22 - KW) ) # = —(B(r) - K(x)) (2.95)
lead to
dEcs, 2m*E(k) 2B(k) | Qo)
T e ) O 2.96)
m 7@
w  4BE(r) (2.97)

The sign is determined according to the sign of ()y, and the other sign gives neither energy
minimum nor maximum solution. Equation (2.97) in the limit x — 1 gives the critical field of
D-IC transition

Hc o 7T620 ?
JHSQQ B (T) ’ (2.98)

The field dependence of the period for the stable states and its behavior in the H. limit are
given by

2kK (k) 4 16H.
— In
7TC)O Hc - Hex

LesL = (2.99)

2We use [¢]?=5S- = +27 and

2K /2
/ dudn?(u, k) = 2 / dpy/1 — k2sin? ¢ = 2F(k). (2.93)
0 0
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We have used K (k) — In(4/vV1 — k?), E(k) — 1, and (H. — Hex)/He. — 2(1 — k) in this
limit. The average magnetic moment of the system is given by

M* 1 fhese 2 2 E(k)
= d =S -1-5 2.100
ST = Tom /0 2CoS e 2 () ( )
— 1 —4[In(He/(He — Hey))] ™ (Hex — He), (2.101)

which is shown in Fig. 2.4(b) and its value is indicated on the left-vertical axis. We also show
the corresponding period Lcsy, /Lo on the right-axis for He, < H.. The period diverges when
field approaches the critical value, and it is reflected in the slope of the magnetization at H..
The differential susceptibility is given by

1 dM® 1 FE3k) 2 <E2(f<&) 2 E(x) _1>_ (2.102)

X= SLdH.,, - EZ‘QK(/{)F K*(k) 1 — K? + K(k)

2.5 Review of Schaub—Mukamel’s study

In this section, we summarize the study in Ref. [101] by Schaub and Mukamel, as it will be
discussed in Chap. 4.

2.5.1 Model

First we explain the model introduced in Ref. [101]. Essentially their model is equivalent to
the uniaxial chiral magnet at finite temperatures, and the free energy is a functional of the
two component field M (z) = (M*(z), M¥(z)) = M(z)(cos p(z),sin(z)). They consider a
spatial modulation of the field M only in z-direction. For convenience we omit the argument
of M, M*¥, M, and . The average of the free energy density functional is given by

F[M] = %/dzf(z), (2.103)
1 OMY OM™\ 1| [oM*\* [oMY\? N
f(z)—érM +M +§<M o — MY 8z)+§[< 8,2) +(8z) —oM®.
(2.104)

They explicitly mentioned that this model is appropriate for describing the ferromagnetic
Dzyaloshinskii spirals under external magnetic field v perpendicular to the helical axis. The
coeflicient of the first term r denotes temperature. As we will see later, this model has a phase
diagram with two multicritical points which separate the phase boundary into two continuous
phase transition sectors, and one discontinuous phase transition sector in between. There is
only one phase boundary, and the ordered phase touches the disordered phase on this line.
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2.5.2 Instability-type transition

For understanding whether two continuous phase transition sectors are different or not, it is
important to study instability of the disordered phase. As a result, we see that one sector can
be obtained as a stability limit of the disordered phase, while the other is not. In addition, we
see that one of the multicritical points is a tricritical point, where the fourth order term in the
Landau free energy changes its sign.

From the disordered (uniform) state M, . = (M., 0), we consider the following expansion of
M:

M* = M + €0, cos(qz) + €26, cos(2qz) + €36, cos(3qz) + -+ -, (2.105)
MY = — [¢o,sin(qz) + £, sin(2¢z) + 0, sin(3¢z) + -+ |, (2.106)
M=M.+ o+ + -+, q=q.+ac®+p¢". (2.107)
Here M., satisfies the saddle point condition of the free energy, which reads
rM, +4M? —v = 0. (2.108)
Substituting these into the free energy, we obtain the coefficients in the expansion in &
F(&) ~ ag+ ax? + agc* +-- -, (2.109)
where
a = ng + M — oM, (2.110)
r 9/e 9 1, 1
ay = 7+ MZ (207 + 1) + 107 — 54020y, 2.111)
r 3 — 40:%05

ay 4(55 + 0, +20%) 4+ 60° M + 3
+ M2 (352 +57) + 2(207 + 1)aM, + 2M.0,0,0, + M0, (30, — o)
qc — O-J:O-y@

2
We have used Eq. (2.108) for simplifying a,. The parameters should be determined by satisfying

day/0q. = 0, and Jay /0o, = 0. They lead to

Jas  q.— 0,0y

+ (62 +52)q; — 0.0y + (2.112)

B4 = 5 =0—q.= 040y, (2.113)
00y _ ynpg % (o %) g o? o2 = 2.114)
0o, cvr 9 Y oy € r Y ’ '
With use of 02 + 05 =1, we get
1 1 1
02 = 5(1 —8M?2), 0, = 5(1 +8M?*), q. = §\/1 — 64M4, (2.115)
1
4y = &+ 2M2(1 — 4M2) — = + 4MY, 2.116)

4 16 ¢
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The instability occurs at a; = 0 and this condition is satisfied when the magnetization takes
the following value:

4M? =1 — /T +3/4. (2.117)

Note that M, should be a decreasing function of r, and we find » < 1/4. We also find that
r > —1/2 from Egs. (2.115) and (2.117), since o, and q. are real. Finally we get the value of

the critical field
1/2 1/2
1 3\ /2 3\
U:§ll—<r+1) ] r+1—(r+zl) - (2.118)

This line is shown in Fig. 2.5(a). The transition is continuous if ay, > 0 at a; = 0, and the
tricritical point is the place where a; = 0 and a4, = 0. Using the conditions obtained above, a4
is reduced to

_92 —2 2
o, +0,+ 2« 4
o= TED IR g1 Ao 4 20 4 o) 20202 4 Dl

(
+2M.040,0, + M.5,(302 — 0.) + (02 + §.) 020, — 0,0,0,0,. (2.119)

Other parameters can be also determined by the conditions that da,/da = 0:

(r+12M3)a+2(202 +1)M. =0 = a = — . f EIE (2.120)
and that Ja, /05, = 0, Day/d5, = O:
5 + 2020, + 6M? — 0,0y 0o\ _ [ M(1— 402) 2.121)
— 0,0y 5 + 20302 + 2]\402 oy —2M.o,0y | )

From these, the tricritical point can be evaluated as rp¢ ~ 0.192 and vpc >~ 0.019. Equa-
tion (2.118) for rrc < r < 1/4 is shown in Fig. 2.5(a) by the solid line and also shown in
Fig. 2.5(b) as the line 1.

For determining the whole phase diagram, one need to solve the stationary condition of the
free energy:

d>M do\ 2 d
e —M(d—f> —Md—;p+vcosgp—rM—4M3:O, (2.122)
4 dMd aM
MQd—Zf _vMsingp + QMEd—f + M= =0, (2.123)

which have several solutions for a fixed parameters (r,v), and we need to compare the free
energy to determine the realized state. Note that the above analysis works for —1/2 < r < 1/4,



2.5. REVIEW OF SCHAUB-MUKAMEL'S STUDY 29

04t e
[0 -] S ——— . - (ol 4
00
-02f- 7 = o5 7
k 7 (a) INCOMM N (b)

-04

-061- 1

v 505 ol
Figure 2.5: Phase diagram obtained by Schaub and Mukamel[101]. The horizontal and vertical
axes represent  and v, respectively. (a) The solid line (rpr¢ < r < 1/4) and the dashed line
(—1/2 < r < rpc) are given by Eq. (2.118). TC denotes the tricritical point. (b) The
whole phase boundary consists of instability-type phase transition line (I), discontinuous phase
transition line (thick line), and nucleation-type phase transition line (II). The symbols M, D,
and INCOMM represent the multicritical point, disordered phase, and incommensurate phase,
respectively.

and the continuous phase transition accompanied by the instability of the uniform state occurs
for rrc < r < 1/4. In the low temperature limit 7 — —o0o, the model is reduced to the chiral
sine-Gordon model[110, 111]. The stable ordered state is a periodic structure with higher
harmonics and the phase transition is continuous, as reviewed in the previous section. In such
a case, we cannot explain the continuous phase transition with an instability of the uniform
state by a single ¢ mode. The whole phase boundary is determined as follows: We can solve
Egs. (2.122) and (2.123), and obtain a single soliton with a periodic boundary condition for
a fixed sized system Az. The solution corresponds to the periodic structure of solitons with
period Az, and we can obtain the most stable state for a given (7, v) by minimizing the free
energy with respect to Az. The phase boundary is given by (r,v) such that the minimized
free energy is the same as that of the uniform state. The whole phase boundary is shown in
Fig.2.5(b). Actually we can see that the line obtained through the above analysis is equivalent to
a part of the phase boundary for rr¢ < r < 1/4. Moreover the detailed numerical calculations
clarify that there is another multicritical point around r\;c ~ —0.74, and the phase transition
between r\ic < r < rpc is discontinuous. As we will see later, a soliton picture is effective
and a linear analysis introduced in the following subsection is powerful in order to understand
the phase diagram.
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2.5.3 Linear analysis

As mentioned in the previous section, solitons characterize the ordered state in the low temper-
ature side. Near the phase boundary of the continuous phase transition r < 7c, soliton density
is dilute and its property is determined by the asymptotic region of a soliton. In order to study
how the tail structure of a soliton approaches the uniform background M. in the asymptotic
region, we perform the linear analysis regarding the small deviation of M from M..

A linear analysis using the asymptotic behavior tells us information about the multicritical
points. Let the soliton center be at the origin z = 0, and set the angle ¢(z = 0) = = there. For
% — 400, M relaxes to M, and @ approaches 27. In the region far from the center, we can
describe the asymptotic behavior of the soliton as

|M| ~ M.+ Ay exp(—kz), ¢ = 21 + Ayexp(—kz). (2.124)

Substituting these into the equation of motion (2.122) and (2.123), we obtain

12M? + 1 — K2 — M.k A\ (0
( M.k oM, — MCQ,%?) (A2 ~\0/" (2.125)

The condition for the presence of a non-trivial solution is the zero determinant of the coeflicient
matrix, which is the quadratic equation of x? given by

MZ2k* — [(12M? + r)M? + vM, — M?)K* 4+ (12M? + r)M.v = 0. (2.126)

We can distinguish the type of solution depending on whether the solution 2 is real or complex.
The discriminant of this quadratic equation is

D = [(12M? + r)M? + vM. — M?* — 4AM3(12M?* + r)v
= 64M} — 32M? + 1 — 4r. (2.127)

For D < 0, both x2 and  are complex, while 2 is real if D > 0. When k2 > 0,  is real, while
when k2 < 0, k is pure imaginary3. When & has a finite imaginary part, we can equivalently
consider the real part of M (2) within the linear approximation. Note that when x? = 0, the
left-hand side of Eq. (2.126) is

(12M? + r)v = (12M? + v/M_.)v > 0, (2.128)

which means that two real solutions of x? have the same sign. We notice that the condition
D = 0 coincides with the line of ay = 0. Let us reconsider the behavior of M (z) when & is
pure imaginary, x = iq (¢: real). In this case, we assume a small deviation in M (2) by taking
Ay = o, and Ay = o, /M, where ¢ is sufficiently small and 02 + o, = 1 holds. We can see

3When & is pure imaginary, there is no relaxation to M( In this case, we assume that (A, As) is infinitesimal
to guarantee the linear approximation.
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why there is a prefactor i on A, from the coupled equation of A; and A,. Note that in this case
there is no longer soliton at z = 0. Instead we write down the field M up to first order in & as

M* = Mcosp~ M~ M, + 0,67 + - -+ | (2.129)
MY = Msinp ~ My =~ io,e + - - - . (2.130)

This is equivalent to the expansion we used to study the instability-type transition up to first
order in £&. When x has a positive real part, there is an asymptotic solution of an isolated
soliton*. The parameter region of pure imaginary « faces the region of complex x on the line
D=0.

We have seen the meanings of pure imaginary. Next, we consider the soliton interaction
and the difference between real x and complex ~. Jacob and Walker discussed the interaction
energy between two isolated discommensurations with a finite distance[92]. The conclusion is
that whether & is real or complex is reflected in whether the interaction is repulsive or attractive.
Let us write the free energy for the uniform state as Fy,,; = 5, f + M f — v M, and measure the
free energy of a single soliton from it: AFnge = Fiingle — Funi- Now we define the binding
energy of NV solitons as

ARG = Fidn = Funi = NAFuge. 2.131)
Here Fc(ﬁfn denotes the free energy of the N-soliton state, and we call the binding energy

Fying the interaction energy A Fj,; when N = 2. The interaction energy depends on the inter-
soliton distance Az. Near the phase transition the soliton density is relatively dilute, and thus we
consider only the two body interaction A Fi,;. Consider the repulsive interaction corresponding
to a real x. Typically AF,; exponentially decays with the inter-soliton distance Az, and its
range is characterized by the soliton size (Rex)™!. The equilibrium distance is determined
through the competition between AFng. and AFj,, when A, < 0, while there is no
soliton when AFg,qg1c > 0. Therefore the nucleation-type continuous phase transition line is
given by Al = 0.

When the tail of the single soliton oscillates in space, we could show that the interaction
energy oscillates with the distance analytically for Az > (Rex)™!. According to Ref. [101], it
is given for the parameter such that AF;, 4. = 0 by

AFy = (—aA? + aM? A2 — M A Ay) exp(—rAz) + c.c. (2.132)
When « is complex, the interaction can be negative in some regions of the inter-soliton distance.

This means that there is a lower energy state than the single soliton solution when the free
energy of the single soliton solution is the same as that of the disordered state (A Fing1e = 0).

4This is a necessary condition for the existence of an isolated soliton in terms of its asymptotic form.
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Free energy

Figure 2.6: Examples of the Landau free energy.

2.6 'Two Kkinds of continuous phase transitions

Phase transitions are distinguished depending on whether it is continuous or discontinuous with
respect to the first order derivatives of a free energy, such as magnetization and entropy. More-
over, de Gennes classified continuous phase transitions into two subclasses: instability-type
and nucleation-type[84]. Although de Gennes’s classification might be for general continuous
phase transitions in three dimensions, we restrict ourselves into ordered phases with periodic
modulations for clarity. In the following subsections, we first introduce de Gennes’s argu-
ment on the basis of familiar examples for each class. Second we clarify the classification for
continuous phase transitions with periodic orders.

2.6.1 Instability-type phase transition

First we explain the instability-type phase transition, which is well-known as it is described
by the Landau theory of the phase transition. The ordered phase can be characterized by a
small and local order parameter, which is in general observables. A familiar example is a
ferromagnetic system, and the magnetization M denotes the order parameter. The Landau free

5Note that in superconductor, the macroscopic wave function of the condensation is an order parameter, but it
is not observable.
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energy F'(M) is given by
F(M) = ay(T)M? + ayM* with ay = a,(T — Ty.), (2.133)

where ay(7T') is a function of temperature 7" with a positive constant a;, and a, is a positive
constant. The sign of ay(7") changes at " = T, and F'(M) takes a minimum at M = 0 for
T > T, and at |M| = My = [a,(T. — T)/a4]'/? for T < T,, as sketched in Fig. 2.6. When T
approaches to 7, from above, the positive curvature of the free energy around M = 0 becomes
smaller. This represents the enhancement of the susceptibility x oc [0?F/OM?|y—] ' =
la(T — T.)]~! near T,, namely, a small magnetic field induces a large magnetic moment.

In uniaxial chiral magnets, a transition between a uniformly polarized state and a conical
state under magnetic field is an example with a periodic order. We do not explain the detail,
but obtain the Landau free energy as a special case of the Landau expansion in Sect. 4.4:

z
C_Hex

H H?
e ne i Ho =2 (/7 + D2 = g)) . (2134

Here we set X' = 0 and HZ = 0 in Sect. 4.4. An order parameter £ appears in the magnetic

E(§) = (2J)+ HE,) —

moment M, within the Landau expansion as

. € cos(ger1) /V2
M, ~ | ¢sin(g.r;)/v/?2 | with g.a = tan™" D/Jj and z; = al. (2.135)

1—¢2/4

In this case, we can say that the order parameter is ]\7[%, a Fourier component of M;. The
Landau free energy (2.134) takes the same form as Eq. (2.133), but in this case a small helical
field, H(r) = H,.(cos q.z,sinq.z,0), induces a large helical moment near the critical field. It
is important that the single mode with wave number ¢, contributes the phase transition, which
characterizes its period, and its higher harmonics do not.

2.6.2 Nucleation-type phase transition

Next we explain the nucleation-type continuous phase transition. On the basis of de Gennes’s
argument[84], we consider a ferromagnetic sphere with macroscopic size in a magnetic field.
The uniformly magnetized state is not the most stable state below a threshold field, and a
domain structure appears because the surface creates the demagnetizing field. For the field
just below the threshold field, the uniform state is stable against all small local fluctuations of
magnetization, and the corresponding Hessian® remains positive definite. Domains, the Bloch
walls in this case, are related to distortions with the large amplitude and they nucleate near
defects or the surface. Thereby the transition is called nucleation-type. We could not assign

6A Hessian is a matrix consisting of the second order derivatives of the Hamiltonian or free energy with respect
to the degree of freedom in fluctuations.
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a small and local order parameter in the sense of the Landau theory, although it is possible to
characterize the state using topological properties corresponding to the number of domains.
There are several examples of the nucleation-type continuous phase transitions, and one of them
is the transition at the lower critical field in type-II superconductors. The transition occurs
between the Meissner state and the mixed state, and quantized vortices enter the system above
the lower critical field.

The nucleation-type phase transition is characterized by emergent particles such as quan-
tized vortices and domain walls, and topological constraints interpreted as the number of the
particles is kind of an order parameter. In the superconducting vortex case, it is the winding
number, i.e., the number of flux quanta, associated with the magnetization. The emergent
particle picture describes this transition well, in which we consider the competition between
the single particle energy of the emergent particle and its interaction energy, as was reviewed
in Sect. 2.5.3. In the vicinity of the transition in the ordered phase, the interaction is very weak
since it has a finite range. Thus it is possible to form many nearly free particles, which results in
the steep change of the physical quantities such as magnetization. These transitions are contin-
uous, but do not have the small fluctuations leading to the instability and often show hysteresis.
In the superconducting case, the Bean—Livingston barrier[105] causes the hysteresis, as we see
later.

We characterize this phase transition for periodic orders in more explicit way. The
Abrikosov vortex lattice is a periodic structure, and other examples are the D-IC transition
in the Dzyaloshinskii helimagnet, as was reviewed in Sect. 2.4 and the Freédericksz transition
in chiral liquid crystals. The first important feature is the divergence of the period. Let Q be
the corresponding wave vector, and it approaches 0 when the phase boundary is approached
in the ordered phase. The second one is the presence of higher harmonics. Let O(r) be the
field to describe the system. O(7) can be the condensation wave function for superconductors,
or spins for the Dzyaloshinskii helimagnet. In the same limit to the phase boundary as above,
higher harmonics of the fundamental wave exist since there is a localized emergent particle.
Thus for its Fourier components O(q), the ratio O(nQ)/O(Q) is finite in this limit. The third
one is the stability against small and local fluctuations. As mentioned above, the Hessian of the
uniform state remains positive definite even after the phase transition to the ordered phase, and
the Hessian of a state with a finite topological number does in the disordered phase to some
extent. In addition, a topological number changes in the ordered phase without accompanied
by the instability. The fourth feature is the absence of a small and local order parameter related
to the third one. The helical order parameter of the instability-type phase transition is small
and local near the phase transition. The small and local order parameter is necessary to lead
the instability of the disordered phase. Consider the emergent particle density given by the
topological number per a volume. One might construct the Landau free energy for this density
since this vanishes at the transition line and finite in the ordered phase. However the construc-
tion of the Landau free energy does not necessarily mean that the continuous phase transition is
instability-type because the states with different densities are distant in the configuration space
of the original field O, and a process with an infinitesimal distortion to change the density
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Q | 0nQ)/OQ) Hessian OP
instability | finite 0 positive & negative | v
nucleation 0 finite positive definite X

Table 2.1: Summary of continuous phase transitions associated with periodic orders. The
wave vector () characterizes the inverse of the period of the periodic structure. We define O(q)
by the Fourier component of the field describing the system, and the third column describes
whether the ratios of the higher harmonics to O(()) remain finite or not. The Hessian of the
state which is the most stable before a transition has negative eigenvalues after the transition
for instability-type, while does not for the nucleation-type. The last column about OP explains
the presence/absence of a small and local order parameter.

does not exist. Also one might try to construct the Landau free energy of an order £ such that
O(n@Q) = & f, with a form factor f,,. Thereby we can take account of higher harmonics and
nonzero ratio of O(nQ)/O(Q) at the transition. However it is difficult to determine the form
factors for all n, and obtain the Landau free energy. Even if one did it, again it would not mean
that an instability accompanied the transition because the assembly of the form factor represents
the localized structure of an emergent particle, and O(r) is not infinitesimal. We remark that
it might be possible to describe the nucleation-type phase transition using the above Landau
expansions in a proper way. However the emergent particle picture is much more effective to
describe the phase transition and multicritical point if exists since derivations of the Landau
free energy require tough calculation to obtain a logarithmic divergence of a distance between
emergent particles Al , and a corresponding singular behavior of magnetization et al. Note
that Al.,, o< In(H, — Hex) [see Eq. (2.99) in the soliton case], and the density of emergent
particles is given by n., = 1/Al., for a soliton lattice and n., = 1/ Algip_ for a vortex
lattice. Magnetization can be described by the the magnetization of a single emergent particle
multiplied by the density n. , . For example the constitutive relation of type-II superconductors
near the lower critical field is given by

_ 20 3o -
B(H) = 4 + H = 222, {m LM2<H a Hd)} } (2.136)

with the magnetic flux quantum ¢, and the penetration depth \. These logarithmic behaviors
can be easily obtained through the competition between the energy of a single emergent particle
and its interaction energy[112, 113].

2.6.3 Summary of classification

We summarize the two types of continuous phase transition between the periodic ordered phase
and disordered phase in Table 2.1. Here we have listed four points.
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In the case of the instability-type phase transition, there exists a small and local order
parameter with a finite period, i.e. a finite wave vector ), and its higher harmonics do not
contribute at the transition. The presence of the small and local order parameter at the transition
means that the instability of the disordered phase exists there. Thus its Hessian of the uniform
state has negative eigenvalues in the ordered state.

On the other hand, in the case of the nucleation-type phase transition, the period diverges,
i.e., Q@ — 0 in the limit to the phase transition with higher harmonics but without a small and
local order parameter. Correspondingly the Hessian remains positive definite for a state which is
not the most stable state. Since such a state is stable against infinitesimally small fluctuations,
the change of the state is driven by the nucleation of the emergent particles. For type-II
superconductors and Dzyaloshinskii helimagnets, magnetization curves have logarithmically
diverging slopes at the transition, which can be described well by the emergent particle picture.



Chapter 3

Non-reciprocal magnon in chiral magnet

In this chapter, we investigate the non-reciprocity in spin waves developed by a magnetic
field parallel to the direction of DMI. The non-reciprocal spin waves are well known in the
uniform state of non-centrosymmetric ferromagnets. First we review their theory. Then for
uniaxial chiral ferromagnets we introduce a simplified model and calculate the dynamical spin
structure factor to study the non-reciprocal spectral structure in a non-uniform state. Since it
is easy to investigate the spectral structure of the uniaxial chiral antiferromagnet, we calculate
it and discuss the difference from that in the ferromagnetic case. Finally we compare this
result with numerical results calculated by Monte Carlo simulation and simulation based on
the Landau-Lifshitz equation.

3.1 Introduction

Recent studies on chiral magnets are triggered by the observations of several non-trivial mag-
netic states and topological textures stabilized by the DMI[48, 49] such as chiral skyrmions and
chiral solitons[34, 43]. Although a helical (or cycloidal) order due to the competition between
the DMI and the Heisenberg exchange interaction is not a topological texture, the DMI affects
spin wave excitations and leads to a non-reciprocal propagation in the presence of magnetic
field. An example of effects of antisymmetric SOI is the Rashba splitting in the single-electron
energy spectrum in non-centrosymmetric system[78]. A corresponding phenomenon in mag-
nets is non-reciprocal spin wave propagation in non-centrosymmetric ferromagnets[65, 66].
The non-reciprocal spin wave propagation means that spin waves with the wave vector k and
—k have different energies, £y # Ej. In particular, the group velocity of the spin wave
with k£ = 0 is finite, and its sign depends on the direction of the magnetic field. Whereas
non-reciprocity can appear in the surface state called Damon—Eschbach mode in ferromagnets
and antiferromagnets[114-117], our present concern is in asymmetric dispersion relations in
the bulk spin wave excitations governed entirely by the DMI. The physical mechanism of
non-reciprocity is as follows: In the presence of the DMI, a magnon acquires the Berry phase
during the hopping process and this phase shifts the wave vector[72]. We can understand this

37
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on the basis of an analogous situation for electrons as follows: the phase is equivalent to a
constant vector potential, and the kinetic momentum can be given by the canonical momentum
shifted by the vector potential. The shift is in one direction owing to the fixed direction of
the precession, and leads to asymmetry in the spin wave dispersion. Observing this effect is
connected to experimental measurement of antisymmetric interactions of spins, i.e. the DMI,
[67-73] and this effect may be used as a logic gate in magnonics field[118].

An important issue is “non-reciprocity” in a non-uniform state, because dispersion is
not defined in non-uniform states such as helical and conical states, instead the elementary
excitation is labeled by a pseudo momentum. Thus it is an interesting issue what is a concept of
non-reciprocity in a non-uniform state, which is naturally connected to that in the uniform state.
A conical state is a field-induced intermediate state between the uniform and helical states,
and it is also interesting to see how magnetic field develops the non-reciprocity in the conical
state toward the uniform state. In Ref. [66], Kataoka argued that the spin wave dispersion in
the uniform state does not coincide with “dispersion” in the conical state at / = H., though
the elementary excitation in the conical state is labeled by a pseudo momentum!. A recent
experiment based on an asymmetric microwave response did not exhibit an evidence of the
non-reciprocity below H.[73]. When the non-reciprocity is concerned, it is not adequate to use
a pseudo momentum labeling the elementary excitations, and thus we study the dynamical spin
structure factor?. We examine here spin waves on the uniaxial chiral magnet, which is one of
the simplest systems and a model of Cr; /3NbS,[61, 62]. The ground state configuration at zero
field is a single helix caused by the DMI propagating along the DM vector D which appears in
the DMI as D - (5‘] % S;). Note that D is parallel to the bond direction in this case. We call
this direction the helical axis. Magnetic field applied along the DM vector changes the helical
state into a conical state, and above a critical field, polarizes it into a uniform alignment. The
spin configuration is shown in Fig. 3.1 for the three phases. One can go continuously from a
helical state to a uniform spin structure by varying the applied field strength.

We find that there are three branches in the helical state. We define the branch by the
peak position of the dynamical spin structure factor C*(q,w) where u,v = z,y, z.> One of
them appears in C'**(q,w) and the other two do in C*”(q,w) with u, v = z,y. These two are
inverse images of each other obtained by shifting the wave vector by the modulation vector
i@. The branches and their intensities are symmetric in the helical state. Furthermore when
the magnetic field is applied along the DM vector, we find that the intensity of one branch
decreases while the other increases in the transverse spin correlations in the conical state. The
decreasing intensity finally becomes zero, when the system is in the uniform state, and then the
branch is non-reciprocal.

This chapter is organized as follows. On the basis of a chiral ferromagnetic model, we

'Note that he argued that inelastic neutron scattering experiment would not exhibit any discontinuous change
there

2A paper appears on the preprint server during the revision of this thesis, which discusses the dynamical spin
structure factor as well for a cubic helimagnets[119].

3Within the spin wave approximation, spectrum has ¢ function and we define a branch by its support.
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(a) Heliéal (b) Conical (c) Uniform
90:7{'/2 0<90<7T/2 0o =0

Figure 3.1: Sketches of the three states in the chiral magnet: helical, conical, and uniform. The
top image describes the directions of spins {S*J} in the original frame, which have the cone

angle 0, defined by the angle between Sj and the helical axis parallel to D. (a) The helical
state is described by 6y = 7/2, (b) the conical state when 0 < 6y < 7/2, and (c) the uniform
state by 6y = 0 in the frame of {S;}.

first obtain the spin wave excitations and calculate the spin correlation functions, and discuss
non-reciprocity in the correlation function. We next consider antiferromagnetic interactions
and find that, as well as the ferromagnetic case, the spin wave modes separate into distinct
branches and show the non-reciprocity in the presence of the magnetic field. In contrast to
the ferromagnetic case, remarkable changes appear in the branches in addition to the intensity
since the Néel-type properties disappear in increasing field. Finally we compare these analytical
results with numerical calculations.
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3.2 Non-reciprocal magnon

In this section, first we review the non-reciprocal magnon spectrum in the uniform state under
the magnetic field along the helical axis, by introducing the following Hamiltonian:

H = Z [—J||§j . gj.,_g —D (S?Sy — S;/ ;:_2:) — HSJZ + Hj_yj:|
J

J5i+2
j i0a _ —iQa o— zZ Qz z
J
Hij=— > JiS Sin (3.2)

H=T,Y
Here J| and D are the exchange and Dzyaloshinskii-Moriya interactions between the nearest
neighbor spins respectively along the z-direction, which is parallel to the helical axis. J =
\/ JHQ + D? and Qa = tan~'(D/J)) with a lattice constant a. The subscript j denotes the

site in the three dimensional cubic lattice and i for ;4 = x, y, z is the unit vector of the lattice
translation in the p-direction. We simply use the same lattice constant, a, in any direction. The
magnetic field H is applied along the helical axis. Using the Holstein—Primakoff transformation

Sj—@(l—%)éaj, Sj—\/ﬁa;@—;—é);,SJZ.—S—nj, (3.3)

T

with the number operator n; = a;a; and the Fourier transform:

a = —= » ajeI aqp = ——= > ae "I (3.4)
TR

we obtain

H=-N(JS*~KS*+HS) + > (BELq+ Ejq) alaq, (3.5)

q
up to second order in ag and aL operators with

E| q=2J,5[2—cos(q’a) — cos(q’a)], (3.6)
Ejq=2JS {1 —cos|(¢" — Q)a]} + H — H,, (3.7)

and the critical field Fl. = 25(J — J). The energy spectrum consists of two parts: F|,
and F'| 4. E) 4 can be regarded as the energy spectrum of the one dimensional spin chain,
independent of the in-plane momenta ¢* or ¢¥, while it is not symmetric between ¢* and —¢q?,
which means that the propagation of the spin wave along the helical axis is non-reciprocal.
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E | 4 comes from the in-plane exchange interaction and is independent of ¢°. In addition,
E, 4 is symmetric with respect to (¢*, ¢¥) — (—q*, ¢¥), (¢°, —¢¥), and (—¢*, —¢"). In general,
E,| ¢+ E) 4 is symmetric under the sign reversals of ¢” or ¢¥ in the presence of one dimensional
modulations along the z-direction, and we do not consider the in-plane propagation of spin
waves in the following: we consider only the ¢*-dependence and set ¢* = ¢¥ = 0. Since we
neglect quantum fluctuation effects on the equilibrium states in the following, it is equivalent
to considering the Hamiltonian for the one dimensional chain.

3.3 Chiral ferromagnetic chain

3.3.1 Hamiltonian

From now on we consider a one-dimensional periodic structure under the magnetic field along
z-direction, which is parallel to the helical axis, in addition to the uniform state considered in
the previous section. We assume that the spin structure is uniform in the zy-plane. Because we
do not consider the in-plane propagation, we focus on the sites on the particular chain, 3 = /2.
The Hamiltonian is

H = —Z |:=]||§l'§l+1+D <‘§’lx§ly+1 _gzy ~zl‘ﬂ) "‘Hglz - K (Slz>2} J

l

=2 {% 5 S eSS A7+ HS — K <§f>2} SNERY
l

The parameters are the same as those of the Hamiltonian Eq. (3.1) except K, which denotes
the hard-axis anisotropy about the helical axis. Let NV, be the number of sites in each chain.

In the following calculations, we rotate locally the spin space so that the z-direction is
parallel to the equilibrium spin direction. Note that we have chosen the sign of H such that the
spin favors the +z-direction*. According to Refs. [109, 120], the spin operators in these two
frames are related as follows:

~ 1
St = -5 sin6p(S;H + S;7) + cos 0,57, (3.9

Si = = [(cosfp £ 1)S;" + (cos by F 1)S; + 2sin fy.S7] e (3.10)

| —

Here 6, is a cone angle as shown in Fig. 3.1. We substitute these relations into the original

4The actual direction of magnetic field is opposite, i.e., —z-direction because of the relation M = —guBg
with the g factor and the Bohr-magneton, and gup positive.
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Hamiltonian Eq. (3.8), and obtain

J(3 - 1) e LAY o
H=- Z 4 (stztﬂ +5) Sl+1) + 4 (SZ+SZ+1 + 5 Slj-l)
l

+ JNSESE + (T — J)) sin 6 cos 0p(SFS7,, + SFSE)
+ H(—sin0pSf + cos 0pS7) — K (—sin0yS7 + cos 0p57)? | . (3.11)

For simplicity, we have introduced

7 = cos? O + (J)/J) sin? by, (3.12)
A = sin® 0 + (J;/J) cos® b, (3.13)

3.3.2 Holstein—Primakoff transformation

We perform the Holstein—Primakoff transformation by introducing boson operators a; and alT

S =va5 (1-55) . 5y =vaSaf (1 25)° Si=S—m,  (14)

and retain quadratic terms with respect to a; and azr. The equilibrium condition implies that the
coefficient of (a; + a]) vanishes and therefore,

sinfy [2(J = Jj + K)S cos by — H| =0, (3.15)

Ignoring the irrelevant constant energy, we obtain the following quadratic Hamiltonian:
A B
w3 [Rddot ol + Boaraa)] e
k

using the Fourier transform defined by a,, = 3, ;e **/\/N, and o}, = 3, af et /\/N;.
Here —7 < ka = 2mm/N, < 7 with integer m, and we have introduced

Ay =— JS[(7 + 1) cos(ka) — 2] + K Ssin?
— costly [2(J = Jj + K)Scosf — H] (3.17)
By =— JS(5 — 1) cos(ka) + K Ssin® 6. (3.18)

Let us use the following Bogoliubov transformation to diagonalize the Hamiltonian with real
coeflicients uy, and vy, satisfying the condition uj — v = 1:

ar = upog + vgal (3.19)

aik = vy + ukoﬂ:k. (3.20)
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The Hamiltonian without irrelevant constants reduces to

A
H = Z { [Tk(ui + Uz) + BkUk'Uk:| (OéLOék + OéT_kafk)
k

B
+ {Akukvk + f(ui + UZ):| (azatk + oz_kozk)} )
The condition of vanishing anomalous terms is given by
B
Apupvr + Tk(ui +07) =0,

and the Hamiltonian is diagonalized as

Ag By,
H = g Ekazak, By = /A2 — B}, u} + v} = =, 2upvp = ——-.
- B, E,

(3.21)

(3.22)

(3.23)

Note that the energy always has the relation £, = E_;. One should also note that £ is not the
wave number in the laboratory frame. We show the behavior of E, for several values of the
field in Fig. 3.2. The linear dispersion around ka = 0 holds for H < H.. It becomes quadratic

at H = H,. and then acquires a gap for H > H..

3.3.3 Spectral intensity

We consider the dynamical spin structure factor, which shows the structure of the excitation
spectrum in the energy-momentum space. Using the above quantities, now we can calculate
the correlation functions, C**(q,t), of ASk = Sl — (S¥) for u = x,y, 2, where the Fourier

transforms are defined as

~ 1 ~ . 1 .
S:I: - S:I:eiquTl, S:I: - S:I:eiqurl )
R DI

(3.24)
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Here AS¥(t) is the time evolution of AS¥ and defined by AS¥(t) = e ASke~ ", We define
the x-component of the correlation function as

((ASS(t) + ASZ, (1) (AST, + AS,))
] .

C™(q,t) = (ASI(t)AS”, ) = (3.25)

There are three independent components except for trivially zero components. Non-zero
(and non-trivially zero) components are C**(q,w) = C¥(q,w), C*(q,w) = —C¥(q,w),
and C**(q,w). We find that (AS’;(t)AS’ﬁ and (qu_ (t)qu_> are zero, because they do not
include the expectation value of the number operator in terms of the Holstein—Primakoff bosons
such as (a;aq) in their expansion. Non-zero contributions come from the other two expectation

values. We write down (AS’;(t)AS; ) in terms of Holstein—Primakoff bosons as

~ ~ S
(ASF (M) = 5 [(c05? 8 = 1) lag-a(t)aq) + (cos + 1? (o, q(t)a] o)
+(cos By — 1)2 <at(q,Q) (t)a—g-q) + (cos® B — 1) <ai(q7Q) (t)ag—cﬂ :
(3.26)

The other term, (AS—,(t)AST,), is also represented as

(AS”,(H)AST)) = g [(COSQ B0 — 1) (agrq(t)a—grq)) + (cos by — 1)* (agso(t)al o)

+(cos g+ 1)* (al o) (D)a_(g4q)) + (cos® b — 1) (a’ o) (Dal o) |-
(3.27)

To calculate the expectation values, we substitute the Bogoliubov transformations into Egs. (3.26)
and (3.27). The time evolutions of Bogoliubov boson operators are given by ozjl(t) = afleieq

and ,(t) = aqe*ieq, respectively. The dynamical spin structure factor, can be obtained by

the time-Fourier transform of the correlation function.

CH(q,w) :/ dtCH (q,t)e™". (3.28)

For convenience, we consider only positive-frequency region. Thus we need to retain only
the terms like (o, (t)or}) = e F4'[1 + ng(E,)] with the Bose distribution function ng(w) =
(exp[Bw] — 1)~

~ S
(ASS(DAS)) = 5 [cosbo(ug—q + 4-q) + (@ — v4-0)]" (-0 () )
+ (other terms). (3.29)
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Figure 3.3: Dynamical spin structure factor of the chiral ferromagnetic chain with D = 0.5}
and K = 0. The panels (a)—(d) show its x(y)-component, while the panel (e) shows the
z-component. The panel (f) shows the H-dependence of the strength of 2 component at peak
position. There is a slight difference between qa = 7 and 7/2, which is shown in the inset as
A(xg) = (Xger — Tg=r/2)/Tg=r/2 Withx = A/E.

We can calculate also (qu_ (t)AS; ) similarly. The time-Fourier transform of C**(q,t) =
[(ASFH(H)AST) + (AS; (t)ASH)] /4 gives

O™ (q,w) = = [1 + np(w)]

Aq—Q - Bq—Q + Aq—Q + Bq—Q
Eq—Q Eq—Q

X [d(w— Eyq) (COS2 o + 2 cos 0())

+ 6w — Eyrg) <C082 0o Agr = Byrg + Agro + Byrg — 2cos 00> (3.30)
Eqiq Eqrq
S
= [L+ns(w)] U+ (@)P(w — By-q) + |U-(0)]*d(w — E41q)] (3.31)
S _
= % [1 + np(w)] C** (g, w). (3.32)

In a similar way, we calculate C*¥ and find that C¥(q,w) = C**(q,w). We will discuss
C™ and C¥* later. This result shows that the spectrum consists of two d-functions at energies
wi(q) = Ey—¢ and w_(q) = E,¢. Each branch has a dispersion of E, with ¢ shifted by
+@). Reciprocity among these branches are given by w. (q) = w+(—¢). Coefficients of delta
functions depend on 6, i.e., the cone angle. This implies that the spectral intensity changes as
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a function of the magnetic field. In the laboratory frame, the wave number is no longer a good
quantum number, and an elementary excitation consists of intensities for three wave numbers.
Two of them are ¢ — ) and ¢ + @ for given w. The third one comes from the z-component
given by the following.

C*(q,w) = / dt (ASZ(t)AS?,) e
= /dtei‘”ﬂzs sin® Gy [{aq(t)al + aT_q(t)a,()
- /dteiwtg sin® 0p (ug + v7) (ag(t)al)

A
= 7S [1 + np(w)] sin? Qogqé(w - E,) (3.33)
q

= 7S [1+ ng(W)]|U.(¢)?6(w — E,) = 7S [1 + np(w)] C*(q,w). (3.34)

Figures 3.3(a)—(d) show C%*(q,w) for different H’s , while the panel (e) shows C**(q,w).
Figure 3.3(f) explicitly shows the intensity changes of C'** as a function of magnetic field. In
the figures we replace the d-functions by Lorentzian 76(w — E,) = 6/[(w — E,)* + %] with
5/JH = 1072, We set IV, to 100 and the frequency mesh, Aw, to 0.0128.J) there.

In the absence of the field, there are the three branches with the same shape, but they are
shifted along the horizontal direction. This holds also for < H.. We can see these two
aspects from the analytic expressions Egs. (3.30) and (3.33), where the peaks are located at
Ey_ g, E4iq, and E,. The transverse correlation functions C**(¢,w) and C¥¥(q, w) have two
branches given by F,_g and E, . Since cos 0ty in Eq. (3.30) is zero in the absence of the
magnetic field, |U, (¢)|* and |U_(—q)|? are the same, and the intensities are reciprocal as well
as their branches. We show the g-dependence of the intensity |U(q)|*’s defined in Egs. (3.31)
and (3.34) in Fig. 3.4(a). Reciprocal relations |U,(q)|* = |U.(—q)|? and |U, (q)|* = |U_(—q)|?
hold.

Then let us examine the results for the finite magnetic field. Figure 3.3(b) corresponds to
an intermediate field below H., where the conical state occurs. It is obvious that the spectral
intensity of the branch w_(¢) decreases, while that of w, (¢) increases. We show ¢-dependence
|U(q)|*’s for H/H. = 0.75 in Fig. 3.4(b). The g-dependence is not remarkable except near
zero energy in each branch. In contrast to the panel (a), the asymmetry between |U, (¢)|* and
|U_(—q)|? appears obviously, while |U,(q)|? = |U.(—q)|? holds. Note that the magnetic field
reduces |U,(¢)|?. We can conclude that the spectral function is non-reciprocal in its intensity,
although the branches are still reciprocal. A stronger magnetic field drives the conical state to
the uniform state. At the critical field H., the spectral intensity of the w_(q) branch vanishes,
while the w, (¢) branch keeps a finite intensity. At this point, the energy branch becomes
non-reciprocal. It is obvious that this single, non-reciprocal branch has a gap for H > H,, as
was shown in the earlier work by Kishine et al.[109]. Our new finding is that non-reciprocity in
spectral intensity grows in the intermediate state. The intensity of the longitudinal component,
C#(q,w), is reciprocal and decreases with increasing field. Figure 3.3(f) shows the intensity
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Figure 3.4: Intensities |U(q)|*’s as a function of qa for H/H, = 0 (a) and H/H, = 0.75 (b) on
alog scale. Weset D/J; = 0.5and K = 0.

changes as functions of the magnetic field. Inset shows the difference between ¢ = ma and
q = ma/2 since they are hardly distinguished in the main plot. As seen in Figs. 3.4(a) and (b),
the g-dependence is remarkable only near ¢ ~ 0. This can be understood as follows: |U.(q)|?
is given by the ratio of the arithmetic mean to the geometric mean between 2.J (1 —cosqa) and
2.J(1 — 4 cos qa). Here 1 —# = 0.11 is small. Thus the g-dependence of |U.(¢)|* appears only
when (1 — ) cosqa 2, (1 — cosqa), otherwise it vanishes through the cancelation between
both means.

As another remark, we perform the principal axis transformation for the correlation function.
Defining

CY%(q,w) = 4CY(q,w)/[m(1 + np(w))], (3.35)
C™(q,w) = —C¥(q,w) = 4C™(q,w)/[r(1 + n(w))], (3.36)

we can write down them with symbolic notations as

0™ (g,w) = C"(q,w) = [Ur(@)*0(w — Ey-q) + [U-(a)*d(w — Eq+q), (3.37)
C™(g,w) = =C"(q,w) =1 [[U(@)"0(w = Eg-q) = |U-(0)/(w — Eygsq)],  (3.38)
C*(q,w) = |U.(q)P6(w — Ey). (3.39)
Diagonalizing the 3 x 3 matrix C*” for a given (g, w), we obtain
diag [2C"(q,w),2C"F(¢,w), C*(q,w)] , (3.40)
where
C(qw) = [U+(q)]*0(w = Eq—q), C™H(q,w) = |U-(9)[*d(w — Eysq) (3.41)

and these are related to the Fourier transform of (AS‘; (t)A§:q> and (AS”; (t)Agfq).
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3.4 Antiferromagnetic system with uniaxial chirality

We also study a chiral chain with antiferromagnetic exchange interaction. The material
BayCuGe,0O; shows an almost-antiferromagnetic cycloidal state, because of a uniform DMI
with D vector perpendicular to the bond direction [121-128]. This material also has a staggered
DMI, and its DM vector is perpendicular to both the bond direction and the DM vector of the
uniform DMI. This staggered DMI induces the weak ferromagnetism and thus the coexistence
of the weak ferromagnetism and chiral modulation is expected[129]. Moreover, the fluctuation-
induced weak first order phase transition is suggested[128]. Another model material of this
type is BiFeO3 [130-133]. Non-reciprocal spin wave spectrum in a non-centrosymmetric an-
tiferromagnet was recently observed in a-Cuy V207 for collinear spin structure using inelastic
neutron scattering measurements[ 134, 135].

Therefore it is important to study the spin wave spectra in the non-uniform state of the
uniaxial chiral antiferromagnet. We repeat the analysis in the previous section for the antifer-
romagnetic chain with the single DMI. Our starting Hamiltonian is almost the same as that in
the case of the chiral ferromagnet except the sign of exchange coupling:

H

3 {J”Sl S — D (Sl Sy, — S;fgfﬂ) —H§f+K<§f)1 (Jy>0) (342)

l

-3

Mlku

( —1 Q+QAF aS+S ‘I’ e (Q"FQAF aS Sl+1) + J||gf§f+1

~HS + K (55)2] . (343)

The difference from the ferromagnetic case consists of two points: ) — —(Q + Qar) With
antiferromagnetic wave number (Qara = 7 and J; — —J). Correspondingly the following
changes are required:

- 1

S; = —5 sin 6o (S;" + ;) + cos 6,57, (3.44)

- 1 )

S = 3 [(cos Oy £ 1)S;" + (cos Oy F 1), + 25in 0y S7] eFHOTQar) (3.45)
5 = cos® Oy — (J)/J) sin® by, (3.46)
A =sin? 0y — (J;/J) cos® f. (3.47)
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Using Eqgs. (3.44)—(3.47), the Hamiltonian is reduced to

J(7—1) eyt D) - -
H :_Z 1 (Sfrsfh + 5 Sl+1) +T (SlJrSlH +5 Sﬁkl)
l

+ JNSESE (T + J) sin g cos 0o (SFS?,, + SFSE)

- H Z(— sin 6y Sy + cos0pS7) + K Z(— sin 0oy + cos 0,57 )?. (3.48)
I l

Using the Holstein-Primakofl transformation, Eq. (3.14), we obtain the following Hamiltonian
up to quadratic order in a and a':

A B
H = Z {Tk(alak + afkaT_k) + %(a,kak + aLaT_k)] , (3.49)
k

with
Ay = — JS[(¥ + 1) cos(ka) — 2]
+ KSsin® 6y — cos 0p[2(J + Jj + K)S cos by — HJ, (3.50)
B, =— JS(5 — 1) cos(ka) + K S sin® 6. (3.51)
To obtain Eq. (3.49), we have used the equilibrium condition

sinfy [2(J + J) + K)S cos fy — H| = 0. (3.52)

Performing the Bogoliubov transformation as in the ferromagnetic case, we diagonalize the
Hamiltonian:

H=> Eoja, (3.53)
k
A B
Ep= /A2 — B2, 02 4+ v} = =% 2upuy, = ——. (3.54)
B, B,

The dynamical spin structure factor is calculated in a similar way, and its transverse component
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Figure 3.5: Dynamical spin structure factor for the chiral antiferromagnetic chain with D =
0.5J) and K = 0. The panels (a)-(d) show the x(y)-component, while the panels (e) and (f)

show the z-component
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TS
C"(q,w) = — [1 + np(w)]
— E4+Q+Qar) {(1 — cos” 0 )E
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(1 — cos fy)? (
Bt tqar

4
( Cos 60) <AQ+Q+QAF + 1)

2
BQ*QJrQAF
Aq_Q+QAF . 1):| } (355)

EQ+Q+QAF
F = Ey-quan) |(1- cos )
q—Q+QarF
(1 — cos b)? (Aq—Q+QAF N 1> N (1 + cosfy)? <
2 B4-Q+Qar 2 Bq-Q+Qar
S
= L+ W)™ (q,w) (3.56)
Note that A, and B, take different forms from those in the ferromagnetic case. The relation
C**(q,w) holds again. The result for the z-component is
E,) =7S[1+np(w)]C*(q,w).  (3.57)
q
) in the case of

,0) and (

C¥(q,w)
C**(q,w) = 7S [1 4+ np(w)] sin 90—5(w -
Figures 3.5(a)—~(d) and (e)—(f) correspond to C**(q,w) and C**(q,w), respectively. We
start to discuss the spin wave branches of the chiral antiferromagnetic chain. It is well known
DR 7T7 DY s

that there are two linear branches at around qa = (0,
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the usual antiferromagnet. The usual antiferromagnetic case is obtained by taking the limit
D — 0 and correspondingly QQa — 0. Thus the linear branch near zone boundary in Fig. 3.5
corresponds to that appearing at ga = 7 in the usual antiferromagnet. On the other hand, we
can see that the local minimum near ga = 0 has no longer zero energy and acquires a gap. This
is because the DMI plays a role of a hard axis anisotropy along the helical axis. This kind of
gap appears at around ga = 7 for the z-component, since the anisotropy does not allow the
out-of phase mode in the z-component to have zero energy. Compared to the ferromagnetic
case, the field increasing process shows a complicated behavior since there are two kinds of
transition: One is a transition from the helical to the uniform state, where characters of the
helical state disappear. One of its characters is represented by the reciprocal spectral intensities
in C**(q,w), which becomes non-reciprocal with increasing field. The other is a transition
from antiferromagnetic to the uniform states, where the characters of antiferromagnetic state
disappear. As we mentioned, the linear dispersion relation appears at ga = 0 in the usual
antiferromagnetic case. The depression at around ga ~ 0 comes from this linear branch by
opening the gap because of DMI. This depression-structure disappears with increasing field,
and the energy branch takes maximum at around ga ~ 0 as that in the ferromagnetic case does
at around qa ~ 7.

3.5 Comparison with numerical results

We confirm this non-reciprocity in the spectral intensity by direct numerical calculation. Here
we combine a classical Monte Carlo simulation and the Landau-Lifshitz equation (2.73) as a
standard method to calculate the dynamical spin structure factor of classical spin systems at
finite temperatures [136]. Here we do not discuss the temperature dependence of C'*(q, w)
and thus we choose one very low temperature. We remark that the field direction is opposite to
that in the previous sections, since we take the field direction such that the classical magnetic
moment precesses counterclockwise as in Fig. 2.3.

First we review the numerical scheme. The correlation function is defined as follows:
CH(r,t) = NN Z [(SH(r+7' t+1)S"(r' 1)) — (S*(r + 7', t + 1)) (S" (v, 1))],
ro't ot

which is spatially averaged by the summation over 7. Here the angle bracket (O) denotes the
ensemble average of an observable O. The dynamical spin structure factor is calculated as the
Fourier transform of C*”(r,t). We transform it under the periodic boundary condition with
N} = N, = N,N,N, as

1

" (q,t) = NN D[S (gt +1)5"(=q.t) = (S"(q.t + 1)) (S"(—a.')]. (3.58)

In this scheme, we replace the ensemble average by the average over the samples which is
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described with the number of samples A and the index s labeling a sample as
1
(0) =4 Z O,. (3.59)

We prepare A initial states for solving the Landau-Lifshitz equation by performing a classical
Monte Carlo simulation A times at temperature 7', where each state is obtained after sufficiently
long relaxation process. Then solving the Landau—Lifshitz equation for an initial state labeled
by s, 58:17”. a(g,t = 0), we obtain the Fourier transform of the spin configuration at time ¢,
§S(q, t), and calculate the correlation function based on Eq. (3.58).

We discretize time ¢t = nAt to solve the Landau-Lifshitz equation using the standard
Runge—Kutta method or “RK4” with time step At = 0.01JH’1. We have confirmed that there
is no visible At-dependence by comparing it with smaller time steps. The summation over ¢’
is taken with N, = 200 and the different time step At = 10A¢ for numerical efficiency.

Finally we perform the Fourier transform in time as

O (gw) =Y C"(q,t)e 'm0’ (3.60)

t

with time step At since we do not need the higher frequency than the upper band edge of
. . . 5 . *(&;t)z /2 P
single magnon excitations>. Here the Gaussian factor, e is introduced to smooth the
w-dependence as was used in Ref. [136], but here we have not adjusted the parameter ¢,,.
We summarize the parameters used here:

* DMIL: D/J; = 0.5

* Temperature used in Monte Carlo: 7'/J; = 0.05

¢ The number of samples A = 200

* System size: N, =1, N, =1, N, = 128

* Time step: At = 0.0lJ”’l, and time length: ¢, = 40OOJ”’1
* Smearing parameter: J,, = 0.04.J

Then in Fig. 3.6 we show the numerical results of the correlation functions. We also plot by
black solid lines the analytical branches, given by E, g and E,_g¢,, for the ferromagnetic
and antiferromagnetic cases, respectively. The spin wave approximation well describes the
branches in C**(q, w) obtained numerically even in the antiferromagnetic case, although upon
changing the field the branch shape changes more drastically in the antiferromagnetic case than
that in the ferromagnetic case. Slight differences in the dispersion relations may be due to finite

5The frequency range is determined by the resolution in time, i.e. A¢. Note that the Landau-Lifshitz equation
should be solved using time step At to guarantee the precision of solutions.
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Figure 3.6: Numerical simulations of dynamical spin structure factors for chiral ferromagnets
[(a)—(f)] and chiral antiferromagnets [(g)—(1)]. We set D = 0.5.J) and K = 0. The values of the
critical field are based on the expression that [, = 2(j T J))S with S = 1 for ferromagnetic
and antiferromagnetic cases, respectively. Thus we do not take account of the effect that the
expectation value of the spin magnitude reduces on the critical field. The black solid lines in
left panels for the ferromagnetic and antiferromagnetic cases are the branches represented by
E, g and E_g4q,» respectively.

size effects. The periodic structure with an incommensurate wave vector Qa = tan™'(D/J))
usually never realizes on a lattice system under the periodic boundary condition, which leads
to errors of Aga ~ 0.025 in ferromagnetic cases or 0.049 in antiferromagnetic cases. However,
the deviation observed in Fig. 3.6(g) is about 0.076 and this is not so small as expected from the
finite-sized correction, and this requires further analysis. In addition, the difference is likely
to come from the reduction of the effective moment amplitude and interactions between spin
waves at the finite temperatures. This appears in the difference of H.. The value of the critical
field is calculated on the basis of the expression 2.5 (j — J)), but S should be renormalized
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-,

as | (S) |. Thus the values of the critical field would be overestimated and the field ratios in
the figure are underestimated. This may be the reason that the gaps in the panels (c) and (j)
are larger than the analytical values. As a whole, however, the predictions based on the spin
wave approximation do not differ from the numerical results very much, and this relatively
good agreement is owing to the low temperature, where these effects are not large. We expect
at higher temperatures that the energy branch deviates from the analytical results as well as
spectral broadening.

Then we focus on how the spectral intensity evolves with the magnetic field, which is the
main issue of this chapter. As we have discussed in the former sections, the intensity increases
in only one branch, while decreases in the other two branches as the magnetic field increases
in both the ferromagnetic and antiferromagnetic cases. The consistent behavior is confirmed
at low temperature regarding the evolution of the non-reciprocity predicted by the analytical
calculation. The intensity of the w. (¢) branch decreases in the numerical simulation while that
of the w_(q) branch decreases in the analytical calculation. This is because the field direction
is opposite in these two cases.

Here we make a few remarks about this simulation. First is about the temperature effects.
We prepare a set of initial conditions by a classical Monte Carlo simulation at the very
low temperature. Then we simulate the dynamics by the Landau-Lifshitz equation at zero
temperature. In this case we would wonder if we could take account of the temperature
effect successfully or not. It is considered that the zero temperature dynamics based on the
Landau—Lifshitz equation corresponds to dynamics under the micro-canonical ensemble, while
the canonical ensemble dynamics corresponds to dynamics based on the Landau—Lifshitz—
Gilbert equation with a Langevin torque term. Thus the equivalence of two ensembles in
the thermodynamic limit guarantees to some extent for finite-sized system that the simulation
describes spin dynamics under temperature about 7°/.J; = 0.05. Note that we do not discuss
the temperature effects quantitatively. Then once we understand this, we would have a question
about the validity of the finite temperature dynamics in the one dimensional system. In a one
dimensional classical system, there is no long range order at finite temperature, thus we could
not expect the conical state. On the other hand, as temperature goes to zero, the short range
order grows up and the correlation length becomes longer. Our simulation has been performed
for a finite-sized system and if the correlation length exceeds the system size, we may consider
that the system has long range order practically. Thus it is likely that our simulation of the
classical spin systems at finite temperature is valid.

3.6 Summary of this chapter

In this chapter, we have clarified the non-reciprocity appearing in the dynamical spin structure
factor C""(q,w) under the magnetic field. This has three branches, wy(q) = E,+¢ and
w;(q) = E, determined from the peak positions of C**(q,w). There exist the reciprocal
relations w4 (¢) = wx(—¢) and w,(q) = w.(—q). To discuss the evolution of non-reciprocity,
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one needs to focus on C**(q,w) or equivalently C¥¥(¢, w), and intensities at w. (¢) show non-
reciprocity in the presence of the magnetic field below the critical field. With approaching the
critical field H., the intensity of one branch, w, ) (q), decreases. It finally vanishes at H. and
the dispersion relation, w_(+)(q), becomes non-reciprocal above H.. Kataoka discussed the
discontinuous change of the dispersion relation[66] and obtained the dispersion described as
q®> at H = H, — 0. Above H., the dispersion relation shows a finite group velocity at ¢ = 0.
We find that the non-reciprocity appears continuously through the difference of the spectral
intensity rather than discontinuously at the critical field.






Chapter 4

Chiral solitons under tilted field

In this chapter, we consider the zero-temperature magnetic phase diagram of a uniaxial chiral
spin system under the tilted magnetic field. A candidate material is Cr;/3NbS,, and its helical
spin structure propagates along the c-axis. We call the c-axis the helical axis. This uniaxial
system shows the chiral conical state when we apply magnetic field along the helical axis,
while shows the chiral soliton lattice state for the field perpendicular to the helical axis. The
phase transitions for both directions of the field are continuous, but the inherent characters
are different. The non-linear property never appears for the parallel field and a single ¢ mode
plays a role of an order parameter. On the other hand, the chiral soliton plays an important
role in the phase transition for the perpendicular field. Therefore a natural question is brought
about: How are these two states connected? An earlier work by Laliena et al. approached this
problem, and clarified there are two tricritical points which separates these two continuous phase
transitions[86]. The phase boundary between the two tricritical points shows the discontinuous
phase transition. In the first part of this chapter, we show that the properties of the discontinuous
phase transition can be explained using the soliton picture. The linear analysis with respect to
the asymptotic behavior of the soliton or a helical mode tells us the positions of two multicritical
points on the phase boundary. In the second part, we study the surface barrier which soliton
feels when it enters or escapes from the system through the surface. In experiments for
micrometer-sized samples, magneto-resistance shows clear hysteresis in the wider region in
the phase diagram than the region where the discontinuous phase transition is theoretically
predicted. We compare our theoretical results with experimental data and conclude that the
hysteresis observed in experiment is attributed to the surface barrier of the soliton.

4.1 Introduction

The uniaxial chiral magnet, Cr;/3NbS,, has a strong hard-axis anisotropy along the helical
axis, and thus the magnetic properties under the magnetic field perpendicular to the helical
axis are well-distinguished from those for the field parallel to the helical axis[43, 109]. In
this chapter, we call the former field configuration the perpendicular field, and the latter the

57
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Figure 4.1: Phase diagram obtained for the continuum model by Laliena er al.[86]. ~/q3
stands for the anisotropy, and is almost equivalent to K'/(2H) in our definition. §,—, . are the
perpendicular and parallel magnetic fields, corresponding to H* /H4. The left panel (a) is the
phase diagram for the realistic value of the anisotropy, while the middle panel (b) is that for the
zero anisotropy case. The anisotropy dependence of the phase diagram is shown in the right
panel (c). Here “TC” denotes the tricritical point, while “CTL” and “DTL” are the continuous
and discontinuous transition lines, respectively. IC and FFM are the incommensurate phase
and the “forced ferromagnetic” phase, respectively, and the latter is nothing but the uniformly
polarized state.

parallel field. The perpendicular field induces the higher harmonics in the helical order and
the spin configuration forms a so-called chiral soliton lattice, i.e. a periodic structure of chiral
solitons. Here a chiral soliton is a 27 domain wall separating the uniformly aligned region and
it is equivalent to the discommensuration proposed by McMillan[79]. This chiral soliton is
topologically stable because of the strong anisotropy, and the control of this soliton is desirable
for application. The parallel field induces the chiral conical phase, in which the spin wave
propagation is non-reciprocal as we have seen in the previous chapter. In this case, the spin
structure does not have the higher harmonics!.

Recently Laliena ef al. studied the magnetic states under a tilted magnetic field using a
continuum model[86]. They minimized an energy functional numerically to obtain the ground
state and found that there were two tricritical points on the phase boundary as shown in Fig. 4.1.
The phase boundary separates the ordered and disordered phases. The segment between the
two tricritical points on the phase boundary shows the discontinuous phase transition, while
the other segments are continuous phase transitions. The two limiting cases, i.e., perpendicular
and parallel fields, lead to the continuous phase transition, but these two continuous phase
transitions are different, because of the presence/absence of chiral solitons and actually the
different behaviors of the observables at the critical fields between two continuous transition

I The spin configuration of the conical state is given by M; = M, (cos(qal),sin(gal), 0) + Moz, and the order
parameter is given by the amplitude of M.
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Figure 4.2: Experimentally observed hysteresis. The left panel (a) is the magneto-resistance
for a thin film under the perpendicular field and the helical axis is in the plane. The angles of
the field, which is shown in the figure, are measured from the normal direction to the film. Note
that the field is always perpendicular to the helical axis. The middle panel (b) shows the field
dependence of the magneto-resistance for several tilted angles of the field. Here the field is
rotated in the plane including the helical axis. The upper panel shows the raw data and the lower
shows the normalized resistance by R(0) and data are arranged for visibility. The right panels
are the hysteresis appearing in the magnetic torque measurement, and the upper (c) shows the
typical increasing and decreasing field processes and the lower (d) shows the difference of these
two processes, i.e., the magnitude of the hysteresis. Figures are from Refs. [103, 104].

lines were discussed. However it has not been clear why there are two tricritical points
and what are the roles of helical order and chiral solitons in each part of the phase transition.
Experiments were performed by Togawa’s group with a purpose to test the theoretical prediction
of two tricritical points. They investigated the field-increasing and decreasing processes and
observed a large hysteresis, as shown in Fig. 4.2[103]. The large hysteresis was also observed for
magneto-resistance measurement of the micrometer-sized sample with the field perpendicular
to the helical axis [Fig. 4.2(a)]. Their sample was a thin film of 13pm x 0.5um x 13pum (helical
axis), and the field is rotated in the plane normal to the helical axis. We see that 0 degs., which
is normal to the film, has the largest effect of demagnetizing field.

Large hysteresis for the tilted field in the plane including the helical axis is observed in
the magneto-resistance measurement for the sample of 10um x 0.5um x 10pum (helical axis)
[Fig.4.2(b)] and in the magnetic torque measurement for the sample of 13.4pm x 12.0pm X
17.6pm (helical axis) [Figs. 4.2(c) and (d)] [104]. In the magneto-resistance measurement,
the field is applied in the plane spanned by the helical axis and the direction normal to the
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film. The hysteresis of the magneto-resistance similar to that for the perpendicular field is
obtained for almost all the region except the vicinity of the parallel field (89 and 90 degs.)
[Fig. 4.2(b)]. Also the magnetic torque measurement is useful for the tilted field configuration
since the magnetization M is not parallel to the applied field Hex, which induces the non-zero
torque proportional to M x H,,. Magnetic torque is sensitive to a relative and small change
of the magnetization. In both experiments, they found the indication of TC1, which is the
tricritical point near the parallel field configuration as shown in Fig. 4.1 judging from the
presence/absence of the hysteresis, and there is no signature of TC2.

In this chapter, we will clarify the mechanisms of the phase transitions and roles of chiral
solitons in the discontinuous phase transition and two continuous phase transitions under tilted
magnetic field. Also we will show that the characteristic large jump in the decreasing field
process is due to the surface barrier of a chiral soliton. In contrary to the earlier work[86], we
use a lattice model in the present study.

4.2 Model and mean field equation
We start with the following spin Hamiltonian for classical spins on a cubic lattice:

- o — - K - — - o
H = —Z [J”Sj : Sj+;3 + D (SJ X Sj+2)z - E (55)2 + ch . Sj + JJ_ Z Sj . Sj+ﬂ
J n=x,y

4.1)

We consider |§J| = 1 just for simplicity. /i is the unit vector of u-direction in the real space.
The summation index 7 takes all of the lattice sites under the appropriate boundary conditions
discussed later. The first and second terms are the Heisenberg exchange interaction, and the
DMLI, respectively, on the nearest neighbor pairs along the helical axis. The third term is a
single ion anisotropy energy, and when K is positive, the helical axis is a hard axis. The fourth
term describes the tilted magnetic field, which suggests that H,, has z- and z-components, and
the last term is the inter-chain exchange interaction. We consider the zero temperature case, and
consider here only spin configurations that have no modulation in the xy-plane, i.e. the spin
structure has one dimensional modulation. In this case, the spin structure is specified only by the
layer index /. We introduce M, = §j for j - 2 = [ forinteger [ = —o0,--- ,—1,0,1,2,--- ;00
For this configuration, the last term of the Hamiltonian just shifts the origin of the energy.
For the configuration M,, we normalize the energy by the number of in-plane spins Nogq and
subtract the energy of in-plane exchange couplings as

H zN,

E=——
Noa | 2

— — — — z K — —
- Z [JIIMl - M1+ D <Mz X Ml+1> -3 (M7)? + Hex - My . 4.2)
]
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Here z = 4 denoting the number of the nearest sites in xy-plane, and N, denotes the number
of layers. The equilibrium condition, i.e. the equation for M, is given by the zero-torque
condition. The effective field on the site [, H e is given by the variation of the energy with
respect to M,, and the torque is zero when the magnetic moment is parallel to the effective
field. At zero temperature, the modulus of the moment is always 1. Therefore the equation can
be summarized as follows:

M, = H = H* /| HY), 4.3)
F[fff = JH(lel + Ml+1) + Déz X (lel — Ml+1) — KMlZé% + ﬁexa (44)

where €* denotes the unit vector of z-direction in the spin space The solution is the same as that
to the LLG equation in the stationary case. We can obtain this by letting the time derivative
be zero in Eq. (2.78). Equations (4.3) and (4.4) are the non-linear coupled equations, and
determine all static spin profiles: isolated soliton state, soliton lattice state, conical state, and
their mixtures.

4.3 Linear analysis for soliton

In this section, we study the condition of the presence of soliton solution. Since numerical
search of soliton solution takes time and is not easy to cover the whole parameter space, we
try an alternative approach and analyze a small deviation from the uniform state on the basis
of Egs. (4.3) and (4.4) up to its linear order. This provides a necessary condition for a soliton
solution, and the sufficient condition is discussed in Sect. 4.6.3.

The phase diagram includes the two types of continuous phase transitions: instability-type
in the parallel field configuration and nucleation-type in the perpendicular field configuration.
Near the latter-type transition, solitons are nucleated and their interactions determine the critical
properties at the transition. Since the soliton density is small near the transition, the interaction
is mainly determined by the tail structure of an isolated soliton, and we will study it in the
following.

To this end, we study the asymptotic properties for coupled linear equations (4.3) and (4.4).
As reviewed in Sect 2.5.3, let us assume the presence of an isolated soliton in the uniform
background, and its tail structure described by

M, = M, + Aexp(—ra;) with 2, = la (I > 1). 4.5)

The deviation Ae™*"! is a small quantity far from the soliton center. We expand the equa-
tions (4.3) and (4.4) up to its linear order and examine the condition that the asymptotic form of
a soliton exists. Note that this is a necessary condition for the existence of an isolated soliton.
Its sufficient condition will be discussed in Sect. 4.6.3.

The uniform background should be determined for each value of external field, and we
can write it as M, = (M, ,0, M,,) with the normalization condition |M,|? = 1. Note that
MY = 0 since HY, = 0.
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The vector A = (A®, AY, A%) and  are quantities to be determined. The real part of f is
the inverse decay-length of the soliton. Note that the deviation in Eq. (4.5) describes not only
a soliton tail but also other types of stable spin structure. When & is pure imaginary x = iq, it
corresponds to a distorted conical structure with the wave number ¢, and this solution can be
also examined by the same linear analysis when the amplitude is small, A | < 1. We call the
order whose leading term is described by Eq. (4.5) with x = iq the distorted conical order.

We expand Egs. (4.3) and (4.4) up to first order with respect to the second term of Eq. (4.5),
in which either 4 or exp(—kx;) is considered to be sufficiently small. Let us expand the
amplitude of the moment and reduce the number of components of A.

1= |M? = |My|? + 2M, - Aexp(—rz;) — My - A= My | A" + My A" =0.  (4.6)

Thus, there exists a relation between A* and A*. Then we expand the effective field. For
convenience we define the following quantities:

HY = 2J||Mu7j_ + HZ, 4.7
H{ =2JyM, — KM, + HZ, (4.8)
Hy, = /(Hz)? + (HZ)?, (4.9)

and the effective field can be described up to first order in the deviation as follows:

H" = HY + [2J) cosh(ka) A" + 2D sinh(ka) AY| exp(—rx;), (4.10)
H} = [2J) cosh(ka)AY — 2D sinh(ka)A"] exp(—ray), 4.11)
Hf = H} + [2J) cosh(ka) — K]A® exp(—rxy), (4.12)

|H)|? = H? + {2H7[2J) cosh(ka) A" + 2D sinh(ka)AY]
+HZ[2J) cosh(ka) — K|A*} exp(—kwy). (4.13)

Note that ;.1 — 2; = a. The mean field equation ]\Zfl - H fﬁ leads to the coupled equations
using complementary relation (4.6). Its xz-component reads

M, 1 + A® exp(—kay)
HY N (H?)? [2J cosh(ka) A" + 2D sinh(ka) AY] exp(—r;)

H, H? H,
_ H{H{[2J) cosh(ka) 3— K] A? exp(—/ml)’ 4.14)
Hu
and the y-component is
AV exp(—riy) ~ [2J) cosh(ra)AY — 2D sinh(ra)A”] exp(—/ﬁxl)' 4.15)

H,
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The equation for z-component is equivalent to the first one through the relation (4.6). From
the first equation, we obtain the equation for the uniform component

T

M, = H,/H, — (1 - H—sz”) May = 72 Moy =0, Moy = /1= M2 (4.16)

When H; =0, M, =1land M, =0. When K =0, M, () = Hé(('z)/Hex. From this, we
see that the relation (4.6) reads ﬁu . A = 0. We obtain the coupled equation for (A*, AY)

(2J) cosh(ka) — KM ) — H, M 2D sinh(ka) <Ax> .
—2D sinh(ka) 2J) cosh(ka) — H, AV)

4.17)

The condition that the nontrivial mode exists is given by the null determinant of the coefficient
matrix. The determinant takes the form that

Acosh?(ka) + B cosh(ka) + C = 0, (4.18)

where
A=4(Jj + D*M3 ), B=—2J(2H, + KM ), (4.19)
C=—4AD>M3, + Hy(H, + KM ). (4.20)

This can be regarded as the quadratic equation with respect to cosh(xa). We can distinguish a
solution xa on the basis of the discriminant of the quadratic equation.

B? —B+ VB2 —4A
D= o AC, cosh(ka) = 54 C.

(4.21)

When D is positive, cosh ka is real. The condition for real xa is given by cosh ka > 1, while
pure imaginary xa is obtained for coshka < 1. When D is negative xa is complex. The
complex xa means that the tail of the soliton is damped oscillation. We will show the typical
profiles and that they are related to the interaction potential of solitons in Sect. 4.6. The pure
imaginary xa means that the trial form we assumed has no decaying solution, but oscillation
of a single ¢ mode. As we see in the next section, this regime is described by a wave structure
with a helical pitch ¢ and roughly speaking the Fourier amplitude with ¢ is the order parameter
in the Landau theory. Note that when xa has a finite imaginary part, we consider the real part

of Eq. (4.5).
4.4 Instability-type phase transition

In the previous section, we determined the region of solutions with pure imaginary x = ig and
its boundary D = 0. In this region, an isolated soliton cannot exist, and the ordered phase is
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described by the distorted conical spin structure. The line of D = 0 is the instability-field line
of the uniform state. In this subsection, we study the phase boundary between the distorted
conical and disordered phases, and determine it by more rigorous criterion on the basis of
energy analysis. Instead of the microscopic energy functional (4.2), we analyze the Landau
energy of the distorted conical order parameter. Following the Schaub—Mukamel’s study[101],
we expand the spin structure using the order parameter £ as

MPN (M o, cos(qr;) 7, cos(2qx;) 7. cos(3qx;)
(Miy) - ( 0 ) +¢ (ay sin(qxl)) +¢& <0y sin(Zq:El)) +¢ (6y sin(3qml)> , (422)
Mg =~ My + a8+ €Y, q =g +ag” + pg'. (4.23)

Here 0, with the normalization o 4 o) = 1, Guy, Gry» ., @, 3, /3, and ¢, are parameters to
be determined for minimizing the energy for a given £. This expansion includes the single ¢
mode and its self-interactions?. These terms should be enough to describe the instability-type
phase transition, but we make a few remarks. First, the fourth-order harmonic term cos 4gx;
or sin 4qx; is not necessary, because we do not consider the case ¢ = 0, 7/2a, or m, and its
contribution vanishes after site summation. In a similar way, an initial phase ¢ which appears
by shifting gz; — qx; + ¢ = y;, is not necessary either since ) _, cos(nqy;) = 0 when ga is
neither O nor 7/n forn = 1,--- 4. Second, the odd-order terms in £ do not appear in M,
and ¢q. We can prove this as follows: First we do not expand M, and ¢ with respect to &, and
calculate the energy density. As we see later, it depends only on even-order terms in £. We
obtain ¢ dependence of M, and ¢ from the minimization condition of the energy with respect
to M, and ¢, and the equations include the even-order terms in £&. Thus we can expand M, and
q as Eq. (4.23). Physically, this means that transformation £ — —& corresponds to shifting of
the spin structure as x; — x; + 7/q, and it does not change the uniform magnetization. These
considerations on commensurate wave number ¢ are needed for lattice models in contrast to
continuum models such as a model in Ref. [101].

Another difference from the study [101] is the presence of the third component M}, but
this is only technical at zero temperature, and the normalization condition determines it as
M7 = /1 — (Mf)? — (M})2. Calculations of the Landau energy becomes easier using M}
expanded up to £*:

MFP ~ M? + (0. + 530;) cos qu; + (626, + 546;) cos 2q; + (€35, cos 3qx (4.24)

2The nth-order harmonic term is accompanied by £™.
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with M7 = M, + a.&* + (.£* and

Mu iR
0, = ———0,, (4.25)
My,
L PO (4.26)
Qy = — My, T 750, |, :
AMy | Mg
1 o’ 9
G, = — L o2+ 4M,y 0, |, (4.27)
AMy,) (Mf, ’ )
1
ol =— 200, + 20,0, + 0,6, + 0,5, + 0.5.], (4.28)
2Mu7H
1
0> = _2Mu,H [Uxaz - Uyay + 0,0, + 2MU,J_696] ) (4‘29)
1 . o240, + 0>
o 2M, SIS 4.30
3 2 (a +a; +2M, . 5+ 5 + 0.0, (4.30)

Here we keep ¢ without the expansion. Note that the term with 4¢ modulation is not necessary
for the same reason as the above.

4.4.1 Energy density
We substitute the above forms of ]\Zfl into Eq. (4.2), and write the Landau energy density up to
fourth order in € as E(§) = ag + a2&? + a4£*. In this subsection, we first expand each term of

the Hamiltonian up to fourth order in ¢ and calculate ay and a4. Expansions are given in the
following.

Exchange

J v Ry o 1
_ﬁ” Z My - My = —J) {|Mu’2 + [Q(Mu,ﬂl + My o) + ) (1+ 02) cos qa] &2

+ &%) cos 2qa + 0,0, cos qa] 54} (4.31)

2
~ —Jj {Mf & <1 + Mt o—§> (1 — cos qca)] +O(&Y). (4.32)
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DMI

D
N

w

3 (Ml X M,H)Z ~ —D (£0,0,5in qa + £'5,5, sin 2qa) (4.33)
l
~ —DE% 0,0, sin g.a + O(EY). (4.34)

Anisotropy

K K[ 1
N E:(M;)%E Mi”+ <2M o+ ag) £+ (a +2M, ||Bz—i— 52+ o0 )54}
z l L

(4.35)
KT £
Zeeman coupling
1 . - . -
. ZHQX - M, ~ —H.. - M, (4.37)

~ —Hy, - M, + &2 +0(Y.  (4398)

HE, M L M,
—e | 1+ | +a | ——=H: - H.
1M, 0 ( M2, “"/’) ( My ex)
The total energy up to the order £2 is obtained as follows by taking /-sum, which vanishes
the spatially dependent terms.

N,

2 H: K M? o2 K
+ % { {—J cos q.a + (QMTI + 5)} 1+ M—é —2Do,0,sinq.a — 5 (- (4.39)

u?H

E  (H,+ Hy) - M,
2

Therefore we conclude that

1 H> K M o2 K
= |—J L+ LU 1+ —== %) _p L0, 8ing.a — —. (440
Qo 5 [ || COS q.a (QMmH 2)] ( M2” 0,0y 8N qea 1 ( )

The derivative of ay with respect to g.a is given by

Jay

2M2”a( 2

=J (M2 |+ MiLag) sin g.a — 2D M? |0x0y €os gea = 0. (4.41)
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The derivative of a, with respect to o, is given by?3

z

H
90, = <—2J COS Gc + Muu,H + K) ME,LUny — QDMi” (05 — ai) sin gca = 0.

(4.42)

Usually |g.a| < /2 for ferromagnetic systems, and g.a > 0 is due to a positive D. By
considering that sin g.a, cos g.a > 0, we see that 0,0, > 0 and 02 — o, < 0 from Egs. (4.41)
and (4.42), respectively. The relation that H, = H} /M, , = H;/M, is useful. Let us

combine as; = 0 and Eq. (4.42), and then we obtain the following equation from 2ay0, Ma” +
2D sin gea 2J) cosqea — Hy ) \o,)  \0)° .

The condition for the existence of the non-trivial set of o, and o, is given by for the null
determinant of the coefficient matrix:

Acos? g.a + Bcosg.a+ C =0, (4.44)
where A, B, and C' are defined by Egs. (4.19) and (4.20), and we find that
(0z,04) = (2J) cos q.a — Hy, —2Dsingca)/W (4.45)

with

W = \/(2J|| cos qea — Hy)? + 4D? sin? g.a. (4.46)
Using Eqgs. (4.44) and (4.45), Eq. (4.41) is reduced to
VB% — 4AC N J B® L B

B+ AH, — H?+4D*M?2 ) = 0.
Note that cos g.a is a solution to Eq. (4.44). We focus on the terms other than the first one.
NB” (21, + KM )+ C— 12— ap2a ] =g, (2~ ac 44
oA — Jy [Huo(2H, + W) +C—Hi— u,||} =J ﬂ—Q - (4.47)

Therefore using D = B> /4 — AC, we have

—Bi2\/5_

+vD o

2J H,| = +VD [2Jjcosga — H,] = 0. (4.48)

Noting that .Jj cos g.a — H,, = Jjcosq.a — HY /M, | = —J(1 — cosq.a) — HZ /M, <0,
we can conclude that D = 0, i.e., a; = 0 is equivalent to D = 0. This is reasonable because
the expansion Egs. (4.22) and (4.24) up to order ¢ is the same as the expansion Eq. (4.5).

3Note that o, is related to o, through o2 + 03 =1.
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4.4.2 Fourth order terms in &*

In this subsection, we derive the coefficient a4 in the Landau energy. Here ¢ is a scalar order
parameter associated with this phase transition (a; = 0), and a4&?* is the only form of the
fourth-order invariants in the Landau expansion. Note that ¢ has a £? term. The fourth order
term in each part of the energy is given as follows:

Exchange
G2+ 62+ 52
Jj g( + 02) sin g.a + %(1 — c082qca) + 0.0, (1 — cosqe.a) | €4 (4.49)
DMI
—D [aao,0, cos g.a + 7,5, sin 2q.a) £* (4.50)
Anisotropy
K 1
5 (a + 2Mu B + 5 ~674 0.0 )54 (4.51)
Zeeman coupling
— (Hg B+ HEB.) € (4.52)

We sum up them and obtain a4 using 1 — cos 2q.a = 2 sin? q.a as

= J) [(62 + 7, + 72) sin® qea + 0.07,(1 — cos qea)| — D5,7, sin 2q.a

K{(, o.+0, H? . o O.+0,+0; ,
_ i ex A B . 4.53
5 (a + 5 >+2Mu,” (a +al + 5 + 0.0, (4.53)

Parameters 7,, 0, and o should be determined through the stationary condition of a, with
respect to them. The derivative with respect to « leads to

Oay do’, HZ, M, | o, 0o’
= z 11— c - 7 z - =
= Jjo.5=(1 —cosqea) — K + —= o (a Mu7“a + 5 Do

Da Oa

H?, HZ M, M| 2
K — ex 1
( M3“> a+Mu,||4M2H < + M2|| Oy
1 HZ } 0302

— |Jj(1 = cosqea) + =

=0. (4.54)
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The derivatives with respect to o, and o, are given by

2J|| .9 K HZ .
— 5 —Dsin?2 _
Az T o <0r> = (yw) (4.55)
—Dsin 2q.a 2Jj sin? g.a _f + 25\]4 | Ty Yy
My, [ o2 )( H2
Yp = > 5 — 2J) sin? g.a +
[ AMy (M | 2M.y)
O’ o H?
== gy (1 — . — = 4.56
2M3 ( I = cosgea) + 2Mu,||)] | 0
040 H'Z
= 2 . 4.57
Yy oMy, <J sin® g.a + 50, > (4.57)

We can easily obtain «, 0, and 7,, and we find a4 on the basis of Eq. (4.53) for a given ﬁex.
The condition a4, = 0 on the line a; = 0 leads to the tricritical point, and its value will be
shown in Sect. 4.6.1

4.5 Numerical techniques

Before going further, we briefly explain a few numerical techniques, which will be used in the
numerical results shown in the following sections. For each problem we use a corresponding
appropriate method from what we list here. The equation to solve is a kind of the self-consistent
one and we solve it by an iterative manner with a given boundary condition. First we choose an
initial condition and calculate the effective field from Eq. (4.4). Then we update all of the spin
configuration by Eq. (4.3). We repeat to this procedure until achieving precision we want*.

The boundary condition we use is the periodic boundary condition or the free boundary
condition, which is given, respectively, as follows:

{ M,_ N, = Mo periodic boundary condition, (4.58)

Ml: N, = Ml:_l =0 free boundary condition.

In both cases, there are N, spins in the system. The boundary conditions are used to calculate
the effective field. In the updating process, we sometimes impose a condition to fix the soliton
position at the site /s. For this condition, we choose two methods. One update fixes the direction
of the in-plane component of Ml:lsz

= 2 2
M, = (=|HS], 0, HE#) /| He®| with | HE™| = \/ (Hff””) n (Hfff’y) (4.59)

4Our convergence condition is max; \A]\le\ < 5.0 x 1075 with the change of the moment at site [ after one
iteration, AM;, except for the case of calculating the phase diagram. In this case, the condition is max; |AM;| <
1.0 x 10718, and A M is the change after 1000 iterations.
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for H, > 0, and the other update completely fixes the direction of Ml:zsi
My, = (M0, M) = M with (M7*)? + (M%) = 1, (4.60)

where M, ;s a given vector to fix the direction of the moment at the soliton center. In contrast
to Eq. (4.60), Eq. (4.59) imposes the condition that the z-component is non-positive and does
not fix the direction of the moment. Note that the solutions obtained under these constraints
are not guaranteed to be stable when we do not impose the constraints. In other words, we can
discuss also a solution which is stable in the restricted configuration space but unstable in the
whole configuration space.

We also mention how to choose initial configurations. There are a lot of solutions which
are stable against all the local and small perturbations when it is related to the nucleation-type
phase transition®>. The different solutions are characterized by different topological indices,
although such a stability is lost in some region, for example near the instability-type phase
transition. This requires us to compare the energy (or free energy) between solutions with
different topological indices. We define the following quantity with the parametrization M, =
(cos ¢ sin 6y, sin @ sin 6, cos 0)):

1
w = o Xl:(wﬂ — ) where — 7 < @11 — ¢ <, 4.61)

which is a topological index of this system under the periodic boundary condition. We can
easily imagine that the winding number stands for how many times in-plane spins rotate about
the helical axis in the spin space along the chain direction. For the solution with a specified
winding number, we choose the simple state in which spins rotate with a constant angle as
initial states:

M, = (cos g1, sin ¢y, 0) with ¢ = 2wl /N, (4.62)

When the field is applied to the perpendicular direction, this single-harmonic state evolves into
a state with its higher harmonics but the winding number does not change. Note that this does
not necessarily hold. For a field particularly in the region of the phase diagram where xa is pure
imaginary, a state with a winding number far from wy = (27)~'N, tan~'(D/.J;) may change
its winding number to an integer value closer to wy. As another case, consider a state with
w = 1 when the perpendicular component of the magnetic field is not very weak. This state
is well localized in sufficiently large systems, and it is very different from the initial sinusoidal
state depending on the system size. When the difference is extremely large, the sinusoidal state

5These many stable states in this sense do not necessarily lead to the thermodynamic discontinuous phase tran-
sition. In the thermodynamic limit, all physical quantities show continuous changes except at the thermodynamic
discontinuous phase transition. The metastable states with respect to the Hessian with positive eigenvalues can
be distinguished from the thermodynamic metastable states, which is related to the thermodynamic discontinuous
phase transition. Here we call them solutions to distinguish them from the thermodynamic metastable states.
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with winding number w = 1 does not evolve into a soliton state. In this case, we need to choose
a trial single soliton solution in a different way. One possibility is

¢ = m[1 + tanh(l/Al)], (4.63)
or under the periodic boundary condition
@1 = m{2 + tanh(l/Al) 4 tanh[(l — N, + 1)/All}. (4.64)

Here Al denotes the width of soliton and is taken as, for example of order 50. This trial state
can be generalized to an initial state with Ny solitons with or without the surface configuration
which contributes to non-integer part of w when it exists. On the other hand, the number of
solitons NNy is the same as the integer part of w.

Once we construct a localized solution at some value of field, then for close values of field
we may adopt this solution as an initial condition, which facilitates calculation. We also use
the initial condition

M, = (M? cos ¢, M* sin @;, M?) with ¢; = 27wl /N., (4.65)

in a large parallel field under the periodic boundary condition. We have adopted M, for the
coeflicients as an example.

4.6 Phase diagram

The numerical results in this section are obtained for N, = 4000 unless explicitly remarked.
Figure 4.3 shows the phase diagram for the set of the realistic parameters of Cry/3NbS,. The
horizontal axis is the perpendicular field, HZ /Hq4, while the left vertical axis is the parallel
field, HZ /Hq. Here Hy = 2[(J} + D*)'/?> — Jj]. The phase boundaries are represented
with several symbols corresponding to the types of phase transition. In addition, we show
1 — | M| with the uniform magnetization M = S, My/N., as the limit from the low-field side
to the phase boundary by the symbol of inverted triangles, which helps us to understand where
discontinuous phase transitions occur. The values are indicated on the right vertical axis. The
two solid rhombuses on the phase boundary are the multicritical points. One is the tricritical
point labeled T and the other is the multicritical point labeled M, which are respectively referred
to as TC1 and TC2 in Ref. [86]. Here point TCl is a tricritical point in the sense that the point
is determined by a; = 0 and a, = 0 with the coefficients of ¢2 and £ in the Landau energy.
On the other hand, we call TC2 the multicritical point following the Schaub and Mukamel’s
study[101]. They suggested that the multicritical point at which the nucleation-type phase
transition line and discontinuous phase transition line meet is not a tricritical point, but is of
different nature(, though the difference is not clear in Ref. [101]). Since we could not exclude
this possibility, we do not identify the multicritical point as the tricritical point. We discuss
one possible difference in Sect. 4.6.2.
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Figure 4.3: Phase diagram for realistic parameters: D/J; = 0.16 and K/H4 = 5.68. Two
points denoted by “T” and “M” are the tricritical point and the multicritical point, respectively,
and separate the phase boundary into three segments: nucleation-type continuous phase tran-
sition line, the discontinuous phase transition line, and the instability-type continuous phase
transition line denoted by red squares, blue circles, and pink triangles, respectively. The light-
blue solid line labeled “linear analysis” is the crossover line obtained by the linear analysis,
discussed in Sect. 4.3. In addition, we plot a quantity 1 — |M | defined in the text, which is
denoted by green inverted-triangles and the values are indicated on the right vertical axis.

Figures 4.4(a) and (b) are the magnified images of Fig. 4.3 around these points. The solid
line colored with light blue separates three regions with different character of xa, and this is
determined by the linear analysis in Sect. 4.3.

4.6.1 Tricritical point

First we consider the tricritical point, T (FI tri), and the phase boundary of continuous phase tran-
sition (HZ, < H{;). Numerically obtained this phase boundary is consistent with the analytical
line based on the instability-type phase transition. Thus we conclude that the phase transition
in this region is the instability-type continuous one which can be described by the Landau

theory of the helical order. The tricritical point appears when the coefficients of the second
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Figure 4.4: Magnified phase diagrams around (a) the tricritical point and (b) the multicritical
point. The open rhombus in the panel (b) is a multicritical point with error bars estimated by
the curve fitting.

and fourth order terms of the order parameter in the Landau energy both become zero, and the
analysis in the last section gives its position (H{;, HZ;) = (0.003920828, 0.164476007).J) =

tri»

(0.1541313188, 6.465703164) Hy. This result is in good agreement with the numerical calcu-
lation as shown in Fig 4.4(a); The quantity 1 — |M | stays zero on the instability-type transition
line and becomes finite on the line being the other side of the tricritical point. The discon-
tinuous transition line near the tricritical point can be described by taking account of the
sixth order term of the Landau expansion but we do not go further. Instead we make a re-
mark on the discontinuity; Figure 4.4(a) shows that it depends linearly on H? — H{; with
the z-component of discontinuous transition field H®. We assume that the coefficient of &£°
in the Landau expansion ag > 0, and a4 changes its sign at the tricritical point along the
phase boundary as @(H@”H H?)/H i with @, > 0. The discontinuity of &2 is given by

—ay/(2a6) = [as/(2a6)|(HF — HE;)/HE,. The leading order of the total magnetization in ¢ is
calculated from the expansion forms (4.22)—(4.24) and M} as follows:

- 1 -
M = 7 Xl: (MZ,0, M?) — | M|~ 1+ (M, a+ M, ja,)&,

Mgy +M; o7 , M3+ M 07 ay HY — HE, 4.66
AME, T AMZ, 20 HY (4-66)

tri

—1—|M|~

We thus obtain the linear dependence of 1 — |M].
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Figure 4.5: Typical spin structures of isolated solitons. In both panels, red squares, green
triangles, and blue circles with lines stand for the in-plane spin amplitude (= \/(M®)? + M})?),
M, and in-plane angle (= tan'(M}, M}")). The left panel (a) shows them for the field in the
repulsive region of the phase diagram, Hey = (0.4,0.0, 3.0) Hq, while the right panel (b) for
the field in the attractive region ﬁex =(0.3,0.0,5.7)Hy.

4.6.2 Multicritical point

Next we see how we can understand the multicritical point, M. The phase boundary crosses the
crossover line obtained using the linear analysis at M in Fig. 4.3. The crossover line is defined
by the null discriminant, and separates the phase diagram into three regions on the basis of the
types of ka. For a complex xa, the tail of an isolated soliton decays with oscillation. For a real
ka, the tail exponentially decays without oscillation.

We confirm these for each representative in Fig. 4.5. The left (a) and right (b) panels show
the spin structures of the isolated solitons for real and complex ~a, respectively. The field
values are shown in the caption. The isolated soliton solutions are obtained with the periodic
boundary condition for sufficiently large systems, and here we set N, = 2000. We impose
an additional condition for the in-plane angle ¢;—g = 7 to fix the soliton position. In-plane
amplitude in the left panel shows a small dip at the soliton center and increases with distance,
then finally approaches the asymptotic value from above. On the other hand, the right panel
apparently shows that the asymptotic value is approached from below. Precisely speaking, the
amplitude has damped oscillation and hence has local maxima and minima after the obvious
local minimum near [y = 50. Whether an isolated soliton has an oscillating structure or not can
be seen more easily in the in-plane angle. In the left panel, the angle increases monotonically,
while not in the right panel. We show the oscillation structure appearing in the in-plane
amplitude and angle in Fig. 4.6(b). They are shown as the absolute values of the deviation from
the asymptotic values. For comparison, we show those for a real xa in Fig. 4.6(a). For these
spin configurations, then we see the interaction energy of two isolated solitons. To eliminate the
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Figure 4.6: Deviations of in-plane amplitude (red squares, left axis) and phase (blue circles,

right axis) from the asymptotic values in log scale for (a) real xa and (b) complex ka. Parameters
are the same as in Fig. 4.5.

40 60 80 100 120 | 40 60 80 100 120
Al | Al

Figure 4.7: Interaction energy of two solitons as a function of inter-soliton distance Als, which

is the variable of horizontal axes. Each vertical axis is the two soliton energy measured from

2F; with the single soliton energy Ej, and the unit of the energy is the intra-chain exchange

coupling. The values of the field are the same as those in Fig. 4.5. The detail including the
definition of energy is described in the text.
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system size dependence, we measure the energy of w soliton (winding) state from the energy
of the uniform state with the moment M; = M,:

By = E — By with By = — N, (J)|My|* + He, - M, — K(MZ2)?/2). (4.67)
Then we obtain the interaction energy of two isolated solitons as
Euni(Aly) = Ey(Als) — 2E7, (4.68)

which is a function of the distance between the two solitons, Als, and we explicitly show the
argument. We again use the periodic boundary condition and impose the two soliton conditions.
In this case, we set IV, to 500, which is sufficiently large for the interaction potential to decay
well, as seen in Figs. 4.7(a) and (b). The values of the magnetic field for (a) and (b) are
the same as in Figs. 4.5(a) and (b), respectively. Figure 4.7(a) shows that the interaction is
repulsive, namely the energy becomes lower as the inter-soliton distance increases. From
this, we can understand the nucleation-type continuous phase transition through the following
emergent-particle picture: When the field is lower than the value at £} = 0, adding solitons
into the system lowers the energy owing to negative single soliton energy, which contrasts with
the positive interaction energy. Their competition determines the number of solitons in the
system. The condition can be approximated as £ + Fiy(Als = N, /w) = 0 under the periodic
boundary condition, where we can neglect more than two body interactions near the phase
boundary. The negative Iy approaches zero with the increasing field, and finally w = 1 is
achieved and the critical field is given by the condition ££; = 0. In the thermodynamic limit, the
winding number density defined by @ = limy, _,o w/N, changes from (27r) "' tan™' D/J| to
0 continuously. For a fixed HZ_, we explain the diverging behavior of the period at HZ < H?.

ex? ex ~v

First we approximate the single soliton energy and the interaction energy as
By, = ei(HE — HY)/He, Eing = €ime "2, (4.69)

Consider the balance condition of these two energies and obtain a finite inter-soliton distance,
i.e. a period of the soliton lattice for A7 < H}:

1 Eint [‘[Q3
Al,=—In (e ) 470
mn(ele—ng) @70

This logarithmic divergence is consistent with the result of chiral sine-Gordon model Eq. (2.99)
in Sect. 2.4.

On the other hand, the right panel is more complex; the interaction potential steeply decays
as well, but with oscillation which comes from the oscillation of each soliton profile. As a
consequence, the interaction energy has local minima, and the global minimum point is around
Als = 50. How does this change the above mechanism? Again we consider a field smaller
than the field giving £; = 0. The inter-soliton distance is determined from the competition
between the negative single soliton energy and the repulsive interaction for close distances. As
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the field increases, the single soliton energy goes to zero from below. When E; = 0, the total
energy is the same as the condensation energy of multiple solitons, and takes the minimum
at the finite inter-soliton distance. This distance is approximated by the point which gives the
minimum of interaction energy of two solitons, Al ,i,, depending on ﬁexz if FIEX is close to
H multi> the distance goes to infinity. The total energy takes the minimum for the finite distance,
which means that the periodic structure of multiple solitons is favored rather than the single
soliton state. This is the soliton lattice state. The single soliton energy becomes positive as the
field increases further. This energy competes with the negative interaction energy and gives
an optimal inter-soliton distance. One finds that the field at which the energy of the soliton
lattice becomes the same as for the uniform state. This is the thermodynamic discontinuous
phase transition point. We consider only the two body interaction, i.e., the global minimum
of the interaction potential, to simplify this picture®, and calculate the magnetic field such
that £y + Ein(Alsmin) = 0. The line of this magnetic field is shown in Fig. 4.8 with green
rhombuses. In Fig. 4.8, we also show the discontinuous phase transition line (blue circles) and
the nucleation line H, (purple inverted-triangles), defined by £, = 0. The nucleation line
underestimates the phase boundary of the discontinuous phase transition and is in the ordered
state, while it is the phase boundary when the phase transition is the continuous one of the
nucleation-type. In contrast to H,q, the curves designated with green rhombuses agrees quite
well, and thus the emergent particle picture is effective.

Now we know theoretically that the sign of the interaction between solitons determines
whether the phase transition is continuous one of nucleation-type or discontinuous one. Ac-
cording to the numerical results shown in Fig. 4.4(b), the crossover line obtained by the linear
analysis crosses the phase boundary between the two end points, the blue circle and the red
square, and thus the calculated data are consistent with the linear analysis. The linear analysis

¢Interaction potential decays fast and the other local minimum hardly contributes.
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par ameters values €Irors par ameters values €I1rors
HE - THqy | 0495396 | 0.001010 || HZ,./Hq | 3.90238 | 0.01287
fs 463162 | 164.4 f. 215.505 | 49.76
€s 0.321416 | 0.04625 e 0.334825 | 0.04636

Table 4.1: Fitting parameters.
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Figure 4.9: Curves obtained through the fitting method. The black arrows represent the region
where we use the curve fitting.

is helpful in determining the multicritical point with high accuracy. The multicritical point is a
critical point at which the sign of the soliton interaction changes. Since the phase boundary of
the nucleation-type continuous phase transition is the same as the nucleation line, we can iden-
tify the multicritical point as the crossing point of the nucleation line and the line obtained by the
linear analysis. The nucleation line can be calculated much more easily than the discontinuous
phase transition line. Its value is (H?, ., HZ ) = (0.49632895, 3.8909051) Hy.
The multicritical point can be evaluated also using the numerical data about the discontin-
uous jump in the winding number, w, at the discontinuous transition. We perform curve fitting
with a function w = f[(HF — Hf i)/ )] (1 = @, ) along the phase boundary (H?, HZ),
where f,,, H" .., and ¢, are fitting parameters. Here ¢, is a critical exponent of the discon-
tinuity w of the discontinuous phase transition around the multicritical point. We obtain the
fitting parameters, as shown in Table 4.1, and the obtained fitting curve agrees with the raw
data as shown in Fig. 4.9. As seen from both Table 4.1 and Fig. 4.4(b), the point obtained by
the fitting method is consistent with the calculated multicritical point within the error-bars.
The critical behavior of 1 — ]M | near the multicritical point M is not linear. Because
an 1nter—soht0n distance Al is large, we can expect that 1 — |M| ~ w|AM|, where AM =

DY (M Ml) with a single soliton profile M,.” The magnetization reduction owing to a

"The expectation can be valid since the inter-soliton distance diverges as M is approached. Even in our



4.6. PHASE DIAGRAM 79

2 T nucleation-type cont. PT —&5— discontinuous PT —o—
discontinuous PT —o— instability-type cont. PT
6r instability-type cont. PT 1 linear analysis
linear analysis 6.8 r Hp-line (DP0) —m—
5L Hy-line (DP0) —m— | Hy-line (DP 1) —e—
Hy-line (DP 1) —e— o Ho-line (OP) —o—
Hy-lineDP2) —o— | 1T 66 | O,
Hp-line (OP) —<o— | ™

T Disordered phase

Disordered phase 1= 64 unwinding state
62 | Orderd phase
1 1 1 1 1 6 L L L L L
1 1.5 2 2.5 3 4.5 0 0.05 0.1 0.15 0.2 0.25 0.3
x
HZ /Hq HE, /Ha

Figure 4.10: (a) Hy line shown in the whole phase diagram and (b) its magnified image around
the instability-type phase transition. The same symbols are used as in Fig. 4.3 for the phase
boundaries, critical points, and the line obtained by the linear analysis. The H|, lines are plotted
from the several aspects. Here DP (OP) stands for the disordered (ordered) phase. See the text
for the difference between DP O, DP 1, and DP 2.

single soliton, AM does not change from that at M, and thus the behavior may be almost the
same as that of w, i.e.,

Cu

1—|M|

H* — H*”
‘C— for =z, z. 4.71)

multi
H#

multi

We remark that the errors in f,(u = x, z) are large, and there are two possibilities to improve
this: perform further calculations near M and/or prepare another function to describe the critical
behavior rather than power law. However the critical behavior is different from the linear one,
and in that sense, M is different from T.

4.6.3 Hline

Finally we discuss H lines in the ordered and disordered phases. They are defined as follows:
In the ordered phase, the line is the boundary where the x-components of the most stable state
become non-negative?, i.e., the winding number is zero for H > Hy[101]. In the disordered
phase, we define the H line by the limit of the metastability of an isolated soliton, i.e., an
isolated soliton no longer exists in the high field side of this line. We remark that the necessary

calculated data, solitons are separated from each other: 120 < Alg < 200 are used for the curve fitting, while the
size of a single soliton is about 50.
8forall [, Mj* >0
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condition for existence of an isolated soliton is that Re(ka) > 0, and the Hj line marks the
territory of the soliton in the high field side. The low field boundary is qualitatively given by
the crossover line separating the regions of complex «a and pure imaginary xa. However, the
assumption of small amplitude A is not valid in the ordered phase, and the line determined by
the linear analysis shifts to slightly lower H7_side than the actual one. We call the instability
at this line the inflation instability and will discuss this in Sect. 4.8.3.

The Hj line in the disordered phase was originally considered for skyrmions in a two-
dimensional chiral ferromagnetic system by Leonov er al.[137]. This line gives the upper
bound of the field for possible observation of the remnant solitons. Numerically the H line is
obtained by seeking for the field between the highest field at which an isolated soliton can be
constructed and the lowest field at which an isolated soliton can not be constructed; In the latter
case, the initial profile of an isolated soliton goes to the uniform state. We seek for the field
corresponding to H using the bisection method. We use the previous isolated soliton solution
as an initial condition in this seeking process.

The instability of an isolated soliton has three origins: (i) The first one is the spin motion
towards the helical axis. The soliton can be unwound via the zero in-plane amplitude state.
The method to seek for the H line in this origin is discussed in detail later. (ii) The second
one is that, when the temperature is finite, thermal fluctuations reduce the moment locally,
which unwinds the soliton through vanishing moment at the soliton center. This was originally
discussed for skyrmion unwinding, and the H line was introduced for that system[137]. (iii)
The third origin is specific to the lattice model; At sufficiently large field, the width of the
soliton becomes narrow. No matter how narrow the soliton is, it can exist in the continuum
model. In the lattice model, however, an extremely narrow soliton with the width shorter than
the lattice constant is neither stable nor well defined. In the present case of zero temperature
and small D, we will see that the origin (i) is dominant. Thus we study the H line from this
viewpoint.

First of all, the whole structure of the H line in the phase diagram is shown in Fig. 4.10(a).
The Hj line can be calculated in several ways, though they are consistent with each other.
Figure 4.10(b) shows a magnified figure of the Hj line in the ordered phase. The Hj line in
the ordered phase actually terminates at H, = (0,0, HZ): the critical field for the z-direction,
although that part is not shown in the figure. There are non-uniform but unwinding states in
the region between the H line and the phase boundary. All of the M;*’s are positive in this
region and the winding number is always zero; The in-plane angle is bounded between —/2
and 7 /2. This means that the order near the instability-type-phase boundary is the helical state
rather than the soliton lattice state.

Now let us go to the Hj line in the disordered phase, which is labeled “Hy-line (DP)” in
Fig. 4.10. In the disordered phase and the outside of the limit of metastability of the ordered
phase, there is no unwinding-helical state, and we consider the instability field of an isolated
soliton, which is the Hj line in the disordered phase. Note that an isolated soliton can exist as a
metastable state in the disordered phase below the H line. As we mentioned, there are several
ways to calculate the H, line in the disordered state. A simple way is to seek the field where an
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Figure 4.11: Energy landscapes for Mli’*. The parallel field, HZ_is set to (a) 4.5H4 and (b) 0.

isolated soliton disappears by increase of the magnetic field. In this case, for the lattice model,
there are two choices regarding whether the soliton center is on a site or between sites. We call
the former “direct search 17 and the latter “direct search 2”. If the soliton is very narrow, the
latter case is more stable just because one more spin has a negative x-component compared
with the former case. In Fig. 4.10(a), we have labeled the former one “H-line (DP 1)” and the
latter one “Hy-line (DP 2)”, where DP stands for the disordered phase. From the figure, these
two choices are basically the same. The agreement of DP1 and DP2 suggests that the origin of
the instability is related to the out-of-plane motion mentioned above rather than the narrowing
width. The configuration of an isolated soliton has a negative value M at [ = [, i.e. the
soliton center. The condition for a stable soliton is that its total energy should be minimized
for some value M;" < 0 at least locally. Since we have checked that the soliton center position
or not is not important, we let M, = 0. Now the problem is the variation of the energy with
respect to one parameter, M~ , as M, i~y is related to M;”, by the normalization condition.
In numerical calculations, we repeat iteration with fixing M;* to a specified value Ml“ in
the update of the variables. We call this scheme “variational search”. Let us see examples.
Figure 4.11(a) shows the energy landscape as a function of M l“:;s for HZ /H4 = 4.5, and the
different curves correspond to the different values of HZ /H,. We find two local minima for
low HZ: one is for positive M,”" and the other for negative M;"*. The local minimum in the
positive side corresponds to the uniform state. This value of M, f* is equivalent to M7 and the
energy is actually zero. Note that we measure the energy from that of the uniform state. The
local minimum in the negative side corresponds to an isolated soliton solution. We also find
that at higher 7 the local minimum disappears in the negative side, which means there is
no stable isolated soliton. This disappearance of the local minimum determines the instability
field Hy: OF1/OM;"" = 0 and 0°E /O(M,")* = 0. The H, line thus obtained is referred to as
“Hy-line (DP 0)” and it is marked by solid squares in Fig. 4.10(a). This line overlaps with the
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lines obtained by direct searches, and the origin of the soliton instability of an isolated soliton
is confirmed. Namely the increasing field destabilizes a soliton with negative ;" and changes
it to the uniform state.

Interestingly, when HZ?_ = 0 as shown in Fig. 4.12, the direct search 2 gives pretty high
value of H{,° which is different from its limiting value at HZ = 0. The direct search for
HZ = 0 restricts the spherical spin space to the xy-plane, and the soliton cannot unwind
through pointing the moment to the z-direction at the soliton center. In this case, the increasing
field squeezes the soliton width, which leads to the instability only in the lattice model. The
rather high H field is attributed to this mechanism, i.e. in-plane constraint. The lower value
of H{ obtained by the variational search, is also indicated in the energy landscape for HZ, = 0
shown in Fig. 4.11(b). The local minimum structure collapses at around HZ /Hq ~ 4.3,
which is consistent with the limiting value from the finite /77 _. For this realistic parameters of
Cr1/3NbS,, this mechanism is dominant for the instability of an isolated soliton.

Let us consider which mechanism is more dominant for which case, since the instability
of the narrow soliton is not forbidden in principle. If the spins are restricted in the plane, the
motion to the out-of-plane is forbidden. This corresponds to the infinitely large anisotropy.
On the other hand, the narrow soliton is only unstable in the lattice model. This means that
the continuum limit (D — 0 or a — 0) never leads to the instability of the narrow soliton.
From this brief consideration, the motion towards the helical axis is dominant instability
for small D or K, while the narrowing width is dominant in the opposite case. Usually the
information about the hard axis anisotropy K does not appear in the uniaxial chiral magnet with
the perpendicular field and can be obtained by measuring the parallel critical field (0,0, HZ).
However, if the H field depends on K, this effect is important for determining anisotropy

9Direct search 1 basically gives the same value of Hy), since the soliton center shifts to the middle point of two
neighboring sites, and thus it is equivalent to the direct search 2.
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in experiment. To check this, we calculate the K dependence of H, using the variational
search. Note that for HZ = 0, the variational search cannot access to the soliton narrowing
instability, while the direct search cannot examine the instability of the spin z-component. The
obtained result is shown in Fig. 4.13. For D = 0.16.J), the instability mechanism changes
at around K/Hyq ~ 34, since Hj related to the hard axis motion becomes larger than the
value of narrowing instability. It should be mentioned that the large anisotropy of Cr; ;3NbS, is
K/Hq = 5.68, which leads to ten times larger critical field in the direction parallel to the helical
axis than that in the perpendicular direction. For larger D, the narrowing width instability is
more feasible. YbNizAly is a material with short range helical structure, which is probably
caused by the next nearest exchange interaction in addition to the DMI. It should be interesting
to examine which kind of instability is dominant for the helical structure with such a short
period. The opposite limit is a continuum model such as the chiral sine-Gordon model, in
which the instability of the narrow width of the soliton never occurs. Therefore we expect that
the H field obtained by the variational search describes the H field of the chiral sine-Gordon
model as well. We study this further in the next subsection.

4.6.4 H, field : chiral sine-Gordon model

We study the instability field of a soliton in the chiral sine-Gordon model given by

1 /do\> 1 de 2 de
2 .2 .2
E=Js a/dz [2( z) +2sm 9( z) Qo sin” 0 .

2
—m?sinf cos p + % cos’ 6| . 4.72)
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Figure 4.14: (a) (m/Q)* dependence of the excitation energies for the anisotropy (7/Q)? =
5.68. (b) Bound state eigenfunction for (m/Qg)* = 0.75.

Here 6 and ¢ are the variables of the moment in polar coordinates. The model is basically
the same as that introduced in Sect. 2.4: (Qy and m? are the magnitude of the DMI and
the magnetic field and related to the parameters of the lattice model as )y = D/(Jja) and
m? = Hec/(JSa?), respectively. The last term describes the hard axis anisotropy along the
helical axis: v* = K/(.J;S%a?). Since the solutions are constructed with modulus  as shown
in Eq. (2.88) in Sect. 2.4, we can write down a single soliton solution by taking the limit k — 1.
Note that am(u, k — 1) = 2tan~'(e*) — 7/2, and @)y > 0. Using a constant of integral z,
denoting the soliton center position, we have

©o(z) = 4tan~[em===)] (4.73)

for M = S (cos ¢, sin @, 0). We consider a small fluctuation around this solution: 6 = 7 /2+ 6
and p = g + dp. Here o = 4 tan~! (™) with z, = 0 without loss of generality. The energy
functional is expanded up to second order in 66 and d¢ as follows:

1 (déo\° déy 1 (deo)> dgpo
~ 2 - et 1= v _ 2
ENE0+JSa/dz{2(dZ) (dz) [2<dz) 0 00

m2 72
+5cos o (0p° +06°) + 7692} RERCNEY

— JSZQ/dz [% <ddi0> Qo— —m?cos SOO] ) (4.75)
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By taking variations, we obtain the eigenequations for 66 and d¢:

Lgo0 = wgdl), Ly = ——5 — (—) —2Qp—— —m~cospy — Y|, (4.76)
dz dz dz

. . d?

L,0p =wydp, L, = 2 + m? cos pg. 4.77)

We can rewrite £y = —d?/dz% — A(z) with the spatially dependent potential

. (4.78)

cosh? mz mcoshmz m

A(z)—m2<L—l _ 4G 72)_

In the following, we calculate the lowest eigenvalue of §0-mode. Figure 4.14(a) shows that for
low field, d6-mode has an energy gap, and increasing field closes the gap, which determine
the instability field. One mode is separated from the continuum and the panel (b) shows that
fluctuations of this mode are well localized around the soliton center. As shown in Eq. (4.78),
the anisotropy ~? plays a role of the energy shift. In this case, it is easy to determine the
instability anisotropy for the fixed magnetic field m. For convenience, let us consider the
potential A(z) = A(z) + ~2 and the eigenenergy &(m) for the operator —d?/dz? — A(z).
Since the true eigenenergy is w = w(m) + ~?, the instability anisotropy which satisfies the
condition w = 0 is given as a function of my = [Hy/(.J;Sa*)]'/? by

78 = —@(mg) <> mo =0 (73). 4.79)

The anisotropy dependence of the instability field is shown in Fig. 4.15 by green inverted-
triangles. We have added the instability fields of the lattice model for D/.J; = 0.32, 0.16, and
0.08 for references. The instability fields determined by the in-plane constraint are shown by
dashed lines. This instability is unique in lattice models. The panel (a) shows the instability
fields for the smaller region, and the results for different D’s are close to each other. Actually,
while the continuum limit corresponds to the limit of D — 0, its result is quite similar to that
for D = 0.08.J). The difference between the continuum limit and the lattice model becomes
visible when the result obtained by the variational search becomes as high as that obtained
with the in-plane constraint, as seen in Fig. 4.15(b). For both D/ Jy = 0.32 and 0.16, a
peculiar increasing behavior, i.e. downward convex curve is observed and this may be caused
by unphysical narrow soliton. Here we use the word unphysical because the field is higher
than the H, determined by the in-plane constraint. For K/H4 < 120, on the other hand, this
increase cannot be seen for D/J = 0.08 because H, determined by the in-plane constraint is
rather high. In fact, this increase can be seen at around K /Hy ~ 450.

We conclude that the K -dependence of H, has monotonic increase with upward convex if
the instability field of the hard axis motion is lower than the narrowing width instability field,
and otherwise, H is independent of K since it is dominated by the narrowing width instability.
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Figure 4.15: Instability field of an isolated soliton using chiral sine-Gordon model (green
inverted-triangles). Red circles are the same as those in Fig. 4.13 with the in-plane instability
field represented by the blue dashed line. For different values of DMI, the instability fields
are shown by the different colors and symbols (see the legends). The left panel (a) is for the
small anisotropy region, while the right panel (b) is for the larger region of the anisotropy,
in which difference between the lattice model and continuum model is visible. Note that the
normalization in the chiral sine-Gordon model is done using Hq = D?/Jj. In the chiral sine-
Gordon model, H% /Hq and K /H, are the parameters and there is no explicit D dependence.
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4.7 Discussion on temperature effects

We briefly discuss the similarity and the difference in the phase structure between H7 —
HZ and HZ -T phase diagrams[101, 102, 138, 139]. Two phase diagrams share the case of
Hgy = (HZ,0,0) at T = 0 and let us discuss their similarity by considering the effects of either
T or HZ . The common feature is the softening of the in-plane amplitude /(M) + (M/)?:
The presence of the out-of-plane component in the tilted magnetic field is equivalent to the
reduction of in-plane amplitude, and the reduction is also caused by the temperature effect.

We make a few remarks. Using the realistic material parameters of Cr;/3NbS,, the at-
tractively interacting solitons appear in the very small region of the HZ —1" phase diagram, so
that it may be impossible to observe an evidence of the thermodynamic discontinuous phase
transition or even oscillation in spin profiles. Moreover temperature in that region is relatively
high, and thus a question whether the thermal fluctuation changes the scenario or not may be
brought about, which remains unclear as it stands[100]. In the tilted field case, the range where
the softening effect can be visible is relatively large. Because it is zero temperature, there might
be a question about the effect of the quantum fluctuation, but Cr; ;3NbS; has the spin length of
3/2. We may expect that the fluctuation effect is not essential. The tilted field configuration
is experimentally promising in that the richness of the phase diagram can be observed in the
wide region without affected by thermal or quantum fluctuations.



4.8. SURFACE BARRIER 87

4.8 Surface barrier

In this section, we consider a surface barrier of chiral solitons and compare the results with
hysteresis accompanied by a sharp jump in magneto-resistance observed in experiment for
micrometer-sized samples[103, 104].

4.8.1 Hysteresis in nucleation-type phase transition

In many cases, hysteresis accompanies a thermodynamic discontinuous phase transition, and
originates from the potential barrier of a metastable state towards the equilibrium state. As
was explained in Sect. 4.1, micrometer-sized samples of Cr; ;3NbS, show a clear hysteresis and
a sharp jump at a field called the jump field in magneto-resistance measurements[103, 104].
This jump field in decreasing field is highly reproducible in small samples at low temperatures
and observed in a fairly wide region of the phase diagram. We will show that this region is
consistent with the region where solitons exist rather than the region of the discontinuous phase
transition. This hysteresis is not directly related to the bulk free energy, but to the metastable
dynamics of solitons. Our purpose is to clarify the mechanisms of this hysteresis on the basis
of solitons.

Emergent particles associated with the nucleation-type phase transition sometimes cause
hysteresis[84]. An example is a hysteresis due to the Bean—Livingston barrier of supercon-
ducting vortices[105]. We study the surface barrier of chiral solitons, and obtain a quantitative
agreement with experimental data on the jump field. Our results suggest that a hysteresis is
described by a classical motion of solitons subject to the surface barrier. At the barrier field, the
surface barrier vanishes and solitons start to enter the system. We note that this simple picture
should be modified in large samples by taking account of thermal fluctuations in the bulk and
inhomogeneity at the surface. These effects smear out this type of hysteresis and sharp jumps,
but this is beyond the scope of this thesis.

Before starting with the surface barrier of solitons, we briefly review the Bean—Livingston
barrier in type-II superconductors[105]. In a proper theory of superconductors in magnetic
field, the solution of vortex line near the surface is constructed by imposing the boundary
condition that no current flows perpendicular to the surface, which is equivalent to the presence
of an image vortex with opposite vorticity. Since the vortex-antivortex interaction is attractive,
the vortex is attracted to the surface while the screening current near the surface push it away
from the system. The competition of these two forces creates a local maximum of the free
energy near the surface. This is the surface barrier. The surface barrier prevents vortices from
entering or escaping from the system, which leads to a hysteresis behavior in magnetization
curves [140], even though the bulk thermodynamic phase transition is continuous. This surface
barrier exists for the field ranging from zero to some value of the field, which we call the barrier
field H;,,. We might conclude that the vortices enter the system at H = H), in increasing field,
while they do not escape from the system in decreasing field because the surface barrier exists
down to the zero field. However we have to note that, as discussed by Bean and Livingston,
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local defects on the surface assist vortices to enter through the following mechanism. The field
is not completely uniform on the whole surface, and vortices choose the place with higher field
to enter.

We remark that the barrier mechanism is different from that of solitons in chiral magnets
as we will see in the following subsections. In addition, the corresponding field effect is
opposite. Vortices enter the system in the Meissner state above H.;, while solitons enter chiral
magnets below the transition field H.. Otherwise, they are similar and the soliton surface
barrier vanishes at a field different from the thermodynamic critical field. In the following, we
first study the spatial profile of the surface barrier of repulsive and attractive chiral solitons in
detail, and second perform a quantitative comparison with experimental data. Finally we study
the surface barrier of skyrmions and discuss the possibility of related jump behaviors.

4.8.2 Surface barrier of chiral soliton

In chiral magnets, we neglect the dipole-dipole interaction and thus we do not have the mag-
netostatic potential. We impose the free boundary condition on spins. Under this boundary
condition, the surface barrier was obtained by Iwasaki et al. for the lattice model[107]. It
is pedagogical to review the barrier field in the chiral sine-Gordon model[141], since we can
construct the same single soliton solution for the semi-infinite system as that in Sect. 4.6.4.
The energy functional is given by

2 - 1 (dy ? de 2
E=J S dz [= | = | —Qo—— —m“cosyp (4.80)
0 2 \ dz dz

for M = S (cos p,sin g, 0). Note that the integration interval is from 0 to co. Its stationary
solution is determined by the sine-Gordon equation, and the single soliton ¢o(z) is identical
to Eq. (4.73). The energy can be calculated by evaluating the integration directly, but here we
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measure the energy from the uniform state.

Ei=FE+ J||S2a/ dzm?
0
= JyS%a [4m(1 + tanhmz,) — Qo (27 — 4tan™" e ™*)] . (4.81)

The thermodynamic critical field of D-IC transition is given by the field at which the energy
E; vanishes for z; — oo, and we get m. = w(Q)y/4. This is equivalent to Eq. (2.98). The
derivative of the energy with respect to z; reads

dE,  4J)S?
dzl _ COSHh2 :ZZ (m — % cosh mzs) . (4.82)

A positive slope of the energy as a function of z; at z; = 0 corresponds to the energy barrier
when a soliton enters the system. We can easily see that

dE,
dzg

= 4.J,5%am (m - %) (4.83)

25=0

changes the sign at my, = @/2, and the corresponding field Hy, = mjJySa* is the barrier
field. For m < my, there is no surface barrier when a soliton enters. The ratio of Hy to H,
is given by (my,/m.)? = 4/72, which is independent of Qy. The relation H,,/H. ~ 0.4 was
first found by a numerical calculation for the lattice spin model[142]. Though this shows the
presence of the surface barrier when the soliton enters the system, a question is whether there
is also an energy barrier when the soliton escapes from the system. We find a finite barrier also
for this case. For m > my, the energy has a maximum where dF; /dz; = 0, and the maximum
position is given by

o = —cosh ™ - (4.84)
m my

which is 0 at m = my, and approaches zero again for m — oo as m~'logm, and therefore
Zsmax has a finite maximum value. We show in Fig. 4.16 the energy profiles of the isolated
soliton solutions for several values of the magnetic field. We see that when HZ, > H, there
is a local maximum inside the system and a local minimum outside the system. The local
maximum structure describes the surface barrier, while the local minimum structure is related
to the surface twisted state[107, 143, 144]. We call the modulated profile around the surface the
surface twisted state following Refs. [143, 144]. We show this later through a direct comparison
between the tail of a virtual soliton and the actual surface twisted state. The surface twisted
state and the surface barrier are the two sides of the same physics.

On the other hand, it is difficult to construct the analytic solution with modulated in-plane-
amplitude of spins under the tilted field'°. We, hence, adopt a numerical method to construct

10There is the difficulty also in the case of finite temperature which modulates the amplitude of spin in-plane
components.
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Figure 4.17: Energy profiles of an isolated soliton. Several curves correspond to different
values of H,. We set HZ = 0. The purple dashed lines describe the energy profiles calculated
by Method II. They agree quite well with the results of Method I near the surface barrier. Far
from the surface, a spin profile constructed using Method II includes a single soliton and the
surface twisted structure, and thus the energy is lower than the energy obtained using Method I
by the energy of the surface twisted energy, which is the value of the local minimum in Method I.
The energy profiles shown with red and blue colors correspond to the cases of H = HY and
HY, respectively. The precise values of the field are 0.2Hy, Hy,0.4Hy, H?,0.8 Hq from the

lowest field, where Hq = 2(y/Jjf + D? — Jj)).

the solution. In this case, we should be careful about the surface modulation. When the soliton
is deeply inside the system, there is a surface twisted modulation, and this is a realistic situation.
Actually there is an interaction between the soliton and the surface modulation depending on its
position. Thus we consider the position dependence of the single soliton energy while noting
contributions from the surface modulation. We describe how to construct a single soliton
solution with its center at the position /;. We use two methods.

Method I For a given field value, we first construct a single soliton solution with its center
at [y = 0 on the lattice of NV, = 2000 using the periodic boundary condition. Let the
obtained spin profiles be MZJ- Then for the soliton with the center at the position [,
the solution is Mz = Mz-m for [ > I and Ml = Ml_lﬁNzJ for 0 <[ < [,. Here we
take —100 < [ < 100, and evaluate the energy by summing up in Eq. (4.2) for the sites
0 <1< N,/2 = 1000, subtracting the energy of the uniform state. Even for Iy = 100,
the decays are fast enough in this summation. Note that NNV, is sufficiently large and we
reduce the finite size effect by using the periodic boundary condition. The advantage of
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Figure 4.18: Comparison of spin profiles between Method I and Method II for 47, = 0.8Hj.
The left panel (a) shows the x-component, while the right panel (b) does the y-component.
Note that M} = 0 since we set HZ = 0. [ = —9 is a point which gives the local minimum of
the soliton energy as shown in Fig. 4.17. The red squares with a line stand for results obtained
using Method II when a the soliton center is fixed at [; = 100. The blue and green lines are the
spin profiles with [y = 100 and —9, respectively, through Method I. The dashed lines describe
the virtual spin structures outside the system.

this method is that we can consider the case of the soliton outside the system, and also
the case of a single soliton for magnetic field lower than the barrier field H),. In the latter
case, multiple solitons actually enter the system from the surface because the surface
barrier is absent.

Method II We directly construct an isolated soliton solution using the free boundary condition.
The system in this case has a surface twisted structure for the field H > Hy. We fix the
position of the soliton center at | = [; by imposing the condition that ¢;, = 7 in updating.
This is basically consistent with /" < 0 and M;” = 0. This method is more realistic to
consider surface effects, since the surface twisted structure is present and interacts with
the soliton in the system. The disadvantage of this method is basically equivalent to the
advantage of Method I. We cannot consider negative values of /5, and the energy profile
of a single soliton for the field lower than the barrier field.

First we show in Fig. 4.17, the energy profiles. Here we fix H? = 0, and change H7 .
The solid lines are the results using Method I, while the dashed lines are obtained using
Method II. At HZ = 0, HY ~ 0.250H4 and H? ~ 0.616 H4. The solid lines are calculated for
HZ = 0.2H4, HY, 0.4Hy, H?, and 0.8 H4 for both positive and negative [;. The negative [
describes the situation where the soliton center is outside of the system.

The figure shows that there is a local minimum structure for negative [;, which traps a
soliton easily. In this case, its tail appears in the system (! > 0) and shows a modulated spin
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Figure 4.19: Energy profiles of the single soliton energy (red squares), the interaction energy
(blue circles) of the virtual soliton at [, with the soliton in the system at (a) [; = 10, (b) 30, and
(c) 50, and the total energy (green triangles) of these two. We set H: = 0 and H, = 0.5H.

structure near the surface. This is related to the surface twisted state, proposed before[107,
143-147]. To see this directly, we show the spin profiles determined in both ways in Fig. 4.18
for HY = 0.8Hq. The left and right panels show the x- and y-components of spin profiles,
respectively. The red squares with lines are the results using Method II when the center is at
ls = 100, while the blue and green lines without symbols are the results for /; = 100 and —9,
respectively, using Method I. Note that solid and dashed lines are used for [/ > 0 and [ < 0,
respectively. The results using Method II show not only the soliton profile around / = 100 but
also the modulated profile around [ = 0. They are well separated and described by the results
using Method I as we see in the following. The isolated soliton structures at [ = 100 obtained
using Method I and Method II are the same. As shown in Fig. 4.17, the energy has a local
minimum at —9 < [y < —8. The surface modulated structure shown by squares symbols is well
described by considering another soliton with its center at [ = —9. Therefore we can consider
the surface modulation as a soliton that virtually exists at [ which gives a local minimum of the
energy profile outside the system.

We remark that the energy profile of a single soliton using Method II is possible only for
HZ > HY. This is because Method II allows multiple solitons to enter the system if H7 < Hy,
and hence it is impossible to construct a single soliton solution. For simplicity, we fix HZ_and
change H”; H), = (HE,0,HZ,). Thus Method I is more useful for H,y around H,,. Now let us
compare the energy profile using Method I with that using Method II. The energy profiles with
Method II are drawn by purple dashed lines in Fig. 4.17 and the energy profiles with Method 1
and Method II are almost the same near the energy barrier. This means that when the soliton is
very near the surface, the surface twisted state is not important. We can infer that the repulsive
interaction energy is larger than the binding energy of the virtual soliton outside the system,
and that is why the surface twisted state is not important in this case. On the other hand when
the soliton is deeply inside the sample, it is well separated from the virtual soliton, and their
repulsive energy is smaller than that by the energy of the virtual soliton. We assume that the
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total energy of these two solitons is given as follows:

B(L) = min [E:(01) + By(I) + Bl = )] = min[Bi(1) + E'0L )], @85)
where F(ls) denotes the energy profile obtained by Method I and the interaction energy,
Ein(Alg), has been introduced in Eq. (4.68) in Sect.4.6. Note that lim;__,, £;(ls) = E;, which
is the single soliton energy in the bulk introduced in Sect.4.6 and that lim;_, o, E1(ls) = 0
measured from F,,,;. The barrier field may be given by the condition that both of the interaction
energy and the energy barrier of F(ls) vanish, which can be satisfied simultaneously in this
case. As examples, we show E'(l,I!) for g = 10, 30, and 50 in Fig. 4.19 for HZ, = 0 and
H? = 0.5H4. The square symbols stand for F; (,) which takes minimum at around [/ ~ —8.
This is the energy of the surface modulation and corresponds to lim; o ming <o £’ (s, ). The
interaction energy Ein(ls,[.) is shown by circles for three typical values of l;. The sum of
these two energies, E'(ls, (), is shown by triangles. The value of [ which gives the minimum
of E'(l,1.) describes the position of the virtual soliton attributed to the surface modulation.
In Fig. 4.19(a), the soliton inside the system is close to the surface, [y = 10. At the minimum
position of Fi(l}), I. ~ —8, the interaction energy is larger than the absolute value of the
binding energy and thus the virtual soliton is pushed to —oo, which means that the surface
modulation is absent. Figures 4.19(b) and (c) show the appearance of a surface modulation. For
ls = 50, the soliton in the system is well separated from the virtual soliton and the interaction
energy is negligible: E(l; = 50) ~ E;(ls = 50) + Ey (I, = —8). The intermediate stage can
be seen for [; = 30; the virtual soliton is located at [, ~ —11 and the interaction is visible.
The surface barrier which the soliton inside the system feels is given by twice the energy of the
surface modulation.

We next study the surface barrier when the soliton interaction is attractive. For the parallel
field, HZ, = 4.5H4, we study the energy profiles for HS = 0.15H4, H{, 0.3Hy, HY, and
0.5H,. The whole structure of E([;)[Fig. 4.20(a)] is quite similar to the repulsive case, while
there is small oscillation [(b) and (c)]. In attractive case, the phase transition is discontinuous.
For convenience, we use H7; at which the energy of the single soliton in the bulk is zero,
instead of the thermodynamic transition field /77, at which the phase transition occurs. There
is an oscillation structure in the energy profiles associated with the oscillation of the asymptotic
behavior and this leads to tiny local minimum structures, though they are not visible in this scale.
To visualize the local minimum structure, we magnify the profiles near the first local minimum
in Fig. 4.20(b) or (c). We expect that the local minimum structure attracts a metastable isolated
soliton to the surface, which can be an evidence of the attractive interaction. The binding
energy of the local minimum in (c) is approximated as 5 x 107¢.J, | per chain. We consider the
ab-plane of 1pym x 1pm, which reads Nog = 4 x 10°. Noting that Jy/kg ~ 10K, the binding
energy of the soliton in the three dimensional system is on the order of 200K.

Finally we discuss the surface twisted state for the field larger than the H line. The H,
line is defined, here, by the instability point of an isolated soliton in the disordered phase.
Nevertheless there is a surface twisted state, which is interpreted as a virtual soliton outside the
sample as discussed above. An isolated soliton is absent inside the system, but Fig. 4.21 shows
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Figure 4.20: Energy profiles of a soliton when the soliton interaction is attractive. (a) Energy
profiles obtained for H? = 4.5H, and typical values of H .. Here HY, ~ 0.448H, is not the
thermodynamic critical field, but the field at which the single soliton energy vanishes. The
bottom panels are magnified images of H7 = 0.5H4 with (b) periodic and (c) free boundary
conditions. There is a small local minimum also inside the system, in addition to oscillating
structure further inside the system.

that M;® < 0 at negative [;. We can consider the single soliton solution in which the soliton
center is at [; and the moment at [, is given by (M,”", 0, M,”"),!! and minimize the energy with
respect to [ and M;*. Note that [ takes only integer values in our case. For example, for the

field Flex = (1.0,0.0,4.5)Hq, we obtain [y = —9 and M ~ —0.97639. Actually we see from

UWMP =4/1- (Mf)2
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Figure 4.21: Energy profiles. Solid lines are the energy as a function of M;” when the virtual
soliton center is fixed at [, and squares are the energy minimized with respect to [ for each
M f* The global minimum is at around M;’ " = —0.978 and I, = —9. The right panel shows
the magnified image around the global minimum.

Figs. 4.22(a) and (b) that the state where the virtual soliton with its center at [; = —9 describes

(a) (b)

0 60 80 100 20 0 20 40 60 80 100
l l

Figure 4.22: Spin profiles describing the surface twisted state for the field Hy =
(1.0,0.0,4.5) Hq, which is higher than the Hj line. The red squares with line describe the

result obtained through Method II, while the line without symbol is the solution for the condi-
tion that (M}, M) ~ (—0.97639, 0). The minimization condition gives that [, = —9.
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very well the surface twisted state appearing as a solution to Method II.

4.8.3 Inflation instability and barrier field

Here we discuss the inflation instability mentioned in Sect. 4.6.3. When the magnetic field
changes from the region of complex ka to the pure imaginary region, Re(xa) vanishes, and
thus the soliton size diverges. Therefore this boundary defines the soliton instability but this is
a crossover. However, we remark that this crossover line has been determined using the linear
approximation. In the ordered phase distant from the phase boundary, this approximation is not
justified and it is important to determine more precisely the instability field. This is necessary
also for studying the barrier field in the whole phase diagram. Figure 4.23 shows the energy
profile of the soliton for HZ /Hq = 5.7, and HZ_ /H, is decreased from 0.33. The oscillation
becomes clearly visible with decreasing 7, since the decay length related to the soliton size
increases. In contrast to the cases considered in the previous subsections, the instability of
the soliton-size divergence occurs at 7, ~ 0.207. Below this, an isolated soliton is unstable,
but a periodic structure appears instead. Note that the periodic structure emerges even without
the surface, while in the previous cases it is formed by the entry of many solitons through
the surface. The instability field thus determined is shown in Fig. 4.24 with violet pentagons.
This instability field shifts to slightly higher HZ side from the crossover line given by the
linear analysis, which is marked by the light-blue solid line. The barrier field line, as shown in
Fig. 4.24 with green solid circles is well defined until it reaches the instability field line.

As a consequence, two processes form a periodic structure upon decreasing field: One is
the entry of solitons from surface as a result of the vanishing surface barrier. The other is the
deformation of unstable single soliton owing to the inflation instability.
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Figure 4.24: Barrier field Hy, in the phase diagram, by green circles. For reference, we also
show the critical field H, by small yellow triangles, at which the energy of a single soliton in
the bulk is zero. The inflation instability field is shown with violet pentagons in addition to the
phase boundary, the line based on the linear analysis, and H line.

4.8.4 Comparison to experimentally observed hysteresis

Now we have constructed the surface barriers both in the repulsively and attractively inter-
acting soliton regions. Figure 4.24 shows the barrier field line in the phase diagram. The
barrier field appears in the whole phase diagram, and it is similar to the jump field at which
a large jump in the hysteresis loop is observed in experiments for the micrometer-sized sam-
ples as shown in Fig. 4.25(b). The hysteresis observed in experiment for a given field angle,
Oy = tan'(HZ /HZ), is shown in Figs. 4.2(b) and (c) as examples. However for the direct
quantitative comparison, we need to take into account the effects of demagnetizing field, which
reduces the total magnetization or even change the spin configuration. For the saturation field,
we approximate it by using the demagnetization factor N4, and the effective external field H ox
is given by E x = ﬁex — NdMu, where ]\7[u is a function of Eex rather than the applied field
H. ox- The effect is complicated because Eex is neither parallel to ]\qu, norto H ox. Therefore the
configuration excluding the demagnetizing field effect is desirable for more quantitative com-
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Figure 4.25: Phase diagram determined by magneto-resistance and magnetic torque measure-
ments taken from Ref. [104]. Critical points suggested in the figure are obtained by referring to
the critical points in Ref. [86]. The left panel (a) mainly shows the line at which the hysteresis
closes, which is considered to be the thermodynamic phase boundary. The right panel (b)
shows the jump field, at which a large jump of the magneto-resistance or magnetic-torque is
observed in decreasing field.

label width | thickness | length
sample 1 || 11.25pum | 0.7um | 17.5pum
sample 2 || 8.5um 0.5pum 21pm
sample 3 10pm 0.5pum 10pm

Table 4.2: Size of different samples. Length is along the helical axis, i.e. z-direction. Sample
3 is the one used in the magneto-resistance measurement shown in Fig. 4.25.

parison. The sample dimensions used in Fig. 4.25 are 10pum x 0.5um x 10pm (helical axis)
for the magneto-resistance measurement and 13.4um x 12.0pm x 17.6um(helical axis) for
the magnetic torque measurement, which is not even a thin film. In the magneto-resistance
measurement the field is tilted toward the helical axis from the normal direction to the plane,
in which the demagnetization effect is maximized. An advantage of the normal direction is
that the resistance curve in increasing field is smoother than that for the in-plane direction.
(Compare 90 degs. and 0 degs. in Fig. 4.2(a).)

For the direct comparison under the tilted field, we use additional magneto-resistance
measurement data using different samples, which is provided by R. Aoki and Y. Togawal[ 148].
Their sizes are shown in Table 4.2: Among them, the sample 1 was measured in two different
sequences. In one sequence, the measurement was performed for 0y = 0 degs. three times.
The other sequence measured five times for each field angle except for 0y = 85 degs. In the
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following we compare the barrier field with the jump field H jump iN decreasing field. The barrier
field is defined by the field where the surface barrier disappears. We also compare the saturation
field Flsat at which the hysteresis closes in increasing field in the experiments[103, 104] with
H., defined as the field where the single soliton energy becomes zero. This field is equivalent
to the thermodynamic critical field of the nucleation-type continuous phase transition, while
it is less than the field of the thermodynamic discontinuous phase transition. However, the
difference from the latter is small, which means that the limit of metastability of the uniform
state is close to the phase boundary, and we use this field for convenience. Comparison was
made in Ref. [141] for the field perpendicular to the helical axis using the theoretical results
(H,/H. = 4/7?) calculated for the sine-Gordon model.

Before comparing, we make a few remarks. It is likely that ﬁjump in decreasing field is Hy.
Below H), a soliton can enter the system without energy barrier at the surface, and actually a
surface barrier can be constructed again after more than one solitons enter the system depending
on the field step. This implies that many solitons enter the system at the barrier field, and this
leads to a large jump observed in experiments. On the other hand, it is ambiguous to identify
the saturation field as either H,. or H.;, because the saturation process is not clear. Within the
theory of the surface barrier, a soliton feels the energy barrier when it escapes as well, and the
barrier remains up to the instability field. Note that the 1nstab1hty field at HZ, = 0 is about 7
times larger than the critical field H.. We may identify Hsat as either H or H 1 rather than HO
since the saturation field for 0 = 0 degs. in the film plane is almost the same as the [ of the
sufficiently large film, where the large hysteresis is no longer observed. The reason why the
thermodynamic critical field appears only in increasing field is not clear, but it is likely that H.
or H; agrees with Hg,, in increasing and Hj, agrees with Hjyy,p, in decreasing.

On the basis of these arguments, let us compare experimental data and our calculations.
Figure 4.26(a) shows the H,, and Hj,n, obtained by calculations and experiments for three
samples, and Fig. 4.26(b) shows H. and H,,. Concerning the sample 1°, the experiment
was performed three times and the results are marked by three black solid squares at 0 degs.,
although in this scale they overlap with each other. For the sample 1, the field sweep was done
five times for each angle except 85 degs., for which the field sweep was done once with a smaller
field step. Hysteresis loops are shown in Fig. 4.27. It should be noted that the values of the
jump field did not change within the five measurements for 30 and 80 degs. For 60 degs., there
is a two-jump structure at the jump field in the second field-sweep, and the first small jump
takes at the field higher by 50 Oe and the second large jump is at the field lower by 50 Oe than
the H), in the other field-sweeps. For simplicity, we do not show the jump field obtained for the
second field-sweep in the panel (a). Robustness of the jump field with in the five measurements
implies that the mechanism can be explained without including the randomness and stochastic
process.

The calculated values H),’s and H.;’s are scaled so that H. (0 = 0) = 1.8 kOe. This
value is the thermodynamic critical field obtained in an experiment where the magnetic field is
applied in the plane of the sufficiently large film to eliminate the effects of the demagnetizing
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Figure 4.26: Comparisons between calculation results and experimental results. (a) f}, and
Hjump and (b) Hy and Hg,. Oy is the angle of the tilted field measured from the perpendicular
field direction. The unit of the field is kOe, and we scale the fields obtained by calculation
using the value of the critical field at § = 0 degs., which is 1.8 kOe. Note that the dashed
lines of the calculations are just for eye-guides. The experimental data are offered by R. Aoki
and Y. Togawa[149].

field'2. In the experiment for a sufficiently large film, a large hysteresis is no longer observed.
Note that the anisotropy is evaluated from the parallel critical field in a sufficiently large thin
film. As a result, the scaled value obtained from the numerical calculation describes very
well the parallel saturation field observed in the experiment for the micrometer-sized samples,
though the agreement might be trivial in this case. This is because the saturation field for the
micrometer-sized samples is the same as the thermodynamic critical field for the instability-
type continuous phase transition. The importance is that the scaled value H.; at 05 = 0 degs.
is in a good agreement with the saturation field for the micrometer-sized samples. With this
fact, we expect that the saturation field for the micrometer-sized samples is equivalent to the
thermodynamic critical field.

In both panels (a) and (b) in Fig. 4.25, H}, and H,; are in good agreement with Hj,,,, and
Hg,, respectively, except for the sample 3. For the sample 3, the magnetic field is applied in
the plane spanned by the helical axis and the direction normal to the film. For small 8y, the
field is almost perpendicular to the film, leading to a high demagnetizing field, which reduces
the field inside the sample. Therefore, the demagnetizing field enhances the values of H.; and
H,,. This causes a deviation of the calculation result from the experimental data.

Then we see more details of the data of the sample 1°, 1 and 2, for which the in-plane
demagnetizing field is extremely suppressed. First we focus on the barrier field shown in

12Precisely speaking the magnetic moment perpendicular to the film feels large demagnetizing field. Hence the
purpose of the experiment for thin films is to minimize the demagnetization factors in the plane.
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Figure 4.27: Raw data of magneto-resistance for samplel provided by R. Aoki and Y. Togawa.
Horizontal axes are the magnitude of the external magnetic field and vertical axes are the
magneto-resistance. Five times field-sweeps are plotted in each panel except for § = 85 degs.

Fig. 4.26(a). The barrier field of the sample 1 is remarkably consistent with the calculation
results. The data of the sample 1 is more reliable than the samples 1’ and 2 upon excluding
other extrinsic effects, because the multiple measurements were done, and the obtained value
was confirmed to be reproducible. Though the data of the samples 1’ and 2 are also in good
agreement with the calculation results, extrinsic effects might cause these slightly higher jump
fields. We speculate possible reasons below. In decreasing field, the uniform state is metastable
below H.;. It survives down to the spinodal point within the mean field picture. When thermal
fluctuation or any perturbation is comparable to the energy barrier of the metastable state,
solitons enter the sample. In addition, there are arguments on superconducting vortices that
the barrier field does not work in increasing field. Note that increasing field in superconductors
corresponds to decreasing field in the chiral soliton case. The reason why the barrier does not
work is the following. The system is not completely uniform and there may be small areas where
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the magnetic field is concentrated and stronger than the average strength because of defects or
the sample shape such as corners. Because the vortices are the line defects, the locally strong
field allows the vortices to enter the system. On the other hand, the chiral soliton is much larger
object in the sense that the spins align inside the ab-plane. Thus the effects of inhomogeneous
field around the surface is not dominant but cannot be excluded perfectly. These possible
mechanisms increase the jump field and therefore the line obtained by the calculation can give
the lower bound of the barrier field.

Second, we briefly comment on the saturation field. Though the saturation field is also
in good agreement with calculation results, it tends to be lower than the calculated value in
contrast to the jump field. Interestingly the lowered saturation fields at 5 = 60 and 80 degs.
are reproducible. Although we do not basically justify identifying H,; as H i, a possible
reason may be as follows: Thin films reduce the in-plane demagnetization factor, and thus
the out-of-plane component feels larger demagnetizing field. The y-component of the helical
order!3 tends to be in the plane. This leads to the reduction of the critical field. In the next
subsection we see the effects of an easy axis anisotropy for 85 = 0 degs. When it is weak,
it reduces the critical field but does not affect the barrier field very much. We need further
considerations to justify this scenario. We once again emphasize that the fields Hjymp and Hiyy
for samples 1°, 1, and 2 are in much better agreement with the calculation results than those for
the sample 3, which is achieved by reducing the demagnetizing effect.

Finally we show the ratios H,/H¢, and Hjump/ Hsat, since the comparison between theory
and experiment is easier. For example, though the jump field and the saturation field become
about ten times larger at y = 90 degs. than those at §; = 0 degs., the ratios are between
0.4 and 1. Figure 4.28 shows the ratio as a function of the angle of the tilted applied field. A
theoretical expectation is that the ratio is constant for almost all the angle and grows steeply
near the parallel field. The constant value is about 0.4. The experimental data have a similar

I3Note that we define the z-axis by the helical axis and the magnetic field is applied in the xz-plane. In this
geometry, the film surface is spanned by x- and z-axes.
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behavior to the theoretical expectation, but the constant value for low 6y is higher than 0.4.
This comes from the tendency that the saturation field becomes lower than the calculated value
for the sample 1. In addition, for the samples 1’ and 2, this deviation can also be attributed
to the high H,’s as we considered. Actually in this scale, the ratio shows scattered values at
Oy = 0 degs. among the three measurements. However it is worthwhile to mention that the
ratios for the samples 1 and 2 are closer to the calculated value than those for the sample 3. In
the sample 3, the behavior of the curve is different: The curve is not flat for low 65 s and show
a slow increase between 70 and 85 degs. The demagnetization factor varies in the sample 3 as
Oy changes. This is reason that the behavior is different from that obtained by the calculation.

Before going to the skyrmion surface barrier, we make a general remark on hysteresis and
an accompanying sharp jump. Hysteresis is due to metastable dynamics, and is observed when
the transition to the equilibrium state is blocked. This transition requires nucleation processes,
and sometimes a metastable state survives up to the limit of metastability when dynamics is
adiabatic. The origin of the metastability in micrometer-sized Cry3NbS; is related to the fact
that soliton winding number changes only by solitons entering into the system, i.e., they are
not nucleated in the bulk by low energy processes. The existence of the surface barrier is
ubiquitous for the nucleation-type phase transitions, while the sharpness of the jump at the
vanishing surface barrier depends on the individual details. For examples, superconducting
vortices enter the system gradually and the magnetization curve in increasing field is almost
the same as the thermodynamic one[105]. For skyrmions, the barrier never disappears and
this will be discussed in the next subsection. The metastability of these emergent particles
does not persist in bulk samples, because stochastic nucleation processes dominate. After all,
micrometer-sized samples of Cr;/3NbS, is a suitable playground to confirm the theory of the
surface barrier.

4.8.5 Extension to skyrmion

Now, let us extend these results to another emergent particle in chiral magnets in higher
dimensions, skyrmion[31, 32, 34]. The Bloch skyrmion in a two dimensional system can be
constructed for the following Hamiltonian:

H= 34 5 Spaa D (8% Sia) - 2]~ HoSi = 5 ()" 4360)
J

H=Z,Y

where 7 runs over the sites of the square lattice. The system is two-dimensional in z- and
y-directions. The first and second terms are the exchange interaction and the DMI of nearest
neighbor pairs. The third and fourth terms are the Zeeman coupling with external magnetic
field and a single ion anisotropy. é* denotes the unit vector of the u-direction in the spin space,
while /i in the real space. The magnetic field and anisotropy axis are in the z-direction and
we consider the easy-axis case K > (. In this subsection we also construct a soliton solution
as well as a skyrmion solution, but note that this soliton is different from the one in previous
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subsections. For consistency of the notation to the above, we write gj as ]\7[]-. The effective
field is given by
ﬁ;ﬁ = Z [J (Mj_;,_ﬂ —f—Mj_ﬂ) —|—D (Mj_,_ﬂ — Mj—ﬂ) X (ég X é“)} + (Hex +KM'Z) e,

p=z,y

The energy of the uniform state, M, = &(|M,| = 1), for the periodic boundary condition is
given by

K
Euni = _N2d (2J + Hex + ?) . (488)

Here Nog = N, N, denotes the number of sites of the square lattice, and N, and N, are the
number of sites along the x- and y-directions, respectively. An important remark is that the
surface modulation is not “skyrmionic”, but “solitonic”. Here we have used the skyrmionic
or solitonic surface spin structure in the sense that the surface modulation can be described
by the virtual skyrmion or soliton. The solitonic surface spin structure extends in the surface
area in three dimensions or surface edge in two dimensions and thus it lowers the total energy
more than a skyrmion does. Actually we could consider an array of the skyrmionic surface
spin structures along the edge, and in this case, the solitonic surface spin structure has a lower
energy. We will see this later.

There is an instability mode in the low field, which is an elliptic elongation of a skyrmion.
The excitation spectrum of an isolated skyrmion is calculated by Lin et al. for the lattice
system[150], and by Schiitte and Garst for a continuum system[151]. Here we adopt the
lattice model and study the instability field as a function of the easy axis anisotropy, which is
shown in Fig. 4.29. The elongation instability field is denoted by H,; and the critical field
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Figure 4.30: (a) Energy profile for zero easy-axis anisotropy. The purple line with circle is the
energy of the skyrmion constructed by Method II for H.,/Hyq = 0.7, and the energy is shifted
by the energy of the surface spin structure, Ey «,1/J. We show the values of the energy density
for surface spin structure for H.,/Hq = 0.7, in the left panel. (b) Spin profiles of the skyrmion
with j& = 0 at the surface (* = 0). The red squares and the blue circles are the profiles for
H../Hq = 0.7 constructed by Method I and Method II, respectively. A characteristic size may
be evaluated as Ny, ~ 60 and the energy density of the skyrmionic surface spin structure is
given by the energy gain, which is the local minimum outside the system divided by N.

is denoted by H.. The phase transition between the skyrmion lattice and the uniform state in
two dimensional system is nucleation-type continuous[137], and thus H. is the same as H4, at
which the single skyrmion energy becomes zero. We also plot 0.7H.. for an eye guide, which
is quite similar to the elongation instability field. The surface barrier is maintained above
the elongation instability field, below which an isolated skyrmion becomes unstable. This is
a structure similar to that in the chiral soliton case; The instability occurs above the barrier
field in decreasing field (see Sect. 4.8.3). We show the energy profiles as a function of the
skyrmion position, which is mainly plotted using Method I (see Sect. 4.8). For comparison,
we also construct an isolated skyrmion under the free boundary condition, which corresponds
to Method II. We remark that the surface spin structure is solitonic and some of the obtained
solutions are artificial, i.e., a condition imposed to fix the skyrmion position plays a role of
a strong pinning and leads to a distortion of the skyrmion structure. Figure 4.30(a) shows
the energy profiles for k' = 0. We see from Fig. 4.30(a) that the energy profile for the field
just above H,; =~ 0.56H4 still has the energy barrier for the skyrmion entering and escaping
from the system. When the skyrmion escaping from the system, the skyrmion constructed by
Method II feels larger energy slopes. This is because the skyrmion feels the interaction with the
surface modulation in addition to the energy increase of the single skyrmion near the boundary,
which can be seen from the energy profile constructed by Method I. Let us discuss why the
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surface is solitonic. We show the energy densities of the solitonic and skyrmionic surface spin
structures in Fig. 4.30(a). Here the solitonic surface spin structure is uniform along the surface
and the energy density is obtained by dividing the energy of the surface spin structure by the
number of sites along the surface, N,. On the other hand the skyrmionic surface spin structure
is not uniform. The skyrmionic surface spin structure could be constructed by considering
the virtual skyrmion array outside the system. The period of the virtual skyrmion array is
determined by the competition between the one virtual skyrmion energy which is given by the
local minimum outside the system in Fig. 4.30(a), and the positive interaction energy between
virtual skyrmion. We neglect the interaction energy, and instead estimate the inter-skyrmion
distance along the surface from Fig. 4.30(b), which shows the spin configuration at the surface
(J - ¢ = 0) for the skyrmion of j5 = (0,50), and at the closest arrangement of skyrmions,
the number of sites occupied by one skyrmion is about 60. This can be approximated as the
number of sites contributing the energy gain of the surface spin structure by one skyrmion.
Thus the energy density of the skyrmionic surface spin structure can be estimated by dividing
the energy of the local minimum outside the system by /Ny ~ 60. Note that the energy gain
is overestimated in this way. Nevertheless, by comparing the energy densities of these two
surface spin structures, we see that the solitonic surface spin structure has lower energy.

The interaction between the skyrmion and soliton is complicated and leads to the distortion
of the skyrmion. Figure 4.31 shows the profiles of isolated skyrmions near the surface. The
upper panels show the configurations using Method I, while the lower panels show those
obtained using Method II. The left, middle, and right panels show the configurations obtained
by imposing the condition that M;, = —é~ at j, = (10, 50), (20, 50), and (50, 50), respectively.
Actually in panels (d) and (e), the skyrmions are noticeably distorted. The solitonic surface
spin structure surrounds the skyrmion fairly close to the surface. The distortion from both
sides below and above j¥ ~ 50 is more visible in Fig. 4.30(b). The blue circles represent
M i~ (0,4+) With the condition that Js = (0,50). The surface modulation is formed around ;¥
ranging from 0 to 20 and from 80 to 100. The interaction distorts the skyrmion and it becomes
narrower compared with that constructed by Method I. This changes the single skyrmion energy
E g« and we actually need to take account of this effect. The distortion in the soliton case
should be slight, because it is one dimensional system and two solitons cannot be so close to
each other. The skyrmions in the panels (d) and (e) are elongated because of the interaction
with the surface modulation. We note the difference between them. The z-coordinate of the
elongated skyrmion center j7, in the panel (d) is shifted to the surface, i.e. jiy < 10. On
the other hand in the panel (e), jiy > 20 and this means the center is shifted to the other
direction. Qualitatively, the direction of the force on the skyrmion in the panel (d) is outward,
while in the panel (e) it is inward, which leads the surface barrier. However we repeat that the
quantitative description is more difficult because the deformation and the interaction with the
surface modulation are important when a skyrmion enters and escapes from the system. The
elongation direction suddenly changes depending on the position of the skyrmion imposed in
the calculation, which is reflected in the purple line in Fig. 4.30(a).

For further interest, we study what enters the system instead of a skyrmion by decreasing
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Figure 4.31: Skyrmion profiles near the surface. We set H./Hq = 0.7. The configurations in
the upper panels (a)—(c) are obtained by Method I, while those in the lower panels (d)—(f) are
obtained by Method II. 35 denotes the position of skyrmion which we specify as the condition
to fix it when solving the equation. Colored arrows represent the in-plane components of spins,
i.e., color describes the angle of the in-plane spin ¢; = tan™'(M ¢ /M5), and arrows are the
direction and magnitude of the in-plane spin. Gray-scale contour map represents ).

the field. Below H,;, a skyrmion turns into a soliton, by its elongation. Thus it is important to
study whether the surface barrier for the soliton exists or not. Actually when the anisotropy is
zero the barrier field, Hy, 5.1 is 0.4 times the critical field of the soliton, H, s, and the elongation
instability field of the skyrmion H,; is 0.7 times the critical field of the skyrmion, H . By
considering that H s < H, sk, Hy 501 €Xists below H, ;. For finite values of the anisotropy, we
summarize these fields in Fig. 4.29: Yellow triangles represent the critical field of the soliton
and green inverted triangles do the barrier field of the soliton. Yellow dashed line stands for
the line of 0.4H, 4, for an eye-guide. In the presence of the anisotropy, which distorts the
soliton, the barrier field no longer holds the relation H}y, ~ 0.4H,. For stronger anisotropy the
barrier field goes to zero rather quickly, and for KX > Hj the barrier field is almost zero. Now
we see the decreasing process, in which the uniform state remains even for the field below
H, 4. We continue to decrease the field down to the barrier field of the soliton for the relatively
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Figure 4.32: Energy profiles of (a) isolated skyrmion and (b) soliton for finite values of easy-
axis anisotropy. The values are designated in the insets. The profiles are based on the solutions
constructed by Method I, and the red and blue lines are the critical field of the nucleation-type
phase transition and the barrier field, respectively. The values of the magnetic field are shown
on the right side of each panel. The purple circles in the panel (b) are the energy profile based
on Method II for H., = 0.15Hj.

small anisotropy, and the soliton enters the system instead of the skyrmion. For the relatively
large anisotropy, the uniform state holds, and it is reasonable because the easy-axis anisotropy
stabilizes the uniform state.

Interestingly, the energy profiles for the finite anisotropy are different from those we have
seen before. The energy profiles for several values of the magnetic field for skyrmion and
soliton cases are shown in Fig. 4.32 for the finite values of anisotropy. The values of the
anisotropy and the magnetic field are shown in the figure. The left panel (a) is for the skyrmion
and has no barrier field. The slope of the energy at the origin becomes zero for some value of
field, but the surface barrier still exists. When we decrease the field further, the local minimum
appears inside the system in addition to that outside the system. This double-local minima
structure appears also in the soliton case more clearly as seen in the panel (b). The surface
barrier of a soliton vanishes in contrast to that of a skyrmion. Thus we explain the energy
profile of the soliton instead. At some field between H. and H), the slope at the origin becomes
zero, and for the lower field, the additional local minimum structure appears inside the system,
which is the same as in the skyrmion case. This structure can be obtained using Method II, as
shown in Fig. 4.32 with purple circles. The deviation between the purple circles and the black
curve originates from the interaction with the surface modulation and the energy gain of the
surface modulation. In this case, the surface modulation is described by the virtual soliton at
the point giving the local minimum outside the system rather than that inside the system. The
virtual barrier, i.e. the presence of the local maximum outside the system, does not allow the
entry of the solitons. Because of this, it is difficult to achieve the local minimum point inside
the system, but we emphasize that it is in principle possible that the soliton is trapped by the
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relatively deep potential well near the surface. Then we lower the field and finally achieve
the barrier field at which the local minimum and maximum inside the system meet for the
anisotropy ranging from 0.4 to 1. Below the barrier field, solitons can enter the system as well
as the previous cases.

In conclusion of this subsection, we summarize the two dimensional system in decreasing
field. The surface barrier always exists for a skyrmion when it is (meta)stable. Below the
instability field, a skyrmion elongates to be a soliton. Note that the surface barrier of a soliton
is still present, and the uniform state is maintained under the metastable dynamics. Thus we do
not expect a sharp jump owing to the entry of many skyrmions in contrast to the soliton case.
In addition, the instability of a skyrmion does not allow the drastic change of the metastable
state either.

4.9 Summary of this chapter

In this chapter, we have investigated the uniaxial chiral magnet under tilted magnetic field.
Laliena et al. obtained the ground state phase diagram, and found two multicritical points and
discontinuous phase transition between two continuous phase transitions[86]. Following de
Gennes’s classification, continuous phase transitions are distinguished as the instability-type
and nucleation-type[84, 101]. We have clarified the mechanism of the phase transitions and
relation to solitons on the basis of the linear analysis. This analysis gives a clear picture of a
single-q to the instability-type phase transition occurring at around HZ_ ~ 0. This transition
can be described by the Landau theory of a distorted conical order. Since the Landau theory
can describe the tricritical point, we expand the microscopic energy functional to obtain the
Landau energy using the distorted conical order parameter and calculate the phase boundary
and the location of the tricritical point. They are consistent with the numerical results, and in
this sense our Landau expansion is valid.

When HZ = 0, the phase transition is nucleation-type and also continuous, but solitons
play important roles there[83, 84]. This transition cannot be characterized by a small and local
order parameter with a single ¢, but the winding number of solitons can be a generalized order
parameter. This nucleation-type continuous phase transition line terminates at the multicritical
point at which the soliton tail changes from a decay without oscillation to that with oscillation.
This is equivalent to the change of the soliton interaction from repulsive to attractive.

We have also clarified the region where an isolated soliton can exist, and name its boundary
in the uniform state the H line. This line gives the upper bound of the magnetic field regarding
the experimental condition for observing remnants of solitons. We have found that the main
mechanism of the instability of an isolated soliton is due to the motion of spins towards the
helical axis.

We have studied the surface barriers of repulsive and attractive solitons and calculated the
barrier field H}, at which the surface barrier vanishes. The field H;, agrees with the field at
which magneto-resistance in micrometer-sized samples is experimentally observed to jump.
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We have concluded that the origin of hysteresis in micrometer-sized Cr; 3NbS, is the surface
barrier of solitons rather than the discontinuous phase transition in the bulk. In addition, we
have constructed the surface configuration[107, 143, 144] on the basis of a virtual soliton
outside the system. This picture holds even when solitons are unstable in the bulk. We have
also study the surface barrier of skyrmions, which have similar structure in the energy profile.
A skyrmion cannot enter the system from the surface and has an elongation instability field,
which drives it into a soliton structure. Below this instability field, a soliton is still metastable
and has a surface barrier and thus the uniform state is maintained in decreasing field. Hence
we cannot expect no sharp jump related to skyrmions. In the presence of the anisotropy along
the magnetic field and perpendicular to the DM vector, the energy profiles of solitons and
skyrmions become more complicated and another local minimum appears inside the system.

We have understood the properties of the bulk-size system and micrometer-sized system
under the tilted magnetic field without thermal fluctuation on the basis of the tilted chiral
solitons.



Chapter 5

Summary and perspective

We have studied effects of magnetic field on a spin model of uniaxial chiral magnets such as
Cry/3NbS; by use of analytical and numerical calculations. In this thesis we neglect temperature
effects, but have found rich properties in this system depending on the field direction. We have
clarified the physical properties inherent in the chiral magnets, particularly in non-reciprocal
magnon dynamics in the conical state, ground states phase diagram in terms of soliton and
single-q pictures, and metastable states, and elucidated richness induced by the field component
parallel to the helical axis.

In Chap. 3, we have clarified the spectral structure of non-reciprocal spin waves when
magnetic field is applied parallel to the helical axis. Transverse dynamical spin structure factor
has two branches of peaks, and the intensity of one branch increases while the other’s decreases
with increasing field. The non-reciprocity grows in the spectral intensity although the two
branches of magnon energy are always reciprocal for the field below the saturation strength.
The spectral intensity is related to the eigenvectors of non-reciprocal magnons, in addition to
the eigenenergies.

In Chap. 4, we have studied properties of chiral solitons[83, 84, 101, 138] under tilted
magnetic field and their roles in the phase transitions of classical spins at zero temperature.
Laliena ef al.[86, 138] determined the phase diagram consisting of one ordered phase and
one disordered phase in which the spins are polarized by magnetic field, which are separated
by a single phase boundary. Moreover, they showed that two multicritical points separate
the phase boundary into two continuous phase transition lines and one discontinuous phase
transition line in between. This phase diagram has the same structure as that studied by Schaub
and Mukamel[101] by regarding the parallel component H? as temperature 7. We have
performed a linear analysis of small deviation from the uniform spin structure in Sect. 4.3.
This analysis categorizes the phase transitions into three types and reproduces the previous
result of Laliena et al.[86, 138]: instability-type continuous phase transition, nucleation-
type continuous phase transition, and discontinuous phase transition. Following Schaub and
Mukamel[101], we call in this thesis the point separating the discontinuous and nucleation-
type continuous phase transitions the multicritical point, and the other point separating the
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discontinuous and instability-type continuous phase transitions the tricritical point. The linear
analysis is equivalent to studying the asymptotic behavior of an isolated soliton when it exists.
The multicritical point is located in this region and can be understood as the point on the
phase boundary at which the soliton interaction changes its sign as done in 7-H_,_ phase
diagram[101]. The sign change takes place not only on the phase boundary but also away from
it. A single-g distorted conical order with small amplitude is described in the same analysis
when the tail of soliton does not exist. The phase transition between the distorted conical
and disordered phases is no longer described by the soliton picture. In Sect. 4.4, we have
constructed the Landau energy of the distorted conical order including its higher harmonics in
the instability analysis, which is consistent with the linear analysis, and determined the location
of the tricritical point using the standard condition that the coefficients of the second and fourth
order terms in the Landau expansion vanish.

An isolated soliton becomes unstable at the instability field FIO, which is higher than the
critical field H, .. We have determined its location called the H{ line and clarified the mechanism
of soliton instability for the realistic value of anisotropy for Cr;/3NbS,. It is caused by the
spin motion towards the helical axis. We calculate the instability field by using the variational
approach with respect to the spin at the soliton center. This idea is also useful in constructing
in Sect. 4.8 the surface spin configuration for fields higher than H.

The surface barrier exists in a wide region of the phase diagram and leads to hysteresis
experimentally observed in micrometer-sized samples. This is not associated with the discon-
tinuous phase transition in the thermodynamic limit. The barrier disappears at field below
the critical field FIC. We have calculated this barrier field Flb and confirmed that the results
agree quite well with the jump field at which sharp jumps are experimentally observed in
magneto-resistance and magnetic torque in decreasing field. We have also demonstrated that
the surface modulation[107, 143, 144] and the surface barrier come from the same physics
below the instability field ﬁo. Above ﬁo, the surface modulation survives but the barrier has
no meaning since solitons do not exist in the bulk. These arguments are also applicable to
a skyrmion system. In addition, we have found that when solitons interact attractively, their
interaction with the surface is also attractive.

We close this thesis with a few perspectives. One is about confirmation of attractive
soliton interaction as an experimental evidence of the discontinuous phase transition. A direct
identification of the discontinuous phase transition is still difficult because of extrinsic hysteresis
caused by the surface barrier. One possibility to check attractive interaction is a Lorentz TEM
experiment to observe oscillating spin profiles appearing in the soliton tail, or modulated
structures near the surface or the interface of two domains with opposite chiralities[103]. The
oscillation is an indication of attractive interaction between the solitons. In addition, we expect
to observe a cluster formation of solitons and a soliton bound near the surface as a result
of the attractive interaction. The material Cr;/3NbS; under the tilted field has the following
advantages for this purpose. First, attractive solitons are realized even at zero temperature, and
thus we do not need to consider thermal fluctuation effects on attractive solitons. These effects
are not obvious as explained in Ref. [100]. Second this region is rather wide for realistic values
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of parameters. Therefore, controlling magnetic field at low temperatures is more promising
than controlling perpendicular field around the critical temperature. We remark that a cluster
structure of skyrmions was already observed in the conical phase, which was attributed to
attractive interaction[152, 153].

Another perspective is about resonance of spin wave excitations and localized modulation,
particularly virtual solitons near the surface or the interface of different chiral domains. One may
measure the dynamical spin structure factor to study a chiral soliton lattice, which emerges under
magnetic field perpendicular to the DM vector. Although this field direction does not induce
non-reciprocity, the data of ferromagnetic resonance experiment has several modes, and some of
them have not been identified yet[154]. To discuss them, it should be helpful to understand the
whole structure of the excitation spectrum. In addition, a recent detailed experiment suggests
the presence of another DM vector in the ab-plane[155], which causes non-reciprocity also in
this configuration of magnetic field. We need further careful consideration on the presence of
another DM vector in both theoretical and experimental studies, because the non-reciprocal
propagation due to different mechanism such as the Damon—-Eschbach mode[114-117] is also
possible and the effects of the additional DMI on the spin structure are not clear. The resonance
mode of virtual solitons is also an important issue. The modulated spin structures near the
surface and the interface of two domains with different chiralities can be described by virtual
solitons bound in a potential well. Its resonance frequency wy is determined by their mass
m and the curvature k at the potential minimum as wy = \/k/m. However it is not simple
how to formulate the mass m and this is a fundamental new issue. Since in experiments some
unidentified resonance modes depend on the system size[155] and the localized modes have
different size-dependence from that of the spin wave modes in the bulk, they may be related to
these localized modes.






Appendix A

Ginzburg-Landau expansion

This appendix summarizes the systematic derivation of a coarse-grained field theory starting
from microscopic Hamiltonians.

A.1 Ising model

We start with the Ising model as the simplest example. The partition function of this model is
written as

Z = Tre P = Z 6_5[_‘]Z<iai> SiSj—Hex 3, Sﬂ'}
{85j}==+1

= Z o3 i JigSiSi+3; HiS; _ ZeésTjS+HT-S. (A.1)
{S;}==1 {s}

For the positive symmetric matrix A, we have the following formula about the gaussian integral
with respect to the /N component vector x

N o0
[ et o (H /
i=1"7 7

Let us regard the interaction matrix J as the above inverse matrix /1_1, and we have the
interaction term that
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The partition function also can be written down as

/ Dme—%mTj_lm+(m+H)T~S

_ 1sTjs+HT S _
z-Y e > Toeir (A%

{s} {S}

{s}

/Dweéwlea:

This kind of transformation is called Hubbard—Stratnovich transformation. Now it is easy
to carry out the summation over spins. The partition function as a functional of Hubbard-
Stratnovich field x is given by

/Da:e_émTj_l‘” Z exp[(x + H)" - 8]
= (A.5)

/Da:e_%””le”c H 2 cosh[(x; + H;)]

J
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_ [d t;]l/Q /Dme—éa:lea:—f—zj 1n[2cosh(a:j+Hj)]‘ (A.6)
e

This Hubbard—Stratonovich field & is not convenient to describe the magnetization properties.
Instead, it is better to introduce ¢ such that x = J¢ since the mean value of x is different from
the magnetization. Let us rewrite the formula Eq. (A.2) for A = J~! with respect to ¢.

Z =

N
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= [det j]1/2e%sTjs’ (A7)

and the partition function is given by
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The expectation value of ¢ can be calculated as

\/det /Dgogoe 29" “’Zexp (Jo+H)" - S] (A.9)
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This Hubbard—Stratonovich field may be convenient to be dealt. Finally we take the summation
over S and obtain

Z = Vdet j/DSO€%¢Tj(PH2COSh <Z Jipr + Hj) = Vdet j/DapeSM7
J l
(A.14)

(A.15)

1 R
S[e] = §¢Tjgo — ;111 [2 cosh <; Jipr + Hj>

Upon taking the continuum limit, the lattice variables are replaced by contniuous functio
@1 — ¢(r), and the action becomes its functional. Note that the higher order correlations of ¢;
have nontrivial connection to those of .S;. However the long range correlation can be simplify,
for example as follows:

(pips) = (SiS;) — [T Mij ~ (SiS;) - (A.16)

A.2 Chiral magnet

In this case, each site spin takes an arbitrary point on the 2-sphere S gj = (5%, Sj’, S%) with
(S7)* + (SY)* + (S;)* = 1, and the Hamiltonian includes the Dzyaloshinskii-Moriya term in
one bond direction, in which we take the z-axis and call it the chiral axis. We introduce Jj

and J, describing the symmetric exchange interaction along bond directions with the DMI and
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without the DMI, respectively.

= Tr(g)e? St mr SHMJVSJV*Z HAS) = Trygyes S S S+, AS;

— Tr{s}QQSTJS+HT S'7 (A18)
where dQ; = d cos 0;d¢; /(47) for S; = (sin 6; cos ¢;, sin 6; sin ¢;, cos 6;) The matrix .J;; is a
3 x 3 matrix in spin space for the site pair ¢ and j, and it is not necessarily symmetric. Vectors
S and H have 3N components, and Jisa3N x 3N symmetric matrix. For later convenience,
we introduce symmetric matrix J, | and antisymmetric matrix Jp such that J] s = = J | £ Jp as

well as .J s = = J, ford = +2, +y. The Hubbard—Stratonivich transformation is performed

in the same way, and we obtain with the molecular field Flfﬁ[go] =3, Jud + H; that
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We have the following:
() = (S)), (@l ~ (S}S7) for v € {w,y, 2}, (A.22)

Let us check that the stationary condition of the action with respect to ; leads to the mean
field equation, Take the variation of the action:
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This is nothing but the self consistent equation.
Next we try to derive the GL equation. We consider the expansion of the logarithmic term
in the action.

sinh z 22 2 1 1
] ~1 — ~ =2 = =z*) + 0. A27
n— n(+6+120+ ) 6($ 5x>~|— («®) (A.27)

We neglect the irrelevant terms on the order of O(%, H2 , »H.,). Note that
HP =13 Jual® + 23 Hy - Jugi+ | P (A28)
! l

Therefore we obtain the action expanded with respect to small ¢ and H as

1
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We take the Fourier transform of @; as 3; = >, Gre® ™, though we use the different definition
with respect to the normalization for the Fourier transform of the interaction matrix:

_ ~ . . L /' + ~
N 1§ :Jijelkm ik'r; __ — N~ E :Jl]e 5 7‘1]+1k k') R;; _ § :Jzyelkm]ékk’ — J—k(sk,kly

" " (A.30)
R, =" ;r L — (A31)

We have the relation that .J = J = j,;r .1 The explicit form in this case is given by
Jp = Z J,2cos ksa + jHQ cosk,a — Jp2isink.a (A.32)

d=z,y

We obtain the action using to @, as follows:
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Note that H k= HN 0k,0. The norm means that
(JiBr) ' (JuPr) = (J_uB-r)" (JuBr)- (A.35)

We consider long wave-length modulations and fluctuations, i.e., expand quantities in k. The
first term is reduced as

72
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where T = (4J, + 2J))/3 and 1p = diag(1,1,0). We retain the temperature dependence
only for the first term of Eq. (A.37), and for the other terms set 7" to 77. Then we reduce the
action to the form
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Let us take the continuum limit. The procedure is as follows: Y, — V [ dk/(2m)?, and for
G = B(r)), G = N' 32, Gie *7 = V1 [dr@(r)e”™®". With N/V = 1/a®, we obtain
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We can neglect the last term since the DMI is usually weak compared to symmetric exchange
interactions. When we recover the inverse temperature in the action, and then we have

1 dr 27

tel =7 [ 5 { ket + 3o - i + etgn)
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Here we neglected the O(D?) term. Let us consider the mean field theory again, and study the
critical temperature in the absence of the magnetic field. The fee energy within the stationary
approximation is given by Fyip = T'S[¢pnmr]. We assume that Gyp(7) = ¢(cos gz, sin gz, 0),
which reduces the free energy to

F 3 . 27, . Jjq*a®
= 5T TG+ et + S5 + Daag. (A41)

We minimize this with respect to ¢ and ¢. The equations are given by

D
Jya*q+Da =0+ q= g (A.42)
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I

Therefore we can evaluate that T, = T + D*/3J; = (4J, + 2J + D?/J})/3. The critical
temperature in the lattice model is given by T'attce = (4., + 2, /J”2 + D?)/3, and this agrees

with Tt within the lowest order in D/.J. Next we consider the relations of parameters between
the Schaub—Mukamel paper[101] and the lattice model. Let us consider for a while the case
of J; = Jy = J. Their model is described by the dimensionless quantities. Here we use .J
and )\ as units of energy and spatial length, respectively. Here we introduce \ to expect that it
corresponds to the length scale in Ref. [101] though the length scale is not explicitly specified
there. We describe the dimensionless version of a quantity o as 0. The free energy density,
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which is defined by Fyip[e] = [ drf is given by
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The values equivalent to those of the Schaub—Mukamel paper are given by
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