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Abstract of the dissertation

Study on dynamical spin injection, transport andvarsion in

germanium and graphene

by
Sergey Dushenko

In this dissertation author focused on the spmt®study of the two elements from Group 14 of
periodic table: carbon (C), in the form of grapheaed germanium (Ge). Graphene attracts large
attention from spintronics community due to itsdaspin diffusion length and novel two dimensional
structure with massless Dirac fermions, in conttastsual bulk materials. Ge, on the other hand tha
same crystal structure as silicon, but has mohiditytimes higher. While spin transport was essablil
in silicon, non-local spin transport in Ge at rotamperature was still unachievable goal for spitit®
researchers prior to the author’s study.

In introductory Chapter 1 the author gave shodreew of the spintronics topics related to the
research presented in the dissertation. Howevehearbeginning of the chapters 2-4 the author khort
reintroduced and discussed situation in the togiesctly related to the results presented in thegptdrs.

In Chapter 2 the author reported the first experital demonstration of room-temperature spin
transport in n-type Ge epilayers grown on a Si(O8tpstrate. By utilizing spin pumping under
ferromagnetic resonance, which inherently endowpia battery function for semiconductors connected
with a ferromagnet, a pure spin current was geedrat the n-Ge at room temperature. The pure spin
current was detected by using the inverse spin éftdct of either a Pt or Pd electrode on top @a:-
From a theoretical model that included a geomdtgoatribution the spin diffusion length in n-Ge at
room temperature was estimated to be 660 nm. Meredhe spin relaxation time decreased with
increasing temperature, in agreement with a reggmtposed theory of donor-driven spin relaxation i

multivalley semiconductors.



The small spin-orbit interaction of carbon atomsgraphene promises a long spin diffusion
length and potential to create a spin field-eftembsistor. However, for this reason, graphene larggly
overlooked as a possible spin-charge conversioenaatin Chapter 3 the author reported electrite ga
tuning of the spin-charge conversion voltage sigmal single-layer graphene. Using spin pumpingnfro
yttrium iron garnet ferrimagnetic insulator andimhquid top gate the author determined that thesise
spin Hall effect is the dominant spin-charge cosm®r mechanism in a single-layer graphene. From the
gate dependence of the electromotive force theoawhowed dominance of the intrinsic over Rashba
spin-orbit interaction, and estimated its strengtthe ~1 meV: a long-standing question in graphene-
related research.

To pursue goal of temperature investigation of $han-charge conversion in the yttrium iron
garnet/single-layer graphene system, the authgirdiudied temperature behavior of the spin pumping
Chapter 4, the author presented an analysis afiyttiron garnet-based systems, highly exploitegdpim
pumping experiments, and demonstrated proper naatiain procedure for the inverse spin Hall effect
in such systems. The author explained the discogplaetween experiment and theory recently observed
in spin pumping experiments. Thus, the author'siltefinally allowed for quantitative analysis ofeth
inverse spin Hall effect in various yttrium iron rgat-based experiments, including temperature

dependent measurements.
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Chapter 1

1.1 Abstract

In introductory Chapter 1 the author gave shodreew of the spintronics topics related to the

research presented in the dissertation.



1.2 Spintronics

In 1922 experiment of O. Stern and W. Gerlachetiogr with the spin concept and theory from
W. Pauli and P. Dirac a few years later (and cbation from many other excellent scientists), a new
field of science—spintronics was created. Spintsnises angular momentum of the carriers—spin,
rather than their charge (in contrast to electronitiere charge of the carrier is used). The intedes
reader—who wants to learn this fascinating fieldl@tails—is encouraged to check excellent overview
books written on the topic by the leading reseachrethe field of spintronics, for exampi® In the next
sections the author gave short overview of the gpiatronics effects necessary to understand hdystu
an inverse spin Hall effect and spin pumping.

When 50 years ago students of doctoral courses weting their dissertations about physics of
semiconductors using pen and paper, it was hanthagine the progress that semiconductor field—and
our life together with it—will undergo in the nelxalf century. Today the author writes his dissatabn
the Si transistors-based laptop, thanks to theiquswgenerations of doctoral course students. thés
author’s hope that when next generations of stedeiit write their dissertations—some 50 years down
the line—they will do it using spintronics-based/ides. Author is happy to make a contribution te th
development of germanium and graphene spintronibe—tdpics of this dissertation—and hopes that

they will find their prominent place in science aedhnology in the future.

Figure 1-1.Scanning-electron-microscopy-image-of-a-gpischematic image of a spin.



1.3 Spin Hall and inverse spin Hall effects

The term “spin Hall effect” was introduced by Jdrdgh in 1999. In his theoretical work Hirsch
proposed that charge current will induce a trarsvepin current and vice versa. These two reciproca
effects originate from the presence of spin-orbteiiaction in materials. When carriers scatterhia t

presence of the spin-orbit interaction, the deitectirection during scattering event depends ensibin
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Figure 1-2.Image of the spin density (for the out-of-plane spin polarization) in thestrained
GaAs measured using Kerr rotation at temperafure 30 K by Katoet al Electric fieldE =
10 mV/um was applied along long side of the samgle= 300 um). Charge current generated
transverse spin current along short side of thepsarfw = 77 pm) via spin Hall effect, which
resulted in the induced out-of-plane spin polaiizatFigure adapted from: Y. K. Kato. R. C.
Myers, A. C. Gossard, and D. D. Awschalom. Obsewmatof the Spin Hall Effect in

SemiconductorsScience306,1910-1913 (2004)



of the carrier and its momentum. It was first pethbut in theoretical paper by N. Mott, who usedl th
Dirac equation to calculate how spin direction e§ethe scattering of the electron beam by atomic
nuclef. Carriers with the opposite spins are deflectethéoopposite sides, and thus produce transverse
spin current. A reciprocal effect—when spin poladzurrent induces a transverse charge current—was
named an inverse spin Hall effect.

Despite that name “spin Hall effect” was only ppeed in 1999, the effect itself was theoretically
predicted much earlier by M. Dyakonov and V. Parel971""2 However, it took more than 30 years to
experimentally observe the effectn 2004 Katoet al used scanning Kerr rotation to measure spin
polarization induced by charge current in differs@miconductor channels g-thick unstrained n-type
GaAs channel and 500 nm-thick strained n-typgABa osAS channel) at low temperaturé € 30 K)

(Fig. 1-2). They found clear out-of-plane spin pization at the edge of the samples, with oppasgia
direction for opposite edges of the sample, as@argddrom the spin Hall effect. After the study Ksto

et al multiple other groups obtained similar result®ath semiconductors and met&l& After 30 years
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Figure 1-3. Percentage of the trigram “spin Hall effect” amsingll other trigrams in the books
written in English from the Google books libraata in the graph are taken from Google
Books Ngram Viewer (http://books.google.com/ngrathg}. Michel, Y. K. Shen, A. P. Aiden, A.
Veres, M. K. Gray, J. P. Pickett, D. Hoiberg, Da@y, P. Norvig, J. Orwant, S. Pinker, M. A.
Nowak & E. L. Aiden. Quantitative Analysis of Cultu Using Millions of Digitized Books.

Science331,176-182 (20113
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Figure 1-4. A schematic layout of the experiment carried autrieasure inverse spin Hall effect
induced by spin pumping under ferromagnetic reso@an Ng;Fe Pt systemFigure adapted
from: E. Saitoh, M. Ueda, H. Miyajima & G. Tatara. Corsren of spin current into charge

current at room temperature: Inverse spin-Hallafigppl. Phys. Lett88, 182509 (20063°.
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Figure 1-5. (a) Derivative ferromagnetic resonance absorbancetrsipe®f NigiFe /Pt structure.

(b) Electromotive force generated ingiffie,o/Pt structure due to the inverse spin Hall effecPt
layer under the ferromagnetic resonance (FMRjure adapted from: E. Saitoh, M. Ueda, H.
Miyajima & G. Tatara. Conversion of spin currertibitharge current at room temperature: Inverse

spin-Hall effect Appl. Phys. Lett88, 182509 (2006%°.



of small interest from scientific community in tlspin Hall effect since the initial discovery, K&to
study triggered an avalanche of the studies (f@esharp rise after 2004 year in Fig. 1-3), andauays
spin Hall effect is one of the hottest topics ia pintronics field.

The reciprocal effect to the spin Hall effect, mdynthe inverse spin Hall effect, describes
conversion of spin current into charge current miyigpin-dependent scattering in the presence of spi
orbit interaction. It was theoretically predicteg¢ bl. Averkiev and M. Dyakonov in 1983, and
experimentally confirmed by A. Bakuet al in 1984%% In 2006 E. Saitolet al successfully measured
inverse spin Hall effect in 10 nm Pt layer at rotemperatur®. Figure 1-4 shows layout of their
experiment, and Figure 1-5 shows detected electivenforce due to inverse spin Hall effect in Btda
Their study triggered multiple other studies of theerse spin Hall effect in the variety of matéia
metals—P£3>" Pd*3238 W37 Ag ¥ Au %3 Mo ?**° cu®, Ta***" semiconductors—p-3¥, p-Ge
 n-Ge™, p-GaAs™; and even organic materials—PEDOT:P%S

While it was unclear for a long while whether splall effect and inverse spin Hall effect will
find their application in real devices, in the 20stAdy Liuet al achieved switching of the ferromagnet
magnetization using spin currents generated via il effect at room temperature. Using.F@B.o
(4 nm)/Ta (8 nm) devices they showed spin-torquetciimg of both out-of-plane and in-plane
magnetized layets It has finally opened the route for practical laggtion of the spin Hall effect in

magnetic memory devices.

1.4 Spin pumping

The term “spin pumping” was introduced by Y. Tsamkyak, A. Brataas and G. Bauer in their
theoretical 2002 study* In their paper they explained effect of the iased Gilbert damping constant
in Pt/Py/Pt and Pd/Py/Pd trilayer structures coingato the Cu/Py/Cu structure, observed one year
earlier in the experimental study by S. Mizukami,Ahdo and T. Miyazakf*’. Figure 1-6 shows the Py
thickness dependence of the Gilbert damping consteasured in Mizukanet al studie&®*’. Trilayer
structures with metals with large periodic tablenters (Pd, Pt) showed clear enhancement of Gilbert
damping constant comparing to the Cu/Py/Cu strastufserkovnyalet al theoretically showed that
magnetization precession in the ferromagnetic layeder the ferromagnetic resonance leads to the
transfer of the angular momentum, hence, the ggaeraf the pure spin in the adjacent layer, ara th

6
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Figure 1-6. Experimentally measured permalloy thickness depeocel of Gilbert damping constant
for nonmagnetic/permalloy/nonmagnetic trilayer stuwes. Figure adapted from: S. Mizukami,
Y. Ando & T. Miyazaki. Ferromagnetic resonance Vitdth for NM/80NiFe/NM films (NM=Cu,

Ta, Pd and Pt)l. Magn. Magn. Mater226-230,1640-1642 (2001Y.
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Figure 1-7. Theoretically calculated (lines) permalloy thickeedependence of Gilbert damping
constant for nonmagnetic/permalloy/nonmagnetiaygl structures.Figure adapted from: Y.
Tserkovnyak, A. Brataas & G. E. W. Bauer. EnhanGéitbert Damping in Thin Ferromagnetic

Films. Phys. Rev. Let88,117601 (2002%"



term “spin pumping”. Total magnetic moment of fleeromagnetic layer decreases with its thickness,
and magnetization precession becomes more sensititee loss of the angular momentum at the
interface, leading to the increased Gilbert dampiogstant with the decreased thickness (Fig. 1-7).
Layers that consisted of heavier metals (Pt, Ptddaas better spin sink due to the large spin-orbit
interaction and, thus, increased spin relaxatioe. ras a follow up study S. Mizukaret al. confirmed
predictions from the theoretical study of Y. Tsenkgak et al., for example correlation between spin
diffusion length of the adjacent layer and Gilldatmping constant thickness dependence on its #sskn
(Figs. 1-8 and 1-9). After that confirmation spumpping was recognized as a highly capable toosbam
injection. Since then spin pumping together wité tiiverse spin Hall effect were widely used asia sp
injection and spin detection mechanism in variogstesms, as well as convenient way to measure spin
diffusion length and spin Hall angle in multiple teaals.

Electrical spin injection was successfully achttue 1999, 3 years earlier than the spin pumping,
in a breakthrough study by Y. Ohmo af®, and was heavily dominating the spin injectionngcéor a

while. However, the spin pumping introduced 2602 is slowly catching up with electricgpin
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Figure 1-8. Ferromagnetic resonance peak-to-peak width depeeden the thickness of the Pt
layer in Cu/Py (3 nm)/Cu (10 nm)/Ri=)/Cu multilayer structure (open black circles).i8dine is
guide to the eye.Figure adapted from: S. Mizukami, Y. Ando & T. Miyazaki. Effect of spin
diffusion on Gilbert damping for a very thin pertogl layer in Cu/permalloy/Cu/Pt film$hys.

Rev. B66,104413 (2002%®.



Normalized derivative absorption

Normalized derivative absorption

Figure 1-9. (a) Derivative ferromagnetic resonance spectrum depeedon the thickness of the
Cu layer in Cu/Py (3 nm)/Cul,)/Pt multilayer structure. Peak-to-peak width cf ferromagnetic
resonance spectrum increased together with théniCkness: thin Cu layer are less effective spin
sink due the large spin diffusion length of Q). Derivative ferromagnetic resonance spectrum for
the Cu/Py (3 nm)/Cu (10 nm)/Pt (open black circlasyi Cu/Py (3 nm)/Cu (10 nm) (filled black
circles) multilayer structures. Peak-to-peak widih the ferromagnetic resonance spectrum
increased together with the addition of the Ptiawhich acted as effective spin absorltegure
adapted from: S. Mizukami, Y. Ando & T. Miyazaki. Effect of spidiffusion on Gilbert damping

for a very thin permalloy layer in Cu/permalloy/@ufilms.Phys. Rev. B6,104413 (2002%®.



injection (Fig. 1- 10), and now also attracts gr#ention from the researchers—especially in ddam
with the inverse spin Hall effect.

Finally, the author notes that in the recent yétangas discovered that NiFe (Py) layer itself can
generate electromotive under the ferromagneticnaasee® > Figure 1-11 shows large symmetric in
shape electromotive force generated under ferrogtagresonance—the characteristic signature of the
inverse spin Hall effect—in SPy bilayer. Thus, care should be taken to sepa@t&ributions to the
electromotive force from the inverse spin Hall effen the studied material and spurious electroveoti
force that comes from the ferromagnetic spin saur®ulating spin source can be used to bypass this
problem. In this light, ferrimagnetic insulator nam iron garnet became widely popular in the spin

pumping experiment5>*-%°
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Figure 1-10. Percentage of the trigram “electrical spin injewti (blue filled circles) and bigram
“spin injection” (purple filled circles) amongstl @ther trigrams and bigrams, respectively, in the
books written in English from the Google booksdityr Lines are guide to the ey®@ata in the
graph are taken from: Google Books Ngram Viewer (http://books.googlentagrams) J.-B.
Michel, Y. K. Shen, A. P. Aiden, A. Veres, M. K. &, J. P. Pickett, D. Hoiberg, D. Clancy, P.
Norvig, J. Orwant, S. Pinker, M. A. Nowak & E. Liden. Quantitative Analysis of Culture Using

Millions of Digitized Books Science331,176-182 (2011%".
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Figure 1-11. (a) A schematic layout of the experiment carried autnteasure self-induced
electromotive force in the Sy (10 nm) structure during ferromagnetic resorar(b)
Derivative ferromagnetic resonance absorbance meaf SiQ/Py structure(c) Electromotive
force generated in Sy structure under the ferromagnetic resonancdréMiations on the
figure stand for: FMR—ferromagnetic resonance, ISHEverse spin Hall effect, AHE—
anomalous Hall effecEigure adapted from: A. Tsukahara, Y. Ando, Y. Kitamura, H. Emoto, E.
Shikoh, M. P. Delmo, T. Shinjo & M. Shiraishi. Séifduced inverse spin Hall effect in permalloy

at room temperatur@®hys. Rev. B9, 235317 (20145".

11



1.5 Purpose of the author’s study

In this study the author focused on Group 14 eiopéc table. Among unresolved questions that
are left there, author chose the following two las focus of the study: spin transport in Ge at room
temperature, and origin of the spin-orbit interactin single-layer graphene.

Despite recent progress in the Ge field, spinspart in Ge using non-local techniques has only
been observed at low temperatures prior to theoasthstudy. In contrast, room-temperature spin
transport in two lighter Group 14 elements—C and-®as already achieved long time ago. Ge has the
same crystal inversion symmetry as Si that preclutie spin relaxation of conduction electrons kg th
Dyakonov-Perel mechanism and should result in & Ispin relaxation time. Additionally, carrier
mobility in Ge is 10 times higher than in Si. Th@&g-based spin transport field effect transistansct
overcome scaling limits of the Si-based devicese Huthor used methods introduced above—spin
pumping for spin injection and the inverse spinlidéect for spin detection—to achieve spin transpo
Ge at room temperature for the first time in therldrand pave a way for application of Ge-based
spintronics devices.

One of the processes that suppress spin transptiie spin-charge conversion via spin-orbit
interaction. It was shown that spin-charge conweersiriginates from the inverse spin Hall effectSn
and Ge. In contrast, origin and strength of spimitanteraction in single-layer graphene was stillopen
question prior to the author’'s study. The authceduspin pumping to inject spins into single-layer
graphene and applied top gate voltage to distihgoetween intrinsic-like (gives rise to inversensdall
effect) and Rashba-like (gives rise to inverse Radhdelstein effect) spin-orbit interaction. Furthere,
the author demonstrated the correct normalizatimequure for the inverse spin Hall effect voltages
spin pumping experiments in yttrium iron garnet/hetystems. Ferrimagnetic insulator yttrium iron
garnet was widely used as the spin injector in gpimping experiments in recent years as an aligenat
for conductive ferromagnets where spurious effamtsalways present. The author highlighted theofact
that may lead to the incorrect analysis of invesgi@ Hall effect in the previous studies and sutggksa
way to proper analyze of the ferromagnetic resomara inverse spin Hall effect data in yttrium iron

garnet-based systems.

12



Chapter 2. Room-temperature spin transport and spinrelaxation

mechanism in n-type germanium epilayers

2.1 Abstract

In this chapter the author reports the first ekxpental demonstration of room-temperature spin
transport in n-type Ge epilayers grown on a Si(O8dpstrate. By utilizing spin pumping under
ferromagnetic resonance, which inherently endowpia battery function for semiconductors connected
with a ferromagnet, a pure spin current is gendratethe n-Ge at room temperature. The pure spin
current is detected by using the inverse spin-t#ct of either a Pt or Pd electrode on top ofen-G
From a theoretical model that included a geomdtgoatribution the spin diffusion length in n-Ge at
room temperature was estimated to be 660 nm. Meredhe spin relaxation time decreased with
increasing temperature, in agreement with a regcgmtiposed theory of donor-driven spin relaxation i

multivalley semiconductors.

Results presented in this chapter were publishéueipaper:

S. Dushenke M. Koike, Y. Ando, T. Shinjo, M. Myronov, and MShiraishi, Experimental
Demonstration of Room-Temperature Spin Transport-ifype Germanium Epilayers, Phys. Rev. Lett.
114, 196602 (2015).

Copyright 2015 American Physical Society
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2.2 Introduction and motivation

Group 14 semiconductors, such as Si and Ge, emntio attract tremendous attention in
spintronics due to their suppression of spin ralaraCrystal inversion symmetry of Si and Ge pueels
the spin relaxation of conduction electrons by Eyakonov-Perel mechani§hresulting in a long spin
relaxation time. Although the spin-orbit interactiGOl) of Ge is not negligibly small (0.29 eV)etBOI
affects electrons much less than holes in Ge, rgakitype Ge a promising material for spin transport
Furthermore, compared with Si, Ge possesses mgtieihcarrier mobilit§?. Thus, it is possible for Ge-
based spin transport field effect transistors sitiall gate lengths to overcome the scaling limitSie
based devices. Additionally, in recent years, $igamt success has been achieved in the produofion
high-quality GeQ layer with gate function in the n-channel Ge-basextal oxide semiconductor field
effect transistdf. Moreover, spin injection and spin relaxation ia ave been extensively studied using
electron spin resonane® and optical techniqués’ However, in spite of all recent progress in tte G
field and in contrast to Si, spin transport in Geng non-local 4-terminal techniques has only been
observed at low temperatures to daté Spin transport has been reported through a NAIG&/As
junction; however, optical spin injection lacks thealability needed for nanoelectronic applicatiGns
Some electrical studi€s’®°reported spin injection into highly doped n-Geaim temperature, raising
the possibility that room-temperature Ge-spintrergan be realized. Unfortunately, these studied ase
3-terminal local method, the reliability of whick how being called into question. Many recent ssidi
demonstrated that signals in 3-terminal geometigirmate not from spin accumulation in nonmagnetic
channels but from magnetic field-dependent tungetlimough localized stat®s™ Other studies revealed
that NiFe itself generates electromotive forceshayinverse spin-Hall effect (ISHE)and the planar Hall
effecf? Careful control experiments are indispensablelitninate the self-induced electromotive forces
from NiFe. Thus, realization of room-temperaturengpansport in Ge is still an open challenge, &nd
long-awaited for further progress in semicondusgntronics. The spin-pumping-induced generation of
pure spin current originates from magnetizatidrft) precession in the ferromagnetic layer under
ferromagnetic resonance (FMR) condititfif§®"%® Using this highly promising tool, successful spin
transport has been achieved at room temperatursingle-layer graphefiz and in semiconducting

conjugated polyme?$ In the author's experiment, the magnetic moment wassferred through the
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interface of the ferromagnet and the adjacent Ha@er, creating pure spin current in the latteg(F-
1(a)). After propagation through the n-Ge channel, thexspire absorbed in the metal electrode with
strong SOI M&°'3"*19(pt and Pd irthe author’s study). The SOI in M&converts the spin current into
charge current via ISHE?"?#?43 which is described by the following equaf®rlc = Dighe Js X o,
whereDsperepresents the ISHE efficiency of the material. §jeaerated charge current can be detected
as voltage at the end of the ’estrip.

Although the electronic properties of Ge are sigpdp those of Si, Ge wafers are heavier, less
durable and much more expensive than their Si gealthus, it is desirable to combine the high nityhbil
of Ge channels with the durability and low cost Sif wafers. However, the 4.2% lattice mismatch
between Si and Ge precludes direct epitaxial grafthigh-quality relaxed Ge layers on top of Si araf
Efforts to overcome this difficulty are still ongwj in Ge-related resear€ii® In the author’s study, high-
quality Ge channels were successfully grown on dbsi (001) substrates using a two-temperature
method. Additionally, in contrast to thusual use of solid-source molecular beam epitaxylanw-energy
plasma-enhanced chemical vapor deposition for tbdygtion of high-quality channel§e channel in
the author’s study was produced using the reduceskpre chemical vapor deposition technique that is
highly suitable for industrial production. The pess described in this study is therefore readily

translatable for commercial applications.

2.3 Experimental details

2.3.1 Fabrication of the samples

Figure 2-1(a) shows the structure of the n-Ge-thag®n transport device used time author's
study. The Ge epilayers were grown on standa®i(p01) substrates using the two-temperature drowt
method by reduced pressure chemical vapor depa$itfo The structure consisted of a 1-um-thick
undoped Ge epilayer and 50 nm-thick heavily dopdgpe Ge epilayer with a phosphorous doping
concentration of ~1.0x10cm® and a degree of strain relaxation of 104%, caledlfrom the analysis of
measured high-resolution X-ray diffraction symneti(004) and asymmetrical (224) reciprocal space
maps. Over-relaxation of the Ge channel is attebuto the difference in the thermal expansion

coefficients between Ge and Si, i.e., the Ge cHasri®0% relaxed during the temperature growth,
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(a) Microwaves w

Figure 2-1. A schematic illustration ofa) the spin transport experiment in the Py/n-Gefte
device,(b) Py/n-Ge/Cu andc) Cu/n-Ge/Py/n-Ge/Pd samples used in the contratraxents, and

(d) Py/SiQ samples used for the spin current density estimati

but is under slight tensile strain after coolingviioto room temperatute®™”*® The Ge epilayers were
measured to have a root mean square roughness hetow by atomic force microscopy and had a
threading dislocation densify’® of ~5x16 cm? (Note: Ge channel was grown and analyzed by the
author’s collaborator: principal growth scientist. M. Myronov from Nano-Silicon Group, Univ. of
Warwick, United Kingdom). M&"' and NigFey, (Py) strips were formed on top of the n-Ge epitaysy
electron beam lithography and electron beam evéiparal he samples were etched in 10% hydrofluoric
acid solution and washed in deionized water prothe evaporation of M&' to remove the natural Ge

oxide layer. Hereaftethe author’s refers to this sample type as Py/iM@&7.

2.3.2 Measurement procedure
Samples were placed in the center of aid€avity inside an electron spin resonance systeim wi

a microwave frequendy= 9.58 GHz. Ag paste was used to attach one Guiatieach end of the N
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n-Ge 10 ym

Figure 2-1.(e) A schematic layout of the Py/n-Ge/Rfédevice with the sizes of the Py and e

electrodes, which were produced using electron Highagraphy and electron beam evaporation.
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strip to detect the voltage signal. The electrowaotforce from the sample was detected using a
KEITHLEY 2182A Nanovoltmeter. Using identical samdhbrication and measurement procedures as
described above, three different sample types \pegpared, that is, Py/n-Ge/Cu (Fig. 2-1(b)), Cu/n-
Ge/Py/n-Ge/Pd (Fig. 2-1(c)) and Py/Si(Frig. 2-1(d)). The first two sample types were cuser the
control experiments, whereas the third was usedatoulate the spin current density at the Py/n-Ge
interface, as explained in detail in the 2.4.3isactMeasurements, when not mentioned explicitlgrav

carried out at room temperature.

2.4 Experimental results and discussion

2.4.1 Electromotive force generated under the fernmagnetic resonance

The author now proceeds to describe the experaheasults. Figure 2-3(a) shows the first
derivative of the FMR spectrum|/dH. Theblue andpurple lines represent the spectra for Py;Si6d
Py/n-Ge/Pd, respectively. The enhanced peak-to-pédtk of the FMR signal in the second case is due
to the presence of spin pumping from Py into n-@denm FMR conditions. When layer with available
carriers (electrons in case of n-Ge) is adjacethedferromagnetic layer, under ferromagnetic rasoa
angular momentum from the ferromagnet is transfetteough the interface to the adjacent layer,
creating a pure spin current in the latter. Howgifdhere are no carriers available (like in ca$&i0,),
there is no transfer of angular momentum, hencadudlitional broadening of the ferromagnetic resoeanc
spectrum (see Fig. 2-2 for schematic image).

The ISHE voltage is proportional to the generaspth current, the amplitude of which is
proportional to the microwave absorption, whichmaximized at the resonance fidt}yz. Hence, the
voltage signal from the ISHE takes the shape ofransetric peak with respect tdryr. The detected
electromotive force was fitted using the functfon

re 4 —2I'uy(H — Hpumgr)
pd(H — Hpmp)? + 2 *Y™ u3(H — Hpyg)? + I'?

V(H) = VishE +auoH + b,

where the first term describes the symmetric doution to the voltage signal from the ISHE. The
second term describes the asymmetric contributmrthe voltage from different spurious effects,

including anomalous Hall effect, for which the \agle sign is reversed at tHeyr; additionally, the last
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Figure 2-2. A schematic image of the dependence of the spiemugenerated under FMR on the

adjacent layer in the ferromagnetic/nonmagnetyeit.
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Figure 2-3. (a) FMR signal d/dH dependence on the in-plane external magnetic Fiefdr the
Py/n-Ge/Pd (purple line) and Py/Si@blue line) samples af; = 0°. Hryg and | denote the
resonance field and the microwave absorption ittignespectively(b) The electromotive force
detected from the Pd strip dependence on the mepdaternal magnetic field for the Py/n-Ge/Pd
at 64 = 0°. Filled blue circles denote the experimentatiadand the colored lines show the fitting

result.
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Figure 2-4.(a)-(c) A schematic illustration of the spin transport esment in the Py/n-Ge/Pd
structure with different direction of external magjo fieldH. (a) 64 = 0°, (b) 84 = 90°(c) 64 =
180°.(d) The electromotive forc¥ detected from the Pd strip dependence on theaimepéxternal

magnetic fieldH direction in the Py/n-Ge/Pd structure.

20



6 (b)

SI_J \ $; |}

="

Area swept by iren et by

magnetization vept
trajectory magnetization

trajectory

Figure 2-5. A schematic image of the dependence of the spiemugenerated under FMR on the

area swept by magnetization trajectory

two terms represent the offset voltage (Fig. 233(Bitting the experimentally detected voltage ezl

the values oVspe = 1.73 PV and/asym= -0.43 pV. Finally, to eliminate any heating effg the average

of Visue for opposing orientations of the external magnfild H 64 = 0° (shown on Fig. 2-1(a)) aré

= 180°, was calculated a&sqe = (Visnelgy=0c — Vistelg,=180°)/2 giving a value oVisye = 1.62 pV.
Figures 2-7(a),2-7(b) show that a similar symmatrimltage signal was detected from the Py/n-Ge/Pt

sample.

2.4.2 Power dependence of the ferromagnetic resoramand electromotive force

Generated spin current is proportional to the avegpt by the magnetization trajectory under the
FMR (Fig. 2-5). Cone angle of the magnetizationcpssion is given by, = 2h/AHgwum, Where
AHpwnm is full width at half maximum of the FMR spectruamdh is the microwave magnetic field.
AHrwiv Was independent of power for both Py/n-Ge/Pd ayld-Be samples (Fig. 2-6). Thugsye
should be proportional to the square of the micrevanagnetic fieldh, making Visye linearly
proportional to the microwave pow®w, asVisue < h? o« Puw % Consistent with this prediction,
Vishe increased linearly with thBy,, for both the Py/n-Ge/Pt and Py/n-Ge/Pd samplegs(F2-7(a)—-2-
7(f)). The reversal ofl to the opposite direction causg$o change sign, which in turn leads to a change
in the sign of the ISHE electric fiel#sqexJc. Figure 2-4(d) demonstrates the change in sigthef
electromotive force upon the reversal of the mdgnéeld H to the opposite direction, thus

demonstrating that the relatidp = Dispe Js % o for the ISHE holds in studied Py/n-Ge/Pd system.
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Figure 2-6. Power dependence of the derivative FMR spedtféHdfor Py/SiQ (a) and Py/n-

Ge/Pd(b), FMR spectrd(H) for Py/SiQ (c) and Py/n-Ge/P{), FMR amplitudd s, for Py/SiQ

(e) and Py/n-Ge/Pdf), and FMR full width at half maximun(g).Dependencés,, « P shows

absence of the FMR saturation effects in the rafiggplied microwave power.
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Figure 2-7.The electromotive forc¥ detected at different microwave powers from the Mstrip
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the solid lines denote the linear {i,b,c) Me**' = Pt,(d,e,f) Me*°' = Pd.
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2.4.3 Calculation of the spin current density attie Py/n-Ge interface

Next, the author theoretically calculated the amplitufie/gue for the Py/n-Ge/Pd sample. The
estimation of the real part of the mixing conductm,' and spin current density at the
ferromagnet/nonferromagnet interfacewisll established in a number of pagér8 Under an effective
magnetic fieldH¢x the dynamics of the magnetizatibh(t) of the Py strip is described by the Landau-
Lifshitz-Gilbert equation, given as

dM dM
T = MO X Ho 4 3 M) x T

where,y, Mg anda are the gyromagnetic ratio, saturation magnetimaéind Gilbert damping constant,
respectively. The resonance fieltkyr for the in-plane magnetic field is determined b Kittel's
formula® (w/y)? = Hewr (Hewr + 47Ms), wherew = 2nf is the cyclic frequency of the magnetization
precession. The precession of the magnetic monfghed”y leads to spin pumping from the Py into the

n-Ge with the spin current dengity® of

Py/n—-Ge _ © “’i (t)] .
jt [ ot g (Mo x T2 e

wherer is the reduced Planck constafihe real part of the mixing conductangé in equation above
can be calculated from the difference in the FMRcs@l width Weyn.ce Of the Py/n-Ge/Pd sample

relative toWe, of the Py/SiQ samplé*:

gl = M(NG
r Jlip® y/n—Ge

— Wey),

whereg, us anddey are theg-factor, Bohr magneton and thickness of the Pyrlagspectively. Using the
parametergoHevr = 96.5 mT,g = 2.12° w = 6.02x106° s*, y = 1.86x10" (Ts)", 4tMs= 0.984 T,dpy =

25 NnM,Woy/n.ge = 3.19 mT Wp, = 2.55 mT, the real part of the mixing conductanees calculated to be
git = 2.15x1&° m?. Py for Py/n-Ge/M&" and Py/Si@ samples was always evaporated at the same time
and chamber load to obtain the same Py qualitgdanpared samples. Difference in the FMR full width

at half maximum for samples produced on the sanisteate was within £ 0.05 mT. Using the

aforementioned parameters, the spin current deasttye Py/n-Ge interface was obtained to be

Py/n-Ge _ gglyzhzh[‘}”MsV +(dMg)2y? + 4w2]
Js 8ra2[(4mMs)2y? + 4w?] )
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Figure 2-8. A schematic illustration of the spin current dangpduring propagation through the n-

Ge channel.

whereh was equal to 0.06T at a microwave power of 200 mW. Using the ecqmauaibovejsP y/n-Ge

was calculated to be 1.33x10m?.

2.4.4 Calculation of the spin current damping in tke n-Ge channel

Furthermore, the author proposed a simple georatétmodel to take into account spin current
dissipation in the n-Ge channel (Fig. 2-8). Durépin transport from Py to Pd through the n-Ge chhnn
the spin current densiy}fwn_ce is exponentially damped on the spin diffusion t@ng,c. of n-Ge.
Taking into accountlevice geometry, the author assumed that halfefth strip contributes to the spin

current in the direction of the Pd strip. Integngtiover this half gives the spin current densityhat n-

Ge/Pd interface as
Wey

2
_ o 1 _Lpy-pa+x e ley-pajy ey
];1 Ge/Pd =j§Y/n Ge f e An-ce dx =]-SPy/n Gee ToGe D Ge 1—e 2Mnce |,
Wpg4 J Wpd

whereweq = 1.5 pm is the width of the Pd strip. The gamtarp,.rq was measured to be 620 nm using
atomic force microscopy. The conductivity of the B¢ = 1.97x16 (Qm)™* ** is over one order of

magnitude higher than that of the n-Ge channel irsethe study, e = 8.22x10 (Qm)™*; this fact and

Ge/Pd

the calculated value 9@" allowedthe author to modify the commonly used expres§j@nd write

down the voltage of the ISHE from the Pd strip as
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Figure 2-9. The gap Iengtthay_Mesm) dependence of the normaliz&ge contribution to the
electromotive force/ detected from théa) Pt strip of the Py/n-Ge/Pt samples ghbyl Pd strip of

the Py/n-Ge/Pd samples under the FMR. The filleg lgircles represeMsye normalized by spin

current density at the Py/n-Ge interfa'gg/“_(}e, whereas the purple line is the fitting curve as

described in the 2.4.5 section.

_ lpyBsupdpq tanh(dpa/22pa) (2€\ 1_ge/pd
ISHE = N Js ,

dpaOpq
wherelp, = 900 pm is the length of the Py stripg = 10 nm is the thickness of the Pd strip, aggk =
0.01% andipg = 9 NM% are the spin-Hall angle and the spin diffusiongténof the Pd, respectively.

Using the experimentally measurg@dye = 1.62 4V and the equations above, the authoulzaéd the

value of the spin diffusion length in the n-Ge @i, = 680 nm.

2.4.5 Estimation of the spin diffusion length in nse channel from the gap length

dependence

Formation of germanide at the n-Geffeinterface can take place at comparatively low
temperatures, which can be achieved during thel met@oration process: it may have led to the chang

in spin transport properties of the n-Gefifénterface. However, these changes do not depertideogap

distancelp,_yesor between the Py and M@ strips. To confirm thé.,.ce estimation, the dependence of

the gap lengtlp,_ysor was measured. Th¥sye behavior over changes Ip,_yesor is governed
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through spin current density damping in the n-GeildaFigure 2-9(a) shows the fitting of the gapgiin

Lpy.ptdependence of the normaliZéd,e with the function

Wpy

VISHE/j;)Y/n_Ge = Aldy_gee "/ *n-ce <1 - e_Z/In—Ge>

Using the above fitting function, the spin diffusitengthl,c. was estimated to be 460 nm. From the
dependence of the normaliz€de in the Py/n-Ge/Pd samples (Fig. 2-9(b)) on thelgagthLpy.p4 An-ce
was estimated to be 580 nm.

Finally, taking the data from all samples into @eott, the author estimated the spin diffusion
length in the n-Ge channel at room temperaturest, b = 660 + 200 nm. The spin diffusion length in
highly doped n-Ge (with a doping concentratiomef 2x103° cmi®) was reported to be 580 nm at £K
An important step forward was made 3 years latbienw,, c. = 590 nm was realized at 150 K in n-Ge
channel § = 10® cm?® "®. The author made a final step towards room tenperaGe spintronics by

achievingl,.ge= 660 + 200 nm at room temperature.

2.4.6 Control experiments

As a part of the control experiment, a sampleydh#e/Cu was prepared with a Cu strip (Fig. 2-
1(b)), instead of a M&' strip. The gap distande.c, was measured to be 490 nm. Figs. 2-10(g) and 2-
10(h) show the detected electromotive force undenaowave excitation of 200 mW for two sample
orientations. In contrast to the Py/n-Ge/Pt andh#3#/Pd samples, the electromotive force possesses
asymmetric shape that reverses its sign oygikz. This fact strongly indicates that the origin et
symmetric part of the electromotive force signathia Py/n-Ge/Pt and Py/n-Ge/Pd samples is the IBHE
Pt and Pd, which have significantly stronger SQintlCu (SOI scales approximately Zs whereZ is
atomic number of the matertjl As a second part of the control experiment, saenple of Cu/n-
Ge/Py/n-Ge/Pd (Fig. 2-1(c)) was produced with Héthand Cu strips, which were located on different
sides of the Py strip. The gap distance betweean@lyPd was measured to lng..4= 320 nm, whereas
that between Py and Cu was measured tbphe, = 420 nm; the microwave power was set to 40 mW.
From the Cu strip, similar to the previous caseasymmetric electromotive force shape was detected
(Figs. 2-10(i) and 2-10(j)), which is in contrastthe electromotive force from the Pd strip; thiteladid

not change sign overrvr, but instead acquired a symmetric shape (FigsO(R}land 2-10(l)), as
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Figure 2-10. The FMR signal ddH dependence on the in-plane external magnetic fieldr

Py/n-Ge/Cu(a) 64 = 0° and(b) 65 = 180°, for Cu/n-Ge/Py/n-Ge/Rd,e) 64 = 0° and(d,f) 6, =

180°. The electromotive forcé detected under FMR from the Cu strip of the Py&i€h sample

(9) 64 = 0° and(h) 6, = 180°, from the Cu strip of the Cu/n-Ge/Py/n-Ge#adcple(i) 64 = 0° and

() 6+ = 180°, from the Pd strip of the Cu/n-Ge/Py/n-GegBohplek) 64 = 0° and(l) 64 = 180°.
expected from the ISHE. It should be noted that tkesult provides direct evidence of successful spi

transport in n-Ge at room temperature because yanmastric signal was detected from Cu, whereas a

distinctly symmetric electromotive force was degeictrom Pt and Pd.

2.4.7 Determination of the temperature dependencef dhe carrier mobility in the n-Ge
channel using maximum-entropy mobility spectrum andysis

To determine the mobility in the n-Ge channel damfor magnetoresistance measurements were
prepared. Contact pads (5 nm-thick Ti/45 nm-thiak) Avere formed on top of the n-Ge epilayers by

electron beam evaporation. The samples were etich&@% hydrofluoric acid solution and washed in
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Figure 2-11.A schematic layout of the (a) Hall resistance @)dnagnetoresistance measurements

of the n-Ge channel

deionized water prior to the evaporation of confzards to remove the natural Ge oxide layer. Thé Hal
resistance (Fig. 2-11(a)) and magnetoresistange PF11(b)) of the n-Ge channel were measureden th
magnetic field range from 0 to 9 T at certain terapges. Afterwards, the mobilify.ce was determined

by a maximum-entropy mobility spectrum analysis tbé magnetic field dependence of the Hall
resistance and magnetoresistance (Note: while utreoa himself carried out all magnetoresistance and
Hall resistance measurements, maximum-entropy ftlsibectrum analysis—using data measured by
the author—was done by Dr. Maksym Myronov from N&ilicon, Univ. of Warwick, United Kingdom).
The entire procedure was repeated for all needapdaratures, and the obtaingds.(T) is shown in Fig.
2-12. In the maximum-entropy mobility spectrum gse components of the magnetoconductivity tensor,
oxy (B) andoy (B) are calculated from the sheet values of the tealbtivity p,, (B) and magnetoresistivity
pxx (B) and then converted into a mobility-dependent cotidity tensors(u) (also called mobility

spectrum) using the following equatiofis®

© s
oxx(B) = f_wmd,u,

* s(wuB
O-xy(B) =,f_001+(HB)2 u

Then, the mobility spectruis{x) that provides the best fit tg,(B) andoy, (B) is found using the entropy
maximization approach (Fig. 2-13). For the detaieglanation of the maximum-entropy mobility

spectrum analysis, please $ée
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Figure 2-12. Temperature dependence of the mobility of the ne@iayer obtained from the

maximum-entropy mobility spectrum analysis. Errardare defined by the maximum-entropy

mobility spectrum analysis fitting parameters.
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Figure 2-13. Characteristic mobility spectrum obtained for th&e channels used in author’s
study. Peak in conductivity at negative mobilityresponds to the electron carriers in the 50 nm
heavily n-type doped Ge epilayer (phosphorous dppioncentration of ~1.0xiD cmi®).
Additional small peak at positive mobility correspls to the hole carriers in the 1 pm-thick

undoped Ge epilayer under main channel.
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2.4.8 Temperature dependence of spin transport pragties and spin relaxation mechanism
The author measured the temperature dependertbe t8HE voltage in the Py/n-Ge/Pt sample
to shed light on the spin relaxation mechanisnthie n-Ge epilayers used in the study. The author
assumed the Elliott-Yafet mechani$im® of spin Hall conductivity of Pt, i.elp (T) < op (T) , and
constant spin Hall conductivity with changing temgiare®'*"'°® Additionally, spin pumping efficiency,

determined b;AH;’gV/};’D;Ge/Pd —AHS£§M, was independent of temperature (Figs. 2-14 ah8)2This is

in agreement with the line&V curves observed using two terminal measurementbthee fact that spin
pumping was reported to be free of the impedaneenatich problefi®. Using the aforementioned, the
author extracted,.ge(T)/An-ce(297 K) (Fig. 2-16(a)). Furthermore, the tempemtdependence of the
mobility of the n-Ge channel,ce was determined using maximum-entropy mobility $paso
analysis®™*® Mobility in the n-Ge channel changed from 210486V 's’ at room temperature to
376+30 cmVs* at 130 K (Fig. 2-12). Mobility value of the Ge cimel was smaller than in bulk Ge
crystals (up to 1000 civ's"), however, it was still larger than in Si with diog concentration of 18
cm’® (up to 100 crfv's%)®%1%119 The spin relaxation time.c. is related to spin diffusion length by the
equationi,.ge :m, whereD is the diffusion constant directly proportionalttee mobility un.ce
This allowed the author to plot the ratigze(T)/z.ce (297 K) as a function of temperature (Fig. 2-15(b)
The lowest conduction band in germanium consistfoof L valleys, with the centdtvalley located
0.14 eV above it. The spin relaxation time duentwavalley scattering between lower conduction and
upper valence bands follows "> dependenc®. However, due to spatial inversion and time reslers
symmetries of the L-point in Ge, the intravalleyinsflip matrix elements for both phonon-induced
scattering'! and impurity-induced scatterii are very small. Thus, intravalley-induced spinttezing
can only be dominant at low temperatur&s<(20K*'), rendering intervalley spin scattering to be the
main spin relaxation mechanism in this woikX 130 K). Recently, a novel spin relaxation medran
by intervalley scattering in the presence of magngeld originating fromg-factor anisotropy was
discovered in G&°. However, inthe author's case, due to degenerate doping amdfast spin-
conserving momentum relaxation time at temperatatese to room temperature, this mechanism is
suppressed. Using the amplitude of the externalnetig field B ~ 0.1T and intervalley momentum

relaxation time < 1 g$'in Eq. 4 from*3, one can find that the contribution to the spiaxation from the
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Figure 2-14. Temperature dependence of tf@ derivative FMR spectruml@iH, (b) FMR
spectruml (H) and full width at half maximumHgyuw of FMR spectrum for Py/SiCstructure. In

(c) filled blue circles are experimental data, putple is fitting by the constant.
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g-factor anisotropy mechanism is negligible comgdate intervalley scattering with phonons. Spin
relaxation due to intervalley electron-phonon seaty is governed by X phonons, which connect the
centers of two different L-valleys These phonons have an energy of approximatelpe®@******and
obey the Bose-Einstein temperature distributionrekults in a strong exponential behavior of spin
relaxation time around room temperatite By contrast, the spin relaxation time showed weak
temperature dependence and increased only by arfac from room temperature = 130 K.
Therefore, the author ruled out intervalley spitexation due to phonon scattering as a dominant
mechanism in the studied n-Ge channels. Indeedadli®or observed saturation of the carrier mobility
below 170 K, which indicates dominance of the iedizmpurity over phonon scattering in the highly
doped n-Ge channel at least at low temperaturescént theor{/? showed that in Ge, impurity scattering

spin relaxation is governed by an intervalley shamge scattering off the central-cell potential of

impurities. In this theory, in strong degeneratgimes, the spin relaxation time exhibits/T behavior
(see Eq. (4) it9), which is similar to the weak dependence,ef.(T) observed in this work. Thus, in the
highly doped n-Ge used in the study, impurity spiattering is dominant over other spin relaxation
mechanisms. Finally, in addition to considered bsikn relaxation mechanisms, the author cannot
exclude a possible contribution from interface sggattering. However, the donor-driven spin reliaxat
mechanism discussed above holds also for the auterpin relaxation, if the scattering centershat t
interface allow for scattering between two vallegsiding on different crystallographic axes. Frgmns
transport experiments, the Elliott-Yafet mechanisas reported to be dominant in highly doped n-Ge,
but the data range was only up to 108'® with no correlation of;,.ce with temperature in the range
from 150 K to 225 K& Thus, for the first time, the author covered ifm@ortant range from 130 K to
room temperature and provided experimental evidefaeimpurity-driven spin relaxation mechanism in

highly doped n-Ge.

2.5 Conclusion

In summary, the author was the first to directyrbnstrate spin transport at room temperature in
epitaxial n-Ge with a doping concentration of ~1LOX cri® using a spin pumping method and ISHE.
The spin diffusion length in Ge at room temperatues estimated to bg g = 660 + 200 nm. The spin

diffusion length was comparable to the reportediesifor Si channels with similar doping concentrati
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(s = 600 nm at doping concentration n = 5¥1€m®) **°. However, limit for the electron mobility in
bulk Ge is 5 times larger than mobility observedhe Ge channels used in the author’s study. T$pis,
diffusion length can be further increased with ioying quality of the Ge channel. Additionally, aoith
showed that the spin relaxation time increased d#breasing temperature, in agreement with recently
proposed theory of donor-driven spin relaxatiominitivalley semiconductot¥. Strain control over spin
relaxation at L-point can further improve spin x&ton time and spin diffusion length. As a resilthe
author’s study, room-temperature Ge spintronics @stablished. Room-temperature spin transport has
now been shown in both pivotal semiconductor mal®riGe and Si, providing new opportunities for the

future of semiconductor spintronics.
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Chapter 3. Gate-tunable spin-charge conversion and role of spin-

orbit interaction in a single-layer graphene

3.1 Abstract

The small spin-orbit interaction of carbon atomsgmaphene promises a long spin diffusion
length and potential to create a spin field-eftembsistor. However, for this reason, graphene largely
overlooked as a possible spin-charge conversioemahtin this chapter the author reports eleajate
tuning of the spin-charge conversion voltage sigmal single-layer graphene. Using spin pumpingnfro
yttrium iron garnet ferrimagnetic insulator andimhquid top gate the author determined that thesise
spin Hall effect is the dominant spin-charge cosi@r mechanism in a single-layer graphene. From the
gate dependence of the electromotive force theoawhowed dominance of the intrinsic over Rashba
spin-orbit interaction, and estimate its strengihbe ~1 meV: a long-standing question in graphene

research.

Results presented in this chapter submitted to:

S. Dushenko H. Ago, K. Kawahara, T. Tsuda, S. Kuwabata, TkeFebu, T. Shinjo, Y. Ando, and M.
Shiraishi, Gate-tunable spin-charge conversionaarale of spin-orbit interaction in graphene, PiRsy
Lett, submitted.

Copyright 2015 American Physical Society
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3.2 Introduction and motivation

Spintronics promises salvation from the scalimgithtions of electronics. However, to create
spin-logic devices, long spin transport and contothe spin current must be achieved. In thistligh
single-layer graphene (SL8j—a two-dimensional sheet of carbon atoms bound thegeby sp
hybridized orbitals in a honeycomb lattice—has nez tremendous attention as a potential mateoial f
spintronic devices. Graphene has a long spin rétaxéime and spin diffusion lengtf** and, due to
its two-dimensional nature, its electronic proptcan be easily modulated by gate voftdg@nother
important requirement to create spintronic devisdhe ability to convert spin current into chaoyerent
and vice versa. The spins of the carriers are eoupd the angular momentum of the lattice atoms
through the spin-orbit interaction (SOI). Howev&Ql is not restricted to the lattice atoms and
fundamentally originates from the coupling betwdes electric field and the moving spin, and enables
the conversion of the pure spin current into tharga current (inverse spin Hall efféct, inverse
Rashba-Edelstein efféé?'?) and reciprocally (spin Hall effect Rashba-Edelstein effétt2j. In this
recently-emerged experimental spin-charge conuersianch of spintronics, graphene was largely
overlooked due to the very small intrinsic spinibiinteraction of carbon atoms, with only a few
experimental studies performé4'?® Despite many theoretical studies, there is stllagreement in the
literature today on the strength and type of than-sparge conversion and underlying spin-orbit
interaction mechanism in graphene (dependent @pieiident on electric field). The author’s aim iis th
study was to experimentally distinguish betweenngpbit interaction mechanisms in SLG. By
measuring the gate voltage dependence of the bpirge conversion in SLG on top of ferrimagnetic
insulator yttrium iron garnet (Y1G), the author elehined the dominant type of spin-charge conversion
mechanism. It allowed the author to estimate splitanteraction strength in pristine SLG, whichatf
was a long-standing question in graphene research.

The author used spin pumpfff to generate a pure spin current in the SLG. In gpimping,
precession of the magnetization in the ferromagn&yer drives pure spin current through the
ferromagnetic interface. Spin current transfersgbi@-angular momentum from the ferromagnetic layer
to the adjacent layer, thus leading to enhancedxa@bn of the magnetization precession under

ferromagnetic resonance (FMR) conditions. Spin gompvas shown to overcome the conductance
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mismatch probleM® and has recently been widely used for spin igacin semiconductot$
conjugated polymetSand SLG®. As a ferrimagnetic insulator, YIG has great ptis¢ras a spin source
due to its low magnetic damping and band gap ofeX/7at room temperature. The large band gap at
room temperature prevents spurious voltage sigrais the ferrimagnetic layer, which are preserthia
case of common metallic ferromagrétsSpin injection into graphene using spin pumpiegently
received attention both from theoretfédland experiment®'® studies. In this chapter—using spin
injection from the YIG substrate via spin pumpindre-author studied spin-orbit interaction in SLG and

achieve spin-charge conversion tuning using galtag® application.

3.3 Experimental details

3.3.1 Layout of the experiment

A schematic layout of the experiment is shownim B-1. Precession of the magnetic moment in
the YIG layer under FMR conditions led to the floithe angular momentum into the adjacent SLG (Fig.
3-1(a)). In the SLG, due to the spin-charge conearsthe spin current was converted into a charge
current. The generated charge current was detastedvoltage at the Ti/Au contact pads on the af@os
sides of the sample (Fig. 3-1(c)). The carrier dgrend carrier type were controlled via an ionguld

electric gate on top of the SLG (Fig. 3-1(b)).

3.3.2 Fabrication of the samples

The YIG (2 um in thickness, lateral sizes 1.5 mm mm) was grown on gadolinium gallium
garnet substrate by liquid phase epitaxy and isnceroially available (GRANOPT, Akita, Japan). The
top YIG surface was polished using agglomerate-&leenina polishing suspension, with a particle size
of 0.05 pum for 6 min and was afterwards annealediiratmosphere at 800°C for 2 hours. SLG was
grown using atmospheric pressure chemical vapoosiépn on top of an epitaxial Cu(111) film at
1075°C?. Spin coated poly(methyl methacrylate) and Fe-&ant ammonium persulfate (NRS,0s
were used to transfer SLG onto the gadolinium gialgarnet/Y1G substrate to avoid magnetic impusitie
in the SLG (Note: single-layer graphene was growrthe author’'s collaborators Prof. H. Ago and K.
Kawahara from the Carbon Electronics Group, Inifior Materials and Chemical Research, Kyushu
University, Japan). Ti (5 nm)/Au (100 nm) pads wiemened by electron beam evaporation on top of the
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SLG, with a width of 0.5 mm and a channel lengttwleen pads of 2 mm. Wiring was performed using
Cu wire with a diameter of 100 um and Ag paste. ibnéc liquid top gate was prepared using a mixture
of 60 vol% PVdF-HFP (solution of poly(vinylidenaiéiride-co-hexafluoropropylene) in acetone, with 1 g
of polymer per 30 ml of acetone) and 40 vol% ,BfEsH1sBF4N, 1-butyl-3-methylimidazolium

tetrafluoroborate).

Figure 3-1.(a) Under the FMR pure spin current was transferreduih the YIG/SLG interface.
The pure spin current in the SLG was converted artan-plane charge currerfb) Schematic
view of an electric gate using ionic liquid place top of the SLG(c) Layout of the spin-charge
conversion experiment in the YIG/SLG sample. Thaeegated voltage was detected from the

Ti/Au contact pads.
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3.3.3 Measurement procedure

For the measurement sample was placed on a quattasing double-side adhesive tape and
mounted inside the To cavity of a JES-FA200 electron spin resonancetspeeter with a microwave
frequencyf = 9.12 GHz. The electromotive force from the sanwhs detected using a KEITHLEY
2182A Nanovoltmeter. A gate voltagé was applied using a KEITHLEY 2400 SourceMeter. The
measurement procedure was as follows. The sammecoaled to 250 K, andg value was set. After
waiting for 10 min for the development of the etectiouble layer at the SLG/ionic liquid interfageith
gate currentg becoming less than 1 nA, signifying the end ofgbkarization process in the ionic liquid),
the system was cooled to 200 K. At 200 K, spin pmgypneasurements at microwave powgty = 4
mW were performed. Temperature was controlled Viquad nitrogen variable temperature unit ES-DVT
4 with an accuracy of £ 0.5 K. To chandg, the system was heated to 250 K, and the entioeepure
was repeated. Thi-Vg curve measurements were performed using an AGILBN36C Precision
Semiconductor Parameter Analyzer. The temperatasemaintained af = 250 K, with aVs sweeping
rate of 0.5 mV/s. This allowed polarization of thlectric double layer to follow the sloWs sweeping.
During thelp-Vg measurementdg was below 10 nA and was at least® Xnes smaller tharp.
Temperature dependence of the SLG resistivity veaig weak, with resistivity decreasing by less than
2% from 250 K to 200 K. Raman spectra were measwitda confocal Raman spectroscope with 532
nm laser excitation (Tokyo Instruments, Nanofin88) (Note: Raman spectra were measured by the
author’s collaborators Prof. H. Ago and K. Kawahfian the Carbon Electronics Group, Institute for
Materials and Chemical Research, Kyushu Univerdipan; analysis of the Raman spectra data was

carried by the author himself).

3.4 Experimental results and discussion

3.4.1 Raman spectroscopy

The author now proceeds to the experimental eslifte author used high-quality SLG grown by
chemical vapor deposition using an atomically @pitaxial Cu(111) thin filf®. Figure 3-2 shows the
typical Raman spectra of the SLG after transfethenSiQ (red line) and YIG (purple line) substrates.

Blue and green lines show Raman spectrum of Yl@reefingle layer graphene transfer and difference
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Figure 3-2. The Raman spectra of the YIG substrate withoutlsitayer graphene (blue line),
YIG/SLG (purple line), difference Raman spectrunG¥3LG-YIG (green line), and reference
Si/SIG/SLG (red line) samples. Both SLG were grown in #agne batch and were afterwards

transferred to the designated substrates.

Raman spectrum YIG/SLG-YIG, respectively. The B8DG and YIG/SLG-YIG Raman spectra
showed sharp G and 2D-bands with a high relatitenaity (,o/lc) > 2. In addition, D-band at 1340 ¢m
which originates in the structural defects and sdg&s negligible. These results confirmed the gnow
and successful transfer of high-quality SLG. Reasigheak from YIG substrate at 2520 tis present in

the difference spectrum due to change in the inten$ the YIG bands between YIG and YIG/SLG

samples.
3.4.2 Ferromagnetic resonance measurements

3.4.2.1 Ferromagnetic resonance spectra fitting
Experimentally detected derivative FMR specttéHifdH were integrated, and resultin{H)

spectra were fitted using function:

=1 G3m o 1. ~2Gasymbo(H — Hasym)
=Ig A
ym ﬂ(z) (H - HFMR)Z + GSZym o H% (H - HAsym)2 + G./isym

+ au§(H — Hpmr)?

+ buo(H — Hpmg) + ¢,
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where the second term describes asymmetry in therspn caused by the magnetostatic surface waves at
(H < Hgmr) and magnetostatic backward volume wavediat Heyr), and last three terms are quadratic
background term (comes from integrating of thedimgackground in the derivative FMR spectrum) (Figs
3-3(a) and 3-3(b)).

However, fitting using standard function:

G? —2Guo(H — Hpmr)
I(H) =1 + 1
(H) = Isym W2(H — Hpyp)? + G2~ 2™ p2(H — Hpyp)? + G2

+ apo(H — Hpmr) + b,
produced closely same results. If performed muttphes on the data, fitting results always conedrip
the same values. While spin waves can greatly afifiecmicrowave absorption spectrum, their inflleenc

on electromotive force is lesser due to smallen gpimping efficiency comparing to the uniform FMR

mode, especially for backward volume modé¥

3.4.2.2 Ferromagnetic resonance measurement undemt gate voltage application
Figures 3-4(c) and 3-4(d) show the FMR spectruth wie external magnetic field applied in the

plane of the sample surface. Microwave magnetid fieexcited resonances in the FMR spectrum

a ° Eﬁ(periment ' ' ' = I b EI in t I l l = I
( )450 = Fitting: Sym. + VG 0.5V ( )450 ;Fl);t?r?gmsi% + VG =10V
= I + Asym. + Background 0 =0° = | + Asym. + Background 0 =180° b
S A+ baokgron " S TR aacrareon ol
ym. + u - A . + Back d —
_e' 300 | Background 7 =200K o300 Bz)é:;rounadc oo 7 =200 K-
J J
T 150 T 150
0 pe= 0
2 A 0 1 2 2 - 0 1 2
/UO(H' /-/center) (mT) ’uO(H- /_/center) (mT)

Figure 3-3. Fitting of the microwave absorption spectrifid) measured at microwave power=

4 mW, T = 200 K.(a) gate voltage/s = 0.5 V, external magnetic field was applied ia ¢h = 0°
direction,(b) gate voltage/s = 1.0 V, external magnetic field was applied ie éh = 180°. Blue
filled circles—experimental data, purple line—figy by the equation described in the section
3.4.2.1. Orange line shows asymmetric contributile to the presence of the magnetostatic
surface and backward volume waves. Red and grees lhow symmetric contribution and

background, respectively.
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Figure 3-4. Derivative FMR spectraltiH (a,b) and FMR spectr&H) (c,d) under gate voltage

applicationVg = 0.5 V (blue dasheline) andVg = 1.0 V (purple line) fogy = 0° (a,c) and6y =

180° (b,d). The FMR full width at half maximumHgyuw (€) and the FMR amplitudésyr, ()

dependence on the gate voltage Lines and solid circles represent the fittingthg constant and

experimental data, correspondingly. Additional reswes in the derivative FMR spectra and

asymmetry in the FMR spectra are caused by the etagiatic surface waves & € Hewr) and

magnetostatic backward volume wavestat(Hewr)-
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through coupling to the magnetostatic spin-wavehénYIG layer. The peak of the absorbance spectrum
at Heyr corresponds to the fundamental wave mode withO, which is equivalent to the uniform FMR
mode in the ferromagnetic layers. Slight asymmefrthe absorbance spectrum in the in-plane external
magnetic field configuration was caused by magratiossurface waves &t < Hryr and magnetostatic
backward volume waves Bit> Heyr'*"**2 From the FMR spectrum, the saturation magnetinaif YIG
waspM = 0.169 T at room temperature (using g-fagter 2.046°°), which agreesvell with the values
reported for YIG films in the literatufé'®> The saturation magnetization at the temperatfirepm
pumping measurement$ € 200 K) wasuyM = 0.204 T, which was in accordance with a tempeeat
dependence qigM from Neel’s two-sublattice modét. Though in metallic ferromagnet systems the bias
voltage can influence the spin pumping efficienbyotigh the control of the depletion region and
Schottky barrier height, spin pumping from the ifeaignetic insulator with large 2.7 eV bang gapeef

of this problem. Additionally, the authaneasured linedrV curve at room and low temperatures, ruling
out presence of any energy barriers at the Au/T¥/Siterface. Thus, spin current injection and FMR
spectrum are expected to be independent of gatagenlDetected derivative FMR and FMR absorbance
spectra (Figs. 3-4(a,b,c,d)) were identical for \0.&dashed blue line) and 1.0 V (purple line). Tdrain
currentlp showed strony/s dependence, confirming the carrier density mocwaand switching of the
carrier type from holes to electrons (see Fig. &)%6(In contrast, both the FMR full width at half
maximumAHgwnv (Fig. 3-4(e)) and the FMR amplitudlg., (Fig. 3-4(f)), obtained from the fitting of the

FMR spectrum, were independent \¢§ and lied in the rangepAHSyym = 0.545 mT (52 %) ,

HoAHE M = 0.540 mT 155 %), IS, = 436 arb. unit {33 %), andigdy = 398 arb. unit {33 %). The
small difference in the FMR at the opposite dimasi of external magnetic field was caused by

differences in the spin wave resonances due thtbfidifferent sample position &t = 0° andyy = 180°.

3.4.2.3 Spin pumping contribution to the Gilbert danping constant

Enhancement of the Gilbert damping due to the FtiRle spin pumping was predicted to be
inversely proportional to the thickness of the netgninsulator filni*°. This effect originates from the
fact that total magnetic moment of ferromagnet e@ses together with its thickness, thus it becomes
more sensitive to the transfer of angular momenaitnthe interface. Peak-to-peak widfH,, of
derivative FMR  spectrum I(H)/dH is proportional to the Gilbert dampingoa:
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where AHgpwuw is full width at half maximum of the FMR, is microwave frequency, andis the

gyromagnetic ratio. In agreement with theoreticed¢diction in YIG/Pt spin pumping experiments

increase in thﬁoAHgéG/ P=YIG _ ,quHgE,G/ P —1oAHYIG was measured to be 2.4 mT this = 20 nm/f =

9.65 GHZ’, but only 0.12 mT fody,c = 96 nm,f = 10 GHZ** Thus, for the YIG/Pt one expects upper
limit of FMR broadening due to spin pumping g = 2pum, f ~ 9-10 GHz to b@AHp, < 0.005 mT. In
contrast to other nonmagnetic materials, Pt ldyiekeér than 10 nm behaves as almost perfect spka si
Thus, upper limit forAH,, is expected to be even smaller in YIG/nonmagnststems where spin orbit
interaction weaker than in Pt (including studiedthis chapter case of SLG). Taking into account tha
microwave absorbance spectra qirff YIG are complicated by the presence of the aulthli spin wave
resonancesjH,, broadening due to spin pumping on the order of & is below detection limit in
electron spin resonance system used by the autloevever, real part of spin mixing conductarge
which governs spin current injectiois, proportional to theAa-dyg, thus effective spin pumping is

possible despite very smalt..
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Figure 3-5.Normalized microwave absorbance spectra for tt@, YIIG/SLG and YIG/SLG/lonic
liquid samples (greemlue and purple lines, respectively). Contributitom magnetostatic surface
waves caused difference in the spectrl atHryr. External magnetic field was applied in (@@

6 = 0° and(b) 6, = 180° direction.
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Figure 3-5 shows normalized FMR spectra for YIGGAKLG and YIG/SLG/Ionic liquid (green,

blue and purple lines, correspondingly). In agresmeéth the previous discussion, peak-to-peak wadth

YIG/SLG _

of the FMR spectra obtained from the fitting welesely the saquoAHglgG = 0.32 mT wAH,,

0.30 mT,ﬂOAH;(II,G/ SLG/lonicliquid — § 39 T In contrast to backward volume and FM&des, surface

waves modes are sensitive to interface conditi@m éor thickdy,c = 2 um films. In the in-plane external
magnetic field configuration, right shoulder of thRtMR (H > Hgyr) is modulated by magnetostatic
backward volume waves, while left shoulder<{ Hryr)—Dby the magnetostatic surface waves. Thub at
> Hewr YIG, YIG/SLG and YIG/SLG/IL spectra were nearlyeittical, but aH < Hryr difference was

more pronounced and caused by magnetostatic swkags (Figs. 3-5(a) and 3-5(b)).
3.4.3 Electrical measurements

3.4.3.1 Electromotive force generated under ferrongnetic resonance

Next, the author discusses electrical response of theSIIG under gate voltage application. It
was shown that spin current generated throughgimetHall effect can be used to switch magnetizaiion
spin-torque devicéd However, until the present, sign of the generafed and charge current could only
be changed by reversal of the magnetic field or@oeurrent. Fig. 3-6(a) shows the dependenceeof th
drain currentp between Ti/Au terminals under sweep of the gateageV/; for the YIG/SLG structure.
The minimum of thdp curve represents the position of the Dirac painthieVg sweep. Figures 3-6(b)
and 3-6(c) show the detected electromotive forcdeurthe FMR conditions and application of gate
voltage. The generated spin current, i.e., trarefieangular momentum from YIG to SLG, is proporébn
to the area swept by the YIG magnetization durirgggrecession. Thus, spin current has maximuneat th
FMR field Heyr: at which microwave power absorption and precesaimle are the largest. As a result,
electromotive force generated through the spingdhapnversion has a symmetrical shape with respect
the Hewr. The measured voltage signals were deconvolvedsyrmetricaVsym andVasym contributions
using the Lorentzian functioffs The small asymmetric contributidfasym to the voltage signal may have
arisen from spurious effects, which include thereféécts. AtV = 0.5 V (blue filled circles in figures 3-
6(b) and 3-6(c)) the Fermi level in SLG was tunedoty the Dirac point, where holes acted as a

dominant carrier. WheNg was tuned to 1.0 V (purple filled circles in figgr3-6(b) and 3-6(c)) the
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Fermi level crossed the Dirac point, and the catyipe was changed from holes to electrons. Thagha
in the carrier type was accompanied by switchinthefvoltage signal sign for both = 0° anddy, = 180°
directions of the external magnetic field. Thugjade voltage can be used to switch sign of thegehar

current generated through SOI.

{
|t V05V \i

8. =05V
e V=10V ' ° V=10V
-12 . I L 1 L 1 s 1 s i . ] " 1 L 1
231 232 233 234 231 232 233 234

pH (mT) #yH (mT)

Figure 3-6.(a) Ip-Vs measurement &t = 250 K. In theblue area, the carrier type is holes; in the
purple area, the carrier type is electrons. Geedrabltage under the FMR and application of the
gate voltage/s = 0.5 V (blue filled circles) andfg = 1.0 V (purple filled circles) for the direction

of the external magnetic field 64 = 0° (b) andéy = 180°(c).
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3.4.3.2 Electromotive force fitting
Electromotive force was fitted with the standardréntzian function used in the ISHE

experiments:

+ aug(H — Hpmg) + b,

r? —2I"po(H — Hpmr)
V(H) =V +V
(H) Y™ 2(H — Hpmp)?2 + T2 Y™ 42(H — Hpyp)? + I'2

where the first term expresses electromotive folee to ISHE (even with respect ltb— Hgyr ), second
term—electromotive force due to spurious effectsluding anomalous Hall effect (odd with respedtito
— Hewr), last two terms—background voltage (Figs. 3-7éad 3-7(b)). For example, dip in the
electromotive force in Fig. 3-7(a) ad(H — Heente) = — 0.5 mT in the fitting is included inside teecond
term for the spurious contributions (orange lin€ig. 3-7(a)). This is supported by the fact thigtid not
reversed betweefy; = O° anddy = 180 (see blue and purple filled circles in Figs. 3)6énd 3-6(c)).

Thus, this dip doesn’'t possess the symmetry o $ih¢E on the reversal of the external magnetic field

direction.
a) | e Experiment I l -0 5 b) | |= l ' eE pelr'ment l
(@)g[ Experiment V=05V (D) [ V=10V * Erperimert |
+ Asym. + Back d =N° | — o + Asym. + Background
6 —S)S/z:]+ Baiig?(;z:g HH 0 R eH_1 80 — Sym. + Background
- t— Asym. + Background 7=200 K 6 7=200 K Asym. + Background |
S 4 [— Background g 3 — Background
S | 24
S 9 S|
0 20
2L 10
L \ —
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Figure 3-7.Fitting of the generated electromotive force atnmivave poweP = 4 mW, T = 200

K. (a) gate voltagd/; = 0.5 V, external magnetic field was applied iaéh = 0° direction(b) gate
voltage Vg = 1.0 V, external magnetic field was applied ie &y = 180° directionBlue filled
circles—experimental dataurple line—fitting by the equation from the sentid.4.3.2. Orange
line shows asymmetric contribution due to due tarigus effects. Red and green lines show

symmetric contribution and background, respectively
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Electromotive force without thermal contributiaremn be calculated by subtracting voltage for the
opposite directions of external magnetic field Figure 3-8 shows (W = ) — V(04 = 180))/2 for Vg
= 0.5 V (purple filled circles) andg = 1.0 V (blue filled circles). Symmetrical shaffetlte signal means
that ISHE in the studied system is dominant ovdreotcontributions, such as recently discovered
anomalous Hall effect in the YIG/graphene systefiictvis caused by the magnetic proximity eff&ct

Finally, another common way to quantify ISHE—esai in cases when symmetrical shape of
voltage signal is distorted and fitting is difficdtis to use peak height of the voltage signal. @hthor
carried out same analysis using the height of geligeak, instead of the voltage obtained fromittied,

and came to the same quantitative conclusions.alvieeaged (over all data) ISHE voltage difference

Peak height Fitting
-V
between two methods W&r ‘S“ipeakheig{i“ ) = 6.1%. The author stresses that method used for
ISHE

analysis doesn't affect results reported in theptdra

—
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Figure 3-8.Electromotive force (M, = 0°) — V(04 = 180))/2 atT = 200 K forVs = 0.5 V andvg

= 1.0 V (purple and blue filled circles, respectyyeAfter subtraction of the electromotive force
for opposed direction of the external magnetiadfisignal has clear symmetric shape as expected

from the ISHE system.
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3.4.3.3 Polarization hysteresis of the ionic liquid

lonic liquid is a salt in a liquid state, meanitigt it mostly consists of cations and anions, in
contrast to ordinary liquids of electrically neutraolecules. Under application of gate voltage an
electric double layer was formed near the YIG/Sli@erface. lonic liquid consisted of the positively
charged @H;sN," and negatively charged ionic group BRith the charged parts of the cation and anion
separated by nonpolar alkyl chains (Fig. 3-9). FegBr10 shows the voltage sweeping hysteresiseof th
polarization process of the ionic liquid. The p@ation process of ionic liquid for the voltage weep
(from negative to positiv&/s) and downsweep (from positive to negatWg was different due to the
presence of the energy barriers during reorgaoizatf the electric double layer structure (analogy be
made to the magnetic hysteresis under the sweepiagnagnetic fieldy***” This hysteresis resulted in
the different position of the Dirac point for thp and down voltage sweeﬂ%‘}? £ V99wn  Switching of
the signal sign followed this hysteresis, thusdwihg Dirac point (Fig. 3-10). To avoid shifting tie

Dirac point the author used only data from the wgEgvmeasurements in the analysis.

H (hydrogen) ®
C (carbon)

N (nitrogen)

(%)
B (boron)

F (fluorine)

Figure 3-9. Structure of the ionic liquid: positively charg€gH:sN," and negatively charged ionic
group BR'. Under application of the voltage ionic liquid @&ts a gate on top of the SLG due to

formation of the electric double layer near the X3GG interface.
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3.4.3.4 Electromotive force under top gate voltagapplication

One of the points of interest of the experimestatem studied by the author was that the spin-
charge conversion of the spin-pumped current allbaifferentiation between device states with hald a
electron conduction. In contrast to common fielfbeff transistor devices, where by using an elegaie,
only one “on” state and one “off” state can be aghd,the device studied by the author showed three
different states: two “on” states and one “off’tetaThe “off” state was achieved by tuning the Ferm
level to the Dirac point using gate voltage. The two “on” states were characterized by positiv
negative voltage output, corresponding to a Feewell below or above the Dirac point (Fig. 3-10)eTh
achieved ratio between the “on” and “off’ statesswalO (it should be approximately *1or
implementation in real devices), however, it caadily be improved by implementing other than ionic

liquid top gate layer, which will allow more preeituning to the Dirac point.
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Figure 3-10.The polarization process of the ionic liquid foetvoltage upsweep (from negative to
positive Vg) and downsweep (from positive to negativg) was different, resulting WD“S’ #
V§swn. Switching of the voltage sign generated under FddBurred at the Dirac point for both the
upsweep and downsweep. The position of the Dirantpo the upswee “lf and downsweep
V§sWrwas determined from thg-V measurements at T = 250 K. During the FMR measeinésy

an external magnetic field was applied in the= 180° directionDashed lines are a guide to the

eye.
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In figure 3-11(a) the gate voltage dependencéspf for two external magnetic field directions
6 = 0° (purple filled circles) anéy = 180° (blue filled circles) is shown. Using tlesistance determined
from thelp-Vg measurements and the detected voltdgg, the author extracted the charge current
generated in the YIG/SLG system. Contributionsh® $pin-charge conversion current from holes and
electrons have opposite polarities. Hence, thegehaurrent generated in the SLG was described doy th

following relation:I = Ig(n, —ng)/(Nk + Ne) , Wherelg = Vlim I(Vg) is the charge current when the Fermi
G——

level is tuned far below Dirac point. Under theuasption that the carrier type is switched from kdie
electrons at the Dirac point, the dependence oténeger typenr,,. on the gate voltage is described by
Nrype = — SGNVs — Vbp), Wherenyy,e = 1 corresponds to the hole carrier type agg. = — 1 corresponds
to the electron carrier type. However, due to flatibns of the Fermi level in devices, both elawrand
holes are present near the Dirac point (phenomémomvn as electron-hole puddles). To take into

account presence of the electron-hole puddlesthedbirac pointthe author assumed the following

(a) 10f 1 (b)osf S !
5 04+ :

S ~~

A 2::/00

= ~ .04

N gl

Figure 3-11.Vsym (a) and spin-charge conversion currénf dependence on the gate voltage

for the direction of the external magnetic fiégddg, = 0° (black filled circles) anéy = 180° (red
filled circles). Lines show the fitting that tak@®o account the presence of the electron-hole
puddles near the Dirac point (solid lines) and fittexg using a simple one carrier type model

(dashed lines).
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distribution of the normalized electron and holeriea densities near the Dirac poir;rlt%z
h e

1 - e(VG-Vpp)/a

Vo Vpryagy an ine = Ve VoR/agr The generated charge current consisted of two ooes: the

contribution from the spin pumpinig, which reverses its sign at the reversal of thereal magnetic
field from 64 = 0° to 6y = 180°, and thermal componehi, from the heating effects, which was
independent of the magnetic field direction. Theapseters\{pp, @), dependent on ionic-gating, can vary
to some extent in different sweeps of the gateagelt(for6y = 0° andfy = 180°) due to structural
changes in the electric double layer of the ioigjaitl. However, the charge current parametgrandl,

are independent of the ionic-gate sweep, becawsedte determined by the spin pumping efficiency,

which is independent &fs. From the fitting of the experimental data thehautobtained valuelg = 1.05
NA, Ith = 0.32 NAVIE="" = 0.9 V,a%=0" = 0.25 V71~ = 0.6 v, ancdu?#=18%" = 0.19 V. Figures 3-
11(a) and 3-11(b) shows experimental data fittipgrimdel with the switching of the single carriepéyat

the Dirac point (dashed lines) and model with etetchole puddle transition (solid lines).

3.4.3.5 Back gate voltage measurements of condudiy
Cu wire with diameter 100m—that was used to apply top gate voltage in YI@S8anic liquid
system—acted as a second capacitor in series. 8if@es small capacity that author can’t estimate
precisely, the Fermi level position cannot be deieed directly from the applied top gate voltageeT
author applied back gate voltage measurements ltulae Fermi level position as a function of
conductivity for the SLG samples used in the auth@®@LG was transferred on top dfo, = 300 nm
_ €o€sio,

thick SiG, layer with sheet capacitanCe, == 0.0115pF-cm?, whereegio, = 3.9 is relative
Sio,

permittivity of SiQ,, ande, = 8.85x10" Fm™ is vacuum permittivity. Figure 3-12(a) shows degence
of the sheet conductaneg of the SLG under the back gate voltage; sweep from -30 to 30 V.

Quantum capacitance of the SLG, which is conneatederies toCsio,, can be estimated &5, =
ez(%)b_ . , Where e = 1.6xIH C is elementary charge. Sheet carrier densityLi@ B given byns(r¢)
=LF

_ 2(kgT)?
" n(hvp)?

1 foo Sde

T'(2)(F1(ne) — F1(—F)), whereF4(ng) = TGiD is the complete Fermi-Dirac integral,

0 1+exp(e—-nF)

e =kE—FT, € =%, E—Fermi level positionks = 1.38x16° JK*—Boltzmann constanty = 1.06x10*
B B

Js—reduced Planck constamt,= 16 ms*—Fermi velocity,[—the gamma function. Using the above,
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the author estimated lower bound for quantum cégace of SLCC, = 2kgTe” I'(2)(Fo(ne ) + Fo (-n¢)) to

n(th)Z

beCq = 0.827uF-cm” atEr = 0 eV, which is almost two orders larger tiap,, = 0.0115uF-cmi® At Er
= 0.1 eV difference is even more pronounced v@th= 2.37 uF-cm”>. Thus,one can safely neglect

quantum capacitance, and convert applied back gatage Vg into the sheet carrier density =

Csio,
e

(Ves — Vpbp). Far from the Dirac point sheet conductance ef$hG in the diffusive regime can be

2e? 2|Ef|
h Tl'fl‘VF

calculated in the zero temperature approximatr: 2, whereEr = signfis)hve,/mng, andi is

the mean free path. Figures 3-12(a) and 3-12(byv sh@erimentally measured (blue filled circles) and

calculated (purple line) sheet conductance of th@&,Svith A = 27.3 nm obtained from the fitting. From

|E| =%%§”’F the author estimated that Fermi level was chafigen — 0.11 eV to 0.11 eV range under

the application of top gate voltage from — 1.5 \210 V.
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Figure 3-12. Dependence of the sheet conductance of the SliEedbi/SiQ/SLG sample on the
(a) back gate voltaggp) Fermi level position. Blue filled circles are exjpeental data, purple

lines show theoretically estimated sheet conduetasadescribed in the section 3.4.3.5.
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3.4.4 Heating due to microwave absorption and nomlear effects of FMR in YIG

Thermoelectric contribution can be present in ¥iGgle layer graphene system at FMR. If there
is a thermal gradient along YIG substrate in thealion from one gold electrode to the other, then
voltage generated by Seebeck effect in graphenédvibeumeasured along with ISHE electromotive force.
Moreover, both effects change sign with carrieretypo separate two contributions the author rederse
direction of the external magnetic field frafp = 0° to 8y = 180. Under magnetic field reversal ISHE
switches its sign, while thermoelectric voltage erated by Seebeck effect should remain unchanged.
Figures 3-6(b) and 3-6(c) show switching of thetagé sign under magnetic field reversal (bluedille
circles forVg = 0.5 V and purple filled circles fovg = 1.0 V). It indicates that in the studied by the
authorsystem electromotive force originates from ISHEq aot thermoelectric effect. In Fig. 3-8 the
author excluded contributions independent of magnild by subtracting voltage for the opposite
directions of external magnetic field?(fy = O°) — V(04 = 180))/2 (Ve = 0.5 V—purple filled circlesys
= 1.0 V—blue filled circles). After subtraction medure thermoelectric signal was removed from the
voltage data, and large symmetrical shape of thpakimeans that ISHE ithe studied system was
dominant over other contributions.

Additionally—for any FMR-generated thermoelectitect—time for which sample stays under
the FMR affect total heat generated in the syst€hus, temperature gradient, along with generated
voltage due to thermoelectric effects, will be deah with the sweeping rate of the magnetic fielde T
author didn't find any FMR or electromotive forcepgndence on the external magnetic field sweeping
rate from 0.003 mT/s to 0.5 mT/s (Figs. 3-13(a) ariB(b)). Sample was under FMR conditign Klrvr
+ 0.5 mT) fromt = 2 s tot = 360 s (measurements were in the order fromhb#gest to longest sweeping
time). Temperature dependence of saturation mamiein M is described by Neel's two-sublattice

modef*3

. The FMR fieldHgyr is related to the saturation magnetization of Yd¢er by Kittel equation,
and, thus, also temperature dependent. Using A& dt 180 K and 220 KugHES%K = 230.4 mT and

uoHZZYK = 235.0 mT, respectively) the author estimatedptnature derivative of FMR field at 200 K to

beaHFMR

o7 | « = 0.12 mTK". The author converted shift of the FMR field withadlging sweeping
T=200

time tsweep into temperature difference: AT(tsweep =

9HFMR
(HFMthsweepzlos - HFMR(tsweep)>/( ar

) (Fig. 3-13(c)). Temperature of the sample didn’t
55

|T=200K



increase together with sweeping time. Small deergashe temperature ofT = 0.2 K at large sweeping
times is within measurements error.

For the measurements the author used small miswpawer of 4 mW (whileisual microwave
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Figure 3-13.Sweep time dependence of (@@ derivative FMR &(H)/dH and(b) FMR spectrum.
(c) Temperature difference between the measuremetitgiffierent sweeping time estimated from

the shift of the FMR field.
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powers in spin pumping experiments are on the oofldrundreds mwW) to avoid heating of the YIG
substrate and dominance of the thermoelectric istféegure 3-14 shows power dependence of the FMR
spectrum afr = 200 K. Linear dependence of the squared FMR iamdl on the microwave power shows
that FMR was measured below power level for anyratibn effects. Figure 3-15 shows FMR data from
the sweep of external magnetic field from 0 to 8D Single FMR peak without microwave absorbance
at the half of the resonance fiettkyr/2 confirms absence of the nonlinear parametrigtaien and
three-magnon splitting in the YIG layer. Finally]l measurements were performed under controlled
temperature using nitrogen flow cooling, which dddwave effectively carried away any heat generated

in the system.

3.4.5 Estimation of the spin Hall angle of singlealyer graphene

The author prepared reference YIG/Pt sample amdiedaout inverse spin Hall effect
measurements under the same conditions with YIG/Blyér. Electromotive force was measured for the
opposite directions of external magnetic figjd= 0° andfy = 180°, and fitted using Lorentzian fitting
function (see section 3.4.3.2 Electromotive foiiting). Inverse spin Hall effect voltage was caétad
asVisue = Visne(6 = 0°) —Visug(6y = 180°)Y2. Following calculations in th&'?> the author estimated

spin Hall angle of SLG to be:
d ! d d
1% (1 + I2 - tanh? &) pt Apt Apt
SLG SLG tan sic oy tanh Tpe tanh -

Vpt (1 + [} tanh? h) 516 1 951G 1y 5L
APt dSLG ASLG ZASLG

QSLG = th = 35 X 10_6,

where Vg g = 2.0 uyW—inverse spin Hall effect voltage measured undem\&Y microwave power
excitation in YIG/SLG samplejs ¢ = 0.34 nm—thickness of the SLG laydg s = 2.0 mm—distance
between contacts in YIG/SLG sample,c = As;c/a = 0.37 nm—wherels = 1.4 um is the spin
diffusion length unde¥s = 0 V for the CVD-grown SL& used in the author’s study aad 3.8x1G is

the conductivity anisotropy in graphit® factor’ was estimated to big,~20 for YIG/Pt systerff**
andly g « 1 for YIG/SLG systertt®, Vp, = 1.6 yWV—inverse spin Hall effect voltage measured under 1
mW microwave power excitation in YIG/Pt sampfie, = 0.04—spin Hall angle of ¥ dp; = 10 nm—
thickness of the Pt layeip = 7 nm—spin diffusion length in B, 15 = 0.75 mm—distance between

contacts in
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Figure 3-14.(a) FMR spectrum power dependence measuredl at200 K, and direction of

external magnetic fieldy = 0° (b) Microwave power dependence of the squared amplitidhe

FMR signal. Blue filled circles are experimentatadgurple line is linear fitting.
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YIG/Pt sample. Howevethe author notes that the spin diffusion length spid Hall angle in Pt is still a
matter of debate, and their estimation span oveda range. The auth@stimated spin Hall angle of the
SLG for all possible values @k, andAp, reported in the literature. All calculatég, ¢ were of the same

order of magnitude and lay within range from 1.0%1®8.6x1(F.

3.4.6 Estimation of the type and strength of spin+bit interaction in single-layer graphene
Finally, the authoconsidered the origin of the spin-charge conversi@ehanism in SLG in the
studied system. The intrinsic SOI of graphenespoesible for the inverse spin Hall effect, anprissent
even when reflection symmetry with respect to gesghplane is not broken. The Rashba SOI, which
arises in the presence of the electric figlderpendicular to the surface of the graphene lagdrbroken
reflection symmetry, is responsible for the spiaicje conversion via the inverse Rashba-Edelstéistef
There is no agreement in the literature whetheirttimsic-like SOI or the Rashba-like SOI (in trenge
of commonly applied electric fields 3@0° V/m) is dominant in pristine graphene, and estiomat for
both of them span over a wide range of-10' meV, 4 orders of magnituf&** The issue is non-trivial
for future graphene-based applications: the intitike SOI leads to the opening of a topologicap gt
the K point, giving an effective mass to carriersd aurning graphene into a quantum spin Hall
insulatof*®. In contrast, the Rashba-like SOI interaction pres the gap from openitig***but can be
used for spin control in spin transport experiménthe Rashba SOI parametgr depends linearly on
the electric fieldE induced by the gate voltagez < Ee&f, where¢ is the strength of the atomic SOI
140.141.146 Amplitude of the charge current generated by itherse Rashba-Edelstein effect linearly
depends on the applied gate voltage. In contiastatithorobserved a constant amplitude of the current
Is = 1.05 nA, which was independent of the gate geltds far from the Dirac point, and switched
polarity in the vicinity ofVpp (Fig. 3-11(b)). It indicates that contributiontbie Rashba SOl in graphene
is negligibly small, and rules out the inverse Raskdelstein effect as a spin-charge conversion
mechanism. Thus, the inverse spin Hall effectésrttost probable mechanism for spin-charge conversio

in the YIG/SLG system. Following calculation ingét*?°

and using YIG/Pt sample the autlestimated
spin Hall angle of SLG to be 3.5xi@see section 3.4.5). The author ndteatin calculations he used
spin Hall angleds, and spin diffusion lengths, of Pt—reported values for which varies in therlitare.

Thus, estimation of the spin Hall angle in SLG defseon these parameters. The autteried out
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estimation using all values &f;, andér, reported in the literature: calculatlgl was of the same order of
magnitude and lay within range from 1.0%1 8.6x1(@. Sign of the spin Hall angle was positive, i.e.,
voltage polarity (for electron carriers) was thensawith metals with more than half-filled d electro
orbital (Pd, Pt, Au). The spin Hall angle is prapmral to the strength of SOI. While SOI dependgtan
number of electrons in the outermost shell, fordlements within the same group in the perioditetib
was shown to followz* dependencé®’. C and Ge both belong to the group 14 and hawerredt shelf

2<p” and 484p7, respectively. The Spin Hall angle of Ge was mesto beds. = 10° “°*~ Thus, in

. . ZC 4 NgGe 3 .
SLG spin Hall angle is expected to be on the oodék g = (—) (n ) Ose = 1.6x10° , wheren is the
C

ZGe

number of the outermost shell aAds the atomic number. This is in good agreemett wie author’s

resultfs.s = 3.5x10°. Using strength of SOI in Ge (290 meW)e author estimated SOI in the studied

-6
SLG to be%ngo meV = 1.0 meV. Since the Elliott-Yafet spitas@tion mechanism is dominant

in SLG'', one can also estimate strength of the SOI usiaguationgg/t /75, whereE is the Fermi

energy,r andzs are the momentum and spin relaxation time, resmgt*®'*® Using equations =Dt

2 2
and A =% (see section 3.4.3.5 for details), the autfmmd El /1 =Bl _ Ve — 1 7 mev,
8e?|EF| T As 8e2Ag

whereh = 6.6x10* Js—Planck constantg = 1 m's’—Fermi velocity,ss = 0.18 mS—measured sheet
conductance of the SLG af; = 0 V, e = 1.6x10” C—elementary chargéls = 1.4 pm—the spin
diffusion length undeiVg = 0 V for the CVD-grown SL& used in the author’s study. Thus, both
methods give strength of SOI in the studied SLG&6-1 meV.

Recent studies on graphene heavily decoratedasliéitoms reported that the skew scattering can
lead to the large intrinsic-like SOl and inversensplall effect®®™° However, skew scattering
mechanism of spin-charge conversion, which origiddtom the presence of Cu clusters in CVD-grown
SLG'% is not applicable in the author’s case. In thadlg, density of Cu clusters (with average diameter
of 40 nm and height more than 10 nm) in SLG wassmesl to be 0.6x1bcm® Thus, number of Cu
clusters was ~60 perdmx1 um area and ~1500 pergnx5 um area. Figure 3-16 shows characteristic
atomic force microscopy images ofuinx1um (Fig. 3-16(a)) and pmx5 um (Figs. 3-16(b) and 3-16(c))

areas of YIG/SLG samples used in the authstwisly. The author didn’t find any Cu clusters fedim
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Figure 3-16. Atomic force microscopy images of YIG/SLG samplgg:1 umx1um area (b,c) 5
umx5 um areas. Scratches-like lines in the images arseptedue to the roughness of the

YIG/SLG surface, as a result of the polishing & ¥1G interface with alumina suspension.
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the fabrication procedure (color scales bar inmfiges are below 5 nm). Scratches-like light ardk da
lines in the atomic force microscopy images are twuthe polishing of the YIG substrate with alumina
polishing suspension. While some Cu particles camptesent in graphene grown on Cu foil, they are
usually removed during the etching process. Suéferdnce in the Cu cluster density between the
author’s and previous study may arise from difference in the etching procedespecially, etching
time. Additionally, instead of Cu foil, in the awgits study theepitaxial Cu(111) film grown on top of
sapphire substrate was u§8dHigher crystallinity of Cu(111) compared with Gail also reduces
number of the produced Cu leftover.

The author’s estimation of the intrinsic-like S&fength in pristine SLG is three orders higher
than 1 peV predicted by early theoretical studies that useidting of the o-m orbitals in their
calculation$’**! However, the later studies showed that dominantribution to the intrinsic-like SOI
comes from the nominally unfilled d orbitals, ame intrinsic SOI can be > 0.1 meV, if one also sake
into account ripples in the graphene due to sulest@ughness***. These first principal calculations
also predicted dominance of the intrinsic SOl dkashba SOl for transverse electric field E 2 ¥0n,

which is in agreement with the authorésult**,

3.5 Conclusion

In summary, the author experimentally clarifiedttthe intrinsic-like SOI is dominant over the
Rashba-like SOI in the SLG in the range of commapplied electric fields (fa10° V/m). Strength of
the intrinsic-like SOI in SLG was estimated to HemeV. The authoshowed that the inverse spin Hall
effect is the dominant spin-charge conversion meisha in SLG, and that polarity of the spin-charge

conversion current can be switched by gate volégpication.
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Chapter 4. Ferromagnetic resonance and spin pumpingfficiency
for inverse spin-Hall effect normalization in yttrium-iron-garnet-

based systems

4.1 Abstract

To pursue goal of the temperature investigatiothefspin-charge conversion in the yttrium iron
garnet/single-layer graphene system, author fixedied temperature behavior of the spin pumping in
yttrium iron garnet-based systems. In this chapber authopresented an analysis of yttrium-iron-garnet-
based systems, highly exploited in spin pumpingeérpents, and demonstrated proper normalization
procedure for the inverse spin Hall effect in saghtems. The author’s results explained the discr@p
between experiment and theory recently observespiim pumping experiments. Thus, the author’s result
finally allowed for quantitative analysis of theHE in various YIG-based experiments, including

temperature dependent measurements.

Results presented in this chapter were publishéueipaper:

S. Dushenkg Y. Higuchi, Y. Ando, T. Shinjo, and M. ShiraishHterromagnetic resonance and spin
pumping efficiency for inverse spin-Hall effect nalization in yttrium-iron-garnet-based systemsplAp
Phys. Expres8, 103002 (2015).

Copyright 2015 The Japan Society of Applied Physics
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4.2 Introduction and motivation

Currently, spintronics is a blooming field with rtiple applications and novel effects. For
spintronics applications, however, efficient spijection is of utmost importance, and the huntdetter
spin injection materials is still ongoing. Devicegh common metallic ferromagnetic materials suffer
from the conductance mismatch problem and are &dr& costly tunnel barriers to improve spin
injection efficiency. A major step forward was maghen spin pumping was shown to overcome the
conductance mismatch probl€fh Since then, spin pumping has been successfullyl tes realize spin
injection and spin transport in various systemsluiding semiconductotS**2 single-layer graphefie
and semiconducting conjugated polym&r&owever, recently, it was shown that in spin pingp
experiments, metallic ferromagnets give rise totiplal spurious effect$>? which are hard to separate
from the measured signals. The solution to thiblgrm was found in the insulating ferrimagnet Yttniu
Iron Garnet (chemical structure;Fe(FeQy)s, YIG). YIG has a large band gap of 2.7 eV at room
temperature, low magnetic damping and high Cumeptrature (560 K), which makes it the perfect
material for spintronics applications. It was aipéded that YIG would resolve yet another infamous
problem of spintronics, namely, the large discregam the values of the spin Hall andlgy, of
materials, with multiple studies being performeceothe last few yeats™>*'** The spin Hall effect
(SHE)"* and inverse spin Hall effect (ISHEJ enable interconversion between electric and spireat
due to the spin-orbit interaction, thus allowing thtegration of spintronics into modern electrgnithe
spin Hall angle describes the efficiency with wh&lspin current is converted into a charge curael
vice versa. Unfortunately, the spin Hall angle ealufor the same material extracted from different
experiments can scale more than one order of matmitUncertainty in the spin Hall angle values
impeded quantitative analysis in spin-charge caigarexperiments and slowed down the progresseof th
entire field. Thus, it became an issue of the utnimportance to develop a method for the precise
estimation of the spin Hall angle. Spin pumping exxpents using YIG were expected to finally
eliminate the spin Hall angle discrepancy. A newy w@ estimate the spin Hall angle using a single
YIG/metal sample, eliminating the need of preparnngltiple samples with various thicknesses, was

recently proposed’. However, in that study, the experimental resatisld not be described by the
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theory even in the ultra-low (<1 nm) or ultra-largel00 nm) limit for the spin diffusion length irt.P
Thus, quantitate formalism for YIG-based spin pumxperiments has yet to be developed.

In this chapter, the authdemonstrated the correct normalization procedurdSHE voltages in
spin pumping experiments in YIG/metal systems. athor highlighted the factors that may lead to the
incorrect analysis of ISHE in the previous studiad suggested a way to conduct proper analysiseof t

ferromagnetic resonance (FMR) and ISHE data in B&Sed systems.

4.3 Experimental details

YIG layers were grown on top of Gadolinium Gallidsarnet (GeGa;0,,) substrates via liquid
phase epitaxy. There were 3 types of samples \iffierent thickness of the YIG layer: 40 nm, 2 undan
10 pm. Samples with sizes of 10 pm x 2 mm x 5 mchzapm x 1.5 mm x 4 mm (GRANOPT Co, Ltd.,
Akita, Japan) were polished using agglomerate-fkamina polishing suspension, with a 0.05-pm
particle diameter size. After polishing, samplesevennealed in an air atmosphere at 800°C for 2shou
Samples with sizes of 40 nm x 2 mm x 5 mm (MuratanMacturing Co, Ltd., Japan) were post-
annealed in an oxygen atmosphere at 850°C for Zshothe Pt layer in the samples for ISHE
measurements, YIG/Ptyc = 2 um), was produced using an electron beam eatipo system. For
FMR measurements, samples were mounted inside (g CT&vity of the JES-FA200 electron spin
resonance spectrometer (JEOL, Ltd., Tokyo, Japaith & microwave frequency = 9.12 GHz.
Microwave powerPyy was applied in the range from 0 to 3 mW. Statiteeral magnetic field was
applied along the short side of the plane of thepdes. Electromotive force from the YIG/Pt samples

was detected using a Keithly 2182A Nanovoltmetentacts were made using silver paste and Cu wire.

4.4 Experimental results and discussion

4.4.1 Spin wave resonances in the YIG ferromagnetiesonance spectrum

The author now proceeds to the experimental suit discussion. Inside of the YIG layer,
dynamical coupling of the rf microwave magneticldidh to the YIG magnetization drove it into
precession and excited spin wave resonances. Dthe tow damping parameters of YIG, a fundamental
uniform mode with wave vectde close to zero was excited by an applied microwieeld at external

magnetic fieldH = Hgyr, along with additional spin wave resonances. i wave resonances in the
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Figure 4-1. Derivative absorbance FMR spectra of YIG layerthuhicknesga) dy;c = 40 nm,(b)
dvic = 2 um and(c) dyic = 10 um atT = 297 K for the in-plane static external magnéietd
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in-plane magnetic field configuration were causgdhe magnetostatic surface wavedat Hryr and
magnetostatic backward volume wavesiat Heye™ ' described by the dispersion relations derived by
Damon and Eshbath. Figures 4-1(a,b,c) show an increase in the numbspin wave resonances as the
thickness of the YIG layedy,c increased. Aty = 40 nm, only the uniform mode was present in the
derivative FMR spectrum (Fig. 4-1(a));a4c = 2 um, the shape of the uniform FMR mode wadit

by the presence of the magnetostatic backward wwlaves (Fig. 4-1(b)); at,c = 10 um, the uniform
FMR mode could not be distinguished in the densatMR spectrum (Fig. 4-1(c)). However, the spin
injection efficiency in the spin pumping experimefrom the YIG into the adjacent layer driven by RM

is different between the uniform modeHtyr and additional spin wave resonances and depentiseon
wave vectork’®*®. The author first discuss the FMR properties @ tiform mode, which gives a
dominant contribution to the ISHE, and then shdwesiiportance of the separation of the uniform mode
from additional spin wave resonances in the spimgog experiments for the proper quantitative

analysis.

4.4.2 Power dependence of the uniform mode of femeagnetic resonance
The FMR absorbance spectrum has a Lorentzian giesgbe, with the center at thigyr. Figure
4-2(a) shows a power dependence of the FMR abswelspectrum of the YIG,c = 40 nm) sample. A

clear Lorentzian shape was observed, and thedfiftinction:

G* —2Guoy(H — Hpmp)
I(H) ==1 + 1/
(H) Y™ 2(H — Hemp)?2 + G2 Y™ 12(H — Hewp)? + G2

+ apo(H — Hpmr) + b

was used to extract the amplitude of the FMR spettrand damping constag} which is related to the
FMR full width at half maximumAHgwum = 2G. While the FMR full width at half maximum\Hgyum
only slightly increased with increasing power (He2(b)), FMR amplitudé showed a square root power
dependence, thus makitigx Pyw. Figure 4-2(c) shows linear fitting of th&versus microwave power
Pww. Linear proportionality of the FMR amplitude tcetBquare root of microwave power is not specific
to a YIG material, but a property of any ferromagmesystem (see fig. 4-3 fd{Pww) for Py). In the
electron spin resonance system, microwaves weeetefl from the cavity with the sample and conwkrte

into an electric voltage signal via rectenna, wigohsisted of a dipole antenna and Schottky didte.

microwaves induced an ac voltage in the antenna thatPyy « Pg o V2. The voltage was rectified
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by the diode working in the linear regime. Thug, tietector current output was proportional to thease
root of the microwave power. It is important to @ FMR below the power, whel@y,'?) deviates
from linearity. At high power levels (i.e., largeagnetization precession angles), parametric Suhl
instabilities lead to FMR saturatitA In that case, spin waves will be excited paraicaity and draw

energy from the uniform mode, which complicatesntiiative analysis.

4.4.3 Power dependence of the electromotive forceernerated due to ISHE under

ferromagnetic resonance

When spin pumping is used as the spin injectiothote magnetization precession under the
FMR condition drives pure spin current from thedemagnetic layer into the adjacent Idyé
It has been theoretically predicted and experimigntanfirmed by many studies that electric voltage
generated by the ISHE is proportional to the sq@amnglitude of the rf microwave magnetic fiegl
which makes it linearly proportional to the applimitrowave powePy,**** Voltage generated by the
ISHE is proportional to the generated spin currehich is maximized at the FMR resonance fidlgr.

Hence, the ISHE voltage generated by spin pumpnaigiuthe FMR condition takes the Lorentzian shape

® IExperlimentl 7= 1;10 K | |
40 - s Axpli2 T
— Fitting: /= A*P
' ®
= 30 i
c
>
2
o 20 .
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10 |+ .
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Figure 4-3. Power dependence of the FMR amplitudaf SiO,/Py structure at 297 K (blue) and
140 K (purple). Solid circles are experimental dat@lid lines are fitting by the square root of

microwave power.
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and is fitted by the same fitting functiofH) as the FMR absorbance signal:

G? —2Guo(H — Hpmr)
V(H; H, ,G, =1, +V,
( FMR ISHE) ISHE 12(H — Hop)? + G2 Asym 12 (H — Hpnp)? + G2

+apo(H — Hpmr) + b

where the FMR amplitudés,, was substituted by the ISHE voltage amplit&d@Ezo. To take into
account differences in the absorbed microwave pdwedéween different measurements, many studies
have used the normalization &, by the amplitudé of the FMR absorbance sigrfa”® For example,
Vishe (T)=Visue(T) /(I(T) /1(300 K)) was used to extract the temperature depes®l of the Pt spin
diffusion lengthip(T)'®®. The normalization itself is an important proceslto properly extract the spin-
orbit interaction-dependent parameters of the riadse@sua(T) or A(T)) from the ISHE spin pumping
measurements. However, the generated spin curessity is proportional to the area of magnetization

trajectory, i.e.,.Sx 6% where® = 2h/AHqyv is the magnetization precession cone ahgle contrast,

the FMR amplitude is linearly proportional {EMW (Figs. 4-2(c) and 4-3). Thu§/sye should be

normalized by thé”, which is proportional to the absorbed power amdegated spin currenk(Se h? «

Pww), rather than by the amplitudeof the FMR spectrumh(« \/m ). This may be one of the reasons
for the discrepancy between the theory and expatmhaesults reported in the recent study of the
temperature evolution of the electromotive forcetlie YIG/Pt systef’. Because the FMR signal
reduced with decreasing temperature, normalizdtjdninstead ol? resulted in the overestimation of the
generated spin current at low temperatures. Indase, the theoretically estimatéd,e would be larger
than the experimentally measurédye. In agreement with this, everisye calculated in the ultra large
limit Ap; > 100 nm was larger than the experimentally oles®¥sye. This illustrates the importance of
the normalization procedure—which the author prepds this chapter—for the proper extraction of the

spin dependent parameters of the system.

4.4.4 FMR and electromotive force generated in the/IG/Pt systems with spin wave
resonances

Now the author proceeds to the discussion of the-tased systems with thick YIG layers,
where additional spin wave resonances are preSent4-1(b)) and (Fig. 4-1(c)). Figure 4-4(a) shdiws
temperature dependence of the derivative absortiaviéespectrum of the YIG/Pt sample wilhc = 2
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Um andds; = 10 nm. In the absorbance FMR spectruri at297 K (Fig. 4-4(b), orange line), two clear
peaks were present (represented by the interseatith the zero level in the derivative absorbaRbER
spectrum (Fig. 4-4(a)) correspondingly). Interegliinthe spin injection efficiency for Peak 1, lted at
the smaller external magnetic fiehtbeas Was much higher than the spin injection efficiefmr Peak 2,
which was located at the higher external magnésicl Hpeo» Figure 4-4(c) shows the electromotive
force generated in the Pt layer via spin pumping) I @HE. Although the amplitudes of the FMR signals
for Peak 1 and Peak 2 were comparable (125 andoB@iait, respectively), dlpeaxi (indicated by black
arrows in Figs. 4-4(b,c)), a large symmetrical vae electromotive force (5.2K/) was detected from
the Pt layer; in contrast, a more than one ordemafnitude smaller electromotive force contribution

<0.4puV was present atlreaka The possible origin of this was the higher spigdtion efficiency for the
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Figure 4-4.(a) Temperature evolution of the derivative FMR abaode spectrum of the YIG/Pt
structure.(b) Temperature evolution of the FMR absorbance speciof the YIG/Pt structure.
Absorbance spectrum consisted of two separatedspé&sak responsible for the spin pumping
marked with a black arrowc) Temperature evolution of the electromotive fore¢edted from the
Pt layer in the YIG/Pt structure under the FMR. iMdigave power was set to 1 mW. Thickness of

the layers weréy,g = 2 um andls; = 10 nm.
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magnetostatic surface waves and uniform mode cadparthe magnetostatic backward volume waves,
which are located at higher external magnetic §&f8. Contributions to the FMR spectrum from Peak 1

and Peak 2 were separated by the fitting function

.BPeakl z .BPeakZ z
I'(H) = Ipeaka + Ipeakz
e ﬂ(z) (H - HPeakl)2 + IBPeakl z « :u(% (H - HPeakZ)2 + IBPeakz z
I} ZﬁPeakZMO(H - HPeakZ)

—Ipeaxz )
e .u(% (H - HPeakZ)2 + ﬁPeakZ 2

where the first term represents the contributioth® FMR spectrum from Peak 1, and the second and
third terms represent the contribution to the FNdRctrum from Peak 2, in which case both symmetrical
and asymmetrical parts are present due to theenatuhe dispersion relations for the spin waves.
Interestingly, Peak 1 and Peak 2 showed opposgit@deature dependence. Amplitulig... increased,
while amplitudelpea; decreased, with decreasing temperature, Uindil180 K, at which it could not be
unambiguously extracted from the FMR absorbanceasifigs. 4-4(b) and 4-5(b)). In agreement with
the lpeaks behavior, the electromotive force decreased wilecrehsing temperature, confirming the
dominance of the Peak 1 contribution to the spimguag in the YIG/Pt sample. Figures 4-5(a,d) show
the power dependence of the Peak 1 FMR signaltfigepurple dashed lines in Fig. 4-5(e) and 4-%(f) f
fitting examples usind'(H) function at lowP = 0.05 mW and higl? = 3 mW microwave power,
respectively). Full width at half maximuAHgwuy (Fig. 4-5(c)) exhibited a small increase with
increasing temperature similar to the behavior ofegkefrom the 40 nm YIG samples. Fitting function
a-P? yieldedB = 0.50 + 0.01 follpead{P) (Fig. 4-5(d)), supporting théP behavior of the spin pumping
part of the FMR signal discussed above. In additéype for the dominant voltage peak (extracted using
a three-peak Lorentz fitting function) showed &éindependence on the microwave power (Fig. 4-6(d))
The position and number of spin wave resonanceearFMR spectrum differ from sample to sample
depending on the interface conditions, sizes ofvili& layer, etc. In the samples where the spin gamp
peak in the FMR signal was not field-resolved frtime additional spin wave resonances, one will
Mmeasurd peqitl peake @S the amplitude of the spin pumping signal it peqe: IN contrast to thépeaa
strong temperature dependeniggattlreare Stayed constant regardless of the temperature 204 arb.
unit). Figure 4-7 shows the effect of the normdi@a procedure on th¥|sug(T) estimation, where the

FMR amplitude factot™™ =1(T)/1(297 K). Normalization usinddeaxtlpeaxd ™ OF Ipeakt s
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instead of Kpeat®™)? resulted in the underestimation ®fsue at low temperatures. An improper
normalization procedure would lead to misintergretaof the decreasing electromotive force as the
decrease of the spin Hall angle or/and increagbefpin diffusion length of material with decreagsi
temperature. Indeed, in the stéfyvhere the FMR spectrum quasi-uniform mode wadialut-resolved
from the additional spin wave resonances, eder 100 nm could not explain the experimental data a
low temperatures. Previously, it was shown that $pin pumping efficiencyn = Visuel of the
magnetostatic surface waves (due to their locabzait the interface) is superior to the uniformdaar
the magnetostatic backward volume waves and ineseasth the mode numb&r In contrast, for the
magnetostatic backward volume wavess independent of mode number. However, the FM&tspm

is dominated by waves with small wave vedt@nd constanyy because of their large FMR amplitude
Thus,Visye =1l is determined by the lokwmodes and takes the shape of the FMR spectrunitelésy
spin pumping efficiencyn. The author showed for the first time that evem f#lmminant FMR
contributions withk close to 0, spin pumping efficiengycan be different by up to a factor of 10 (Figs. 4-
4(b,c)). Moreover, the author demonstrated thaseheontributions can have opposite temperature
dependence (Fig. 4-5(b)). Thus, author’s resulvigem crucial information for the proper ISHE arsasy

in YIG-based systems.

4.5 Conclusion

In summary, in this chapter the author pointedtbatimportance of the normalization procedure
and isolation of the spin pumping contribution frauditional spin wave resonances in a YIG-based
system. The author’s study explained the discrgpaetween experiment and theory recently observed
in spin pumping experiments. Thus, the author'sltasay finally allow for quantitative analysis tife
ISHE in various YIG-based experiments, includinghperature dependent measurements, opening a
route for the estimation of the spin diffusion léngand the spin Hall angle from single samples.
Additionally, it made possible the comparison oé tpin Hall angle and spin diffusion length to the
values obtained from other methods, such as weéidoaalization measurements, which are only

available at low temperature.
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for the dominant voltage peak (blue filled circleBhe purple line shows linear fitting.
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Figure 4-7. Temperature dependence of tMgne normalized with different normalization

procedures as described in the section 4.4.4.
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Chapter 5. Conclusion

In this study the author focused on two elemerdmfGroup 14 of periodic table: C and Ge.
Using spin pumping as the spin injection method #redinverse spin Hall effect as the spin detection
method the author answered two previously unredobveblems: room-temperature spin transport in Ge
and origin of spin-orbit interaction in the sindégrer graphene.

In the second chapter the author was the firaditectly demonstrate spin transport at room
temperature in epitaxial n-Ge with a doping coneiun of ~1.0x1& cni® using a spin pumping
method and the inverse spin Hall effect. The autstimated the spin diffusion length in Ge at room
temperature to b&,c. = 660 £ 200 nm, which is comparable to the regbvi@ues for Si channels with
similar doping concentration, however, spin difeusilength can be further increased with improving
quality of the Ge channel. Additionally, author slea that the spin relaxation time increased with
decreasing temperature, in agreement with recgmtdposed theory of donor-driven spin relaxation in
multivalley semiconductors. As a result of the auth study, room-temperature Ge spintronics was
established.

In the third chapter the author experimentallyifikd that the intrinsic-like spin-orbit interaoti
is dominant over the Rashba-like spin-orbit intéoacin the single-layer graphene. The author estah
strength of the intrinsic-like spin-orbit interamti in single-layer graphene to be ~1 meV. Usingtete
top gate via ionic liquid the authehowed that the inverse spin Hall effect is the itdamt spin-charge
conversion mechanism in single-layer graphene,thadpolarity of the spin-charge conversion current
can be switched by gate voltage application.

In the fourth chapter—as a preparation for thel\staf temperature dependence of the spin-
charge conversion in the yttrium iron garnet/siAgier graphene system—the author studied
temperature dependence of the inverse spin Hateffi the yttrium iron garnet/Pt system. The autho
pointed out the importance of the normalizationcpaure and isolation of the spin pumping contriuti
from additional spin wave resonances in the yttrimon garnet-based systems. The author’'s study
explained the discrepancy between experiment awyhrecently observed in spin pumping experiments,
and paved a way for precise analysis of the inveyga Hall effect in yttrium iron garnet-based

experiments.
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