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Preface

Electrons have two degrees of freedom, i.e., charge and spin. Electronics is a re-
search field which deal with control of charge current. It had made a significant
contribution to the development of industry and science in the 20th century. In the
21st century, a research field known as “spintronics” has been growing rapidly. In
spintronics, the spin as well as the charge have been actively utilized. One of the
most important concepts in spintronics is “pure spin current” that is the flow of
spin angular momentum without charge flow. Thus, devices based on the pure spin
current are expected to contribute to energy efficient. Unlike the charge current,
the pure spin current is not a conserved physical quantity but a diffusive flow with
a characteristic length of several tens of nanometers. Conversely speaking, the pure
spin current is expected to be utilized as a new probe to detect magnetic properties
in nanometer-scale (nanoscale) devices.

The spin Hall effect (SHE) and its inverse effect (inverse spin Hall effect, ISHE)
enable us to interconvert the charge current and the pure spin current [1-4]. It has
been known that the ISHEs in magnetic materials are modulated near the magnetic
transition temperatures where spin fluctuations are strong. The result indicates
that there is a strong correlation between spin fluctuations of the magnetic moment
and the pure spin current. Based on this correlation, the pure spin current can
be a sensitive probe to investigate spin dynamics in magnetic systems [5-8]. As
mentioned above, the pure spin current decays within several tens of nanometers.
In order to implement the pure spin current probe, magnetic systems have to be
fabricated into sub-micrometer size.

In recent years, chiral magnetic systems have attracted much attention due to
their unique magnetic ordering states. In the chiral helimagnet, the magnetic mo-
ments are arranged in a helical form due to the competition between the exchange
interaction and the Dzyaloshinskii-Moriya (DM) interaction [9,10]. When a mag-
netic field is applied perpendicular to the helical axis, the period of the magnetic
spiral increases and becomes infinite at the critical field where the helimagnet is
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forced to a ferromagnet. This peculiar magnetic state is called the chiral soliton
lattice (CSL) and has been investigated in detail since the 1950s, using neutron
scattering [11], X-rays diffraction [12], Lorentz transmission electron microscope
(LTEM) [13]. However, some fundamental issues, such as spin state at the end of
the CSL at the surface (fixed end or free end), remain unsolved.

In this thesis, we have aimed to study magnetic dynamics in a chiral helimagnet
with pure spin current. For this purpose, we have chosen CrNb3Sg that is a typical
chiral helimagnet. CrNb3Sg is a layered chiral helimagnet, which enables us to
obtain a thin film with the mechanical exfoliation technique and also to incorporate
it into the spin Hall device to inject the pure spin current. Contrary to graphite
and transition metal dichalcogenides, we cannot adopt the standard exfoliation for
CrNbsSg because of a stronger van der Waals interaction via Cr atoms. We first
aimed to establish the nanofabrication process to extract a thin film from the bulk
single crystal. We then performed spin transport measurements in CrNbszSg thin
films in order to reveal the relation between the magnetic ordering state in CrNb3Sg
and the pure spin current.




Chapter 1

Physics of chiral magnetic systems

1.1 Helimagnets

Helimagnets are magnetic states where neighboring magnetic moments arrange in a
spiral or helical pattern with a characteristic tilt angle between 0 and 180 degrees.
In 1959, Yoshimori [14] first suggested that MnO, has the helimagnetic structure.
At almost the same time, Kaplan [15] and Villain [16] also reported the helical
magnetic structure in Mn compounds. Since then, the helimagnetism has been ac-
tively studied. The microscopic mechanism of the helimagnetism is classified into
two types. One is called Yoshimori-type or symmetric helimagnet where the en-
ergies of right-handed and left-handed spirals are degenerate. The other is called
Dzyaloshinskii-type or antisymmetric helimagnet where the chirality of spiral mag-
netic structure (i.e., dextrality or sinistrality) is generated as a result of the antisym-
metric exchange interaction, so-called the Dzyaloshinskii-Moriya (DM) interaction.
This type was first predicted by Dzyaloshinskii in 1964 [17]. In Dzyaloshinskii-type
helimagnets, the period of the magnetic spiral increases with increasing the applied
magnetic field perpendicular to the helical axis, while the spiral magnetic structure
is preserved. This peculiar magnetic state is called the chiral soliton lattice (CSL).
The CSL is stable because of the robustness of the chirality that is protected by the
crystal structure. The period of the CSL can be controlled by applying the magnetic
field from several tens nanometers to infinity. When the period becomes infinite at
a critical field, the helimagnet is forced to a ferromagnet. The CSL has been at-
tracting much attention in the field of spintronics as a new candidate for controlling
the spin phase, similar to the skyrmions [18,19]. In spite of several experimental
and theoretical works on the CSL in recent years [20], all the detailed properties of
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the CSL have not been elucidated yet.

1.2 Concept of chirality

Chirality is a physical property that an object cannot be superimposed onto its
mirror image [21]. In early 19th century, Arago and Biot discovered the optical
rotation of the linearly polarized light in quartz. It was the first time that the concept
of the chirality was brought into scientific research. In 1848, Pasteur successfully
separated the sodium ammonium tartrate crystal into two types of structures, and
showed that the direction of optical rotation was determined by the crystal structure,
i.e., right- or left-handedness. These studies led to the discovery of chiral molecules
and crystals at the atomic length scale.

The word “chirality” was first introduced by Lord Kelvin in 1904 and defined as
described in the above paragraph [22]. Based on this definition, the appearance of
chirality is accompanied by the broken space inversion (parity P). In 1986, Barron
redefined the concept of the chirality in order to include dynamical phenomena [23]
and classified the chirality into two types: “true chirality” and “false chirality”.
The former is valid when P is broken but the combination of rotation R and time
inversion 7, i.e., R7, is not broken, while the latter means that P and 7 are
separately broken and P7 is invariant. For example, the true chirality is a typhoon
and the false chirality is the Faraday effect. Thus, both systems have completely
different physical properties.

1.3 Symmetric and antisymmetric helimagnets

As mentioned in Sec. 1.1, there are two types of helimagnetic structures: one is the
symmetric helimagnet called Yoshimori-type, and the other is the antisymmetric
helimagnet called Dzyaloshinskii-type. They exhibit similar spin structures at first
glance, but have different properties from the viewpoint of chiral symmetry. In
particular, a clear difference appears when the external magnetic field is applied
perpendicular to the helical axes of both helimagnets. As for Yoshimori-type, the
helimagnetic structure changes into a fan-structure with a discontinuous transition,
and finally becomes a forced ferromagnet, as shown in Fig. 1.1. On the other hand,
the magnetic structure of Dzyaloshinskii-type shows a peculiar magnetic state called
the chiral soliton lattice (CSL) before it becomes ferromagnetic (Fig. 1.2).

In the following, we introduce the theoretical background of Yoshimori-type and
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Figure 1.1: Schematic image of M — H curve expected for Yoshimori-type helimag-
net. The magnetic field is applied perpendicular to the helical axis.

Dzyaloshinskii-type helimagnets. Figure 1.3 depicts a spin model for Yoshimori-type
helimagnet. Spins that can move in the z-y plane are arranged along the z-axis and
the magnetic field is applied along the x-axis. We assume a ferromagnetic exchange
interaction J; > 0 for the nearest neighbor spins and an antiferromagnetic exchange
interaction Jy; < 0 for the next nearest neighbor spins. The Hamiltonian of this
system is written as

H=-I)Y 8 Sui—D> S-S, (1.1)

where S; indicates a spin vector at the i-th site. For simplicity, we consider only
three classical spins with the same magnitude of spin angular momentum, i.e., S =
S = Sy = 53. We also define the angle between the x-axis and the direction of spin
at the i-th site as ;. Equation (1.1) can be rewritten as

H= —2J152{COS(62 — 91> + COS(93 — 92)} — 2J282 COS(Q3 — 01) (12)

By putting § = 03 — 6, = 05 — 01, Eq. (1.2) can be simplified as
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Figure 1.2: Schematic image of M — H curve measured expected for Dzyaloshinskii-
type helimagnet. The magnetic field is applied perpendicular to the helical axis.

H = —4.J,5%cos§ — 2.J,5% cos 26. (1.3)
By differentiating Eq. (1.3) by 6, local minima can be obtained as follows:
% = 4J,8%sin6 + 4.J,5%sin 20 = 0, (1.4)
0 = 0, m, £cos ! _ (1.5)
) ) 2J2 . :

Equation (1.5) indicates that this system can be ferromagnetic, antiferromagnetic,

(o

and helimagnetic when 6 = 0, m, and + cos™ ( 5 J2>, respectively. In the helimag-

netic case, 6 can take both the positive (—f—cos*l (—2‘]712>) and negative <—cos*1 (—2‘]712>>

values. This fact indicates that the two states with positive and negative 6, i.e.,
right-handed and left-handed helimagnets are degenerate.

On the other hand, the antisymmetric helimagnetic structure originates from
the Dzyaloshinskii-Moriya interaction. Dzyaloshinskii predicted the existence of the
antisymmetric exchange interaction from the consideration of symmetry in 1958 [9,

10
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Figure 1.3: Schematic image of the spin model of Yoshimori-type helimagnetic struc-
ture.

10]. In 1960, Moriya showed that the antisymmetric exchange interaction is derived
from the second-order perturbation mediated by the excited state due to the spin-
orbit interaction [24,25]. Based on these theoretical backgrounds, the antisymmetric
exchange interaction is called the Dzyaloshinskii-Moriya interaction (DMI). The
DMI between two spins at the i-th and j-th sites is written as D;; - S; X S, where
D;; is the constant vector called the DM vector. The sign of D;; determines the
tilting orientation of one spin relative to the other. The quantity x;; = S; x S, is
called the spin chirality that breaks P but preserves R7. That is to say, x;; is a
true chirality.

1S3
(‘A‘ - ;
>0 -
J 1 ﬂ>52

yx ]>0_< D>51

N
"

Figure 1.4: Schematic image of the spin model of Dzyaoshinskii-type helimagnetic
structure.

11



1 Physics of chiral magnetic systems

When D;; is parallel to a fixed axis throughout the crystal, it is expressed as
D;; = D = De. Here, D is a constant and € is a unit vector along the crystal-
lographic axis. The competition between the DMI and the isotropic ferromagnetic
coupling J > 0 gives rise to a helical structure. The orientation of D reflects the
crystal structure and determines the direction whether the magnetic moments are
rotated to right- or left-handed direction along the helical axis.

As shown in Fig. 1.4, in order to model the Dzyaloshinskii-type structure, we
assume that (1) spins that can move in the z-y plane are arranged along the z-axis,
(2) the exchange interaction J and the DM vector D work between the nearest
neighbor spins, and (3) D is parallel to the z-axis, i.e., D = Dé,. The Hamiltonian
of the Dzyaloshinskii-type structure is written as follows:

H:_sti'si-i—l_D'ZSiXSi—I—L (16)

As we have done for the Yoshimori-type structure, we consider only three classical
spins with the same magnitude of spin angular momentum, i.e., S = 5; = S, = S5.
Furthermore, we also define the angle between the z-axis and the direction of spin
at the i-th site as ;. Equation (1.6) can be rewritten as:

H = —JS?{cos(fy — 0)) + cos(fs — 03)} — DS? {sin(fy — 0;) +sin(fs — 65)}. (1.7)

By putting 0 = 63 — 65 = 05 — 6, and following the same calculation procedure as in
the Yoshimori-type, we obtain
D
f=tan " | — ). 1.8
an ( J) (1.8)

Unlike the case of the Yoshimori-type structure, only a positive or negative 6 is
allowed in the Dzyaloshinskii-type structure. This feature results in the chirality
(right- or left-handedness) in the crystal.

1.4 Chiral soliton lattice

In a Dzyaloshinskii-type helimagnet, the period of the magnetic spiral increases and
becomes infinite at a critical field where the helimagnet is forced to a ferromagnet
under the magnetic field perpendicular to the helical axis (i.e., z-axis) as shown in
Fig. 1.5. This peculiar magnetic state is called the chiral soliton lattice (CSL) [26].
The Hamiltonian of the system can be expressed as:

12
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Figure 1.5: Schematic image of the CSL.
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H:_JZSZ"SH—I_D'ZSZ'XSi+1_H'ZSia (19)

where H = He, is the applied magnetic field perpendicular to the helical axis. As
discussed in the previous section, we consider classical spins with the same magni-
tude of spin angular momentum, i.e., S = S;, and define the relative angle between
S; and the z-axis as 6;. In this case, Eq. (1.9) can be rewritten as:

H=-JS? Zcos (011 — 0;) — DS? Zsin (Oix1—0;) — HSZCOS 6;.  (1.10)

When the the period of the magnetic spiral at the zero magnetic field, L(0), is
much longer than the lattice constant ag (Lo/ag ~ 40 for CrNb3Sg), we can take
L

the continuum limit: E — aol/ dz, 0; — 6(z), and 0,11 — 0(z 4+ ap) =~
. 0
j

df
0(z) + a0~ + -+ -. Thus, the first and second terms in Eq. (1.10) can be rewritten
z
as

2 2
cos (041 — 0;) — cos (0(z + ag) — 0(2)) ~ cos (a0?> ~1-— % (?) , (1.11)
2 z
de

. (1.12
0dz ( )

do
sin (0,41 — 0;) — sin (0(z + ag) — 0(2)) ~ sin (aod—) ~a
z

L
Therefore, Eq. (1.10) is transformed into H = ag " / ‘Hdz, where the Hamiltonian
0

per unit length 7 is described as

- JS2a0? [ do\? do
= — | —DS%awy— — SH 1.1
H 5 (dz) Saodz SH cos0, (1.13)
1 /do\? do
_ 2 2|1 _ a2 1.14
JS*ay [2 (dz) Qo —m COSH], (1.14)

where qq is the wave number of the zero-field helimagnetic structure defined by

_D (1.15)
Go = J(Z()’ .

14



1.4 Chiral soliton lattice

and m is the coefficient of nonlinear term defined as
2 — H
JSCL()Q ’

Equation (1.14) is called the chiral sine-Gordon Hamiltonian. By using the Jacobi
elliptic function, 6 is expressed as

m

(1.16)

0(z) = 2am <z@> : (1.17)
K
. . . . . .- m Tqo
where am is the Jacobi’s amplitude function with the elliptic modulus — = 1B
K

(0 < kK < 1). From these equations, the magnetic field dependence of the phase
distribution is obtained. The spatial period of the soliton is given by using the
elliptic function,

K 8KE

L(H) =22 = , (1.18)

m Tqo
where K = K (k) and E = E(k) are the complete elliptic integrals of the first kind
and the second kind, respectively. For the zero magnetic field, the period is given
by

2
L) =", (1.19)
4do
The soliton density
L(0) _ w2 (1.20)
L(H) 4KE '

works as an order parameter. Increasing H from zero to critical field He corresponds
to increasing x from zero to 1. Therefore, the critical field

2 D\’ D?
He = (”q"ao) JS = (5—) JS ~ = (1.21)

is obtained.

The direct observation of the CSL was first realized by Togawa et al. by using
the Lorentz transmission electron micrscopy (TEM) in 2012 [13]. Figures 1.6(a),
(b), and (c) show the Lorentz TEM images of the Dzyaloshinskii-type helimagnet,
CrNbsSg at 110 K under the magnetic fields of 0, 0.208, and 0.224 T, respectively.
The helical structures are observed as stripe patterns. The interval between each

15



1 Physics of chiral magnetic systems

stripe, i.e., the period of the helical structure, increases with increasing magnetic
field. The magnetic field dependence of the interval between the stripes is shown
in Figs. 1.6(e) and (f). The interval between the stripes can be well reproduced by
the elliptic function as discussed above. From this experiment, the existence of the
CSL has been experimentally proved for the first time.

Kishine et al. predicted that the magnetization of the CSL takes discrete values
as a function of the magnetic field perpendicular to the helical axis because of finite
solitons [27]. In this calculation, they postulated the fixed ends of CSL for both
sides. Figure 1.7 shows the calculated magnetic field dependence of energy and
magnetization with a finite number (n = 6 ~ 10) of solitons. With increasing
magnetic field, the system energy with n becomes higher than that with n — 1,
resulting in a reduction of the number of solitions in the system. The crossover from
n to n — 1 is accompanied by the magnetization jump at the same magnetic field.

Togawa et al. demonstrated that magnetoresistance of CrNbsSg showed discrete
behavior [28]. They fabricated a micro-meter scale single crystal sample (~ 10 x
10 x 1 um?) by using a focused ion-beam technique and applied an electric current
along the helical axis (c—axis of the crystal) as shown in Fig. 1.8(a). Many steps in
the magnetoresistance are observed [see Figs. 1.8(b), (c¢) and (d)].

The CSL has been actively studied both theoretically and experimentally. How-
ever, some fundamental issues, such as spin state at the end of CSL at the surface
(fixed end or free end), remain unsolved.

1.5 Basic properties of CrNb3Sg

CrNbsSg is a typical chiral helimagnet where the DMI plays an important role on
the magnetism. Figure 1.9 shows the crystal structure of CrNbsSg. Cr atoms are
intercalated into the two S layers of NbSy which is one of the transition metal
dichalcogenides. CrNbsSg belongs to a space group P6322 that does not have the
central symmetry. The lattice constants are a = 5.74 A, and ¢ = 12.10 A [30]. The
Cr ion is trivalent and has a spin of S = 3/2. Magnetization and neutron scattering
measurements were performed by Miyadai et al [11]. From their experimental re-
sults, it was found that the critical temperature is T = 130 K and one spiral pitch
under the zero magnetic field is L(0) = 48 nm.

Because CrNb3Sg has a layered crystal structure, it is expected that the crystal
can be mechanically exfoliated. Actually, as shown in Fig. 1.10, a clear cleavage
plane appears on the surface of the crystal. However, the interaction between the
two S layers becomes stronger than standard van der Waals materials because of the

16
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Figure 1.6: (a), (b), (¢) Lorentz TEM images of CrNb3Ss at 110 K under the mag-
netic field of 0, 0.208, and 0.224 T, respectively [13]. (d) Line profile of the contrast
intensity integrated in the dotted square in (c). The periodic pattern is partitioned
by three contrast lines, namely, central dark contrast line (black arrow) accompanied
with two adjacent bright contrast lines (yellow arrows). (e), (f) [L(H) — L(0)]/L(0)
and L(0)/L(H) as a function of the reduced field (H/H¢). (g) Illustration of the
relation between the detailed magnetic structure of CSL and the intensity of the
Lorentz TEM image.
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Figure 1.7: (a) Energy as function of the magnetic field [27]. n indicates the num-
ber of solitons. The red points show the crossover fields from n to n — 1. (b)
Magnetization curve (blue line) in the CSL with increasing the magnetic field.
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Figure 1.8: (a) Scanning Ion Microscope image of a micrometer-size device of
CrNbsSg [28]. (b) Magnetoresistance of the CrNbsSg device at 20 K. The red and
blue curves are obtained when the magnetic field is swept from 0 to 3500 Oe and
vice versa, respectively. (c), (d) Magnetoresisatances at 10 K in the low-field and
high-field regions, respectively. The red and blue curves are the same meanings as
in (b). (e) Magnetoresistances measured at several temperatures.

19



1 Physics of chiral magnetic systems

This figure was drawn by using the

Figure 1.9: The crystal structure of CrNbsSg.

29].

[

software VESTA
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1.5 Basic properties of CrNbsSg

intercalated Cr atoms. Therefore, atomically thin layers cannot be easily obtained
by using the standard exfoliation technique, so-called the scotch tape technique used
for graphene or transition metal dichalcogenides.

Figure 1.10: Optical microscope image of bulk CrNbsSg single crystal.

In 2018, Wang et al. performed magnetoresistance measurements of thin-film
CrNbsSg devices [31]. They fabricated CrNbsSg thin film devices with thicknesses
from 28 nm to 280 nm by using the scotch tape technique, as shown in Fig. 1.11.
Since one spiral pitch at zero magnetic field is 48 nm, the total number of spirals in
the CrNb3Sg thin film can be estimated by measuring the thickness. Figures 1.12(a)-
(d) show typical magnetoresitance curves of CrNbsSg with four different thicknesses.
The number of step in the magnetoresistance corresponds to the number of the
helical magnetic structure estimated from the film thicknesses. They also measured
the magnetoresistance with a thickness less than 48 nm (= L(0)), and confirmed
that there is no step in the magnetoresistance.

21
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Although they showed that the scotch tape technique is useful for CrNbsSg,
the fabrication conditions depend on the adhesive strength of the tape and the
experimental environment. Therefore, one has to establish the optimum way in
each laboratory.

(a) nun. N
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'
(b)
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Figure 1.11: (a) Optical microscope images of exfoliated CrNbsSg crystals with
thicknesses from 28 nm to 280 nm [31]. (b) Atomic force microscope image of the
57 nm thick film. (c¢) The cross section of the 57 nm thick film shown in (b). (d)
Temperature dependence of resistance normalized at T = 280 K [R(T)/R(280 K)]
for different thicknesses.
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Figure 1.12: (a)-(d) Magnetoresistance curves of exfoliated CrNbsSs films with the
thicknesses from 28 nm to 280 nm measured at 250 mK [31]. (e) Thickness de-
pendence of the critical field Be. (f) [R(0.5 T) — R(Bc¢)]/R(0) as a function of the
film thickness. The result shows the magnetoresistance continuously decreases when
B > B¢ and with increasing the thickness.
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Chapter 2

Spin transport

Spintronics is one of the most active research fields in recent condensed matter
physics. The most important achievement in spintronics is the discovery of giant
magnetoresistance (GMR). The GMR was first observed in multilayers composed of
alternating ferromagnetic and nonmagnetic layers on a substrate [32,33]. This effect
triggered the development of magnetic field sensors where magnetic information is
superimposed into electric current. While such a spin-polarized current plays an
essential role in the GMR devices, modern spintronics relies on pure spin current,
that is the flow of spin angular momentum without flow of charge. [34-39]. Since
the pure spin current is not accompanied by charge flow, devices based on the pure
spin current would contribute to energy saving. On the other hand, those devices
can also be used for detecting spin-related phenomena in nanoscale magnets [5-8].
In this chapter, we first describe the concept of pure spin current. The ISHE is
a powerful tool which can detect the pure spin current not only in nonmagnetic
materials with strong spin-orbit interactions but also in magnetic materials. We
introduce the SHE and the ISHE in Sec. 2.2, followed by the detailed theoretical
expressions in Sec. 2.3. Sections 2.4 and 2.5 are devoted to explain two examples of
ISHE in magnetic systems.

2.1 Pure spin current

An electron has two degrees of freedom, i.e., charge and spin. Flow of the spin is
called the spin current, analogous to the charge current. The spin current is classified
into two categories: spin polarized current and pure spin current. The former is
simply realized by flowing an electric current in magnetic materials. On the other
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hand, the latter means only a flow of spin angular momentum with no net flow of
charge, and is not so easily realized compared to the former. The schematic image
of the pure spin current is shown in Fig. 2.1. Electrons with up-spin and down-spin
move in opposite directions. Consequently, this situation can be regarded as two
up-spins moving with no charge flow. In the following, we introduce two methods
to generate and detect the pure spin current.

A

? L —

Figure 2.1: Schematic image of the pure spin current. When an up-spin electron
flows from left to right and a down-spin electron flows from right to left, an electric
charge is canceled out but only the spin angular momentum flows from left to right.

2.2 Spin Hall effect

One of the methods to generate pure spin current is to use the SHE [1-4]. Figure 2.2
shows the schematic images of the SHE and its inverse effect (ISHE). When a charge
current flows in a nonmagnetic material with strong spin-orbit interaction, electrons
with up-spin and down-spin are scattered in opposite directions. As a result, a pure
spin current is generated in the orthogonal direction to the charge current and the
quantization axis of the spin. In the same way, a charge current is generated when
a pure spin current is injected into a strong spin-orbit material. The charge current
I, the pure spin current /g and the quantization axis of the spin s hold the following
relations:

IS X IC X 8, (21)

IC X IS X 8. (22)
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é-.
2% ¢~ .

I \

Figure 2.2: Schematic images of (a) the SHE and (b) the ISHE. I and Ig indicate
the charge current and the pure spin current, respectlvely.

The magnitudes of the pure spin current density js and the charge current density
Jc are expressed as:

Js = e, (2.3)
jC = aiISHE]S7 (24)
where off'® and olfF are conversion efficiencies, called the spin Hall angles. ajfF

is generally equal to oiP™™® based on the Onsager reciprocal relation, i.e.,

o = o' = ay. (2.5)

The SHE was originally predicted by D’yakonov and Perel’” in 1971 [2]. However,
it had not attracted much attention because there was no experimental way to
detect the pure spin current. About 30 years later, in 1999, Hirsch shed light on
the SHE again [3]. In 2003, Kato et al. observed spin accumulation at both edges
of a semiconductor GaAs thin wire using the optical Kerr effect [4]. It was the first
direct observation of the SHE.

The ISHE was first measured in a NiFe/Pt bilayer film by Saitoh et al [40]. By
applying a microwave to the film, a ferromagnetic resonance occurs in the NiFe layer
and a pure spin current is injected into the Pt layer. The generated pure spin current
is converted into a charge current due to the ISHE, resulting in charge accumulation.
In the same year, Valenzuela and Tinkham measured the ISHE in Al by using the
nonlocal spin injection method [41], as detailed in the next section.
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2.3 Nonlocal spin injection method

There is another way to generate the pure spin current, that is nonlocal spin injection
in the lateral spin valve structure. This method was first tested by Johnson and
Silsbee in 1985 [34]. They obtained spin accumulation signal of the order of pV in
Al/NiFe micrometer-scale structure. This was revisited by Fedema et al. in 2002
using sub-micrometer lateral spin valve devices. They obtained more than 1000
times larger spin accumulation signals, compared to Johnson and Silsbee. The spin
accumulation in the lateral spin valve structure was then formulated by Takahashi
and Maekawa [42,43]. In the following subsection, we will explain some theoretical

expressions based on the one-dimensional (1D) spin diffusion model proposed by
Takahashi and Maekawa.

2.3.1 Nonlocal spin valve

The nonlocal spin valve (NLSV) structure consists of two ferromagnetic wires and
one nonmagnetic wire as shown in Fig. 2.3. A ferromagnetic injector F1 is aligned
parallel to another ferromagnetic detector F2. They are connected with a nonmag-
netic wire N. The magnetization direction of F1 and F2 is parallel or antiparallel
along the wire due to the magnetic anisotropy. We define the origin at the junction
between F1 and N, and take the x- and y-axes along the N and F1 wires, respec-
tively. The z-axis is perpendicular to the z-y plane. The dimension (thickness tp
and width wg) of F1 and F2 is the same and the distance between F1 and F2 is
L. When a charge current is injected from F1 to N, spin accumulation is generated
at the interface between F1 and N. This spin accumulation results in a pure spin
current only at the right side of the N wire. Figure 2.4 shows the electrochemical
potential in the N channel. In the N channel for 0 < z < L, up-spin and down-spin
currents flow along the +x and —z directions, respectively. The current density for
spin o, j,, can be described by the standard Ohm’s law and an additional term,
drift current eD,Vdn,, as follows:

Jo =0.E+¢eD,Von,, (2.6)

where o, is the electrical conductivity for spin o, E is the electric field, Vn, is
a deviation from the equilibrium state of charge density, and D, is the diffusion

constant. 5
n
Here we introduce an electrochemical potential u, = —e¢p + TU N, is the

density of state for spin . o, can be written as 0, = €N, D, using the Einstein
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F1 F2
y s
] — N ZQL—X IWN
L

t1

Figure 2.3: Schematic image of the top view of the NLSV device.

x=0 x =L

Figure 2.4: Electrochemical potential distribution in the N channel.

29



2 Spin transport

0 L

Figure 2.5: Five different segments to calculate the electrochemical potential using
the 1D spin diffusion model.

relation. Thus, Eq. (2.6) can be rewritten as

. o
Jo = —gv,ug. (27)

The charge current density j¢ and spin current density js can be described as

jC - jT_‘_jlv (28)
Jjs = J1—J (2.9

By using Eq. (2.7), the continuous equations for charge and spin currents in a steady
state can be expressed as

V-(gr+3) = 0, (2.10)
V.

. . €5m 6(5nl
Gr—3) = —+— (2.11)
Trl Tt

Here 7.,/ is the spin scattering time from o to ¢’. By using Eq. (2.7), Egs. (2.10)
and (2.11) can be rewritten as

Vi (orpy + o) =0, (2.12)
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e? ny  on ez [(on n
VA (= ) = —— (——T+—i) +— (—T——l)

or\ T T oL\TIL Ty
2.13
1 (5”T B 5”l) N 1 (5n¢ B 5ni> (2.13)
NiDy\m  7m7) ND \7m 711/
N, N
Using detailed balancing i —i, one obtains the following expression:
T Tt
1
V2 (= py) = D (b = 1) (2.14)
with the definitions
1 NyD '+ N D! (2.15)
D Ny + N, ’ '
1 1 /1 1
— = - (=+=). (2.16)
Tot 2\T T

Because the spin diffusion length A is derived from

A= VvV DTSf, (217)

Eq. (2.14) is rewritten as

VA = ) = A7 (g — ) (2.18)

To calculate the electrochemical potentials and the current densities for up-spin and
down-spin using Egs. (2.10) and (2.18), we divide the nonlocal spin valve device
into 5 parts as shown in Fig. 2.5. By considering the boundary conditions at all the
junctions, the spin accumulation between F2 and N can be obtained. The detailed
discussion is desicribed below.

(1) x < 0 (N part)
The electrochemical potential for up-spin in this part is

el
O'NAN

py = T+ aleﬁ, (2.19)

and that for down-spin is
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6[ z
= — A 2.20
o= o me, (2.20)

where Ay = wyin (wn: width of N wire and ¢y: thickness of N wire) is the cross-
section area of the N wire. By using Egs. (2.19), (2.20), and (2.7), the current
densities for up-spin and down-spin are obtained:

T
_ oN el a =
_ _°N - 2.21
N e (UNAN * )\Na16 N) ’ (2.21)
, oﬁ] el a = (2.22)
= —— — —aje™ | . .
I (& O'NAN /\N !

For example, the charge current I¢ is

Io = (i +J)Ax = —1, (2.23)
and the spin current Ig is
. . Ano =z a x

where Ry = is the spin resistance in the N wire. Thus, from the boundary
ON/N

conditions at x = 0, three equations

a1

Is(z=0) = ——— 2.25
MT( =0 = a, (2 26
p(x=0) = —ay, 2.27

are obtained.

(2) x =0,z > 0 (F1 part)
The electrochemical potential for up-spin in this part is

1 =z
pr =eVi + e—z + U—};ble AR, (2.28)
orAp Op

and that for down-spin is
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el OF _z
—eVi+ ——2— “She 2.29
pL=c 1+O'FAFZ J}ly e ( )

where Ap = wpwy is the area of the junction of the F wire and the N wire. By
using Eqs. (2.28), (2.29), and (2.7), the current densities for up-spin and down-spin
are expressed as

T
. Op el bl Of -&
_ _% _ 7 2.30
J1 o (OFAF )\FUTe F), ( )
1
. Op el b1 OfF -&
_ _YF 42 , 2.31
Ji . (UFAFJr)\FO%e F) (2.31)
Thus, the charge current I¢ is
, , 012 + crlﬁ
Ie=(r+i)Ar = ————I=-1, (2.32)
F
and the spin current Ig is
T 24 ;
Is = (jy — J)Ar = - %k oE e
I 6)\1:
(2.33)
I+ 26y e
= — —_—€ F,
br eRp(1 — pr?)
)\F . . . . . U}T? — O-}%‘
where Rp = 5 is the spin resistance in the F wire, and pp = : 0
(1 — pr?)orAr Op + Op

is the spin polarization. From the boundary conditions at z = 0, three equations

2b,
e = —ppl + ———— 2.34
S Pr +€RF(1—pF2)7 ( 3)
pi(z=0) = eVi+ b, (2.35)
Op
o= i, (2.36)
Op

are obtained.
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(3) 0 <z < L (N part)
The electrochemical potential for up-spin in this part is
py = aQe_% + age%, (2.37)

and that for down-spin is

) = —aze_ﬁ — ageﬁ. (2.38)

By using Eqs. (2.37), (2.38), and (2.7), the current densities for up-spin and down-
spin are

;

o O (%2 55 98 5y

o= ( SR N), (2.39)
|

T N I L P v 2.40

.]l e ()\Ne N >\N€ N)' ( )

Thus, the charge current I¢ is

Ie = (51 +J,)Axn =0, (2.41)
and the spin current Ig is
A P z
Is = oN N (ape N — azedn). (2.42)
6)\N

From the boundary conditions at x = 0, three equations

Lz=0) = %(GQ _ay), (2.43)
IUT(.CL’ = 0) = as + as, (244)
p(z=0) = —ay—as, (2.45)

are obtained. Similarly, from the boundary conditions at x = L, three equations

1 —L L
I(z=1L) = Re (aQe*N - age*N> , (2.46)
N
p(z=1L) = age%15 + ageﬁ, (2.47)
p(x="L) = —age%l\Lf - ageﬁ, (2.48)
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are also derived.

(4) x =L,z > 0 (F2 part)
The electrochemical potential for up-spin in this part is
o _z
Hr = 6‘/2 + _IT:‘bQQ /\N7
Op
and that for down-spin is

g _ .z
py =eVy — —Ijbze AN
Op

(2.49)

(2.50)

By using Eqgs. (2.49), (2.50), and (2.7), the current densities for up-spin and down-

spin are

1
. g Ofp _z
n = L - 7 b2€ >\F7

!
. (0} O _z
ji —= ——F — l b2e >‘F.

Thus, the charge current I¢ is

Ic = (j1 +71)Ar = 0,

and the spin current Ig is

_ QO-FAFbQ ei}\i 2b2 ,AL

F =

Ar eRe(1 - pr2) "

From the boundary conditions at z = 0, three equations

Ig

20y
Is(z=0) = ———F—
s(z=0) elp(1— pr?)’
o
pr(z=0) = ela+ _l;b27
OF
o
p(z=0) = eVa— = b,
Op

are obtained.

(2.51)

(2.52)

(2.53)

(2.54)

(2.55)

(2.56)

(2.57)
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(5) x > L (N part)
The electrochemical potential for up-spin in this part is
= aze” ™, (2.58)

and that for down-spin is

py = —aze” . (2.59)

By using (2.58), (2.59), and (2.7), the current densities for up-spin and down-spin
are

O'IT\Ta4 -

= by 2.
jT 6)\N € N Y ( 60)
IO (TP (2.61)
J = eAn e °N. .
Thus, the charge current I¢ is
Ie = (jy +J1)An = 0. (2.62)
and the spin current Ig is
A _
IS = (]T +jl)AN = —UN Na4€ AN, (263)

6/\N

From the boundary conditions at x = L, three equations

ay _/\L
Is(x=L1L) = %e N, (2.64)
p(x="L) = cueiﬁ, 2.65)
p(x="L) = —agafﬁ, (2.66)

are obtained.
By solving the simultaneous equations Eqgs. (2.25) - (2.66) for V5, the spin accu-
mulation at z = L

RS = — = o (267)
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: : . . 2V
can be obtained. In an actual device, we measure the spin signal, that is ARg = 72

as shown in Fig. 2.6.

Rg
M W

E

V1 N

Figure 2.6: Spin signal A Rg expected in the NLSV device. The arrows in the figure
indicate the magnetization directions of F1 and F2.

2.3.2 Nonlocal spin valve with a middle wire

As mentioned in the previous subsection, a pure spin current can be generated and
detected by using the NLSV device. Now we consider the situation that a middle
(M) wire with strong spin-orbit interaction is placed just in between the F1 and
F2 wires, as shown in Fig. 2.7. In such a case, a part of the pure spin current is
absorbed perpendicularly to the M wire before reaching the F2 wire because of the
stronger spin-orbit interaction. By comparing NLSV signals with and without the
M wire, we can estimate how much of the pure spin current generated at the F1/N
interface is absorbed into the M wire.

By following the same calculation procedure as in the previous subsection, the
spin signal with the M wire is given by
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Figure 2.7: Schematic image of NLSV device with a middle wire.

) 4 2 2
ARSWlth — pF QF QMRN . ’
cosh (ﬁ) — 1 4 2Qusinh ( ) + 208 {em(l +Qr)(1 4 20n) — 1}
(2.68)
AR with
where Qx = fix (X =M, F). Thus, the reduction rate of spin signal n = %
RN ARSWI ou
is given by
B ARSWith
= ARSWithout
20 {sinh (ﬁ) + 2@1:‘6% + QQFQeﬁ} (2.69)

cosh (%) — 14 2Qysinh <§> + 2QF {e% (1+Qr)(1+2Qu) — 1}‘

It should be noted that the spin diffusion length of M (Ay) in Qy is only the fitting

parameter in Eq. (2.69). Therefore, Ay; can be estimated by measuring ARg™™ and
ARSwithout )
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2.3.3 Nonlocal spin valve consisting of two different ferro-
magnetic wires

In order to estimate spin polarization of an unknown ferromagnetic material, we dis-
cuss NSLV consisting of two different F materials. The device structure is the same
as in Fig. 2.3. We define spin polarizations of F1 and F2 as pg; and pgs, respectively
(pr1 # pra). We also assume that pp; and pge are known and unknown parameters,
respectively. By following the same calculation procedure as in Sec. 2.3.1, the spin
polarization ppo and spin resistance Rps is given by

4 RN Rp1 Rpopripre

ARg = L — L
(RN + 2RF1)(RN + 2RF2)€>‘N — RN e N

(2.70)

Since pge is only the unknown parameter in Eq. (2.70), it can be experimentally
evaluated by measuring A Rg.

2.3.4 Spin Hall effect in nonlocal spin valve configuration

In case of the ordinary Hall effect, the Hall angle ay is determined by Ohm'’s law:

_ s+ [ Pzz —Pyx Je) _ E,
E—pj— =) _ . 2.71
P (pyz Pyy ) (jy) <Ey) ( )

Since there is no charge current density along the y-direction (i.e., j, = 0), ay is
defined as

Ey  pyajs Py
i — e 2.72

In the same way, one can define the spin Hall angle. In the case of the ISHE, the pure
spin current is injected into an M wire. In this case, a generated transverse electrical
field is expresses as Fisyg = pisHejs = a%{SHEpMjS where py; is the longitudinal
resistivity of the M wire. This situation is illustrated in Fig. 2.8. The device consists
of an F wire and an M wire bridged by an N wire. When the magnetic field is applied
to along the N wire, the pure spin current is generated at the interface between F and
N. It decays within Ay, but if the M wire is placed within Ay, it is perpendicularly
absorbed into the M wire because of the stronger spin-orbit interaction. In the M
wire, the absorbed pure spin current is converted to the charge current due to the
ISHE. Here we note that the pure spin current must be treated as an average value
along the thickness direction of the M wire because j, exponentially decays. Thus,

oy
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js has to be replaced by the averaged spin current density j, which is given by

- IR
Js = : / ]s(z)dz'
M Jo
ISHE

By using the relations Visgg = wxEisne = wnair Ppamjs, the spin Hall angle
AP is written as

ISHE wm VISHE
aH = — =

TPoMm Is
where z is a factor to correct the shunting effect at the interface of N and M wires
(see following discussion). The averaged spin current I is obtained by multiplying
js by the sample dimension as follows:

(2.73)

2

- js 3V i(2)d A (1—6 AM)

= _DtasEdE AT ) I,(z = 0). (2.74)
WMWN 5V} M _ o

In the actual device, it is necessary to correct the shunting effect when N is
connected to the surface of the M wire. It is an essential issue because this value is
not negligible and also depends on the resistivities of N and M. For example, this
correction factor & was found to be x ~ 0.36 for ¢ty = 20 nm at the interface between
Cu and Pt [44]. This shunting factor x can be obtained by the three-dimensional
simulation based on the finite element treatment.

z

spin accumulation
N ﬂ / é
v
L=

A
=

Figure 2.8: Schematic image of the ISHE measurement in the lateral spin valve
structure.
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2.4 Spin Hall effect in weak ferromagnet

It had been believed that the SHE is generated in nonmagnetic materials with strong
spin-orbit interactions and in ferromagnetic materials the anomalous Hall effect
(AHE) is measured. In fact, however, the SHE can also be measured in ferromagnetic
materials. Wei et al. first reported the SHE in a weak ferromagnet PdNi measured
by the spin absorption method [5]. They prepared Pdigo_.Ni, (x = 7,8,9) in order
to investigate the SHE in the vicinity of T¢. T of PdNi varies from 16 to 32 K
depending on the Ni concentration. Far above and below T, a standard ISHE
signal was detected. However, an anomaly in the ISHE signal appeared only in the
vicinity of T¢. The ISHE signal was suppressed and enhanced below and above T
respectively, as shown in Fig. 2.9(a).

(@) (b)

40 402 rmossmegmrnrmsts 30) K
2K S
T o L
« 3 s
h 10K <
2ARisHE =
Q Q N N N
S S S RS
/@9 %0 R
H (Oe)

Figure 2.9: (a) The ISHE signals of PdgyNig measured at T" = 10, 20, 22, 30 K.
(b) The anomalous component §A Rysyg for Pdygy_,Ni, as a function of the reduced
temperature (I — T¢)/Tc. The black, red and blue marks indicate the 0ARisug
for x = 7, 8, and 9, respectively. The solid line shows the second-order nonlinear
susceptibility s for Ni moments.

To investigate the detail of the anomaly in the vicinity of T¢, they subtracted the
normal ISHE component and plotted only the anomaly part A Risgg as a function
of the reduced temperature (I' — T¢)/Tc as shown in Fig. 2.9(b). The anomalous
component of ARisyg is independent of the Ni concentration. This behavior can
be explained qualitatively by higher-order magnetic susceptibility. In 1962, Kondo
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calculated the AHE in a ferromagnet including the second perturbation of the s-d
Hamiltonian and revealed that the Hall resistance py is proportional to the first-
order magnetic susceptibility x; [45]. In the case of the ISHE, on the other hand,
both up-spin and down-spin are accumulated to one side. As a result, the ISHE
signal becomes proportional to the second-order magnetic susceptibility xo. Wei et
al. has demonstrated that dARsyg near T is qualitatively consistent with the

temperature dependence of x, [46].
oF . . . .
Py(5nm)/YIG
Py(5nm)/MgO(5nm)/YIG, RErre—

Py(5nm)/YIG,,

-2000 -1000 0 1000 2000
H(Oe)

Figure 2.10: The ISHE in Py reported by Miao et al. [47]. (a) Schematic image of
the Py/YIG device. (b) The spin Seebeck effect of Py/YIG device, Py/MgO/YIG
and Py /surface-etched YIG, respectively.

In 2013, Miao et al. showed the ISHE in NiFe alloy (permalloy, heterafter Py)
by using the spin Seebeck effect [47]. The spin Seebeck effect is one of the ways
to generate pure spin current [48]. When a thermal gradient is applied to a para-
magnetic/ferromagnetic junction, the magnetization in the ferromagnet precesses
and thus a pure spin current is generated. They fabricated three spin Seebeck
devices, i.e., Py/Y3Fe;015 (YIG), Py/MgO/YIG, and Py/YIG bombarded by ion-
beam (YIGpg) as shown in Fig. 2.10(a). The ion-bombarded YIG surface or the
insertion of MgO layer can terminate the flow of pure spin current. In this situa-
tion, the ISHE can be separated from the anomalous Nernst effect. They applied
a thermal gradient perpendicular to the YIG substrate and detected the transverse
voltage at the two ends of the Py film. The magnetic field dependence of the voltage
is shown in Fig. 2.10(b). A clear ISHE signal was observed in the Py/YIG device,
while smaller voltage signals were detected both in Py/MgO/YIG and Py/YIGgp
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devices. The latter originates from the anomalous Nernst effect. Therefore, by sub-
tracting the anomalous Nernst voltage signal from the transverse voltage measured
in the Py/YIG device, not only Visgg but also the spin Hall angle ay of Py can be
evaluated. This was estimated to be about ~ 0.5 %. Miao et al. demonstrated that
ferromagnetic metals can also be used as superior pure spin current detectors.

Recently, the ISHE has been observed in various magnetic materials, such as
CoFeB [49], Co [50], FeGd/CoFeB bilayers [51], and even triangular antiferromagnet
MnsSn [52].

2.5 Spin Hall effect in spin glass

The detection of magnetic fluctuations via pure spin current was performed in
spin glass systems. Spin glasses [53, 54] are typical magnetic frustrated systems
where magnetic impurities are randomly distributed in nonmagnetic host metals
(Fig. 2.11). It has been commonly believed that the magnetic moments start to
freeze in random directions at a certain temperature, so-called spin freezing temper-
ature T; where the magnetic susceptibility shows a cusp structure [53,54].

magnetic moment l ’ [ magnetic atom

A i \ non-magnetic atom

Figure 2.11: Schematic image of spin glass.

However, Niimi et al. proposed a new picture about spin glasses from spin trans-
port measurements in 2015 [7]. They measured the SHE in ternary spin glass alloys:
Cugg5_Mn,Bigs (r = 0.5, 1.0, and 1.5) by using the NLSV structure (see Sec.
2.3.4). Figure 2.12 shows the temperature dependence of the SHE and ISHE resis-
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Figure 2.12: Temperature dependence of the SHE and ISHE resistances in
Cu9gMn1,5Bio.5 [7]
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tances in CuggsMn; 5Big 5 nanowires. T shown in Fig. 2.12 is the spin freezing tem-
perature estimated from the magnetization measurement of the thin film. According
to the previous result on the SHE in PdNi [see Fig. 2.9(b)], an anomaly in the SHE
near 7y had been expected since Yo should diverge at T;. However, the expected
anomaly was not observed at T;. Instead, the SHE resistance in CuggMn; 5Big 5
starts to decrease at about 4 times higher temperature (77) than Tt and keeps de-
creasing even below T;. The generated current I via the SHE can be expressed as
Eq. (2.2). Therefore, the decrease of ISHE indicates the reduction of either Is or
s. By measuring the NLSV signal with and without the spin glass nanowire, the
absorbed spin current |Ig| can be estimated. They found that |Is| does not strongly
depend on temperature. Thus, they concluded that the reduction of SHE was orig-
inated from the reduction of the spin polarization s. However, the relation between
Tt and T™ at which the SHE starts to decrease had not been elucidated.

Taniguchi et al. performed more detailed SHE measurements in Cugg 5_,Mn,Big 5
in 2020 [8]. Figure 2.13 shows the spin Hall angle of Cugg5_,Mn,Bigs (z = 4.2 and
10.6), normalized by that of Cugg 5Big 5, as function of temperature. The reduction
of the spin Hall angle below T* was reproduced, as in the previous work [7]. In
addition, they found that the spin Hall angle becomes zero at a lower temperature.
This temperature is lower than T} estimated from magnetization measurements in
the Cugg5_,Mn,Big 5 film.

In Fig. 2.14, the relation between the orientation of conduction electron (up-
and down-) spins and magnetic fluctuations at the Mn sites is classified into three
regions [(i), (ii), and (iii)] depending on temperature.

(i) T > T*: In this temperature region, thermal fluctuations of Mn spins are
so fast. Thus, the conduction electron spins do not feel such fluctuations and are
simply scattered at the Bi site, as in the case of the ISHE in CuBi [see Fig. 2.14(a)].
As a result, the spin Hall angle takes the same value as CuBi.

(ii) 7t < T < T*: With decreasing temperature below 7%, the thermal fluctu-
ations of Mn spins become slow so that the conduction electron spins can interact
with the localized magnetic moments in the Mn sites [see Fig. 2.14(b)]. In this
case, the conduction electron spins can feel the magnetic fluctuations at the Mn
sites, and are randomized by the Mn spins. Therefore, the effective polarization
of conduction electron spins becomes smaller, resulting in a reduction of the spin
Hall angle. Note that this temperature region cannot be detected by conventional
magnetization measurements.

(iii) T < T¢: When the Mn spins start to freeze, the conduction electron spins are
completely randomized at the Mn sites. In this case, the effective spin polarization
vanishes, resulting in gy = 0. It has been established that T} of spin glass films
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Figure 2.13: Temperature dependence of 7, the spin Hall angle of Cugg5_,Mn,Bigs
(x = 4.2 and 10.6) normalized by that of CuggsBig5. The solid and open arrows
indicate 7™ and T¢, respectively [8].
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Figure 2.14: Schematic images of ISHE in Cugg5_,Mn,Big 5 in three different tem-
perature regions: (a) 7' > T™ (paramagnetic region), (b) 7y < T < T™* (spin treacle
region), and (c¢)7T" < T (spin glass region) [8].
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2.6 Mechanisms of spin relaxation

becomes smaller with decreasing the thickness [55,56]. Taking these facts together,
the temperature at which ay becomes zero is the spin freezing temperature T} of
the Cugg5_,.Mn,Biy 5 nanowire.

Figure 2.15 shows the phase diagram of CuMn spin glass systems. The reduction
of Tt in nanowire is consistent with the size effect of Tt for thin spin glass films. From
the phase diagram in Fig. 2.15, the authors concluded that there is an intermediate
region, named “spin treacle” in between spin glass and paramagnetic phase. These
results suggest that the pure spin current can be a powerful probe to detect magnetic
fluctuations in nanoscale samples.

2.6 Mechanisms of spin relaxation

There are two kinds of mechanisms for spin relaxation induced by spin-orbit in-
teraction, i.e., the Elliot-Yafet (EY) mechanism [57-59] and the D’yakonov-Perel’
(DP) [2,59] mechanism. In this section, we briefly review these two mechanisms.

The EY mechanism is based on ordinary momentum scatterings by phonons or
impurities. In a conductor with spin-orbit interaction, electrons hit impurities or
grain boundaries several times. During this process, electron spins flip, resulting in
decoherence of spins [Fig. 2.16(a)]. In this case, the spin relaxation time or spin
flip time 74 is simply proportional to the number of impurities or grain boundaries,
i.e., the momentum relaxation time 7,. Because 7, is written as 1/7, ~ p, 7y is also
proportional to 1/p, where p is the resistivity of a conductor. In a dirty (metallic)
system, the EY mechanism is usually dominant.

Unlike the EY mechanism, the DP mechanism originates from modulation of
precession motion of conduction electron spins due to the impurity scatterings. The
conduction electron spin precesses around the effective magnetic field generated by
spin-orbit interaction at a frequency of Q(k). During this precession motion, the
electron hits some impurities in a conductor, resulting in modulation of the direction
of spin (i.e., phase) by d¢ = Q(k)7, [Fig. 2.16(b)]. Since the electron motion in a
conductor is diffusive, the phase modulation due to the random walk during the

t
time ¢ is given by ¢(t) = | | —Qay7, Where Q,, is the averaged value of (k). When
Tp

¢(t) is about 1, the time t corresponds to the spin relaxation time 7y, leading to
1

= inTp. In other words, 74 is inversely proportional to 7,, which is opposite to
-

f
that in the EY mechanism. Tt is known that in -V semiconductors such as GaAs,
the DP mechanism is dominant.
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Figure 2.16: Schematic images of (a) the EY mechanism and (b) the DP mechanism.
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Chapter 3

Experimental details

In this chapter, we explain nanofabrication process of CrNb3Sg thin films and also
that of NLSV devices where a CrNb3Sg nanowire is included as an M wire. In order
to obtain the NLSV devices, there are several points to be aware of when performing
the nanofabrication processes. Those are detailed in Sec. 3.1. Section 3.2 is devoted
to the measurement setup to perform spin transport with the NLSV devices.

3.1 Nanofabrication processes

3.1.1 Mechanical exfoliation technique

The mechanical exfoliation method, so-called “scotch tape technique”, is one of the
ways to obtain an atomically thin film of a layered material. When the interaction
between the layers is weaker than the adhesive strength of scotch tape, the lay-
ered material can be mechanically exfoliated with a scotch tape. The method has
attracted much attention as an easy technique to obtain a clean two-dimensional sys-
tem, since Novoselov et al. succeeded in making a monolayer of graphite (graphene)
with the scotch tape technique for the first time [60-62]. The atomically thin films
made by this method have few lattice defects because these films are extracted from
the bulk single crystals. Therefore, the scotch tape technique is one of the most
suitable ways to obtain nanoscale devices with high crystallinity. The scotch tape
technique has been applied to various van der Waals (vdW) materials: transition
metal dichalcogenides such as MoS, [63,64] and NbSe, [65-68], hexagonal boron ni-
tride (h-BN) [69-72], cuprate superconductors [73-76], magnetic materials [77-80],
and so on.
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3 Experimental details

NbS; is one of the transition metal dichalcogenides and a typical vdW material.
A chiral helimagent CrNbzSg is based on the crystal structure of NbSsy, but Cr
atoms are intercalated into the two adjacent S layers. Because of this intercalation,
the interlayer interaction is stronger than usual vdW materials. Therefore, we first
needed to establish the method to extract thin films of CrNb3Sg from the bulk single
crystal. We found the way to obtain several tens-nanometer-thick films as detailed
below. Figure 3.1 also shows the procedure of the mechanical exfoliation technique.

1. A CrNbsSg single crystal is shaved by a craft knife in order to obtain many
flakes of CrNb3Sg with the fresh surface. Those are then placed on Nitto No. 31
tape (hereafter transparent tape).

2. In order to spread the CrNb3Sg flakes over the wide area of transparent tapes,
one transparent tape with CrNb3Sg flakes is rubbed into another transparent
tape 50 - 100 times.

3. Ome of the transparent tapes is then rubbed into Nitto SPV363 tape (blue
tape) and the same procedure as 2 is repeated for the blue tape. The adhesive
strength of the blue tape is weaker than that of the transparent tape.

4. The blue tape is pasted on a SiO,/Si substrate and rubbed by a cotton swab
in order to transfer the CrNbsSg thin films onto the substrate.

5. The substrate is dipped in acetone and kept at 60 °C for several ten minutes
to remove the adhesive ingredients.

These processes were performed inside a glove box filled with Ar gas of purity
99.9999 % to prevent CrNbsSg thin films from being oxidized. An optical microscope
image of a typical thin film obtained by this method is shown in Fig. 3.2(a). We
also measure the cross section of the thin film using a commercially available atomic
force microscope (AFM) as shown in Fig. 3.2(b).

3.1.2 Fabrication of nanostructures

In order to perform transport measurements for exfoliated CrNb3Sg thin films, we
need to attach sub-micrometer electrodes to the films. For this purpose, we have
used electron-beam (EB) lithography and subsequent lift-off method. We first pre-
pare a desired nanoscale mask with a polymer membrane, i.e., resist. The resist
appropriate for EB lithography is uniformly put on an insulating substrate and is
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craft knife
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blue tape SiO,/Si substrate

Figure 3.1: Schematic image of the mechanical exfoliation technique.
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Figure 3.2: (a) Optical microscope image of an exfoliated CrNbsSg thin film. (b)
Cross section of the CrNbzSg thin film measured with an atomic force microscope.
The thickness of the film is about 30 nm.
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3 Experimental details

exposed to a necessary quantity of electrons (or current). The resolution of the
EB lithography is about 10 nm. In this thesis, we used polymethyl-methacrylate
(PMMA, molecular weight 950(A4), Microchem Co. Ltd.) resist for the EB lithog-
raphy. The thickness of the resist is about 180 nm. In order to attach electrodes to
relatively thick CrNbsSg films (more than 100 nm), the bilayer resist is needed for
the lift-off method. The typical parameters for the EB lithography are listed in Ta-
ble 3.1. Note that while treating the resist, we have to pay attention to the humidity
of the environment because the resist is easily degraded by the humidity. Therefore,
we kept the humidity in the laboratory less than 50 % by using a dehumidifier.

A pattern with nanostructures is drawn with EB lithography. To obtain a
nanoscale mask, the resist is denatured by dipping the substrate into an appro-
priate solvent (developer). Then, a metal film is deposited onto the substrate. The
desired nanostructures are finally obtained by rinsing away unnecessary parts with
acetone. The procedure of the lift-off method is illustrated in Fig. 3.3.

Pl\/y resist Electron beam
> l/<‘ » g
SiO,/Si subsrate

#\\%#

Figure 3.3: Schematic of the lift-off method.

3.1.3 Vapor deposition method

In order to deposit a metal film onto the PMMA mask, we used the vapor deposition
method. Several grains of metals are heated and evaporated in a vacuum chamber.
The evaporated particles are deposited on the mask placed above the target metal.
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3.1 Nanofabrication processes

Number Rotational Thickness of Dose for EB

of layers speed (rpm) PMMA resist (nm) lithography (1C/cm?)
single 5000 180 840

single 3000 240 860

double 3000 480 1200

Table 3.1: Some parameters for EB lithography using PMMA 950(A4) resist.

In this subsection, we introduce two different evaporation methods, depending on
the situation.

Joule heating evaporation

The Joule heating evaporation is one of the easiest methods to evaporate a metal
which has a low melting temperature [Fig. 3.4(a)]. A metal boat which has a high
melting temperature such as tungsten or molybdenum is heated up by applying a
large current. When the melting temperature of the target metal is much lower
than that of the boat, the target metal melts and evaporates in a vacuum chamber.
There is an advantage that any contaminations from the boat to the target are
avoided. Therefore, we used this method for low melting metals such as Au and
Cu. On the other hand, it is difficult to handle several kinds of metals with high
melting temperatures such as Pt, Ta, and W. Most of magnetic materials cannot
be deposited by this method since those make alloys with the boat. In addition,
alloys are also not suitable to use this method because the melting temperatures of
constituent elements are sometimes quite different and thus it is difficult to keep the
same composition ratio as the original target.

Electron-beam evaporation

The EB evaporation is a method to heat a target placed in a crucible by irradiating
thermoelectrons to the target [Fig. 3.4(b)]. To heat the target locally, EB is focused
on a small part of the target by applying a high voltage and a magnetic field, while
the crucible is always kept cool by flowing water from the outside of the vacuum
chamber. Contrary to the Joule heating evaporation, magnetic materials and also
high melting temperature materials can be deposited by this method. As a crucible,
we used a copper hearth liner. We adopted this method for deposition of Ti and Py
in this thesis.
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Figure 3.4: Schematic images of two evaporation methods: (a) Joule heating evap-
oration and (b) Electron-beam evaporation.

3.1.4 Fabrication of nonlocal spin valve structure

Our spin transport device is based on the NLSV structure with a middle wire. This
device enables us to obtain the spin Hall angle and the spin diffusion length of
the middle wire at the same time. In this subsection, we describe the fabrication
procedure of the spin transport device.

Cleaning of SiO,/Si substrate

In order to fabricate the spin transport device on a thermally-oxidized silicon sub-
strate (i.e., Si0y/Si substrate), the substrate should be kept clean. In the following,
we list the cleaning procedure:

1. A 5x5 mm? square SiO,/Si substrate is dipped in acetone and washed by an
ultrasonic bath to remove any contamination on the substrate.

2. It is then transfered to isopropyl-alcohol (IPA) to rinse acetone.

3. The substrate is dried by No gas blower.
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3.1 Nanofabrication processes

4. The substrate is etched by Os gas by a power of 5 mA for 30 s.
5. The substrate is dipped in 2-butanone for several seconds.

6. The substrate is dried by Ny gas blower.

Gold mark

Thin films fabricated by the scotch tape technique are randomly distributed on the
substrate. Therefore, we fabricated marks made of gold on the substrate in order
to identify the location of the thin films. We fabricated gold marks on a 5 mm
square Si0Oy/Si substrate. The mark patterns are shown in Fig. 3.5. These mark
patterns are made by AutoCAD software. Cross marks are arranged at the interval
of 100 pm.

600 pm

Figure 3.5: AutoCAD drawing of gold marks (pink patterns). The gray square
(600x600 pm?) corresponds to one chip for the EB lithography.

The fabrication procedure of the gold marks is shown below.

1. PMMA 950(A4) resist is coated on the cleaned SiO,/Si substrate with a speed
of 3000 rpm for 60 seconds.

2. The substrate is baked for 10 minutes on a hot plate at 120 °C.
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3 Experimental details

. The gold mark patterns are drawn by EB lithography with a dose of 800

pC/em? (coarse mode).

The patterns are developed with a PMMA developer (IPA: methyl-isobutyl
ketone (MIBK) = 3 : 1) for 30 seconds and rinsed with IPA for 30 seconds.

. The substrate is baked for 5 minutes on a hot plate at 100 °C to remove the

developer and rinse solution remaining on the substrate.

5 nm thick Ti and 100 nm thick Au are deposited on the substrate by EB
evaporation and Joule heating evaporation, respectively.

The substrate is dipped in acetone for several hours and the unnecessary metal
film is removed by using a dropper.

CrNb;Sg thin films

1.

CrNbsSg thin films prepared with the scotch tape technique (see Sec. 3.1.1)
are transferred onto the SiO,/Si substrate with the gold marks.

. PMMA 950(A4) resist is coated on the substrate with a speed of 5000 rpm for

60 seconds.

. The substrate is baked for 10 minutes on a hot plate at 120 °C.

Slender CrNbsSg thin films whose widths are 400 ~ 500 nm are sought by an
optical microscope. For the spin transport device, it is desired to find as many
candidates as possible on the same substrate to increase the successful rate.

. Pictures of the CrNb3S¢ thin films including two gold marks are taken and

placed on the AutoCAD sheet by using the two gold marks, in order to identify
the location of the thin films on the large surface of the substrate.

Py wires

To inject pure spin current into CrNbsSg, we used Py (Nig;Fejg). When a Py wire is
narrow (less than ~ 500 nm) and thin (several tens nm) enough, it has only single
domain. Thus, such a Py wire can be an ideal spin source. In the following, we
explain the procedure to prepare the Py nanowire:

1.

The Py wire pattern whose width is 100 nm is drawn by the EB lithography
with a dose of 840 xC/cm? (fine mode).
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3.1 Nanofabrication processes

2. The pattern is developed and baked by the same condition as that for the gold
marks.

3. A 30 nm thick Py is deposited by using the EB evaporation.

4. After the substrate is dipped in acetone at 60 °C for 10 minutes, the unneces-
sary Py film is removed by using a dropper.

100 nm thick Cu bridge and electrodes

Cu has a weak spin-orbit interaction. This enables us to transport pure spin current
as far as 1 pym at low temperature. For this purpose, we connected the CrNbsSg thin
film and the Py wire with a Cu bridge. In the following, we explain the procedure
to prepare the Cu nanowire:

1. PMMA 950(A4) resist is coated on the substrate with a speed of 3000 rpm for
60 seconds and then the substrate is baked for 10 minutes on a hot plate at
120 °C.

2. The process is almost the same as that for the Py wire except for the CAD
drawing. For example, for a 100 nm wide Cu wire, the width of the Cu bridge
has to be designed at 70 nm because of the secondary electrons from the
relative thick CrNbsSg wire.

3. Before the deposition of Cu, an Ar milling is performed to remove the oxidized
layers at surfaces of CrNb3Sg and Py. The Ar milling is performed under the
Ar atmosphere with an Ar flow rate of 0.5 scem. The parameters of the milling
process are Beam voltage = 600 V, Beam current = 12 mA, and Accelerator
voltage = 400 V. The milling time is 65 seconds.

4. A 100 nm thick Cu is deposited by using a Joule heating evaporation. During
the deposition of Cu, a liquid nitrogen trap is used to reduce the background
pressure in the chamber.

5. After the substrate is dipped in acetone for a night, unwanted Cu parts are
removed using a dropper at 60 °C.
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200 nm thick Cu bridge and electrodes

If the thickness of CrNbsSg is thicker than &~ 70 nm, a 100 nm thick Cu is not thick
enough to make a bridge. In such a case, we deposited a 200 nm thick Cu film.

1.

PMMA 950(A4) resist is coated on the substrate with a speed of 3000 rpm for
60 seconds and the substrate is baked for 10 minutes on a hot plate at 120 °C.
To make the PMMA double layer, we repeat the same process twice.

. The Cu bridge and the electrode patterns are drawn by the EB lithography

with a dose of 1200 uC/cm?.

. Before the deposition of Cu, an Ar milling is performed to remove the oxidized

layers at surfaces of CrNbsSg and Py. The Ar milling is performed under the
Ar atmosphere with an Ar flow rate of 0.5 sccm. The parameters of the milling
process are Beam voltage = 600 V, Beam current = 12 mA, and Accelerator
voltage = 400 V. The milling time is 65 seconds.

A 200 nm thick Cu is deposited by using a Joule heating evaporation. During
the deposition of Cu, a liquid nitrogen trap is used to reduce the background
pressure in the chamber.

. After the substrate is dipped in acetone for a night, unwanted Cu parts are

removed using a dropper at 60 °C. When the Cu film cannot be removed
completely by the dropper, an ultrasonic bath is applied only for a few seconds
with a frequency of 40 kHz not to break the devices.

3.2 Measurement setup

For spin transport measurements at low temperatures, we used a *He flow cryostat
with an electromagnet, as shown in Fig. 3.6. The prepared device is mounted on
a chip carrier at the bottom of a dip stick. By pumping the He line with a rotary
pump, cold He gas flows in the cryostat and thus the device is cooled down from
room temperature to 7' = 2.5 K. The magnetic field can be applied to the device
in the range of 1.2 T and the electromagnet can rotate around the cryostat. The
electrical measurements are performed by the standard lock-in technique, as shown
in Fig. 3.7.
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Figure 3.6: Schematic image of our cryostat.
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Figure 3.7: The measurement circuit for the standard lock-in method.
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Chapter 4

Experimental results

4.1 Electrical properties of CrNb3S; thin films
Before conducting spin transport experiments with CrNbsSg thin films, we checked

some fundamental properties of the films in order to confirm if the thin film devices
have as a good quality as bulk crystals.

1200 T T T T T
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Figure 4.1: The temperature T" dependence of p of a 80 nm thick CrNbsSq film.

Figure 4.1 shows the temperature dependence of the resistivity p of a 80 nm
thick CrNbsSg film fabricated by the scotch tape technique. The resistivity suddenly
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Figure 4.2: Magnetoresistances of (a) 43 nm thick and (b) 72 nm thick CrNb3Sg
films measured at 10 K.

64
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decreases at around T¢ ~ 130 K below which CrNb3Sg transitions from a paramagnet
to a chiral helimagnet. This behavior is consistent to that of bulk single crystals.

Next, we measured magnetoresistance of the thin film. As mentioned in Chap-
ter 1, the helical axis is perpendicular to the basal plane. Thus, as the magnetic
field is applied along the in-plane (i.e., perpendicular to the c-axis of CrNbzSg film),
the helix is unwound and the magnetization becomes ferromagnetic above 2000 Oe.
When a node of the helix is pushed away from the thin film by applying the magnetic
field, a sudden jump is observed in the magnetoresistance. Inversely, when a node
of the helix is formed by decreasing the magnetic field, a similar sudden jump shows
up but there is a magnetic hysteresis between the two processes. Figures 4.2(a) and
4.2(b) show magnetoresistances of CrNbsSg films with the thicknesses of 43 nm and
72 nm, respectively. For the 43 nm thick device, the magnetoresistance continuously
decreases with increasing the magnetic field. On the other hand, for the 72 nm thick
device, a sudden jump and a magnetic hysteresis were observed in the magnetore-
sistance. The difference originates from the relation between the thickness and one
helical pitch. As explained in Chapter 1, one helical pitch at H = 0is L(0) = 48 nm.
Therefore, the former and latter devices have less than and more than one helical
pitch, respectively. We can identify the number of helical pitches included in the
film from the magnetoresistance measurement.

4.2 Spin transport measurements in CrNb3Sg thin
films

In order to investigate spin transport properties in a chiral magnetic system, we
fabricated NLSV devices with a CrNbsSg thin film. The typical device is shown in
Fig. 4.3. The device consists of two ferromagnetic Py wires and a CrNbsSg film,
which are bridged by a Cu wire. Using the NLSV device shown in Fig. 4.3, three
different measurements can be performed to investigate spin transport properties of
CrNbs3Sg thin film. In the following subsection, the three measurements are detailed.

4.2.1 Inverse spin Hall effect in CrNb;3S;

First, we show some results on the ISHE in CrNbsSg, obtained with two voltage
probes Visug (see Fig. 4.3). A schematic drawing of the ISHE measurement is shown
in Fig. 4.4. By flowing an electric current [ from the left Py wire to the Cu wire, spin
accumulation is generated at the interface between Py and Cu. In the nonmagnetic
Cu wire, the spin accumulation diffuses and a pure spin current consequently flows.
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©

Figure 4.3: Scanning electron micrography (SEM) image of the NLSV device with
an insertion of CrNb3Sg film. Using this device, three different spin transport mea-
surements (i.e., Vr1, Ve and Visgg) can be performed.

CrNb,S,

Figure 4.4: Schematic image of the ISHE measurement in CrNbsSe.
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4.2 Spin transport measurements in CrNbsSg thin films

When a strong spin-orbit material (in the present case, CrNbsSg) is placed within
the spin diffusion length of Cu (~ 1 pum at low temperatures), a part of the pure
spin current is injected into the spin-orbit material. When the magnetization of the
Py wire is fully polarized along the Cu wire (|H| > 3000 Oe), a spin-to-charge
conversion [see Eq. (2.4)] is generated in the CrNbzSg thin film.

RisHe (M€2)

1 1 1 1 1 1 1 I |
-5000 0 5000

Figure 4.5: Risyg of 72 nm thick CrNbsSg device measured at T' = 130 K and 300 K.
A Rispg is defined in the figure.

In Fig 4.5, we show ISHE resistance Risgg of the 72 nm thick CrNbsSg device
measured at 7" = 130 K and 300 K. Risyg is defined as a detected voltage drop Visug
in the CrNb3Sg film divided by the current I injected from the left Py wire to the
Cu wire. When |H | > 3000 Oe, Risgg is saturated because the magnetization of
Py wire is fully polarized along the Cu wire. This situation meets the cross product
in Eq. (2.4). At room temperature, a clear negative ISHE resistance [2ARigpg =
Risue(H, > 3000 Oe) —Risup(H, < —3000 Oe)] is observed. This is consistent with
the ISHE resistance of pure Nb. However, the sign of the ISHE resistance observed
at T = 130 K is opposite to that at room temperature (in other words, positive).
We show the temperature dependence of the ISHE resistance A Risgg and also the
spin Hall angle ol (see the following discussion) for CrNbsSg with two different
thicknesses in Figs. 4.6(a) and 4.6(b), respectively. For both devices, ARisyg and
adPHP take the maximum at T = 130 K. The sign of A Rigyr and of$™F of the 43 nm
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Figure 4.6: (a) Temperature dependence of ARjgyg for the ¢ = 43 nm and 72 nm
thick devices. For both devices, ARisur takes the maximum at T = 130 K. The
sign of A Rispg of the 43 nm thick CrNb3Sg device is always negative, while A Risyg
of the 72 nm thick device changes the sign in the vicinity of T¢. (b) The spin Hall
angles ozIHSHE of the 43 nm and 72 nm thick CrNbsSg devices as a function of the

reduced temperature (7' — T¢)/Tc.
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4.2 Spin transport measurements in CrNbsSg thin films

thick CrNb3Sg device is always negative, while A Risyg of the 72 nm thick CrNbsSg
device changes the sign near T¢. These results indicate that (1) the ISHE at room
temperature is generated due to the spin-orbit interaction of Nb atoms and (2) spin
fluctuations are enhanced near T¢ and the sign of the ISHE consequently reverses
for the 72 nm thick CrNbsSg device, as in the case of the ISHE in spin glasses.

4.2.2 Nonlocal spin valve measurements in CrNb3Sg
Spin diffusion length of CrNb;3Sg

X
y
z

spin accumulation

e \ S </
KL 4

CrNb,S,

Figure 4.7: Schematic image of NLSV measurement with an insertion of CrNb3Sg
film.

In order to evaluate the spin diffusion length Acynbss, of CrNbsgSg, we performed
NLSV measurements with and without the CrNbsSg thin film. A schematic image
of the NLSV measurement is shown in Fig. 4.7. As mentioned above, the lateral
spin valve structure is one of the methods to generate pure spin current. By flowing
an electric current I from the left Py wires to the Cu wire, the spin accumulation
generated at the interface between Py and Cu diffuses and a pure spin current
flows in the Cu wire. When another Py wire is placed within the spin diffusion
length of Cu, the nonlocal voltage Vi1 [see Fig. 4.3] that depends on the relative
magnetization direction of the two Py wires (i.e., parallel or antiparallel) can be
detected. We used two NLSV devices, i.e., with and without the CrNbsSg film.
The typical NLSV signals are shown in Fig. 4.8. Apparently, when the CrNb3Sg
film is inserted in between the two Py wires, the NLSV signal ARg is reduced
compared to that without the CrNbsSg film. This result indicates that a part of the
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Figure 4.8: NLSV signal Rg with a 30 nm thick CrNbsSg film measured at T = 10

K. For reference, we also measured Rg without CrNbsSg at the same time.
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Figure 4.9: ARg with and without CrNb3Sg as a function of 7.
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Figure 4.10: The spin diffusion length of CrNb3Sg as a function of temperature.

pure spin current is absorbed into the CrNbzSg film via the Cu wire. We show the
temperature dependence of ARg for with and without the CrNb3Sg film in Fig. 4.9.
From the reduction rate ARY™ /A REthout the spin diffusion length Acynp,s, can be
obtained using Eq. (2.69). Figure 4.10 shows Acinbss, as a function of temperature.
The spin diffusion length of CrNb3Sg is about 5 nm at low temperature, which is
consistent with that of pure Nb. On the other hand, it suddenly decreases above
T = 50 K and is saturated at 1 nm above T¢. AciNbsse(7) is almost inversely
proportional to the resistivity p(7") shown in Fig. 4.1. These results show that the
Elliott-Yafet mechanism is dominant in this material, as mentioned in Sec. 2.6. We
also calculated the spin Hall angle aff™'F from Acpnn,s, using Eqgs. (2.73) and (2.74).
In order to estimate alff'F, it is necessary to evaluate the shunting factor of the
interface between Cu and CrNbzSg. We implemented three dimensional simulations
based on the finite element treatment and estimated the shunting factor x to be
about 0.2. The spin Hall angles a$™ of the 43 nm and 72 nm thick CrNbzSg films
as a function of the reduced temperature (' — T¢)/T¢ is shown in Fig. 4.6(b). The
general trend is basically the same as the temperature dependence of ARjsyg.
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4 Experimental results

Surface magnetization and spin polarization of CrNb3Sg

Below T, CrNb3Sg becomes a chiral helimagnet with a finite magnetization. There-
fore, it should work as a magnetic detector (like Py wire) for pure spin current. In
order to test this assumption, we performed a NLSV measurement with Vyro in
Fig. 4.3. From this measurement, we can evaluate “surface” spin polarization of
CrNb3Sg. Since the spin diffusion length of CrNbsSs, AciNbsss, is about 5 nm, the
estimated spin polarization should be different from that of bulk CrNb3Sg and much
more sensitive to the surface spin polarization. Figure 4.11 shows the schematic
image of the NLSV measurement with CrNb3Sg. Depending on the surface magne-
tization of CrNbsSg, nonlocal voltage Vi changes the sign, as in the case of the
standard nonlocal spin valve measurement using two ferromagnetic wires.

X
y
z

spin accumulation

H// Cu

w S

Figure 4.11: Schematic image of the NLSV measurement using CrNbsSg as a detec-
tor.

Figures 4.12(a) and 4.12(b) show NLSV signals Ry = Wi/l at T = 50 K
using 45 nm and 72 nm thick CrNbsSg films, respectively. Clear Rg jumps due to
the magnetization inversions are observed within the field range of ~ +300 Oe in
both devices. In addition, Rg is saturated above H,, = 2000 Oe, where CrNbsSg
becomes a forced ferromagnet. In the 72 nm thick film, additional jumps in Rg
were also observed in the field range of £(500 ~ 1000) Oe [see the vertical arrows
in Fig. 4.12(b)]. These jumps are related to the fact that the node of the helix is
pushed away from the film by applying the magnetic field.

In order to focus on the small magnetic field range, we swept the magnetic field
within +400 Oe and measured NLSV signals Rg of the 45 nm and 72 nm thick
CrNb3Sg devices, as shown in Figs. 4.13(a) and 4.13(b). For both cases, Rs jumps
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Figure 4.12: (a) NLSV signal Rg at T' = 50 K using 45 nm thick CrNb3S¢ film. Rg is
saturated above H,, = 2000 Oe, where CrNb3Sg becomes a forced ferromagnet. (b)
NLSV signal Rg at T'= 50 K using 72 nm thick CrNbsS¢ film. Sudden jumps were
observed at around (500 ~ 1000) Oe. This behavior is consistent with Fig. 4.2(b).
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Figure 4.13: NLSV signals Rg at T = 50 K with (a) 43 nm and (b) 72 nm thick
CrNbsSg devices, respectively. When ¢y is smaller than L(0), switching of mag-
netization of CrNbsSg takes place at around 50 Oe [see green arrows in (a)]. For
ty > L(0), on the other hand, the magnetization starts to be twisted even in the
negative (positive) magnetic field [see green arrows in (b)].
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4.2 Spin transport measurements in CrNbsSg thin films

were detected at £250 Oe. These jumps are related to the magnetization switching
of the Py wire [see also Fig. 4.8]. In other words, Rs jumps at £50 Oe originate from
the magnetization change of CrNbsSg thin films. When the thickness ty; of CrNbsSg
is smaller than one chiral pitch L(0), sudden Rg jumps are clearly observed at around
+50 Oe [see Fig. 4.13(a)]. This result clearly indicates that sudden magnetization
switching of CrNb3Sg takes place at a tiny field of 50 Oe. This also suggests that
the surface magnetization of CrNbsSg is a fixed end when ¢y < L(0) [see Fig. 4.14].

H//=Ooe H,/£:50 Qe - H//>50 Qe _
@ Direction of Min Py  ¢umem ==
~{— p— ——
i — y— —
- L —-
[ ] (] —
-l - —
— —- —
— — ——
— — pr—-g
- - o)
® e ®

CrNb,Sq

Figure 4.14: Schematic images of surface magnetizations of CrNbzSg thinner than
L(0) depending on H/,.

For ¢ty > L(0), on the other hand, the magnetization starts to be twisted even
in the same direction of the magnetic field as shown in the schematic drawing in
Fig. 4.15. Such a NLSV signal is typical of the chiral magnetic system where the
magnetization has a spiral structure. All these results suggest that the surface
magnetization of CrNbzSg depends on the length of the magnetic helix.

We then estimated the surface spin polarization of CrNbsSg thin films. As men-
stioned above, when ‘H //} > 2000 Oe, CrNbsSg becomes a forced ferromagnet.
Therefore, we regarded CrNbsSg as a ferromagnetic detector and adopted the 1D
spin diffusion model. Using Eq. (2.70), we can estimate the surface spin polarization
PCiNbsSe- When ) is thinner than L(0), it is natural to define ARg, as shown in
Fig. 4.12(a). pciNbsse of 45 nm thick CrNbsSe film at 50 K is estimated to be 1.7%.
This value is about 10 times smaller than that of Py (~ 20%). For t\y > L(0), on the
other hand, this definition would not be valid because the spin signal Rg in a small
field range (£300 Oe) is larger than that above H,, = 2000 Oe [see Fig. 4.12(b)]
where the magnetization of CrNb3Sq is fully polarized and the largest spin signal is
expected. At the moment, it is not clear whether the spin polarization (~ 1.7%)
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Figure 4.15: Schematic images of surface magnetizations of CrNbsSg thicker than
L(0) depending on H/,.

estimated from the above simple model is reasonable. In order to interpret all the
spin signals, more detailed theoretical studies are necessary.

4.3 Reproducibility of the results

In order to confirm the reproducibility of the above results, we have performed the
same measurements as discussed in Secs. 4.1 and 4.2 using several different devices.
Table 4.1 shows all the devices used for the spin transport measurements. The
film thicknesses ty; in Devices 1-5 were measured by using the AFM. For Devices 6
and 7, the CrNbsSg films were too small to measure the thickness by the AFM.
Therefore, we estimated ¢y of Devices 6 and 7 from the electrical resistances (see
following discussion). The film widths wy were obtained from the SEM images of
the devices. The resistances of the CrNbsSg thin films were obtained from the two-
terminal measurements because the films were too small to attach four electrodes.
The resistivities p of the CrNb3S¢ films for Devices 1-5 were estimated by subtracting
the resistance of the constantan wire (the measurement line) and by ignoring the
resistance of Cu electrodes as well as the contact resistance between Cu and CrNbsSg.
p at room temperature (RT) and low temperature (LT, below 10 K) are shown in
Table 4.1. These values are similar to the resistivity of the 80 nm thick film measured
by the four-terminal measurement as shown in Fig. 4.1. Namely, the resistivity is
almost independent of the film thickness. Therefore, we assumed that the CrNbzSg
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4.3 Reproducibility of the results

films in Devices 6 and 7 have the same resistivities as the 80 nm thick film. Based
on this assumption, we estimated the thicknesses of the films in Devices 6 and 7.

device  ty W app e ACrNbsSe pat RT  pat LT
number (nm) (nm) at RT (%) at LT (nm) (u€2cm) (pf2 cm)
1 43 810 -1.4 2200 820
2 45 360 -0.7 1500 380
3 47 210 -0.5 2500 1100
4 72 620 -1.4 1920 420
3 73 630 -1.2 1540 410
6 30 400 -1.9 )
7 20 400 11

Table 4.1: The list of all the devices used for the spin transport measurements.

Figure 4.16(a) shows the spin Hall angle o™ as a function of the reduced

temperature for Devices 1, 2, 3, and 6 where the thickness of the CrNbsSq is less
than L(0). Device 1 is the same as shown in Fig. 4.6. All the devices show the same
tendency: od?H¥ is always negative and has a broad peak at Tc.

We have also checked the reproducibility of o™ for devices whose thicknesses
are thicker than L(0), as shown in Fig. 4.16(b). Device 4 is the same as shown
in Fig. 4.6. Device 5 (tyy =73 nm) follows the same temperature dependence as
Device 4, including the sign change at around 7.

Next, we checked the reproducibility for the NLSV measurement. Device 6 is
the 30 nm thick device shown in Figs. 4.8, 4.9, and 4.10. Figure 4.17 shows the
temperature dependence of ARg of Device 7 (ty = 20 nm). For the reference, we
plot ARg without CrNb3Sg prepared at the same time as Device 7. Overall, ARg
in Fig. 4.17 is smaller probably due to the less transparent interface between F and
N as well as M and N. Nevertheless, the general trend is basically similar to that of
Device 6 shown in Fig. 4.9. From the result in Fig. 4.17, the spin diffusion length
can be calculated. The temperature dependence of Acynbss, for Devices 6 and 7 is
shown in Fig. 4.18. The large enhancement of Acinp,s, below T and saturation
above T have been well reproduced.

Furthermore, the unique NLSV signals, where CrNbsS¢ is used as a pure spin
current detector, have been reproduced in different devices. Figures 4.19(a) and
4.19(b) show the NLSV signals measured with Device 3 (t\ < L(0)) and Device 6
(tm > L(0)), respectively. For both devices, the magnetization switchings of the
CrNbsSg thin films occur at almost the same magnetic fields as in Fig. 4.13.

77



4 Experimental results

0.5
0.0 .
g st : :
W :
(3= !
s -1.0F ! .
1
l
-1.5F ! .
1
1
1
20 ! 1 l | ! °
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
(T-Te)Te (K)
(b) 1.0 T T T
1
1
1
0.5 : -
1
|
< 00r ! .
W l
(220 = 1
s -0.5F ! N
-0 4 '
1.0 | -
1
1
1
15 l 1 ] l L

15 10 05 00 05 10 15
(T-Te)Te (K)

Figure 4.16: The spin Hall angle of?1¥ as a function of T for several different devices

with thicknesses (a) ty < L(0) and (b) ty > L(0).
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Figure 4.17: ARg with and without CrNb3Sg measured with Device 7 as a function
of T.
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Figure 4.18: The spin diffusion length of CrNb3Sg obtained with Devices 6 and 7 as

a function of T.

In summary we can conclude that spin transport phenomena observed in this
thesis are very reproducible and thus peculiar to a chiral helimagnet CrNbsSe.
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Figure 4.19: Rg at T'= 50 K using (a) Device 3 with tyy = 47 nm (< L(0)) and (b)
Device 5 with t; = 73 nm (> L(0)).
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Chapter 5

Conclusions and perspectives

In this thesis, we have studied spin transport properties of chiral soliton lattice
(CSL). In order to reveal the magnetic dynamics of the CSL, we have performed
spin transport measurements in a chiral helimagnet CrNb3Sg. The following is the
summary of the results obtained from the present work.

Firstly, we established the fabrication process of CrNbsSg thin films. This
method enables us to include a CrNb3Sg thin film into spin transport devices. Thus,
CrNbsSg is required to be fabricated into sub-micrometer size. This procedure can
also be applied to other layered materials with relatively strong van der Waals inter-
actions. Actually, it has already been applied to a layered triangular antiferromagnet
AgyCrOy where the interlayer interaction would be stronger than CrNbsSg [81,82].
The establishment of the procedure to obtain atomically-thin single crystals for
various materials can contribute to further development of nanoscale physics.

Secondly, we performed three different spin transport measurements in CrNbsSg
thin films. For these measurements, we used two types of the CrNbsSg thin films,
depending on the relation between the thickness (¢y) and one spiral pitch L(0) under
zero magnetic field: i.e., ty < L(0) and ¢y > L(0). We first measured the inverse
spin Hall effects (ISHEs) for the two types of the CrNbsSg thin films. At room
temperature, clear negative ISHE resistances were observed and the estimated spin
Hall angle was about —1% for both devices. This value is consistent with that of pure
Nb. The result indicates that the ISHE in CrNbsSg at room temperature is generated
due to the spin-orbit interaction of Nb. With decreasing temperature, however, the
ISHE resistance increases in the positive direction and takes an extremal value at the
magnetic phase transition temperature T = 130 K for both devices. Especially, for
tnv > L(0), the ISHE changes the sign at a certain temperature. At T, the ISHE
becomes as large as that at room temperature. As we decrease the temperature
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5 Conclusions and perspectives

further, the ISHE starts to decrease, resulting in a cusp structure with respect to T¢.
These results demonstrate that the ISHE not only convert the pure spin current into
the charge current but also detect spin fluctuations near the magnetic transitions,
as in the case of the ISHEs in weak ferromagnets and spin glasses, although detailed
theoretical studies are highly desirable to unveil the relation between the ISHE and
magnetic fluctuations.

Thirdly, nonlocal spin valve (NLSV) measurements were conducted using the
spin transport devices with and without the CrNb3Sg thin film, in order to evaluate
the spin diffusion length Acynbss,, Which has been never discussed quantitatively so
far. From the ratio of NLSV signals with and without CrNbsSg, the spin diffusion
length Acinbsss can be obtained. The spin diffusion length of CrNbsSg is about 5 nm
at low temperature, which is consistent with that of pure Nb. On the other hand, it
suddenly decreases above 7' = 50 K and is saturated at 1 nm above Tt. AciNbssg (7))
is almost inversely proportional to the resistivity p(7"). This fact indicates that the
Elliott-Yafet mechanism is dominant in this material.

Finally, we performed NLSV measurements where the CrNb3Sg thin film was
used as a ferromagnetic detector. When ¢y is smaller than L(0), a sudden jump in
NLSV resistance appears at around £50 Oe. This originates from the magnetization
switching of CrNbsSg. The result also shows that the CSL in the CrNbsSg thin film
has a fixed end at the surface. For ¢y > L(0), on the other hand, the magnetization
of CrNb3Sg is twisted at the surface under zero magnetic field. These results suggest
that the surface magnetization of CrNbsSg strongly depends on the length of the
magnetic helix.

To conclude, we have obtained spin transport properties peculiar to the chiral
heimagnet CrNbsSg, such as the cusp structure in the temperature dependence of
the spin Hall angle and the unique nonlocal spin valve signal depending on the
number of helical pitch included in the CSL. These results should give new insights
not only to the studies of CSL but also into the spintronics.

As for the perspectives, in order to deeply understand the experimentally ob-
served ISHE and NLSV signals in CrNbsSg thin films, theoretical studies on spin
transport phenomena in chiral magnets are highly desirable. Especially, the exper-
imental results strongly depends on the number of spiral structure in the CrNb3Sg
film. In this sense, we still need to perform the spin transport measurements us-
ing thicker CrNbsS¢ films that include more than two helical pitches. In order to
achieve these measurements, however, there are some issues that we must overcome.
Certainly, we can easily find CrNbzSg films thicker than 100 nm (more than two he-
lical pitches), but those are too wide to be included into spin transport devices (the
width should be less than 500 nm). Thus, it is necessary to optimize the exfoliation
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procedure to obtain thicker and narrower films.

Another direction is the application of unique spin dynamics in CrNbsSg. As
mentioned above, the surface magnetization of CrNbzSg thin film can be switched
at as low as 50 Oe. This result indicates that the surface magnetization of CrNbzSg
can be easily controlled by pure spin current. For the first step of the application with
CrNb3Sg thin film, spin torque-induced magnetization switching [83-86] is favorable.
This can be achieved by sending a high pure-spin current density to the CrNbsSg
thin film and by detecting the NLSV signal without the external magnetic field. We
have already tried this direction, but the electric current density was high enough
to break the ferromagnetic injection wire by Joule heating. To avoid this problem,
the device structure has to be optimized (for example, to make the wire wider), and
also to use a pulse current with a duration time of a few nanoseconds.
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