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Abstract

There have been growing interests in the electrical spin injection and spin
transport in organic materials (OMs) since low spin-orbit interaction of OMs leads long
spin relaxation times. However, spin transport properties of OMs have been still unclear
since previous studies are based on layered device structures where spin polarized current
includes spurious effects such as interface magnetoresistance (MR). For better
understanding of spin transport, it is mandatory to separate the spin current from the
charge current in OMs by the used of nonlocal spin valves. Similarly, interface MR should
be investigated independently against spin transport properties in OMs.

In this thesis, nonlocal spin valves based on an organic multilayered zero-gap
conductor a-(BEDT-TTF)I3 were prepared, in which the spin current was well separated
form the charge current. The nonlocal MR observed in this study showed intrinsic spin
transport properties of a-(BEDT-TTF).I3, and the spin diffusion length and the spin
relaxation time at 2.5 K were evaluated to be 1.1 zm and 3 ns, respectively. Experimental
results suggest that multilayered structure of a-(BEDT-TTF).I3 suppress the spin
scattering from the surface and the substrate, resulting in the long spin relaxation time.
These findings provide guiding principles for materials design in organic spintronics.

Next, this thesis discusses tunneling anisotropic magnetoresistance (TAMR) at
the interface between the OMs and the ferromagnetic (FM) electrode by using the devices
consisting of FM/OMs/Cu layers. Experimental results showed that the magnetic field
dependence of the TAMR was changed strongly by choosing the substrate on which the
FM electrode were grown. This result implies that active control of the interface magnetic
anisotropy between the OMs and the FM electrodes can increase the interface MR, which

promotes the development of functional organic spin valves.
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Chapter 1

Introduction

This chapter will present a brief history and current stage of the research field of

spintronics.

1.1 Spintronics

In their textbook “Introduction to Spintronics” 2008, Bandyopadhyay and Cahay
explain spintronics as follows: it deals primarily with the science and technology of using
the spin degree of freedom of a charge carrier to store, encode, access, process and/or
transmit information in some way. In other words, spintronics is a technological field of
science that attempts to develop high density, high speed, energy saving devices by
manipulating the charge and spin degrees of freedom of electrons simultaneously.

6 7

1,3 and dynamical methods®, * as well as

thermal, °

Spintronics is applied to optica
electrical methods® ° to control the spin degrees of freedom of electrons.

The first discovery of the spintronic phenomenon was the anisotropic
magnetoresistance (AMR) in 1856, 1 which is the change in the resistance of
ferromagnetic metals depending on the magnetization direction with respect to the
direction of the electrical current. There has been an even greater interest in the study of
spintronics following the discovery of giant magnetoresistance (GMR) in 1988 by Fert et
al.} and by Griinberg et al.” GMR is derived from the “spin valve” concept' that is used
to investigate the properties associated with spin injection and spin transport in

nonmagnetic materials. Note that the spin valve is an important device from the

perspective of fundamental spin physics and device applications. It enables ways to



electrically manipulate charge and spin degrees of freedom of electrons in spin polarized
current injected from the ferromagnetic metal (FM) electrode. One of the most
fundamental technological applications in spintronics has been the fabrication of devices
based on the GMR effect that are used in the development of magnetic storage media,
such as read-head sensors for computer hard disks. The discovery of GMR has been
recognized as an important advance in basic science, receiving the Nobel Prize in Physics
(2007). A description of the primary concepts of the spin valve will follow in the next
section.

Currently, the research field of spintronics expanded and novel achievements

have been made, such as the demonstration of the spin-Seebeck effect,* °

spin-charge
current convertors,® 7 spin torque diodes,!* spin field effect transistors'? Other practical
applications with the spin valve are magnetic random access memory (MRAM) and the
spin transfer torque random access memory (STT-MRAM), which are expected to be

universally used in future storage devices combining low-cost, high-speed, non-volatility,

with better durability.

1.2 Spin valve

1.2.1 A simple two resistor model

The spin valve device (SV) is widely used for measurement of the spin injection and the
spin transport properties in nonmagnetic metals, semiconductors and even in organic
materials (OMs).®* SVs basically consist of thin nonmagnetic materials (spacers)
sandwiched between two FM electrodes, as shown in Figs. 1.1(a) and 1.1(b) (the
magnetization direction of FMs is indicated by red/blue arrows). According to a two-

current model described by Mott,** the total current J in ferromagnetic materials can be



divided into majority and minority spin current since no mixing occurs between them in
the absence of spin flip scattering. It is given by
J=J,+J,,

where J; and J, represent the current of minority spin and majority spin, respectively.
An electron having spin parallel (or antiparallel) to the magnetization of ferromagnetic
materials is a majority (or minority) spin. Because band structures for each spin direction
in FMs are different, electrons for a fixed energy in FMs have different momentum
depending on their own spin directions. The resistance of majority spin current is different
from that of minority spin current. Thus, one can estimate the resistance of the spin valve
device using the resistor network model depicted in Figs. 1.1(c) and 1.1(d). The total

resistance of the spin valve is the parallel combination of the resistances written as follows
_QRYQR) _ 2R4R,
2RT+2Ri RT+Rl’

Ry +R
- !
RAP - 2 4

Rp

where Ry and R, are resistances of up spin and down spin current, respectively, and Rp
and Ryp are total resistance of the SV having parallel and antiparallel alignment with the
two FM electrodes, respectively.

In this model, although no consideration is given to the nonmagnetic layer
between FM electrodes, the magnetoresistance (MR) ratio is commonly used to describe
the difference between Rp and Ryp of the spin valve devices. The MR ratio is then

given by

Rsp - R
MR=M.
Rp



1.2.2 Spin valve experiments

Typical characteristics of spin valve devices are shown in Fig. 1.2, where the device
resistance is plotted as a function of the external magnetic field. With a high magnetic
field, both FM electrodes are magnetized along the direction of the magnetic field. Since
the alignment of the magnetization directions of the FM contact is parallel, the device
resistance will be Rp. Upon reaching a specific magnetic field, the alignment of the
magnetization direction becomes antiparallel because of the difference between the
coercive fields of the FM electrode (Hc1 and Hcz). The resistance of the spin valve device,
Ryp, is shown in Fig. 1.2. When the external magnetic field increases and exceeds the
coercive field of the second FM contact Hcz, the alignment of magnetizations becomes
parallel again and the resistance returns to Rp.

A peak is observed in the resistance between the coercive fields Hc1 and Hcz, as
shown by the red curves in Fig. 1.2. When the magnetic field scans in the reverse direction,
the same peak between the coercive fields is shown by the blue curve. If the total
resistance of Rpp is smaller than that of R,, then a concave shape is produced instead

of the peak.

1.2.3 Nonmagnetic layer in spin valve

So far, the discussion has focused only on the role of FM electrodes. The nonmagnetic
layer and the interface between the FM electrodes and the nonmagnetic layer control the
spin relaxation. The investigation of a spin transport and spin conserve medium is one of
the more important topics in spintronics, leading to efficient manipulation of electron
spins. To now consider spin transport and spin relaxation in the material, it is useful to

define the spin diffusion length and the spin relaxation time. The spin diffusion length



indicates the distance at which electron spins can move in materials while conserving
their own electron spin directions. The spin relaxation time is the time spent conserving
the spin direction of electrons. More details will follow in the theoretical discussion in
Chapter 3.

Recently, the materials researched seeking a new spin transport and conserving

medium, have been extended to include not only metals but also semiconductors,®

16 17 18

superconductors, topological insulators, carbon compounds, organic
semiconductors, polymers and organic conductors. Since the short spin relaxation time is
on the order of picoseconds order, spintronics devices based on metals are not suitable for
coherent spin manipulation.'® ¥ To increase the spin relaxation time in spintronic
devices, hybrid devices with non-metal materials yield new possibilities for the future of

spintronics.

1.3 Organic spintronics and its objectives
OMs have been expected to act as a new spin transport medium since OMs, consisting
mainly of light atoms such as carbon, oxygen, and nitrogen, allow a low spin-orbit
interaction (SOI), and a long spin relaxation time. For hydrogenic electrons resembling a
wave function, the strength of the SOI is proportional to the fourth power of the atomic
number. The transport from m-orbital electrons further suppresses the SOI ?° Spin
relaxation in OMs is relatively weak resulting in a spin relaxation time for OMs several
orders of magnitude larger than that of metals.

In 2002, Dediu et al.?! reported on an organic spin valve device using the organic
semiconductor sexithenyl (Ts, Figure 1.3) thin film as a nonmagnetic spacer of the spin

valves. The organic spin valve showed a change in resistance depending on the external



magnetic field. Even though the characteristics of their device is different from typical
SV devices, and the device resistance is different before and after applying a magnetic
field, it is the first demonstration of polarized spin transport through OMs. They varied
the thickness of the organic layer from 100 nm to 500 nm, resulting in a resistance change
only for 100-200 nm thickness. The spin diffusion length of Ts at room temperature was
estimated to be approximately 200 nm.

Two years after the demonstration by Dediu et al., Xiong et al.??> observed clear
spin valve characteristics based on the organic semiconductor 8-hydroxy-quinoline
aluminum (Alq3), shown in Figure 1.3. The resistance of the organic spin valve was
shown to depend on the magnetization alignment of two FM electrodes. The device
structure in their study has become the typical device structure of organic spin valves
(OSVs), the so-called layered structure (Figure 1.4). The Julliére model was applied to
their results, and the spin diffusion length of Alqs; was estimated to be 45 nm at 11 K. The
short spin diffusion length of Alqs was considered to have originated from the SOI
enhanced by an aluminum element in the Alqs molecule. This spin diffusion length is
similar to the length of a single-walled carbon nanotube estimated from the spin valve.?

Following these pioneering works, there have been many reports on organic
spintronics. Chapter 2 will introduce developments that have improved the characteristics
of OSV, such as enlarging the MR ratio and operating at room temperature, as well as the
development of other spintronic devices such as the SV logic gate and the spin-polarized
organic light emitting diode (OLED). Considering the background of organic spintronics
should clarify the challenges and objectives in organic spintronics. There have been two
main objectives in the field of organic spintronics. First, to better understand the spin

transport in OMs by investigating the pure spin current from the evidence of electrical



spin injection and spin transport in OMs. Second, to understand what occurs at the
interface between OMs and FMs since the interface will strongly influence the spin
injection into OMs, resulting in the change in the characteristics of organic spintronic

devices.

1.4 Objective of this study

The objective of this study is to investigate the spin injection and spin transport in OMs.
The study is divided into two topics: i) the demonstration of electrical spin injection along
with a discussion of spin transport and spin relaxation in OMs based on nonlocal spin
valve measurements, and ii) the observation of large tunneling anisotropic

magnetoresistance at the interface between FMs and OMs.

* The nonlocal spin valve measurements
One of the most representative methods for investigating spin injection and spin transport
is to observe MR in the nonlocal spin valve structure. Although the nonlocal spin valve
measurement has been well studied in the field of inorganic spintronics, it has yet to be
demonstrated for OMs because of the difficulties in device fabrication. The nonlocal spin
valves were prepared for this study by the use of single crystals of organic conductors and
Au buffer layers between FMs and organic conductors. Spin diffusion length and spin
relaxation time have been evaluated. The spin transport properties will be discussed based

on spin relaxation rate in Chapter 4.

* Tunneling anisotropic magnetoresistance (TAMR)

The TAMR effect is an interface effect between the FM electrodes and the materials.



Although the TAMR effect is influenced by the interface magnetic anisotropy, TAMR has
not been well investigated within the field of organic spintronics. A large TAMR effect is
observed at the interface between the pentacene thin films and the LSMO prepared on a
STO (110) substrate, suggesting that an active control of the interface may lead to an
increase in interface magnetoresistance. Details of these results and discussions are

described in Chapter 5.
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Figure 1: Schematic of a spin valve device with parallel (a) and antiparallel (b)

configuration of magnetization direction of FM electrodes. Equivalent circuits for parallel
and antiparallel configurations are given in (c) and (d), respectively. Ry and R denote the

interface resistance at FM/spacer for upper and down spin electrons, respectively.
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Figure 2: Plot of total resistance of a spin valve device as a function of the magnetic field.
Hci1 and Hc: denote the coercive field of FM electrode 1 and 2, respectively. The
antiparallel configuration of the magnetization direction appears at the magnetic field
between Hci and Hcz, showing high resistance of Rap. A parallel configuration with a

low resistance of Ra is achieved at a magnetic field larger than Hca.
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sandwiched between two ferromagnetic electrodes.
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Chapter 2
Background of the spin valve devices in organic

spintronics

This chapter will introduce the background of the spin valve devices in organic
spintronics. The main focus of organic spin valves (OSVs) has been to realize large MR
at room temperature (RT) (See section 2.1). The research on OSVs is developing a better
understanding of the interface between OMs and FM electrodes, and clarifying the spin
transport behaviors in OMs that have become important to producing a large MR (See
section 2.2). Although there have been some reports on spin valves based on OMs, the
spin injection and spin transport remain unclear (See section 2.3). The nonlocal spin valve
measurement is essential to the electrical spin injection and spin transport in the material
(See section 2.3). Recently, there has been increased interest in research on functional
OSVs in organic spin valves (See section 2.1 and 2.4), which requires an understanding

of the spin injection and spin transport in OMs.

2.1 Organic spin valves

Since the pioneering reports by Dediu et al.?! and Xiong et al.,*? there have been many
efforts to use OMs in spintronic devices due to the OMs consisting of light atoms such as
carbon, nitrogen and oxygen that have low spin-orbit interaction (SOI), resulting in long
spin relaxation time. The studies on organic spin valves (OSVs) have focused on: 1)
realizing large GMR/TMR ratio at room temperature; ii) proving spin injection and spin

transport in OMs experimentally; and iii) developing functional organic spintronic

24-27 28, 29

devices such as spin-polarized OLEDs, all-organic based spin valves, and a

12



multi-state OSV.30 31

2.2 Enhancement of GMR/TMR effect in layered OSVs
According to the Julliére’s model, which includes spin scattering in the spacer layer in

spin valve devices, the MR 1is described by the ratio

AR _ 2P;Pye~4/2s

R =~ 1-PP,e~d/2s’

where R is the resistance of the spin valve, P; is the effective spin polarization of the
injection current from the first magnetic electrode, P, is effective spin polarization of
the injection current into the second magnetic electrode, A is the spin diffusion length
of the nonmagnetic layer, and d is the thickness of the nonmagnetic layer. One idea to
enhance the MR ratio would be to choose a magnetic electrode with a high spin
polarization. Another possibility would be to choose an OM with a long spin diffusion
length, A¢. Note that the spin polarization inside the bulk is different from that at the
surface/interface of the magnetic electrodes, where P; and P, depend on the spin
polarization at the interface. Park et al. indicated that the surface magnetization of
Lao.7Sr0.3MnO3 (LSMO) measured by spin-resolved photoemission spectroscopy (SPES)
is lower than that in the bulk as measured by a superconductor quantum interference
device (SQUID).*? Barraud et al. described P; of the Co/Alqs interface as larger than
that of Co itself.®® Lin et al.** and Tran et al.*® show that P, and P, are strongly
dependent on the thickness of the OM layer by use of a conductivity mismatch, which
causes an underestimation of the spin diffusion length of OMs (mentioned below), a
common problem in the research of low conductive OMs. Also note the challenge in

discussing spin injection and spin transport in OMs based on layered OSVs, since the
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characteristics of the layered OSV is affected by the interface (spin injection) and spin

diffusion length (spin transport), simultaneously.

2.2.1 Magnetoresistance at low temperature and RT

The GMR/TMR characteristics of an OSV with a clear hysteresis curve were
observed only at low temperatures.?? The absence of MR at RT is attributed to two
possible reasons: 1) the spin diffusion length in the organic molecule (Alqs) decreased
with increasing temperature, and ii) the spin polarization at the surface of the LSMO
electrodes decreased with increasing temperature. Regarding the former, Xiong et al.
measured the MR of OSVs using Fe instead of LSMO to prove the reduction of the spin
diffusion length of Algs at RT. This is because Fe and Co have much higher Curie
temperatures and keep their magnetization at RT.*> % 37 The observed MR decreased
with increasing temperature, and disappeared at 90 K. According to the Julliere model, if
the temperature dependence of P; and P, is weak, the temperature dependence of MR
is attributed to the temperature dependence of the spin diffusion length of the organic
spacer. Drew et al. demonstrated the temperature dependence of the spin diffusion length
of Algs by a direct measurement of the spin diffusion length, as well observing the spin
diffusion length of Alqs; by a low energy muon spin rotation (LE-uSR) technique, which
was seen to decrease from approximately 30 nm at 10 K to 10 nm at 100 K.*® However,
there have been other reports which show MR characteristics and spin transport in Alqs
at RT,% 40 supporting the possibility of spin transport in OMs at RT. In addition, Jiang et
al. demonstrated temperature independence of spin transport in Alqs as a result of spin
pumping.** To understanding the spin transport and the spin relaxation mechanism in

OMs, it is necessary to fabricate OSVs with a large MR.
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Molecules with a weak SOI and hyperfine interaction (HFI) are important to
obtain long spin diffusion lengths since the spin relaxation in OMs are mainly caused by
the SOI and the HFI in the OMs.**** Nguyen et al. studied the isotope effect of Alqs and
n-conjugate polymer (poly(dioctyloxy)phenyl vinylene (DOO-PPV)) on the spin valve
measurement and found that the D-Alqsz and D-DOO-PPV, which replaced all hydrogen
atoms (nuclear spin /g = 1/2) with deuterium atoms (nuclear spin /p = 1), showed a weaker
HFI and larger MR than those of Alqs and DDO-PPV.*: %6 They also found that the spin
diffusion lengths of D-Alq3 and D-DOO-PPV were larger than those of Alq; and DDO-
PPV on the basis of the organic layer thickness dependence of the MR. In 2011, Gobbi et
al. used Cso molecule for OSVs. The HFI of the Cso molecule is very small since Ceo has
no hydrogen atoms and the nuclear spin of '2C is zero. They reported MRs of 5-10 % at
RT. The theoretical study by Bobbert et al. and Yu indicated the spin transports in OMs
are affected by HFI*? and SOI*** Recent studies by Sayani et al.*’, Li et al.*® and Jiang
et al.*® reported that the crystallinity and morphology of organic thin films and mobility
of OMs significantly influence the GMR characteristics. These studies have also
described that it is important to understand the spin transport behaviors in OMs for
increasing MR.

Xiong et al. measured the temperature dependence of the magnetization of LSMO
by a magneto-optic Kerr effect (MOKE) and showed that the surface magnetization of
LSMO almost vanished around RT, resulting in a very low P; and the disappearance of
MR at RT.2? These results have been supported by a more detailed investigation using
SQUID and SPES techniques by Park et al.>> However, Ruden and Smith suggested in
2004 that the effective spin polarization at the interface between the magnetic electrode

and the molecule differs from that of the surface of the magnetic electrodes without
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organic films, which is very important to the spin injection into OMs,*® an idea also
introduced by Majumdar et al. in 2006.%! They prepared OSV structures consisting of
LSMO/regioregular poly(3-hexylthiophene) (RRP3HT)/Co with and without monolayer
of an organic insulator such as hexamethyldisilazane (HMDS) on the LSMO electrode,
and demonstrated that the device without the HMDS insulator layer shows a larger MR
ratio at low temperature than that with HMDS. They also observed 1.5 % of the MR at
RT despite using LSMO electrodes. Magnetic electrodes with high spin polarization at
RT are also important. In 2013, Zhang et al.>> demonstrated large MR ratio (5.3 %) at RT
by using a Fe3O4 electrode that resulted in high spin polarization (80 %)°® with high Curie
temperature (860 K).>* Kawasugi et al.>® also obtained a large MR (7.8 %) at RT by
using a half metal CMS®® with high Curie temperature (985 K).%" These studies indicate
that controlling the spin polarization at the interface between the FM and the OMs is
important in obtaining a large MR at RT.

As previously mentioned, there have been many reports on layered OSVs using
various OMs since initially reported in 2004. Summarization of the MR ratios of OSVs
reported so far are given in Table 1, together with the structures and experimental
conditions. Moodera et al. realized a relatively high MR ratio of RT (4.6 % in 2007,%®
and 6.0 % in 2008°°) using a very thin organic layer (<2 nm) as a tunneling barrier. In
their experiments, the spin-polarized carriers are thought to be tunneling between two
magnetic electrodes. In 2008, Vinzelberg et al. reported that the magnitude of MR and
even the sign of MR in OSVs were changed because of the penetration of the magnetic
metal particles from the top electrode into the organic layer. The thickness of this ill-
defined layer was estimated to be 50—100 nm, which could form tunneling paths from the

bottom magnetic electrode to the top magnetic electrode.®® 8 Majumdar et al.®? roughly
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controlled the thickness of the ill-defined layer by changing the deposition rate of the top
electrode and they observed a high TMR rate of 50-160 % at 5 K for the device with a
thick ill-defined layer. In order to protect the organic layer from the penetration of the
magnetic metal, some techniques have been demonstrated.®® In 2010, Sun et al.
introduced a buffer-layer assisted growth method (BLAG). Before evaporating the Co
electrode onto the organic layer, they deposited a Co monolayer at low temperature.®®
With this technique, the penetration of Co particles into the organic layer was highly
suppressed. They also observed a large MR ratio (~ 300 %) at 10 K for LSMO/Alq3/Co
layers. Barraud et al.** also observed a large TMR ratio (~ 300 % at 2 K) for a
LSMO/Alqg3/Co structure by using the conductive AFM-tip technique. To explain the
large MR ratio (300 %) observed by the two groups, the effective spin polarization at the
Co/Alqs interface extracted from Julliere’s formula for TMR ( AR/R =
2P, P, /(1 — P, P,)) should be approximately 60 %,>* which is much larger than that of
the Co itself (34 %),%* which suggests the existence of a new interface state between the
molecules and the electrode that enhances the spin polarization, a so-called “spin-
dependent hybridization” or “spinterface”. This interface effect originates from a spin
dependent broadening of the density of states.’> ®® Optimizing the fabrication process of
the OSVs has also clarified the importance of manipulating spin injection into OMs for
increasing the GMR/TMR.

In summary, it is important to investigate the spin injection and the spin transport
in OMs to increase the MR ratio at RT. However, the research of spin transport properties
of OMs has been complex and unclear, as will be discussed in the following section

(Section 2.3).
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2.3 Spin injection and spin transport in OMs

A fundamental question to the organic spintronics is “Are the spin carriers really
injected into the OMs and receive spin transport there?”. Since the pioneering reports in
2002 and in 2004, much effort has been made to prove the spin injection from FM
electrodes into OMs. The reasons given for the spin injection into OMs not being realized
are: 1) the MRs observed in previous studies originated from the TMR, where spin carriers

are injected not into OMs but into another FM electrode via a direct tunneling process,

®" and ii) there are interfacial effects such as tunneling anisotropic magnetoresistance
(TAMR)®: % and the interface MR, indicating characteristics similar to the GMR

effect. These factors complicate the discussion about the spin injection and spin transport

in OMs.

2.3.1 TMR and GMR in OMs

In order to discuss whether spin injection into OMs is realized or not, it is
important to clarify the carrier transport behaviors of OSVs. When direct tunneling occurs
in OSVs, the spin injection and spin transport in OMs is not realized since the observed
MR originates from the TMR effect. When the carrier injection/transport in OMs has
occurred, the observed MR has originated from the GMR effect, which is affected not
only by the effective injection/detection spin polarization at the interface, but also by the
spin diffusion length and spin relaxation time of OMs. Thus, the properties of the OMs in
the spin transport/conserve mediums would predict an efficient molecular design for
future spintronic devices such as spin-polarized OLED,>*?’ spin-charge converter*!> "%

2 and OSVs without FM electrodes.?® 2 In order to simplify the following discussion,

the interface effects of TAMR®® and the interface MR’? are not considered.
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The strategy used to distinguish the tunneling and spin injection into OMs is to
vary the thickness of the organic layer, then investigate the current-voltage (IV)
characteristics of the OSV.”> " In some studies, an insulating layer such as AlOx was
inserted between the organic layer and the top electrode to avoid the formation of an ill-
defined layer.®! The use of these techniques enables one to investigate the thickness
dependence of the IV characteristics of the device to a thickness less than 10 nm.”
Another option used to distinguish between charge tunneling and charge injection is to
measure the temperature dependence of the conductance, observing the nonlinearity and
parabolic behavior of the conductance versus junction voltage.®

To prove the spin injection into OMs directly, some groups have used other
experimental approaches with nonelectrical techniques. In 2009, Cinchetti et al.”’
developed microscopic techniques, involving “two-photon photoemission,” and Drew et
al.’® examined OMs using “low energy muon spin rotation” (LE-uSR) for evidence of
spin injection. In the two-photon photoemission measurement, they prepared a Co/CuPc
heterojunction and irradiated two successive laser pulses on the heterojunction. The first
pulse generated the spin polarized electrons on the Co film, which would diffuse into the
CuPc film. The second pulse excited the spin polarized electrons in the CuPc, resulting
in photoemission. By measuring the spin direction and the energy of the photoemitted
electrons, they obtained information about the spin-polarized electrons diffused into the
CuPc film from the Co film.”” The estimated efficiency of the spin injection from the Co
film into the unoccupied molecular orbitals of CuPc was 85 %-90 %. Drew et al.’®
demonstrated the spin injection and the spin transport in the Alqs layer from the LE-uSR

measurement. The prepared OSV consisted of NiFe/LiF/Alqs/TPD/FeCo layers irradiated

by muons with 100 % spin polarization to the OSV from the NiFe electrode side. The
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muons penetrated Alqs layer and lost their energy, stopping at a penetration depth in Alqs.
The muons resulted in a spin-precession depending on the local magnetic field in Alq3
layer before decaying into two neutrinos and a positron. The emission direction of them
depends upon the spin direction of the muons at the time of the decay. The local magnetic
field in the Algs was correlated to the spin accumulation in Alqs layer, which depended
on the distance from the NiFe electrodes. An estimate of the spin diffusion length for Alq3
(30 nm at 10 K, and 10 nm at 90 K) was indicated by changing the irradiation energy of
the muon.*®

In 2013 and in 2014, Ando et al. demonstrated ferromagnetic resonance spin
pumping’" 7? in organic polymers (PEDOT:PSS and PBTTT) at room temperature. For
their measurements, an organic-ferromagnetic material bilayer sample was placed under
a magnetic field, a resonance field was applied to the sample, and voltages were measured
as a function of the difference between the magnetic field and the resonance field. The
magnetization precession excited by the magnetic field and the resonance field, is known
as ferromagnetic resonance. Due to the strong spin-exchange coupling at the interface of
OMs and FMs,% the spin injection into an OM occurred by exciting the magnetization
precession in an adjacent ferromagnetic material, which then generates a pure spin current
in the OMs (pure spin current is the flow of the electron spins without the flow of charge
carriers). Based on the inverse spin Hall effect® (ISHE mechanism), since the spin current
generates an electric field perpendicular to the spin current, the voltage peak depends on
the difference between the magnetic field and the resonance field and is detected as proof
of spin injection and spin transport in OMs. Following the studies of Ando et al., Jian et

al. reported the spin pumping into Alqs and showed the temperature independence of spin

diffusion lengths for Alqz, which implied a spin relaxation was not caused by the SOI and
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HFI.*! Spin transport is shown to be dominated by the strong exchange coupling between
localized carriers, like spin-wave spin current transport in magnetic insulators recently
suggested by Yu.”® " However, Sun et al.®® studied the spin diffusion length of n-
conjugated polymers containing intrachain Pt atoms with various concentrations. The SOI
of the polymers depends on the concentrations of Pt atoms. The measured spin-diffusion
lengths by a spin pumping increase with decreasing concentrations of Pt atoms, indicating
the SOI dependence on the spin diffusion length.

Thus, the spin injection into OMs has been demonstrated, and investigations of
the spin transport in OMs based on layered OSVs encouraged by the reports on

microscopic techniques by Cinchetti et al.”” and Drew et al.>® in 2009.

2.3.2 Spin diffusion length in OMs

In the field of spintronics, the spin diffusion lengths and spin relaxation times are
important parameters used in the design of spintronic devices. According to Jullere’s
formula for the GMR (Eq. 2.1), since the magnitude of the GMR decays exponentially
with increasing thickness of the organic layer, one should be able to estimate the spin
diffusion length by plotting the GMR effect as a function of the thickness of the organic
layer. There have been reports that have estimated the spin diffusion length from the
thickness of the organic layer dependence on the GMR 4% 47-4%: 76 81

In 2013, Zhang et al. reported that the GMR effect on OSVs consisting of
Fe;04/A10x/Ce0/Co layers increased with increasing thickness of the Ceo layer, ranging
from 10 nm to 80 nm.>? They attributed this to the change in spin diffusion length

depending on the thickness of the Ceo layer, based on the theory suggested by Bobbert et

al.*? Lin et al. reported that the effective spin polarization at the interface decreases with
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increasing thickness of the organic layer.** In 2012, Tran et al. discussed the correlation
between the thickness of the organic layer and the conductivity mismatch by using a
multistep tunneling model. In their model, charge carriers are transported by the tunneling
process through localized intermediate states (Gaussian DOS of intermediate states), such
as found in organic semiconductors.’> This correlation between the conductivity
mismatch and the thickness of the organic layer strongly affected the MR, irrespective of
the spin lifetime and spin diffusion length of the organic film. These results indicate great
complexity in describing the spin transport based on the organic layer thickness

dependence of GMR in layered OSVs.

2.3.3 Pure spin current and nonlocal spin valve in OMs

The difficulties in discussing spin transport based on layered OSVs are caused by
a charge current that flows with a spin current in OSVs. The change of the spin diffusion
length depends on the electric field between the FM electrodes.®? Spurious effects such
as the anisotropic magnetoresistance (AMR),® the interface MR*> %70 and the organic
magnetoresistance (OMAR)® are in response to the charge current depending on the
magnetization of the FM electrodes, or depending on the external magnetic field. Using
the pure spin current in the represented methods avoids these difficulties. The spin
pumping’!. 72 approach is used for investigating spin injection and spin transport in OMs.
With this technique, the electric field generated by pure spin current via ISHE is measured,
and the results of the carrier flow and accumulation. The possibility of spurious effects
from the inorganic materials is still present since the spin pumping device structures are

also layered structures.”’. 7> Sun et al.®° reported that the spin diffusion length of Cqo

estimated by spin pumping was two orders of magnitude smaller than that of the
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theoretical value** and experimental values from OSVs.>?

It has been well documented that the most convincing evidence for the spin
transport in materials is observed in the Hanle effect,®8" where a spin precession of
electrons is caused by the magnetic field perpendicular to the direction of the electron
spin. When the observed spin signal depends on the direction of the electron spin, the
Hanle effect induces the oscillation of detected signals depending on the perpendicular
magnetic field. The Hanle effect in OMs is detected using the spin pumping technique,
but the observation of the Hanle effect using spin pumping is still controversial.”* Other
ways to observe Hanle effect using layered OSVs have been reported by Riminucci et
al.8 and Griinewald et al.*” in 2013. Both groups observed no Hanle signal despite
observing MR effects in OSVs. Riminucci et al. suggested that organic semiconductors
must have high mobility to observe the Hanle effect,®® and Griinewald et al. concluded
that the observed MR in their experiment is not GMR but TMR.® Yu proposed a new spin
transport mechanism in the OSCs that would suppress the Hanle effect by using a strong
exchange coupling of the high density localized carriers in impurity band to transport the
spin in OMs.”® 785 According to his discussion, the mobility of the spin (wave) current
is much larger than that of the charge current(carrier). These results suggest that the field
of organic spintronics requires more research to clarify the spin injection and spin
transport in OMs.

An important subject of organic spintronics is the preparation of nonlocal spin
valves.?”> 8% % The nonlocal spin valve measurement has been well studied in the field
of inorganic spintronics since demonstrated by Jedema et al.*” in 2001. The schematic of
the nonlocal spin valve is shown in Figure 2.1, where the voltage probe and the current

probe are in different circuits. The applied electric filed on the left two electrodes induces
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the charge current flow toward the FM1 electrode. Since carriers injected from the FM2
electrode are spin polarized, a difference in the density of up spin electrons and down spin
electrons appears in the nonmagnetic sample, thereby generating a density gradient of up
spin and down spin electrons. Due to the density gradient of electron spins, the up spin
and down spin are diffused in opposite directions to each other, as shown in Fig 2.1(b).
This spin diffusion originates from the pure spin current that is detected as a voltage by
the FM3 electrode. Similar to the effects of GMR/TMR, the detected voltage depends on
the alignment between the magnetization direction of FM2 and FM3, referred to as the
nonlocal magnetoresistance. The nonlocal spin valve measurements can detect the
intrinsic spin signals injected from the FM2 electrode into the material without spurious
signals from the charge current since the charge current path is completely separated from
the spin current path.

Results of investigating the nonlocal spin valve measurements have been well

87, 89, 91 92-94 95-98

documented for metals, inorganic semiconductors, and graphene,
allowing the analysis of the electrical spin injection, spin transport and spin relaxation
mechanisms in such materials. However, the nonlocal MR has yet to be achieved in
organic spintronics, although some groups have made significant efforts towards
demonstrating the nonlocal MR.%*-191 Several reports are based on the lateral spin valve

structure due to technological difficulties in the device fabrication process, indicating the

challenges in realizing NLMR in organic spintronics.

2.4 Functional OSVs and the spinterface

One application of OSVs is the spin-polarized OLED (SP-OLED), that controls the

intensity of electro luminescence by manipulating electron and hole spins.?*27 The SP-
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OLED consists of two FM electrodes, the emitting layer, the hole-transport layer and the
electron-transport layer. In the absence of spin-polarization of excitons, the ratio between
the singlet and triplet excitons is 1:3. If carriers in the emitting organic layer from the two
FM electrodes are completely spin-polarized, and the FM electrodes are aligned in
parallel, the spin of the electrons and holes generate singlet and triplet states with a 0:4
ratio in the emitting layer and the lack of singlet excitons in the emitting layer results in
zero recombination efficiency. However, when the FM electrodes are aligned antiparallel,
the electrons and holes generate singlet and triplet states with a ratio of 2:2, so that the
internal quantum efficiency increases to 50 %. A basic concept of SP-OLED is realizing
magnetic manipulation of the electro-luminescence. In 2004, Salis et al. demonstrated
that the OLED device yields electro-luminescence (EL) results with hysteresis
characteristics determined by the magnetization direction of the FM electrodes.?
However, they concluded that the obtained hysteresis characteristics of the EL is not
evidence of the spin injection, but instead a result of the magnetic field dependence of the
EL intensity combined with stray magnetic fields from the electrodes. There are few
investigation of the SP-OLED,?*?’ since many issues remain unsolved. The main
difficulties in realizing the SP-OLED mentioned by Deckota et al.?® are: 1) to observe the
EL requires the applied voltage to be larger than the band gap of the OMs although the
spin polarization is greatly suppressed by the high voltage, as was reported by many
groups; i1) the use of an interlayer at the interface (such as LiF) to manipulate the
interfacial work function for the electron and hole injection/transport would substantially
reduce the effective spin polarization at the interface between the FM electrode and the
OMs, and iii1) the magnetic field could change the formation of the singlet and the triplet

excitons that causes OMAR effects in the bipolar region, complicating the mechanism of
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the SP-OLED.

Research on a functional OSV device reported by Prezioso et al. in 2011, examines
an integration of the memristor effect and the spin vale effect.® They demonstrate that
the OSV consisting of LSMO/Alq3/AlOx/Co layers showed an electrical hysteresis in IV
characteristics when a high negative/positive bias voltage is applied, and that the GMR
effect of their device could be changed by applying a pulse bias voltage. By using these
properties of the spin valve device, three stable resistivity states of the spin valve could
be freely switched. In 2012, the same group succeeded in fabricating a universal
implication logic gate based on one single device. They also presented 32 distinct states,
operating a 5-bit memory.>! There have been other reports about an all-OSV device,
where the FM electrodes are replaced with molecular magnets, enabling one to avoid the
conductivity mismatch. In 2010 and in 2011, the group of Epstein et al. demonstrated
OSVs using a molecular magnet as the FM electrodes.?®.

Interest has grown in the hybridization effect at the interface between metals and
OMs since it can increase spin polarization at the interface.>* ¢ 7% 192 Bairagi et al.
reported that Co thin films coated with Ceo easily changed the axis of magnetization
direction from in-plane to out-of-plane.'® In 2015, Ma’Mari et al. further demonstrated
that Cu thin films having a molecular Cgo film showed ferromagnetic characteristics. %
Djeghloul et al.’® studied the change of spin polarization at the interface of various
combinations of molecules and FMs using photoemission spectroscopy. Increasing spin
polarization at the interface was observed for all the combinations in their study.
Understanding spin injection and spin transport is required for further research on

functional OSVs and the spinterface.
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Table 2.1: MR ratio of OSVs.

Years OMs FMs MR (%) @ T (K)
2004 [22] Algs (130 nm) LSMO, Co 40 @ 11 K
2005 [106] Algs (140 nm) Fe, Co S5@11K,0@9 K
2006 [S1] RRP3HT (100 nm) LSMO, Co 80 @ 5K, 1.5% @R.T.
2007 [107] CVB (100 nm) LSMO, Co 18@ 14K, 0 @R.T.
2007 [58] Algs (160 nm) Co/ALLOs, NiFe 75 @4.2K,6 @R.T.
2008 [S9] Ruburene (4-18 nm) Fe, Co 16 @4.2K, 6 @R.T.
2008 [61] Algs (100200 nm)  LSMO, Al,0O3/Co -11 @ 20K, 0.15 @R.T.
2009 [108] Algs (1 nm) CoFeB/Al2O3, Co 11 @ R.T.
(2 nm) 4 @R.T.
(4 nm) 25 @R.T.
2010 [33] Algs: (2 nm) LSMO, Co (AFM 300 @2 K
tip)
2010 [63] Alqgs (95 nm) LSMO, Co (BLAG) 300 @ 10K
2010 [28] Algs (5 nm) LSMO/LAO, 2@ 100K
V(TCNE)x
2011 [34] Ceo (40 nm) LSMO, Co 9@ 15K, 1 @ 200K
2012 [35] Ceo (528 nm) Co/AlOx, NiFe 5-10 @ R.T.
2012 [46] Algs (40 nm) LSMO, Co 20 @ 10K
D-Algsz (40 nm) LSMO, Co -60 @ 10K
2013 [52] Ceo (80 nm) Fe304/A10x, Co 6.9 @ 150K, 5.3 @R.T.
2013 [55] TPD (200 nm) CMS, Co 19@5K,7.8 @R.T.
2013 [47] RRaP3HT (80 nm) LSMO, Co 23 @ 5K
RRP3HT(80 nm) LSMO, Co 50@SK
2014 [109] BCP (10 nm), Flexible substrate 3.5@R.T.
Co/AlOx, NiFe
2014 [40] Algs (50 nm) LSMO, Co (back 20 @ 10K, -2 @ R.T.
deposition)
2015 [48] P(NDI20OD-T2) LSMO, AlOx/Co 90 @4.2K,6.8@R.T.
2015 [81] Alqgs (50 nm), LSMO, Co 8@ 10K
Irgs (50 nm) LSMO, Co Y@ 10K
2015 [110] Rubrene (2-20 nm)  Fe304/AlOx, Co 1l @ 150K, 6 @ R.T.
2016 [111] CoPc Co, Co (AFM-tip) More than 1,000 @ 2 K

H2Pc¢/MnPc
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Figure 2.1: (a) Schematic of the nonlocal spin valve device. (b) The spin flow and charge
flow in the nonlocal spin valves. The gradient of the electrochemical potential of the
electron up spin (red) and the down spin (blue) is depicted, where the Y axis shows the
electrochemical potential and the X axis shows the distance from FM 2 electrode. The
black curve indicates the average value of the electrochemical potential of the up spin and
down spin of electrons.
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Chapter 3
Theoretical calculation of spin injection and spin

transport

In this chapter, I show the theoretical calculation of electrical spin injection from FM
electrode into nonmagnetic materials. Under the assumption of existence an insulating
layer or a tunneling barrier between OMs and FMs, the calculation of the spin injection
dealt in this chapter can be applied to OMs. This chapter also indicates theoretical
explanation about the spin injection and the spin detection in nonlocal spin valve devices,

which is used in chapter 4.

3.1 Electrical spin injection from FM electrodes into nonmagnetic

materials

3.1.1 Electrochemical potential
It is important to introduce the electrochemical potential g which is useful to

describe spin injection and spin transport in nonmagnetic materials. The charge current

Jeharge could be divided into up spin current J; and down spin current J; as described

in chapter 1. The J°"479¢ in materials also can be written with the drift term and the

diffusion term characterized by the non-equilibrium electron density grad(ns) as follows:

]charge =]T +]l — Z ]Sdrl'ft +];1iffusion

s=T1

= Z (asE + eDsgrad(ny)) (3.1)

s=T1

= ) (~ougrad(®) + eD,grad(n,)),

s=T1
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;’ "t and ]f Tusion are the conductivity of materials, the electric

where oy, E, e, Ds,
field, the elemental charge, the diffusion constant, and the drift term and the diffusion
term of the current, respectively. s = 1, | shows the up/down spin state of the electron

spins. According to the definition of chemical potential Sus = éng;/Ng, and Einstein

relation,
as = e?N,Ds, (3.2)

where Ns is the density of state at the Fermi energy. One could describe Eq. (3.1), which

depends on the state of the electron spin, into:

Is = O-sgrad(ﬁs)/ea (3.3)

where p is the electrochemical potential, j = u — e¢. By using the electrochemical
potential, one could see that the carrier current J is described in Eq. (3.3), and indicates
that J depends on the gradient of the electrochemical potential irrespective of the electric

field. Therefore, I could summarize the equation of charge current J<**9¢ = J, + J, and

spin current J$PI = — % (Jr —J1) described as
O o
Jeharge — ?T grad(im) + ?l grad(m), (3.4)
. h
Jrin = - (o19rad(@) - oygrad (i), (8.5)

where # is a reduced Planck constant. Particularly, in the nonmagnetic materials, since
the conductivity of spin up electron and spin down electron is the same value, Eq. (3.5)

could be described as

o
JCharge — Zgrad(;TT + (1), (3.6)

. oh L
JP = — oz grad(@y — in), (3.7)
Eq. (3.6) means that charge current derives from the average of electrochemical potential.

When there is no charge accumulation or gradient, the charge current is determined by
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the gradient of a voltage ¢. On the other hand, Eq. (3.7) means that the spin current derives
from the gradient of the difference between electrochemical potential of up spin electrons
and down spin electrons (gt; — f;). We could regard (@t — [;) as a voltage for the spin

current.

3.1.2 Spin diffusion length and spin relaxation time

Before describing the spin injection into nonmagnetic materials from FM
electrodes, it is important to introduce the spin diffusion length Ag¢ and the spin
relaxation time g In the previous section, the characteristics of the spin current seems
to resemble to that of the charge current. However, there is an absolute difference between
the spin current and charge current. This is an existence of the conservation law. For the
charge current, there is a charge conservation law derived from Maxwell's equations,
which is the principle meaning that the electric charge neither be created nor be destroyed.

The charge conservation law is described by

dp

E+V.]=0, (3.8)
where p is a charge density. Because the charge current is a conserved quantity, the same
amount of the charge current in the conductive wire can be extracted from other end
regardless of the length of a conducting wire, when the charge current flows from one
end. On the other hand, a conservation low for the spin current is not exist. This means
that it is difficult to flow the spin current over long distances because the spin current is
not a conserved quantity. The electron spin flips its direction from up/down spin to
down/up spin with a certain probability because of some spin relaxation mechanisms in

materials such as SOI, resulting in (zt; — ;) = 0. Therefore, the spin current disappears

when it flows a certain distance or for a certain amount of time. This distance is called
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the spin diffusion length and the time is called spin relaxation time.
Since the spin current is not a conserved quantity, the expression of the spin
current is described as

dps
g = 3.9
TV =T, (3.9)

where pg and T are a spin density and spin relaxation term which indicate the creation
or the disappearance of the electron spin due to spin relaxation of electron spins.

According to the reference [91, 112], T is described as
T= —e—+e—, (3.10)

where 7;; and 77 are the spin scattering time from spin state up to down and from spin
state down to up, respectively. At the steady state, since the number of up spin electrons

and down spin electrons is unchanged, one can describe the equation as follows

67’ll SnT 1 .
0=—~——-Vj,
Ty T € (3.11)
67’lT 6Tll 1 . '
0=————-Vj,

Ty Ty €

By using the relations dng = NoSu,, Sy — Sy = iy — ;y, Eq. (3.1) and the detailed

balancing LR ﬂ, one can obtain'!?
™ Tit
VZ (O'T‘M_T + al,u_l) = O, (312)
20 _ L
D'V(i; — ) = T—f (& — i), (3.13)
S
with
N; + N,)D,D
pr = L+ MDD, (3.14)
N:Dy + N,D,
1 1
=2(—+—)7", 1
Tsf (‘L'” TTl) (3 5)

One can obtain the general solution in one dimension of Eq. (3.13) with introducing the
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spin dependent voltage AVg =

= ”Te” L g and the general solution of Eq. (3.13) is

described as

AVS = VA eXp(—

) + Vg exp ( ) (3.16)

x X
1/D"L'Sf JD’Ts‘f
Eq. (3.16) indicate that AVg is decaying with a certain value of ,/D’tgf, which is the

spin diffusion length A of the materials. The relationship between the spin diffusion

length and the spin relaxation time is described as Agf = /D' 7.

3.1.3 The spin injection into nonmagnetic materials from FM electrodes

In this section, I consider the spin injection at the interface between nonmagnetic
materials (NM) and FM. Based on the discussion in the previous sections, it is enables us
to describe the electrochemical potential at the interface of NM/FM as shown in Figure

3.1 by using Eq. (3.6), Eq. (3.7), Eq. (3.12) and Eq. (3.13). It is described as a function of

z follows:
A
i (2) ——exp()L >+Bz+C (3.17)
FM )
A
i (2) ———exp(/1 )+Bz+C (3.18)
F
() = exp () + b (3.19)
i (z) = —exp . z, 3.19
NM
_(z)=—2ex (—i)+bz (3.20)
Ml g p /1N ) .

where Ap, Ay are the spin diffusion length of the FM and the NM, respectively. 4, B, C,
a, and b are the constant determined by the boundary condition, and zis a coordinate. The
interface between FM and NM is corresponding to z = 0. The continuity condition for

the electrochemical potential and the boundary condition for the current at the interface
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are described as

A a _ A a
m=—+C=—, @L=-—+C=-—, 3.21)
o o gy o

A a A a
eh=ptaB=—g+ob ei=-p+aB=p+ob, (3.22)

From Egs. (3.17)—(3.22), one can obtain
h=Ju B

h+l 1+ rN/rF’ (8.25)
_O'T—O'J,_O'T—O'l
’8_0T+al_ pany (3.24)
with

In
- N (3.25)

NT 27

l

e = ZF(O'T_I ) (3.26)

where 1y and 7 represent the resistance of NM and FM, respectively.!!? In Eq. (3.23),
the efficiency of the spin injection decrease with increasing ry/7g, which is depending
on the conductivity of NM and FM. This phenomenon is the conductivity mismatch. The
conductivity mismatch tends to be a problem when we attempt to inject the spin polarized
current into inorganic semiconductors or OMs because of their low conductivity.
Takahashi and Maekawa reported that the conductivity mismatch could be avoid by

introducing an insulating layer between NM and FM.!!?

When the insulating layer is
inserted at the interface between NM and FM, the continuity condition for the

electrochemical potential is modified as

B A a

Uy = O'_T +C +1rprefy = p (3.27)
_ A a
=== tC+me=--, (3.28)

where 7; is an interface resistance. One can obtain the efficiency of the injection of spin
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polarized current described as

=1 _ Tef + 1
I+l ety +7’i'

., -1 1
B =

(3.29)

T T

_, 3.30
T o T (3:50
Eq. (3.29) and Eq. (3.30) indicate that the large 7; can realize the high efficiency of the

spin injection even if the resistance of NM is high.!!?

3.2 The spin injection and the spin detection in the nonlocal spin valves

In this section, I introduce the spin injection and the spin detection in the nonlocal
spin valve devices. Figures 2.1 indicate the schematic of the nonlocal spin valve device
and the electrochemical potential of us spin electrons and down spin electrons in NM. As
described in section 2.3.4, the nonlocal spin valve devices can detect the pure spin current
in NM since the spin current path is separated from the charge current path as shown in
Figs. 2.1. When the length between FM2 and FM3 in Figure 2.1 is shorter than the spin
diffusion length of NM, the difference between the electrochemical potential of up spin
electrons and down spin electrons (Ai = jiy — [1;) does not equal zero at the interface
between NM and detecting FM3 electrodes in Fig 2.1. Therefore, the pure spin current
described as Eq. (3.7) is injected into FM3 electrodes. The spin relaxation of injected pure
spin current into FM depends on the spin diffusion length of FM electrode. Since the spin
diffusion length of FM electrodes is generally small (several nano meters),”! A
immediately becomes zero as shown in Figures 3.1. The density of state of up spin
electrons and down spin electrons in FM electrodes depends on the magnetization
direction of FM3 electrode. The spin direction of pure spin current also depends on the

magnetization direction of injection FM2 electrodes. When the alignment of these two
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FM electrodes is parallel, a positive bias (Vp = ji/e) is detected. When alignment of
these two FM electrodes is antiparallel, a negative bias (Vap = —ft/e) is detected as
shown in Figures 3.1. In the measurement of nonlocal spin valve devices, the difference
of the voltages AV = Vp — Vp is used to avoid the background of the detected voltage.
Generally, since the detected voltage is proportional to the amount of the injection current
from FM2 electrodes finj, the normalized value ARg = AV;/I;y; is also used.

Next, I would like to estimate the value of the detected voltage normalized by
AV, /Iip;. To describe the electrochemical potential in injection FM1 electrodes, NM and
detected FM2 electrodes, I set the x axis and z axis in the nonlocal spin valve device as
shown in Figure 3.2. In this calculation of detected voltage, I assume the condition that
FMI1 and FM2 are the same ferromagnetic material and the FM1/NM junction and
NM/FM2 junction are the Ohmic contact. The electrochemical potentials in the FM1 (z <

0),the NM (0 <z <L 0<x<LL<x),and FM2 (L < z) are described, respectively,

as
A z
i = —exp <—>+Bz+C, (3.31)
o7 lF
z<0
_ A z
L= ——exp<—>+Bz+C, (3.32)
oy I
J— aZ z
1= —€xp (— _) + bz, (3.33)
o lN
z>0
i = - (—i>+bz (3.34)
1 p exp In ) .
=2 XV e (2
T = aexp( lN) +—exp (lN)’ (3.35)
0<x<L
- =_2 XY C (X
i =—Zexp( lN) ~exp (lN)’ (3.36)
3.37
_F (z—-1L) ( )
z>L uT=;exp i + G,
' f (3.39)

36



i, = —Eexp<— (Z_L)> + G,

) lp
—L
7;:£exp<—(x )>, (3.39)
o lN
x>L
0, = —gexp (— (xl—;L)), (3.40)

where A,B,C,a,,a,b,c,F,G, f are the constant, and lr and ly are the spin diffusion
length of the FM and the NM, respectively. Especially, the value of G divided by the
charge element indicates detected voltage V; = G/e.

The continuity condition for the electrochemical potentials and the boundary

condition for the current at the z = 0 and the x = 0 are described, respectively, as

_ A a, a+c
h=—+C=—= , (3.41)
fop) o o
A a a+c
elfj=——+C=—"2=— , (3.42)
o) o o
A ata,—c
e]T :l—+O'TB = —l—+0'b, (343)
F N
A ata,—c
eJy=——+0B=—-—+0b, (3.44)
g In

I can obtain the Equation (3.45) by Egs. (3.41)—(3.44) and Eq. (3.24), which is described

as

-1 -1

o
ﬁa + 4[1:]161 + 4l}:1 1 Cc = —eﬁ]. (345)

415" ———
oy +o o, to

The equation (3.46) is also described by using Eq. (3.25) and Eq. (3.26)
(ry + 2rp)a + ryc = —ryrpoef). (3.46)

In the same way, he continuity condition for the electrochemical potentials and the
boundary condition for the current at the z=L and the x =L are described,

respectively, as

pr=acn+cont=0;'F+G=0"1f, (3.47)
L =-ac"n—co gt = -0 'F + G = —o"If, (3.48)
ey = =Iy*(an —en™) = —Iz'F — Iy'f, (3.49)
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eJ, = Iyt(an — cn™) = I5'F + I f, (3.50)

N = exp(=L/Iy), (3.51)
By the use of Egs. (3.47)—(3.51), I can obtain the Equations (3.52)—(3.53) described as
F = =2l ", G =-2rpB'I5'F, (3.52)
ot —o?!
g =1, (3.53)
o; - +o
mna + (ny + 2re)n~ e = 0, (3.54)

From the simultaneous equation between Eq. (3.46) and Eq. (3.54), I can obtain Equation
(3.55) described as

(a) _ wrroef] ((rN + ZrF)n‘1>.

¢ - (ry + 2rp)2n~ 1 —rgn —INT (3.55)

The spin signal in nonlocal spin valve device V; = G/e is obtained by substituting Eq.

(3.55) into Eq. (3.52), which is described as

2
G Z(rF/TN) rNﬁz

— = RS = - > n,
eJ (1+2"%/) —n?

(3.56)

112

According to the previous report by Takahashi and Maekawa, '~ the spin signal in

nonlocal spin valve measurement including interface resistance is described as

Py 1};—; ng_:
V;/I = £2Rye~L/2N H : .
=, 1-P° 1-p;
- (3.57)
2 [ R LR '
X l_[ 1 22"'1 )= emam]
=1 J pF
where signs “+”’ and “—’ correspond to the parallel and antiparallel alignments of FM

electrodes, respectively, Ry = pnAn/An and Rp = ppAp/Ap are the resistances of NM
and FM with the cross sections area Ay and Ap and the spin diffusion lengths of NM
An and that of FM Ag, respectively. pg is the spin polarization of FM. The spin

polarization at the interface P is described as Py = |Gi,T -G ¢| / (Gi,T + G; l) by using
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the interfacial conductions G;, py and pgp are the resistivity of NM and FM,
respectively.
Additionally, when the interface resistance is a tunneling barrier (Ry, R, > Ry),

Eq. (3.57) is modified as''?
Ry = PfRye™1/M (3.58)

Generally, since an insulating layer is inserted between NM and FM to avoid the
conductivity mismatch, Eq. (3.58) is frequently used in the measurement of the nonlocal

spin valves.
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Figure 3.1: The schematic of the detected spin signal in the nonlocal spin valve

measurements.
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Figure 3.2: The schematic of the nonlocal spin valve devices. The z axis and the x axis is

indicated.
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Chapter 4
Electrical spin injection and spin transport in o-(BEDT-

TTF):I; by the nonlocal spin valve measurements

4.1 Introduction

The understanding and manipulation of the spin transport in organic materials
(OMs) have attracted considerable interest for fundamental material science and
applications in the field of spintronics since the small spin-orbit interaction (SOI) in OMs
consisting of light atoms leads to long spin relaxation times. In the past twenty years, a
large number of spintronic devices based on OMs have been demonstrated (see Refs. [13,
69, 80, 113] and references therein), following the initial reports by Dediu et al. in 20022
and Xiong et al. in 200422, The mechanism of spin transport in OMs is still one of the
most important subjects to be clarified for their application to spintronic as above devices.
Most devices reported so far have essentially been two-terminal devices in which the
anisotropic magnetoresistance (MR) of the ferromagnetic metal (FM) electrodes and
other spurious effects cannot be separated from the intrinsic spin transport effects in
OMs, 13 69,85

A nonlocal spin valve (NLSV), in which the charge current path is separated
from the spin current path, is one of the most useful methods of studying spin transport.®*
114,115 Although there have been some reports on NLSV measurements of OMs, no clear
signals from spin transport were detected.”® 19 1% Some groups prepared NLSV devices
based on high-conductivity polymers such as PEDOT:PSS > '% and pBTTT,!’! and

discussed the reasons for the absence of spin transport signals. There are two possible
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factors suppressing spin transport in NLSVs: one is the so-called conductivity

100, 101 and

mismatch!'?at  the interface between conductive polymers and FM electrodes,
the other is the bipolarons in conductive polymers.”® The conductivity mismatch''? at the
nonmagnetic/magnetic interface enhances the spin scattering since the typical electrical
resistivity of conductive polymers (even heavily doped ones) is at least a few orders of
magnitude higher than that of FM metal electrodes. It has been reported that inserting
tunneling barrier layers between samples suppresses the effects of conductivity
mismatch.!t”?2 Regarding the latter reason, it is reasonable in the absence of the spin-
valve effect in doped conductive polymers, in which the bipolarons, which are spinless
carriers, become dominant through the combination of polarons with increasing carrier
concentration.”” 118

To overcome these difficulties, I prepared NLSV devices using a single crystal
of the organic zero-gap conductor a-(BEDT-TTF).I; (abbreviated to a-I3, where BEDT-
TTF is bis(ethylenedithio)tetrathiafulvalene) as shown schematically in Figure 1(a). a-
I3 is a quasi-two-dimensional conductor consisting of a conductive BEDT-TTF layer and
an insulating I3 layer.!'® 120 This I3 layer may act as a tunneling barrier at the interface
between the a-I3 and FM NigoFezo (Py) electrodes to avoid the conductivity mismatch as
will be discussed later. At ambient pressure, a-I3 shows metallic behavior with an
electrical resistivity of approximately 0.01 Qcm. At 135 K, it undergoes a phase transition
to a charge-ordered insulator.!?® Under a high hydrostatic pressure of > 1.5 GPa, this
insulating phase is suppressed and a zero-gap conducting state appears. It has been

reported that the carrier density » and carrier mobility ¢ decrease and increase with

decreasing temperature, and reach 8 x 10 cm™ and 3 x 10° cm?Vs at 2 K,
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respectively.'?!

4.2 Experimental

In this study, I prepared an NLSV based on a-I3 using a flexible polyethylene
naphthalate (PEN) (Teijin DuPont Films Japan, Ltd.) substrate (Figure 1(a)) to avoid the
damage to the a-I3 crystal caused by the difference in the restriction coefficient between
a-I3 and an ordinary substrate under pressure.’?? The use of the PEN substrate enabled
us to measure the nonlocal MR of an a-I3 single crystal in a zero-gap conducting state.
Eight FM electrodes were patterned on a PEN substrate by electron-beam lithography,
which was followed by the electron-beam evaporation of a 30-nm-thick Py film (Figure
1(b)). A gold cap layer with a thickness of 10 nm was deposited on the Py film, which
protected the electrodes from I-induced corrosion. Figure 2 shows the microphotograph
of the patterning of ferromagnetic electrodes. Without the gold layer, the Py film became
corroded and the a-I3 was also degraded as shown in Figures 3. Figure 3(a) shows the
microphotograph of the Py thin films with an o-I; single crystal, which was taken
immediately after attaching a-I3. Figure 3(b) shows the microphotograph of the same
sample taken an hour later. The Py film was obviously corroded by a-I3 single crystal.
Four electrodes were selected for nonlocal measurement so that the channel length (L) in
the same crystal could be altered in the range from 700 to 1500 nm. The widths of the
inner adjacent electrodes differed from each other (400 and 600 nm), resulting in the
generation of different coercive forces.

Thin single crystals of a-I3 were electrochemically synthesized. A current of 1

LA was applied to a chlorobenzene solution (20 ml) consisting of BEDT-TTF (10 mg)
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and [CH3(CH2)3]4N-I3 (50 mg) for 6 h to yield platelike single crystals. The dimension of
typical single crystals used in this experiment was approximately 200 um % 25 um x 150
nm. The thickness was measured by the step profiler. The crystals were dispersed in
chlorobenzene and added dropwise to a PEN substrate. After the evaporation of the
chlorobenzene, the crystals were strongly attached to the substrate by van der Waals
forces (Figure 1(b)). Each sample was placed in a Teflon capsule filled with a pressure
medium (Daphne 7373 oil), and the capsule was subjected to a pressure of up to 1.6 GPa
in a clam-type pressure cell made of BeCu. The measurements were performed in a
Quantum Design Physical Property Measurement System with a dc current source
(Yokogawa GS210) and a nanovoltmeter (Agilent 34420A). The magnetic field was

swept between —500 and 500 Oe at a rate of 2 Oe/s.

4.3 Results and Discussion

Before the nonlocal spin valve measurements, I confirmed the coercive field of
Py electrodes. Figure 4 shows the magnetization (M) curve of Py electrode with a width
of 400 nm, 600 nm and Py thin films as a function of magnetic field (B), measured by a
SQUID magnetometer (Quantum Design). One can see the difference of coercive field of
each Py. In addition, I also measured magnetization curve of Py electrodes, which is in
device configuration as shown in Figure 2. Figure 5(a) indicates the magnetization curve,
and Figure 5(b) shows dM/dB as a function of B. In Figure 5(b), one can see the six peaks
indicated by arrows. The peaks indicated by black arrows represent coercive field of the
Py pads which connect Py electrodes and Au lead wire. The peaks indicated by red and
blue arrows represent coercive field of the Py electrodes with a width of 600 nm and 400
nm, respectively.
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Next, I estimate the contact resistance R; at the interface between Py/Au
electrode and a-1I3 single crystals by using quasi 4 probe measurements. Figure 6(a) shows
the results of 4 prove measurements and quasi 4 probe measurements, which indicated
the contact resistance was approximately 500 Q. This value is comparable to the
resistance of a-I3 single crystals (< 200 Q). Figure 6(b) shows dV/d/ as a function of 7,
which also revealed the contact resistance worked as a tunneling barrier between Py/Au
electrodes and a-I3 single crystals.

I show the temperature dependence of the resistance change (Ry/R300 x) of an
a-I3 single crystals itself (black curve), and that on PEN (red curve) and on PET
(polyethylene terephthalate) (blue curve) under 1.6 GPa in Figure 6. For the o-I; single
crystal on PET substrate, the resistance of a-I3 increased with decreasing temperature.
The temperature dependence of a-I3 on PEN substrate is very similar to that of a.-I3 single
crystal itself. This means that the influence of the PEN substrate on o-I5 is lower than that
of the PET substrate.

I measured the temperature 7" dependence of the resistance and the Hall mobility
u of the specimen to ensure that the hydrostatic pressure was properly applied to the
samples. Figure 7 shows the Hall coefficient from 30 K to 4 K. One can see the steep drop
of the Hall coefficient around 21 K, which reveals that the charge carriers in a-I3 single
crystals is changed from electrons to hales. The four-terminal resistance was almost
independent of 7 from 300 to 2.5 K, whereas n and u decreased and increased,
respectively, by four orders of magnitude (Figure 8). This behavior is qualitatively
identical to the zero-gap conducting state of bulk crystals. # is slightly larger than that of

bulk o-I5 single crystal'?! at low T this is probably because of the strain and/or doping
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effect at the interface between a-I3 and the plastic substrate, as demonstrated by Tajima
et al.1% According to the energy dispersion, the carrier density satisfies the following

formula:

x* ki _,
n="_ %8s _t2, 4.1)
6C AV}

where C (= 1.75 nm) is the lattice constant along the direction normal to the two-
dimensional plane, vr is the effective Fermi velocity, 7 is the reduced Planck constant,
and kg is the Boltzmann constant.'?! 1 estimated vr to be 2.5 x 10* m/s from the T
dependence of the Hall coefficient. Furthermore, according to Mott’s argument, the mean
free path / of the carriers cannot be shorter than the carrier wavelength. In the case that

scattering centers with high density exist, kr/ ~ 1 (where kr is the Fermi wave number)
and the sheet resistance approaches 0.5h/e® (where e is the elementary charge).
According to the report by Tajima et al. on the resistivity of a- I3 single crystals,'*! the
sheet resistance is comparable with the resistivity per layer (12.9-77.4 kQ at 2 K) since
o-13 is a layered material consisting of conductive and insulating layers as shown in Fig.
1. They have also mentioned that kr/ ~ 1 is valid for a-I3 under pressure when the sheet
resistance coincides with h/e? within a factor of five. The sheet resistance of our sample
was 57 kQ (~ 2xh/e?) at 2.5 K, which was nearly equal to that of bulk crystal.'?! It
was thus considered that the condition kr/ ~ 1 was satisfied in our sample. Substituting
the effective kr estimated from NnC = 27k? / 47°, the mean free path was calculated to
be / = 30 nm. As a result, D (=0.5v.|) was estimated to be 3.75 x 10~* m%/s for this

sample.

To observe nonlocal MR in high-resistivity materials, a thin insulating layer
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between the FM electrodes and the nonmagnetic channel is necessary to avoid a
conductivity mismatch. When the interface resistance is sufficiently large for tunneling
carrier injection to occur, the change in the nonlocal resistance AR can be described as

follows: 12

P21
sexp(—L/A), 4.2
gy n( s) (4.2)

AR =

where P and o denote the effective spin polarization of the FM electrodes and the
conductivity of the nonmagnetic material, respectively. 4 is the device area calculated by
multiplying channel width (~ 25 pm) by channel thickness (~ 150 nm). The above formula

is valid for R, > A /oA, where R; is the contact resistance.''? I measured R; using four-

terminal and quasi-four-terminal configurations, and found that when the above condition
is satisfied, the spin diffusion length should be A < 7.7 um. As shown below, this
condition was clearly satisfied by the sample examined in this study.

At 2.5 K, hysteretic MR with a ratio of 0.06% was observed in the two-terminal
local measurement for L = 1300 nm, as shown in the upper panel of Figure 9(a). In
general, the voltage change associated with spin signal in two terminal (2T) measurement
is twice of that in non-local configuration and shows opposite sign, as was discussed by
Jedema et al.'** The local MR observed in our device did not show this relation. This is
most likely because the magnitude of local 2T signal consisting of spin accumulation was
much lower than that of spurious MR such as anisotropic MR of ferromagnetic electrodes
itself. The magnetic domain walls in the FM electrodes change the resistance of the FM
electrodes during the magnetization reversal of the FM electrodes. Since it is difficult to
clarify the origin of MR in local measurement, nonlocal measurement is necessary. In

nonlocal MR measurements, the charge current path is separated from the spin current
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path; the former flows anisotropically, while the latter flows isotropically. As shown in
the lower panel of Figure 9(a), the voltage switching of approximately 14 mQ was
observed in the nonlocal configuration. The observed loop looks like that of spin-valves,
as was generally observed for the non-local measurement.® % 115 The variation in the
nonlocal voltage at the switching field was almost proportional to the bias current up to
+500 pA (Figure 9(b)). The baseline resistance was approximately 8.2% of the four-
terminal resistance (Figure 9(c)). No baseline MR was observed in the non-local
measurement while the local four-terminal resistance exhibited a bulk MR of
approximately 1.4 %. These findings imply that the charge current path was well
separated from the electrodes during voltage detection in the nonlocal configuration,
supporting the hypothesis that the spin-valve like MR loops originate from intrinsic spin
transport.

The nonlocal MR decreased with increasing L as shown in Figure 9(d). The

exponential slope gives A;= 1.1 um from Eq. (1). Furthermore, the value of D along with
the relation A, =,/Dz, yields 7z = 3 ns. It is interesting to compare these values with

those of graphene since graphene is a representative zero-gap conductor and a promising
spin transport medium owing to its small SOI and long spin relaxation time and spin
diffusion length.!® In comparison with those of graphene devices, a-I3 has a long or

95, 126

comparable 7y value, whereas A is shorter owing to the lower D value than that of

graphene NLSV devices (for which D is approximately 0.05 m?/s > 126),
There are two major differences between a-I3 and graphene. First, the slope of

the Dirac cone of a-I5 is moderate and anisotropic.!2*!?3 The moderate slope reduces the

Fermi velocity and D, although the effect of the tilted cone on the spin transport is unclear.
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Second, the SOI in a-I3 is considered to be larger than that in graphene because a-I3
contains heavier atoms, such as sulfur and iodine. Although these properties of a-I3 most
likely reduce the spin diffusion length As and the spin relaxation time z, it is interesting
that I could obtain comparative or higher values than those for graphene devices. This is
probably because the spin scattering induced by surface defects/contamination and the
effect of the substrate!!> is considered to be less than that in graphene devices owing to
the multilayered structure of a-I3. In addition, the inversion asymmetry, which generates
an extra term in the equation for the SOI, also might be reduced in layered structures, as
has been reported for graphene encapsulated in boron nitride with a multigate

configuration.!'!®

Multilayer graphene has a longer spin diffusion length and spin
relaxation time than single-layer graphene.'?’ These aspects are important for designing
OMs as a spin transport medium.

It has been reported that graphene changes its spin transport behaviors depending
upon the substrates, which makes it difficult to clarify the spin relaxation mechanisms.!?8
It is useful to consider the spin relaxation ratio € = 1,/7; for discussing a spin

transport property.’! Here, T, 1s momentum relaxation time. Table 1 summarizes the

experimental date of carrier and spin transport properties for a-I3 together with those for
graphene on various substrates. The spin relaxation ratio of graphene on SiC and
multilayer graphene are an order of magnitude smaller than those of graphene on Si0>
and h-BN. Graphene on SiC is epitaxially grown on carbon-rich surface, which is
electrically inactive and only weakly interacts with graphene layers,”’ resulting in long
T, and low & Multilayer graphene can suppress spin scattering from the surface and the

substrate.!?® I can see the spin relaxation ratio of a-Is (4 x 10™) is comparable to that of
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graphene on SiO> and h-BN. The a-I; crystal contains heavy atoms such as iodine and
sulfur, which enhances SOI. The spin scattering from the substrate is thought to be
suppressed in layered structure of a-13 like graphene, resulting in low spin relaxation rate
of a-Is.

129, 130

According to theoretical calculations, the spin relaxation times of the EY

and DP mechanisms are z°° ~ (Av k. / A)®> and z2F ~(n/A)* /7, , respectively,

b >
where A is the spin-orbit coupling strength. Therefore, 77" / 727 ~ (k.1)?; that is, the spin
relaxation times of the EY and DP mechanisms are comparable to each other if k.| ~1.
When I assume that 7' =7." =2z, ~ 6 ns, a A value of approximately 0.09 K is

derived from z; and 7z, (= //vr). This value is larger than the intrinsic SOI (~0.01 K) and
comparable to the Rashba SOI (~0.07 K at 50 V/300 nm) in graphene.'? Thus, the
effective SOI in a-I3 appears to be similar to that in single layer graphene on SiO».

Note that the T dependence of AR (Figure 10) monotonically decreased by a
factor of approximately three as 7 increased from 2.5 to 300 K. The change of AR was
much moderate comparing to that of the mobility and carrier density of a-I3, which show
a steep decrease and an increase, respectively, with increasing temperature as shown in
Fig. 2. This correlation between AR and the mobility and carrier density implies that a
dominant spin relaxation mechanism of o-I3 change to EY from DP mechanism with
increasing temperature. To modulate the mobility in the same sample by several orders of

magnitude would provide new information for spin transport mechanism in materials.
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4.4 Conclusion

In summary, I have developed a fabrication process for spin valves of a
molecular conductor on a flexible polymer substrate to which a high hydrostatic pressure
can be applied. Following the implementation of this technique, I performed NLSV
measurements on the resultant a-I3 organic zero-gap conductor at 1.6 GPa. Hence, a
distinct nonlocal MR that decays with increasing gap distance was observed in an OM
for the first time. The spin diffusion length and spin relaxation time were estimated to be
1.1 um and 3 ns, respectively. The SOI calculated from the spin relaxation time and carrier
lifetime was 90 mK. The diffusion constant of a-I3 was one or two orders of magnitude
smaller than that of graphene, resulting in a shorter spin diffusion length than that of
graphene. On the other hand, the layered structure of a-I3 exhibited a long spin relaxation
time and a small SOI since it reduced spin scattering from the surface and the inversion
asymmetry, which generates an extra term in the equation for the SOI. These findings

provide guiding principles for materials design in organic spintronics.
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Figure 1. (a) Schematic of crystal structure of a.-(BEDT-TTF)213 and nonlocal spin valve
devices. The structural formula of a BEDT-TTF molecule is also shown. (b) Optical
microscope image of lateral spin valve based on o-I; fabricated on a flexible PEN

substrate. The solid line in the figure represents the edge of the crystal.

Figure 2. Optical microscope image of Py/Au electrodes and Au lead wires patterning.
The thin lines surrounded by the blue open circle are Au lead wires, and the thin lines

surrounded by red open circles are the Py/Au electrodes.
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(b)

Figure 3. Optical microscope image of Py thin film contacting a-I3 single crystal, which

was taken immediately after putting a-I3 single crystal (a), and which was taken an hour
later form Figure 3(a) (b).
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Figure 4. Magnetization of Py/Au electrodes as a function of magnetic field (M-H)
measured by a SQUID magnetometer. Blue, red and black curves represent the M-H
curves of Py with a width of 400 nm, 600 nm and Py thin film, respectively.
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Figure 5. Magnetization curve of Py/Au electrodes, which is in device configuration as

shown in Figure 2 as a function of magnetic field (a), and dM/dB curve (b).
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Figure 6. (a) The resistance of a-I3 single crystal in device configuration measured by 4
probe (black) and quasi 4 probe (red) techniques, respectively. (b) the dV/dl

characteristics as a function of /.
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Figure 6. The temperature dependence of the resistance change of a-I3 single crystals

under 1.6 GPa on PEN substrate (red curve), PET (polyethylene terephthalate) substrate

(blue curve) and without substrate (black curve)
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Figure 6. The Hall coefficient from 30 K to 4 K of a-I3 single crystals.
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Figure 8. Hall effect of a-I3 single crystal on a flexible polyethylene naphthalate (PEN)
substrate. Dependence of effective carrier density (n¢y) and mobility (&f) on temperature

(T) derived from Hall effect in thin a-I3 single crystal on PEN under a pressure of 1.6
GPa.
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Figure 3. Spin valve characteristics of local and nonlocal MR. (a) Dependence of local

two-terminal (2T) and nonlocal four-terminal (4T) resistance on magnetic field at 2.5 K.

(b) Dependence of voltage drop on bias current at switching field in nonlocal 4T

configuration. (c) MR ratios in local 4T and nonlocal 4T measurements. (d) Dependence

of change in nonlocal resistance AR on gap length.
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Figure 4. Dependence of nonlocal 4T MR on temperature (7) for 1300 nm gap spacing.

AR monotonically decreases with increasing 7.
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Table 1. Carrier transport and spin transport properties of graphene on SiO2, SiC, h-BN,

suspended graphene and multilayer graphene.

Material u(em?Visty Do) t(ps)  Ay((m) 1, (fo)* &x*
Graphene on
2 x10° 2 % 10 100 1.5-2 40 4 x 104
Si0, [95]
Graphene on
2 x10° 2 %1072 2300 05-1 40 1.7 x 10
SiC [97, 131]
Graphene on h-
4 x 104 5% 1072 200 4.5 100 5% 104
BN [98]
Multilayer 500 — 4 x 107
— 1 x 107 25-3 20
graphene [127] 600 -33x107
a-Iz
1 x10° 3.7 x10* 3000 1.1 1200 4 x 10
[this study]

* 1, is momentum relaxation time estimated by D = 0.5vpl

** gis spin relaxation ratio (= 7,,/7s)
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Chapter 5
Tunneling anisotropic magnetoresistance in

La.7Sro3sMnOs/pentacene/Cu/Au structure prepared on

SrTiO; (110) substrate

5.1 Introduction

Since the pioneering works by Dediu et al.?! and Xiong et al.,* spin injection
and transport phenomena in organic materials (OMs) have attracted considerable interests
because their low spin-orbit interaction leads to a long spin relaxation time for charge
carriers in OMs.'32 The understanding and controlling of the interface between OMs and
ferromagnetic metal (FM) electrodes have been important topics to be clarified for the

application of OMs to spintronic devices. There have been several reports on interface

33, 104, 133 134-136

effects such as spin-dependent hybridization, interfacial spin selectivity

and magnetic anisotropy’® 103 137

in device structures, which could open new
possibilities for spintronic devices.
Tunneling anisotropic magnetoresistance (TAMR) is also an interface effect

%8 including

between an FM electrode with magnetocrystalline anisotropy and mediums®
inorganic semiconductors (GaAs®® 140) metal oxides (MgO/CoFe,**! MgO/Ta!*?) and
OMs (PTCDI-C4F7%, Alqs%°), in which the tunneling resistance depends on the
magnetization direction of the FM electrode. The signal of TAMR is much larger than
that of the anisotropic magnetoresistance (AMR) observed in the FM electrode itself.%
There have been reports on the TAMR of OMs on Co''* 1% and Lag 7Sr03MnO;3 (LSMO)

68,69, 144 electrodes. Barraud et al. demonstrated that electronic hybridization between Co
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and Co-phthalocyanine induced uniaxial magnetic anisotropy at the interface, which
dramatically changed the TAMR effect.!!* In addition, by calculation of the TAMR effect
in a magnetic tunnel junction of LSMO and SrTiO3 (STO), Burton and Tsymbal showed
that the out-of-plane magnetization of LSMO had ~500% higher junction resistance than
the in-plane magnetization.’*® These reports show the possibility of enhancing the TAMR
ratio by active control of the interface between OMs and FMs.

I prepared TAMR devices consisting of epitaxial LSMO thin films on STO (110)
substrates and thermally evaporated pentacene (100 nm in thickness)/Cu (5 nm)/Au (17
nm) layers, as shown in Fig. 1.  measured the dependence of the TAMR on the magnetic
field (B) strength and the B angle. Although these two measurements generally showed
almost the same TAMR ratio, it was found in the present experiment that the TAMR ratio
in the B strength dependence (14%) was approximately ten times larger than that in the
B angle dependence (1.5%) at a high magnetic field, which is probably owing to the out-
of-plane component of the magnetic anisotropy of LSMO thin films generated by the
tensile strain applied to them.*® " This result suggests that the control of the out-of-
plane component of the interface magnetic anisotropy enhances the magnetoresistance

(MR) ratio.

5.2 Experimental

Figure 1 shows a schematic of the device. It was a so-called cross-bar type device
with a layered structure of LSMO (20 nm in thickness)/pentacene (100 nm)/Cu (5 nm)/Au
(17 nm). An LSMO film (1.5 mm in width) was grown on STO (110) maintained at 1073
K by pulsed laser deposition according to the previous reports by Boschker et al'*” and

by Huijben et al.1*® using a 248 nm KrF laser (200 mJ, 5 Hz) under an oxygen pressure
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of 40 Pa. The LSMO film was annealed at 1073 K for 15 min under an oxygen pressure

of 4 Pa. Epitaxial growth of LSMO on STO(110) was confirmed by using reflection high

energy electron diffraction. The [001] and [110] axes of LSMO were parallel to those of
STO. The crystal structure of the grown films was investigated also by X-ray diffraction.
Pentacene layers were thermally evaporated from a Knudsen cell with an evaporation rate
of 3 nm/min under a pressure of 1x10” Pa. The pentacene (Aldrich 99.8 %) was used
after purification. The thickness of the pentacene layers was 100 nm, as estimated with a
step profiler. The top Cu electrode (1.0 mm in width) was deposited by e-beam
evaporation. A Au capping layer was then thermally evaporated to complete the device.
The active area was estimated to be approximately 1.5 mm?. All measurements were
carried out in a liquid He cryostat (Physical Property Measurement System (PPMS),
Quantum Design) under a pressure of 500 Pa at 4 K. A magnetic field B in the range from

-3000 Oe to 3000 Oe was applied along the in-plane angle € (see Fig. 1). The angles 6 =

0° and 90° correspond to the [001] and [110] axes of LSMO, respectively. A bias voltage
was applied to the bottom LSMO with respect to the electrically grounded top Au
electrode. Magnetization was measured with a SQUID magnetometer (Quantum Design)

as a function of magnetic field (M-H).

5.3 Results and discussion

Figure 2(a) shows a plot of the X-ray 6-26 diffraction spectrum of LSMO on
STO (110). Peaks assigned to (4 k£ 0) for STO and LSMO can be seen. The interplanar
distance of the LSMO (110) planes was estimated to be approximately 0.273 nm, which

is consistent with a previous report on LSMO thin films grown epitaxially on STO
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(110).'¥7 The value is smaller than that for bulk crystal.}*® The shortened interplanar

distance can be explained by tensile strain in the [001] axis induced by the STO (110). 47

Magnetization loops of LSMO films with B along the [001] and [110] axes of the LSMO

are shown in Figs. 2(b) and 2(c), respectively. When B was parallel to [001], the M-H

curve was almost square, whereas it had a distorted rectangular shape when B was parallel

to [110]. This result agrees with a previous study indicating that [001] and [110] axes of

LSMO are easy and hard axes, respectively. '47

The current-voltage (I-V) characteristics of the TAMR devices is shown in
Figure 3. Typical TAMR devices showed the resistance of a few kQ and the slightly
nonlinear I-V characteristics and LSMO electrode showed the resistance of a few tens W
with linear I-V characteristics as shown in Fig.3. Some devices with a thicker pentacene
layer (ca. 300 nm estimated with a step profiler) showed the resistance of a few MQ. The
resistance of the TMAR device was not proportional to the thickness of the pentacene
layer, as was frequently observed for layered organic devices, possibly because of the
penetration of metal particles into organic films during the deposition of the top electrode.
This ill-defined layer extends into the organic films up to the thickness of about 50—-100
nm,®! resulting in short-circuit or formation of tunneling paths in some devices. Actually,
some of the devices prepared in the present experiment showed the resistance of a few
tens Q with a linear I-V characteristic, indicating short-circuit between the top and bottom
electrodes. The temperature dependence of the resistance was moderate and it showed
lower resistance at low temperature than that of room temperature (Rsk/R3oox ~ 0.4 at 0.1
V, R3oox was around 10 k), while the resistance of the device with thick pentacene layer

was increasing with decreasing temperature (Rsk/R3oox ~ 8 at 0.1 V, R3oox ~ several MW).
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These characteristics is shown in Figure 4. In the previous studies on OSVs describes that
the weak temperature dependence of the resistance of OSVs are attributed to tunneling
transport through the organic layer, as pointed out to the organic spintronic devices using
LSMO. % 677 [t is important to note that the device resistance in tunneling regime
slightly increases or unchanged with decreasing temperature in those previous reports.
However, in my experiments, the resistance of TAMR device decreased with increasing
temperature as mentioned above. This characteristic is similar to the report by Sayani et
al.™®® They reported that when the thickness of ill-defined layer was relatively thick, the
device resistance decreased with decreasing temperature and I-V characteristics was
slightly non-linear. According to the study by Sayani et al., the temperature dependence
of the TAMR device resistance is dominated by the resistance of metal nanoparticles in
ill-defined layer or by the tunneling resistance between nanoparticles.

It is well known that LSMO thin films show anisotropic magnetoresistance
(AMR) depending on the magnetization direction. First, the AMR effect originating from
the LSMO electrode is discussed. The resistance of LSMO electrodes and TAMR device
was approximately 20 Q and 7.7-7.8 kQ, respectively. Figures 5(a) and 5(b) show the
dependence of device resistance on the in-plane magnetic field angle 8 without and with
a pentacene/Cu/Au layer, respectively. The magnetic field B was 3 kOe, which is
sufficiently high for saturation magnetization (see Fig. 2). Both graphs show an
anisotropic resistance distribution with twofold symmetry. The MR ratio was calculated
by MR(6)(%) = (R(8) — R(90°))/R(90°). One could see a typical MR ratio of 0.15%
attributed to AMR in Fig. 3(a). On the other hand, the resistance anisotropy observed in
Fig. 3(b) is 15 % at @~ 90°. This large anisotropy shows the existence of TAMR®® at the

interface between LSMO (110) and pentacene, and indicates that the AMR effect is small
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enough to be ignored, compared to the TAMR effect. Therefore, I do not take into account
the effect of AMR in the following discussion. The LSMO without and with pentacene
layer had different MR(6) behaviors. The maximum value of MR(6) of the LSMO
electrode appeared around &= 0° while that of the TAMR device appeared around 6=
30° as shown in Figs. 5(a) and 5(b), which implies a change of magnetic properties of
LSMO electrodes induced by deposition of the pentacene layer.

Figure 6 shows the typical MR trace as a function of B at various angles in plane.
The MR ratio was calculated using MR(B)(%) = (R(B) — R(3k0e))/R(3k0e). The
observed MR curves with a nonlinear background are similar to those in previous studies
for TAMR, % giant magnetoresistance (GMR) and tunneling magnetoresistance (TMR)
in organic spin-valves.?* %7 The nonlinear background in organic spin-valves is known
to originate from magnetic domains in FM electrodes. In our devices with a Cu top
electrode, GMR and TMR should not occur. The AMR effect of the LSMO electrode itself
can be ignored as mentioned above. It was thus concluded that the MR curves obtained
for our devices were caused by TAMR. Figures 7(a) and 7(b) show the bias voltage
dependence of TAMR and AMR signals, respectively. The TAMR signal decreased with
increasing bias voltage as reported in the previous study,'** while the AMR of the LSMO
electrode hardly changed. This bias voltage dependence supports that the observed MR
curves in Fig. 6 was originated from the TAMR effect.

Compared with previous studies of TAMRs in organic spin-valves, our device
showed three different characteristics. First, the dependence of the TAMR ratio on the B
strength (Fig. 6, MR(B) ~ 14%) was approximately ten times larger than that on the B
angle dependence (Fig. 5(b), MR(8) ~ 1.5%). In the previous studies on TAMR,

MR(8) and MR(B) showed almost the same since the TAMR depend mainly on in-
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plane magnetization of FM electrodes.® ¢ 113: 143. 14 Second, MR(B) of our devices
examined showed always positive sign. The TAMR devices reported so far change sign
68, 69, 113, 143, 144

of MR(B) from negative to positive depending on the in-plane B angle.

Third, the resistance switched around B ~ 1 kOe and 0.5 kOe when 6 was close to the

magnetization hard axis of LSMO [110]. It is difficult to explain these behaviors by

considering only the in-plane magnetization of LSMO. If a magnetization reversal of the
LSMO electrode caused by external magnetic field B occurs only via the in-plane
magnetization direction, the maximum value of MR(8) and MR(B) should be almost
the same. Since a large resistance change was observed at low B in our measurements, I
take the out-of-plane magnetization of LSMO at low B into account in the following
discussion.

Boschker et al. have argued that LSMO thin films on STO (110) induce tensile
strain along the [001] direction, resulting in a partially out-of-plane easy axis and the
formation of magnetic domains in LSMO thin films.'*” The magnetization direction tends
to align with easy axes rather than hard axes at low B. Therefore, when the interfacial
magnetic anisotropy has two or more easy axes, the dependence of the TAMR on B
strength may show complicated behaviors such as double-step switching of the TAMR.?
This is because the TAMR depends on the interfacial magnetization direction, which is
affected not only by the B direction but also by the interfacial magnetic anisotropy.
According to a theoretical calculation,'* a large TAMR ratio resulting from the out-of-
plane magnetization of LSMO is predicted since the tunneling transmission around the
Fermi level changes dramatically between the in-plane and out-of-plane magnetization
directions of LSMO.

It is considered that the inconsistency in the TAMR ratio between MR(8) (~
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1.5 %) and MR(B) (~14 %) observed for our devices is also caused by the contribution
of the out-of-plane magnetization of the LSMO at low B. Strain-induced LSMO thin films
on STO (110) have an easy axis with an out-of-plane component.'*’ Since the value of
the TAMR originating from the out-of-plane magnetization of LSMO is much larger than
that originating from the in-plane magnetization, a sign change in MR(B) from negative
to positive depending on & was not observed for our devices. Note that the TAMR
behaviors at low B such as double-step switching!>! are induced by the complicated
interfacial magnetic anisotropy of LSMO on STO (110), which has an easy axis with an
out-of-plane component and many magnetic domains.'¥’

Next, to support the discussion mentioned above, I indicate the TAMR effect in
LSMO/Pentacene/Co structures prepared on STO (100) substrate. The thickness of the
pentacene layer was approximately 300 nm measured by the step profiler. Comparing the
result of the TAMR device prepared on STO (100) with on STO (110) should clarify the
effect of strain-induced LSMO. First, Figure 8 shows a plot of the X-ray 6-28diffraction
spectrum of LSMO on STO (100). Since the lattice mismatch between LSMO (100) and
STO (100) is not appeared, peaks assigned to (h 0 0) for LSMO and STO cannot be
separated, in which LSMO thin film is not influenced by strain-induced effect from STO
(100) substrate.

Figure 9 shows the dependence of the device resistance on the in-plane magnetic
field angle &, as was measured in TAMR devices prepared on STO (110) substrate. One
can see the strong TAMR effect, and MR(6) for this TAMR device is approximately
9 %. Figure 10 shows the typical MR trace as a function of B at various angles in plane.
When the angle of B is 120° and 180°, the sign of observed MR is positive and negative,

respectively. The change of sign depending on the angle of in-plane B is typical
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characteristics of TAMR effect as was reported in the previous report, 6% 6% 113, 143, 144
Figure 11 shows MR trace as a function of B at 120° and 180°. One can see that the
difference of the resistance at high magnetic field between 120° and 180° is almost the
same value of the TAMR effect at low magnetic field. MR(6) (Figure 9, 9 %) and
MR(B) (Figure 11, 8 %) showed almost the same since the TAMR depend mainly on in-
plane magnetization of FM electrodes. This characteristic is also consistent with the
previous report on TAMR device. 68 6% 113143, 144 However, this characteristic of TAMR
behaviors prepared on STO (100) is completely different of that of TAMR device
prepared on STO (110). This is because the existence of the strain-induced effect from
STO(110) substrate changes the TAMR behaviors as mentioned above.

In this work, the device active area was designed to be approximately 1.5 mm?
to obtain a sufficient current for measurements. This is much larger than the estimated
magnetic domain size for LSMO on STO (110) (500 X 500 nm?).!*” Because of this
large active area, the MR curves have nonlinear backgrounds. The TAMR behaviors in
the B strength dependence are considered to be affected by the magnetization of each

magnetic domain.

5.4 Conclusion

This study demonstrated a large TAMR ratio due to the out-of-plane
magnetization of strain-induced LSMO thin films on STO (110). It is expected that TAMR
devices with higher performance can be achieved by active control of the interface
magnetic anisotropy. In the present study, the axes giving the largest MR(8) rotated by
approximately 30° for the device with pentacene. It was reported that electrical

hybridization between OMs and FMs induces out-of-plane magnetization'®® or changes
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the interface magnetic anisotropy.''®> Furthermore, a molecular interface may make
nonmagnetic metals ferromagnetic.”’ The interface engineering is expected to become

increasingly important for future spintronics.
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Figures

La, ,Sry sMnO4 (20 nm)
Pentacene (100 nm)
Cu/Au (5nm/17 nm)

_90°
[110]
0
‘ 0°[001]
Magnetic field angle SrTiO,(110)

Fig. 1: Schematic of the organic TAMR device. From top to bottom: Cu/Au top electrode

(5 nm/17 nm), pentacene layer (100 nm) and Lao7Sro3sMnO3 bottom ferromagnetic

electrode (20 nm). The active area is 1.5 mm?. An in-plane magnetic field is applied along

the angle 6.
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Fig. 2: (a) X-ray 6-20 diffraction of the LSMO thin film on STO (110) substrate. (b) and

(c) Magnetization as a function of magnetic field (M-H) along [001] (b) and [110] (c),

measured with a SQUID magnetometer. Red and black curves represent the M-H curves

at 300 K and 5 K, respectively.

69



0.4

I 4K
—— LSMO electrode

20r —— TAMR device lo2
< <
£ — | £
€ Of 10 €
o g
5 5
(@] (@]
201 102
-0.4

05 0 05
Bias voltage (V)

Figure 3: The current-voltage characteristics of a LSMO electrode (red curve) and a
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Fig. 6: Magnetoresistance at different angles @ of magnetic field, measured at 4 K with

the bias voltage of 0.1 V. The red/black curves show that the magnetic field is swept from

negative/positive to positive/negative. €= 0° is along the [001] direction of LSMO (110),

and 90° is along the [110] direction. The device resistance at 3 kOe was approximately
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Figure 8: X-ray 6-20 diffraction of the LSMO thin film on STO (100) substrate.
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Chapter 6

Conclusion

In this chapter, | summarize the results and discussions in this thesis and

describes future plans.

6.1 Summary of chapter 4

| prepared nonlocal spin valves based on single crystals of an organic multilayered zero-
gap conductor, a-I3, and succeeded in evaluating the spin diffusion length (1.1 um) and
relaxation time (3 ns) at 2.5 K under a static pressure of 1.6 GPa for the first time, using
a polyethylene naphthalate as a substrate. Although a-I3 includes heavy atoms such as
iodine, it exhibited a rather long spin relaxation time comparable to that of graphene. The
SOl estimated on the basis of the experimental values of the spin relaxation time and
carrier lifetime (1.2 ps) was 90 mK. The long spin relaxation time and small SOI
evaluated for a-Is are considered to originate from its layered structure, in which spin
scattering induced by surface defects is suppressed. In addition, the inversion asymmetry,
which generates an extra term in the equation for the SOI, might be reduced in layered
structures. These findings provide guiding principles for materials design in organic

spintronics.

6.2 Summary of chapter 5
I investigated TAMR effects at the interface between pentacene and LSMO thin films
prepared on STO (110) substrates. The dependence of the TAMR ratio on the magnetic

field strength was approximately ten times larger than that of the magnetic field angle at
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a high magnetic field. This large difference in the TAMR ratio is explained by the
interface magnetic anisotropy of strain-induced LSMO thin films on a STO (110)
substrate, which has an easy axis with an out-of-plane component. | also note that the
TAMR owing to out-of-plane magnetization was positive at each angle of the in-plane
magnetic field. This result implies that active control of the interface magnetic anisotropy
between organic materials and ferromagnetic metals should realize nonvolatile and high-

efficiency TAMR devices.

6.3 Future plans

6.3.1 Nonlocal spin valve measurements for other organic single crystals
It is important to investigate spin injection and spin transport in other OMs since o-l3
single crystal under 1.6 GPa is a zero-gap conductor and has unique characteristics.

In this thesis, I chose a-13 for the sample of nonlocal spin valve measurements
since I expected the high mobility of a-l3 single crystals (more than 10,000 cm?/Vs at low
temperature) could realize large nonlocal MRs. However, as mentioned in chapter 4, |
could observe the nonlocal MR at room temperature, in which the mobility of a-I3 single
crystals is relatively low (less than 10 cm?/Vs at low temperature) This correlation
between nonlocal MRs and the mobility implies that the nonlocal MRs is expected to be
observed in low mobility organic conductors.

Here, | describe the results of nonlocal spin valve measurements for single
crystal of organic conductor, B-(BEDT-TTF):l3, of which crystal structure is different
from that of a-I3 single crystals. The mobility of B-(BEDT-TTF).I3 is relatively low at

low temperature. Figure 1 indicates the result of MR characteristics in the measurement
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of nonlocal spin valves using B-(BEDT-TTF)l5 single crystal at 2.5 K. However, it is
difficult to regard this magnetoresistance as a spin signal originated from the pure spin
current in B-(BEDT-TTF).l; single crystal. This is because when I measured the resistance
of B-(BEDT-TTF).Iz single crystal as a function of the magnetic field by local 4 probe
measurement, the hysteresis curve depending on the magnetic field was observed as
shown in Figure 2. In Figure 2, the black curve shows the result of local 4 probe
measurement and red/blue curve shows the results of nonlocal magnetoresistance. From
this results, I cannot specify the origin of the magnetoresistance in the local 4 probe
measurement. One possible origin is the AMR effects from FM electrodes. This is because
the AMR effect can be detected in local/nonlocal measurement when the spin current is
not separated from the charge current, which form complicated current path in f-(BEDT-
TTF).15 single crystal due to unclear interface between OMs and FM.

Although the nonlocal spin valve measurement of B-(BEDT-TTF):I3 single
crystal need further experiments, it is an attractive topic to measure nonlocal

magnetoresistance of other organic conductors.
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Figure 1. Magnetoresistance of B-(BEDT-TTF).I3 in nonlocal spin valve measurements.
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Figure 2. Magnetoresistance of B-(BEDT-TTF)I3 in nonlocal spin valve measurements

(black curve) and in local 4 probe measurements (red/blue curve) at 2.5 K.

6.3.2 Impact of molecules for TAMR effects

Since the structure of TAMR devices is more simple than that of OSVs using two FM
electrodes, to investigate the TAMR effect between OMs and FM will promote the
development of future spintronic devices based on interface MR.

In chapter 5, I described a change of magnetic properties of LSMO electrodes
induced by deposition of the pentacene layer. However, the role of organic layer is still
not clear. While | have changed the growth condition of the pentacene layer including
substrate temperature and/or evaporation rate during deposition, we could not see
noticeable change in TAMR behaviors. This is possibly because the electronic structure
of the interface between first layer of pentacene and LSMO surface is not affected by
such deposition condition. Therefore, the use of other organic materials such as Ceo is a

possible way to study TAMR behaviors depending on molecules. In addition to that, to
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use Co thin film as a FM electrode instead of LSMO is expected to change TAMR
behaviors clearly. This is because recent study reported that the magnetization easy axis
of Co is changed from in-plane direction to out-of-plane direction because of charge

transfer at the interface between Cgo and Co thin film.1%3

6.3.3 Study on the correlation between Hanle effects and spinterface

To observe Hanle effect in nonlocal spin valve, which is a change of nonlocal MR based
on a spin precession by perpendicular magnetic field, is important to study spin transport.
However, some groups have described reasons for suppression of Hanle effect in organic
spin valves (e.g. low mobility of OMs,*® large TMR/TAMR effect® and fast spin transport
in OMs’®). In my study, I also could not observe Hanle effect for a-ls single crystal in
chapter 4 probably because of long spin lifetime or fast spin transport in a-Is.

I would like to suggest Hanle effect may be also suppressed by the appearance
of perpendicular magnetization at the interface between FM and OMs. To observe clear
Hanle effect, it is necessary to apply perpendicular magnetic field against electron spins
injected from FM. However, if there is out-of-plane easy axis of magnetization, as like
Co/Cg interface,'% it is difficult to apply perpendicular magnetic field against electron
spin direction. This is because interface magnetization points easily along magnetic field.
Consequently, electron spins injected from the FM interface are also parallel to magnetic
field, and the spin precession does not occur.

The TAMR measurements in chapter 5 and the previous study*® indicated that
one can get information about magnetization direction at the interface from TAMR

behaviors. To elucidate the direction of electron spins injected from the interface will
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promote the understanding of spin transport in OMs (e.g. the origin of suppression of

Hanle effect).
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