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ABSTRACT

Organic semiconductor spintronics has been extelysstudied over the past decade due
to the expectation of the exceptionally long spfietilmes in carbon-based semiconductditsis
prospective characteristic raises the hope for recggemiconductors as potential materials for
developing spintroni@pplications such as spin based quantum compatidgpin based organic
light emitting diodes. Although spin transport imganic semiconductors is fascinating and
potentially very useful, there are many challengp@sh in understanding fundamental properties

and, at a later stage, in obtaining high-qualityicies.

In this master project, carbon-based moleculeg) (@ere inserted into Co/ADs/NiFe
magnetic tunnel junction structures to form veltiggin transport devices. By varying thegoC
thickness from 0 to 20 nm, the vertical device getynallows for the investigation of different
spin-dependent transport regimes. Our results @eowstrong evidence of spin polarized
tunneling as the dominant transport mechanism gb@sed magnetic tunnel junctions.
Furthermore, based on the distinctive performarfcéewices with different ¢ thickness, we
can also identify between direct and two-step tlingen junctions with 0—7 nm &. This work
presents the understanding of spin polarized ti@ahs$p vertical organic spin transport devices.
Moreover, we propose several approaches for furgiedy to circumvent the conductivity

mismatch problem and improve the efficiency gf-Gased spin transport devices.
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CHAPTER 1
INTRODUCTION

1. Spintronics

Spintronics (spin-electronics) investigates conamotl manipulation of the electron spin
in metals and semiconductors. There were alreadgareh activities on- and commercial
applications of spin effects before the advent mhtsonics, such as the anisotropic magneto-
resistance (AMR) effect which was used in the mégnmead heads of previous generations of
hard disks. However, along with the developmemaniotechnology, it has become possible to
fabricate nanostructures in which a spin polarwatf the current adds more prospective new

functionalities to devices.

Since the discovery of the giant magnetoresisté@ddR) effect in 1988, for which the
Nobel Prize in Physics 2007 was awarded to Peténlég&rg and Albert Fert, spintronics has
received a great deal of interest. The discover@MiR is considered as a starting point for the
field of spintronics, which deals with understargdthe physics of the interaction between spins
and, for example, charges as well as spin polatizedeling, and building applications based on
these phenomena. GMR’s most well known applicasahe Hard Disk Driver (HDD). Besides,
applications of GMR are as diverse as automotives@s, solid-state compasses and non-

volatile magnetic memories.

Recently, the large tunneling magnetoresistance RYMbserved in magnetic tunnel
junctions (MTJs) due to spin-polarized tunneling lgarnered much attention. This has already
been pioneered by Julliere in the mid 733 put did not develop strongly due to the

technological difficulties at that time. Howevemtil the mid 90s, along with the advent of



superior fabrication techniques, when TMR effedtalmout 10% were proven to exist at room
temperatured, 3], the hope has been raising that TMR effects mightised as widely as GMR

effects, with the advantage of providing higher metgresistive signal amplitudes. In fact, the
current-perpendicular-to-plane (CPP) TMR read heas commercialized in 2005 and has
replaced the current-in-plane (CIP) GMR read hdtad. expected that CPP-GMR sensors will
again replace the TMR sensors in HDDs, because @¥®R-sensors enable much higher areal

densities.

Nowadays spintronics research focuses more and mooreharnessing spins in
semiconductors, with the prospect of developingasvwith new or improved functions. In this
respect, spin transport iorganic semiconductors (OSCs) is potentially useful duethe
expectation of exceptionally long spin lifetimes timese materials. Organic materials have
relatively weak spin-orbit interaction and weak ésfme interaction, both of which contribute to
randomizing the spins, so that spin memory in dgyamaterials is expected to be as long as a
few seconds4, 5]. Such features make OSCs ideal for realizing @s/in which a large amount

of spin operations are required.

2. Progress in organic spintronics

In the past decade, observations of magnetoresesi{@hR) effects in OSCs have opened
up the potential of these materials for spin-covisgrtransport. Significant progress has been
made in the effort to understand the underlyingspisyinvolved in spin injection, detection and
transport in OSCs as well as the anomalous magrssteince of these materials, although many
open questions remain as well. Effective spin tnpgcand detection is a prerequisite for the

application of organic materials as spin transpoetlia for spin electronics applications. Up to



date, most research in this direction has focusetti®(8-hydroxyquinolinato) aluminum (Ady
a small-molecule (as opposed to polymer) orgamaic@ductor that is widely used as electron

transporting and light-emitting material in orgahght-emitting diodes (OLEDS).

100 200 300 400

Channgl length {nm)

Figure 1.1: (a) Schematic view of hybrid junctiomdadc four-probe electrical scheme and (b)
Magnetoresistanced(= 0.3 T, whereH is the magnetic field) of the lateral spin deviepidted in (aps a

function of the channel length (from referen6 feproduced in referencég]).

In 2002, Dediuvet al. measured the change in resistance of sexithiopfiefehin films
deposited onto two la;Sr.33VIN0O3; (LSMO) electrodes separated by a narrow chanrfelete
by e-beam lithographyg]. Channel lengths ranged from 70 to 500 nm thidtk \i00-nm-thick
LSMO films and 100 to 150-nm-thickeTfilms (Figure 1.1a).In this research, the highest
resistance change was 30% by applying a 3.4 kOaetadield, which was obtained for a 140-
nm-long channel. However, the resistance changeerobd in this work could not be
straightforwardly attributed to the conventionalinspalve effect because the relative
magnetization orientation of two LSMO electrodesuldonot be set to an antiparallel
configuration. Instead, a random- versus parallegmetization alignment was used, by applying

a strong out-of-plane magnetic field.
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Figure 1.2: (a) Schematic structure of device Vid8C spacer and (b) GMR loop of a LSMO (100

nm)/Algs (130 nm)/Co (3.5 nm) spin-valve device measuredl& in referenceq].

In 2004, Xionget al.reported the first observation of spin transpordigh a “thick” (on
the order of 100 nm) layer of AJausing a vertical spin valve structufg.[In this study, a device
with structure LSMO/Alg/Co was formed by depositing Algnto LSMO followed by a thin Co
layer. The thickness range of Alff) used ranged from 130 to 260 nm. The authors agtuna
spin diffusion length of 45 nm. Their device with180 nm thick layer of Algexhibited an
inverse GMR of about 40% at 11 K (Figure 1.2b). Whige Alg film thickness was increased
or the sample temperature was increased, the MPpdobrapidly and reduced to zero when
>200 K. Based on the analysis and comparison oflVtheesponses between devices with
d <100nm and d >100nm, the authors indicated a dual conduction reginmtevésen coherent
tunneling and incoherent hopping in devices witk 100 NIT.. Following this initial report, lots
of studies focusing on spin transport in Algave been carried out by different groups. AltHoug
there have been many observations of the negatif®e iM LSMO/Alg/Co devices, the

uncertainty about the exact details of the trartsp@chanism still remains.



In addition to the studies discussed above, exmarisnthat can be unambiguously
attributed to direct tunneling transport of spirgsized charge carriers in magnetic tunnel
junctions based on Adq[8, 9] have been reported. In 2007, Santdsal. observed room
temperature MR of magnetic tunnel junctions wittoty Al,Os/Alqs and Alg tunnel barriers.
For both junction structures, they observed pasitMR in contrast to the inverse MR in
reference 7. The authors indicated that the inv&igiR in reference 7 may originate from the
opposite spin asymmetry coefficients of Co and LSNW@anwhile, in their work, the positive
sign of the TMR is consistent with the known spibigpization of Co and NiFe thin films.
Additionally, MTJs with up to 20-nm-thick Afgfiilms grown directly on the Co layer were
unstable and did not show proper tunneling chariatitss, which indicated multistep conduction
via gap states at the Co/Alinterface. Presently, Barrawa al. observed a TMR as large as
300% at 2 K in a Lg@/StysMnOs/Algs/Co tunnel junction, however the TMR vanished betbw
noise level at 180 K9. A new spin injection mechanism was proposed Xplan both the
positive MR of devices with thin Algtunnel barriersg, 9] and negative MR observed for larger
and thicker Alg barriers in the Xionget al publication []. In this model, the effective spin
polarization of the electrodes can be change dieatigt due to the formation of spin-
hybridization-induced polarized states in the fimsbnolayer at the electrode interface, which
emphasizes the role of the interface between faagmet and the tunnel barrier. Overall,
although the origin of effects of interface on tahapin polarization is still under debate, it is

clear that the hybridization of states at the fiake plays an important role.

Although there has been a lot of promising reswoltdained, there are still many
remaining questions in this area. The spin relarathechanisms in organic materials are still an
incompletely answered question. The processes megpge for spin polarization induced in

5



OSCs are not fully understood. Furthermore, itndaniable that understanding of the interfaces
of ferromagnet/organic materials is crucial foriopzing spin injection and detection in organic
spintronics, however we still lack a model for exping how hybrid organic/inorganic
interfaces alter spin injection. In addition torspriansport, it is also necessary to have a deeper
understanding of charge transport in organic spmdrdevices. Another burning issue that needs
to be resolved is whether the vertical devices @rgin transport or can be explained along the

lines of (multistep) tunnelindlD, 11].

3. Thesis aim and outline

In my project, G is inserted into ferromagnet/insulator/ferromagstetictures to form
vertical spin transport devices to experimentatiydyg the tunneling and possibly inter-molecular
transport regime of spin-polarized carriers ig @ a vertical transport geometry based on
magnetic tunnel junctions (MTJs). Here MTJs wittusture Co/A}Os/NiFe which have been
well studied in numerous experiments befdeg, 12, 13] were used as reference to compare
with MTJs which had ¢ inserted into the tunnel barrier. By varying they @ickness, |
investigated different spin-dependent transporimeg,i.e. direct tunneling, multistep tunneling.
These Gg-based devices were fabricated with molecular bepitaxy and their characteristics
were mainly characterized by atomic force microgcapd magneto-current measurements at

temperatures ranging from 300K to 5K.

In chapter 2, some theoretical background of psE®snvolved in spin-dependent
transport, such as different relevant transporinmeg of electrons/holes, the spin relaxation
mechanisms of electrons/holes in semiconductord, @nductivity mismatch is discussed.

Moreover, based on the properties afp,Gdhe reasons for choosing this molecule for my



investigations will also be given. Chapter 3 preada summary of the MTJs and their
characteristics, such as the tunnel magnetoresst@fMR) and the parameters that influence
the TMR value. Chapter 4 introduces the materfalstication and characterization techniques
that were used in my experimental work. Chapterissusses the results obtained from my
measurement of all the devices. Based on analysiboge results, | draw some conclusions

about spin transport inggin chapter 6.



CHAPTER 2
SPIN-DEPENDENT TRANSPORT IN ORGANIC SEMICONDUCTORS

1.Carrier transport in organic crystals — band transport vs. hopping transport

We consider two types of charge transport in organlids: band transport and hopping
transport. In the band transport regime, the camieves as a highly delocalized plane wave in a
broad carrier band (spanning a considerably enarigyval) with a mean free path which is
relatively large compared to the crystal lattiae.cbntrast, in the hopping transport regime, the
carrier is highly localized and moves by hoppingnirsite to site, being scattered at virtually
every step.

Each type of transport is characterized by the miad@ and temperature dependence of
the mobility [L4]. As for band transport, the mobility>>1 cnfV's® and its temperature
dependence appears |asT" where n>1. In the case of hopping transport, thbility u<<i
cnfVist and its temperature dependence appeays~asp(E/-ksT) whereE is the activation
energy of the material ang is the Boltzmann constant.

2.Spin injection/detection

Besides charge, electrons and holes also posséas#riasic angular momentum called
spin. There are two main techniques for electiycakktermining spin injection phenomena.
These two techniques are based on the spin vdiet @ind the electrical Hanle effect.

The first principle is a so-callefolarize/analyzeapproach, resulting in spin valve
effects. To be more detailed, thechnique is based on the difference in the demdistates for
spin-up and spin-down electrons in a ferromagneiaterial and the relative spin orientations

(parallel/anti-parallel) of the two ferromagnetayérs involved in the experiment.



In this technique, an electron (or hole) currenyina manipulated as it passes through a
ferromagnetic layer 1/nonmagnetic layer/ferromaigriayer 2 structure by changing the relative
spin orientations of the two ferromagnetic layerhis is similar to the optical polarization
phenomenon in which the intensity of light pasdimgugh two polarizers is modulated by the

relative orientations of the polarizers.

Low Resistance High Resistance

PN { (S T
¢ \

a b

Figure 2.1: Schematic of the spin-valve effect: fayallel magnetizations of the magnetic
contacts facilitate spin-polarized current, resgitin a low resistance state; (b) antiparallel
magnetization obstructs the spin-polarized curckré to lack of available states in, Fvhich

leads to a high resistance state.



The first ferromagnet (ff acts to polarize the electrons, the second opeplgys the
role of an analyzer. If the majority electrons indfe spin-up electrons, a spin polarized current
will be injected into a nonmagnetic spacer layer] @ahen the spin imbalance in will be
transferred. If i is magnetized parallel toFthe density of empty states for spin-up electrons
will be sufficient to allow the spin-polarized cant to pass, which leads to a small resistance.
Nevertheless, if Fis magnetized anti-parallel to,Rhere will be significant scattering at the
interface due to a lack of available states infénemagnet, resulting in a higher resistance. This
change in resistance, depending on the relativentiions of the polarizer and analyzer
ferromagnets, is the signature of spin dependansport phenomena.

The second technique relies spin precessionwhich is based on the electrical Hanle
effect. Experiments employing the Hanle effect ineathe application of an external magnetic
field to induce precession of the injected spinscwidiffuse from injector to collector. Varying
the magnitude of this field leads to a change efrtte of precession and thus changing the total
precession angle acquired by each carrier durstgaversal across the device. If there is a non-
zero angle between a magnetic monranin a uniform magnetic fieleH then the moment will
experience a torque

H=mxH (21)

wherem is:

— o 9o o Hs (2.2)
=g(—-)S=gfes
m Q(Zm) 9=

whereg is the Lande factoys is the Bohr magnetomw,is the electronic charge of the electron or

hole,m is the mass of the charge carrier &id its spin angular momentum.
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Qualitatively, the polarization is largest in zdreld because all spins remain aligned.

gusH

WhenH is increased, the spins precess at angular fregue{l:Tsine, which promotes

oscillations in the spin polarization at FM2 asuadtion of H. Second, because the transit times

are broadly distributed for diffusion, the oscidlat behavior is washed out.

(]

20

Vg (pV)

-20

detector

b injector

Figure 2.2: (a) Spin precession of a magnetic mamemaking a non-zero anghewith

a uniform magnetic field H, (b) schematic of Haebgeriment setup and (c) obtained signal

which confirmed the suppression of spin signal wienmagnetic field was increasdd.
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3.Spin relaxation mechanism

There are two important interactions responsible dpin relaxation of conduction
electrons and holes in organic semiconductors: fiyygeinteraction and spin-orbit coupling
[16].

3.1 Hyperfine interaction

Hyperfine interaction is the interaction betweea tarrier spin and the spins of atomic
nuclei. When the electron (or hole) wave functiovertaps with nuclear spins, hyperfine
coupling causes spin relaxation and dephasing.

The hyperfine interaction is expected to be reddyismall in organic system&T{] due to
several reasons. First, the interaction with theleius weak in case of valance electrons (holes)
(reorbitals which have nodes in the molecular plan@gimizing the overlap between electron
wave functions and the nuclei). In organic semicmbors, the hyperfine interaction mainly
originates from hydrogen nuclei (isotopes | =1/2). Additionally, isotopes such a¥C (1=1/2)
and N (I=2) also contribute to hyperfine interaction. Inté¢iregly, °C, the most abundant
isotope of carbon, does not have a nuclear spintfamnlit has no contribution to the hyperfine
spin relaxation. Low hyperfine interaction is dable for devices that require long spin lifetime,
such as for spin-polarized transport in organic isenductor spin-valve devices. In contrast,
significant hyperfine interaction is required tag@uce the interconversion of singlet and triplet
electron-hole pairs for recombination magnetorasist signals in organic semiconductor
materials 18, 19].

3.2 Spin-orbit coupling

Spin-orbit coupling is the second important intéiacin relaxation of carrier spins. This

is the interaction between the spin angular mommentd the carrier and its orbital angular

momentum. It may act like an effective magnetiddfien causing spin decoherence. In an
12



external magnetic field, a spin will experiencecaqtie and precess. Likewise, a spin may
precess when interacting with an effective fielsuténg from the orbital motion. The spin-orbit
interaction is categorized into three separate em@sims: Elliott-Yafet, D'yakonov-Perel' and

Bir-Aranov-Pikus. These mechanisms will be desdribeefly in the following paragraphs.

’ :l\ \T/\\ \T/ ﬁ—-f’”’?ﬁ Bi\ ey
,2/\ \\. // N 2 P \a\9 4
N S [ R4
C O o
2 1\;’ A A v
g V9

Figure 2.3: (a) Elliott—Yafet mechanism, (b) D’yalay—Perel’ mechanism and (c) Bir—Aronov—
Pikus mechanismlp].

3.2.1 Elliott — Yafet mechanism

In the Elliott — Yafet (EY) spin relaxation mechami, spin flipping is caused by the
presence of impurities or phonons. In 1954, Elffotind that a conduction electron has a small
chance to flip its spin via ordinary momentum s@tg from impurities, boundaries, and
phonons if the lattice ions induce spin-orbit canglin the systemZ0]. Momentum scattering
and spin-orbit coupling act on the electronic wawections to mix the spin-up and spin-down
states and thus the Bloch states (momentum eigegst&e not pure eigenstates anymore. That

results in a proportionality between the longitudispin relaxation time, 1 and the momentum

scattering time,7, . Therefore, the spin flip lengthi( =./Dr, ) is proportional to the mean

13



free path (or diffusion constant). Even for perfemgfstals, the lattice ions perturb the Bloch wave
functions and cause the electrons to acquire stmalffinite amplitude of the opposite spin flavor
and, with the assistance of momentum scattering fropurities or phonons, the spin may flip.
Elliott-Yafet spin relaxation is expected to be ttheminant mechanism in most metals and
semiconductors.

3.2.2 D’yakonov — Perel’ mechanism

The Dyakonov-Perel (DP) mechanism is due to thegmree of a finite electric field in
crystals without inversion symmetr2]]. As a consequence of special relativity, the teters
then experience a momentum dependent effective aetiadgireld and the spin precesses around
this effective field. After each scattering evethg effective magnetic field changes in direction
and magnitude, and thus the frequency and direcidhe spin precession changes randomly,
which actually suppresses the spin dephasing. &nhikthe EY mechanism in which the spin
relaxation occurg betweerthe scattering events, the spin relaxation tifg (@nd also the spin

dephasing timeT,) induced by the DP mechanism will therefore beemsely proportional to the

momentum scattering timg, . Therefore the spin flip lengthi(, = /Dr, ) is independent of

the mean free path because the presence of the mhiomecattering rate is cancelled out by the
diffusion constant2).

3.2.3 Bir— Aronov — Pikus mechanism

The Bir-Aronov-Pikus (BAP) mechanism describes spataxation of conduction
electrons through an exchange interaction betwaerlectron and a hole. Overlaps between the
wave functions for holes and electrons in matergaés a prerequisite for the BAP mechanism.
The electron-hole interaction produces an effecthagnetic field which makes the electron

spins precess along it. However, the hole spins chayge with a rate that is much faster than

14



the precession frequency. If the hole spin flipwif@ to strong spin-orbit interaction in the
valence band also known as EY spin relaxation nmeshg, electron-hole coupling will make
the electron spin flip as well, resulting in spalaxation of electrons. This leads an increase in
spin relaxation timer;. The BAP mechanism is important for semiconduciarsvhich the
valence band has a much stronger spin-orbit cogiivan the conduction band. The BAP
mechanism can coexist with the EY and DP mechanisrsavily p-doped heterostructures.
Spin-orbit interaction and hyperfine interactionv@abeen used to describe the spin
flipping process in metals and inorganic materiddowever, these mechanisms cannot be
applied in the same way to explain spin relaxatioour material, g, due to several reasons.
Firstly, charges in OSCs propagate in very narranwds which are created by the overlap of
HOMO and LUMO of the weakly interacting molecul&mr OSCs that both the valence band
and conduction band are derived frororbitals with comparable spin-orbit coupling, BAS
not important. Additionally, sinceCgso has fcc structure which hamversion symmetry
Dyakonov-Perel spin relaxation mechanism can aésauled out. Even for some organic crystals
which may lack inversion symmetry, still the moment (or velocity) of the carriers is small
since the bands are very narrow. Therefore the @ryak-Perel mechanism is not important.
Moreover, the hyperfine interaction is also expédtebe weak in g since the most abundant
isotopic form of carbon*{C) in Cso does not possess a nuclear spin. Finally, thegttteof the
spin-orbit interaction scales as the fourth powlethe atomic number, which means that spin-
orbit coupling is relatively weak. However, all theasons above finally leave Elliott — Yafet as
the main spin relaxation mechanism. Thus, due takw®O coupling, 6 is expected to have

extremely long spin life time.
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4. Conductivity mismatch

Conductivity mismatch is considered as one of tlegomobstacles to achieve efficient
spin injection from a metal to a semiconductor. €haductivity mismatch problem arises from
the huge difference between conductivities of nsetahd semiconductors (by orders of
magnitude). In the spin injection experiment, thsistance of the device can be divided into a
spin-dependent parand a spin-independent part. The electrical tramspooperties of
ferromagnetic metals can be described in termstafacurrent model43]. The model is based
on Mott’'s suggestion that electron spins are pradantly conserved during scattering at
temperatures lower than the Curie temperatdg [Therefore, spin-up and spin-down electrons

will travel largely independently, and carry curtrenparallel.

Ferromagnet Semiconductor

(FM) (SC)

SC
RMaj i

Spin-down

Spin-up

Rmin RSsc
Figure 2.4: Simplistic schematic of conductivitysmiatch problem in FM/SC contact.

In ferromagnetic metals, the band structures oh-gpi and spin-down electrons are
different; thus, the ferromagnet/semiconductor aontresistance () is spin-dependent.
Meanwhile, the semiconductor resistanc9Rs independent on the carrier spin, because the
semiconductor is not spin polarized. When an Oheoittact is established at the interface, the

interface resistance is small and we need onlyiden&™ and R where the former is much
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smaller than the latter. Thus, the electron trartspdl be dominated by the spin-independent
resistance B, which results in the largely unpolarized electcomrent.

Previously, in 1987, van Son’s study about elealrspin injection from a metallic
ferromagnet into a normal metal introduced a spjtbf the electrochemical potentials for spin-
up and spin-down electrons in the region of therfate of a FM and a normal metab]. In
2000, based on van Son’'s result, G. Schretdfl provided a detailed explanation for the
conductivity mismatch problem which they consideasdthe major obstacle for electrical spin
injection from a ferromagnetic metal into a semuhactor R6]. Based on the assumption that
spin-scattering occurs on a much slower timesdsla tther electron scattering ever#s] [and
assuming a perfect interface without spin scatierior interface resistance (so that
electrochemical potentiasnd the current densitiege continuous), they have shown that in a
diffusive transport regime the spin injection comént is proportional to the ratio between
conductivities of ferromagnetic metal and semicanolu (6s/orm). Their result also explained
the difference between spin injection from a FM aheito a paramagnetic metal wish/omm, >1
and a semiconductor withs/om <<1. According to Schmidtt al, the conductivity mismatch
problem seems insurmountable since a splitting e €&lectrochemical potentials in the
ferromagnets will only be possible to attain if lesistance of the ferromagnet is of comparable

magnitude to the contact resistance (which meaisilior, ~1).
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Figure 2.5: (a) Simplified picture of the two-curtemodel for a device consisting of a
semiconductor sandwiched between two ferromagmetntacts 1 and 3. (b) and (c) show the
electrochemical potentials p in the three differeagions for parallel and antiparallel
magnetization of FM1 and FM3. For parallel magrattan, the slopes o/, and 4 in the
semiconductor are different and cross in the midoéween the contacts. Because the
conductivity of both spin channels is equal, thesults in a (small) spin-polarization of the
current in the semiconductor. In the antiparallelse; the slopes of/, and 4 in the
semiconductor are equal, resulting in unpolarizedent flow. (d) and (e) show the dependence
of spin-polarization of the current densidy and magnetoresistanzéR/R on the bulk spin-
polarizationp of two identical ferromagnetic layerB€ps in case of parallel configuration and

B1=-Bs in case of antiparallel configuration).
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However, later on, Rashba7 and Smith et al.48] independently proposed a solution
to the conductivity mismatch problem. They recogdizhat efficient spin injection from a
ferromagnetic metal into a semiconductor can bedesed due to the discontinuity of the
electrochemical potentials at the ferromagnet/sendactor interface. Thus, they inserted a low
transparency tunnel barrier at the interface offdreomagnetic metal and the semiconductor.
This barrier allowed the (spin dependent) contaesistance to dominate the spin polarizatign
rather than the ratio of conductivitiesd/osm, which resulted in a detectable spin polarized

current in the semiconductor.
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CHAPTER 3

TUNNEL MAGNETORESISTIVE EFFECT

1.Magnetic Tunnel Junctions and Tunnel Magnetoresistace

Magnetic tunnel junction@VTJs) consist of two layers of ferromagnetic mials (FM)
separated by a thin insulating layer (ranging frarfew angstroms to a few nanometers). This
insulating layer (1) is so thin that electrons d¢annel through this barrier, resulting in a finite
electrical conductance (resistance) of the componBmus, this layer is also called tunnel

barrier.

In MTJs, the tunneling current depends on thetivelarientation of the magnetizations
of the two ferromagnetic layers, which can be dwatt by applying an external magnetic field
aligned parallel to the layers. This phenomenaraikedtunnel magnetoresistan¢€MR). There
are several explanations for the underlying phystd MR which have been developed by

different scientists.
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Figure 3.1: (a) The quantum tunneling effect, (bychematic MTJ structure: FM/I/FM and
magnetocurrent measurement and (c) the TMR effeat Co/AbOs/CoFe junction measured at

room temperature (Ref. 2).
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2. Julliere model

Julliere is the pioneering scientist who propospih $olarized tunneling of electrons
from one ferromagnetic layer to another throughiraulating barrier layer and provided a
possible explanation for the TMR][ He observed a TMR of about 14% at low tempegatur
(T<4.2K) and low bias voltage in Fe/Ge/Co junctions with &d Fe electrodes, and a tunnel

barrier formed with Ge which was oxidized after a&ipion.
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Figure 3.2: (a) The relative conductance of a FeE@gunction at 4.2K, and (b) conductance
versus bias voltage of Fe/Ge/Co junctions at 43K [

His explanation for the TMR effect] is mainly based on two assumptions. The first
assumption is that the spins of the electrons amserved during the tunneling process.
Following this assumption, electrons with spin umg &pin down will tunnel in two independent
processes. To be more specific, electrons fromspire state of the first ferromagnetic layer are
accepted by unfilled states of the same spin osdw®nd layer. If the two ferromagnetic films
are magnetized parallel, the minority spins turtoethe minority states and the majority spins
tunnel to the majority states. If the two films aragnetized antiparallel, the identity of the
majority- and minority-spin electrons is reversgad the majority spins of the first layer tunnel to

the minority states in the second layer and viagsave
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In addition, the second assumption is that the gotashce for each spin orientation is
proportional to the density of states of that spineach electrode. According to these two

assumptions, the TMR can be written as follows:

TMR_ RD Gb C;AP ILDE) (3.1)
RP Gup 1-RR

WhereRap (Gap) andRe (Gp) are resistances (conductances) of the junctidim avitiparallel and
parallel magnetizations of two ferromagnetic layemsspectively;P; and P, are the spin
polarizations of two ferromagnetic layers. Up townahis formula is still often used for
estimation of the TMR values, with the additionttRaand P,, besides the spin polarization of
the DOS, include the tunnel transmission probasinf the different majority/minority states

that are contributing to the tunnel current.
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Figure 3.3: Spin subbands of two ferromagnetic nayare sketched for the parallel and
antiparallel magnetization configurations.

This model successfully provided a qualitative arglttion for the the strong dependence
of the tunneling current on the relative orientatal magnetizations of two ferromagnetic layers

with consideration of the spin polarization of tf@romagnetic layers. However, it neglected
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the details electronics structure of FM materiats veell as properties of tunnel barriers
(electronic structure, probabilities for tunnelitigough the barriers). Thus, Julliere’s model can
not explain the dependence of TMR values on bidsge and temperature, which show up in
experimental results
3.Slonczewski’'s model

In 1989, a different model for describing the sgependent tunneling in MTJs was
proposed by Slonczewsk2g]. In Julliere’s explanation, the tunneling processs considered as
independent of the spin of the tunneling electsmthe wave function in the barrier is treated as
independent of the wave vector and spin. Slonczésvsiodel neglected the localized electrons
and considered only the delocalized ones (fregrelecapproximation). In this free-electron
approximation, localized electrons (d- or f-elengpare expected not to take part significantly in
the tunneling process because they are tightly ddonthe atomic sites; whereas s- and p-
electrons behave almost like free electrons andeapected to contribute dominantly to the
tunneling.

Slonczewski considered the electrodes as well asinbulating barrier as a single
guantum-mechanical system, and constructed the vitavaions of spin up- and spin down
electrons by solving the Schrédinger equationgHerwhole system. Slonczewski introduced the

effectivespin polarization of ferromagnetic electrodes:

_(k —k )<~k k) 32
(kT +k¢)(K2+k¢|S)

where «is the extinction coefficient in barrier regiok, ,K represent the wave numbers of

eff

electrons in the majority- and minority spin bantise TMR is expressed as:
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TMR=Ce =G _ 2P G3)
GAP 1- Pesz

In Slonczewski’'s model, the TMR not only dependstba spin polarization of the two
ferromagnetic electrodes, but also on the barr@ergial height of the insulating layer. This
model also took the energy dependence of electretriecture of materials into account.

However, it provided only qualitative and semi-gtitative explanation of TMR.

4. Temperature dependence and bias dependence of TMKext

The dependence of the TMR values on temperaturdiasd/oltage has been observed in
a large number of experimental studies. As the &atpre and applied bias increase, the TMR
values of MTJ decrease. Up to date, there are alewandels which have been proposed to
explain the temperature and bias dependence of &fféRt.

4.1Bias dependence

In most MTJs, the TMR magnitude decreases withemging bias voltage, which was
first observed in Julliere’s experiment (Figure &.2In order to explain this phenomenon, in
1997, Zhang et al. proposed a mechanism in whiah dependence of the TMR and junction
resistance (B of MTJs was accounted for by the spin excitatitowalized at the interfaces
between the magnetic electrodes and the tunnakb@3f)]. In this publication, Zhang gave the
definition of “zero bias anomaly” and “hot electadnZero bias anomaly is defined as the rapid
decrease of junction resistance when the appliad anges from -150 mV to 150 mV. Hot
electrons are defined as itinerant tunnel electwitts excess energy above the Fermi level (due
to applying bias voltage). According to Zhang, wtagaplying bias voltage to MTJs, electrons
from the first ferromagnetic layer tunnel throudife tunnel barrier to the second ferromagnetic

layer as hot electrons. These hot electrons may tlosir energy due to producing collective
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oscillations of local spin at the interface betwdennel barrier and magnetic electrodes (or
emitting a magnon in short) and then flipping theceon spin. Thus, when the applied bias is
increased, more magnons will be emitted, therebyftiR values decline. Moreover, this model

was also confirmed by experiments performed by Moadh 199813].
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Figure 3.4: Schematic view of the two-step tunrelira defect states

Additionally, in 1998, J. Zhang and R.M. White pospd the two-step tunneling model
to better understand the strong dependence ofetsistaince and TMR of MTJs on bias and
temperature31]. The authors suggested a thermal activation pracessich localized defect
states in the tunnel barrier are thermally gendralbe excitation of electrons from these states
will create available states for two-step tunneliffg§gure 3.4). In this model, the bias
dependence of the TMR in MTJs was ascribed@.fdactor — effective barier temperature. They
assumed that the defect states in the barrier mferonly distributed and can be described by

Fermi-Dirac function:
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1 (3.4)
f(E)

E)=
1+exp| (E, -~ E)/KTy |
whereE is the energy level of the defect statg,ithe energy level of the barrier conduction

band edgek is the Boltzmann constant, andsxTis the effective barrier temperature. Equation
(3.4) states that the density of available stateseases exponentially as the energy level
increases. It means that the two-step tunnelingentiincreases quickly at an increased bias
voltage. Therefore, the increase of bias voltageldeto the decrease of TMR. This model was

also support by experimental results from R. Jaaseh]. S. Mooderd ).

4.2 Temperature dependence

The TMR values of MTJs decrease with increasingptmature. Shang et aBZ]
suggested a model in which temperature changemyptas influence on elastic, spin-polarized
tunneling but also affects a spin-independent tlimgeas well as electrodes’ polarization. They
assumed that the tunneling spin polarizaattecreases with increasing temperature due to spin-
wave excitations, as does the surface magnetizakimms the tunneling spin polarization and the
interface magnetization followed the same tempeeadependence, the BlogH > law.

P(T)=R(1-aT*?) (3.5)
M (T) =M, (1-aT*?)

Fitting parametes provided a satisfactory explanation for the terapee dependence of
TMR. In addition, inelastic scattering which doest flip the spin,such as electron—phonon
scattering, possibly causes the reduction of TMBiénpresencef localized states in the barrier.
Furthermore, the two-step tunneling modaLl][ mentioned in section (a) could also

explain the temperature dependence of the TMR bessdbias dependence. It is due to the
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assumption that the electrons from localized def¢ates can be activated thermally and these
states will create available states for two-steméling.

Additionally, the reduction of the TMR with temparee was also explained by spin flip
scattering by magnetic impurities in the barri@g][ In 2001, Vedyaye\et al[33] showed that
when the temperature was increased, the numbeileofr@ns contributing to this process
increasedesulting in the drop of TMR.

Besides, the TMR effect has also been observe@ tependent of spin polarization of
two ferromagnetic layers, properties of tunnel iearrelectronic structure around the interfaces

between the ferromagnetic electrodes and the turarakr.
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CHAPTER 4
FABRICATION AND CHARACTERIZATION

1. Materials

1.1 Ferromagnetic materials — Cobalt (Co) and Nickel lon (NiFe)

Co and Ni;Feo (further abbreviated simply as NiFe) are populaoices for MTJ
electrodes. NiFe is one of the highest quality smdignetic materials. It has a high permeability
(L=10 — 1¢) and a small coercivity (a 15-nm NiFe layer hasrcivity of about 50€). In
contrast, Co is known as a common hard magnetienmahtlt has a relatively low permeability
and a large coercivity (a 8-nm Co layer has codscf about 220€). The different coercivity
between Co and NiFe provides a “window” for switghthe orientation of the magnetizations of
these two layers, which is a key factor to obtaihRl

1.2 Tunnel barrier — Aluminum Oxide (Al ,03)

Various materials have been studied as candidatethé insulating barrier, including
AIN[ 34] and MgOB5-37. However, aluminum oxide is still the most widelged material for
the tunnel barrier of MTJ because it can be foreeslly and reliably.

Amorphous aluminum oxide 5 an electrical insulator(electrical

conductivityl0™° —=10"mhg ) but has a relatively high thermal conductivity QY&mK). Its

melting point is about 200%C[38]. The dielectric constart of the ALOs barrier is smaller than
that of bulk AbOs, which is around 4.5-8.9 at room temperature (@to295 K). The typical
height of the tunnel barrier is about 2 eV.

The ALOs; tunnel barrier is very thin (~Bm) and the tunneling resistance critically
depends on this barrier’s thickness so that snaalhtions in the AlO; thickness lead to large

variations in the resistance. Thus, in additiorb&ing free of pinholes and very smooth, the
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tunnel barrier must be extremely uniform. In ousrfeation process, aluminum oxide layers are
formed by deposition of a thin Al layer (~1n&) followed by in situ oxidation using an oxygen
plasma. This process helps to improve the quafitthe insulating layer. Direct deposition of
Al,0O3 may possibly create some pin holes in the laydreias the AD; unit cell is about 30%
larger than that of metallic Al, an Al layer withnpoles can yield a pin-hole-free tunnel layer
after being fully oxidized. Besides, Al on Co gromsich more smoothly than A, which has
been proven by AFM measurements. Thus, the bavitth is more uniform.

1.3 Buckminsterfullerene — Gso

In 1985, Buckminsterfullerene was first preparedHayold Kroto, James Heath, Sean
O'Brien, Robert Curl and Richard Smalley at Ricevigrsity. Later on, Kroto, Curl, and Smalley
were awarded the 1996 Nobel Prize in Chemistry floeir roles in the discovery of

buckminsterfullerene and the related class of mnubds; the fullerenes.

The Go molecule consists of 60 carbon atoms, arranged2agpentagons and 20
hexagons. Its shape is the same as a soccer bihlthe average diameter of 7.09 &d]. If the
n-electron cloud which is associated with the carbalence electrons is taken into account, the
outer diameter of & can be estimated as about 10.34 A where 3.35t/eigstimated thickness
of then-electron cloud around carbon atoms @b {20]. The electron affinity of gaseous¢ds
about 2.65 eV, in the solid state it is 4.0 &][ The calculated HOMO-LOMO band gap af,C
varies between 1.55 — 1.85 e¥Z]. In vacuum, crystalline & sublimes at about 350 [43].
The electrical resistivity of puregg(and also of €/Cro mixture) is about ~d Q-cm at room

temperature44, 45].
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Figure 4.1: Gy molecule.

In my thesis project, & molecules were inserted into MTJ structures tonfoertical
spin transport devices.ggis an attractive material for organic spintronilce to several reasons.
Firstly, the lack of hydrogen inggmight lead to a very weak hyperfine coupling (@ie nuclei
have zero spin) which is believed to cause theracgamagnetoresistance (OMAR) effedto]
and is a source for spin relaxation and dephassegondly, Go has a high electron affinity
(about 4.0 eV) which results in small energy basrié the interfaces. A larger energy barrier at
the interface implies a smaller amount of injeatadiers at a given voltage, which means that
we need to apply higher voltage to the device t@iabclear signals. Meanwhile, high bias, in
turn, will reduce the spin polarization of the ited current. In my devices, the Fermi level of
the metal could be aligned close to the LUMO gf, Go that it could be easier for spin injection.
Last but not least, & molecules are highly symmetric and crystallizeilgasuch that it is

possible to grow epitaxial, crystalline layers @ Gnto ferromagnetic substrates.
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2. Fabrication

In our experiments, we prepared series of MTJs isting of NiFe/AbOs/Co and
NiFe/Gso/Al,Os/Co. The samples with an Ab; tunnel barrier were prepared in molecular beam
epitaxy system (DCA-Metal-600) using shadow masgufe 4.1 and 4.2a, respectively).

2.1 Molecular beam epitaxy

Our samples with high quality thin films of metalxide and semiconductor were
fabricated using Metal-600 molecular beam epitdMBE) system from DCA Instruments. The
molecular beam epitaxy system consists of two cleasbthe main chamber (growth/
evaporation chamber) and a small loadlock chambest, substrates are loaded when the
loadlock chamber is opened to the air while thennchamber remains under vacuum. After that,
only the small chamber needs to be evacuated. gremtly reduces the contamination of the
vacuum in the growth chamber as well as increagiegoutput of processed wafers. Using a

turbopump, the pressure in loadlock chamber capumeped down tdlx10" Torr. When the

pressure in the loadlock chamber is reduced to ravan 5x10' Torr, the valve between
loadlock chamber and main chamber can be openethansubstrate is introduced to the main
chamber.

The base pressure in the main chamber is maintaihetbout 2x18° Torr (ultra high
vacuum condition — UHV) using a cryopump, duringal&tions additional pumping capacity is
provided by a liquid nitrogen cooled baffle. Whea start depositing layers onto the substrate,
the pressure may be increased t& $010°Torr. The essence of the MBE concept is that the
growth surface is kept clean by the UHV; thus thewum environment surrounding the growing

layer must be kept as low as possible to avoid aromtation that might affect electrical
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properties, film morphology and also whether or epitaxial growth takes placé(]. All layers

were deposited inside the main chamber by e-beamogation.

Liquid Nitrogen (LN,) line Main chamber

Figure 4.2: Molecular beam epitaxy system (DCA-N1é0)

Besides, the oxidation of Al which is used to obtaigh-quality tunnel barrier is done in
the load-lock chamber using plasma oxidation. Dytims oxidation process,,@ introduced to
the small chamber and 800 V is applied betweeneotrodes to generate plasma. The plasma
oxidation process took 30 minute under constargsune (~100 mTorr).

2.2 Fabrication process

The fabrication process contains 5 steps as fotigwhll steps were carried out in the

main chamber (except for the plasma oxidation @ece
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a 30 nm Al,O; b

/ (insulating layer)

0o oo

15 nm NiFe
and 2 nm Al 8 nm Co

Figure 4.3: Schematic of (a) shadow mask which weesl for MTJ fabrication and (b) steps of
fabrication process.

= |nitially, the two substrates were put in posit®and 6 where Co layer was evaporated
onto single crystal AD; substrate for 2-3 minutes (depends on the depositate). The
thickness of this layer is 8 nm, which is calculiabased on calibration of Co deposition in DCA
before. The area of deposited Co layer is 4.8xIr#,which is determined by the shadow mask.

= After that, they were moved to position 2 and 3 rehee 1.5 nm Al layer is deposited all
over the samples. This is followed by plasma oxwtator 30 minutes (at constant pressure 100
mTorr). After this process, the aluminum layer xsdized and has an approximate thickness of
2.0 nm. The thickness of the oxidized Al layer bagn corrected for the 30% expansion of Al

upon oxidation into AlOs.
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= Afterwards, the two samples were moved to positicand 3. Position 4 was closed (Figure
4.3a) so G layer was only formed with thermal evaporatior4@€’C only at position 3. The
thickness of this layer varies from one to sevefgy monolayers, which depends on the
evaporation time. After this step, we have twoatight samples with and withouggQayer on

the top of A}Os3 tunnel barrier.

= Subsequently, at position 1 and 12, a 30 naDAlayer is evaporated. This layer acts as a
protective layer which prevents bottom and top teteles contact at unexpected area. Each of
this insulating layer had area of 3,3x1.4 fnm

= Finally the second ferromagnetic layer (15 nm NilBegvaporated at position 7 and 8. At the
same position, a 2 nm thin Al cap is depositedis Thp prevents the NiFe layer from oxidizing.

The area of NiFe and Al layers is 4.5x0.3 fnm

P AP T
1(1.5 nm) + plasma oxidation

Co 8 nm

Figure 4.4: Schematic structure of (a) fabricatedaks, (b) standard MTJ and (c) hybrid MTJ.

After this process, we have one sample withi€the barrier (hybrid MTJ) and one
standard sample (withou§) as a reference (Figure 4.4b and 4.4c). Each saoopitained 12

junctions which has area of approximately 0.25x0rf.
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3.Characterization

These samples were mainly characterized with magnetent measurements at
temperatures ranging from 300K to 5K.

Magneto-transport measurements were performed inmaasurement setup which
consists of a Bruker electromagnet, a liquid heliflowv cryostat, a temperature controller, a
Keithley 2400 source meter and a measurement c@mpahich is connected with all
instrumentss (Figure 4.5a). In these measurem#mselectric current through the MTJs is
measured as a function of magnetic field (with didegplied voltage) and bias voltage (at fixed
applied magnetic field) at wide range of tempergufrom room temperature down to 5K).

First, the sample is put in the center of the Brukagnet which can generate magnetic
fields up to 2 Tesla. Via a computer program, a&dibias voltage (~20 mV) and a varying
magnetic field (usually ranging from -200 Oe td2De) which enables switching between the
parallel and antiparallel configurations of the telectrodes of the MTJs were applied to the
sample, then a current could be measured with #ghl€y 2400 source meter. Similarly, by
applying fixed values of the magnetic field, theltage—current curves of the MTJs can be
measured in the parallel and antiparallel magnitizaconfigurations by varying the applied
bias and obtaining the current change. The schemsétthe measurement setup is shown in

Figure 4.5b.
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Bruker magnet

Measurement computer & e i
Liquid He

N

Temperature controller

Keithley 2400 source meter

Figure 4.5: (a) Measurement system and (b) schermBithagnetotransport measurement setup.

The sample can be measured in vacuum and in a WWeoement. Low temperature can be
achieved by a flow of liquid He along the samplarober which is filled with He gas, which
allows for temperatures as low as 5 K. Higher terafpees than room temperature, up to 350 K,

can be achieved by heaters.
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CHAPTER 5

RESULTS AND DISCUSSION

In this chapter, | will present the results obtdinfom measurements on a Co/
Al,Os/NiFe junction (standard MTJ, withoutef compared to Co/ADs/x nm G/NiFe
junctions (hybrid MTJs, witlx nm Gso with y ranges from 0 to 20 nm), followed by a discussion
on the interpretation of these results.

The magnetic field dependence of the junction taste (magnetoresistance) was
measured with a four-point measurement techniqué wdifferent applied bias voltages at
various temperatures (ranging from room temperataré&K). The schematic of four-point
measurement technique has been provided in chépkerthis magnetocurrent measurement, the
bias voltage was kept fixed between two contactghencross-bar structure (top- and bottom
electrodes of the junction), while the current sedr through the other two contacts was
recorded as a function of the external magnetid.fiehe tunnel magnetoresistive effect which

showed up in most of my MTJs was calculated udieg¢lation (3.1):
TMR = % [100%

where R and Ry are the junction resistances which were measurg@arallel and antiparallel
magnetization of two ferromagnetic layers, respetyi

In addition to magnetocurrent measurements, threegtivoltage dependence of all
devices was also measured with a four-point pra@mhrtique at different temperatures and
applied fields. In the current-voltage dependeneasurement, the magnetic fields were set to
such values that either a parallel- or antiparaihelgnetization configuration of the top- and

bottom ferromagnetic layers was obtained. The cotahee-voltage di/dV) and bias
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dependence of the TMR, which are determined froreséh-V characteristics, provide
information about the (spin dependent) tunnelingma@ism through the dual Abs- and Go
tunnel barriers, where the population of (spin poéal) intermediate states in the latter are of
special interest. ThéV curves measured at parallel magnetization of W ferromagnetic
layers are labeled agin the following, while the others, measured atgarallel magnetization
of these two layers, are referred tol gs Similarly, the conductance-voltage curves, whigre
obtained by numerical differentiation (¥4 of I, (lap), are called parallel (antiparallel)
conductancés, (Gap). The bias dependence of the TMR value was deffiried |, andl 4, Using

the following formula:

| -
TMR(V) :% [100%

ap

1. Structure and morphology
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Figure 5.1: Atomic force microscopy image of (a)@d/Co/substrate with rms~0.3 nm and (b)

Ceso/Al.Os/Co/substrate with rms~0.6 nm.
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Figure 5.1 shows the atomic force microscopy imag€a) a 2 nm AlO; layer deposited
on 8 nm Co (which was previously deposited on glsinrystal A}O3; substrate) and (b) a 7 nm
Ceo layer subsequently deposited onto these 2 laylestypical rms roughness of &l;/Co was
around 0.3 nm while typical rms roughness @#&1,05/Co was around 0.6 nm. The thickness
of these layers was determin@adsitu by a quartz crystal monitor. The relatively snralighness
of Al,O3/Co is in agreement with previous studids][ This small roughness suggests that we
have an AIO; layer with uniform thickness which is very good &udying tunneling transport.
The good quality AlOx barrier was also confirmedtlgnsmission electron microscopy (TEM)

measurement (Figure 5.2).

Figure 5.2: TEM image of a standard junction.
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2.Cgo thickness dependence and bias dependence at roceamiperature

We obtain clear and reproducible positive tunnegnedoresistive effects at different
temperatures and applied bias voltages for MTJ& W7 nm G (Figure 5.3a). The TMR
measurements show that the junction resistanceases sharply upon switching the electrode
magnetizations from a parallel configuration toaatiparallel configuration. The curves show a
plateau when the field value is in between the eslior reversing the magnetizations of NiFe
and Co (antiparallel magnetization). The lower cover field is ascribed to the NiFe electrode,

while the higher one is ascribed to the Co eleerod

The strong dependence of the junction resistanch®magnetization configuration is
consistent with spin polarized tunneling. The fewt a significant TMR effect was observed
(through measurement) in most of our MTJs (0-7 ngg) G the first evidence for a spin-
dependent tunneling mechanism of electrons thrabhghbarrier composed of Ab; and Go
layers. It is also clear that the TMR values of iytMTJs are smaller than that of a standard
MTJ, and that the TMR decreases monotonically whig thickness of the ¢ layer (Figure
5.3b). At room temperature, the standard MTJ sh@WMR of about 15.6% while hybrid MTJs
with 0.5 — 7 nm & layer have TMR values ranging from 15.6 to 2.94% for the MTJ with 0.5
nm G, it is noticeable that its TMR value is essenyidie same as that of the standard MTJ
(both 15.6%). Because 0.5 nngo@s less than one monolayer ofpQwhich is about 1 nm), the
Cso molecules do not completely cover the junctioraase that the current will flow mostly in
regions where there is ng¢CThus, the device behavior will be dominated by tdgions where
NiFe is in direct contact with ADs. Indeed, the device characteristics (temperatack aas

dependence of TMR and conductance) for the devitte W5 nm G closely follow those of a
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standard MTJ. The behavior of MTJs with increadiiag thickness will be discussed in more

detail at a later stage.

MR at 293K (room temperature)

7 — 0nm Cy,
0.5nm Cy,
= 1nmCg,
= 2nm Cg,
10+ 3nm Cgq
——=5nmC,,
= 7nm Cg,

TMR (%)

T T T T T

Magneticofield (Oe) 100

TMR (%)

T T T T T T T I

3 4
Thickness of Cg, (nm)

Figure 5.3: (a) TMR plotted as a function of magnéield. These data were measured with
applied voltage 20 mV at room temperature; (b) TMHRue vs. G thickness at temperature

varying from 293K down to 5K.
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As expected, the resistance of all MTJs is strodgiyendent on the barrier width (2 nm
Al,O3 andx nm G). The thicker the g layer, the higher the junction resistance. Inifggg.4,
the junction resistance at parallel configurati®p){ measured at a temperature of 293K and a
bias of 20 mV, was plotted as a function of theckhess of the organic layer & The
logarithmic increase of fRRversus the thickness of thgydayer (note that a logarithmic scale is
used in the plot) is consistent with the exponértehavior of the tunneling mechanisdg].
Fitting the resistance of all MTJgH0—7 nm,d is the thickness of & layer) with R~exp{3d)

yields the parameté=1.0465 (Figure 5.4).

6 ® Measured resistance
== Direct tunnelling fit (3=1.0465)
= TWOo-step tunnelling fit (3=1.5344)

Resistance (Ohm)

3 . 4
Cyo thickness (nm)

Figure 5.4: Resistance of the junctions as a fanadf G thickness. Fitting the resistance of all
MTJs @=0-7 nmd is the thickness of & layer) withR~exp{id) yields the paramet@=1.0465
(blue); fitting the resistance of MTds0-2 nm withR~exp({3d) and the resistance of MTds2—

7 nm withR~exp(3d/2) yields the paramet@r=1.5344 (red).

42



However, it is noticeable that for MTJs with d=0rEh Gy the junction resistance
increase more strongly than that of MTJs with d=8rvGso. Analogous to the behavior of Alg
based devices as described in refereBO fve can identify the onset of 2-step tunneling an
discriminate between transport dominated by ditecineling or 2-step tunneling from the
resistance of the junctions as a function @ tickness. Schoonust al. suggested that the
transition between the two regimes was marked bypssover between an exponential increase
of R, with the thickness of the tunnel barriét~exp{d) or J~exp($d) where d is the barrier
thickness) for direct tunneling and an exponertietease oR, with half the thickness of tunnel
barrier R~exp(d/2) or J~exp(£d/2)) for two-step tunneling. Here by assuming thatr¢hs only
forward hopping so that the direct tunneling cutisrequal to the two-step tunneling current at
the intermediate site. Thus, via calculation, tb&lt transmission probability for sequential
tunneling events will be maximum for sites thaidesoughly halfway in the § barrier. Fitting
the junction resistance of MTJs which have d=0-2 with R~exp{d) and the junction
resistance of MTJs which have d=3-7 nm wRkexp{d/2) vyield parameter=1.5344.
Interestingly, for d=2-3 nm, their values of juwcti resistance are in the same order of
magnitude. This is possibly the transition pointween direct tunneling and two-step tunneling
mechanism. When 4 thickness is increased, multi-step tunneling woiminate the transport
mechanism. The reason for the dominance of mudp-tinneling as £ thickness increases will

be discussed later along with the explanation ias bependence characteristics of all MTJs.
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Figure 5.51-V (lines, left axes) andl/dV (circles, right axes) curves for standard MTJ rmes
at room temperature (a) and at 80K (b), and thé34Td with 2 nm Go and 5 nm G measured

at room temperature (c), (e) and at 80K (d), (f).
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Figure 5.5 shows several current-voltage/Y and conductancedi/dV) curves of a
standard MTJ and MTJs with 2 nm¢g@nd 5 nm G, measured at room temperature and at 80K.
These curves are typical for measurements of-theharacteristics of all MTJs (0—7 nmCat
various temperatures (from room temperature dowrbK®. All I-V curves are non-linear,
consistent with tunneling as the main transporthmasm of electrons through the,®% and
Cso barriers. Thedl/dV curves are distinctly asymmetric with respect tie bias voltage, as
expected in an MTJ with different electrode matsr{&€o and NiFe). The bias-asymmetry of the
conductance curves increases upon reducing thesmeaaring at low temperature, and a dip
develops at low bias voltages (“zero bias anomalyhich was discussed in chapter 3. The
difference betweety, andl,, as a function of increasing applied bias shows i tunneling

transport through the barriers of my junctionspmsiependent throughout the whole bias range.

6 O I~ 0.90

— 0.85

— 0.80

O 0.75
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05z 1e %9 paziewloN

0]

(6]

35

3

e}

3

— 0.65
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Figure 5.6: NormalizedV (lines, left axis) and normalizedtl/dV (Gp, circles, right axis) curves
for MTJs with 0—-7 nm g at 293K (room temperature)V curves andG(V) curves were

normalized by dividing by their maximum values aanzero bias.
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In addition, upon increasing thesdthickness, thd-V curves become more non-linear
while thedl/dV becomes more parabolic-like, meaning that bothctimeent and conductance
become more strongly dependent on bias (Figure Bi@dicates different barrier heights for the
Al,03 and the @ sides of the barrier. At room temperature,dhidV curves do not show a zero
bias anomaly (near line&V characteristics when the applied voltage is ctoseero), which is
suggestive of elastic tunnelling of electrons tlgtolAl,O3 and Go barrier. The stronger bias
dependence of the current/conductance of MTJs thittker Gy layers can be explained by a
lower effective barrier height, which is due to taet the the LUMO level of & is close to the
Fermi level of Co and NiFe. Meanwhile, fitting thennel current of a standard MTJ with
Brinkman’s model $1] yields a value for the insulating barrier thickseof about 28.7 A, , while
the average barrier height between these two eldetr(at zero applied bias) of 1.68 eV. Here
the conductanced(/dV) of standard junction was fit with the equatiosq@aming that T=0K for

simplicity):

G(0) 165" 128 ¢

Ap=¢,-¢,

¢ =(¢1+¢2)/2

GV) :1—( %A¢Jev+( 2 A’zj(e\/)z

A = a(2m)" 4/ 3
G (O) = (3.16>< 16051/2/(;]) exé_ 1.02551/2)

Whered is the barrier thickness in Ay andg, are the barrier heights on two sides with zero
applied voltage. The computed thickness afAltunnel barrier is larger than expected (nearly 2

nm). However, it seems to be in good agreement Wikl measurement (Figure 5.2 in part 1 of
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chapter 5) in which the thickness of @k thickness is larger than 2 nm. The reason for this
difference might be because Brinkman built this eldgase on the assumption of T=0K for
simplification (so that the authors disregarded teenperature dependence of tunnel

current/conductance).

20- O I, of MTJ Co/AIO,(~ 2 nm)/NiFe

O 1y, of MTJ Co/AlO,(~ 2 nm)/NiFe
=== Brinkman’s model fitting curve with |,
Brinkman's model fitting curve with I

10 —{Fitting parameters
d =28.7 £ 0.51 Angstrom
Average barrier height =1.68 +0.11 eV

Current (x210° A)
T

-10 -

-20 -

I I I I I
0.0 0.1 0.2
Applied voltage (V)

Figure 5.7: Fitting curves of tunnel current usBrgnkman’s model $1] yields barrier thickness

of about 28.7 A and barrier height of 1.68 eV.

The most pronounced change of the junction behasaa function of the 4g thickness
is the TMR, which becomes more bias dependenta&dhlayer thickness increases, while the
maxima of the TMR curves are at positive bias valear zero bias. The asymetry of the TMR
curves versus bias reverses as thgthickness is increased, and becomes quite langéh&

junctions with the thickest g layers (Figure 5.8). As for MTJs with 0—-3 nrgpCGheir TMR(V)
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curves are nearly parabolic and only show sliglatdymmetric behavior, with a little faster
decrease when increasing the applied bias in tegiy® direction. In contrast, TMR(V) curves
for MTJs with 5 and 7 nm &g present clearly stronger asymmetric shapes witreragnificant
decrease of the TMR upon increasing the applieslinighe negative direction.

The bias dependence of the TMR of MTJs has beemstigated in numerous
publications befored, 12, 13, 30-33, some of which have been reviewed in chaptern3. |
general, the asymmetry can arise from dissimilactebdes, due to the fact that the states
participating in the tunneling are different forviard bias (positive applied voltage) and reverse
bias (negative applied voltage). When positiveagtis applied, the chemical potential of NiFe
electrode is shifted upward in relation to thatGaf electrode. Electrons at the Fermi level and
below that of the NiFe electrode will tunnel intates above the Fermi level in the Co electrode.
When negative voltage is applied, electrons at (@ldw) the Fermi level of the Co electrode
will tunnel into states above the Fermi level ire tNiFe electrode. The dissimilar interfacial
electronic states at the two electrode/barrierriates plays an important role as well. Apart
from these general issues, the thickness of @hdager (which does not impact the electronic
structure at the interfaces) clearly also affebhtss TMR, especially at negative bias. This point

will be further addressed below.
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Figure 5.8: (a) Normalized bias dependence of TMRalb junctions measured at room
temperature (293K). All bias dependence TMR cuasesnormalized by their maximum values
at around zero bias. (b) and (c) Schematic of gnkngel with Gaussian distribution of defect

states for multi-step tunneling when negative apsitfve bias are applied, respectively.

Moreover, as mentioned in part 5.1, the roughné&€s@dayer (deposited onto ADs/Co)

is higher than that of ADs; deposited onto Co. Thus, the interface betwegna@d NiFe will
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have higher roughness than the interface betwegDs;/&lo and A}Os/NiFe. As stated ing2,
interface roughness may lead to local interfacermafg fields (stray fields) which can alter the
spin polarization near the tunnel interface. Initoid, for many OSCs, transport takes place as
hopping in Gaussian or exponentially distributeatet. The assumption of a Gaussian density of
state was based on, for example, the analysisnoé-tif-flight experiments in OLEDS5§].
Applying a bias voltage tilts the potential withiime G, layer so that the DOS of “defect” states
(in analogy with tunneling through a barrier witbfects) will align with E of the electrode
(Figure 5.8b). By combining these two ideas, we @iad a reasonable explanation for the
stronger dependence of TMR on negative applied Bipplying a bias voltage tilts the potential
within the Go layer, so that DOS of defect states aligned witlof&the electrode depends on the
distanec from that electrode (Figure 5.8b). Thusnhegative (positive) bias voltages, the
distribution of intermediate states shifts awaynir@owards) the AlO; interface (Figure 5.8b
and 5.8c). Since the ¢gNiFe interface has a considerably larger roughribas Co/A}O3
interface, the defect states which are availabletiwo-step tunneling will be redistributed
towards the &/NiFe interface at sufficiently high negative biddnder the effect of local
interface magnetic fields (stray fields) arisingGt/NiFe interface, this redistribution might
result in higher spin precession frequency and ¢ilager reduction of the spin polarization in
the defect state. If the external magnetic fieldolwhs applied to align the magnetization of the
FM layers is not strong enough to cancel the digdg, this inhomogeneous field may dominate
and randomize the spin orientation of electronsisTthe behaviors of my devices ( decrease of
TMR and stronger bias dependence at negative appbdage when thickness ofsLlayer
increases) were attributed to the presence of Gausgponential distribution of defect states in

Cso and the effect of stray field at the interfaceCed/NiFe.
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3.Temperature dependence

The junction resistance fRand TMR of all junctions at room temperature depicted
in figure 5.3a and 5.4, respectively. To have apdedook at the trends of change aof &d
TMR upon cooling, figure 5.9 is produced by normialg the junction resistance and TMR to
their values at room temperature. The junctionstasceRr and the TMR of all junctions
increase significantly. Generallgs of all junctions monotonically increases with thecrease of
temperature. Meanwhile, the TMR change followsféergnt trend. When the temperature was
reduced from 293K to 80K, the TMiRcreasedsignificantly and monotonically. However, upon

cooling down further from 80K to 5K, the TMéRecreasedlightly.

The increase of Ralong with the decrease of temperature is undetatale. To be more
detailed, theRr of the hybrid junctions increases by 30 — 65%, Imtaster than that of the
standard junction (increase of about 20%) (Figu@ap This shows that thermal activation
becomes more important in the transport mechanideanwhile, the TMR of hybrid junctions
also increases more strongly upon cooling (frormrdemperature to 80K) (especially for the
devices with the thickesteg layers) in comparison with that of the standandcfion (Figure
5.9b). The TMR of hybrid MTJs increases with ab80t150% when the temperature was

lowered to 20K, while the TMR of the standard MTilyancreased by about 40% at 20K.
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Figure 5.9: Changes of (a) junction resistance(BpdMR vs temperature. These changes were
obtained by normalizing to junction resistance aMR values at room temperature (293K).

This behavior is analogous to Zhang’s model, caringrtwo-step tunneling via defect
states (discussed in chapter 3), with localize@dedtates in the tunnel barrier that are thermally
activated, thereby creating available states foo-$tep tunneling. Thus, the significant
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temperature dependence of the TMR is also undelatéa since the 4g layer is expected to
have considerably more “defect” states close to Rhami energy (Gaussian distribution, as
stated in the previous part) via which thermalljiveted tunneling can take place than the®Al
layer. In the previous part, it has been discushat the hybrid MTJs comprisings§£show a
significantly stronger temperature-dependent befrgvesistance, current—voltage, conductance,
TMR) than standard MTJs. It should be pointed astly that the large temperature dependence
of Rr and the TMR rules out the possibility that metaltharge transport through metallic

filaments or via pin holes is dominant.

Figure 5.10 shows the temperature dependence ofl-theand conductance curves of
junctions with 0 and 5 nmg Upon cooling down, théV curves of all MTJs become more
nonlinear and the overall conductance decreasege&shift downward due to highBg). The
conductance becomes more dependent on bias whiéngcdown to 5K. It is noticeable that the
zero-bias anomaly appears in conductance curveslandTMR curves at low temperature (5K
and 20K) (Figure 5.10 and 5.11). There have beenyntlaecories for the origin of zero-bias
anomaly in MTJs. However, this issue is still undebate now. According to Zhang's model
which was discussed in chapter 3, the presendeeatéro-bias anomaly may be because of that
hot electronsij.e. tunneling electrons with excessive energy aboeeRérmi level (due to the
applied bias), lose their energy owing to the emmssf magnons at the tunnel barrier/electrode
interface and then flipping their spins. At low feenature, these electrons possibly need a higher
applied voltage to be excited, since the thermargyn becomes smaller and thus does not
contribute as much to the total energy as compai#d the situation near room temperature.
Therefore energy gained from the applied bias piaysore important role, which results in a

more dramatic bias dependence of thé, conductance and TMR curves (Figure 5.10 and 5.11)
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Figure 5.101-V (lines, left axes) and conductamdiédV (circles, right axes) curves of junctions

with (a) 0 and (b) 5 nm g measured upon cooling from room temperature to 5K.
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Figure 5.11: TMR(V) curves of (a) standard MTJ, MWith (b) 2 nm G and (c) 5 nm &

measured upon cooling temperature from 293K dowsKto

Moreover, according to the two-step tunneling moto discussed in chapter 3),

electrons from localized defect states can be aietd thermally and these states will create

available states for two-step tunneling. Thus, digmificant temperature-dependent behavior of

the hybrid MTJs may suggest that two-step tunnetingiinates the transport mechanism. In

summary, my MTJs with thicker ¢ layers showed, upon reducing the temperaturefomgst

increase of (1) the TMR, (2) the junction resisgn@) the non-linearity of the I-V curves, and

(4) the bias-dependence of the conductance cuies.behavior confirms tunneling transport

through double a barrier and rules out the possitihat metallic charge transport via pin holes

55



may dominant. Furthermore, based on this behawer,can identify direct- and multi-step

tunneling transport in MTJs with differengghickness.

MTJs with 10 and 20 nmgwere also fabricated. They show very high reststaend
no tunnel magnetoresistive effect at room tempegaturhese devices were very sensitive to
temperature changes and easily became shorted tvbademperature was reduced. Thus, it is
difficult to interpret the transport mechanism lre$e devices. However, we obtained extremely
non-linear and asymmetric |-V curves at room terapge (Figure 5.12). This behavior
suggests that bulk hopping transport via a relitidarge amount of intermediate states
dominates. The tunneling probability drops exporadigt with thickness, so tunneling via an

increasing amount of intermediate states will o@sithe thickness is increased.
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— 20nm Cy,
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1000 —

500 —
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Figure 5.12: Normalized |-V curves of MTJs with &dd 20 nm . These curves were

normalized by dividing by their value at near zbras.
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CHAPTER 6

CONCLUSION AND FUTURE OUTLOOK

To summarize, magneto-transport properties of Mtk the insertion of 1 to 20
monolayers of g were observed at various temperatures. Their ctearstics are also
discussed based on current — voltage, conductavodtage, bias dependence and temperature
dependence of the TMR and the junction resistabtaireed from measurements. The junction
resistance dramatically increases and the TMR dseswith the thickness increase of the C
layer. MTJs with 0—7 nm & show robust spin-polarized tunneling charactesstiwhich
changes with temperature and applied voltage mastiprding to expectation. Moreover, | also
gualitatively interpreted and explained the mag+ietnsport properties of MTJs comprisingsC
as a function of g thickness, temperature ad bias voltage. Additignave can identify a
transition between different transport mechanisnanely direct- and two-step tunneling, in

MTJs with 0—7 nm .

Since G is expected to have extremely long spin life tithe, ultimate long-term target
of studying spin transport inggis to develop gg-based spintronic devices as, for example, spin
transistors. However, there are many challengdsattbaneed to overcome to achieve that target.
An important problem is conductivity mismatchgo@as a very large resistivity which is the
main obstacle for efficient spin injection. In tehort term, this problem might be solved by
doping to reduce the resistance of purg &hd hence overcome the conductivity mismatch
problem at the interface of metayfC Doping can significantly improve the performanaie
devices with organic layers such as better camiection, more efficient carrier transport and

thus lower operation applied voltages. Furthermdoeseparate true spin-valve signal from
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spurious effects, we can also set-up experimentsniasuring spin accumulation using non-

local measurements, or electrical Hanle effects.

The study of organic spintronics is still in itglgadevelopment and requires lots of effort
to the fundamental principles of the spin injectibansport and relaxation. More theoretical and
experimental work is needed to understand the spmsport mechanism as well as the spin
relaxation mechanisms in organic materials. Alsoremalternative approaches are required to

investigate the role of metal/organic semiconduttarface in the future.
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