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ABSTRACT OF THE DISSERATATION

Study on Spin Transport Properties in Single-layer Graphene by Using

Magnetization Dynamics

by

ZHENYAO TANG

In this thesis, | summarized my study in doctoral research investigating spin transport in SLG by using a
magnetization dynamics and the temperature dependence of spin Hall angle of Pd.

In the field of graphene spintronics, | investigated spin transport properties in SLG by using a
magnetization dynamics method, which is totally different with electrical method. | successfully demonstrated
the generation of spin current in SLG at room temperature by dynamical spin injection, which enables
transferring spins from FM to NM free from electrical conductance mismatch. The spin coherence length of
CVD-grown SLG was 1.36 um and it agrees with previous reports. This achievement provides a method for
discussing spin transport physics in SLG from a new viewpoint. Secondly, | proposed temperature dependence
of spin coherence in SLG and in order to carry out this research, the investigation of temperature dependence of
spin Hall angle of Pd is carried out. It decreased with increasing temperature from 0.02 at 130 K to 0.01 at 300
K. Finally, 1 explored the temperature dependence of spin coherence in SLG by dynamical spin injection
method. The spin coherence of SLG was almost independent of temperature by using spin pumping method.

By these studies, a new platform for the investigation of spin coherence in SLG was successfully
established. It provided more perspective for the investigation of spin transport and spin relaxation mechanism

for future research in graphene.
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Chapter 1

Introduction

Abstract

In this section, I briefly introduce the history of spintronics. Then, graphene and the band structure of
graphene are presented. Next, recent progress in graphene spintronics is reviewed. Finally, I point out the

purpose of this study, and outline the contents of this thesis.



1.1 Spintronics

Spintronics is a research field utilizing both an electrical charge and the spin of the electron. The operation
of spintronic devices is intimately related to magnetic phenomena and to the manipulation of spin-polarized
currents. There are several concepts exploiting the electron spin for the development of novel devices, and
spintronics is indeed an interesting field for preparing the next generation of micro- and nano-electronics [1-5].

Figure 1-1 shows the spin-dependent density of states (DOS) £ £

L Ef

|
. . . |
for non-magnetic and FM metals in the presence of a magnetic \

field. The asymmetry of the spin-dependent DOS allows FM to \ /

NEE)

Mormal F emromagnetc

inject, detect and manipulate spins. Furthermore, spin is N(E)

derived from quantum mechanics when combing it with
Figure 1-1. The DOS for a non-magnetic

special relativity, as Dirac did in the 1920's. One of the _ . .
material and a ferromagnetic material.

consequences is the requirement of an internal property that is

known as spin in solving the Dirac equation. Because of its intrinsically quantum mechanical origin, it should
be of little surprise that the electron spin has very unusual properties. For example, its value along any
particular axis (the z-axis) can only take on two values that are called “spin up” and “spin down”, ‘T> and

H«>, or (m =%>and

N

1
m, =—5>. It also obeys the Heisenberg uncertainty principle, where the three

components of spin ( S, S,, S.) cannot be measured simultaneously. Most importantly from the point of view of
computing applications, the spin can be in a quantum superposition state, such as A‘T>+B‘~L> If we think

about digital electronics as being built on bits that can have two states “0” or “1”, we can think about spin as a

“quantum bit” which can be in states‘T>, ~L>, or in a superposition stateA‘T>+B‘~L>, where |A|2 is the
probability of finding the spin in the‘T> state and|B|2 is the probability of finding the spin in the‘~l«> state. The

quantum bit, or “qubit”, lies at the heart of a new type of computer, known as a quantum computer, which could

in principle perform some tasks such as factorizing numbers or performing searches much more efficiently than
2



normal digital computers. There are many schemes proposed for quantum computing (with most of them being
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Figure 1-2. Giant magetoresistance effect observed in thin-film structures. From Ref. [7].

unrelated to electron spin) but there is a debate about whether a scalable quantum computer will ever be

realized [6].

The history of spintronics can be traced back to the 1970s - 1980s. The giant magnetoresistance (GMR)

effect in in multilayer FM thin metallic films was
discovered independently by the Fert group and the
Griinberg group [7, 8]. Tunneling experiments were
successfully performed and explained by Moodera
and Miyazaki [14, 15]. Figure 1-2(a) shows the
GMR effect discovered in Fe/Cr multilayers by the
group of Albert Fert. When the Cr layer is very thin
(around 1nm), the RKKY (Ruderman and Kittel

[11], Kasuya [12] and Yosida [13]) coupling

Tunnel

Ferromagnetic — ™
barriers

electrodes
.I'.I'OJ'J' .I'.I"I n
Low resistance state
“Bit” lines —

“'N\\

High resistance state

Figure 1-3. Principle of a MRAM device. This
figure comes from internet.



between adjacent Fe layers becomes anti-ferromagnetic, making it energetically preferable to align in the
anti-parallel configuration, which gives a high resistance (R4p). A magnetic field is able to align the
magnetization of Fe films so that they become parallel, which yields a low resistance (Rp). Figures 1-2 (b)(c)
show a simple two-resistance model (spin-up channel and spin-down channel) to explain the GMR effect. When
the two FM layers both exhibit spin up magnetization, the total resistance will be equal to a high resistance. On
the other hand, if the two FM layers are anti-parallel to each other, the total resistance will be low. This effect
will usually lead to two levels of resistance: a higher resistance of R, and a lower resistance of Rp. In 2007,
Albert Fert and Peter Griinberg were awarded the Nobel Prize in Physics for their discovery of the GMR effects,
which has been widely used in sensitive read-out heads for compact hard disks. “0” corresponds to a low
resistance when the magnetizations are parallel, while “1” corresponds to a high resistance when the
magnetizations are anti-parallel. The tunneling experiments lead to the discovery of tunneling
magnetoresistance (TMR), which is the basis of a new type of non-volatile memory, called magnetoresistive
random access memory (MRAM). TMR occurs in magnetic tunnel junctions (MTJ), which consist of two FM
films separated by a thin insulator. Due to the spin by

L

polarized density of states, there will be a low resistance

SchcﬂkyTGaw
I 77777777777
f GIr i”% i z/:: ——— oirnf"’%
1 1 “0” 1 OITtAc n -] ontac!
when the magnetizations are parallel (“0” in MRAM, 2z Sl 74 nA% | psiinninsi
kZDEG
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Fig. 1-3) and a high resistance when the magnetizations
are anti-parallel (“1” in MRAM, Fig. 1- 3). In the early

. . . Figure 1-4. A proposed electron wave analog of
1990s, Miyazaki and Moodera independently observed

the electro-optic modulator. From Ref. [20]
room temperature TMR (~10%) across an amorphous
aluminum oxide insulator [14, 15]. Later in 2004, much higher TMRs due to the spin-filtering effect based on

wave function symmetry [16-18] were observed in MgO-based MTJs by the Parkin group and Yuasa group.

Currently, the record for room temperature TMR is 600% in Fe/Co/MgO/Co/Fe MTJs grown by molecular



beam epitaxy [19].

Whereas the above history of spintronics is that of metallic spintronics, spintronics using inorganic
semiconductors (GaAs, Si and so on) has also been vigorously investigated. Among these inorganic
semiconductors, GaAs could be used to realize spin transistors as proposed by Das and Datta [20], as shown in
Fig. 1-4, where injected spins into GaAs are rotated by an applied gate voltage because of the existence of a
strong spin—orbit interaction. On the contrary, Si is a Gate Gate oxide

HMEF source HME drain

comparably light element and has lattice inversion

symmetry, and therefore spin MOS field effect

transistors (FETs) can to be realized. Currently,

Si substrate (a)

several research groups are intensively investigating
Figure 1-5. Schematic device structure of a spin

in injecti d spin t t [21]. This field i
spin injection and spin transport [21] s eI MOSFET using half metallic-ferromagnet

known as the second pillar of spintronics, namely (HMF) contacts for the source and drain. From
semiconductor spintronics. Since 1999, a third pillar Ref. [22].
of spintronics has been attracting much attention from spintronics and molecular electronics researchers; this
field is, molecular spintronics. A molecule exhibits a comparably smaller spin—orbit interaction. A spin—orbit
interaction is known as the interaction which induces loss of spin coherence; thus, a material with a small
spin—orbit interaction is needed to realize quantum computation systems and the so-called Sugahara—Tanaka
type spin MOSFETs [22]. Currently, nano-carbonaceous molecules (graphene, carbon nanotube and fullerene)
and organic molecules are intensively investigated for further progress in this research field, and a number
important and attractive results have been obtained [23, 24].

Organic semiconductors are interesting to the spintronics community due to long spin life times, chemical

flexibility and optoelectronic properties. In 2004, Xiong et al studied a spin valve based on Alq3

(8-hydroxy-quinoline aluminium) with LSMO and Co as the FM electrodes (see Fig. 1-6) [25]. In 2007 and



2008, Santos et al and Dediu et al independently achieved room temperature spin transport by inserting a thin

@ (b) . ; : . .
ALO; between Co and Algs 250 o
= =z, o 40
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= Y. = A
[26, 27]. In 2009, Sun et al g2 = sWy B T
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A 1
175 - k" o
between Co electrodes and (Substrate - . . : ol
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Algs to block the diffusion of

Lo . Figure 1-6. Organic semiconductor spin valves. (a) Alq3 device geometry.
Co growth inside Alq; in order

One FM electrode is LSMO, and the other FM electrode is Co. (b) MR loop
to form a conductance path,

measured at 11 K with a negative MR of 40%. From Ref. [25].

and observed large MR [28].

Raman et al studied the effect of molecular ordering on spin injection in rubrene, while Yoo et al observed giant
MR in the LSMO/LAO/rubrene/Fe junction [29, 30]. In 2010, Yoo et al studied the spin valve effect on rubrene

with an organic-based magnetic semiconductor named vanadium [31]. Carbon based materials (carbon

nanotubes, Cg, graphene) have attracted @)

1
}
1
|

considerable interest because they are expected to

dvidr (kL)

have long spin lifetimes due to their intrinsically

dydr{kr)

low spin orbit couplings and hyperfine couplings

100 nm Co

[32, 33]. Carbon nanotubes (CNTs) spin valve , AN

devices were first reported by Tsukagoshi and his

co-workers (see Fig. 1-7) in 1999 [34]. After this
Figure 1-7. Electrical spin transport in carbon

study, several groups reported MR studied on . .
y group P nanotube spin valve. (a) Carbon nanotube spin valve

single wall and multi wall CNTs [35, 36]. In  geometry. MWNT is connected to two FM Co leads.

. . . (b) Local MR measurements for 3 devices. From
2006-2007, two important milestones in CNT

Tsukagoshi et al, [34].
spintronics were achieved. The first one was the



detection of a pure spin current using the nonlocal technique of Tombros et al [37]. They studied the spin
transport in a single wall nanotube using both local and nonlocal techniques; their results showed that the local
MR was about 30 times larger than the nonlocal MR. This was contrary to the theoretical predictions (local MR
is equal to 2 times of nonlocal MR) and pointed out that nonlocal MR was more reliable than the local MR to
prove spin injection. The other important milestone was the observation of very large MR ratio in CNT spin
valves using half metallic LSMO electrodes [38].

Compared to carbon nanotubes, graphene, a single atomic layer of graphitic carbon, has drawn more
attention in spintronics due to its tunable carrier concentration and conductivity, ultra high mobility, and
sensitive surfaces, etc. In the next subsection, I will introduce the properties of graphene and the research

carried on graphene spintronics so far.

1.2 Graphene

Andre Geim and Konstantin Novoselov were awarded the 2010 Nobel Prize for their breakthrough
experiments with graphene [39, 40]. Currently, several methods to make graphene have been developed. The
conventional called “mechanical exfoliation” (by scotch tape), was invented by the Geim group [39].
Additionally, other methods such as epitaxial growth by SiC decomposition at ultrahigh temperatures to
fabricate wafer-size graphene [41], and growing graphene by chemical vaper deposition (CVD) on metal
substrates, such as Ni, Ir, etc [42], are also available for fabricating large-sized pieces of graphene. However,
the quality of graphene from this method is not good due to residue of the reduction functional groups. Recently,
there has been a major breakthrough made by the Ruoff group, which succeeded in growing a large piece of
high quality single layer graphene on copper using the CVD method [43]. The graphene samples used in this
thesis were provided by the Ago group at Kyushu Univ. They can synthesize large-scale, high quality

single-layer graphene by CVD method [44].



1.2.1 Band structure of graphene

Graphene is a single sheet made up of carbon atoms arranged in the well known honeycomb structure. The
lattice of graphene is shown in Fig. 1-8. Carbon has four valence electrons, of which three are used for the sp’
bonds. Researchers refer to this band as the © band. There are two such electrons per unit-cell. Hence, there will

be two m -bands (the © and ©* bands) as shown

i

in Fig. 1-8. The even number of electrons per diamond : sp* | graphite : sp’+p. Tm
unit-cell makes this example very interestin
ple very g o é@ . " e, 9
) s L)
because we do not know a priori whether the s pAptD, sp’ s pip sp? 22
. G* ) ", P: - .
material will be metallic or semiconducting.  —, — L
Spr sp sp- I .
. . . = = insulator S metal
The first tight-binding description of graphene
was given by Wallace in 1947 [45]. Carbon Figure 1-8. Hybrization of carbon

atom (°C=1s"2s"2p, group IV) has four unpaired electrons, 2s, 2p;, 2p, and 2p. orbitals, which can mix with
each other. Although they consist of the same atomic ingredient, namely carbon, the 3D graphite and diamond
crystals are physically different. Graphite, as described above, is a very soft material due to its layered structure,
whereas diamond is one of the hardest natural materials because all bonds are covalent ¢ bonds. The fact that
all four valence electrons in the outer atomic shell are used in the formation of the o bonds is also the reason for
diamond being an insulator with a large band gap of 5.47 eV. In contrast to insulating diamond, the electrons in
the weaker m bonds in graphite are delocalized, and
thus, have good electronic conduction properties.

The band structure of graphene can be

calculated by tight-binding approximation. As

Figure 1-9. (a) vectors for real space and (b)

mentioned above, the carbon atoms in graphene

reciprocal spaces vectors.



condense in a honeycomb lattice due to their sp’ hybridization. The honeycomb lattice is not a Bravais lattice
because two neighboring sites are not equivalent. The lattice vectors of graphene are defined to be @, and a,,

and the reciprocal lattice vectors, are b; and b,, as shown in Fig. 1-9. The relation is expressed by,

a;-b, =276, (1-1)

U’

. J0GE#)),
where the Kronecker delta 0ij = (=) (1-2)
i=j).

For the convenience of definition, we define the vectors on 2-dimensional space,

13 1 3
—a(-2 e =a, D),

_(_i 1) :2_ﬂ(£ )

(1-3)

From the symmetry of the benzene ring of graphene, there are two different carbon atoms, called site A and B
(see Fig. 1-10). We use the tight-binding approximation method to calculate the energy band of graphene. First,

in a translational symmetric crystal, the wave function of an atomic orbital is a translation which satisfies the

following translational operation R ,

ry

Ré(r) = ¢(r + R) = " *¢(r). (Bloch Theorem) (1-4)
The wave function of tight-binding uses the approximation of g

LCAO (Linear Combination of Atomic Orbitals). It is important

R

to remember that the LCAO approximation assumes that the

atomic wave-functions are well localized at the position of the . . .
P Figure 1-10. A site and B site

atom (R = na—1 + ma—2 ). The electrical transport in graphene is  consist the atoms in one unit cell of

i graphene.
performed by 7 electrons, and so we do not consider the o

electrons from now on. The tight-binding wave functions on the Bloch basis can be expressed as,



1 .
D _ﬁg@z(r_m — R)exp(ikR), .
P = ﬁ;¢22 (r—ry — R)exp(ikR),

(k € first Brillouin zone, R: all Brillouin Points in N lattice , 2z: 2p. orbital)

where N is the number of cells for normalization. The wave function of the 2p, orbital can be expressed by the
relative coordinate in a unit cell. The energy, transfer integral and overlap integral of 2p, orbitals of site A and B
within the same unit cell are expressed by,

&= [drg,, (r=r)He, (r=r), 1=[drg,,(r=r ), (r=r)),

t=[drg;, (r=r)H@,,(r=1y), s=[drd, (r=r),,(r=r,).  (1-6)

It is possible to use the Bloch functions for calculating the elements of the matrix and overlapping the transfer

matrix. The following equations are determined by,

HE = (g, |H|g, (k1)) SE =(g,(kr)|g, (K1),

2

)
HYY = (g, (e, r)|H gy (K1), S5 = (g, Ge,r) |y (K',),
HE =(g,0e,r)|Hlgy (k1)) SE = (4,067, (K1)
HEE =gy k) H g, (K1), SEE =8y (K1), (K1)
Meanwhile, 7' =r—r, ,—R' expresses the relative coordinate
in the unit cell which is different from the position of R.

Now, we consider the effect from the nearest three atoms to
obtain the energy dispersion relation by the Bloch functions.

When we think about a graphene sheet as shown in Fig. 1-11, the

carbon atoms located at the A site are surrounded by exactly three

B atoms. On the other hand, a carbon atom of the B site is always
Figure 1-11. A site and B site in
surrounded by three A atoms. g
graphene and the nearest neighbors to

A site.



Based on this consideration, H,,, Hpp, S44, Spp are the integral in the same atom, H 4z, HBA(=HBA*), Sz,
Sz4(=Sp4") are the interaction integral with the nearest three atoms.
First, to derive Hy4, Hgp, Si4, Sps, We can consider the integral for the same atom, in other words, it is

enough to deduce them in one unit cell. So, the transfer matrixes are,
(kk') 1 N * 1 N
H." =|dr— r—r,)exp[—ik-R1H — r—r,)exp[—ik'-R
o= T 2 (= r)explik - RUH = D, (r 1) explik’ - ]
N
=5i26xp[—i(k—k’)-R]
N*%
= &0y,
(kK" 1 & . 1< 1
H = j drﬁg@p(r—rlg)exp[—zk-R]Hﬁg@p(r—@)exp[—zk ‘R]
N
=5i26xp[—i(k—k’)-R]
N*%
=0y
(k k") 1 & o ; 1 < 7
SE =] dr—= 245, (=) xpl=ik- RI7= 3 s, (=1 expl=ik'-R]
N
=i2exp[—i(k—k')-R]
N %
= Oy

S = [ 3, ) exploik- R 3 s (= explik' R)

=%Zexp[—i(k—k')-R] (1-8)
= Oy

Then, to consider Hp, HBA(IHBA*), Sz, SBA(=SBA*), it is necessary to consider the effects from the three nearest

atoms,

i) R'=R

k) 1 N 1 N

H " =dr— " (r—r,)exp[—ik - R|H — r—r,)exp[—ik'-R
W= T 2 (= r)explik - RYH = D, (r =1y explik’ - ]

=t%2::exp[—i(k —k")-R]

=1t0,,,

11



/ 1 & 1 &
SUE = Ndr—=>> @, (r—r,)exp[-ik-R]—=Y ¢, (r—r,)exp[-ik'-R]
AB I \/N; 2p 4 \/N; 2p B
N
:aukzzemﬂ—xk—kﬁ-R] (1-9)
N %
=80
11) R’=R+a1
(k k') 1 N * 1 N
H W '=\dr—=) ¢, (r—r,)exp[—ik-RIH—=) ¢, (r—r,)exp[—ik"-(R+a,)]
AB I \/N; 2p A \/ﬁ ; 2p B 1
N
=ti26xp[—i(k—k')~R+ik'-a1]
N %
=10, explik’-a,],
(k,k") 1 ul * 1 ul
S =ldr—=)> @, (r—r,)exp[-ik-Rl—=)> ¢, (r—r,)exp[ik’-(R+a,)]
AB I \/N; 2p 4 \/N; 2p B 1
N
=si26xp[—i(k—k’)-R +ik'-a,] (1-10)
N %
=50, explik'-a,].
iii) R'=R+a,
(k,k") 1 ul * 1 ul
H D '=\dr—=) ¢, (r—r,)exp[-ik-RIH—=) ¢, (r—r,)exp[—ik'-(R+a,)]
AB I \/N; 2p A \/N ; 2p B 2
N
=ti26xp[—i(k—k')~R+ik'-a2]
N %
=10, explik’-a,],
S =ldr—=) ¢, (r—r,)expl-ik-Rl—=)> ¢, (r—r,)exp[ik’'-(R+a,)]
AB I \/N; 2p 4 \/N; 2p B 2
N
=si26xp[—i(k—k’)-R+ik'-a2] (1-11)
N %
=50, explik'-a,].
Thus, all parts of the matrix have been solved by the calculation above, and the term J,,.is included in every
part. In order to observe the values of 0., k=k’ is a necessary condition. So,
H, =Hy=¢ S,=S8;=],

H ,, = t(1+explik -a,]+explik -a,])
=1 (k)

Hy, :H;B :tf*(k)’



Sz =s(l+explik-a,]+explik-a,])
=sf (k),

Spi =S =5 (k), (1-12)
where the sum of the phase factor is,
f(k)=1+explik -a,]+explik-a,].

Here, the transfer matrix and overlap matrix are expressed as,

H:( £ tf(k)j,S:[ *1 Sf(k)j' (1-13)
(k) e sf(k) 1

Since the tight-binding wave function of Schrédinger equation is,
HY(r)=EY(r), (1-14)
the expectation value is written as,

_(¥|a]¥)
(¥[¥)
PIRHAVATTY

Sy AN -

J.j'=4,B

Z C;CJ’HJ'J'

— J.J'=4.B

S oS,

Jj>Jj'=4.B

Then, by the calculus of variations, we find the coefficient C which makes the smallest energy expectation

value,
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*
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P j'=A4,B _ ) =A,B _ j=A,B2 — 0
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Here, we define the column vector,

C =[CA(k)], (1-17)
Cy (k)

and the above equation becomes,

HC=ESC
s OGO (1 W) CD (1-18)
“lrw e \ow) o 1 lamw)

which describes the Hamiltonian of 2-D graphene with an infinite size. It is necessary to satisfy the following

conditions to make the matrix coefficient C be different from zero:

det(H — ES) =0
e—E (t— Es) f (k)
(t-Es)f'(k)  &-E

& (e-E) —(t—Es)*|f(b)] =0.

f—g

‘:0 (1-19)

The expectation value of energy is shown as,

e+t f(k)f (k)

E= (1-20)

g=t f(k) [ ().

From this result, we have the energy on the

2p, orbital and transfer integral, so the dispersion

Figure 1-12. © and * band in the first Brillouin zone

of energy on k space can be observed. The energy of graphene, two bands connect at K-point.
dispersion in the first Brillouin zone of graphene is

shown in Fig. 1-12 by using computer programming and set& =0, t=-3.033eV, s =0.129 based on the report
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of Saitoh et al [46]. The © & ©* band and the dispersion energy of the first Brillouin zone connected at the K
point. There are two carbon atoms in a unit cell of graphene and each atom provides one electron according to
tight-binding approximation. The t band occupies two electrons at absolute zero in temperature and the electron
transition occurs at finite temperature on n* band around the K point. Therefore, it is necessary to focus on the
behavior of electrons in the vicinity of the K point to understand the electron transport properties in graphene.
The energy band around K point is derived as follows.

We expand this Hamiltonian around K point with long wavelength approximation. The coordinates of K
point can be expressed by reciprocal lattice vectors as,

1 2

K=§bl+gb2. (1-21)

If we consider the wave vector near K point, k = K + Ak , then,

rw= 0+ LBk
= f(K)+(iAk -a))exp[iK - a, ]+ (iAk - a,) exp[iK - a, ] (1-22)

=1+expliK -a,]+exp[iK -a, ]+ (iAk -a,) exp[iK - a, ]+ (iAk - a,)exp[iK - a, ]
=1+ (1+iAk-a)expliK -a,]+ (1 +iAk -a,)exp[iK -a,].

We can calculate the inner product of the vectors as follows:

K-a, =(lb1 +%bz)-a1 :%ﬂ,
peess
K~a2 :(Ebl +§b2)-a2 :Eﬂ'.

When we substitute these values into the above formula, we get,

£ =1+ (140K expli s 7]+ 1+ Ak 0 expli‘s

e &

:1+(l+iAk~al)(—%+i73)+(l+iAk~a2)(—%—i—) (1-24)

2
V3 3

1 3 .1
=(—7—l5)Ak'Gl +(7—15)Ak-a2.

Here, Ak =(k_, ky) , SO,



B 143,43 .1 13
f(k)~(—7— 5)(kxaky)‘a(—??)+(7—15)(kxaky)'a(5,7)

IR I TV ) 311, A3

—a(—T— 5)(_Ekx+7ky)+a(7_l§)(5kx+7ky) (1-25)

=§a(kx —ik,),

which describes H,3. We can also observe,
3 .
H,, =Ea(kx+1ky). (1-26)

So the Hamiltonian of graphene around K-point,

y 0k —ik,
“lk+ik, 0 )

0 kx—ikyj

(1-27)
H p—
e [kx vik, 0

Then, we consider the zeroth approximation (2p, wave functions are totally localized in carbon atoms), so,

1 0
S=(O J. (1-28) E,

The eigen value of the energy around the K-point,

Ifn; |f\| k
det(H - ES)=0 L A
-E v, (k. —ik,) —hv,. ‘Ai
= ' —
I, (k, +ik,) -E (1-29)
= E=%hv, k> +k
= +7v, |k].

Figure 1-13. Band structure of

graphene around K-point.



Therefore, the 2p, orbital band structure of graphene is linear around the K-point as shown in Fig. 1-13. The

calculations above show the band structure of the ideal state of a graphene sheet. In fact, the size of graphene is

finite, and the defects and the absorption of impurities also influence the shape of band structure of graphene.

E (V)

E (eV)

-

e ————

= 45.‘-':_'3.:{‘-_5:-— o

Figure 1-14. Band structures of graphene adsorbed upon Au, Pt, Cu, Ag, Al, Pd, Ni, and Co (111)

substrates. The Fermi level is at zero energy. From Ref. [48].

The energy dispersion by first-principles calculations when a variety of metal atoms are attached to graphene

has been reported (see Fig. 1-14) [47, 48]. The left figures show how the graphene band structure (black lines)

is affected by metal atoms attached onto graphene by chemical adsorption. A strong reaction was applied to

graphene and therefore the band structure of graphene changed drastically. The right figures show the weak

metal-graphene binding between metal and graphene, where the original band structures of graphene are still

recognizable.

17



1.2.2 Raman spectroscopy of graphene [49, 50]

The number of graphene layers is important for

b iLD
1600
the research of graphene, since the properties of L T
1400 i
single-layer graphene and bilyaer graphene (BLG) are = "% |
3
=+ 1000 a1o
quite different. Nevertheless, it is difficult to £ soof
Pl
distinguish between single-layer and bilayer graphene. 400 h'
. . . 200 :- iTA
Atomic force microscopy (AFM) is one method to L 3
0

identify single and multiple layers, but it has a low

. Figure 1-15. Calculated phonon dispersion
throughput. Moreover, due to the chemical contrast

relation of graphene showing the iLO, iTO, oTO,
between graphene and the substrate (which results in

iLA, iTA and oTA phonon branches. From Ref.
an apparent chemical thickness of 0.5-1 nm, much [52].
bigger than that expected from the interlayer graphite
spacing [39, 51]), in practice, it is only possible to distinguish between one and two layers by AFM if films
contain folds or wrinkles [39, 51].

In principle, when the final vibrational state of the molecule is more energetic than the initial state, then the
emitted photon will be shifted to a lower frequency in order for the total energy of the system to remain
balanced. This shift in frequency is designated as a Stokes shift. If the final vibrational state is less energetic
than the initial state, then the emitted photon will be shifted to a higher frequency, and this is designated as an
anti-Stokes shift. Raman scattering is an example of inelastic scattering because of the energy transfer between
the photons and the molecules during their interaction.

An understanding of the phonon dispersion in graphene is essential to interpreting the Raman spectra of
graphene. Since the unit cell of monolayer graphene contains two carbon atoms, A and B, there are six phonon
dispersion bands (see Fig. 1-15), in which three are acoustic branches (A) and the other three are optic (O)
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phonon branches. For one acoustic branch (A) and one optic (O) phonon branch, the atomic vibrations are

perpendicular to the graphene plane, and they correspond to the out-of-plane (o) phonon modes. For two

acoustic and two optic phonon branches, the vibrations are in-plane (i). Traditionally, the directions of the

vibrations are considered with respect to the direction of the nearest carbon—carbon atoms and, therefore, the

phonon modes are classified as longitudinal (L) or transverse (T) according to vibrations parallel with or

perpendicular to, respectively, the A—B carbon—carbon directions. Therefore, the six phonon dispersion curves

are assigned to the LO, iTO, oTO, LA, iTA, and oTA phonon modes. (see Fig. 1-15) [52]

The most prominent features in the Raman spectra 77
@
of monolayer graphene are the so-called G band
. L , g G
appearing at 1582 cm = (graphite), and the G band at 'E
-1 . . . E D

about 2700 cm °, when using laser excitation at 2.41 eV g

E
(see for example, Fig. 1-16). In the case of a disordered D' J L
sample or at the edge of a graphene sample, we can also et :

1200 1400 1600 2400 2600 2800 3000

Raman shift {cm™)
see the so-called disorder-induced D band, at about half

' Fi 1-16. Raman spectrum of a graphene
of the frequency of the G band (around 1350 cm ™', using 1gure p grap

edge, showing the main Raman features, the D,
laser excitation at 2.41 eV).

G and G’ bands taken with a laser excitation
The G band is associated with the doubly energy of 2.41 eV. From Ref. [49].

degenerated (iTO and LO) phonon mode at the Brillouin

zone center. In fact, the G-band is the only band coming from a normal first order Raman scattering process in

graphene. On the other hand, the G’ and D bands originate from a second-order process, involving two iTO

phonons near the K point for the G’ band, or one iTO phonon and one defect in the case of the D band. Since

the G’ band is approximately twice the frequency of the D band (wg~2mp), some authors prefer to call it the 2D

band, due to the frequency relation between D band and 2D band. However, this two-phonon band is allowed in
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the second-order Raman spectra of graphene without any kind of disorder or defects. In order to prevent any
misleading connection of this feature with disorders or defects, and to avoid confusion between the designation
of “2D” to denote two dimensionality, some researchers use the conventional notation “G’ band”, since it is the
second largest peak in graphene.

The origin and the dispersive behavior in the frequency of the D and G’ bands is to be found in the double
resonance (DR) Raman process [53-55]. In the DR process, the wave-vectors g of the phonons associated with
the D and G’ bands (measured from the K point) couple preferentially to the electronic states with wave-vectors
k (measured from the K point), such that g=2k. The double-resonance (DR) process shown in the center and
right side of Fig. 1-17 begins with an electron of wave-vector Kk around K absorbing a photon of energy Ejuse:.
The electron is inelastically scattered by a phonon or a
defect of the wavevector g and energy Ejponon to @ point
belonging to a circle around the K' point, with the

wavevector K+, where the K’ point is related to K by

time reversal symmetry. The electron is then scattered

back to a K state, and emits a photon by recombining

Figure 1-17. The origins from the main bands in

with a hole at the k state. In the case of the D band, the  graphene. From Ref. [49].

two scattering processes consist of one elastic

scattering event by the defects of the crystal, and one inelastic scattering event by emitting or absorbing a
phonon, as shown in Fig. 1-17. In the case of the G’-band, both processes are inelastic scattering events and two
phonons are involved. This double resonance mechanism is called an intervalley process, because it connects
points in circles around equivalent K and K’ points in the first Brillouin zone of graphene. On the other hand,
the double resonance process responsible for the D’ band (~1620 cm™') is an intravalley process, since it
connects two points belonging to the same circle around the K point (or the K’ point) [55, 56].
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One can distinguish different layers in graphene by the changing shape of band, typically in G'-band. For

single-layer graphene, there 0o (a) 514 nm sunm [\ (b) saom . (c)
—"/ ,r"f"‘ \'* graphite 77—/-_/J\\~-_.A
is only one energy band, so T “%%°r | Graphite ﬂl 1~ VRN / "
© | il uanannt ol e
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peak appears. For the case | /\ f\
J'L AN A B p layer D
. e e ——— N " . 1 "
1500 zolno 25'00 30100 2600 2700 2800 2600 2700 2800
of bilayer graphene, since Raman shift cm™") Raman shift cm™) Raman shift (cm™)

the energy band splits into
Figure 1-18. Raman spectra of various layers of graphene and graphite.
two, D peak and G’ peak

G’-band is used for identifying the numbers of graphene layers. From Ref.
also split. With the number [50].

of layers of graphene

increases, more splitting of bands occurs. The shape of the bands also changes and finally comes close to the
shape of graphite peaks when the number of layers is large enough. The typical shapes of G’ band are shown in

Fig. 1-18; the number of layers can be determined by the shape of the G’ band. This is the common method,

widely used to identify the number of graphene layers.

1.3 Graphene Spintronics

In this part, I will review previous work in graphene spintronics. The main reasons why graphene is an
attractive for spintronics are its a long spin lifetime (due to a small spin—orbit coupling of carbon atoms) and the
negligible hyperfine interaction due to the absence of nuclear spins for the main isotope '>C. The combination
of the expected long spin lifetime with a high electron velocity, related to the linear dispersion relation of
electrons in graphene, underlies the potential of graphene for spintronics. The ability to transport spin
information efficiently over practical distances enables the development of further complex spintronic devices,
e.g. the reconfigurable logic gate integrating both memory and logic proposed by Dery et al [57], and might

eventually open the way to spin information processing.
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In graphene spintronics, the
electrical spin injection method,
typically nonlocal method is widely
used. This method was first proposed
by Jedema and his co-workers in 2001
for a Py/Cu/Py structure. They

demonstrated spin injection and

—»| Pyl

48

Py2

Figure 1-19. Electrical spin injection and accumulation in an

Py/Cu/Py spin valve. (a) Nonlocal measurement geometry.

(b) Nonlocal MR loop measured at 4.2 K. From Ref. [58].

nonlocal spin detection in Py/Cu/Py lateral spin valves (LSV) at room temperature (RT) [58] (see Fig. 1-19).

The spin relaxation length of Cu has been estimated to be 350 nm at RT and 1000 nm at 4.2 K by studying the

spacing dependence of the nonlocal magnetoresistance (MR). In 2002, Jedema and co-workers performed spin

precession measurements in the Al strip,
which clearly demonstrated that the nonlocal

MR signal originates from spin injection and

transport [59].

There exists some debate on the issue of

the first observation of spin transport in

AR( Q)

Figure 1-20. Report on

graphene. The first experiment on spin LSV. From Ref. [601.

300 p

200

100 p

spin transport in graphene by a

transport in graphene was reported in 2006 [60]. The problem of this research is its reliability, as the signal was

quite unclear for a LSV experiment. In this report, a piece of graphene was connected to ferromagnetic

electrodes by LSV as shown in Fig. 1-20 (a “local” configuration). The current flowing through the device

depends on the persistence of the spin polarization and on whether the electrodes are magnetically aligned in a

parallel or anti-parallel configuration.
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The LSV measurement was rapidly followed by several other spin transport measurements on single-layer

graphene (SLG) and multi layer graphene (MLG) [23, 24, 61, 62]. Ref. 23 & 24 are the most popular reports,

for their reliable contributions

(b)
i
. TamUs 2 3 4
as pioneers on graphene no: ;@)—* i © -
Graphena Si0,
. . . mMH
spintronics. Basically there are
t t t t
1 Spin up =
two configurations for the ;%TD : N
T e e e Y
12 - !
measurements, called “local” _ [ 4+ r‘\H. 1#.]'? T2a e ] !
1 of =Tt ~
and “nonlocal”. The local ~ '} 1t
jrm Htt 3 ]
-1e L 1 1 1 I | /
-300 200 -100 1] 100 200 300 b
configuration is a simple &

two-terminal device acting as Figure 1-21 (a) An SEM top view of a four-terminal nonlocal device

an LSV. In the nonlocal based on an exfoliated SLG. (b) Nonlocal measurement geometry of

) . a graphene spin-valve device. (c) Spin signal s of device.
configuration, four terminals

are used, slightly different in geometry from those used in conventional four point measurements. Specifically,
as seen in Fig. 1-21, the current path (between electrodes 3 & 4) is separated from the voltage measurement
zone (electrodes 1 & 2). The nonlocal configuration was originally developed to extract low signals in
semiconductors and metals, where the non-spin-aligned current would overwhelm the signal in local LSV
measurements. As an example of this nonlocal configuration, Figure 1-21 shows the SLG device proposed by
Tombros et al [24]. Injecting a spin polarized current at electrode 3 (Figure 1-21(b)) creates an
out-of-equilibrium spin population in the graphene layer. The spin accumulations are defined by the difference
of spin-up and spin-down carriers (Ag = (4, — 4, )) . This polarization of spins diffuse and is measured below
electrodes 1 and 2, away from the electrical current (Figure 1-21(b)).The spatial spread of the spin polarization
in a material is characterized by the spin diffusion length, A, which is related to the spin relaxation time, 7
(spin lifetime), in that material by/lsf = D-Tsf , where D is the diffusion coefficient. An example of a

23



room-temperature nonlocal spin signal is shown in Fig. 1-21(c). The nonlocal spin signal appears as a
difference in the nonlinear resistance R, = V' / I in different parallel and anti-parallel configurations of the
magnetic electrodes as the magnetic field H is swept. These measurements were made at room temperature in a
600-nm-wide device with a 3-um spacing between central electrodes 2 and 3. The amplitude of the signal
depends not only on the length but also on the mean contact resistance, Ry, of the tunnel barrier between the
graphene and the electrodes. A larger resistance prevents the spin from escaping into the electrodes and
preserves a larger spin polarization. The measurement is usually analyzed according to a one-dimensional

model based on the drift—diffusion equations. The nonlocal spin signal, ARy, can be expressed as [63]

+ 27/2psq/1sf (WRb /psqﬂfyf)z eXp(—L / ﬂ’vf)

AR, = - (1-30)
w (1+wR, / p,A,)" —exp(-2L/ A,)

where vy is the injection polarization, py, is the square(sheet) resistance :2:%(‘}

= 185.19

of the material (graphene in this case), Ay 1is its spin diffusion length, w = 185,18

2185.17

is its width, and L is the distance between injection and detection. This ig: ig

expression predicts an exponential decay, exp(—L/Ay), of the spin Z 0720

Z 0719

signal as a function of the device length, except when Ay is very long, =_ 0718

, , £ 0717
leading to slower 1/ L decay. Based on the experimentally observed = 0716 . . .

40 200 00 20 40

exponential variation, a spin diffusion length of 1.6 um was derived B (mT)

Figure 1-21. (d). The spin signal
for the graphene sample [63].

from Ref. [23].
Another important pioneer research on spintronics in multi-layer
graphene was carried out by Ohishi et al [23], as shown in Fig. 1-21(d). In this report, the tunnel barrier was not
used to increase the spin injection efficiency. They observed a clear spin signal from a nonlocal structure, which

indicated the spin transport in graphene can also be realized without tunnel barriers. Unfortunately, the

modulation of gate voltage was not observed in this research.
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The spin transport parameters can also be extracted using the Hanle effect, in which a magnetic field is
applied in a direction perpendicular to the spin accumulation and causes precession and dephasing of the spins

in the lateral channel (see Fig. 1-22). This eventually leads to an oscillating decay of the spin signal, as
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Figure 1-22. Hanle effect: (a) Application of an external magnetic field perpendicular to the
channel plane forces the precession of the polarization of the spin current. (b), (c)

Room-temperature Hanle curves recorded by Wei et al [64].
illustrated by the experimental results of Wei et al [64] in Fig. 1-22 (b)—(c). When the alignment between the
applied field and the spin polarization suppresses the precession effects, the spin signal is restored. Fitting of the
Hanle curves with solutions of Bloch equations leads to the determination of the diffusion constant D, spin life
time 7, and spin diffusion length Ay In graphene samples, 7 and Ay values of up to 0.2 ns and 2.2 pm,
respectively, were found at room temperature. Values in the same range were also later found by the Kawakami
group [65-67]. By using the nonlocal techniques, they found zy = 1 ns at 4 K and 7 = 0.3 ns at room

temperature.
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1.4 Recent studies on large-scale graphene

Whereas most of the spin-transport measurements have been made on exfoliated graphene on SiO,, recent
publications have also reported experiments performed on graphene grown by chemical vapor deposition (CVD)
on copper foils and transferred onto SiO, [68]. These experiments showed spin transport properties similar to
those of exfoliated graphene and introduced the interesting @)
possibility of large-scale production of spin-transport devices,

because large areas of CVD graphene can be fabricated easily.

Another very interesting alternative for large-scale integration

bl ES

is epitaxially grown graphene on silicon carbide (SiC). In ALB,

Tum

addition to their large size, epitaxial graphene (EG) samples (b)
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also show very high mobility [69]. However, graphene layers
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different structures and properties from those grown on the 13651
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carbon terminated face (C face), and this is also true for spin T1o00 =00 g 001000
Magnetic field (Oe)

transport. For the Si face, which allows easier control of layer . . .
P Y Figure 1-23. A two-terminal local spin

growth, Maassen et al [70] performed nonlocal spin transport device of graphene [71], (a) SEM image of
. o a two-terminal local spin valve, optic
measurements on multilayer epitaxial graphene (MEG). They

image of samples and schematic view of
found bility of ~1900 em’V's™" and z; val : .
punc an average mobllity o cmVos - and gy vaies device. (b) local spin signals measured at 4

on par with those of the best exfoliated samples (up to 2.3 ns K.

at low temperature) but with surprisingly small diffusion

constants and Ay values in comparison. For the C face, Dlubak et al [71] explored spin transport on MEG (~10
layers) (see Figure 1-23). Although the number of layers is more difficult to control, this type of graphene is
composed of uncoupled monolayer graphene sheets (it is not simply a thin graphite layer), leading to better
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transport properties. Dlubak et al found very high mobilities, of ~17,000 cm®V's™". In these samples,
cobalt/alumina tunnel junctions of very large resistance, in the megaohm range, were used as injectors and
detectors [72]. Local magnetoresistance (MR) curves obtained with MEG [71] are shown in Fig. 1-23 (b) with
local spin signals (AR) in the megaohm range. These observed spin signals, much larger than the resistances of
the cobalt electrodes and graphene channel, are the largest spin signals ever observed with graphene. This study
attributed the impressive spin signal of these devices to the length of Ay in the 100 pm range and above. Such
spin diffusion lengths, much longer than those reported previously, are probably related to the very high
mobility and high quality of C-face SiC epitaxial graphene. But the spin signals (even though they were large)
were very unreliable, compared to those in other reports, as shown in Fig. 1-21. Therefore the reliability of this
research is still under debate. The main results of almost all previous research estimated the spin diffusion

length to be around 2 pm in graphene.

1.5 Spin relaxation in graphene

There are two main spin relaxation processes, one that requires energy exchange, and one that does not.
Assuming that the total spin is S and the external magnetic field is B in the z direction, the spins diffuse, decay

and precess as follows:

@:ﬂ(g.g)z_i_,_pvzsz’

dt h 1
ﬁ=ﬂ(3-3)x—i+0vzsx, (1-31)
dt h T,

ds S

J:ﬂ(lg.g) -2 4+DVS,

dt h T g

in which the g is the electron g factor, 4 is the Bohr magneton, and D is the spin diffusion coefficient. 7} is the

longitudinal relaxation time and 7, is the transverse relaxation time, also known as spin dephasing time.

Electrically, 7, can be measured in a spin precession measurement, with the magnetic field perpendicular to the

spin direction. 7; can be measured through the spacing dependence of the spin signal. Both 7; and T, are
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affected by the interaction of spins with other degrees of freedom.

1.5.1 Elliot-Yafet mechanism
The Elliot-Yafet mechanism was first proposed by Elliot and Yafet (EY). The EY mechanism is generated
by the local atomic electric field induced by the lattice ions flipping the spins via spin-orbit coupling [73, 74].
As shown in Fig. 1-24 (a), the electron
(b) N
has a chance to flip its spin at each
%} S
scattering by impurities or phonons. ‘ 2 (3%
NP I

Figure 1-24. Spin relaxation mechanisms (a) Elliot-Yafet

The EY mechanism leads to a linear
relationship of the spin relaxation rate
mechanism. (b) Dyakonov-Perel mechanism.

and momentum scattering rate, and the

spin diffusion length (ﬂéf =./D- 7., ) will be linearly proportional to the mean free path.

1.5.2 D’yakonov-Perel mechanism

The D’yakonov-Perel (DP) mechanism exists in a crystal lacking inversion symmetry with spin orbit
coupling. In such systems, a finite electric field will induce a momentum-dependent effective magnetic field
B(k). The spins will precess around this effective magnetic field with a Larmor frequency, i.e. a(k) = e/m*B(k).
However, random changes of the direction and frequency of the spins will lead to less spin relaxation and
longer spin lifetimes (Fig. 1-24(b)). In other words, the spin relaxation rate will be inversely proportional to the
momentum scattering rate, which is the opposite of the EY mechanism.

There is much debate over the dominant spin relaxation mechanism in graphene. In the theoretical studies,
both the EY and the DP spin relaxation mechanism are still being discussed [75-77]. In the experimental studies,
the van Wees group believes the EY spin relaxation is the dominant spin relaxation mechanism in graphene
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from SLG to 14-layer graphene. The Ozyilmaz group and the Kawakami group show the importance of the EY
spin relaxation in SLG, and of the DP spin relaxation in BLG, as shown below in detail.

It was observed by the van Wees group [78] that Ay increased linearly with the diffusion constant
(proportional to z,, the momentum scattering time). This led the authors to suggest that, for their samples at
least, the mechanism of spin relaxation was of the Elliot—Yafet (EY) type. Another interesting result was more
recently obtained for MLG by the same group [79]. They found that 7, increased with the number of layers. In
the framework of the EY mechanism, this increase in 7z can be attributed to a better screening of the external
scattering potentials, as reported for suspended graphene [80]. In agreement with the conclusions of the van
Wees group, the Kawakami group found a decrease in zras 7, decreased, suggesting the dominance of EY spin
relaxation. However, interestingly, in experiments on bilayer graphene (BLG), they found the opposite behavior:
a 7, value of up to 6.2 ns at low temperature and close to 1 ns at room temperature [66]. Compared to the
experiments on SLG by the same group, surprisingly, this inverse dependence on 7, suggests the dominance of
the DP mechanism, which relates spin flips to the accumulation of lattice-induced precession of the spin
between scattering events. Thus, increased 7, leads to increased z,,. Wei et al also found [67] that
organic-ligand-bound gold nanoparticles, although introducing faster momentum scattering by localized
charges, had no effect on 7. More recently, the interpretation of the observed variation of 7, with 7, and its
relationship to the two mechanisms has been investigated. In most experiments, the variation of 7, (which is
proportional to u, the mobility) is controlled through the variation of the charge density n through a gate, for
which T, % 1/n. However, it was shown that, away from the Dirac point, for the EY mechanism, T, oc 1/ T,.
Also, the EY mechanism could turn into DP-like behavior. In addition, it was suggested that the DP mechanism
could in some cases lead to EY-like behavior [77]. With contradictory results for z,, for different types of
samples, the mechanism of spin relaxation in graphene is not yet clear, and it appears that no straightforward
distinction can be made between the Elliot-Yafet and Dyakonov-Perel mechanisms with the available
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experimental data. One direction for future work is the study (both theoretical and experimental) of the EG
samples for which the longest 7, (a few hundred nanoseconds) and Ay (a few hundred micrometers) were found
[71]; another way is to find some new methods of spin injection, to investigate the spin diffusion and spin

relaxation in graphene from a different standpoint.

1.5.3 Spin orbit coupling in graphene

The spin-orbit (SO) coupling in graphene is given by a Rashba-like term in the Hamiltonian [78]:
Hg, = —%(&x@z where A is the SO coupling strength, § = (5,5 )are the Pauli matrices for the electron
spin and 6 = (&X,é'y) are the Pauli matrices for the pseudospin which is associated with the A-B sublattices.
There are three types of SO couplings: the intrinsic SO coupling (Aiy), the electrical field (&, ) induced Rashba
SO coupling (A, ), and the curvature induced SO coupling (A.w). Typical calculated values are Aj, = 0.01 K
(10° eV) [67-69], A, =0.07-0.13 K, (~10” eV) for € = 50 V/300 nm, and Acn=0.20 K (1.7x10” eV) for a
radius of the curvature of 100 nm. The total SO coupling will be the sum up of these three parts

A=A, +A, +A,_, . Typically, the EY mechanism should be more important for “dirty” samples, and the DP

mechanism should be more important for “clean” samples. The spin relaxation time for the EY mechanism, tgy,
is given by 7, ~ 7(Av,k,)> / A*, where  is the momentum scattering time [78]. The spin relaxation time for
the DP mechanism, 1pp, is given by z,, ~7 '(h/A)’. The total spin relaxation time, z5, is given by

Ts_l = TEY_I +TDP_1. The spin relaxation is estimated using reasonable graphene parameters (v; = 10° m/s,

carrier density n = 10" cm?, k. =~27n). For the intrinsic SO coupling (A=A, = 10°eV), 75 can be as
high as ~100 ps (at electron mean free path of 4 nm). For the curvature-enhanced SO coupling

(A=A__=1.7x10"eV ), zs can be as high as ~200 ns.

curv
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1.6 Towards spin transport in graphene from a new standpoint

As mentioned in section 1.3, it is necessary to investigate the spin transport properties in graphene from a
different viewpoint; until now, the investigations on spin transport in graphene [23, 24, 61, 62] have always
focused on the electrical spin injection method, which is not enough. Besides electrical spin injection/detection
method, the spin pumping method for injecting spins from ferromagnetic material to condensed matter [86, 87]
is with the detection method called the inverse spin Hall effect (ISHE) (the details will be explained in the next
chapter). These methods have been reported by Saitoh’s group [88]. They applied microwave onto a
ferromagnetic material NiFe (Py) to induce the spin precession of magnetization in Py. The loss of spin angular
momentum was conserved to the connected nonmagnetic material, Pt. The spin current in the Pt generated a
charge current due to the ISHE. Saitoh et al provided a new method for spin injection and spin detection, which
does not use the electric current for spin injection at all, although no spin transport was observed in their study.
Another advantage of spin pumping method is the efficiency of spin injection by large electrodes. It has been
reported that spin injection efficiency drastically decreased by increasing the electrode sizes in the electrical
method [89]. On the other hand, the conductance mismatch problem restricts the spin injection from FM to
semiconductors or organic materials due to the large different in conductivities. Tunnel barriers are always used
to circumvent this impedance mismatch problem. At this point, the spin pumping method provides a simple way
to inject spins without any barriers since the spin angular momentum is conserved from FM to NM, rather than
injecting of carriers into NM. After the demonstration of spin pumping and ISHE, spin wave spin current was
achieved in YIG by using the spin pumping method by Saitoh’s group [90]. This method expected to be further

applied to investigation about the spin transport of pure spin current in graphene spintronics.
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1.7 Purpose of this study and outline

In graphene research, the focus has been on the limited spin diffusion length and the unclear spin
relaxation, so it is essential to make an effort to establish a new method for investigating spin transport
properties in graphene.

In this thesis, [ mainly present the experimental microwave .

results about spin transport on SLG by Nafes ;

Pt —
magnetization dynamics, including the observation magnetization -
of pure spin current of spin transport in SLG at

Figure 1-25. Schematic view of Py/Pt spin pumping
room temperature by spin pumping, the temperature

device. From Ref. [88]1.
dependence of the spin Hall angle of palladium, and

the temperature dependence of spin coherence in SLG by spin pumping. The chapters and the contents in this

thesis each deal with the following issues:

Chapter 3:

I present the detailed results of dynamical spin injection into SLG, successfully observe the ISHE output
voltage in Pd and demonstrate the generation of pure spin current in SLG by the spin pumping method. The
spin coherence was estimated to agree with other reports. The difference in the spin diffusion length of the two

samples is due to the amount of defects in SLG.

Chapter 4:

I investigate the temperature dependence of the spin Hall angle of Pd by the spin pumping method It was
found to decrease with increasing temperature, which is different with the behavior of Pt [91]. The origin of this
characteristic temperature-dependence of the spin Hall angle of Pd is not clear yet.
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Chapter 5:

I continue the study of the temperature-dependence of spin coherence in SLG by magnetization dynamics.

The spin coherence was found to be independent of temperature. The result is consistent with previous reports

using the electrical method on CVD-grown SLG [64].
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Chapter 2

Theory and experiments

Abstract

This section is divided into two parts. In the first, I discuss the theoretical aspects of the dynamical spin
injection theory and the effect of the inverse spin Hall effect on spin detection. The ferromagnetic resonance
condition is also discussed. The applicability of existing models to my study is also discussed. In the second

part, I show the details of the fabrication procedures.
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2.1 Pure spin current

Pure spin current is a new concept, which is
defined asJ, =J, —J, . To understand pure spin
current clearly, we start from the normal electric
current that has been used in our daily lives for
over 200 years. In a normal electric current, an
equivalent amount of up-spin electrons and
down-spin electrons move in the same direction.
The total number of contributed electrons in the
electric current is four, and the total number of

spins in this case is zero. In the second illustration

Normal electric current j.=4 j=0

Spin-polarized electric current j.=4 j =2

Pure spin current J.=0 j=4

Figure 2-1. Concept of electric current and spin

current.

in Fig. 2-1, the spin-polarized electric current means the carriers move with spins. As shown in the pure spin

current case in Fig. 2-1, the total number of electrons contributing to charge current is zero, but the spin current

obeys the time reversal symmetry, so the up-spins move from left to right, is equivalent to the same amount of

down spins move to the opposite direction. Therefore, in a solid, the existence of a spin current can be modeled

as the same number of electrons with opposite spins traveling in opposite directions along the spin-current

spatial direction. Since there is no energy dissipation for the time reversal symmetric motion, the utilization of

pure spin current is a potential method for the realization of low energy consumption devices in the future.
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2.2 Landau Lifshitz Gilbert (LLG) equation

In 1935, Landau and his student Lifshitz came up with the

famous LL equation in their theory of magnetic domain and domain

Miﬁroww H off

wall resonance. The first term in the LL equation can be derived from

the Heisenberg equation of spin, which is related to the energy

conservation of magnetic-free energy. The second term in the LL

equation was said to originate from the relativistic interaction between

the magnetic moment and the crystal in the original paper [1].

Nowadays this nonlinear second term is believed to be caused by the ) . ,
Figure 2-2. Directions of precession

dissipative process, which is difficult to explain accurately, but is term and damping term of LLG

. - . . . equation.

similar to the frictional force (see Fig. 2-2). The atomic magnetic

moment 44, =—g,S , where g is the g-factor, 4, is the Bohr magnet,

and S is the atomic spin. If we omit energy dissipation, the eigenvalue of the Hamiltonian #” = —u -H, is

conserved. Then we can use Heisenberg’s equations to describe the motion of spinS = ¢S, :

ds, 1

E_E[Si’%]z%[snsj]}]j :g;llB EuSiH ;. (2-1)

The atomic moment in a cell can be written as M = nu = —ng 11,S, where n is the atomic density. Based on Eq.

(2-1), if the energy is conserved, we have,

dM dS e
z —=—g——(MxH)=-y,(MxH), 2-2
di ng iy dr gZ C( xH) 7/0( xH) (2-2)

where the constant y,, = ge/ 2mc is the gyromagnetic ratio for an atomic spin. For the ferromagnetic alloys of
Fe, Co, Ni transition metal elements, due to the quenching of the orbital angular momentum of d-electrons, the
g-factor of the atomic spin is usually just the g = 2 of an electron. When the dissipation of magnetic free energy
is included, the calculation of atomic spins is based on a non-equilibrium statistics, and their motion becomes
nonlinear. Based on the Hamiltonian & =—u, -H, the dissipation of magnetic energy means the moment M

)



will rotate to the direction of the local magnetic field H, which equals the effective magnetic field Heg as shown
in Fig. (2-2). Therefore Landau and Lifshitz added a damping term in the equation of the motion of the spin,
and created the famous LL equation. In micromagnetics, the equation of motion for magnetic moments is
always called the LLG equation, because the American scientist Thomas Gilbert explained the damping term of
the LL equation by the dissipative Lagrange equation with a Rayleigh’s dissipation function in 1955 [2]:

dM

e _)(MxH

dM
i gﬂ)+aM X?. (2-3)

Here, yis the gyromagnetic ratio for FM, and «is Gilbert damping constant. The first term in this equation
expresses the field term as shown in Fig. 2-2 (green arrow), the second term, which is the damping term,

expresses the damping torque (red arrow in Fig. 2-2).

2.3 Ferromagnetic resonance (FMR)

If we apply a microwave onto FM with magnetization, the

magnetization of FM will precess along the external magnetic field H.

The ferromagnetic resonance means sweeping H to Hpug; the

damping torque is suppressed by the microwave, and only the field

term in LLG equation works. At this time, the magnetization rotates

around the external magnetic field by angular frequency o, and the

. . Figure 2-3. FMR condition.
motion of magnetization becomes,

am
7 (M xH ;) (2-4)

in which, H.g is described as the sum of external magnetic field and the demagnetizing field (Hy) in FM. Based

on the definition of the demagnetizing factors N, N,, N., we have,

NX N NZ
M, —~M,,~=M). (2-5)

H,=(H,,H,,H,)=(
Hy Hy Hy
The external magnetic field can be expressed as,
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H=(-

N
N, Mx,——yMy,HO—NZ M).

Hoy Hy Hy

For the solution of Eq.(2-4) using Eq.(2-6), we have,

=y {HO +ﬂi(Nx —NZ)MHH0 +i(Ny —NZ)M},
0 0

in which the demagnetizing factors are determined by the
shape of the FM, i.e., the FMR is dependent on the shape of
the FM. In this study, the external magnetic field is applied

in plane, so we have the following FMR condition:

M
@ = }/QHFMR (H oy +—)- (2-8)

0

The typical spectrum of FMR is shown in Fig. (2-4), which

is the first derivative of the absorption curve. AHpp is the

(2-6)

(2-7)

1

5
s
I
g0
<
S

-1

-20 0 20
H-H_,, (mT)

Figure 2-4. An example of FMR spectrum.

linewidth of the spectrum, which is related to the damping constant &. The modulation of the linewidth

corresponds to the change of spin angular momentum. Heyr is the magnetic field at the resonance point. The

damping is suppressed at this point and the magnetization only rotates around the external magnetic field.

2.4 Spin pumping

For a FM/NM bilayer structure, microwave induces
the FMR in FM and forces the continuous precession of
magnetization. At this time, the time average of the
precession magnetization amplitude is smaller than that of
the amplitude without microwave (see Fig. 2-5). Due to

the spin angular momentum conservation, part of this loss

¥

¥

S

Figure 2-5. A schematic illustration of the spin

pumping. From Ref.[3].
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of magnetization corresponding to the spin angular momentum must be transferred to the adjacent layer. This
transferred spin angular momentum induces spin accumulation at the FM/NM interface and generation of pure
spin current in NM. Note that there is no charge flow in the materials, only spin angular momentum is
conserved and pure spin current is generated.

On the FM side, at the resonance point, the field angle between the magnetization and the external
magnetic field is the largest and the most stable. The linewidth changes when an adjacent layer of the NM is
connected to the FM. The spin current is generated in the NM due to the spin pumping, a process which is
revealed by the modulation in the linewidth of FMR spectrum. In other words, the realization of spin pumping
can be determined by the modulation of linewidth ().

The spin pumped into an adjacent layer by a precessing magnetic moment is given by [2],

aM a aM
= y(MxH ) +—M x—, 29

in which M, is the saturation magnetization. The magnetization precession drives the spin pumping into the NM
layer. The dc component of a generated spin current at the interface is expressed as,

. @ (227l h o 1
P g L
20 ArxT M

)

[M (1) %} dt, (2-10)

where g: *and 7 are the real part of the mixing conductance of the FM/NM interface and the Dirac constant,
respectively. The real part of the mixing conductance indicates the spin pumping efficiency of the direction
from FM to NM. Also, gji is given by [3],

2 M
™ =M(WF/N —W,). 2-11)
gl

r

Here, g is g-factor, ,is the Bohr magneton, and dr is the thickness of the FM layer. From Egs. (2-9)-(2-11),

the spin current density at the FM/NM interface is obtained as,

grwyzhzh [47Z'MS + \/(47ZMS )? 7/2 +4w* J
87’ [(477MS)27/2 + 4w2]

Js = » (2-12)
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where £ is the amplitude of the microwave magnetic field. In this study, it is set to 0.16 mT at a microwave

power of 200 mW.

2.5 Inverse spin Hall effect (ISHE)

The spin Hall effect (SHE) and the inverse spin Hall

1

effect (ISHE), have recently attracted a lot of attention due S
to the realization of the conversion between charge current "7//—7’
and spin current. Spins are scattered in the vertical direction 1 e
by the spin-orbital interaction. The Hamiltonian of the Figure 2-6. A schematic view of ISHE.
spin-orbital interaction is proportional to the 4™ order of
atom number Z [4]. It can be omitted in light atoms (eg. Hydrogen, Carbon), but can not be ignored in heavy
metals such as Pd and Pt. Therefore, it is natural to expect ISHE in heavy metals.

Figure 2-6 shows an illustration of ISHE for a spin current. The up-spin and down-spin travel in opposite
directions, and both of them are scattered to the vertical direction of the spin current due to the spin-orbital
interaction. This defluxion induces a charge current in the transverse direction. Thus, the spin current is

converted to a measurable charge current via ISHE, enabling electric detection of the spin current.

Moreover, the ISHE is expressed as [5],

J =0y, (%jj XG. (2-13)

Here, 6. and o are the spin Hall angle of the material and the spin vector, respectively. The physical meaning
of @, is the intrinsic ISHE conversion efficiency of materials. It should be noted that the output charge
current is proportional to the outerproduct of the spin current and spin vector, and the direction of the charge
current will be inversed if the external magnetic field turns to the opposite direction.

The ISHE was recently observed using a spin pumping method operated by ferromagnetic resonance [3].
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Since it enables the electric detection of a pure spin current, it is useful for exploring spin currents in condensed
matter. The output voltage from the converted electric current can be observed by the theoretical calculations
shown below.

First, we consider a bilayer structure of Pd/FM. The spins are pumped from the FM due to the modulation
of the magnetization precession. As shown in Fig. 2-17, j, is generated along the -y direction. The spin current

which decays in heavy metal Pd is expressed as,

() &Ry =) 2]
: sinh(d,, / 1) v

(2-14)

Here, dy and Ay are the thickness and the spin diffusion
length of Pd. Spin current is converted to a charge current due

to the ISHE,

Je(¥) = gy (2e /1) (1) (2-15)

Figure 2-7. A schematic view of ISHE.

The spin current density is,

0 A\
(j.)=/d ] j.(dy \/

2e)\ A ) (2-16) R
=0, (—j—Ntanh 2.
h)d, 2d,,
To consider an equivalent circuit as shown in Fig. 2-8 [3], the
observed output voltage from ISHE is given by, R
N

-1
R.R, d )

=—LN Je=wlo,+—L0 , @217

ISHE R +R, |: N d, F:| <.]c> ( )

Figure 2-8. The equivalent circuit of ISHE.
From Ref. [3].

where Rr, Ry, w, or and oy are the resistance, width, and
conductivities of the FM and the NM, respectively.

The output electromotive force due to the ISHE by spin pumping is shown as,

_ WOy, Ay tanh(d, /24,) (%j i 2-18)

|-
o dyoy+d.o, h
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2.6 Sample structure for spin transport

The sample structure is shown in Fig. 2-9. We fabricated the Py layer and Pd wire onto SLG (with SiO,

substrate). Py is used for spin injection by

Microwave
magnetization dynamics, while Pd is used for -

its ISHE due to large spin-orbital interaction.
The spins are injected (pumped) from Py to the
interface of SLG, then the spin accumulation
induces spin diffusion in SLG, and one side of

. . Figure 2-9. Sample design for realization of spin
the diffused spins can be absorbed by the Pd

transport in SLG by magnetization dynamics.

wire due to the ISHE. The generated charge
current can be detected by a voltmeter. In other words, the spin transport in SLG is achieved if the voltage of
ISHE can be observed.

Since we changed the structure from pumping/ISHE mode to pumping/transport/ISHE mode, the
applicability of existing equations needs more consideration. The main difference comes from the pumping site.

In the conventional case, the pumped spin
I\.:ljcm\\‘a:‘c l‘y(Ni,,..Fez.,) )
pumping Pd {for ISHE) Py (NiggFeaq)
[

current density is uniform at the interface, and
¥

\AAARRA2R
Pd (for ISHE)

this uniform spin current is generated to the

charge current by ISHE (see right figure in Fig.
2-10). In the case of the structure with spin Figure 2-10. Comparison of spin pumping/ISHE

with and without spin dissipation.
transport, the spin current density arrives at the
Pd site from different gaps, as shown in the left figure of Fig.2-10, but the typical spin diffusion length of SLG
is around 2 um. The gaps between Py and Pd are designed to be ca. 1 um, so almost all detected spins come

from the area around the edge of the Py facing Pd, as shown in Fig. 2-10 (red arc area). Thus, the existing
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formulas are still applicable to the spin transport case, and the spin diffusion area is the gap between Py and Pd.
On the other hand, the spin diffusion length is estimated by the decaying exponential function, and the
contribution from the area that is away from the Pd edge is quite limited. So far in the discussion of this study,

the estimated value of the spin diffusion of SLG is slightly shorter than the real value.

2.7 Fabrication procedures

The graphene samples on SiO, have been fabricated by Ago’s group from Kyushu University by using the
CVD method. The fabrication procedures of pumping/SLG/ISHE samples are shown below.
1. Clean graphene samples by acetone and 2-proponal (IPA)
Acetone is used for cleaning; it dissolves almost all organic compounds. IPA is for removing acetone
residue. We avoid using the ultrasonic cleaner for graphene as it is partly destructive for the graphene
layer.
2. EB lithography (EB litho.) for “+” marks
Spin coating by PMMA/MMA bilayer resist, 1000rpm, 5s, 4000rpm, 60s
Bake on hotplate, MMA 150°C, 90s, 170°C, 20min (15min is also enough, no obvious difference)
EB litho. by Elionix ELS-3700 (vacuum = FC-> current 2 MK = focus = exposure, lmm chip size,
20000 dot)
Condition: 1 nA, Dose: 2.35 usec/dot
(Dose: adjust the quantity of charge by
exposing time)

Develop: ZED-N50 (2min 30s), rinse by

IPA (30s) Figure 2-11. The EB lithography system. Sample
room (left) and the control unit (right).
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3. EB evaporation for “+” marks
By i-Quick, Cr (5 nm)/Au (100 nm)
Rate: Cr: 0.2~0.3 A/s, Au: 1.0 A/s
Lift-off: by ZDMAC (vibration stage until resist is

peeled, one or two hours), clean by acetone & IPA

4. EB litho. for Pd wire Figure 2-12. i-Quick system. Cr and Au
) ) can be evaporated in this system.
Same with step-2 for the wide part of Pd
For the narrow part of Pd, condition: 20 pA, Dose: 230 psec/dot (check it when condition is bad)
5. EB evaporation for Pd
By ODA-8300, Pd (5 nm)
Rate: 0.3~0.4 A/s

Lift-off: by ZDMAC (by vibration stage until resist is

peeled, one or two hours), clean by acetone & IPA

(For control experiment of Py/SLG/Cu, perform step 4 & 5

. Figure 2-13. A picture of ODA-8300
for Cu (5 nm), and evaporate in MBE)

system. Py, Pd, Al can be evaporated in this
6. EB litho. for Pd wire
Use the same marks with Pd wires if possible. Step 1 5%

Procedures are the same with step 2.

7. EB evaporation for Py

BLG
B10,/51

By ODA-8300, Py (25 nm)/Al (4nm)

Rate: 0.3~0.4 A/s

Lift-off: by ZDMAC (vibration st til resist i
ot By (vibration stage until resist is Figure 2-14 EB litho procedures and lift-off

peeled, one or two hours), clean by acetone & IPA. techniques.



Figure 2-15. Sizes for patterns, marks and chips and a microscope image of sample

2.8 Experimental setup

Electron spin resonance (ESR) system

We used two types of ESR

Microwave
—~ —

equipment for measurement (Bruker

EMX 10/12 TE;p, cavity and JEOL

TEy;, cavity). Their resonance fields

are slight different (ca. 9.62 GHz for

Bruker system, ca. 9.12 GHz for

JEOL system). Studies at RT can be

Figure 2-16. The measurement setup of ESR equipment.

carried out in Bruker system, the
JEOL is available to modulate temperature from -170°C to 200°C. We sweep the external magnetic field around
resonance field by applying certain high frequency magnetic field. The FMR occurs when the system is at FMR
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condition. Spins will be injected from FM to NM at resonance point. The spins in Pd are converted to a

detective charge current and calculate the spin diffusion in SLG (Chapter 3) and spin Hall angle in Pd (Chapter

4). We also change the direction of external magnetic field as shown in Fig. 2-16 by a goniometer, the FMR

field also shifts with the changing of the angle due to the magnetic anisotropy in the ferromagnetic material; and

the details will be shown in Chapter 3. Other measurements are briefly shown below.

1. Optical microscope, for checking the patterns, taking photographs of samples. The magnification of this

optical microscope is 50, 100, 200, 500 and 1000.

2. Nano voltmeter (KEITHELEY), for the detection

of the output voltage from the Pd wire due to

ISHE.

3. 4-terminal prober system

4. Semiconductor parameter system. 3 and 4 are
used for field-effect-transistor (FET)
measurement.

5. Setup for measurement of graphene FET

=] kr
=
P
MU N— Au Au . | B |
a1
I_l-"" L-L—I_L; T -i:._li=5=|
i _r—i

Figure 2-17. The instruments for measurements and the measurement setup for FET characteristics.
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Chapter 3

Dynamically-generated pure spin current in single-layer graphene*

Abstract

In this section, I introduce an approach which enables the generation of pure spin current into single-layer
graphene (SLG), free from electrical conductance mismatch by using dynamical spin injection. Experimental
demonstration of spin-pumping-induced spin current generation and spin transport in SLG at room temperature
was successfully achieved with our method, and the spin coherence length was estimated to be 1.36 um by
using a conventional theoretical model based on the Landau-Lifshitz-Gilbert equation. The spin coherence
length is proportional to the quality of SLG, which indicates that spin relaxation in SLG is governed by the

Elliot-Yafet mechanism, as previously reported.

*Published as: Z. Tang, E. Shikoh, H. Ago, K. Kawahara, Y. Ando, T. Shinjo and M. Shiraishi,

Phys. Rev. B 87, 140401(R) (2013)
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3.1 Experimental details

The SLG used in this study was a large-area SLG grown by chemical vapor deposition (CVD). The SLG
was transferred to a SiO,/Si substrate (300 nm thick SiO,; and the details are described elsewhere [1]). Figure
3-1(a) shows a schematic image of the sample used in this study. A 25-nm-thick, 900% 300 pum’* rectangular
shape NiggFeyy film (Py) and a 5-nm-thick and 1-um-wide Pd wire were fabricated by using electron beam

lithography and an evaporation method. An Al capping layer was evaporated onto the Py layer in order to

— SLG#1
VA e g
0 Py
SLG %‘ _
:
[
I=
|
!
o D G 2D
1000 1500 2000 2500 3000

Raman shift (cm™)

Figure 3-1. (a). A schematic image of the SLG spin pumping sample. The CVD-grown SLG is transferred to
the SiO,/Si substrate, and the Al/Py and the Pd electrodes are separately evaporated on the SLG. The angle of
the external magnetic field is shown in the inset. (b). Raman spectra of the SLG just after the synthesis. The

black and red solid lines are data from sample 1 and 2, respectively.

prevent oxidation of the Py. The gap length between the Py and the Pd was ca. 970 nm. Two electrodes are
attached to both ends of the Pd wire by silver paste. The /-V curve is linear, indicating an Ohmic contact in the
interface. An external magnetic field was applied by changing the angle 6, as shown in Fig. 3-1(a) (&is equal to

0° when the magnetic field is parallel to the SLG plane). Figure 3-1(b) shows the typical Raman spectra of the
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SLGs, obtained by using a Raman spectrometer (Tokyo Instrument, Nanofinder30). We prepared two different
qualities of the SLGs (sample 1 and 2). Sample 1 has less defects than sample 2, since the D-band can be
observed only from sample 2 (see Fig. 3-1(b)). Furthermore, we clarified that they are SLGs by measuring the

transport characteristics.

3.2 Results and discussion

3.2.1 Enhancement of FMR spectrum

Figure 3-2 shows the FMR spectra of the Py with and without the SLG/Pd. The line width of the spectrum

di(H)/dH (a.u.)
o
S

1
H
|

-20 0 20
H-H_  (mT)

Figure 3-2. FMR spectra of the Py on the SiO, substrate (a black solid line) and the Py/SLG on the SiO,
substrate (a red solid line, sample 1). An increase of the line width can be seen, which is attributed to a

shift of the Gilbert damping constant, ¢, namely, spin pumping into the SLG.
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from the sample with the SLG/Pd is larger than that without the SLG/Py, a fact which is attributed to the
modulation of ¢, due to successful spin pumping into the SLG/Pd. Spin coherence in the experiment is
estimated based on the conventional spin pumping theory described in Chapter 2. The real part of mixing

conductance gji is given by,

r 2N37M yd
g = el Woyisic =Wp,)s (3-1)
SHp@

where g, 11, and dr are the g-factor, the Bohr magneton and the thickness of the Py layer, respectively, and, dF,
Wpysig and Wpy in this study were 25 nm, 3.10 mT and 2.57 mT, respectively. The spin current density at the

Py/SLG interface is obtained as,

g,V RHATM y + (4M )P + 4o ] 52
o= e [(47M ) y* + 4w’ ] ’

where 4 is the microwave magnetic field, set to 0.16 mT at a microwave power of 200 mW. As discussed above,
the broadening of W in the Py/SLG compared with that in the Py film was attributed to spin pumping into the
SLG. ng in the Py/SLG layer was calculated to be 1.6X 10" m™, and thus j; was calculated to be 7.7% 107
Jm™. Here, half of the generated j; can contribute to the electromotive force in the Pd electrode in our device
geometry, since a pure spin current diffuses isotropically as shown in Fig. 2-10 in Chapter 2. The generated j,
decays by spin diffusion in SLG, i.e., it decays to j - exp(-z) when the spins diffuse to the Pd wire.

Furthermore, taking into account the spin relaxation in the Pd wire the electromotive force can be written as,

_ WOy Ap, tanh(dp, / 2,,)

I/ISHE -

2e. .
(;)]\ > (3'3)

dg 6056 +dpi0p,
in the simplest model. Here, w, ﬂpd, dpq and opq are the length of the Pd wire facing the Py (900 nm), the spin
diffusion length (9 nm) [2], the thickness (5 nm) and the conductivity of the Pd, respectively, and ds; g and og1.g
are the thickness (assumed to be ca. 0.3 nm) and conductivity of the SLG (measured to be ca. 3.10%10° S/m
under the zero gate voltage application. See section 3.3.6). The spin-Hall angle in a Py/Pd junction, &pyg, has

been reported to be 0.01 [3], which allows us to theoretically estimate the electromotive force in the Pd wire as
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2.37%107 V if no spin dissipation occurs in the SLG.

3.2.2 Spin transport in SLG by spin pumping
Figures 3-3 (a)-(c) show the FMR signals as functions of 8, where the FMR of the Py occurs in every
condition. The electromotive force of the Pd wire is shown in Figs. 3-3 (d)-(f), where the electromotive force is

observed when 6 is set to be 0° and 180°, but no signal is observed at & = 90°. Since this finding is in

1F (a) B (b) B (C)

di(H)/dH (a.u.)

V (uV)

—4‘:0 —2.0 (.) 2.0 4.0 -40 -20 0 2I0 40 -zio -2‘0 0 2.0 4.0
H-H,,, (MT) HH_ . (MT) H-H,, (mT)

FMR

Figure 3-3. Results on spin pumping and spin transport in sample 1. (a)-(c) Ferromagnetic resonance
spectra of the Py under external magnetic field at (a) 0°, (b) 90° and (c) 180° under the microwave
power of 200 mW. (d)-(f) Electromotive forces from the Pd wire on the SLG when € is set to be (d) 0°,

(e) 90° and (f) 180° under the microwave power of 200 mW.
accordance with the angular dependence of the electromotive force due to the ISHE (J, ~J x o), the
observed electromotive force is ascribed to the ISHE of the Pd, which is due to spin pumping into the SLG and
the achievement of spin transport for a dynamically generated pure spin current at room temperature. Note that
there is no spurious effect with the observed symmetry, and only the ISHE possesses symmetry. For example,

the anomalous Hall effect (AHE) signal can be included as a spurious signal, which may impede detection of
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the ISHE signals, but the AHE does not show external magnetic field dependence of the electromotive force.
The following investigations also support the result that the ISHE signals were dominantly observed. The
theoretical fitting was performed in order to separate the ISHE and the AHE signals in the observed

electromotive force by using the following equation [4]:

- r Ly 2T(H = Hpg)
— " ISHE 2 2 AHE 2 2
(H_HFMR) +I (H_HFMR) +I

+aH +b, (3-4)

where Visyr s the electromotive force, V,yx is the voltage due to the AHE, H is an external static magnetic field
for the FMR, Hpur is the magnetic field where the FMR occurs, with values of 107.7 mT at 0° and 180°, and

1084.5 mT at 90°. T', a, b are fitting parameters. An example of the fitting is shown in Fig. 3-4, and Vs and

V (uv)

-40 -20 0 20 40
H-H_ . (MT)
Figure 3-4. Results of the analysis of the contribution from the electromotive force due to ISHE and AHE.
The open circles represent the external magnetic field dependence of AV for sample 1, where
AV = [V(H = 0°)- V(@ =180° )]/2 in order to eliminate the heat effect during measurement. The solid

line is the fitting line, which is calculated by using Eq. (3-4).

Ve are estimated to be 1.16%10° V and 6.67% 107V, respectively. The contribution from the AHE to the

electromotive force by the ISHE was very weak. The theoretically estimated electromotive force in the Pd wire
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was 2.37%10° V if no spin relaxation occurred in the SLG. In contrast, the experimentally observed

electromotive force was 1.16% 10™ V. This discrepancy is ascribed to dissipation of spin coherence during spin

transport in the SLG (the decay of j;), which can be described as an exponential damping dependence on the

spin transport. From the above calculations, the spin coherence length in the SLG is estimated to be 1.36 pm.

3.2.3 Comparison with defective sample (sample 2)

For comparison, we carried out the same experiments on sample 2 with a gap length of 780 nm, whose

quality is not as good as that of sample 1 (the conductivity was measured to be 6.40% 10° S/m under the zero

@) [ (b)

di(H)/dH (a.u.)

(©

V (wV)

H-H_,. (mT)

Figure 3-5. Results on spin pumping and spin transport in sample #2. (a)-(c) Ferromagnetic resonance of
the Py under @ is set to be (a) 0°, (b) 90° and (c) 180° under the microwave power of 200 mW. (d)-(f)
Electromotive forces from the Pd wire on the SLG when @ is set to be (d) 0°, (e) 90° and (f) 180° under
the microwave power of 200 mW. Electromotive forces can be observed as expected, indicating

successful dynamical spin injection. However, the signal was weak and noisy. The red solid lines in (d)

H-H_,,, (MT) H-H.,r (MT)

and (f) show the fitting lines obtained by using Eq. (3, 4).

gate voltage application). Figures 3-5 (a)-(f) show the results; here, again, the obvious ISHE signals and the

inversion of the ISHE signals can be seen as the external magnetic field was reversed. However, the signals
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were comparatively weak and the estimated spin coherence length was ca. 460 nm, which is in agreement with
the sample qualities and also with the reported spin relaxation mechanism in SLG, i.e., the Elliot-Yafet type.
These observations also corroborate with our result which is attributed to dynamical spin injection and spin
transport in the SL.Gs. The spin coherence length in the CVD-grown SLG, which was estimated by using the
dynamical method, is comparable to the previously reported value (1.1 um) estimated by using an electrical
method [5]. In contrast, the spin coherence length of the SLG in this study is much longer than that obtained in

p-Si (ca. 130 nm) in our previous study [6], which directly indicates the advantage of graphene for spin

transport.

3.2.4 Control experiment
In order to eliminate spurious signals such as the intrinsic inverse spin Hall effect from the Py on the SLG,

we confirmed that no electromotive force was detected from the Py/SLG sample (no Pd wire was fabricated).

- Intensity[ ' ' I Intensity [t = Intensity

Intensity (a.u.)

'|ﬁlv C L [eemarll e o]

-éo 0 30 -éo 0 30 -éo 0 30
H., (MT) Heye (MT) (mT)

FMR

VISHE (nv)

Figure 3-6. (a)-(f) Results of control experiment of Py/SLG sample. a-c) Ferromagnetic resonance
spectra of the Py under the external magnetic field at a) 0°, b) 90° and ¢) 180° under the microwave
power of 200 mW. d-f) Electromotive forces from the Pd wire on the SLG when € is set to be d) 0°,

e) 90° and f) 180°. No electromotive force was detected from the sample. 61



The electromotive force was measured at both edges of the SLG (see inset of Fig. 3-6), but no signal was

'@ 0=0"1 (b) 0=90° [ (¢ 6=180°

dI(H)/dH (a.u.)
o

At
4l, (d) 6=0 _ (e) 6=190 ) 0= 180°
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Figure 3-7. (a)-(f) Results on control experiment of the Py/SLG/Cu sample. a-c) Ferromagnetic
resonance spectra of the Py under the external magnetic field at a) 0°, b) 90° and c) 180° under the
microwave power of 200 mW. d-f) Electromotive forces from the Pd wire on the SLG when & is

set to be d) 0°, €) 90° and f) 180°. No electromotive force was detected from the sample.

detected. This result directly shows that the electromotive force observed in the Py/SLG/Pd sample does not
come from the electromotive force from the Py itself, as reported [7]. Furthermore, we fabricated a Py/SLG/Cu
sample and here again, no electromotive force was detected (see Fig. 3-7), which corroborates with our main
result. These control experiment results clearly indicate that the voltage signals in Fig. 3-3 come from the ISHE

in the Pd wire.

3.2.5 Power dependence of output voltage
Figure 3-8 (a) shows the microwave power dependence of the electromotive force at the Pd for the

Py/SLG/Pd sample. The electromotive force at the Pd wire, Visug, is nearly proportional to the microwave

62



power, which indicates that the density of the generated spin current in the SLG proportionally increases with
the applied microwave power [3], which is quite consistent with Eq. (3-4) (j, ~ h*). Also, as shown in Fig. 3-8

(b), the electromotive force increases linearly with the microwave power, although the voltage due to the AHE

5uV ﬁ 2 Toomw @ Vi, PS
u

50 mW A Vv
- H S O i TV :

. S Y linear fit

’>" —
= {1 =
g o 2 5¢

I | or @ A A

0 o 10 0 50 100 150 200
H-H__ (mT) P (mwW)

Figure 3-8. (a) Microwave power dependence of the electromotive forces in the Pd wire. A magnetic field was
applied parallel to the film plane. A monotonical increase of the electromotive force can be observed. (b).
Microwave power (Pyw) dependence of Visyg and Vaue measured for the Py/SLG/Pd sample. The contributions
from the ISHE (Visug) and anomalous Hall effect (Vaug) are plotted by black circles and red triangles,

respectively. The dashed line shows the linear fit of the data for the Vigyg.

was small. In fact, the ratio of the signal intensities due to the ISHE and AHE at 200 mW was estimated to be
17, which indicates that the ISHE signal is dominant in the observed electromotive force and that the observed

signal was mainly due to spin transport in the SLG.

3.2.6 Transfer characteristics

In order to clarify whether the graphene channel was definitely formed, we measured the field-effect
transistor (FET) characteristics of sample 1, and showed that typical FET features were observed (see Fig. 3-9).
Here, a slight distortion in the gate voltage dependence of source-drain current was observed, which often
appears in SLG-FETs with ferromagnetic contacts [8]. This FET characteristic apparently indicates that the
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charge current flows in the SLG. The conductivity of the SLG is measured to be ca. 3.10%10° S/m under the

zero gate voltage application.

0.3

o
H

-20

0

20 40

Ve (V)

Figure 3-9. FET characteristics of SLG sample 1. The inset shows

the the I-V curve of the source-drain current. The measurement was

carried out at room temperature.

3.2.7 Gap dependence experiment
Although exponential decay of spin
coherence in SLG was experimentally
verified with the electrical method in
previous studies, we carried out additional
experiments by changing the gap length by
using different SLG samples. Here, the
electromotive forces from the Pd were
normalized by the mixing conductance; there

were slight differences in the mixing

conductances of the sample. As shown in Fig.

N 25 -2
Vi, /g7 (x10” Vim?)

Il data point
—fitting

O

(o))

w

500 1000 1500
Gap length (nm)

Figure 3-10. The gap dependence of the decay of
the electromotive force normalized by the
mixing conductance. The data points are the

measured values from four different samples.
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3-10, a roughly exponential dependence was obtained, even though the error bars were comparatively large
probably due to the inhomogeneity of the sample-to-sample quality of the CVD-grown SLGs. When we use the

. .V d e . . o
following equation, —5f% = A-exp(-z), the spin diffusion length is estimated to be 2.2 pum, which is

r

comparable to the value estimated in this study.

3.2.8 Reproducible experiment

A new sample (sample 3) was also

A

investigated by spin pumping method and ISHE. SLG/SiO,

The structure is shown in Fig. 3-11. A Py film and

. - W
a Pd wire were evaporated onto the SLG layer with

Figure 3-11. A schematic illustration of Py/SLG/Pd.
a SiO, substrate by the EB lithography and the EB

evaporation method. The external magnetic field and magnetization direction are denoted by the blue and red

arrows. G4 and 6y are the angles between the arrows and the SLG plane. The angular dependence of

magnetization was further investigated.

Figure 3-12 shows the FMR spectra

dI/(H)/dH measured for pure Py film with

and without the SLG/Pd. I donates the

di(H)/dH (a.u.)

Py/SLG/Pd

microwave absorption intensity. The line : . :

-10 0 10

width W of the spectrum for Py film is H-Hg, (MT)

Figure 3-12. The black and red solid lines are the FMR
clearly enhanced when Py film has SLG
spectrum of the Py on the SiO, substrate and the

attached Since the spectral width W is  py/S1 G/Pd on the SiO, substrate, respectively.

proportional to the Gilbert damping

constant ¢, this modulation of & demonstrates the emission of a spin current into the SLG layer.
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Figure 3-13. Results on spin pumping from Py layer and ISHE signal in Pd wire.

Figures 3-13 (a)-(c) show the FMR signals as functions of 64, where the FMR of the Py occurs under all

conditions. The results reproduce the angular

dependence of ISHE signals of sample 1 as ! 2
I —
- S 1.0t g0
shown in Fig 3-3. The contribution of ISHE . e
- -2
< o, 3 0 3
was estimated to be 4.80%10° V by fitting é '% Voo (V)
— ﬁ/ : ..o
the data to Eq.3-2. The spin diffusion length 05 L%
. B |
VeIV !
of this sample was estimated to be 1.8 um at |
-30 0 30 60

room temperature by the same calculation
Ve (V)

procedures used in the results for sample 1.
Figure 3-14. An FET characteristic of the sample. The right

Thi It perfectl duced the ob d
15 TesUT periectly reproduced The observe inset shows a linear I-V curve under the zero gate voltage
data in sample 1 and 2. application. The left inset shows an illustration of the FET
) ) characteristic measurement setup under the bias voltage of 1
Figure 3-14 shows a typical FET
V.
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behavior from SLG. The field effect mobilty of SLG is estimated to be ca. 5600 cm®/V-s, although a slight
distortion in the gate voltage dependence was observed. The distortion often appears in ferromagnetic contacts;
it is ascribable to metal/graphene contact state, which was reported in other studies, although a complete
understanding of the phenomenon has not been obtained yet. The inset shows the current-voltage (I-V)
characteristic measured for Py/SLG/Pd sample. The two electrodes are attached to the Py layer and Pd wire.
The I-V characteristic shows a clearly linear behavior, which indicates an Ohmic contact between the Py/SLG

interface.

3.2.9 An investigation towards the estimation of spin precession in SLG

To further clarify spin relaxation in SLG

. | _ 1.2} R
by the spin pumping method, we investigated o
the angular dependence of the magnetization E 0.8} / \
o 0
. . g [
precession. When an oblique external T 04} O Q
magnetic field H was applied to the Py film 0ol Cﬂmﬂggﬁy QQQIIHIIIIID
plane, the magnetization precession direction 0 9(2 ) 180
9 o
H

t llel to H, b f th
% was not parallel to H, because of the Figure 3-15. 64 dependence of the ferromagnetic resonance

demagnetization field in the Py film. The field, Hrpmr. Every 6y that is related to every certain €y can

. e .. . be observed by the static equilibrium condition.
static equilibrium condition yields the

following expression [2], which relates 6y and

A (see Fig. 3-15):

H . .
[47[M jsm(@H-QM )=siné, cosb,, (3-5)

N

where H is the strength of the external magnetic field. Figures 3-16 show the dependence of 6y on &4, obtained

by using Eq. (3-5). The &y dependence of the electromotive force normalized by the value at 6; = 0 is shown in
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more detail Fig. 3-17. A clear angular dependence of /" was observed. The spin momentum scattering time can

2
4/m
be calculated by using the equation of conductivityo = %kaFT ,» and kg is given by k.=_|—— 1[9],

&8y

where g and g,  are the 2-fold valley and spin degeneracies, respectively, / is Planck's constant, e is the
electron charge, and kr and v are the Fermi wave vector and Fermi velocity of graphene. The spin momentum
scattering time 7, in this study was calculated as 45 fs by Boltzmann transport theory [10] at zero-bias
voltage. For the case of spin relaxation time, the diffusion constant is expressed by D = %véz’p , so the diffusion
constant of graphene in this study is 0.0225 m’s™'; as a result, the spin relaxation time in this study is estimated
to be 144 ps by usingz, = A%/ D . The spin precession time is between the value of spin relaxation time and the
spin momentum time in this study, i.e., a combination of spin relaxation and the spin momentum scattering
process. The applied microwave might also influence the spin relaxation process in SLG. The experimental

demonstration of real spin relaxation time by spin pumping method needs further investigation.

1r m
N 0
v,
>
S 0
8O L]
'© |
= 0
@)
Z 1l -. g

0 45 90 135 180
0, (deg.)

Figure 3-17. External magnetic field dependence of normalized electromotive force.

The squares are the experimental data.
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3.3 Conclusion

In summary, I successfully demonstrated the dynamical spin injection, resulting in generation of spin
current in SLG at room temperature, which enables generation of a pure spin current free from electrical
conductance mismatch. The spin coherence length of CVD-grown SLG was 1.36 um, which is comparable with
previous reports on spin coherence length of CVD-grown SLG. This provides a novel platform for discussing

spin transport physics in SLG from a new viewpoint.
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Chapter 4

Temperature dependence of the spin Hall angle of palladium*

Abstract

In this section, the temperature dependence of the spin Hall angle of palladium (Pd) was experimentally
investigated by spin pumping. A NigFe,o/Pd bilayer thin film was prepared, and a pure spin current was
dynamically injected into the Pd layer. This caused the conversion of the spin current to a charge current owing
to the inverse spin Hall effect. It was found that the spin Hall angle varies as a function of temperature, whereby

the value of the spin Hall angle increases up to ca. 0.02 at 123 K.

*Published as: Z. Tang, Y. Kitamura, Y. Ando, T. Shinjo and M. Shiraishi,

Appl. Phys. Express 6 083001 (2013).
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4.1 Experimental details

Figure 4-1 shows the schematic

illustration of a NiggFey(Py)/Pd bilayer

sample. A 25-nm-thick permalloy(Py)

film and a 5-nm-thick Pd film were

prepared on an oxidized silicon substrate

by electron beam evaporation. Both Py
Figure 4-1. Schematic illustration of the Py/Pd bilayer sample

and Pd layers were rectangular, with an ) . .
Y g used in this study. H represents an external magnetic field and

area of 2 x 1 mm’. The Pd layer was & the angle of the external magnetic field. The dimensions of
o ) the sample are shown in the figure.

connected to the positive and negative

ends of a nano-voltmeter as shown in Fig. 4-1(a). Spins from the ferromagnetic Py were injected into the Pd

layer by the dynamical spin injection method. The sample system was placed at the center of a TEy;; microwave

cavity in an ESR (JEOL) instrument with a frequency (f) of 9.12 GHz. An external magnetic field H was

applied to the Py/Pd bilayer at an angle of 4, as shown in Fig. 4-1.
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4.2 Results and discussions

4.2.1 Observation of FMR signals

The ferromagnetic resonance (FMR) condition was determined using the following equation [1, 2]:
@, »
(;) =H g (H gy +47M ), (4-1)

where o= 2nf, 5, Hemg, and M are the

gyro-magnetic ratio of the ferromagnet,
—
the FMR field, and the saturation =
L
magnetization of Py, respectively. L
2
/N
Figure 4-2 shows the FMR spectra of 5
©
Py with and without Pd. The line width
of the spectrum corresponding to Py/Pd -10 0 10

H-H_,  (MT)
is larger than that corresponding to Py
alone, which is attributed to the  Figure 4-2. FMR spectra of the Py layer (red line) and the
modulation of the Gilbert damping Py/Pd layer on the SiO, substrate (black line). An increase in

the line width can be observed, which is attributed to

constant () owing to successful spin . _
modulation of the Gilbert damping constant ¢, indicating

pumping into the Pd layer. successful spin injection into the Pd layer by spin pumping.

4.2.2 Inverse spin Hall effect
The FMR spectra and output dc voltages of the Py/Pd bilayer at RT resulting from the ISHE in the Pd are
shown in Figs. 4-3 (a) and (b), respectively. The FMR intensities and resonance fields were nearly identical for

all values of 64, and an electromotive force was induced when 64 was set to 0° and 180°, while the signal was
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flat at €y = 90°. Because this is consistent with the symmetry of the ISHE (J_ o J x o), the observed
electromotive force was ascribed to the ISHE of Pd, which was due to a pure spin current generated
dynamically by spin pumping at the Py/Pd interface. A theoretical fitting was then performed, in order to

separate the ISHE and anomalous Hall effect (AHE) signals by using the following equation [3]:

2 —
d 2(H ~ Hﬁm)+aH+b (4-2)

V=V +V
e (H - HFMR)2 + rz A (H HFMR)

(b)

V (uV)

di(H)/dH (a.u.)

-40'0'40 -éo'o'3o
(mT) (mT)

FMR FMR

Figure 4-3. (a) Magnetic field angle (6y) dependence of the FMR signal dI(H)/dH
for the Py/Pd bilayer sample. (b) Magnetic field angle (&) dependence of the

electromotive force measured from the Py/Pd bilayer sample.
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where Visyr is the electromotive force

owing to the ISHE, V,ur is the output

voltage resulting from the AHE, and H is ’>\ i

3 L

N
the external static magnetic field. The > |
value of Hpyr Wwas experimentally
determined to be 89.51mT at 0° and 180° -40 0 40

H-H MR (mT)

at RT. The variables I', a, and b are the Figure 4-4. Magnetic field dependence of the Visyg for the

. S Py/Pd bilayer film at 200mW and RT.
fitting parameters. As shown in Fig. 4-4,

a theoretical fitting using Eq. (4-2) effectively reproduced the experimental results, and Vjgyzwas estimated to

be 7.66 uV at RT.

4.2.3 Calculation of spin Hall angle of Pd at RT
A pure spin current was injected at the Py/Pd interface via spin pumping under the resonance condition,
and the generated spins diffused into the Pd layer were converted to a charge current (j.), as shown in Fig.

4-1(a). The spin current density j; was theoretically calculated as [4],

g R AAM y +\(aM ) + 4o’ ]

j where / is the microwave magnetic field. It was set to 0.16 mT at a
: 8w’ [(42M )’ y* +4w*]

237
microwave power of 200 mW; ng is given by ng :—S}/P)(Wpy/ pa —Whp,), Where g, 1, dpy,

Sl

Wpypa, and Wpy are the g-factor, Bohr magneton, thickness of the Py layer, FMR spectral width of the Py/Pd
film, and FMR spectral width of the Py film, respectively. In this study, dpy, Wpyp4, and Wp, were 25 nm,
3.03mT, and 2.49mT, respectively. The electromotive force due to the ISHE can then be expressed in the

simplest form as follows [4]:

y o WOyl tanh(dy  22,) (%)jsa (43)

dp,Op, +dp0p,
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where w is the length of the Py layer defined as in Fig. 4-1(a), dpy and op, are the thickness (25 nm) and electric
conductivity (4.48x 10°Q™" m™") of the Py layer at RT, respectively, and dpq and opq are the thickness (5nm) and
electric conductivity (3.50 x 10°Q™" m™") of the Pd layer, respectively. From the above calculations, the spin
Hall angle 6sur was estimated to be 0.011 at RT, which is reasonably consistent with the results obtained in a

previous study [5].

4.2.4 Power dependence of Vsye at RT

Figure 4-5 shows the microwave power < gll® Vor — 2 00mMW
3 — linear fit| — 1 50mW
. wd 100mW
dependence of the electromotive force from the go — 50mW
- 0 100 200 g)orcvw
Pd of the Py/Pd sample. The electromotive force >1 2 (mW) o
N~
. AN
from the Pd layer Visyg was proportional to the
ouVv
microwave power. As shown in the inset of Fig.
4-5, the power dependence of Vjsyr was in good -40 0 40
H-H_,,, (mT)

agreement with the theoretical prediction [6],

o ) Figure 4-5. Microwave power dependence of the
indicating that the generation of the observed

electromotive force in the Pd film. A magnetic field
electromotive force can be attributed to the ISHE was applied parallel to the film plane (6 =0°). The
in Pd. More importantly, the unsaturated FMR output voltage increased with increasing microwave
spectra enabled the estimation of the spin Hall power. The inset shows the power dependence of the

VISHE-
angle of Pd. Therefore, the results about the spin

Hall angle that was discussed in section 4.3.3, are reliable under the power of 200mW with an unsaturated

magnetization. .
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4.2.5 Temperature dependence of spin Hall angle of Pd

To estimate the spin Hall angle at various temperatures, the temperature evolution of the linewidth (W) of a

@ rd @
0.28} O Py o ®
°®
g 024t @ ¢ S
E ° 0©°° >
< 020} o ©
00 °
016+ 9
160 240 320
T (K) H-H_,. (mT)

Figure 4-7. (a). Temperature dependence of the resistivity of the Pd and Py layers. Red and blue

circles indicate the experimental data for Pd and Py, respectively. The red and blue lines show the

linear fittings. (b) Temperature dependence of the resistivity of the Pd and Py layers. Red and blue

circles indicate the experimental data for Pd and Py, respectively. Red and blue lines show the linear

fittings.
simple Py film, resonance field
(Hpmr) and saturation magnetization
(4nM;) were measured and evaluated
(see Fig. 4-6), and the results were
physically reasonable. Note that opy,
Opd> Visup, and Apy changed with the
temperature, and  thus, the
temperature dependence of opy and
opg was also evaluated (see Fig.

4-7(a)); the estimated values of Visyg

0020 @ ®

SHE

E
®
o

I
0.016
2

0.012 ®

150 200 250
7 (K)

300

Figure 4-8. Temperature dependence of the spin Hall angle Gsygof

Pd. The spin Hall angle decreased with an increase in the

temperature.
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obtained from Eq. (4-2) at different temperatures are shown in the inset of Fig. 4-3(c). The spin diffusion length

of Pd, denoted as Apq, has been reported to be 9nm at RT and 25nm at 4.2K [7, 8]; as a result, Apgq can be

estimated at each temperature by interpolating the values at RT and at 4.2 K (in fact, Apq is estimated to be 9.12

nm at 133 K by our calculation). Here, we assumed that the spin lifetime is inversely proportional to

temperature [8]. The change of Apy yields little contribution to the change of Gyug. Thus, Gy of Pd can be

estimated by solving Eq. (4-3) and using the conductivities of Pd and Py and the estimated spin diffusion length

of Pd at each temperature. The results of this evaluation are shown in Fig. 4-8. It was found that Gyg increased

up to 0.020 monotonically as the temperature decreased to 130 K.

4.2.6 Spin Hall angle of Platinum
I also measured temperature dependence of the spin Hall angle of Platinum (Pt), which is a similar material

with Pd of sample group in the periodic table. The result is shown in Fig. 4-9. On the contrary, the spin Hall

Py (15 nm)

Pt (10 nm)
SIO,/Si

150 200 250 300
T (K)

Figure 4-9 Schematic view of Py/Pt sample structure and the temperature dependence of spin Hall angle of Pt.

angle of Pt is almost independent of temperature. This result is in consistent with the result in previous reports

[9, 10]. The reason of this discrepancy between Pd and Pt are discussed in section 4.2.6.
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4.2.6 Discussion

Surprisingly the temperature evolution of &yg of Pd exhibits the opposite behavior of that of Pt[9, 10].
Whereas Pt and Pd belong to the same group in the periodic table, the electron configurations are different,
which may cause this difference. In fact, the electron configuration of the d-orbital allows for different signs of
6y [11]. The origin of this characteristic temperature dependence of Gy of Pd is out of the scope of this study,
but will be investigated in the near future. It is interesting that Pt and Pd belong to the same group in the
periodic table and are expected to exhibit similar ISHE, but display different temperature dependence of the
spin Hall angle in experiments. It was reported that the spin Hall angle of Pt decreases with the decreasing
temperature, while in the case of Pd, it increases with the increasing temperature. The electron configurations of
Pt and Pd are different, i.e., [Xe] 4f'* 5d° 6s' for Pt and [Kr] 4d" for Pd. Such difference in the configurations
(especially f and d orbital) may induce the different temperature dependence of the spin Hall angle, although
precise understanding has not been obtained yet. In fact, the difference of the electron configurations of
d-orbitals enables a polarity change of the spin Hall angle as reported by M. Morota et al [21], and we deduce

the difference of the electron configuration in Pt and Pd may have induced the unexpected result in this study.

4.3 Conclusion

In this study, the temperature dependence of the spin Hall angle of Pd was quantitively estimated by spin
pumping. It was found that Gsygincreased up to 0.020 monotonically as the temperature decreased to 130 K.
This approach enables quantitative estimation of the temperature dependence of spin transport properties of Si,

graphene, and other materials by combining spin pumping and the ISHE.
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Chapter 5

Temperature dependence of spin coherence in single-layer graphene

Abstract

Graphene is known as an attractive material for spintronics. The spin coherence in single-layer graphene
(SLG) was investigated by the dynamical spin injection method at room temperature in Chapter 3. In this
section, the temperature dependence of the spin coherence in single-layer graphene is experimentally
investigated by the dynamical spin injection method. A NigFe,o/Pd bilayer thin film was prepared on
CVD-grown SLG, and a pure spin current was dynamically injected into the SLG layer. Spin detection was
accomplished by the conversion of the spin current to a charge current in palladium owing to the inverse spin
Hall effect. It was found that the spin coherence in SLG is temperature independent. This result is consistent

with the results obtained using electrical methods.
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5.1 Experimental details

In this study, the sample fabrication process is the same with that were described in Chapter 3. Large size
single-layer graphene was fabricated by the CVD method. The samples were grown by the EB evaporation
technique with a base pressure of 5x10° Pa. The patterns of Py and Pd are made onto the SLG layer by EB
lithography system. The precise size of the Py and Pd are measured with an atomic force microscope. The gap
between Py and Pd is 717.77 nm, and the thicknesses of Pd and Py are 7.5 nm and 31.3 nm, respectively. The
measurements are carried out with an ESR equipment (JEOL, JES-FA Series ESR) and the frequency of the

microwave is 9.12 GHz. Temperature is controlled from 130 K to room temperature by using liquid nitrogen.

5.2 Results and discussion

5.2.1 Temperature dependence of resonance point

In this section, the temperature

o HFMR .
dependence of all the measurements
o o = °
discussed in Chapter 3 is carried out. s
N—r
x o
. . . s
First, we investigated the temperature L
I
87| ¢
dependence of the ferromagnetic ®
resonance field as shown in Fig. 5-1. It : : ' :
120 180 240 300
was found that it decreased with the T (K)
decreasing temperature. The saturation Figure 5-1 Temperature dependence of ferromagnetic

o o resonance field. The decrease of saturation
magnetization is inversely correlated

magnetization induces the increase of the

with the ferromagnetic resonance field, .
ferromagnetic resonance field due to the resonance

due to the resonance condition.
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2
condition (—j =H ., (Hp,, +47M ). This is natural, because the saturation magnetization increases with

v

the decreasing temperature, and the thermal disturbance is suppressed at low temperature. This means the
saturation magnetization becomes larger at lower temperatures, and it will decrease to zero when the

temperature increases to Curie temperature, at which the ferromagnetic material will lose ferromagnetism.

5.2.2 Temperature dependence of other parameters

To observe the other temperature dependence parameters, we carefully measured the temperature

dependence of the linewidth of only the Py (W) and Py/SLG (Wgn) samples. The temperature dependence of

26} .><. ]0.0090 120! 12
10.0088 — m—n -
o L o >
P 2.4 / . | A e |257%
S - {o.0086 5 2 o ¥ D\ 2
= 22} ® = = yd ° S
80 / o {20
- 10.0084 9.0f [
20 N 1 N 1 N 1 s 1 ! ! ! !
150 200 250 300 100 150 200 250 300
T (K) T (K)

Figure 5-2 (a) Temperature dependence of the real part of mixing conductance and damping
constant. (b) Temperature dependence of the spin current density and the calculated output voltage,
which was generated from the spin current density without spin dissipation to an output voltage.
the real part of the mixing conductance and the damping constant are shown in Fig. 5-2(a). The mixing
conductance slightly changed with temperature, due to the change in saturation magnetization. The damping
constant is proportional to the linewidth of the ferromagnetic resonance signal, so it decreases with decreasing
temperature. Figure 5-2(b) shows the temperature dependence of spin current density and the calculated output
ISHE voltage, which are estimated by Eqs. (3-2) and (3-3) [1], respectively. Then, we compare the output

voltage between the measured electromotive force in the Pd wire and the calculated output voltage, by using the
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generated spin current density without any spin dissipation in the SLG layer.

5.2.3 Temperature dependence of spin coherence in SLG
Figure 5-3(a) shows the comparison between theoretically calculated and experimentally observed output

voltage. The dissipation between the values of the output voltage is due to the exponential decay of spin

Ves d
transport in SLG. Therefore the spin coherence obeys the exponential relation—pzexp(-z). The final

cal

temperature dependence of spin coherence is shown in Fig. 5-3(b). The spin diffusion length is weakly
dependent on temperature, i.e., it slightly decreases with increasing temperature, a fact which may be linked to
electron-phonon scattering in the SLG/Si0O, substrate. This result is consistent with previous reports that used

the electrical method [2], but further investigations are needed for obtaining more details about the spin

relaxation mechanisms in SLG.
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Figure 5-3. (a) The calculated output electromotive force without spin dissipation in SLG and the
observed output voltage measured in Pd wire. The difference between these values is due to the
decay of spin transport in SLG. (b) The temperature dependence of spin coherence in SLG. The

spin diffusion length is very weakly dependent on temperature for SLG.
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5.3 Conclusion

In this chapter, I investigated the temperature dependence of spin coherence of SLG by magnetization
dynamics. The spin coherence of SLG is almost independent of temperature in spin pumping method, i.e., it
slightly decreases with increasing temperature. This may be due to weak electron-phonon scattering in the
SLG/SiO, substrate. This result is consistent with the previous reports using the electrical method [8], and

further investigation is needed for a better understanding of spin relaxation mechanisms in SLG.
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Chapter 6

General conclusion

Firstly, I briefly introduced the history of spintronics. The band structure of graphene was also presented.
Next, recent progress in graphene spintronics is reviewed. Finally, I pointed out the purpose of this study, and
outline the contents of this thesis in Chapter 1. Next, I discussed the theoretical aspects of the dynamical spin
injection theory and the inverse spin Hall effect on spin detection in Chapter 2. The ferromagnetic resonance
condition and the applicability of existing models to my study were also discussed. In the second part of
Chapter 2, I show the details of the fabrication procedures. In Chapter 3, I summarized all my study in doctoral
research. I investigated spin transport in SLG by using a magnetization dynamics. The spin injection method is
totally different from the electrical method. The electrical method uses the tunnel barrier to circumvent the
impedance mismatch problem. However, this problem can be easily solved with dynamical spin injection using
the transfer of spin angular momentum rather than injection of spins with carriers. In this study, the spin
coherence in SLG was estimated to be 1.36 um by magnetization dynamics. The reliable results we obtained
indicate that the dynamical spin injection method is largely applicable in graphene spintronics research. This
study offers a new standpoint for the study of graphene spintronics. Another contribution of this thesis is the
fact that it discusses the issue of temperature dependence of spin coherence in SLG. As a first step towards this
investigation, the temperature dependence of the spin Hall angle of Pd is showed that it was investigated in
Chapter 4. Results decreased with increasing the temperature from 0.02 at 130 K to 0.01 at 300 K. Finally, I
explored the temperature dependence of spin coherence in SLG using the dynamical spin injection method.
Results showed that the spin coherence of SLG is almost independent of temperature. The spin coherence of
SLG slightly decreases with increasing temperature. Through these studies, I have been able to offer a new
viewpoint for the investigation of spin coherence in SLG, and provide new perspectives towards more detailed
investigation of spin relaxation mechanisms, which will enable for future graphene applications.
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