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Chapter 1

General introduction

In recent decades, progress in fabrication and characterization of systems with reduced
dimensionality has stimulated fundamental research on a wide range of quantum
phenomena and has enabled development of nanomaterials with new functionalities
related to new information technologies. The most remarkable event, in this context,
is the discovery of giant magnetoresistance (GMR) in magnetic multilayered structures
in 1988 by the groups of A. Fert [BBFT88] and P. Griinberg [BGSZ89]. They observed
a significant change in the resistance of multilayers when the magnetizations of adjacent
ferromagnetic layers separated by a nonmagnetic spacer were brought into alignment
by an applied magnetic field. This discovery opened new ways of exploring magnetic
properties of materials by means of spin-dependent transport and generated a new field
of research called spin electronics or spintronics [Ohn98, WAB* 01l [FBY*01al BECT02],
which combines two traditional fields of physics: magnetism and electronics. In other
words, it is not only the electron charge but also the electron spin that is used to operate
a device. Spin is the intrinsic angular momentum of a particle which, in the case of the
electron, is characterized by a quantum number equal to 1/2 with two possible states
called ”spin-up” and ”spin-down” (or "majority” and ”minority”). In ferromagnetic
materials, the Coulomb interaction and Pauli exclusion principle cause a long-range
ordering of the unpaired up (or down) spins leading to the finite magnetic moment u per
unit volume (magnetization M) resulting from the difference of majority and minority
density of states (DOS). Furthermore, such inequality of the DOS for two spin states at
the Fermi surface leads to significantly different conductivities for the spin up and the
spin down electrons as was demonstrated by A. Fert and I. Campbell in the late 1960s
[CEP67, [FC68|. Along with the existence of the long range interlayer coupling between
two ferromagnets separated by a nonmagnetic spacer [GSP*86], these observations were
the key steps in the discovery of GMR suggesting that the transport in ferromagnetic
materials is spin-dependent and can be considered within the two current model [Mot36].
Giant magnetoresistance became the supreme manifestation of spin-dependent transport
and was recognized by the award of the Nobel Prize 2007 to A. Fert and P. Griinberg.
The essential prerequisite of discovery of GMR is interlayer exchange coupling (IEC),
which is one of the most fundamental phenomena in spintronics. The phenomenon has
been demonstrated in 1986 [GSP*86, MCK™86l, [SSR*86] between the magnetizations of
two ferromangetic layers separated by a non-magnetic spacer. It is found that magnets
can interact from long distance through nonmangetic spacer to form either ferromagnetic
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or antiferromangetic exchange coupling. Further research in these systems leads to the
discovery of GMR effect in 1988 [BBETSS, [BGSZR]J].

The initial explanation for the oscillatory interlayer exchange coupling was based
on the Ruderman-Kittel-Kasuya-Yosida (RKKY) indirect exchange which originally
described the coupling between two nuclear spins embedded in a degenerated electron
gas. Its effective Hamiltonian can be represented by [SIo95],

T2m.Q*F (2Qd)S; - S;
Heps(p) = = S5 2 (1.1)

ZC0S8z — §inz
P(e) = X (1.2)
where function F' is proportional to the nonlocal susceptibility of the gas, d is the distance
between local atom spins S; and S;, J;. represents the exchange integral between a local
electron and a conduction electron, m, is the mass of electron, and ) is the Fermi vector
of the free electron gas. Summing H.¢; over atomic position ¢ in one magnet and j in

the other one gives the coupling energy per unit area
W = —Jicosb, (1.3)

where 6 is the angle between the two magnetization vectors.

The simple application of RKKY theory, where spin distribution within the
ferromagnetic layers is uniform and the spacer thickness was assumed to be able to
vary continuously, yields a period A = Ap/2 = 1ML, which is too short compared to
the experimental results [BC91a]. The generalized theory of RKKY interlayer exchange
coupling was proposed by P. Bruno and C. Chappert [BC9Tal [BCOTD, [BC92], where the
coupling was related in a physically transparent manner to the topological properties of
the Fermi surface at the spacer material. Two key aspects in the interlayer exchange
coupling were addressed: (i) the interaction between a ferromagnetic layer and the host
conduction electrons, and (i7) the way the spin-polarization is propagated across the host
material. The first aspect can actually be ascribed by using the basis of s-d(f) model
which is usually used to deal transition metal magnetic impurities.

By 1993, there were a number of theoretical models for interlayer exchange coupling
proposed [Sti93, BC91al, BCI1D, BCI2, [SIo95]. From that time on, a flourished one
and a half decades, a simple physical picture for interlayer exchange coupling has
evolved. Spin dependent reflection from the interfaces in multilayers leads to formation of
spin-dependent quantum well states. These quantum well states evolve in energy as the
thickness of the spacer layer is varied. As these states pass through the Fermi energy, they
are filled or empty therefore changing the energy of the multilayer. These changes are
periodic because the quantum well states cross the Fermi energy with a period determined
by the Fermi surface of the spacer layer material. At critical points of this Fermi surface,
many quantum well states have the same period giving a net oscillatory contribution to
the energy. Since the reflection is spin dependent, the energy depends on the relative
orientation of the layer magnetizations, i.e., there is an energy difference between parallel
and antiparallel alignment of the magnetizations. This energy difference is indeed the
interlayer exchange coupling. It has oscillatory contributions with periods determined by
the critical spanning vectors of the spacer layer Fermi surface and strengths determined
by the spin-dependent reflection at the interfaces.
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The advent of GMR has renewed the interest in spin dependent tunneling [Jul75]
across semiconductors and insulators and led to demonstrations of high tunnel
magnetoresistance ratios (TMR) at room temperature [MKWMO95, [MT95] in magnetic
tunnel junctions (MTJs). MTJs consist of two ferromagnetic (FM) electrodes separated
by an insulating barrier have been objects of great interest from both fundamental and
applied perspectives. High sensitivity to magnetic fields makes these structures good
candidates for hard drive magnetoresistive read heads, logic devices and magnetic random
access memories [PRST99, [TCD™99, THL'07]. Various aspects have been addressed, both
theoretically and experimentally, regarding spin dependent properties in MTJs such as
the role of disorder and impurities at the interfaces between ferromagnetic and oxide
layers, the impact of the junction composition on TMR ratio, temperature dependence

of the latter, etc. [TP9R, TP99, SWN99, [LSK*00, LSKAJ00, DTBF*99a, DTBF+99b)
BECT02, BBVD02, VBBDO1, DCT*01, DGCT03, DHCT04, TMLO3].

A major breakthrough in the area of spin-dependent tunneling was the prediction of
extremely high tunnel magnetoresistance ratios for certain epitaxially grown magnetic
tunnel junctions [MZBW99, BZSM01], MUOT, WMZT02]. This prediction was based on
a spin filtering effect that may arise from the symmetry of the wave functions. At the
Fermi energies of bce Fe, bee Co and CoFeB, there is a difference in the symmetries of
wave functions between the majority and minority spin channels. Specifically there is
a A; Bloch state for the majority, but not for the minority. For some insulating and
semiconducting materials, states with this A; symmetry will decay much more slowly
than states with different symmetries due to the presence of corresponding evanescent
states in the band gap [BZSMO01, MUOQT, DMW™02, BZV ™05, VCB06]. In other words,
an insulator separating two ferromagnetic electrodes should not be viewed as a simple
barrier and electron tunneling cannot be accurately described in the framework of the
Julliere model [Jul75]. Recent experiments [PKPT04, [YNFT04] Tke08] largely confirmed
predictions made by W. H. Butler et al. [BZSMOI] and J. Mathon et al. [MUO1] for
MgO based tunnel junctions. So far the record values of TMR ratio on MgO-based MTJs
reached 600% at room temperature [LHIT07]. This discovery also has a large impact on
the technologies of MRAM and of read sensors for hard drives.

In contrast to the case of a metal spacer, much fewer investigations have been
devoted to interlayer exchange coupling across nonmetallic spacer layers [TBHLI92,
Bru9s, EML*92, [CMW96], KCET97, [EKS99, [GBB*01]. The interest has been strongly
enforced with the observation of antiferromagnetic interlayer exchange coupling in 2002
in Fe|MgO|Fe crystalline magnetic tunnel junctions (MTJs) by J. Faure-Vincent and
coauthors who reported TEC values up to -0.26 mJ/m? for thin MgO layer thicknesses
[FEVTBT02]. The AF IEC phenomenon across the insulator was initially explained
using the free electron model for pure tunneling [FVTB¥02, [SIo89] and the resonant
tunneling mechanism due to the presence of localized impurity or defect states in the
insulating barrier layer [ZTV05, ZVVT06]. For instance, it was shown from first-principles
calculations that oxygen vacancies located in the middle of the MgO layer as well
as interfacial oxygen [WAMSOS| cause the IEC to be AF for MgO thicknesses below

0.8 nm [KYVF06, ZVVT06]. In recent experiments, Chiang et al. [CWTT09] investigated

the role of interfacial oxidation on the IEC in Fe|MgO|Fe MTJs and found that oxidation
conditions can strongly affect the character of the IEC for MgO thicknesses below 1 nm.
They observed that for MgO thicknesses up to 0.6 nm both under- and overoxidized
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junctions show AF IEC which is much stronger in case of under-oxidation. However, the
[EC becomes FM in case of overoxidized samples for MgO thicknesses larger than 0.6 nm
(~ 3 monolayers). So far, the explanation for IEC across the over- and under-oxidized
MgO interface structures is in a well agreement with experimental results, whereas there
have been inconsistencies between the experimentally observed AF IEC [EVTBT02] and
first-principles calculated FFM IEC in pure Fe|MgO|Fe MTJs [KYVT 06, [ZVVT06].

In this thesis, we revisited interlayer exchange coupling in Fe|MgO|Fe MTJs
and investigated this phenomenon in Chapter 2, where the effects of structural
relaxation and oxidation conditions on interlayer exchange coupling are presented from
first-principles and tight-binding model calculations. In addition, we extend the study
of IEC to some other structures with semicondutors separating ferromagnets to have a
general view of IEC across insulating spacers.

Another very interesting spintronic phenomenon observed in MTJs is the
perpendicular magnetic anisotropy (PMA). Monso et al. have shown that PMA could be
observed at Co(Fe)|MOx interfaces (M=Ta, Mg, Al, Ru etc.) IMRAT02,[RAD™03] in spite
of the weak spin-orbit interaction in the system. Large PMA values up to 1 to 2 erg/cm?
have been reported, which are comparable or even larger than the PMA values observed at
Co|Pt or Co|Pd interfaces [GLW™ 06l [JJKdB95]. This result is quite general and has been
observed in both crystalline (MgO) or amorphous (AlOx) barriers, using both natural
or plasma oxidation [LHAT07, MDLT08, IMPV™08|. Especially, recent experiments
reported large PMA values of 1.3 erg/cm? at CoFeB|MgO structures [IMY ™10, [EKITT10].
Furthermore, it has been experimentally demonstrated that there is a strong correlation
between PMA and TMR maximum values obtained at the same optimal oxidation and
annealing conditions [NRD*10].

Even though the experiments show such surprisingly large PMA values and the
optimized PMA and TMR maximum at the same oxidation conditions, the understanding
of this correlation is not clear. The works on the mechanism of the large PMA at
Fe|MgO interfaces are of particular interest. The paper by Nakamura et al used a single
layer of Fe on MgO to explore the electric field induced magnetic anisotropy [NAI*10)].
They reported that an ideal abrupt Fe|MgO interface gives rise to a large out-of-plane
magnetic anisotropy due to weak Fe-O hybridization at the interface, but the anisotropy
switching by an applied electric field is found to be difficult to achieve. Instead, the
existence of an interfacial FeO layer plays a key role in demonstrating the anisotropy
switching that accompanies an electric-field-induced displacement of Fe atoms on the
interfacial FeO layer. For PMA at thicker Fe layers on MgO (001) surface, M. K. Niranjan
et al. have calculated the magnetoelectric effects originating from the influence of an
external electric field on magnetic properties of the Fe|[MgO(001) interface [NDJTT0].
They have shown that the effect on the interface magnetization and magnetocrystalline
anisotropy can be substantially enhanced if the electric field is applied across a dielectric
material with a large dielectric constant. They predict the effect of electric field on the
interface magnetocrystalline anisotropy due to the change in the relative occupancy of
the 3d-orbitals of Fe atoms at the Fe|MgO interface. However, the PMA mechanism
at Fe|MgO interfaces is not clear enough. In particularly, there is no reports about
the correlation between PMA and TMR, even though in experiments by L.E. Nistor
and coauthors. It was shown that the anisotropy reaches its maximum in the optimal

oxidation conditions [NRD¥10).
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We will devote the Chapter 3 to investigate mechanisms of magnetic anisotropy at
Fe|MgO and Co|MgO interfaces, and will understand them in terms of correlation between
Bloch states symmetry based spin-filtering and PMA in MgO-based MT Js.

Starting from Chapter 4, we will work on another novel branch of spintronics, namely
graphene-based spintronics [FBYT01b, WABT01, HMP™12]. We will start from PMA
at Col|graphene interfaces. Furthermore, magnetic behavior and work function of Co
surfaces due to graphene coverage will also be investigated.

Graphene is a very interesting material because it is a real realized two dimensional
sheet of carbon atoms in a honeycomb lattice, known as the thinnest material in the
universe, can be rolled up to form carbon nanotube, or stacked to form graphite,
exhibiting many unique properties. For example, its charge carriers exhibit giant
intrinsic mobility, have zero effective mass, and can travel for micrometers without
scattering at room temperature. Graphene can sustain current densities six orders of
magnitude higher than that of copper, shows record thermal conductivity and stiffness, is
impermeable to gases, and reconciles such conflicting qualities as brittleness and ductility.
Electron transport in graphene is described by a Dirac-like equation, which allows the
investigation of relativistic quantum phenomena in a benchtop experiment [CNGP*09,
[Ge109, DSAHRI11]. For groundbreaking experiments regarding the two-dimensional
material graphene, the Nobel Prize in physcis was awarded to A. Geim and K. Novoselov
in 2010.

In addition to its promising properties for electronics, graphene is also very attractive
for spintronics [FBY01b, WAB™01], this is due to expected very long spin lifetimes
thank to its intrinsic weak spin-orbit coupling and hyperfine interaction, which allows for
the spin population to remain spin polarized even over long channel lengths. Also, recent
studies have shown spin transport in graphene to be tunable by an electrically controlled
back gate [HMP™1

Another useful feature is that graphene is only one atom thick, and therefore the
surface is extremely sensitive to whatever is lying on top of it. It therefore becomes
possible to chemically dope the surface to probe the electrical and spin properties
of graphene in ways not possible (or very hard) in other systems. Furthermore,
as graphene is a nearly ideal two-dimensional system, it provides many interesting
phenomena from the point of view of fundamental physics research such as the (fractional
and integer) Quantum Hall Effect (FQHE and IQHE) and ’tabletop’ relativistic
physics [DSDT09, BGST09, NGM™05, [ZLB*12|. Combining these advantages, graphene
is an extremely interesting material in the field and opens a new direction for spintronics.
For example, exciting spin-dependent effects have been observed or predicted, noticeably
in graphene-based non-local spin valve devices: efficient spin injection [TJP*07a], a
quest for controlling spin injection in graphene [T.JPT07b, HWP™09, [HPM™10), KBSLLU
and spin-filtering [SCLOGb]. In particular, FM|graphene|FM epitaxial stacks with
high magnetoresistance [KGKT07] and low resistance area product [YP0O9] attracted
considerable attention in this respect.

Not only spin transport but also spin polarization in graphene is a topic of intense
interest. Two-dimensional nature of graphene is again appealing, that is in this
aspect, due to shaped nanoribbons and nanomeshes whose edges may intrinsically carry

spin-polarized currents (states) [SCLO6B, BZJT10]. Graphene may also be inserted
between two planar ferromagnets to build giant magnetoresistance junctions operated
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in a current perpendicular to the plane configuration, with neither too low (like for
giant magnetoresistance) nor too high (like for tunnel magnetoresistance) resistance-area
product, and with extremely thin spacers [KGK*07, [YP09]. The magnetoresistive effect
outlined in the latter proposal calls for the availability of epitaxial FM|graphene|/FM
trilayers, due to the importance of band matching with graphene [GKBT08]. This
requires that epitaxial graphene be prepared on ferromagnetic supports, which was
demonstrated years ago [ON97], and also requires the development of epitaxial two
dimensional ferromagnetic layers on top of graphene.

Therefore such layers may serve as building blocks in a number of spintronics setups
beyond the scope of magnetoresistive junctions. For instance, a large Rashba field may
develop in an ultrathin two dimensional metallic ferromagnetic layer sandwiched between
graphene and another metal layer of a heavy element such as gold, due to a strong
out-of-plane electron potential gradient resulting from the structural inversion asymmetry
imposed by the two distinct interfaces [VSBST08, [RVSBT09, IGDM™'11].

Beyond the magnetic metal, with magnetic insulating substrates to induce
magnetization in graphene is also interesting. This is basically due to the requirements
of some devices for spin-polarization and band gap opening. As one knows, that
semiconducting devices rely on the gap because it is the gap that allows a semiconductor
to be switched from conducting to insulating. In principle, the larger the gap the better
for application since it insures a large on to off ratio for switching devices. Therefore,
for graphene-based electronic applications, to open a gap is crucial. One way to open
a gap in graphene is using confined structures, e.g. graphene nanoribbon and graphene
nonomeshes [SCLO6D, BZJ10]. Indeed, a graphene ribbon with a width of 1 nm has
theoretically a band gap of nearly 1 eV. An energy gap of this magnitude is good enough
for electronic applications, but the size scale of 1 nm is in the range of fabrication limit.
In the sense of size scale, graphene nanomeshes may help to solve the problem [BZJ10].
Another solution to obtain large scale opened-gap graphene is using insulating substrate,
the very famous one is using 4H- or 6H-SiC substrate. But other insulating substrates are
also intensively investigated, for example, Al;O3, MgO, SiOs, BN and GaAs. While, in
the field of spintronics, if one wants to induce magnetism and a gap, one choice turns to
the insulating magnetic substrates. As for magnetic insulating materials there are NiO,
EuO, EuS, FeO, FeCo,04 and Fe3zOy4 etc., here, considering the lattice mismatch, we will
choose EuO as substrate. The spin-polarization in graphene caused by EuO substrate
will be addressed in Chapter 5 and a tunable Dirac cone in graphene, as well as an
unusual magnetic order in graphene will also be presented in the chapter.

We will next devote our efforts (Chapter 6) to another fundamental phenomenon of
graphene spintronics, the intrinsic magnetism of graphene.

From experimental side, there are still debates about the magnetism in graphene,
especially regarding the atomic-scale defects induced magnetism. Here atomic-scale
defects include vacancies, chemisorbed species, grain boundaries etc. [YHO07, [Yaz08|
Yaz10, FPBI09, [ZZ7%09, [LEMT04, HZPI0, [CYLOS, SNT*12]. It is indeed
particularly difficult to achieve a precise experimental characterization of those defects,
where the control of their density, positioning, or chemical reactivity seems an
insurmountable challenge, jeopardizing a further use of magnetic properties in real
devices. As for graphene nanoribbon, the half-metal property has been proposed for
a long time [SCLOGD], but its application is still far away. This is due to the scale
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limitation (by tearing it into ribbons of less than 10 nm in width) and the zigzag-edge
requirements, as well as difficulty to produce scalable arrays of devices.

Therefore, more easy controllable graphene-based materials are necessary. From
this point of view, the recently reported graphene nanomesh may become one of the
solutions [BZJ10]. Jingwei Bai and co-workers constructed their devices using techniques
borrowed from, and therefore compatible with, large scale semiconductor fabrication. A
layer of graphene was coated with protective silica upon which lay a polystyrene film with
a hexagonal array of cylindrical pores. Bombarding this with reactive ions transferred
the pattern into the silica. A mesh was then created by placing the device when a voltage
was applied across the contacts.

Since this material is recently realized in experiments [Gev1(], the origin of the
band gap is still unclear. Furthermore, the magnetic properties have not been yet well
studied. In Chapter 6, we systematically investigate the magnetic properties of graphene
nanomeshes as a function their shape and size.

The manuscript is organized as following:

Chapter 1, a general introduction of spintronic phenenomena during my Ph.D
studies will be given.

Chapter 2, the interlayer exchange coupling across MgO-, SrTiOsz-, and
GaAs(ZnSe)-based magnetic tunnel junctions is studied.

Chapter 3, perpendicular magnetic anisotropy at Fe|MgO and Co|MgO interfaces is
investigated.

Chapter 4, perpendicular magnetic anisotropy and work function reduction at
Co|graphene interfaces are calculated.

Chapter 5, the magnetic properties including (i) spin-polarization, (ii) tunning Dirac
point and (iii) magnetic ordering in graphene induced by the magnetic insulator proximity
effect are studied.

Chapter 6, the possibilities to obtain intrinsic magnetism in graphene nanomeshes
are explored.

Finally, in Chapter 7, we give conclusions of this work.






Chapter 2

Interlayer Exchange Coupling (IEC)

2.1 Ab wnitio calculations of interlayer exchange
coupling

When two ferromagnetic layers are separated by a non-magnetic spacer layer, one may
expect, generally, two types of coupling, i.e. Ruderman-Kittel-Kasuya-Yosida (RKKY)

type coupling, which is oscillatory [RK54) [Kas56l [Yos5h7], and nonoscillatory type with
exponentially decrease as a function of the spacer thickness. The oscillatory exchange

coupling was initially demonstrated in experiments in 1986 [GSP*86, MCK™86, ISSR*86].

Subsequent discoveries in these systems, including giant magnetoresistance (GMR)
[BBF*88, BGSZKI], led to an explosion in measurements and theories for more than
two decades after its first observation [Yaf94, [FGB*95, [JS95, [Sti99, Bru99]. Unlike the
intense research devoted to the interlayer exchange coupling (IEC) across metallic layers,
investigations of interlayer exchange coupling across nonmetallic spacer layers were seldom
studied. One of the pioneered studies was by Toscano et al. [TBHL92], who studied the
coupling of Fe films separated by amorphous Si. A striking feature is that the coupling, in
contrast to the case of a metal spacer, increases with increasing temperature [FDD¥93].
Since the beginning of this century, boosted by the giant tunnel magnetoresistance (TMR)
predicted by Butler in 2001 in MgO-based magnetic tunnel junctions(MTJ) [BZSMOT]
and observed in 2004 [YNFT04, PKP*04], interlayer exchange coupling across large gap
insulating spacers has been intensively studied [FVTB02].

The interlayer exchange coupling can be expressed in its simplest form,

== iy - 1y, (2.1)

which is called bilinear or Heisenberg energy expression because the energy per area
(A) is linear in the directions of both magnetizations m;. With this definition of the
coupling, positive values of the constant .J favor parallel alignment of the magnetizations,
whereas negative values favor antiparallel alignment. There are essentially two classes
of approaches to calculate coupling constant: total energy calculations and model
calculations. From equation (2.J]), the interlayer coupling constant is given by the
difference in energy between the antiparallel alignment of the magnetizations and the
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parallel alignment

Eanti - Epara
2A '

The idea of the total energy calculations is to compute the energy difference
between two configurations of parallel and antiparallel alignment of the magnetizations in
neighboring magnetic layers. This can be done either within semiempirical tight-binding
models or ab initio schemes. Although it is very simple and straightforward in principle,
this kind of approach is actually very difficult because the energy difference between the
two configurations is usually in order of 107 ~ 1072 eV, whereas the total energy is
of order 10*>* eV. This makes the numerical convergence of the calculations a serious
problem. Especially for the ab initio calculations, very precious K-point and cut off
energy should be considered to use.

In this Chapter, we systematically investigate the interlayer exchange coupling in
MgO-based magnetic tunnel junctions. In particular, we clarify the impact of relaxation
and oxidation conditions on interlayer exchange coupling.

J = (2.2)
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2.2 Interlayer exchange coupling in MgO-based
magnetic tunnel junctions

We demonstrate from first principles the effects of structural relaxation and interfacial
oxidations on interlayer exchange coupling (IEC) in crystalline Fe|MgO|Fe magnetic
tunnel junctions (MTJ). It is shown that the IEC becomes antiferromagnetic for
the relaxed structure in contrast to ferromagnetic for unrelaxed FelMgO|Fe MTJs.
Furthermore, we show that the antiferromagnetic IEC is strongly enhanced in the
presence of oxygen vacancies while it is decreased by overoxidation and may even become
ferromagnetic for sufficiently high oxygen concentration at the Fe|MgO interface. These
results are supported using a tight-binding model and provide an explanation for recent
experimental studies.

2.2.1 Introduction

Since its first observation in Fe|Cr|Fe layered structures [GSPT86|, interlayer exchange
coupling (IEC) has been a subject of major interest to the spintronic community,
both from fundamental and applications points of view [HBO05]. This interest was
strongly enhanced when antiferromagnetic (AF) IEC between ferromagnetic (FM) layers
across an insulator was found in Fe|MgO|Fe crystalline magnetic tunnel junctions
(MTJs) [EVTB*02|. Experimentally observed values for the IEC may reach up to -0.26
erg/cm? for thin MgO layer thicknesses|[FVTB™02, [KYV'06]. The AF IEC phenomenon
was initially explained using the free electron model for pure tunnelling [FVTB*02, [STo89)
and the resonant tunnelling mechanism due to the presence of localized impurity or defect
states in the insulating barrier layer [ZTV05|, [ZVVT06]. For instance, it was shown from
first principles that oxygen vacancies located in the middle of the MgO layer as well
as interfacial oxygen [WAMSOS| cause the IEC to be AF for MgO thicknesses below
0.8 nm [KYVT06, ZVVTO06]. In a recent experiment, Chiang et al. [CWTT09] investigated
the role of interfacial oxidation on the IEC in Fe|MgO|Fe MTJs and found that oxidation
conditions can strongly affect the character of the IEC for MgO thicknesses below 1 nm.
They observed that for MgO thicknesses up to 0.6 nm both under- and overoxidized
junctions show AF TEC which is much stronger in case of underoxidation. However, the
[EC becomes FM in case of overoxidized samples for MgO thicknesses larger than 0.6 nm
(~ 3 monolayers(ML)).

Motivated by these observations and desiring to elucidate the impact of oxidation
conditions on the nature of the IEC in single crystal MTJs, we performed systematic ab
initio studies of (i) the influence of oxygen impurities and vacancies and (ii) the effects of
structural relaxation on the IEC. We found that oxygen vacancies cause strong AF TEC
in agreement with previous theoretical [KYVT06], [ZVVT06] and experimental [KY V(6]
ICWTT09] studies. Furthermore, interfacial oxidation decreases the AF IEC and may even
lead to FM IEC depending on the interfacial oxygen concentration. Most importantly,
we theoretically demonstrate that the full structural relaxation of pure Fe|MgO|Fe MTJs
may lead to AF IEC.




[

Fig. 2.1 : 2x2 supercell of [Fe5(MgO)s]2 used for the calculations of additional oxygen located
at the Fe|]MgO interface and oxygen vacancy (grey ball). Red ball is Fe, green ball is oxygen
and orange ball is Mg.

Table 2.1: Interlayer distances (A) of [Fes(MgO),]o. Unrelaxed results are taken from
Ref.[BZSMOI], the values of Fejo(MgO)g are taken from Ref.[FBAT(09).

Structures dFel dFe2 dFe-O dMgO1 dMgO2
[Fes(MgO)s)2 1.252  1.405 2.115  2.149
[Fes(MgO)s)2 1.240 1.398 2.101  2.099 2.099
[Fes(MgO)4)2 1.236  1.395 2.097 2.099 2.120
[Fes(MgO)s)2 1.231 1.392 2.092 2.094 2.111
Unrelaxed 1.433 1.433 2.160 2.026 2.026

Feio(MgO)s(GGA)  1.350 1.427 2219 2219  2.177
Feio(MgO)(LSDA) 1.120 1.343 2.002 2.130  2.119

2.2.2 Calculation details

We carried out first-principles calculations by using the Vienna ab initio simulation
package (VASP) [KH93, [KF96b, [KF96a]. In our calculations, the electron-core
interactions were described by the projector augmented wave method for the
pseudopotentials [Blo94) [KJ99], and the exchange correlation energy was obtained within
the generalized gradient approximation [WP91]. The cutoff energies for the plane wave
basis set used to expand the Kohn-Sham orbitals were 400 eV for the ionic relaxations
and 500 eV for the subsequent self-consistent FM (AF) energy calculations.

To calculate the TEC, one needs the total energies for parallel and antiparallel
structures, respectively. Thus, we constructed periodic supercells of Fe|MgO|Fe|MgO
comprising thicknesses between 2 and 5 MLs for MgO layers with the thickness of the
Fe layers kept equal to 5 MLs. The lateral cell size accommodated 4 Fe, 4 Mg and 4 O
per layer or 8 Fe, 8 Mg, and 8 O per layer [Figure 21]. The Monkhorst-Pack scheme was
used for the Brillouin zone integration [MP76]. A 21x21x1 k-point mesh was sufficient
to ensure good convergence in the total energy differences. Full structural relaxations in
shape and volume were performed ensuring that the Hellmann-Feynman forces acting on
ions were less than 1073 eV /A.
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Fig. 2.2 : In plane lattice constant of [Fes(MgO)z]2 as a funciton of MgO thickness.

The IEC constant J across one barrier region and normalized by the lateral area (A)of
the computational cell is defined as

_ Eap—FEp
44 7
where Fp and FEap represent total energies for parallel and anti-parallel alignments
of adjacent Fe layer magnetizations, respectively. To ensure an accurate value for J,
calculations were performed in three steps. First, we relaxed the structure with parallel
alignment of Fe slabs magnetizations. Next, we calculated the total energy Ep (E4p) for
FM (AF) configuration with the relaxed structure. Finally, the strength of the IEC was
calculated using formula (2.3)).

J (2.3)

2.2.3 Structural Relaxation Effects on Interlayer Exchange
Coupling

We begin by describing the results of the structural relaxation of the “pure” structure,
i. e. with no vacancies and/or additional oxygen. The longitudional interatomic distances
along the out-of-plane (001) direction are summarized in Table 2 One can note
that the interlayer distances within Fe are strongly decreased compared to unrelaxed
structures used in Ref. [BZSMOI]. Furthermore, the distances between the first and
second interfacial Fe layers (dFel) are shorter than the distances between the second and
third ones (dFe2). This is consistent with previous results for Fe;o(MgO)s [EBAT09] and
can be attributed to the formation of the interface. At the same time, the thicknesses
of MgO slabs are less affected compared to unrelaxed structures, but the MgO interlayer
distances are still shorter around the Fe|MgO interface compared to those within the
bulk. Finally, the interfacial Fe-O distances are found to be slightly shorter compared
to unrelaxed distances (2.16 A) or bulk FeO (2.154 A) [MPKT01] and fall between
values obtained within GGA and LSDA approximations in Fe;o(MgO)s [FBAT09] (see
Table .T)). The slight discrepancies between aforementioned interlayer distances and

those reported in Ref. within GGA aproximation are due to full structural
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relaxation in shape and volume performed in our case unlike that in Ref. [FBAT09).

In the lateral direction, the Fe layers expand while the MgO layers shrink compared to
the bulk values for bee Fe (2.866 A) and rocksalt MgO (§3Mg022-977 A), respectively,
as shown in Figure 222l One can indeed note that for all cases investigated the relaxed
lateral lattice constants are found to be distributed between those for the bulk bee Fe and
MgO (Figure 2.2)). This result can be viewed as a relaxation “compromise” between these
materials originating from the mismatch between different crystal lattices comprising the
supercell under investigation. To further prove this, we also investigate the lateral lattice
constant for Fe,(MgO)s]s as shown in (Figure 2:3)). One sees that the lattice constant
'smoothly’ decreases with increasing Fe layers.

Let us now to discuss the calculated ITEC wvalues for these structures. In
Figure [ZH(black circles) we show the dependence of the IEC on MgO thicknesses
between 2 and 5 MLs. Surprisingly, the IEC is found to be AF unlike the case of
unrelaxed structures where we found the IEC to be FM [Figure 2.4] in agreement with
Ref. [KYVT06, ZVVTO06]. This underlines the crucial importance of structural relaxation
on IEC similarly to the case of transport properties in Fe|MgO MTJs [FBAT09].
The values of IEC for relaxed structures can reach up to -0.406 erg/cm? and -0.038
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Fig. 2.5 : IEC for [Fe5(MgO),]2 calculated using ab initio and tight-binding methods together
with experimental results taken from Ref. [FVTBT02].

erg/cm? for structures with 2 and 3 MLs of MgO, respectively. These values are
in agreement with experimental results [FVTBT02| as shown with open squares in
Figure To support these ab initio results, we performed total energy calculations
using a single-band tight-binding model based on the nonequilibrium Green function
technique. This method was successfully used to predict voltage dependences of the spin
transfer torques (STT) in MgO-based MTJs [TKK™06, (CTK™08, [KCT*09|]. Taking the
parameters from Refs |[CTK™08, [KCTT09| corresponding to the measured STT voltage
dependences [KFY 08 ISCST08], where the hopping and exchange-splitting parameters
are - 1.0 eV and 1.3 eV, respectively. The spin-averaged on-site energies for electrodes
and barriers are 4.3 eV and 9.0 eV, respectively. Fermi energy is set to zero. The resulting
[EC turns out to be AF in agreement with the ab initio results (Figure 2.5]) providing
support for simple modeling approaches to spin-dependent tunneling in MTJs.

2.2.4 Oxidation Effects on Interlayer Exchange Coupling

Next, we investigated the effects of oxidation conditions on IEC in the Fe|[MgO|Fe MTJs.
The underoxidation was modeled by creating an oxygen vacancy in the middle of the MgO
(grey ball in Figure 2.T]) while the overoxidized case was represented by additional oxygen
atoms at the Fe|MgO interface (Figure 2.1I). The calculated results are summarized in
Figure[2.6l One can see that oxygen vacancies strongly enhance the AF TEC in agreement
with previous theoretical [ZVVT06] and experimental studies [CWTT09] (see Figure 2.6
orange hexagons). At the same time interfacial oxidation decreases the strength of AF
IEC (Figure 2.6, blue up triangles) and may cause the IEC to become ferromagnetic
for higher oxygen concentration (Figure 2.6, purple down triangles) in partial agreement
with experiment [CWTT09] (see Figure 2.6, green diamonds). We included in Figure
the case of the pure MTJ (black squares) in order to clearly represent the impact of
oxidation on the nature of the IEC. Namely, one can note that as the amount of oxygen
present in the MTJ increases, the AF IEC first decreases, vanishes and becomes finally
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Fig. 2.6 : IEC for [Fe5(MgO),|2 pure structure (black squares), for the case with oxygen
vacancy in the MgO layer (red circles), and two cases with 1/8 (blue up triangles) and
1/4 (purple down triangles) oxygen at the interface as a function of MgO thickness. The
experimental results for IEC with high(green diamond) and low O2 (orange hexagon) conditions

are taken from Ref. ﬂm

ferromagnetic (red circles—black squares—blue up triangles— purple down triangles
trend in Figure [2.0]).

2.2.5 Conclusion

In conclusion, we presented systematic studies of the IEC in Fe|MgO|Fe structures and
showed the impact of structural relaxation and oxidation conditions on the nature of IEC
in MTJs. The IEC is found to be antiferromagnetic for relaxed structures in agreement
with experiment. Furthermore, it is shown that the oxygen vacancy strongly enhances
the AF IEC while additional oxygen at the Fe|MgO interface, on the contrary, weakens
the AF TEC and may even change its sign to FM depending on the oxygen concentration.
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2.3 IEC in SrTiOs;-based MTJs

In this section, the effect of ferromagnetic electrode compositions and barrier layer
properties are demonstrated from first principles to have a crucial impact on interlayer
exchange coupling (IEC) in crystalline Co(Fe)/SrTiO3/Co(Fe) magnetic tunnel junctions.
It is shown that the IEC can be varied from antiferromangtic to ferromagnetic by either
changing the Co and Fe alloy ratio in the electrodes or the band gap of the barrier.

2.3.1 The choice of Co, Fe and SrTiO;

Ground state of Strontium Titanate oxide (SrTiOj in short of STO) is a pervoskite cubic
structure as shown in Figure Z7(a). In our first-principles calculations, the band gap
of STO is about 1.8 eV, as shown in Fig2.7|(c), which is underestimated compared to
experiments (experimentally determined indirect band gap energy of 3.25 eV, while the
direct band gap energy is 3.75 eV), which is much lower than MgO (7.4 eV). In practice,
this means that the tunnel barrier can be much thicker with the same Resistance x Area
(RA) as MgO. Furthermore, STO deposited by ion beam sputtering exhibits outstanding
low crystallization temperature at 260°C which contrasts with 650°C when deposited by
RF sputtering. This makes ion beam sputtering STO compatible with usual magnetic
electrodes.

Experimentally, in 1996 Lu et al. reported a TMR of 85% at 4 K in
LSMO/STO/LSMO junctions [LLG¥96]. Later, in 2003, Bowen et al. showed a TMR of
1800% at 4K for the same kind of structure [BBBT03].

At the same time, ab initio calculations indicated a high TMR at room temperature
with epitaxial Co(bcc)|SrTiO3|Co(bee) junctions [VBST05]. With CoFe as electrode,
the experimental attempt was realized by Coey et al. in 2009 based on sputtered
STO MTJs [OC09]. The authors compared the results between MgO and STO MTJs
deposited by RF sputtering. They reported a TMR of 2.25% at room temperature in
CoFeB/STO/CoFeB based MTJs after annealing at 325°. Recent experiments of Spintec
reported that the TMR can reach up to 13% [HVCT].

Similar to the case of Fe|MgO magnetic tunnel junctions, interlayer exchange coupling
behavior in Sr'TiO3z based MTJs is thus very interesting to address. Considering similar
Bloch states spin-filtering in bee Fe and bee Co [Figure 28], here we investigate interlayer
exchange coupling behavior in MTJs with Fe, Co and their mixed alloy as electrode and
with SrTiO3 as barrier spacer.

2.3.2 Structure of Co(Fe)|STO|Co(Fe) MTJs and calculation
details

For the first-principles calculations, we again used the Vienna ab initio simulation package
(VASP) [KH93, IKF96b, [KE96a]. In our calculations, the electron-core interactions were
described by the projector augmented wave method for the pseudopotentials
[KJ99], and the exchange correlation energy was obtained within the generalized gradient
approximation [WP9I]. The cutoff energies for the plane wave basis set used to expand
the Kohn-Sham orbitals were 500 eV for the ionic relaxations and for the subsequent
self-consistent FM (AF) energy calculations. The Monkhorst-Pack scheme was used for
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Fig. 2.7 : (a) Perovskite cubic SrTiO3 structure, (b) high symmetry K-points in Brillouin
zone used for band structure calculations, and (c¢) band structure of SrTiO3 calculated with

first-principles.
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Fig. 2.8 : Band structures for bee Fe and bee Co. Upper panels are bee Fe and bee Co spin
up band structures on left and right sides, respectively. Lower panels are their spin down band
structures correspondingly.

Fig. 2.9 : IEC for [Fe5(MgO),|2 pure structure (black squares), for the case with oxygen
vacancy in the MgO layer (red circles), and two cases with 1/8 (blue up triangles) and
1/4 (purple down triangles) oxygen at the interface as a function of MgO thickness. The
experimental results for IEC with high(green diamond) and low Oy (orange hexagon) conditions

are taken from Ref. [CWT¥09).
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Fig. 2.10 : In plane lattice constant of [Fe5(STO),]2 as a function of STO thickness.

the Brillouin zone integration, and we have used a 19 x 19 x 3 k-point mesh is sufficient to
ensure a good convergence in the total energy differences in order to ensure the small IEC
values are not affected by k-point convergence. Similar to the previous work in FeMgO,
we constructed periodic supercells of Co(Fe)|STO|Co(Fe)|STO comprising thicknesses
between 3 and 9 MLs for STO layers with the thickness of the Co(Fe) layers kept equal
to 5 MLs. Full structural relaxations in shape and volume were performed ensuring
that the Hellmann-Feynman forces acting on ions were less than 1072 eV/A. To further
investigate the IEC as a function of band gap of STO, we used GGA+U methods, where
U is added on Ti, we change U values from 3 to 7 eV to vary the band gap of the insulating
barrier.

The relaxed equilibrium lattice parameter of bee Co is 2.81 A, which has only a
0.3% mismatch with the SrTiOs lattice (3.96 A) rotated by 45° around the [001] axis
[Figure 9.

In case of Fe|STO, the mismatch is about 2.3%. We found that, similar to Fe/MgO
case, the relaxed lateral lattice constant depends on the ratio of STO and Fe content in
the junction [Figure( ZI0].

The definition of interlayer exchange coupling is the same as we used in previous
section in equation(2.3]).

2.3.3 Effects of ferromagnetic electrode on IEC

With pure Co, pure Fe and the mixed CoFe as magnetic electrodes in STO-based magnetic
tunnel junctions, we show the calculated IEC in Figure 2Tl One can see that with Co as
electrode, IEC is antiferromagnetic for all Co thicknesses considered. While with pure Fe
as electrode, the coupling is ferromagnetic except at 7 monolayer STO thickness. With
mixed FeCo magnetic electrode, the IEC values fall between those of Fe|STO and Co|STO
cases.

To understand the different IEC behavior caused by Fe and Co electrodes, we analyze
the density of states in the middle layer of STO as shown in Figure( ZI1]). For Co|STO,
the Fermi level falls very close to the conduction band [lower left panel], while in case of
Fe|STO, Fermi level falls in the middle of the band gap[upper right panel]. According to
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the free electron model by P. Bruno [Bru95] or by J. C. Slonczewski [Slo93], in the case
of an insulating spacer, the sign of the coupling at large spacer thicknesses is determined
by the values of Fermi wave vectors in spacer |kp|, and in magnetic electrodes, k} and
kﬁ when

[kel? < KLk, (2.4)

the coupling is antiferromagnetic, while for
|kp|* > kLkp, (2.5)

the coupling becomes ferromagnetic. It is hard to estimate the values of k:} and k:iﬁ from
our first-principles calculations, but the value of

is related to the energy from the bottom of barrier conduction band to the Fermi level.
Since Fermi level almost touches the conduction band in Cos(STO); case, |kr|* is close to
zero giving a value smaller than k:}k:fp Therefore, the IEC should be antiferromagnetic.
In case of Cos(STO)7, since the Fermi level falls in the middle of the band gap, thus
U-er becomes large, which may cause the square of |kg| larger than k}k% and leading to
ferromagnetic coupling across STO barrier.

2.3.4 Effects of barrier on IEC

As we have just seen, the exchange coupling strongly depends on the Fermi level
position and the band gap of insulating spacer. It is known that the DFT calculations
underestimate the band gap of STO. To get the correct band gap, one option would be
using GW corrections. The GW approach, however, is very time consuming. So we
employed DFT+U methods to correct the band gap. Even though the band gap from
DFT+U is less accurate compared to GW corrections, the advantage of DFT+U is the
fast calculation and tunable U. We show the calculated density of states for different U
values in bulk SrTiO3 structure in Figure One can see that with increasing of U,
the band gap is increasing and can reach up to 2.5 eV when U is set to 7 eV.

In order to see the IEC variation as a function of band gap, we choose the values
of U equal to 3, 5 and 7 eV. The calculated IEC as a function of STO thicknesses for
different band gaps tuned by parameter U in Co|STO magnetic tunnel junction is shown
in Figure( 2I3). One can see a clear trend of decreasing of AF IEC with increasing of
U. When U is big enough, the coupling can even change its sign to ferromagnetic. The
effects of U on insulating spacer is analyzed in Figure( [Z13)) for 7 monolayers of STO
cases. With increasing of U, the band gap in the spacer is increasing as seen from the
density of states in the TiO, layer in the middle of spacer. Here the sign change of TEC
is similar to the aforementioned analysis. Since the value of |kr|? is increasing with U,
the coupling becomes ferromagnetic when the value of |kr|? is larger than k:}k:fp

For the case of Fe/STO, the coupling becomes ferromagnetic for all thicknesses
considered [Figure 2I4]. At the same time the values of IEC are quite similar for U
set to 5 and 7 eV.
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2.3.5 Conclusion

In this section, we have studied the IEC in Co/SrTiO3/Co, Fe/SrTiOz/Fe and
Co(Fe)/SrTiO3/Co(Fe) magnetic tunnel junctions. A DFT+U approach is used to vary
the band gap of SrTiO3. We demonstrated that both electrodes and spacers can strongly
influence the interlayer exchange coupling. This is surprisingly consistent with the free
electron model by P. Bruno [Bru95] or J. C. Slonczewski [Slo93], where the sign of the

coupling is determined by the values of Fermi wave vectors in spacer |kr|, and in magnetic
electrodes, k; and kﬁ
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2.4 IEC in GaAs(ZnSe)-based MTJs

By varying the thickness of barrier to tune the occupied states at the Fermi energy,
we show that the filling of Fermi level in the spacer will give an oscillatory interlayer
exchange coupling, wile with empty state at the Fermi level, the exchange coupling shows
no oscillatory character but decays exponentially as a function of spacer thickness.

2.4.1 Introduction

As we have already mentioned, interlayer exchange coupling (IEC) has been a subject of
major interest for spintronic community both from fundamental and applications points of
view, and the interest strongly increased when the AF TEC between ferromagnetic layers
was also found across a semiconductor in Fe|Si|Fe [dVKdBT97, [HY , [GBD*07] or
an insulator in Fe|MgO|Fe crystalline magnetic tunnel junctions (MTJ) [EVTBT02].

The IEC in Fe|MgO|Fe MTJs has already been studied and it has been shown that it
strongly depends on oxidation conditions at the interface and barrier [KYVT06, [ZTV03,
YCK*10]. The MgO-based MTJs has been of great interest for spintronic community
due to Bloch-states symmetry based spin filtering leading to huge TMR values. On
another hand, the same spin filtering phenomenon has been also predicted for Fe|GaAs
and Fe|ZnSe crystalline MTJs [VCB06, BZW™97] but the IEC for these structures has

rarely studied theoretically [HWV*01].

2.4.2 Interfacial structure of Fe/GaAs(ZnSe)

As we have seen in Fe/MgO/Fe MTJs, the structural relaxation and oxidation conditions
are crucial to understanding interlayer exchange coupling. Therefore, the interfacial
mixing should also have impact on IEC behavior. The structure of Fe/GaAs or Fe/ZnSe
interfaces have been studied by S. Vutukuri, et al. [VCB06]. Here we use the same
interfacial model [Figure2ZI5] [VCBO0G]. FigureZTI5l(a) is the atomically abrupt interface
of bee Fe and zine-blende GaAs(ZnSe), which we call pure interface. Figure (b) is
the partially intermixed structure with one Fe atom filling the vacancy site in the GaAs
(ZnSe) lattice, and Figure (c) is the fully intermixed configuration, in which two Fe
atoms filling the vacancy sites in the GaAs (ZnSe) lattice. For each model, we use five
monolayers of Fe and vary the thickness of GaAs (ZnSe) from 2 to 9 layers. We define
the thickness of GaAs (ZnSe) corresponding only to As (Se). For example, the 2 layers
of GaAs contain 2 layers of As and 1 layer of Ga [Figure 216]. The calculation method
and the calculation of IEC are the same as the calculations for IEC in Fe/MgO/Fe MTJs.
Only difference is the energy cut off taken 400 eV here.

2.4.3 Correlation between IEC and the band gap in barrier

The calculated IEC for Fe/ZnSe/Fe/ZnSe as a function of ZnSe thickness is shown in
Figure 217 (f). One sees that for thicknesses less than 4 layers, the coupling is oscillatory
for all interfaces considered. For thicknesses larger than 4 layers, the coupling decays
exponentially as a function of ZnSe thickness. To understand this phenomenon, we
analyzed the density of states layer by layer in the barrier system as shown in Figure 217
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Fig. 2.16 : Schematic structure for calculation of IEC as a function of barrier thickness in
Fe/GaAs(ZnSe)/Fe MTJs.
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Fig. 2.17 : IEC for [Fe5ZnSe.]2 as a function of ZnSe thickness and the density of states for
different layers in ZnSe barrier.

(a)-(e). One can see that for the first, second and third layer of Se, there are some
occupied states at the Fermi level, which means that the system is still 'metallic’ up to
3 monolayer thickness, while starting from the fourth layer Se, the occupation at Fermi
level is zero, which means that the system becomes ’insulating’ for thickness larger than 4
monolayer. This explains that the coupling has RKKY type for the barrier thickness less
than 3 monolayers. However, as long as there is gap appears in the barrier, the coupling
will exponentially decay as barrier thickness increasing.

The situation is different regarding GaAs. One can see that the coupling is oscillating
for all thicknesses considered as shown in Figure (f). Similar analysis of the DOS in
the barrier shows that there are still occupied states at the Fermi level until 9 layers of
GaAs, as shown in Figure (a)-(e). This is consistent with before that with no gap
opening in the barrier, the coupling will be oscillatory.

The experimental results in Fe/Fe;_ ,Si,/Fe junctions showed that for spacer
thicknesses larger than 14 A, with x=0.7, the coupling decays exponentially, and for
thicknesses less than 14 A, the coupling is oscillatory. At the same time, with x=1, the
exponential decay IEC starts at 8 A, and for x=0.8, the exponential decay IEC starts
around 10 A. Actually, the ratio between Fe and Si is playing the role of tuning the gap
in the barrier: with more Si, the gap appears earlier, so exponential decay of IEC starts
with thinner barrier thickness [BBCT03).

It is worth to note that DFT underestimates the band gap of GaAs and ZnSe. With
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our calculation with GGA as exchange potential, the band gap of GaAs is 0.57 eV
compared to 1.53 eV in experiments. For ZnSe, GGA gives a gap of 1.68 eV compared
to the experimental value of 2.82 eV. For the correct band gap calculation, one may use
GW corrections where the gaps of GaAs and ZnSe are 1.55 eV and 2.84 eV which are
almost the same as experiments [SMKO7].

Even though the band gap is not correctly estimated, the relation between IEC and
band gap in the barrier should not change: when there are states occupying Fermi level
the coupling will be oscillatory; when there is a gap in the barrier, the coupling will
exponentially decay as a function of barrier thickness.

2.4.4 Conclusion

In conclusion, we have shown a general picture for the interlayer exchange coupling
behavior related to the presence of states at Fermi level. When Fermi level in the spacer
is not empty, the coupling will show a RKKY-like oscillatory character. Empty states at
Fermi energy will lead to decay of IEC as a function of barrier thickness.
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2.5 Summary

In this Chapter, we investigated the interlayer exchange coupling in Fe|MgO|Fe magnetic
tunnel junctions. We showed that the interlayer exchange coupling across fully optimized
pure Fe|MgO|Fe magnetic tunnel junctions is antiferromagnetic, and decays as a function
of MgO thickness, which is in a good agreement with experimental results. Furthermore,
a general trend of interlayer exchange coupling related to the oxidation conditions is given.
The underoxidized structure enhances the antiferromagnetic coupling, in agreement with
previous work, whereas overoxidization decreases it, and may even change the sign of
interlayer exchange coupling to ferromagnetic, depending the oxygen concentration at
interfaces.

Furthermore, we have investigated the interlayer exchange coupling in MTJs across
Sr'TiO3, GaAs and ZnSe spacers. In case of SrTiOs-based MTJs, by changing the
electrodes and barrier band gap (via the DFT+U approach) to vary the Fermi level
position, we found a general relation between the sign of IEC and the Fermi level position
in the band gap. This can be explained by the models of P. Bruno [Bru95|] or J. C.
Slonczewski [SIo93]. In case of GaAs and ZnSe having different band gap but the same
crystal structure, oscillatory or exponentially decay IEC depends on the presence or
absence of occupied states at the Fermi level within the spacer.



Chapter 3

Spin-orbit coupling induced
phenomena at FM|MgO interfaces

It is well known from special relativity that the motion of an electron (a particle) in
an electric field results in a kinematic effect in which part of the electric field is seen
as a magnetic field in the electron’s rest frame [Jac98]. The interaction of the electron
spin with the electric field is called the spin-orbit interaction (SOI) or spin-orbit coupling
(SOC), which has the general form,

h

HSO = WP : (O' X VV) (31)
where myg is the free electron mass, ¢ is the velocity of light, o is a vector which
components are the Pauli matrices, and V' is the electric potential. In equation(B.Il), p
represents the canonical momentum. In presence of an external magnetic field B=V x A,
p should be replaced by the kinetic momentum P=p-+eA. In the case of atoms, for
example, the spin-orbit interaction refers to the interaction of the electron spin with the
average Coulomb field of the nuclei and other electrons. In the case of crystal, spin-orbit
interaction is determined by the interaction of the electron spin with the average electric
field corresponding to the periodic crystal potential.

With SOI, Bloch states can be written as [EII54],

Yty = [arn(r) [1> +hien(r) [1>]e7, (3.2)

Uiy = (071 (1) B> =00, (1) [T (3.3)
which will cause shifts in an electron’s atomic energy levels due to electromagnetic
interaction between the electron’s spin and the nucleus’s magnetic field. A simple picture
is shown in Figure(3.]) for spin-orbit effects in semiconductor.

In the field of spintronics, SOI plays a major role in a wide class of physical phenomena
both from fundamental and applications points of view [FMAET07]. For instance, it
is at the heart of basic magnetic phenomena such as Spin Hall effect, Rashba effect
[BR84l, [ZFDS04] magnetocrystalline anisotropy [MAF09], and magnetization damping,
etc.

In this chapter, we address from first-principles the mechanisms of perpendicular
magnetic anisotropy at Fe|MgO interfaces as well as establish the correlation between
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Fig. 3.1 : Schematics of the evolution of the atomic orbitals 1 and 2 into valence and conduction
bands in a semiconductor.

Bloch states symmetry-based spin filtering and perpendicular magnetic anisotropy

(PMA).
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3.1 PMA at Fe(Co)|MgO interfaces

The perpendicular magnetic anisotropy arising at the interface between ferromagnetic
transition metals and metallic oxides was investigated via first-principles calculations. In
this section very large values of PMA, up to 3 erg/cm?, at Fe|MgO interfaces are reported,
in agreement with recent experiments. The origin of PMA is attributed to overlap
between O-p, and transition metal d,, orbitals hybridized with dzz(yz) orbitals with
stronger spin-orbit coupling-induced splitting around the Fermi level for perpendicular
magnetization orientation. Furthermore, it is shown that the PMA value weakens in the
case of over- or under-oxidation due to the fact that oxygen p, and transition metal
d.o orbital overlap is strongly affected by disorder, in agreement with experimental
observations in magnetic tunnel junctions.

3.1.1 Introduction to the PMA at interfaces

Controlling SOI strength at the interface between ferromagnetic (FM) and non-magnetic
layers represents an outstanding challenge for advancement of transport and magnetic
properties of spintronic magnetic devices, such as perpendicular Magnetic Tunnel
Junctions [MIPF09, [KSO*08, DCRF 08| [PPJ*08, [LKL05, NRADOI, YCDT11] (p-MTJs)
and tunneling anisotropic magnetoresistive (TAMR) systems [GJY 07, PWWT0g].
Recently, electric field control of interfacial magnetic anisotropy has attracted much
attention as well [SMNT09, [INAI"10]. Traditionally, interfaces between magnetic
and heavy non-magnetic transition metals such as Co|Pt [NKST98], Co|Pd [CMSS85,
DdJdB87], ColAu have been used to obtain perpendicular magnetic
anisotropy. It has been shown that the onset of the PMA at these interfaces is
related to an increase of the orbital momentum of Co [WWS*94] due to the strong
hybridization between the 3d orbitals of the transition metal and the 5d orbitals of
heavy metal [NKST98]. This hybridization enhances the energy splitting between
the Co 3d.» and 3d,»_,» orbitals and induces a charge transfer between the two
layers [Bru89l KYA92]. As a result, the combination between SOI and
hybridization-induced charge transfer leads to the PMA. Thus, the presence of a heavy
non-magnetic layer (Pt, Pd, Au, W, Mo) was believed to be essential to obtain large
PMA.

However, Monso et al have shown that PMA could be observed also at Co(Fe) MOx
interfaces (M=Ta, Mg, Al, Ru etc.) [MRAT02, RAD™03] in spite of the weak SOI
at the interface. Surprisingly large PMA values up to 1 to 2 erg/cm?® have been
reported, which are comparable or even larger than the PMA observed at Co|Pt or Co|Pd
interfaces [GLWT06, [JTKdB95]. This result is quite general and has been observed in
both crystalline (MgO) or amorphous (AlOx) barriers, using both natural or plasma

oxidation [LHAT07, MDL™08, IMPV™08]. The PMA could be dramatically improved
under annealing [MPV™08, [RMD'09a, NRADQ9] and X-ray Photoemission Spectroscopy
has demonstrated that the PMA could be correlated without ambiguity with the presence
of oxygen atoms at the interface [LHAT0T7, MPVT08]. In fact, a correlation between
PMA and oxidation conditions have been demonstrated for a wide range of FM|MOx
including those based on Co,Fe;_,, thus indicating that the phenomenon is quite general
at interfaces between magnetic transition metals and oxygen terminated oxides. These
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Fig. 3.2 : Schematics of the calculated crystalline structures for (a) pure, (b) over-oxydized
and (c) under-oxydized geometries. Fe, Mg and O are represented by blue, green and red balls
respectively.

observations led the authors to postulate that, in spite of the weak SOI of the elements
(Fe, Co, Al, O), oxidation condition plays an essential role in the PMA, as they do in
TMR [ZBB03] or interlayer exchange coupling (IEC) [YCKT10]. Recent experiments
reported large PMA values of 1.3 erg/cm? at CoFeB|MgO structures [IMY ™10, [EKT™10].

In this section, we report first-principles investigations of the PMA and the effect of
interfacial oxidation conditions on the PMA at Fe|MgO(100) structures. The latter can
be viewed as a model system for FM|MOx interfaces involving bee electrodes including
Co,Fe;_, alloys. In agreement with experiments, it is demonstrated that despite the weak
SOI, the bonding between the Fe-3d and O-2p orbitals can give rise to even stronger PMA
than that of Co|Pt interfaces. The largest PMA value is obtained for ideal interfaces while
it is reduced for the case of over- or underoxidized interfaces. In addition, it is found that
the FM|MgO PMA strength decreases when Fe is replaced by Co, consistent with the
recent report that the PMA values decrease in Co,Fe;_,|MgO as the Co concentration

increases [YKST09].

3.1.2 Methodology and structures

For the ab inito calculations, Vienna ab initio simulation package (VASP) [KH93|
KF96al, [KF96h] was used with generalized gradient approximation [WP91] and projector
augmented wave potentials [Blo94, [KJ99]. The calculations were performed in three
steps. First, the calculations were performed for both unrelaxed and relaxed structrures.
In the case of relaxed structures, full structural relaxation in shape and volume was
performed until the forces become smaller than smaller than 0.001 eV /A for determining
the most stable interfacial geometries. Next, the Kohn-Sham equations were solved
with no spin-orbit interaction taken into account to find out the charge distribution
of the system’s ground state. Finally, the spin-orbit coupling was included and the
total energy of the system was determined as a function of the orientation of the
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Fig. 3.3 : Angular dependence of the magnetic energy, where # is the angle between the
magnetization direction and the normal to the interface plane.

magnetic moments. A 19x19x3 K-point mesh was used in our calculations with
the energy cut-off equal to 520 eV. Three structures were considered as shown in
Figure B2 (a) "pure” (O-terminated) interface, (b) over-oxidized interface (with O
inserted at the interfacial magnetic layer), and (c) under-oxidized (Mg-terminated)
interface. The relaxed structures have been reported in our previous work [YCKT10).
We point out that the situation of ”pure” interface is the most stable one as observed in
annealing experiments [MPVT08 [RMD™09a]. The most stable location for the oxygen
atoms is on top of metal ions due to strong overlap between Fe-3d and O-2p orbitals.
Correlatively, it is interesting to note that this structural configuration also yields
the spin filtering phenomenon based on Bloch states symmetry leading to high TMR
values [BZSMOI, [MUOT]. Furthermore, the strong hybridization significantly modifies
the band structure giving rise to a high interfacial crystal field [Bru89].

3.1.3 Results and discussion

In Figure B3, we present the calculated energy per unit cell as a function of the
angle 6 between magnetization orientation and normal to the plane for pure unrelazed
Fe|MgO interface. The dependence is well fitted by the conventional uniaxial anisotropy
expression E4 = Ky + Kysin?0, where Ky = 0.7 meV/atom (K, = 1.36 erg/cm?).
Interestingly, the perpendicular surface anisotropy in this case is stronger than that
of Co|Pt [GLWT06, [JJKdB95] in agreement with recent experiments [IMYT10]. The
calculated anisotropy value is further enhanced for relaxed structures [as shown in
Table B], reaching the very large value of almost 3 erg/cm? for the structure with
three MgO monlayers shown in Figure B2(a). It is interesting to note that the PMA
is not strongly affacted when the MgO thickness is increased up to 11 monolayers,
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Fig. 3.4 : Spin-orbit coupling effects on wave function character at I' point of
interfacial Fe d and neighbor oxygen p, orbitals for pure FelMgO interface shown in
Figure B2h. Three subcolumns in each column show the band levels for out-of-plane(left) and
in-plane(right) orientation of magnetization as well as for the case with no spin-orbit interaction
included (middle), respectively. Numbers are the percentage of the orbital character components
within Wigner-Seitz spheres around interfacial atoms.
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Fig. 3.5 : The same as Figure B4 for over-oxidized Fe|MgO interface.

giving the calculated value of 3.15 erg/cm?[Table B1], which provides a good agreement
with recent experiment [YKI*11]. The PMA for relaxed Fe|MgO structures weakens in
case of interfacial disorder and becomes equal to 2.27 and 0.93 erg/cm? for under- and
overoxidized cases, respectively (see Table B.1]), indicating that the oxidation condition
plays a critical role in PMA as it does in both TMR [ZBB03] and IEC [YCKT10]. If
replacing Fe by Co, the PMA value decreases down to 0.38 erg/cm? [Table B], which
agrees with Yakata’s report that Fe-rich FeCoB top free layers in CogyFeyBog|MgO|
(CozFe;_4)s0B2o MTJs exhibit larger PMA than their Co-rich counterparts
Furthermore, the tendency of PMA to decrease with oxygen excess or deficit along
the metal/ox1de interface is consistent with the experimental observations of PMA
dependence on annealing temperature and oxydation conditions [NRADO9, NRD*10]. It
was reported that with higher annealing temperatures, PMA increases due to interfacial
quality improvement [NRADQ9]. Furthermore, when varying the oxidation or annealing
conditions, it was observed that the PMA reaches a maximum value for the same
conditions at which the TMR ratio also gets maximized indicating that ideal interfaces
are crucial also for PMA observation [NRD¥10).
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Table 3.1: PMA value(mJ/m?) and magnetic moment m(up per Fe(Co) atom) for different
layers of Fe(Co) in Fe(Co)|MgO MTJs with different oxidation conditions.

PMA my(pip)

(mJ/m?) interfacial sublayer bulk

Fe;[MgOJ;;  pure 3.15 2.77 2.55 2.52
(MTJs) under- 253 2.18 241  2.49
over- 2.28 3.36 2.61 2.51

Fe;[MgO]; pure 2.73 2.75 2.54 2.49
(vacuum) under- 2.10 2.11 2.39 2.45
over- -0.33 3.37 2.67 2.52

Fe7|(vacuum) 0.87 2.96 2.37 2.33
pure 2.93 2.73 2.54 2.56

Fe;[MgO]3 under- 2.27 2.14 2.41 2.55
over- 0.98 3.33 2.70 2.61

pure 0.38 1.67 1.84 1.60

Cos[MgO]; under- 1.56 1.35 1.81 1.63
over- 0.78 2.24 1.88 1.82

In Table B.1] we give also the evolution of interfacial Fe magnetic atomic moments as
a function of distance from the interface. One can see that compared to the pure case,
the moments are enhanced(weakened) for over(under)oxidized interfaces.

Let us now proceed with the explanation of the physical origin of the results obtained
from first principles on the effect of oxidation conditions on PMA. To understand the PMA
origin at Fe|MgO interfaces, we performed detailed analysis of the impact of spin-orbit
interaction on electronic band structure with out-of-plane (d.», d,., d,.) and in-plane
(dy2_y2, dyy) Fe-3d and O-p, orbitals character.

We start from the analysis for pure interfaces represented in Figure[3.2h. In Figure3.4]
we show bands around the Fermi level Ep at I-point with orbital and interfacial atoms
projected wave function character for out-of-plane (left) and in-plane (right) orientation
of the magnetization as well as in the absence of spin-orbit coupling (middle). Let us
concentrate on band levels in the immediate vicinity of the Fermi level. When no SOI
is included (middle subcolumns), there are several double degenerated band levels with
dy. and d,, character which represent the minority Bloch state with As(ps,py,dsz.dyz)
symmetry. At the same time, there is a band level resulting from hybridization between
Fe-d.» and O-p, orbitals which is a signature of majority Bloch state with A(s,p,,d.2)
symmetry for Fe and MgO which is at the heart of the spin filtering phenomenon causing
enhanced TMR values in MgO based MTJs [BZSMO1]. When spin-orbit interaction
is switched on, the picture is strongly modified. Firstly, one can clearly see that the
degeneracy is lifted for energy levels with d,. ,. orbital character. Secondly, these levels
become hybridized with Fe d,2 resulting in appearance of additional levels of both d.» and
dy. . orbital character represented by numbers showing percentage of the corresponding
orbital character components within Wigner-Seitz spheres (see Figure B.4]). In particular,
for the out-of-plane magnetization orientation (left subcolumns), the additional d.2 levels
with 5, 2 and 44 percentage originate from d,.,. orbital character due to SOIL. For
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Fig. 3.6 : The same as Figure B4l for under-oxidized Fe|MgO interface.
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the same reason, the additional d,.,. band with 8 percents comes from d.. orbital.
Furthermore, since the Fe-d,» orbital has already been hybridized with O-p, being a part
of the A; Bloch state, the additional energy levels with O-p, character also appeared
with SOI switched on. All this mechanism can be seen as the spin-orbit induced mixing
between majority A; and minority Ay Bloch states which, of note, may affect observation
of predicted high TMR ratios in MTJs [VRST10]. Finally, the hybridized band levels with
d.2, dy., d,, and p, character are lower in energy with a larger splitting for out-of-plane
magnetization orientation compared to the in-plane one as clearly seen in left and right
subcolumns in Figure3.4] respectively. Thus, the lift of degeneracy of d,. and d,. orbitals,
combined with hybridizations between d,. ,. and d.2, Fe-d,» and O-p, orbitals is at the
origin of perpendicular magnetic anisotropy for pure Fe|MgO interfaces. This result shows
that the out-of-plane components of d,, . orbitals plays a crucial role for PMA similarly
to Co|Pd interfaces [WWFEF93].

Next, we proceed with the same analysis for under- and over-oxidized Fe|MgO
interfaces represented in Figure B2(b) and (c), respectively. As shown in Figure for
the case with an additional oxygen located at the Fe|MgO interface (Figure B.2(b)), spin
orbit coupling lifts again the degeneracy for states with d,.,. causing stronger splitting
and deeper level position for out-of-plane orientation of magnetization compared to the
in-plane one. However, the number of mixed states with both Fe-d.» and O-p, orbitals is
reduced due to local charge redistribution induced by additional oxygen atoms [ZBB03].
Since d.» and p. orbital hybridization which is one of the main causes for PMA is not
splitted, the anisotropy is significantly reduced.

A different picture occurs in case of underoxidized Fe|MgO interface represented in
Figure B2(c). As shown in Figure B.6] the Fe-d,» and O-p, components around the
Fermi-level are now absent. As a result, the degeneracy lift induced by spin-orbit
interaction for states with d,.,. character is now solely responsible for the PMA. Since
the splitting of these d,. ,. orbitals is still relatively strong and higher for out-of-plane
magnetization orientation compared to the in-plane one, anisotropy values are higher
compared to over-oxidized case but lower compared to the ideal Fe|MgO interfaces. Thus,
the PMA reaches its maximum for ideal interfaces.

When no SOI is included (middle subcolumns in Figure B0, the band level resulting
from hybridization between Fe-d.» and O-p, orbitals is present. The double degenerated
bands with Ay symmetry related to minority Fe are also present close to the Fermi level.
When spin-orbit interaction is switched on, the degeneracy is lifted and majority A,
and minority A5 are mixed up producing bands with both symmetry characters. As a
result, band levels with d.2, d,.(,.) and p. character split around the Fermi level and this
splitting is larger and the lowest band deeper for out-of-plane magnetization orientation
as clearly seen in left and right subcolumns in Figure (b), respectively. Thus, the lift
of degeneracy of dxz and dyz orbitals, combning the hybridization between d,.,.) and
d,2, as well as their mixing with Fe-d,» and O-p, orbitals are at origin of perpendicular
magnetic anisotropy for pure Fe|MgO interfaces

For Co|MgO case, the anisotropy value is reduced to 0.38 mJ/m? [shown in Table 31].
To understand this, we did the same band spectrum analysis for Co|MgO interface
[Figure B7)(a)]. For comparison, we plot the band spectra of Fe|MgO in Figure B.7(b).
One can see that SOI lifts the degeneracy for states with d,.(,.) causing stronger splitting
and deeper level position in case of out-of-plane orientation of magnetization compared
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Fig. 3.7 : Spin-orbit coupling effects on wave function character at I' point of interfacial
Co(Fe)-d and neighboring oxygen p, orbitals for pure Cos[MgO]s (a) and Fes[MgOls (b),
respectively. Three subcolumns in each column show the band levels for out-of-plane(left) and
in-plane(right) orientation of magnetization as well as for the case with no spin-orbit interaction
included(middle), respectively. Numbers are the percentage of the orbital character components
within Wigner-Seitz spheres around interfacial atoms.



Chapter 3. Spin-orbit coupling induced phenomena at FM|MgO interfaces42

to the in-plane one. However, these states are far away to the Fermi level and are not
hybridized with Co-d.> and O-p, orbitals, as well as there is no splitting of d.> and p,
orbitals, thus the perpendicular magnetic anisotropy is significantly reduced compared to
that of Fe|MgO interfaces.

3.1.4 Conclusion

In conclusion, we presented ab initio studies of perpendicular magnetic anisotropy at
Fe|MgO and Co|MgO interfaces as a function of the oxygen content along the interface.
The PMA values are higher in the case of pure at Fe|MgO interfaces in agreement with
recent experimental studies [IMY 10, NRD™10] and may reach up to 3 erg/cm? for
relaxed interfaces. The origin of the large PMA is ascribed to combination of several
factors: the degeneracy lift of out-of-plane 3d orbitals, hybridizations between A;(d.2)
and As-like(d,, and d,,) 3d orbitals induced by spin-orbit interactions and hybridizations
between Fe-3d and O-2p orbitals at the interface between the transition metal and
the insulator. The PMA amplitude degrades in the case of over- or underoxidized
interfaces in agreement with recent experiments [NRADQ9, INRD*10]. This is due to
the impact of splitting(disappearing) of A;-like hybridized states around the Fermi level
in presence(absence) of additional oxygen atom. In addition, the PMA value is lower in
the case of Co|MgO interface, which agrees with experiment that Fe-rich Co,Fe;_,B|MgO
structures have larger PMA than their Co-rich counterparts [YKST09)].
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3.2 Correlation between Bloch state spin filtering
and PMA

In this section, we used much thicker MgO spacers and magnetic electrodes to study the
correlation between Bloch state spin filtering and perpendicular magnetic anisotropy. In
Fe(Co)|MgO|Fe(Co) MTJs, the TMR ratio will reach its maximum in case of interface
is ideal, this is also true for the perpendicular magnetic anisotropy. The mechanism
responsible for these phenomena is studied. From the band structure analysis we explicitly
demonstrate the main contribution to the PMA originates from the A symmetry bands,
which are well-known to be responsible for the Bloch state symmetry based spin filtering
leading to large TMR ratios.

3.2.1 Introduction

We have mentioned in Chapter 1 that MgO-based magnetic tunnel junctions made
a breakthrough for spintronic applications [MZBW99, BZSMO01, MU01, WMZ*02,
PKP*04, [YNFT04, Tke08|, [LHIT07]. The mechanism responsible for large TMR ratio
in Fe|MgO, Co|MgO, or FeCoB|MgO is the Bloch-states-symmetry-based spin filtering
effect [BZSMO1, MUOT, DMW 02, BZV 05, VCBOG], where the A symmetry bands play
the crucial role.

Besides large PMA at FM|MgO interfaces, it was also demonstrated experimentally
that there is a strong correlation between PMA and TMR maxima, i.e. they are obtained
at the same optimal oxidation and annealing conditions [NRD¥10)].

In this section, we report systematic studies of the correlation between PMA and TMR
in terms of oxidation conditions and provide with underlying mechanisms responsible for
such correlation.

3.2.2 Structures, results and discussion

The calculations are the same as in the first section of this Chapter. But the structures
here are MTJs with 7 monolayers of Fe and 11 monolayers of MgO as shown in Figure
for (a) "pure” (O-terminated) interface, (b) over-oxidized interface (with O inserted at
the interfacial magnetic layer), and (c) under-oxidized (Mg-terminated) interface.

In order to understand the correlation between PMA and TMR, we have plotted
the wave function character of A; Bloch state as a function of the position across the
supercells used for PMA calculations for the Fes[MgO]; [Figure B9 and Fe;[MgO]y;
[Figure B.I0], respectively. One can clearly see that the A; decay rate is strongly enhanced
in the case of overoxidized interface compared to the ideal one. There is no A; band
around the Fermi level for underoxidized case as demonstrated above. This explains
why both PMA and TMR reach their maximum values in a correlated way as observed
experimentally [NRD¥10], this maximum being reached for ideal interfaces.

The reason for TMR ratio decreasing in case of overoxidized Fe|MgO|Fe magnetic
tunnel junctions has been discussed by Zhang, et al. [ZBB03|, where the additional
oxygen at Fe|MgO interface weakens the overlap between O-P, and Fe-d,,. That is
consistent with our analysis above that with additional oxygen at Fe|MgO interface, A,
symmetry bands are strongly affected.
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Fig. 3.8 : Schematics of the calculated crystalline structures for (a) pure, (b) overoxidized, and
(¢) underoxidized Fe(Co)|MgO magnetic tunnel junctions. Fe(Co), Mg and O are represented
by red, green and dark balls respectively.
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(b), respectively.



Chapter 3. Spin-orbit coupling induced phenomena at FM|MgO interfaces46

1.0 ey

o
)
I
|

Energy (eV)
<

©
a
[
|

-1.0L — - —
M r X M

Fig. 3.11 : Band structure of pure Fez[MgOJ;; MTJs in case of out-of-plane (red solid) and
in-plane (blue dish) orientation of Fe moment when spin-orbit interaction is switched on.

To further understand the underlying mechanism, we performed detailed analysis of
the impact of spin-orbit coupling on band structure in case of out-of-plane and in-plane
orientation of Fe moments as shown in Figure BIIl One can see that degeneracy lift
appeared mainly around I' point which demonstrates that influence from spin-orbit
coupling on Bloch states around Fermi level along I-H (T is the I'-H projection) direction
plays a crucial role for PMA origin.

3.2.3 Conclusion

In conclusion, we clarified the mechanisms responsible for large PMA at Fe|MgO MTJs
and degradation in the case of Co|MgO MTJs. Furthermore, we revealed a strong
correlation between underlaying mechanisms responsible for PMA and Bloch states
symmetry based spin filtering, which paves the way for spintronic applications.
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3.3 Summary

In this chapter, we first studied the mechanisms responsible for the large large
perpendicular magnetic anisotropy at Fe|MgO interfaces in view of Bloch states
symmetry-based band spectra analysis. We showed that the PMA are mainly caused
by: (i) the spin-orbit coupling with out-of-plane quantization orientation axis causes
larger splitting for the degenerated As [d,.(y.)| symmetric orbitals compared to those in
case of SOC with in-plane quantization orientation axis; (ii) the hybridization between
d.o and d,.(y.) enhances the effect from degeneracy lift of A; symmetric orbitals; and (iii)
the hybridization between Fe-3d,5 and O-2p, orbitals further enhances the effect from (ii).
Indeed, this also explains the weakening of the PMA in case of contaminated Fe|MgO
interfaces.

Next, we demonstrated a correlation between Bloch states symmetry based spin
filtering and PMA. It shows that PMA and TMR can reach their maximum in case
of ideal interfacial junctions, the underlying mechanism responsible for this is unveiled:
both PMA and TMR origin from the same Bloch states.






Chapter 4

Graphene on magnetic metal

4.1 Perpendicular Magnetic Anisotropy of Co on Gr

As discussed in previous chapter, interfaces between magnetic and heavy non-magnetic
transition metals such as Co|Pt [NKST9§|, Co|lPd [CMS85, [DdIdB87], and
Co|Au [WWS*94] are used to obtain perpendicular magnetic anisotropy (PMA). Since
hexagonal close packed (hcp) or face centered cubic (fec) Co crystal lattices have very
small mismatch with graphene, plus graphene has so many unique properties, here we
investigate the PMA of Graphene|Co system. Furthermore, we provided a comparison
study of the work function between graphene|Co to vacuum|Co interfaces. It is found
that the graphene|Co interface strongly decrease the work function of vacuum|Co system,
which are in a good agreement with experimental results.

4.1.1 Introduction

As we have mentioned in the general introduction, graphene has so many promising
properties [CNGPT09, [Gei09, DSAHRII] and has been proposed for spintronics
devices. The application of graphene into spintronics therefore forms a new branch of
topics, named graphene-based spintronics or graphene spintronics. One fundamental
research of graphene spintronics is to induce spin-polarization in graphene by using
substrates [KGK™07, [TJPT07al, YP09, [TJPT07b, HWPT09, [HPM™10, [YBV™11]. Well
studied metal substrates are Co and Ni [VSBST08 WRH"10, RVSBT09, VVKBY™"10].
This is because graphene and Co or Ni has a very small lattice constant mismatch. Even
though, Co|graphene system has been intensive studied, one very interesting topic, the
magnetic anisotropy at Co|graphene interfaces is seldom studied [VVKBY™10].

In this chapter, we study the role of graphene on PMA and work function behavior
on Co surfaces.

4.1.2 Methodology

We used again the Vienna ab initio simulation package (VASP) [KH93, [KF96D, [KF96a]
with the generalized gradient approximation (Perdew-Burke-Ernzerhof) [KJ99] and
projector augmented wave potentials [Blo94]. The calculations were performed in
two steps. First, out-of-plane structural relaxation was allowed and the Kohn-Sham



Chapter 4. Graphene on magnetic metal 50

@«
438 |\ #13 Omﬁzzn
o0 o ®
® O O ® O
® © @ ¢ o @ o ¢
(a) fcc Co (b) AB (c) BC (d) AC

Fig. 4.1 : Top view (upper panels) and side view (lower panels) of calculated crystalline
structures for (a) pure fcc Co film, (b) Graphene on top of AB sites, AB-Gr|Co(fcc),
(c) Graphene on top of BC sites, BC-Gr|Co(fcc), and (d) Graphene on top of AC sites,
AC-Gr|Co(fcc) structures. Co atoms in the 1st(A site), 2nd(B site) and 3rd(C site) layers
are represented with blue, red and green balls, respectively. Carbon atoms are indicated with
gray balls. The distances between graphene and Co substrates are labeled.

equations solved with no spin-orbit interaction taken into account for determining the
most favourable adsorption geometry of graphene on Co. Then the spin-orbit coupling
was included and the total energy of the system was determined as a function of the
orientation of the magnetic moments. The k-point mesh used in all calculations is
15x15x1. The energy cutoff was set to 520 eV. The atomic structures are relaxed until
the forces are smaller than 0.001 eV/ A. For the anisotropy calculations, the total energies
are converged to 1077 eV.

4.1.3 Stability of epitaxial graphene on Co films

Let us start from the possible structures and their stabilities for graphene on Co films.
Co can form hcp, fcc and bee crystal structures. Among these, hep structure is the
ground phase, while bcc structure is not stable and it is not of good match with graphene
honeycomb lattice. In this chapter, we consider only Co fcc and hep structures.

When graphene is formed on thick (more than three layers) Co substrates, the
substrate can have fcc or hep structure. According to the symmetry of stacking, there
are three high symmetry structures as shown in Figure L] and Figure for fcc and hep
substrates, respectively, where the two carbon atoms of graphene are located on top of
fce Co lattice A and B, B and C, or A and C sites. For two monolayer of Co substrate,
there is only hcp stacking possibility.

As shown in Table L] for three monolayers of Co films with 12 Co atoms/cell, fcc
structure is less stable compared to hep one with energy higher about 0.087 eV /cell. We
see clearly that the energy difference between fce and hep structures is so tiny, less than
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Fig. 4.2 : Top view (upper panels) and side view (lower panels) of calculated crystalline
structures for (a) pure hcp Co film, (b) Graphene on top of AB sites, AB-Gr|Co(hcp),
(¢) Graphene on top of BC' sites, BC-Gr|Co(hcp), and (d) Graphene on top of AC sites,
AC-Gr|Co(hcp) structures. Co atoms in the 1st and 3rd (A site) are represented by blue balls,
those in the 2nd(B site) layers are represented with red balls. Carbon atoms are indicated with
gray balls. The distances between graphene and Co substrates are labeled.

8 meV/atom, which is negligible at room temperature (corresponding to 26 meV).

When Co substrates are covered with graphene, the most stable structure is
AC-Gr|Co(hep) as shown in Figure B2(d). But the energy difference between
AC-Gr|Co(hep) and AB-Gr|Co(hcp) is very tiny (0.01 eV/cell) for 12 cobalt and 8 carbon
atoms per cell. For AC-Gr|Co(hcp) and BC-Gr|Co(hcep), the energy difference is a little
bit large, 0.26 eV/cell. The stability can also be deducted from the distance between
graphene and Co substrate shown in Figure 1] and Figure For graphene on top of
BC sites, the interaction is so weak between graphene and Co, and the distance is more
or less around 4 A. While for graphene on top of AC' or AB sites, the distance is about
2.1 A.

Overall, one can see that total energies of AC' and AB structures for both hcep and
fce Co substrates are so close, and at room temperature, the difference can be neglected.

4.1.4 Magnetic Anisotropy of Graphene/Co

Now, let us discuss the magnetic anisotropy energy (MAE) of these films, which
determines the easy axis of magnetization. The same as was discussed in Chapter 3,
in a uniaxial system, the density of MAE can be described to first order as

E = Ksin*0 (4.1)

with K in units of Jm™3. Here 0 is the direction of magnetization with respect to the

normal to the layers. Positive values of K mean PMA, while negative values mean
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Table 4.1: Thickness (momolayer) of Co, total energy E (E)) of the system for magnetization
orientation set to out-of-plane(in-plane), PMA value(mJ/m?) and magnetic moment M(up /cell)

for different Gr|Co structures.
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MOKE signal

Fig.
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Structures Te, E, Ej MAE M
ML eV eV mJ/m? pp/cell
fce Co 3 -79.455265 -79.454684 0.3703  20.765
AB-Gr|Co(fcc) 3 -153.18535 -153.18441 0.5991  19.3468
BC-Gr|Co(fcc) 3 -153.12020 -153.11962 0.3702  20.7495
AC-Gr|Co(fec) 3 -153.22212  -153.22200 0.0765 19.4811
hep Co 3 -79.542381 -79.540467 1.2274  19.799
AB-Gr|Co(hep) 3 -153.41593 -153.41456 0.8731  18.985
BC-Gr|Co(hcp) 3 -153.16046 -153.15857 1.2045 19.783
AC-Gr|Co(hep) 3 -153.42603 -153.42444 1.0133  18.656
Co 2 -51.343627 -51.342788 0.5347 13.6345
AB-Gr|Co 2 -125.11284 -125.11182 0.6501  12.7184
BC-Gr|Co 2 -124.97769 -124.97684 0.5417  13.6227
Co 1 -22.257611 -22.261216 -2.2975 7.6471
AB-Gr|Co 1 -95.770919 -95.768749 1.4020 6.2976
BC-Gr|Co 1 -95.937717 -95.941386 -2.3382 7.6160
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4.3 : (a) Focused MOKE hysteresis loops of Co (capped with 3 nm Au, on

graphene|Ir(111)) with various thicknesses in the range of PMA. The loops have been cycled
and averaged at 11 Hz. (b) Coercive field (HC) as a function of the thickness of the Co layer,
as derived from loops in (a) (and others which are not displayed for clarity in (a)). The peak of
coercivity at low thickness may be related either to the expected variation of anisotropy, roughly
inversely proportional to the thickness, or to the relative influence of thickness fluctuations. The

figures are taken from reference
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alignment of magnetization in the plane of the layers.

In experiments, hysteresis loops provide evidence for PMA in the range of thickness t€
[0.5-1] nm (figure 43)). In this range, the remanence is complete, i.e. the magnetization
remains fully perpendicular to the film plane after the external field has been set back to
zero. Let us recall that for most magnetic films the magnetization is strongly constrained
to lie in-the-plane, due to the negative contribution to the MAE of the magnetostatic
energy

Eshape = —nM?/2 (4.2)

which would arise in the case of perpendicular magnetization. An effective PMA may be
achieved only for selected cases where the magnetostatic energy is overcome by positive
contributions to the MAE. Here we leave aside those cases where positive contributions
arise from bulk magnetocrystalline anisotropy such as for intermetallics 4 — 3d, FePt,
CoPt, etc, because we focus on ultrathin films to highlight interfacial effects with
graphene. In ultrathin films, positive contributions to the MAE may arise from interface
and /or magneto-elastic effects. As both terms decay typically like 1/t, PMA is restricted
to thicknesses typically below 1-3 nm. Known ultrathin stackings with PMA are either
all metal based [JBABdV96] or more recently metal oxide based |[RMD™09bl IMY*10).

Combining with extraordinary Hall effect (EHE) measurements, the magnetic
anisotropy is estimated around 0.185+ 0.025 mJ/m? for the 0.7 nm thick Co layer.
While recent experimental results show that PMA can be persisted with more than 50
monolayers of Co thickness [LHHWTI].

In our calculations, we find that the anisotropy of Co films strongly depends on the
crystal structure and the thickness of Co. As shown in Table [4]] for three monolayers of
Co, hep structure gives more than 3 times larger PMA than that of fcc one. This is in
a very well agreement with previous calculations for free standing Co films [DKS94b].
With the coverage of graphene, AB-Gr|Co(fcc) structure gives almost double the PMA
of pure Co, but AC-Gr|Co(fcc) structure decreases the PMA almost to the in plane one.
As for BC-Gr|Co(fcc) structure, the PMA is almost the same as that of pure fcc Co due
to very weak interaction between graphene and Co, which can not create much impact
on Co orbitals. For hep structure, with 3 layers of Co film, graphene coverage does not
improve the PMA of Co. But for two monolayers of Co, graphene does enhance the PMA
from 0.53 mJ/m? of pure Co to 0.65 mJ/m? of AB-Gr|Co. More interestingly, anisotropy
of single Co layer is known to be in plane [DKS94Db]. In our calculation, the in-plane
anisotropy of single layer of Co is about -2.3 mJ/m?. According to reference [DKS94b],
the in-plane anisotropy of one layer of Co is about -1.6 meV. If we assume the energy is
per one Co atom, then the anisotropy is about -4.07 mJ/m?, if we assumes -1.6 meV per
2 Co, (we assume 2 Co atoms because one hep Co unit cell contains 2 atoms) then the
anisotropy is about -2.04 mJ/m?. In all cases, the order and the sign of anisotropy are
in good agreement. Unlike graphene on thick Co films, with the coverage of graphene on
one single Co layer, graphene has strong influence on anisotropy which even changes the
sign from in-plane to out-of-plane. The value of PMA is also very large, 1.4 mJ/m?, even
larger than for pure 3 layers of hep Co (1.2 mJ/m?).

In addition to the effects on PMA, graphene also causes the reduction of magnetic
moment of Co at the interface, as shown in [see Table[LT]. With the presence of graphene,
AB-Gr|Co and AC-Gr|Co structures, both fcc and hep stacking, Co magnetic moments
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Fig. 4.4 : Spin-resolved density of states for bulk cobalt, Co(B), and interfacial cobalt, Co(I),
are shown in graphene|Co systems. The integrated DOS are also shown correspondingly. Inset
is the density of states for the carbon atom on top of Co.

decrease about 1 to 2 vg per cell. Whereas, due to the distance between graphene
and Co surface is quite large in BC-Gr|Co structures, the total moments of BC-Gr|Co
structures do not change much compared to no graphene covered Co films. Here, again
from magnetic moments changes, we can also see the strength of interaction between
graphene and Co substrates. Normally, when forming films or small clusters, Co magnetic
moment will be enhanced. But here graphene reduces the magnetic moment of Co. In
order to understand this unusual phenomenon, we did further calculations by using a
five layers of hep Co film with both sides of Co slab covered with graphene. Then we
analyzed the density of states of Co atoms at interface [Co(I)] and in the middle layer
[Co(B)], respectively, as shown in Figure 4l One sees that the occupation numbers
(DOS integrated till Fermi level) of spin up states for bulk Co(B) at most of the energy
range are higher than those of interface Co(I) (see the integration of bulk Co DOS: the
blue line of Co(B)_m_up). For spin down states, however, absolute value of total Co(I),
Co(I)-m_down, is larger than Co(B).m_down at Fermi level. This is due to stronger
hybridization between C-p, and Co spin down states compared to that between C-p, and
Co spin up states, as shown by green curves with inset in Figure .4l which enhances the
spin down occupation numbers. Thus, it becomes clear from equation (82) in Appendix
to calculate total magnetic moments, bulk Co has larger magnetic moment than interfacial
Co.

In conclusion, we demonstrated that graphene may have strong influence on the
anisotropy of Co films, depending on the crystal structure and thickness of Co, as well as
the epitaxial orientation. Here it is also worth to mention that with graphene coverage,
the interfacial Co magnetic moment is reduced [see Table [I1], which has been observed
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in experiment [VVSC*11].



Chapter 4. Graphene on magnetic metal 56

4.2 Work Function of Graphene/Co

In solid-state physics, the work function is defined as the minimum energy needed
to remove an electron from a solid to a point immediately outside the solid surface,
namely the energy needed to move an electron from the Fermi level into vacuum. Here
“immediately” means that the final electron position is far from the surface on the atomic
scale but still close to the solid on the macroscopic scale.

The work function is important for design of the metal-semiconductor junction in
Schottky diodes or vacuum tubes. Similarly, the work function is a very important
parameter for the application of graphene. In this section, we investigate the impact of
graphene on work function of Co films.

In the first section of this chapter, we have seen that interaction between graphene
and hep or fee Co films strongly depends on the epitaxial orientation. But the crystal
structures of fcc or hep actually have no much difference. The energy difference is less
than 0.2 eV for 12 Co and 8 carbon atoms per cell. Since the work function is of order
of eV, here we consider the most stable case of hep Co substrate.

As shown in Figure [LH we considered AB-Gr|Co(hcp), BC-Gr|Co(hcp) and
AC-Gr|Co(hep) structures, where Co films contain 5 layers for symmetric structures,
while it contains 4 layers of Co for asymmetric case. The position of Co and graphene
layers are represented with black and grey balls, respectively. Fermi level is normalized to
zero eV. In symmetric structures [Figure d5)(a),(b) and(c)], the solid black lines indicate
the electrostatic potential of pure hep Co films, and the dashed red lines represent
the electrostatic potential of Gr|Co|Gr structure. In asymmetric case, left hand side
is the vacuum/graphene/Co potential, and right hand side is the Co|Vacuum potential,
respectively. For pure hcp Co films, the work function is about 4.9 eV, which is very
close to experimental value of 5 eV. With asymmetric Gr|Co|Vacuum structure, the work
function is a little bit smaller with value of 4.53 eV compared to that of the symmetric
case.

When covered with graphene, the work function of Co is strongly reduced as shown
in Figure @0l For AB-Gr|Co(hcp) and AC-Gr|Co(hep) structures, the work functions
decrease to 3.5 and 3.6 eV, respectively. For BC-Gr|Co(hcp) structure, as we have
mentioned before, the interaction between graphene and substrate is very weak and
the work function is not influenced much, giving 10 orders smaller than those of
AB-Gr|Co(hcp) and AC-Gr|Co(hep) structures. For the asymmetric structure, where we
used only 4 monolayers of Co, the reduction of work function due to graphene coverage
is estimated to be about 0.9 eV.

In experiments, using spin-polarized low-energy electron microscopy (SPLEEM), N.
Rougemaille et al obsered that the work function is reduced about 0.83 eV due to the
coverage of graphene [CNRF]. This reduction is much larger compared with conventional
metal or molecule contacts.
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Fig. 4.5 : Electrostatic potential energy of graphene/Co slab relative to Fermi level. The
position of the Co layers and of the graphene one used in the calculations are shown on a side
view with gray balls. The work function are labeled and the reduction due to graphene is also
indicated. For example, in Figure (d) the work function on graphene side is 3.60 eV, and it is
4.52 €V on the Co side. Thus, graphene decreases the work function by 0.92 eV.
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4.3 Summary

In this Chapter, we have studied the impact of graphene on Co film properties. We showed
that for thick Co films with graphene coverage the perpendicular magnetic anisotropy is
preserved, which has been proved by experiments. Moreover, in case of a single layer of
Co film, graphene coverage can switch the anisotropy from in-plane to out-of-plane with a
large PMA value. Furthermore, we demonstrated that the graphene can strongly reduce
the work function of Co surface which is also in a good agreement with experiments.
Finally, the reduction of magnetic moment of interfacial Co is presented and explained,
providing a good agreement with observations as well.



Chapter 5

Graphene on magnetic insulator

In this chapter, the spin-polarization of graphene on EuO substrate is investigated. We
show that an average spin-polarization about 12 % could be obtained. Moreover, with a
shifting of Fermi level, much larger spin-polarization of 100 % may be attained. It is also
demonstrated that Dirac cone in graphene could be tuned by the substrate. Finally an
unusual magnetic order is unveiled in graphene layer.

5.1 Interest of graphene on magnetic insulator

Semiconducting devices rely on the gap because it is the gap that allows a semiconductor
to be switched from conducting to insulating. In principle, the larger the gap the better
for application since it insures a large on/off ratio for switching devices. Therefore, for
graphene-based electronic applications, we have to find ways to make graphene open a
gap. One way to open a gap in graphene is using confined structures, e.g. graphene
nanoribbon and graphene nonomesh [SCLO6b, BZJ*10]. Indeed, a graphene ribbon with
a width of 1 nm has theoretically a band gap of nearly 1 eV. An energy gap of this
magnitude is good enough for electronic applications, but the size scale of 1 nm is in the
range of fabrication limit. In the sense of size scale, graphene nanomeshes may help to
solve the problem [BZJ*10]. Another solution to obtain large scale opened-gap graphene
is using insulating substrate, the very famous one is using 4H- or 6H-SiC substrate. But
other insulating substrates are also intensively investigated, for example, Al;O3, MgO,
SiO, BN and GaAs.

In parallel to semiconductor applications, graphene is also believed to have intensive
potential applications for spintronics. For graphene-based spintronics, one may say to
induce magnetism is as important as to open a band gap in graphene-based electronics.
Just like in semicondutor applications, the approaches to open a gap in graphene are also
used to induce magnetism, e.g. half-metallic zigzag graphene nanoribbon and graphene
nanomeshes, as well as using a substrate. However, the substrates used to induce
magnetism are mainly metals, like Co and Ni [VSBS™08, [WRH"10, RVSB*09, (GKB*0§].
The properties of these epitaxial films have been extensively studied, however since these
film are grown on conducting substrates, they have little electronic applications potential
which requires insulating substrates. Thus, to epitaxially grow graphene on insulating
magnetic substrates becomes critical for spintronic applications.

As for magnetic insulating materials there are NiO, EuO, EuS, and Fe3O, etc.
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Fig. 5.1 : GGA+U calculated total density of states for bulk EuO, panel(a) is our calculation
with PBE potential and (b) is taken from reference PRB 77, 121202(R) 2008 with LDA+U.
Both approaches give magnetic insulating ground state.

Considering the lattice mismatch, in this chapter, we choose EuO for substrate to
investigate graphene on insulating magnet.

5.2 Calculation details and structures

The Vienna ab initio simulation package (VASP) [KH93, [KF96D, [KF96a] was used

again in our calculations, where the electron-core interactions were described by the
projector augmented wave method for the pseudopotentials [Blo94], and the exchange
correlation energy was obtained within the generalized gradient approximation of the
Perdew-Burke-Ernzerhof (PBE) form [WP91l [KJ99]. The cutoff energies for the plane
wave basis set used to expand the Kohn-Sham orbitals were 520 eV for all the calculations.
A 4 x 4 x 1 k-point mesh within Monkhorst-Pack scheme was used for the Brillouin zone
integration. Structural relaxations and total energy calculations were performed ensuring
that the Hellmann-Feynman forces acting on ions were less than 10~% e¢V/A. Since Eu
is a heavy element with atomic number of 63, and its outer shell (4f76s?) contains f
electrons, GGA approach fails to describe the strongly correlated localized 4 f electrons
of EuO giving the metallic ground state of EuO, whereas a clear band gap is observed in
experiment [[E08, [MGS86]. Thus, here we introduce Hubbard-U parameter to describe
the strong intra-atomic interaction in a screened Hartree-Fock like manner. For the
parameter choice, we take the on-site Coulomb repulsion and exchange interaction on Eu
4f orbital of 8.3 eV and 0.77 eV, respectively. For oxygen p orbitals, the on-site Coulomb
and exchange parameters are 4.6 eV and 1.2 eV, respectively [IE0S].

Using GGA+4U method, we first optimized the lattice of EuO and found the lowest
energy is reached when lattice equals to 5.188 A. This value is very close to the LDA4U
result, 5.158 A, and experimental one, 5.141 A(the error is about 0.9 %). With the
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Fig. 5.2 : (a) side view and (b) top view of the calculated crystalline structures for graphene
on top of a six bi-layer EuO film, the bottom of EuO is terminated with hydrogen atoms. (c)
relative energy (to the optimized structure) of Graphene/EuO as a function of shifting distance
(Az) between graphene and substrate.
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optimized lattice, we then calculated the density of states for EuO with ferromagnetic
state as shown in Figure B where a band gap is observed with value about 1.0 eV.
This is consistent with the experimental optical absorption gaps of 0.9 and 1.2 eV
observed below and above the magnetic transition temperature [SW74]. Here GGA+4U
method gives better results compared to LDA+U. LDA+U method gives 0.7 eV band gap
with ferromagnetic spin arrangement, and 1.2 or 1.3 eV for 111 antiferromangetic spin
configuration (AFMI) or the NiO-type antiferromangetic spin configuration (AFMII),
respectively.

Let us now consider the lattice mismatch between graphene and EuO. If we use
experimental values, graphene lattice constant is 2.46 A, and EuO one is 5.141 A. Along
(111) surface of EuO, a 2 x 2 surface unit cell is about 7.2704 A, which can fit with a 3
x 3 unit cell of graphene with lattice mismatch about 1.46%. If the GGA+U optimized
lattice constant is used, 5.188 A, the mismatch is much smaller (less than 1%).

With such a reasonable lattice matching, we first studied the stability of graphene
on EuO surface prior studying spintronic properties. Two structures with graphene
on oxygen terminated surface and Eu terminated surfaces are considered. In this two
configurations, we have the same amount of atoms, 18 carbon atoms, 24 oxygen and 24
Eu atoms. The calculated total energies are found to be -544.50389 eV and -545.16824
for Gr@EuO(O-terminated) and Gr@EuO(Eu-terminated), respectively. One can see that
with Eu-terminated surface, the system is more stable with gaining energy about 0.67
eV. Thus, we use the lowest energy configuration of 12 layers of EuO as a substrate and
the bottom oxygen terminated by hydrogen to simulate graphene on a semi-infinite EuO
surface. For all calculations, the vacuum length is chosen larger than 20 A. The interaction
between EuO substrate and graphene are quite strong, with the vertical distance about
2.57 A as shown in Figure 5.2

5.3 Spin polarization of graphene on EuO

In this thesis, spin polarization is defined as the ratio between occupied spin up and spin
down at Fermi level. One can calculate this directly from spin-resolved density of states.

Using the optimized structure of graphene on EuO shown in Figure 5.2 we calculated
the local density of states for this system [Figure B.3]. Due to the existence of EuO
substrate, symmetry of carbon atoms in graphene lattices are broken into six folders as
shown in Figure 0.3[(a) with different colors. For clarity, atoms in EuO substrate are
shown with crosses. In this structure, the calculated magnetic moment of Eu on surface
are found a little bit enhanced about 7.0 pp compared to the bulk ones of 6.9 pp. And
the sublayer oxygen atoms are found to be spin polarized too, with magnetic moment of
about -0.11 pp.

Due to very strong spin polarization of EuO substrate, magnetic properties of
graphene are strongly affected. As shown in Figure B3] the average spin polarization
in graphene layer is found to be about 12%. This value is not large, but if we can shift
a little bit Fermi level, the spin polarization can be strongly enhanced even up to 100%.
Interestingly, around -1 eV, the spin up and spin down densities are zero, but the energy
ranges are different, which actually related to the breaking of Dirac point. We will discuss
this in more details in the next section. Since these 18 carbon atoms are broken into 6
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Fig. 5.3 : (a) The six lattices of graphene on EuO represented with different colors, (b) total
density of states of p, orbital of graphene, (c)-(h) local density of states on each inequivalent
atom of the supercell (a). The spin polarizations in (b)-(h) are calculated by comparing the
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at Fermi level, i.e. p =

symmetry groups, their contribution to the total spin polarization are also different.
For the purple one having largest magnetic moment in graphene, its spin polarization
can reach up to 72%, while for the yellow one with smallest magnetic moment, its spin
polarization is just 9.6%. Also because the direct interaction between two lattices of
intrinsic graphene and the interaction between graphene and EuO substrate, the spin
polarization of some of carbon atoms is negative.

The origin of the spin polarized electrons are due to p, orbital, namely the m bond as
shown in Figure B.3[c).

5.4 Tuning of Dirac Cone

The honeycomb structure can be thought of as a triangular lattice with a basis of two

atoms per unit cell, with 2D lattice vectors Ag = %(1/3,1) and B = % (v/3, —1), where

ap is the graphene lattice 2.46 A. Of particular importance for the physics of graphene
are the two points K and K’ at the inequivalent corners of the graphene Brillouin zone
K= %(%’ $) and K' = z—g(%, —3) Which are called Dirac points, they play a role
similar to the role of I' points in direct band-gap semiconductors such as GaAs. The
reason why these points are called Dirac points are due to the band dispersion close to

the K (or K') vector, as k = K + q, with |q| < |K]|, has the form [Wal47],

Ey(q) = +up|q| + O[(q/K)’] (5.1)
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Fig. 5.4 : Band structure of graphene on EuO. Black and red lines represent spin up and spin
down bands, respectively. Inset is the zoom in of graphene band at Dirac cone.

where q is the momentum measured relatively to the Dirac points and vg is the
Fermi velocity, given by vy = v/3tag/2, with a value vy ~ 1 x 10%n/s, and ¢ is the
nearest-neighbor hopping energy of 2.8 eV.

In the usual case with e¢(q) = ¢*/(2m), where m is the electron mass, the velocity,
v =k/m = +/2E/m, changes with energy. In Equation 5.1, the Fermi velocity does not
depend on the energy or momentum. For more details of discussion, please see review
by Castro Neto et al. [CNGPT09]. In this chapter, we use substrate effects to tune the
dispersion at Dirac point.

As one can see from Figure [0.4] at K point, the linear dispersion of graphene band
structure is preserved on EuO substrate even though there is a band gap opening. More
interestingly, the breaking of Dirac point is spin dependent. Two of the spin branches
give the gap opening in graphene with values of 75 meV and 139 meV, respectively [see
the inset in Figure [54]. This spin splitting is due to the interaction of C-p, and Eu-4f
orbitals, and as we know that the orbital of Eu-4f right below Fermi level is pure spin
up states [as shown in Figure B.I]. Thus, when interacting with graphene, the substrate
behaves like a spin injector from Eu-4f state. This can be seen from the band structure,
where the graphene bands are involved with the spin up Eu-4f bands.

Considering that graphene is very flexible, and the interaction between graphene and
substrate is much weaker than that of intra C-C interaction. This interaction is easily
affected by the environment. We calculated the configurations with different distance
between graphene and substrate [Figure 5.2]. One can see from Figure £.2)(c) that with
shifting of graphene less than 1 A, the energy does not change much, 0.085 and 0.156
eV /cell for shifting in- and out-ward 0.5 A, respectively. Here we say the energy does
not change much, because one supercell contains 18 carbon atoms, in average, the energy
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Fig. 5.5 : Band structures for graphene on EuO with graphene shifted inward (compared to
optimized structure) 0.5 A (a), with graphene shifted outward 1.0 A (b), with graphene shifted
outward 2.0 A (c) and shifted outward 5.0 A (d).

changes per carbon atom is in meV order.

Even though the stability with small distance shifting is not strongly affected, the
band dispersion of graphene, actually, is strongly tuned as shown in Figure For the
inward shifting of graphene with 0.5 A, there are more charge /electrons (spins) transfered
to graphene layer due to enhanced overlap between C p, and Eu 4f orbitals. Therefore,
one can see that the Dirac point is a bit deeper inside of valence band compared to the
optimized case. Whereas, with outward shifting of graphene, a clear trend of Dirac point
is shifting out from the valence band of EuO and approaching closer to the Fermi level.
In case of very large shifting with 5 A [Figure [5.5(d)], one can see that the Dirac point
almost cross the Fermi level. At the same time, with the shifting of the Dirac point
out of EuO valance band, the degeneracy of spin up and spin down bands are becoming
closer and closer. In case of the 5 A shifting, the spin up and spin down branches become
degenerated again.
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Fig. 5.6 : Spin density (up/ AQ) for graphene on EuO across the graphene layer. The structure
of graphene is partially indicated with white lines. The 1st and 2nd layer of Eu and 1st oxygen
in substrate are also indicated. Red and blue circles represent the spin up and spin down atoms
in graphene layer.

5.5 Magnetic order in graphene on EuO

The interaction between graphene and EuO substrate causes the symmetry breaking of
graphene lattices. In one unit cell, we have six lattices as shown with different colors
in Figure B.3(a). As we have seen in the previous section, the spin polarization and
magnetic moment strongly depend on lattice position, namely its neighboring atoms.
We also investigated the magnetic moment and spin polarization for each lattice. The
magnetic order, long range and short range, is indeed a very important information for
both fundamental research and applications. Therefore, in this section, we continue
investigating the magnetic ordering in spin polarized graphene caused by EuO substrate.

In order to visualize the magnetic order, a straightforward way is to plot the spin
distribution of the system. Since graphene is a 2-D material, a spin density across
graphene layer is enough to see the magnetic order. In Figure 0.6 we plot the spin
density for optimized graphene on EuO substrate (in unit of pz/A?). For clarity, the
structure of graphene is partially indicated by white honeycomb configuration. Since the
substrate effect is important, we also show the structure of substrate for the first and
second layer of Eu, as well as first layer of oxygen [see the caption in Figure[5:6]. One can
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Fig. 5.7 : Spin density (up/ A2) for graphene on EuO across the graphene layer when graphene
is shifted outward 0.5 A compared to the optimized structure.

clearly see that starting from a local ferromagnetic centered hexagonal structure [shown
by the smallest blue circle in Figure B.0], at least five opposite spin circles are formed.
It is necessary to note that large squared red spots are caused by the substrate oxygen
p, orbital which should be ignored when we consider the magnetic order in graphene
layer. Their role will become clear later when we show the shifted graphene on EuO. The
hexagonal structure on top of the first layer of oxygen forms a localized ferromagnetic
structure, which is opposite to the normal picture of spin distribution in graphene.
Because in a hexagonal structure, three atoms belong to A lattice and another three
belongs to B lattice, according to Lieb’s theorem which is calculated by a Hubbard model,
A and B sites should have opposite spin orientation if there is spin caused by defects.
[Lie89, [YCBF11]. Next, two carbon atoms across an oxygen atom will form ferromagnetic
coupling, a kind of super-exchange, but the angle for C-O-C being 20.28°. At the same
time, two carbon atoms across an Eu atom will form antiferromagnetic coupling, the
angles for C-Eu(1% layer)-C and C-Eu(2"? layer)-C are 29.48° 14.38°, respectively.

As we have mentioned above, shifting of graphene within 1 A will not affect much of
the total energy, which means at room temperature those structures are also possible to
realize. We investigated thus the magnetic ordering of shifted graphene on EuO compared
to optimized case. Indeed, these shifted structures give clear evolution pictures. As shown
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Fig. 5.8 : Spin density (up/A?) for graphene on EuO across the graphene layer when graphene
is shifted outward 1.0 A compared to the optimized structure.
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in Figure 5.7, the spin distribution for graphene shifted outward with 0.5 A compared to
that of the optimized case. Similar to the tuning of Dirac cone, where with the outward
shifting of graphene, the interaction between graphene and EuO becomes weaker and the
degeneracy splitting between spin up and spin down bands becomes smaller, as well as
the Dirac cone moves out of EuO valance band to Fermi level. For the spin distribution,
we see that even with very small shifting of graphene, 0.5 A, it is clear that the red square
spots become weaker compared to small yellow square ones. It actually also reflects that
the overlap between graphene and EuO orbtials is becoming weaker. More clearly, for
the case with graphene shifted outward by 1.0 A [Figure .|, the large square red spots
in optimized case or the yellow square spots in Figure (.7 are almost invisible. However,
in both of the 0.5 A and 1.0 A shifting cases, the magnetic order does not change and
the pattern is still preserved as in optimized case.

5.6 Summary and Perspective

With a very good lattice matching between graphene and rock salt EuO (111) surface,
we investigated the spin polarization of graphene and its magnetic order induced by EuO
proximity. EuO substrate breaks a bipartite lattice of graphene into six ones. At the same
time, graphene becomes magnetic due to strong magnetization of EuO which behaves
like a spin injector. Therefore, it is straightforward that the magnetization of carbon
atoms of graphene should depend on their positions on EuO, which leads to an unusual
magnetic order in graphene. This magnetic order is still unclear. Nevertheless, both spin
polarization and magnetic order reported should lead to many interesting phenomena.
For instance, the substrate induced magnetic moment in graphene may lead to stronger
anomalous Hall effect, the gap opening in graphene may provide a root to semiconducting
applications. And the difference gap opened at Dirac point for spin up and spin down
is also very exciting for spintronics. Furthermore, the unusual magnetic order may serve
for realizing spin frustration structures or even spin density wave investigations.



Chapter 6

Electronic and magnetic properties
of graphene nanomeshes

In this Chapter, we explore the electronic and magnetic properties of graphene
nanomeshes (GNM), a regular network of large vacancies, produced either by lithography
or nanoimprint. When removing an equal number of A and B sites of the graphene
bipartite lattice, the nanomesh made mostly of zigzag (armchair) -type edges exhibit
antiferromagnetic (spin unpolarized) states. In contrast, in situations of sublattice
symmetry breaking, stable ferri(o)magnetic states are obtained. For hydrogen-passivated
nanomesh, the formation energy is dramatically decreased, and ground state is found
to strongly depend on the vacancies shape and size. For triangular-shaped holes, the
obtained net magnetic moments increase with the number difference of removed A and
B sites in agreement with Lieb’s theorem for even A + B. For odd A + B triangular
meshes and all cases of nontriangular nanomeshes, including the one with even A +
B, Lieb’s theorem does not hold anymore, which can be partially attributed to the
introduction of armchair edges. In addition, large triangular-shaped GNMs could be
as robust as nontriangular GNMs, providing a possible solution to overcome one of the
crucial challenges for the sp magnetism. Finally, significant exchange-splitting values as
large as 0.5 eV can be obtained for highly asymmetric structures evidencing the potential
of GNM for room-temperature carbon-based spintronics. These results demonstrate
that a turn from zero-dimensional graphene nanoflakes throughout one-dimensional
graphene nanoribbons with zigzag edges to GNM breaks localization of unpaired
electrons and provides deviation from the rules based on Lieb’s theorem. Such
delocalization of the electrons leads the switch of the ground state of a system from
an antiferromagnetic narrow gap insulator discussed for graphene nanoribons to a
ferromagnetic or nonmagnetic metal.

6.1 Introduction

Two-dimensional graphene has emerged as a natural candidate for developing ”beyond
CMOS” nanoelectronics [NGMT04, NGMT05, [ZTSKO05, [GNO7, TK07]. In

addition to the reported huge charge mobilities, the weak intrinsic spin-orbit coupling

in carbon-based sp? structures [HGBO0G, YYQT07] could potentially allow for very

large (micron long) spin diffusion lengths. These features, together with the other
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"semi-conductor like” properties of graphene, make graphene-based spintronic devices

highly promising [FBY01bl [WAB'01] and have triggered a quest for controlling spin
injection in graphene [TJPT07b, [HWP™09, HPM™10, YBV"11]. Many routes have
been attempted to induce magnetism by proximity effect or inject spins from magnetic
electrodes [DSAT10]. Another, more intrinsic, possibility is shaping the geometry of
graphene by designing graphene nanoribbons with zigzag edges [SCL06a, [YPS*07]. This
has been found to induce localized edge magnetic states which can serve as a conceptually
new building block for spintronics [SCLO6bH, BFDOT7, WABT08, MEP0J, [YHOT, [Yaz08,
Yaz10, [FPO7, [PFBOS, SNTF12).

The existence of intrinsic magnetism driven by atomic-scale defects (such as vacancies,
chemisorbed species, grain boundaries,etc.) has also been suggested theoretically [YHO7,
Yaz08, Yaz10, PEPT08, [FPBJ09, [ZZZ 709, LEM™T 04, HZP10, [CYTL08, [SNTT12]. However,
as we have mentioned in the general introduction, the magnetism in graphene remains
fiercely debated on the experimental side [ESHT03| , UBGGI0,
OEA™10, ISNRT10]. The reason may be due to that it is very difficult to obtain a precise
experimental characterization of those defects. Additionally, the absence of a true energy
gap in two-dimensional graphene limits the elaboration of active graphene-based devices
and circuits with standard semiconductor technologies.

Another route to make graphene magnetic is either chemisorption of odd number of
adatoms or functional groups [YHOT7, [Yaz08| [Yaz10, Boul0l BK11], or using magnetism on
zigzag edges [SCLO6D, YKOS, [CKF09al, [ET09]. In the first case the stability of magnetic
configurations at room temperature can be easily destroyed by the migration of adatoms
with turning the system into nonmagnetic configuration [Boul0, BKTI]. In contrast to
the adatom based magnetism edge [CKF09al [ET09] and vacancy [BKKI1] magnetism
in graphite is stable at room temperature. But herewith localization of the magnetic
moments on the edges provides formation of the antiferromagnetic (AFM) exchange
interactions between two edges [SCLOGDH].

The case of graphene nanoribbons obey Lieb’s theorem because the localized
electrons on one edge belong to sublattice A and localized electrons from other edge
to sublattice B. Magnetism on the edges of graphene nanoflakes is also described
by this theorem [YWMEKO8, WYMKOQ09]. Electron localization plays an important
role in the different many-body effects on graphene edges [CR09, [Fer(7] and bulk
graphene [WGO05, [HHDS07]. Understanding the nature of the electron localization
and delocalization in graphene and related systems is necessary not only for control
and manipulation of magnetism in studied compounds but also for the development of
knowledge about systems with strongly correlated electrons.

Graphene nanomesh (further GNM) is the intermediate compound between graphene
nanoribbons with localized electrons on zigzag edges and perfect bulk graphene with
delocalized electrons. The fabrication of GNM, using block copolymer lithography and
offering versatility in varying periodicities and neck widths down to 5 nm [BZJ™10],
could circumvent the hurdles. Indeed, such technique allows a scalable engineering of
superlattices of large graphene vacancies whose density, shape and distribution can be
controlled down to the nanoscale. Additionally, GNM-based field-effect transistors were
shown to withstand current densities two orders of magnitudes larger than individual
graphene nanoribbon devices, with comparable on/off ratio and easily tunable by varying
the neck width. Moreover, in accordance to the well-established Lieb’s theorem [Lie89],
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the possibility to control inner edge structures [SYZT11] of nanomesh vacancies could
enable a true control of intrinsic magnetic properties.

In this chapter, we present first-principles calculations of electronic and magnetic
properties of graphene nanomeshes, and found that by varying the shape, different types
of intrinsic ferrimagnetic comment states can be obtained with clear identification of
optimal conditions.

6.2 Methods

First-principles calculations were performed again using Vienna ab initio simulation

package (VASP) [KH93, [KF96al [KF96D] based on density functional theory (DFT) with

generalized gradient approximation (GGA) for exchange correlation potential. We have
used projected augmented wave method (PAW) with the Perdew-Becke-Erzenhof
(PBE) parametrization [PBE9G| potentials to describe the core electrons of carbon.
Periodic 6 by 6 unit cells were used to simulate non-passivated GNM structures as shown
in Figure 6.1l whereas periodic 8 by 8 unit cells were used to simulate H-passivated
GNM structures. The kinetic cutoff energies for the plane wave basis set used to
expand the Kohn-Sham orbitals were 520 eV for the self-consistent energy calculations.
Methfessel-Paxton method [MP89] is used with a broading width of 0.2 eV for the partial
occupancy smearing calculations. A 9 x 9 x 1 k-point mesh was sufficient to ensure good
convergence in the total energy differences. The structural relaxations were performed
ensuring that the Hellmann-Feynman forces acting on ions were less than 1073 eV /A.

6.3 Model of graphene nanomeshes

A GNM can be formed by either removing atoms centered of a six ring structure
[Figure [6.1l(a,b,c)] or centered of one carbon atom [Figure [6.II(d)], which either lead
to form GNM with balanced or unbalanced number of removed A and B sites. For the
sake of clarity, we label those structures according to their shapes and put the number of
removed A and B site atoms as a subscript. For instance, the structure of Figure [6.1](a)
named Cj.3, corresponds to a Circle hole shape GNM with 3:3 denoting 3 A and 3 B atoms
removed from perfect graphene. The superscript H is used for hydrogen-passivated GNM.

6.4 Results and discussions

For Cs3 structure [Figure [61l(a)], we find that the configuration with opposite spin
orientation [Figure [6.3] between adjacent edge C atoms is energetically favored in
comparison with the configuration with parallel spins between edge atoms of two
sublattices represented by the blue and red color in Figure 6l The total energy
calculations reveal quite large magnetic interaction energies. For instance, the energy
difference between ferromagnetic (FM) spin-polarized and paramagnetic (PM) state is
found to be 0.129 eV per edge atom. The spin configuration is further stabilized by 0.093
eV per edge atom as a result of the antiferromagnetic (AF) coupling between neighboring
atoms with magnetic moment of 0.48 up per edge atom for each spin on each sublattice
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Fig. 6.1 : (a)-(c): Schematics of the calculated crystalline structures for balanced
non-passivated circular shaped Cs.3, Cg.6 and Cya.12 GNM structures, respectively; (d) the same
for unbalanced non-passivated triangular shaped Tg.7 GNM structure. Edge carbon atoms are
in blue and red color to represent A and B sites, respectively. For convenience, positions of
removed atoms are indicated in orange.
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Table 6.1: The number of removed atoms on A and B sites and their difference A 4p. magnetic
moment M(up), total energies E (in eV) for ferrimagnetic(FMi), antiferromagnetic(AF) and
nonmagnetic(NM) states and defect formation energies E¢ (in eV) for different GNM structures.
The non-passivated Cs.3, Cg.6,C12.12, and Tg.7 and passivated C{{z;lz GNMs are calculated with
6x6 unit cell, others are calculated with 8x8 unit cell.

Structure Ay M(ugp) Eiotar (€V) E;(eV/C)
PM AF Ferri(o)
Cs:3 0 0 -590.414  -591.742  (-591.185) 2.81
Ce:6 0 0 -528.112 unstable unstable 2.10
Ci2:12 0 0 -406.137  -408.953  (-407.659) 1.402
Te.7 1 3.99  -516.732  unstable -518.255 1.98
(-517.630)

TH 1 10*  -1080.046 unstable -1089.046  0.142
TH, 2 180 -1015.387 umstable -1015.403  0.120
TEZ . 3 216 -923.346 unstable -923.365  0.103
TH . 4 362 -813.104 unstable -813.223  0.084
St o 2 1.04  -862.346  unstable -862.348 0.082
P 3 215 872125 unstable -872.147  0.156
Ci 0 0 -627.565 unstable unstable 0.22
CH s 0 0 -481.358  unstable unstable 0.078
RE ., 0 0 -795.267 unstable  unstable 0.070
P 1 10~*  -887.147  unstable  -887.147 0.075

with opposite orientation. The magnetic moment is slightly larger than that of graphene
nanoribbons which is ~0.43 ug [SCLOGDH].

We now discuss the case of a 3-ring defect Ci9.19 GNM [Figure[6.I)(c)]. The total energy
calculations show that the ground state is AF with a magnetic moment of 0.45 up per
edge atom for each spin on each sublattice with opposite orientation [Figure[6.4]. The FM
state is lower by 0.127 eV per edge atom compared to PM state, and the spin configuration
is further stabilized by 0.107 eV per edge atom as a result of the AF coupling between
neighboring atoms on different sublattice with opposite spin orientations [see TABLE
6a].

The 1-ring and 3-ring defect Cs.3 and Cys.19 structures considered above present no
net permanent magnetic moment, since the spin-polarized edge atoms appear in pair with
opposite orientations, resulting in AF ground state with balanced spin-up and spin-down
sublattices [Figure[6.3 and [6.4]. However, in a view of spintronic applications, it would be
much more interesting to find the GNM structures with nonzero net magnetic moment.
This can be actually done by building unbalanced sublattice [Figure [6I(d)]. We found
that the ground state of this unbalanced-defect triangular structure Tg.; turns out to be
ferrimagnetic (FMi) with total net moment of 3.987 pp per unit cell [Figure [5]. This
moment originates from each edge atom’s dangling bond (¢-bond) with spin moment of
1 pp providing the magnetic moment of 6(red)-3(blue)=3up in addition to contribution
from m-bond equal to 1 ug according to total number difference between atoms on A and
B sublattice A p.

Dangling bonds at the edge C atoms of non-passivated GNM are strongly chemically
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Fig. 6.2 : H-passivated GNMs with triangular shapes: (a) T&., (b)TI ., (¢)TH 1o, (d) T o;
with circled shape (e) CIL,,; with rhombic shape (f) RZ ,,; with sector shape (g) S5 and
with pentagon shape (h) P{g;m- The corresponding net magnetic moments for each structure
are also indicated.
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Fig. 6.3 : Spin density (up/A?) distribution for the pure graphene nanomesh Cs.3.

Fig. 6.4 : Spin density (pp/A?) distribution for the pure graphene nanomesh Cya.15.
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Fig. 6.5 : Spin density (pp/A?) distribution for the pure graphene nanomesh T.7.

reactive[BKOS], which leads to hole formation energy of pure GNM higher than 1 eV/C
[see TABLE [6I]. Thus edge C atoms are likely to be passivated by light elements. We
used hydrogen for passivation of edge C atoms and considered basic geometrical GNM
shapes (Figure [6.2)) for which the GNM hole formation energy is dramatically decreased
due to passivation of dangling bonds [see TABLE [6I]. For triangular holes, one can
see that the formation energy decays as a function of hole dimension. At the same
time, the magnetic moment increases and is roughly proportional to the GNM hole size.
When the triangular hole size is increased, one observes that the net moment gets bigger
[Figure 2(b,c and d)] and reaches 3.62 up for the biggest hole shown in Figure [6.2/(d).
It is interesting to note that Lieb’s theorem was originally formulated for even A+B
number of atoms, and indeed the obtained values for T# ., and T .. follow Lieb’s
theorem predictions. However, there is an exception for non-triangular case of (S ,,)
with total sum of A and B being even, which is not well accounted by Lieb’s theorem.
In addition, one can see from TABLE that the formation energy values of triangular
GNMs decrease as a function of hole size and are comparable to those of the non-magnetic
configurations.

In Figure [6.0(a) we summarize aforementioned results including the calculated net
magnetic moments for circular (Cf,,,), rhombic (R%.,,), sector (S¥,,) and pentagon
(PE ;) GNM shapes represented in Figure G.2(e)-(h), respectively. In addition, the
curves contain the net magnetic moment values for alternative pentagon shape GNM,
P o, obtained from P, by adding 2 A sites to complete 2 hexagons in upper left
and upper right 6-rings in Figure[6.2l(h). Even though the overall trend of the calculated
values qualitatively follows the Lieb’s theory, differences are observed, and first-principles
calculations do not always correspond to A4p, even for the case with A+B is even of
SH ., as we have already mentioned. In fact, we can ascribe the structures with odd
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difference between ferrimagnetic and paramagnetic states.



Chapter 6. Electronic and magnetic properties of graphene nanomeshes 79

number of A+B atoms, i.e. TZ., P/, T o P, as well as sector shape S, GNMs
to intermediate regime between nonmagnetic and highly magnetic regimes. This regime
provides a root towards design of magnetic GNM supermeshes. It is worth to note that
the possible mechanism for the deviation from the Lieb’s theorem of the moment value
for the sector shape GNM S# ., compared to T4, ,, where A+B is even for both, could
be attributed to larger amount of armchair edges (not favorable for moment formation)
in SE ,, structure.

To further elucidate the origin of magnetism in GNM structures, we compute the total
and partial density of states (DOS) for considered GNMs. Figure[61(a)-(d) give the total
DOS for triangular shape GNMs shown in Figure [62)(a)-(d), respectively. The exchange
splitting between majority and minority spins mainly originates from p, orbitals, as
clearly seen from Figure [6.7(c") where the projected density of states (pDOS) on edge
atoms for T ¢ is plotted. More interestingly, exchange splitting and energy differences
between FM and PM states also increase with A 4p following the same trend as the net
magnetic moment [see Figure 6.6[a) and (b)], reaching values of 0.5 ¢V and 0.12 eV,
respectively. These large exchange splitting values suggest that the magnetism could
be preserved at room temperature which look very promising for room temperature
graphene spintronics developments. Density of states of structures like TF |, provides
with the evidence for the presence of localized electrons on the zigzag edges similar to
the perfect GNR [SCLO6b]. The smearing of the p, peak and increase of the number
of states at the Fermi level (metallization) suggest the electron delocalization on edges
and switch from AFM to FM configuration similar to the case of partially oxidized
graphite edges [BMdSK11]. We have plotted the spin density figures for the localized and
delocalized cases for illustrate dramatic changes in localization of electrons with vanishing
of pseudogap in density of states (see Figure [6.8]). The cause of such delocalization of
the unpaired electrons on the edges of GNM holes can be attributed to combination of
sublattice degeneracy breaking and deviation from the perfect shapes of the graphene
nanoribbon.
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6.5 Summary

In conclusion, in this chapter we investigated electronic and magnetic properties in
graphene nanomeshes with different geometries using first-principles calculations. For
non-passivated GNM with A g = 0, stable non-magnetic states are found for armchair
edge termination, while zigzag edge terminations result in antiferromagnetic ground
states. These localized magnetic moments however vanish when all edge C-atoms are
hydrogen-passivated. In sharp contrast, when A p # 0, stable ferri(o)magnetic states
are induced with net moment up to 4 pp (per 6 x 6 unit cell) originating from dangling
bonds of edge atoms. Furthermore, for hydrogen-passivated GNM, the formation energy
is dramatically decreased, and ground state is found to strongly depend on the vacancies
shape and size. Our calculations reveal the existence of three magnetic regimes which
depend on Aup: (i) highly magnetic GNMs obeying Lieb’s theorem corresponding to
triangular shaped holes with even A+B; (ii) GNMs with quenched magnetic state due
to complete chemical bond reconstruction with A p = 1 and trivially nonmagnetic state
with Asp = 0; and (iii) GNMs following intermediate regime between magnetic and
quenched magnetic states, i.e. triangular GNMs with odd A4+B and more complicated
structures including both even (e.g. sector shaped GNM) and odd (e.g. pentagon
shaped GNM) A+B. We show that large triangular GNMs could be as robust as
non-triangular GNMs providing possible solution to overcome one of crucial challenges
for the sp-magnetism. Moreover, significant exchange splitting values as large as ~ 0.5 eV
can be obtained for highly asymmetric structures evidencing the potential of graphene
nanomesh for room temperature carbon based spintronics.






Chapter 7

Conclusions

In this thesis, we have investigated spintronic phenomena in magnetic tunnel junctions
and graphene-based systems.

The phenomena investigated included interlayer exchange coupling in magnetic tunnel
junctions, perpendicular magnetic anisotropy at Fe(Co)|MgO and graphene|Co interfaces,
intrinsic magnetism in graphene nanomeshes, magnetic insulator proximity induced
spin-polarization, tunable Dirac cone and unusual magnetic ordering in graphene.

For magnetic tunnel junctions, a long debated interlayer exchange coupling behavior in
Fe|MgO|Fe tunnel junctions has been systematically investigated and resolved. Namely,
it was believed that AF TEC is caused by the presence of oxygen vacancies. We have
shown that in pure Fe|MgO|Fe MTJs, the coupling may become antiferromagnetic in the
fully optimized system by complete structural relaxation. Furthermore, it is demonstrated
that the oxidation conditions have a strong impact on the behavior of interlayer exchange
coupling. Namely, the antiferromagnetic IEC is strongly enhanced in the presence of
oxygen vacancies in agreement with previous studies while it is decreased by overoxidation
and may even become ferromagnetic for sufficiently high oxygen concentration at the
Fe|MgO interface.

Next, we studied and clarified the origin of large perpendicular magnetic anisotropy
at Fe|[MgO interfaces. We provided the explanation for the PMA by the band spectra
analysis with the presence of spin-orbit coupling and showed that the PMA are mainly
caused by: (i) the spin-orbit coupling with out-of-plane quantization orientation axis
causing larger splitting for the degenerated As [d,.(,.)] symmetric orbitals compared to
those in case of SOC with in-plane quantization orientation axis; (ii) the hybridization
between d.; and d,.(,.) which enhances the effect from degeneracy lift of As symmetric
orbitals; and (iii) the hybridization between Fe-3d., and O-2p, orbitals which further
enhances the effect from (ii). We also explains the weakening of the PMA in case of
contaminated Fe|MgO interfaces.

Furthermore, we showed that PMA and TMR can reach their maxima for pure
Fe|MgO interfaces. This is due to the fact that the most important contribution to PMA
originates from A bands (especially the A; band) which are also responsible for the Bloch
states symmetry-based spin filtering causing large TMR ratios. This correlation further
proves the potential of MgO-based magnetic tunnel junctions for realizing next-generation
high-density non-volatile memory and logic chips with high thermal stability and low
critical current for current-induced magnetization switching in magnetic tunnel junctions
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with ferromagnetic electrodes.

We have also investigated the magnetocrystalline anisotropy at ferromagnetic metal
and graphene interfaces, such as graphene on Co, where the lattices match very well in
the system. Our calculations showed that for Co films thicker than three monolayers, the
PMA can be preserved. This is in agreement with experimental results showing that the
PMA can be preserved for 2-7 monolayers of Co thickness. Recent experiments show also
that the PMA may even be observed for 50 monolayers in Co/Graphite systems, which is
very promising. Even though, in our calculations, graphene does not improve the PMA
of thicker Co films, for a single layer of Co film, with graphene coverage, the easy axis
switches to out-of-plane with PMA values larger than that of Co/Pt interface. In the
Co/Graphene system, we also saw the reduction of magnetic moment and work function,
which are in good agreement with experiments.

We also investigated the proximity effects from magnetic insulator EuO on graphene
electronic and magnetic properties. The average spin-polarization of around 12%
have been found. At the same time when tuning the Fermi energy, much larger
spin-polarization including half metallic state may be obtained. Furthermore, we showed
the possibility to tune Dirac cone in graphene by placing graphene on EuO surface at
different distances. Finally, an unusual magnetic order is found in graphene on EuO
substrate. We saw that EuO is a very promising substrate to inject spin into graphene
and can cause so many interesting phenomena.

Besides to the substrates caused magnetism, we also studied the possibility of inducing
intrinsic magnetism in recently realized graphene nonomesh structures. We showed
that the shape and size of nanomesh have strong influence on the magnetism. For
triangular-shaped holes, the obtained net magnetic moments increase with the number
difference of removed A and B sites in agreement with Lieb’s theorem for even A + B. For
odd A + B triangular meshes and all cases of nontriangular nanomeshes, including the one
with even A + B, Lieb’s theorem does not hold anymore, which can be partially attributed
to the introduction of armchair edges. In addition, large triangular-shaped GNMs could
be as robust as nontriangular GNMs, providing a possible solution to overcome one of the
crucial challenges for the sp magnetism. Finally, the calculated large exchange-splitting
values suggest the potential of GNM for room-temperature carbon-based spintronics.



Chapter 8

First-principles calculations

In this thesis, we mainly use density-functional theory (DFT) for the calculations. The
details of the theory, can be found in papers by Hohenberg et al, and by Kohn et al the
reference [HKG64, [KS65] or the book ’electronic structure’ by Ricahrd M. Martin [Mar(04].
But since we use DFT to calculate spintronic phenomena, I will give a brief introduction
of DFT calculation of spin-resolved total energy and how spin-orbit coupling is included
in VASP code. (vasp guide book)

For spin-polarized (magnetic) materials, one arrives at an energy functional, which
depends both on the majority and on the minority spin densities or total density

n(r) = n'(r) + n*(r) (8.1)

and magnetization density
m(r) = n'(r) — n*(r) (8.2)

The Kohn-Sham scheme attempts to calculate this functional from an effective
one-electron theory, where the majority and minority electrons move in an effective
potential that is constructed to generate the ground-state density for these electrons.
This theory is a practical way of calculating charge and magnetization densities, and in
addition it is possible to write down an expression for the total energy of the system,

E[n'(r),n*(r)] = Top[nT(r),ni(r)]—i-/ n(r)v(r)d3T+%//eQ%d%d%’thm[nT(r),ni(r)].
(8.3)

Here T,,[n"(r), n*(r)] is the kinetic energy of one particle (or independent) electrons, the
second term contains interactions between the electrons and an external potential, like
the one given by a nucleus, and the third term is the classical Hartree interaction. The
last term, the exchange-correlation energy, for which useful parametrizations as functions
of n'(r) and n*(r) exist [CASQ], is defined as the difference between the true (unknown)
energy functional and the three first terms on the right-hand side of equation( R.3]).

The Kohn-Sham equation with spin-up and spin-down effective potentials

2
[_% VIO = BOg0 (8.4)
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determines the one-particle wave functions from which the majority and minority spin
densities can be calculated as

niP(r) =" [P (8.5)
=1

The effective potentials in equation( 8.4]) are different for the two spin directions due to
differences in the exchange-correlation potential,

r’)
VW () = o(r +/62Ld3r’+ W (r 8.6
eff() () |I'—I'/| Hge () ( )

where ,ui(ci)(r) = dE,./dn'¥
Hence the simplest form of spin-polarized calculation treats spin-up and spin-down
electrons separately in the Kohn-Sham equation. Spin-up and spin-down densities are
then calculated by occupation of the lowest eigenvalues of the two separate Kohn-Sham

equations. Since a given VeTff(r), which may be different from VeTff(r), may lead to

more occupied (below Fermi level Er) spin-up states nzT than spin-down states nf,

spin polarization can occur. With a self-consistent spin and magnetization density
the magnetic moment is calculated as [m(r)d®r (in pg) and the total energy can be
calculated from equation

If spin-orbit interaction is not included, the energy does not depend on the direction
of the magnetic moment, which means rotating all magnetic moments by the same
angle gives the same energy. Hence there is no need to define the spin quantization
axis direction, if spin-orbit coupling is not included. When spin-orbit interaction is
included, spin-orbit coupling couples the spin to the crystal structure. One needs to
set a quantization axis for spin Sggis = Sz, Sy, 5.. In VASP, the default Sy, is setting to
(0,0,1). All magnetic moments are given with respect to the axis (s, sy, s.). Therefore,
with respect to the lattice vectors the components of the magnetization are given by

m, = cos(B)cos(a)m*™ — sin(oz)mzms + sin(B)cos(a)m*, (8.7)
my, = cos(3)cos(a)ymi™™ + cos(a)mi®™ + sin(3)sin(a)m™, (8.8)

and
my, = —sin(B)m* + cos(B)m** (8.9)

Where m®% is the externally visible magnetic moment, « is the angle between the S,
vector (s, Sy, s,) and the cartesian vector Z, and § is the angle between the vector Sy,
and the vector Z.

st + 2
a=atan’¥; B = atanM (8.10)

€T SZ
The inverse transformation is given by
axis

my""* = cos(f)cos(a)my + cos(B)sin(a)m, + sin(B)m., (8.11)

xT
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mgms = —sin(a)m, + cos(a)m,, (8.12)

and
me = sin(B)cos(a)m, + sin(B)sin(a)m, + cos(B)m. (8.13)

For the default setting in VASP (s, s,, s.)=(0,0,1), both angles o and § are zero. In
this case, the internal representation is simply equivalent to the external representation
m; = mgs.

Another important case is m$***=0 and m{**=0, so that,

m, = sin(B)cos(a)m™ = m*s, )\ /52 + s+ 82, (8.14)
m,, = sin(B)sin(a)m®" = m*s, [\ /52 + sz + 82, (8.15)

and ‘ ‘
m, = cos(B)m"" = mi"s. /)82 + s + s? (8.16)

Now the magnetic moment is parallel to the vector S,.;s. Thus there are two ways to
rotate the spins in an arbitrary direction, either by changing the initial magnetic moments
or by changing S,.;s, and they should, in principle, yield the same result.

So by changing the S,.;s [or initial magnetic moment|, one can calculate the total
energy which depends on S,.;s [or initial magnetic moment|, and thus can easily get the
magnetic anisotropy. For the details of the total energy calculation and the parameters
to include spin-orbit coupling by using VASP program, please read the guide book of
VASP from website: www.vasp.at
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