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Chapter

Introduction

In current solid state physics, researchers often investigate van-der-Waals (vdW) heterostruc-
tures. On the one hand, the technical know-how to produce and post process thin slabs from
many layered crystals allows multiple material combinations. On the other hand, the diversity
of materials that already intrinsically possess extraordinary properties in a 2D-arrangement,
is very large (hexagonal boron nitride (hBN), transition metal dichalcogenides (TMDC),
phosphorene, topological insulators as BisSes). In contrast to semiconductor physics, where
different materials are brought into contact for the purpose of band gap engineering, vdW
structures rely on proximity mediated properties, like magnetism or spin-orbit coupling

(SOC).

An often used material for vdW structures is graphene due to its prominent properties, like
high electron mobility and its spin quantities, which are especially attractive in electronics
when building new and faster integrated circuits. The mobility of graphene for instance,
has been measured to 10.000 % [1, 2] at room temperature, giant compared to the usual
semiconducting devices. Combined with its mechanical properties [3], making graphene the
strongest material ever measured, it could be useful in producing flexible graphene-based
displays [4] and the creation of next generation high-tech devices. Graphene is also interesting
when it comes to manipulating electron spins, potentially leading to spintronic devices [5, 6].
Especially spin relaxation and spin transport can be altered, by the enhancement of SOC |7,
8].

There are several possibilities to modify the electronic properties of graphene. One way is to
introduce adatoms or admolecules on graphene in order to enhance spin-orbit interaction.
There have been lots of investigations with light [9-15] and heavy [16-20] adatoms, as well as
small organic molecules [21]. It has been shown, that SOC parameters of the order of 1 meV
are used in tight binding Hamiltonians to describe the induced SOC strength, giant compared
to the intrinsic SOC of graphene (A1 = 12 peV [22]). Recent scanning tunneling microscopy
(STM) experiments on hydrogenated graphene confirm the theoretically predicted induced
spin polarization in graphene by hydrogen adatoms [23].

Additionally one can alter the physics of graphene, by building vdW heterostructures with
insulating or metallic materials [24-33]. There have been several theoretical predictions and
experiments for graphene on an insulating substrate, like hBN, where they found a gap in
the band structure of graphene at the K point, due to the breaking of graphenes sublattice
symmetry [24]. The predicted band gap of a graphene/hBN structure is of the order of
50 meV and is of essential value when building graphene-based field-effect transistor devices.
This effect is not only limited to hBN, but in general every substrate, breaking the sublattice
symmetry of graphene, leads to a gap in the graphene band structure. Insulating materials,
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especially hBN, are potentially efficient spin selective tunneling barriers [26], which is very
interesting for spintronics applications.

However, in electronics, one needs to be able to make contacts to graphene, most likely with
metals, in order to inject electrons, measure the physical quantities of graphene and make
possible vdW structures ready for application. By placing graphene on a metallic substrate,
it is possible to completely destroy the known linear band structure of graphene at the K
point [25, 31], especially when graphene is chemisorbed on the metal, as for the ferromagnets
cobalt and nickel. However, for graphene-based devices, it is not desirable to destroy the
linear dispersion, since transport properties are based on it. The band structure can be
preserved, if graphene is physisorbed on the metal, as it is for Cu, Au or Pt. Depending on
the kind of metal, one can also p-/n-dope graphene, since the Dirac point of graphene gets
shifted with respect to the Fermi level. This is a consequence of the different work functions
in graphene and the metal, leading to charge transfer and doping [25]. It has also been shown
that graphene on a copper surface experiences strong distance dependent SOC due to the
hybridization of graphene 7 with copper d states [30]. The first-principles calculations for
graphene on the Cu(111) surface match well with the measured angle-resolved photoemission
spectroscopy (ARPES) band structure and can be fitted by a robust low energy model
Hamiltonian in the vicinity of the K point. Experiments on ferromagnet/graphene interfaces
[32, 33] show that one atom thick single layer of graphene is enough to efficiently protect
ferromagnetic spin sources against oxidation and preserve the measurable spin-valve signal
in agreement with theory [34, 35]. Concerning the spin properties, especially graphene has
attracted a lot of attention due to its theoretical predicted very long spin relaxation times of
7~ 1 ps and lengths of [5 ~ 100 pum [36, 37]. Strong SOC is desirable, for the observation of
many interesting phenomena, like spin-Hall effect. On the other hand, it is responsible for
spin relaxation.

A possibility to preserve the conical band structure, is to form graphene/insulator/metal
heterostructures. One can imagine, that the insulating layer protects graphene from strong
proximity effects, such that the general conical dispersion of graphene stays untouched.
Investigations on structures of graphene on the ferromagnetic insulator EuO shows a tunable
magnetic proximity effect leading to spin dependent Fermi velocity vg, hybridization gap
and large spin polarizations of the order of 25% [38]. Also graphene/insulator/ferromagnet
structures show a similar behavior. Ferromagnetic substrates induce weak proximity mag-
netism into graphene, while an insulating buffer layer preserves the graphene band structure.
Experimental and theoretical investigations of Ni(111)/hBN/graphene structures [27, 39]
show a very efficient spin-injection into graphene. They also find an inversion of the measured
spin-valve signal due to increasing barrier thickness. Figure 1.1 shows the schematic diagram
of the spin injection from a ferromagnetic electrode to graphene through the tunnel barrier
hBN, acting as spin dependent tunnel barrier [27]. Spins, injected by the ferromagnet/hBN
junction, accumulate in the graphene and lead to the splitting of the chemical potential. The
spin polarization of graphene can then be detected nonlocally by another ferromagnet/hBN
junction, placed at a distance of typical spin diffusion length (=~ 2 pm), as reported by
Kamalakar et al. [26].

All these findings already show that there was progress towards a spin logic device, that could
replace conventional electronic devices in near future [33, 40-42]. However, there is still a lot
of work to do, since SOC could be also strong in these systems, affecting the spin-lifetimes in
graphene significantly. The goal is to find the right balance between high spin-injection and
polarization, but also long spin-lifetimes. Thus it is crucial to investigate possible magnetic
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FIG. 1.1: Schematic diagram showing the spin injection from a ferromagnetic electrode to
graphene through the tunnel barrier hBN, acting as spin dependent tunnel barrier, leading to
spin polarized current in graphene; taken from Ref. [27].

and spin-orbit proximity effects from ferromagnets and insulators affecting graphene.

This thesis deals with the proximity induced exchange coupling, induced from the ferromagnets
cobalt and nickel through different insulators, in graphene. In chapter 2 we first deal with
every single layer on its own, to get a feeling and understanding of their properties. Especially
we are interested if the density functional theory (DFT) calculations cover the essential
features, like linear dispersion in graphene, size of the gap of insulators and spin magnetic
moment of the ferromagnets. We give an overview on the essential properties, like crystal
structure and application in research, describe the band structures and the density of states
(DOS) in terms of spin and orbital decomposition. In chapter 3 we essentially deal with two
kinds of heterostructures with the difference in the used ferromagnet. The structures are
based on graphene and hBN, matched with the ferromagnets cobalt and nickel. We search
for the energetically favorable stacking of the layers and explore the modification of the
graphene band structure. We introduce an effective low energy model Hamiltonian in order
to reproduce the graphene band structure and extract valuable exchange parameters from
the DFT data, which are essential for experimentalists and research. We study the effects
of a transverse electric field, change the insulator and ferromagnet thicknesses and look at
possible modifications in the band structure. In chapter 4 we take a brief look at two other
insulating barriers, namely AlaOs and SiOg, by replacing hBN.






Chapter

Single Layers

In this chapter we want to look at the individual single layers, which will be the building
blocks of our vdW heterostructures. In order to understand, which characteristics originate
from which layer, orbitals and states in the band structure and the DOS of the vdW systems,
it is crucial to get an understanding for the characteristics of the single layers, since they are
closed systems themselves and possess their special features.

As we are looking at graphene/insulator/ferromagnet heterostructures, there are several
possibilities for the choices of the insulator and the ferromagnet. Our main focus will be on
hBN as the insulator, since the lattice is also hexagonal and can be nicely matched to the one
of graphene in a commensurable way. Other choices can be oxide insulators like SiO2, AlsOs,
TiO2 and MgO. But we will not be able to cover all the combinations, since the computational
effort for some systems, especially when large supercells are necessary to match the lattices,
is too high. In addition to hBN, we look at SiOy and Al,Os, as they are typical barriers
for spin injection and detection. The ferromagnets which we consider are cobalt and nickel,
but also iron is a candidate to induce proximity magnetism in graphene. Cobalt is the most
simple choice, since it already crystallizes in a hexagonal lattice. Also nickel can be easily
matched with graphene, when we consider the (111)-plane of the fcc-lattice. Iron however, is
problematic if we want to match the lattice with graphene in a commensurable way and keep
the vdW system supercell small.

The fact that a material can magnetize graphene due to proximity is not only limited to
ferromagnets. Recent investigations on ferromagnetic insulators, such as europium oxide
(EuO) and yttrium iron garnet (YIG), show proximity induced magnetism in graphene [38,
43], leading to strong spin polarization of the 7 states of graphene. This manifests in the
lifting of the spin degeneracy of the Dirac states, along with a spin dependent gap, due to
sublattice symmetry breaking.

In this chapter we will only consider the different materials in their bulk crystal structures
(monolayers for graphene and hBN) to get an understanding of the special characteristics.
Later, when we come to heterostructures, we consider each individual crystal in a thin
slab geometry stacked on top of each other. Of course, the number of atomic layers of the
individual single materials and the stacking order among them will influence the proximity
induced effects. A more detailed description of the calculations and the input parameters,
which we used for the single layers, is given in appendix B.3.
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2.1. Graphene

Carbon is an important element, since all living (organic) compounds contain it. Carbon
atoms have an electronic configuration [He] 2522p?, and thus have 4 valence electrons, which
makes it tetravalent to form covalent bonds. Usually, carbon is found in hydrocarbons, which
are essential for industry (fossil fuels, plastics).

A highly discussed material, which exclusively consists of carbon atoms, is graphene. Its
prominent properties, like high electron mobility, optical transparency and mechanical
robustness [44], make it interesting for research and electronic applications. The lattice of
graphene is shown in Fig. 2.1 with the lattice constant a = v/3ag ~ 2.46 A, where ag = 1.42 A
is the distance between next-nearest carbon atoms [45]. Graphene contains two nonequivalent
carbon atoms in the unit cell and thus it is made up from two trigonal sublattices A and B.
The reciprocal lattice is also hexagonal, containing the high symmetry points I', M and K.
Figure 2.2 shows the band structure and the corresponding orbital resolved DOS of graphene.

(@) A (b) «

® Carbon

FIG. 2.1: Unit cell and Brillouin Zone of graphene. (a) Lattice of graphene with lattice
constant a = 2.46 A and labels for sublattice A and B. One unit cell is emphasized by the
dashed line. (b) First Brillouin Zone of the reciprocal lattice. T';, M, K are non-equivalent
high symmetry points.

The s, p, and p, orbitals in graphene are forming sp? hybridized covalent o-bonds in the plane,
lying low in energy, which are responsible for the robustness of graphene. The remaining p,
orbitals which point out of plane are responsible for the m-bands near the Fermi energy and
determine the electric transport properties [46]. The Fermi energy is located at the K point,
where conduction and valence states touch, making graphene semi-metallic. The K point is
called Dirac point, since the dispersion is linear in its vicinity and thus the particles show a
similar behavior as massless Dirac fermions obeying the Dirac equation. The bands at the I
point for energies larger than 3 eV show parabolic behavior, which originate form the vacuum
spacing in z direction to simulate a single graphene layer.

There have also been tight-binding [45] and experimental [2] studies of the electronic structure
of graphene, which match well with the DFT results presented here. Monolayers of graphene
can be produced via mechanical exfoliation [44] or by chemical vapor deposition (CVD)
on metal substrates [47]. Graphene has attracted a lot of attention due to its theoretical
predicted very long spin relaxation times of 7 ~ 1 us and lengths of /s ~ 100 pm [36, 37].
However, theoretical and experimental studies show much larger SOC and thus spin relaxation
due to adatoms or other sources, see for example Refs. [10, 12]. Adatoms, e.g. hydrogen [10],
cause a local sp3 corrugation of the lattice and locally enhance the SOC strength with SOC
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FIG. 2.2: Band structure and corresponding orbital resolved DOS of graphene. Left panel:
Band structure along the high symmetry path I'-M-K-I". Right panel: Orbital resolved DOS.
DOS of d states is multiplied by a factor 10.

parameters of the order of 1 meV, giant compared to graphenes intrinsic SOC of 12 peV [22].
Very recently, STM experiments confirmed that hydrogen adatoms cause a local magnetic
moment on graphene [23], in agreement with theoretical predictions.

2.2. Hexagonal Boron Nitride

Almost equally interesting are other two dimensional materials. One of them is hexagonal
boron nitride (hBN), which is similar to graphene, but an insulator. Boron atoms have an
electronic configuration [He] 2s22p' and thus have 3 valence electrons. Nitrogen has the
configuration [He] 2522p® and 5 valence electrons. hBN has the same lattice as graphene and

(a) (b)

a ® Boron
- — — @ Nitrogen

FIG. 2.3: Unit cell and Brillouin Zone of hBN. (a) Lattice of hBN with lattice constant
a = 2.504 A. One unit cell is emphasized by the dashed line. (b) First Brillouin Zone of the
reciprocal lattice. I', M, K are non-equivalent high symmetry points.

is not formed by carbon atoms, but by boron and nitrogen atoms, located on the sublattice
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sites A and B, respectively. It is not surprising that the two different atoms can form a
honeycomb lattice as graphene, since their electronic configuration in sum is equal. However,
due to the strong difference in electronegativity of boron and nitrogen [48], the atoms form an
insulating material, as electrons are mainly localized around the nitrogen atom. Thus, hBN
can be considered as the insulating analogue of graphite. The unit cell, reciprocal lattice and
high-symmetry points are thus defined as for graphene, see Fig. 2.3. The lattice constant of
hBN [49] is a = 2.504 A, slightly bigger than the one of graphene and ¢ = 6.66 A, being the
lattice constant, defining the interlayer distance in bulk hBN. Bulk hBN has an AA’ stacking,
meaning that boron (nitrogen) atoms of layer A are on top of nitrogen (boron) atoms of layer
A’. The single layers in bulk hBN are held together by vdW bonds.

From the band structure, Fig. 2.4, we can see, that hBN is an insulator, since the calculated
band gap is E, = 4.681 eV, which deviates from Ref. [50], where they calculated it to 5.97 eV.
The band gap is underestimated by roughly 30%, which is common in DFT, when it comes
to insulators or semiconductors. The error in the value of the band gap can be fixed by using
an appropriate exchange correlation functional [51]. We can see, that states near the Fermi
level are mainly formed by nitrogen p, orbitals, which are in principle similar to graphene’s
states near the Fermi level. Still, we have to keep in mind, that hBN is an insulator. The

s /\_\ /\ |- t ;

E - Eg[eV]
1
4"

4 _/—
-10
i g —
i I—
-15 */ _\ p
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] 10d —
T \ \ \ \
r M K r 01 03 05 0 0.1 02 03
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FIG. 2.4: Band structure and corresponding orbital resolved DOS of hBN. Left panel: Band
structure along the high symmetry path I'-M-K-I". Right panel: Orbital resolved DOS. DOS
of d states are multiplied by a factor of 10. Labels B and N correspond to the boron and
nitrogen atoms of the unit cell.

lowest valence band in Fig. 2.4 is almost exclusively formed by nitrogen s states, which
hybridize with boron s and p orbitals. In general, s, p, and p, orbitals are lying low in energy
in the window from —10 to —5 eV, forming the sp? hybridized covalent bonds in the plane.
Comparing the contributions to the DOS of hBN and graphene, we can see some similarities,
reflecting the fact of a hexagonal lattice for both systems.

There have also been tight-binding [52] and other DFT [49] studies of the electronic structure
of hBN, which match well with the DFT results presented here, except for the value of
the band gap energy. Like graphene, hBN can also be prepared by exfoliation or CVD [53,
54]. There are already investigations on hBN/metal junctions leading to Shottky barriers
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[55] or of graphene/hBN junctions introducing a band gap in the graphene dispersion [24].
Compared to oxide insulators, hBN should be a much better candidate for spin devices, since
the mobility of graphene is still very high when forming vdW heterostructures and it is
potentially a good candidate as a spin filtering tunnel barrier [26, 27, 39, 56].

2.3. Silicon Dioxide

Silicon Dioxide (SiO2, a-quartz) is one of the most found compounds on earth. It is the
building brick of glass and several different gemstones, but it is also considered as very
important in technology. It is used in semiconductor and microchip industry as the insulating
material in metal-oxide-semiconductor (MOS) transistors or as a substrate material for
growing various thin semiconductors or metals. X-cut quartz is a commonly used material in
terahertz research due to its dielectric and nonlinear properties.

SiOs crystallizes in a trigonal crystal structure with lattice constants a = 4.913 A and
¢ = 5.405 A. The spacegroup is Nr. 154 with the basis of silicon atoms at position
(0.470,0.0,0.0) and oxygen atoms at position (0.414,0.268,0.119), see Ref. [57]. The unit cell
contains three SiO molecules, see Fig. 2.5(a). The electronic configuration of silicon is [Ne]
35%23p? and the one of oxygen is [He| 2522p* and thus silicon forms covalent bonds with four
oxygen atoms in a tetrahedral shape, see Fig. 2.5(c). Oxygen atoms serve as the connecting

(c) ® Oxygen

@ Silicon

FIG. 2.5: Unit cell and structure of SiO2. (a) Top view of the trigonal lattice with lattice
constants @ = 4.913 A and ¢ = 5.405 A. One unit cell is emphasized by the dashed line.
Dashed line along diagonal of the unit cell defines the plane of the side view shown in (b).
(c) Single tetrahedron formed of one silicon atom and four hydrogen atoms.

bridge between two tetrahedrons and thus SiO9 appears in many different crystalline forms
which are obtained by linking the tetrahedrons together in different ways, but its best known
form is amorphous silicon dioxide. Since the lattice constant is nearly twice as large as the
one of graphene and the lattice has trigonal symmetry, it is an appropriate candidate for our
studies.

Due to previous studies of the graphene/a-SiO2(0001) interface [29, 58-60], we adopt an
oxygen surface termination of SiOs at the interface with the graphene and place graphene
at the hollow sites above SiOg following Ref. [29]. At the interface with the ferromagnets,
we take a silicon surface termination of SiOs. The problem is that from experiments, no
unique surface termination can be determined and also the stacking configuration cannot be
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predicted for sure and thus we have to rely on our choice.

The predicted band gap for amorphous SiO9 [61] is £, = 8.9 eV and E,; = 8.4 ¢V for a-quartz
[62]. Our calculated value for the bulk a-SiO5 band gap is E,; = 6.008 eV. Again the band gap
is underestimated by the calculation. Using an appropriate exchange correlation potential
(modified Becke-Johnson) [51], we can get a more accurate band gap of E, = 8.88 €V, but for
the heterostructure calculation it is not that important. Nevertheless, SiOs is a wide gap
insulator. The calculated DOS, Fig. 2.6, is in agreement with Ref. [62]. The valence band

E - Eg [eV]

20 T T
T M K T A L H A 0.05 0.15 05 1 15
DOS [states/eV]

FIG. 2.6: Band structure and corresponding orbital resolved DOS of SiOs. Left panel: Band
structure along the high symmetry path '-M-K-I'-A-L-H-A. Right panel: Atomic and
orbital resolved DOS. Labels Si and O correspond to the silicon and oxygen atoms of the
unit cell.

DOS can be separated in three regions which are also well separable in the band structure.
We can see that the lowest energetic bands are formed by oxygen s orbitals, hybridizing
with silicon s and p orbitals in an energy window from —20 to —17 eV. The valence bands
near the Fermi level are almost exclusively formed by oxygens p orbitals with some weak
interaction to silicon atoms. The part which is responsible for the covalent bonding is at the
energy window from —10 to —4 eV arising mainly from oxygen p orbitals and silicon s and p
orbitals, forming the sp3-hybridization. The minimum of the valence band at roughly 6 eV
is located at the I' point and mainly formed by silicon s states. Higher valence bands have
mainly silicon p character.

2.4. Aluminum Oxide

Aluminum Oxide (AlaO3, corundum) is also a widely used substrate for the growth of metallic
or semiconducting thin films in molecular-beam epitaxy (MBE) or metal organic chemical
vapor deposition (MOCVD). The (0001)-surface of AloO3 was thus intensively studied during
the years [63, 64], predicting an aluminum surface termination [65] with 1/3 monolayer of
aluminum. However it is hard to say, which surface termination will be there in experiment.
Usually for spin injection experiments, oxide insulators are used, but the barriers often
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® Oxygen
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FIG. 2.7: Unit cell and structure of AloOg3. (a) Top view of the trigonal lattice with lattice
constants a = 4.758 A and ¢ = 12.98 A. One unit cell is emphasized by the dashed line.
Dashed line along diagonal of the unit cell defines the plane of the side view shown in (b).

suffer from defects or interface roughness, which makes it hard to produce reproducible
heterostructures [18, 66, 67]. By doping AloO3 with titanium or chromium atoms, one can
get crystals which are laser active (Sapphire and Ruby crystals) and can thus be used in laser
physics to generate radiation.

AlyO3 crystallizes in a thombohedral crystal structure [68] with lattice constant a = 4.758 A
and ¢ = 12.98 A. Rhombohedral systems can be treated as hexagonally symmetric, when

10
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FIG. 2.8: Band structure and corresponding orbital resolved DOS of AlyO3. Left panel:
Band structure along the high symmetry path T-M-K-T". Right panel: Atomic and orbital
resolved DOS. Labels Al and O correspond to the aluminum and oxygen atoms of the unit
cell.

using a larger unit cell, which is done in the following, see Fig. 2.7. AlyO3 belongs to the
spacegroup Nr. 167 (Hematite group). The unit cell contains six molecules of Al;O3 in the
hexagonal unit cell. The electronic configuration of aluminum is [Ne] 3523p' as the direct
neighbor of silicon in the periodic table. The predicted band gap is E; = 8.8 eV [69] and our
calculated one is £, = 6.291 €V, again underestimated by roughly 30% due to the exchange
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correlation potential. Figure 2.8 shows the band structure and the corresponding DOS of
Aly0O3. We can see that the lowest valence states are mainly formed by oxygen s orbitals with
a small contribution of aluminum s and p states. The bonding hybridization takes place in
the energy window around —6 eV, where oxygen p states mix with aluminum s and p states.
The highest lying valence bands are mainly formed by oxygen p states as for SiO9. From the
analysis of the DOS and the band structure we see that the two oxide insulators AloOs and
SiO2 are very similar.

2.5. Cobalt

Cobalt is a gray ferromagnetic transition metal, which appears in two different modifications
(hep, fcc), depending on the temperature. It naturally appears in compounds, which contain
cobalt and was mainly used to color glasses (cobalt-blue). Its name has been derived from the
Latin word cobaltum, which means goblin, since at the time of its discovery people believed it
to be jinxed. Today it is used in alloys for different kind of purposes. At room temperature

(a) (b) ()

p

.

@® Cobalt

FIG. 2.9: Unit cell and First Brillouin Zone of cobalt. (a) 3D-representation of the hcp-lattice
and (b) corresponding top view with lattice constants a = 2.507 A and ¢ = 4.069 A. One
unit cell is emphasized by the dashed line. (c¢) First Brillouin Zone of the reciprocal lattice.
I' M, K, A, H, L are six non-equivalent high symmetry points.

cobalt crystallizes in a hexagonal-closed-packed (hcp) lattice. The lattice constants are
a = 2507 A and ¢ = 4.069 A, see Fig. 2.9. Cobalt has a magnetic moment of roughly
p=1.6—1.7 up per atom [70]. The electronic configuration of cobalt is [Ar] 3d74s? and thus
has 9 valence electrons.

The fact that the lattice constant of hcp-cobalt is close to the one of graphene and hBN
makes it a perfect candidate to form heterostructures, since only a small mismatch needs to
be compensated and small strain should be introduced. Since cobalt is a ferromagnet, we
performed open shell calculations of ground state electronic properties. From the DOS in Fig.
2.10 we can see, that states near the Fermi level are mainly formed by d orbitals. We see,
that the corresponding bands cross the Fermi level, which indicates metallic character, as
expected. The bands which are formed by d states are less dispersive compared to bands
which originate from s states, lying low in energy.

Comparing the spin contributions to the DOS, we can see, that states with spin up are lying
lower in energy than states with spin down character, making cobalt ferromagnetic. Our
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FIG. 2.10: Band structure and corresponding orbital resolved DOS of bulk hcp-cobalt. Left
panel: Spin polarized band structure along the high symmetry path '-M-K-T'-A-L-H-A of
bulk cobalt. Spin up (down) bands are shown in solid red (blue). Right panel: Orbital and
spin resolved DOS. The contributions of s and p states are increased by a factor of five. The
arrows indicate different spin contributions of the DOS.

calculated value for the spin magnetic moment is p = 1.63 pp per atom. Consequently the
total magnetization per unit cell is ug = 3.26 pp, since the hexagonal unit cell contains two
atoms. The value is in agree with the predicted one. By analyzing the DOS we calculate the

spin polarization, which is defined as the difference of the spin down and the spin up density
PL—P1

pLFPY ’E
order to compare the two ferromagnets, we calculate the spin polarization at the Fermi level
Er to p(Er) =~ 67%. Thus ferromagnets can be used for spin injection, because the injected

electrical current is spin polarized.

normalized by the total density evaluated at the desired energy E, i.e., p(E) =

2.6. Nickel

Nickel is a silvery-white ferromagnetic transition metal. It is commonly found in iron
meteorites, but it is still one of the rare metals on earth, usually found together with cobalt.
Mainly it is used in alloys for corrosion-resistance (stainless steel) or metals directly get a
nickel coating. Nickel crystallizes in a face-centered-cubic (fcc) lattice.

It has a magnetic moment of roughly u = 0.6 pp [70]. The electronic configuration of nickel
is [Ar] 3d®4s? and thus has 10 valence electrons per atom. The expected magnetic moment
should be the smallest among the three ferromagnets iron, cobalt and nickel which is indeed
true, since the d shell is almost filled. In order to stack a hexagonal lattice on top of it,
one needs to consider the (111)-plane, which then looks like a triangular lattice, see Fig.
2.11. The lattice constant of nickel is @ = 3.524 A and thus the lattice constant of the quasi
hexagonal lattice of the (111)-plane is 1v/2a = 2.492 A. The (111)-plane of nickel is thus a
good basis in order to make heterostructures with graphene, since the lattice mismatch is
small.
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@ Nickel

FIG. 2.11: Unit cell and First Brillouin Zone of nickel. (a) 3D-representation of the fcc-
lattice, (b) (111)-plane of the fcc-lattice with lattice constant a = 3.524 A. One unit cell is
emphasized by the dashed line. (¢) First Brillouin Zone of the reciprocal lattice. T, K, W, X,
L are five non-equivalent high symmetry points of usual reciprocal lattice of a fcc-crystal.

E-Ep[eV]
[\*]
|
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DOS [states/eV/spin]

FIG. 2.12: Band structure and corresponding DOS of bulk fcc-nickel. Left panel: Spin
polarized band structure along the high symmetry path I'-X-W-T'-L-K-T". Spin up (down)
bands are shown in solid red (blue). Right panel: Orbital and spin resolved DOS. The
contributions of s and p states are increased by a factor of five. The arrows indicate different
spin contributions of the DOS.

The band structure in Fig. 2.12 for bulk nickel is calculated along the high symmetry path
I'-X-W-TI'-L-K-T', since the reciprocal lattice for a fcc-crystal is different from the reciprocal
lattice of a hexagonal crystal; see Fig. 2.11. Our calculated value for the spin magnetic
moment is p = 0.64 pup per atom. The value is in agree with the predicted one.

We can see similarity between the band structures of cobalt and nickel. Bands near the
Fermi energy are also mainly formed by d states, which cross the Fermi level, giving nickel
a metallic character. The spin splitting of the bands in this case is smaller than for cobalt,
leading to the smaller spin magnetic moment. The spin polarization at the Fermi level Fp is
p(Er) = 80%, being larger than the one of cobalt, which can be directly seen by looking at
the DOS.
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2.7. Summary

Since we are interested in proximity induced exchange coupling in graphene, the strategy will
be as follows. We take a thin film of the ferromagnet, put an insulator on top of it as the
tunnel barrier, and place then graphene on top of that. The graphene/insulator/ferromagnet
structures are considered in a slab geometry, where we add 15 A of vacuum. Since the lattice
constants are very different for some materials, we give here a short overview of the properties
of the different materials. The DFT results for the band gap energies are in good agreement

Material Graphene hBN Si0s Al,O3 Cobalt  Nickel
[71] [49, 72] [57, 62] [69] [73, 74] [73, 74]

Lattice hex. hex. trig. rhomb. hep fce

a [A] 2.463 2.504  4.913 4758 2507  3.524

c [A] 6.712 6.66 5.405  12.98  4.069

E, [eV] (EXP) — 5.97 8.4 8.8 —

E, [eV] (DFT) — 4.681 6.008 6.291 — —

w (s — — — 1.6 0.6

TAB. 2.1: Overview of the used materials with their corresponding lattices, lattice constants
a, ¢, experimental (EXP) and calculated (DFT) band gap energies E, for the insulators and
magnetic moments p of the ferromagnets. Lattice constants ¢ for graphene and hBN, are for
graphite and bulk hBN.

with others, see Refs. [24, 68, 75]. In comparison to the experiment, the calculated band gaps
are underestimated by roughly 30%. For thin films (0.5 — 2 nm) of the insulator, the band
gap is not necessarily the same as for the bulk, as can be seen in Ref. [58] for SiOq. Later on,
when we consider thin films of the ferromagnets, it can happen, that the magnetic moment is
increased compared to the bulk value, as proposed in Ref. [31]. Studies on nickel revealed
that surface atoms showed an increased magnetic moment of 7% compared to bulk atoms.
Dealing with heterostructures is much more complicated, since we have to consider a lot of
things, which influence the electronic properties of graphene. For example, the behavior of the
heterostructure depends on the stacking order and thickness of the single layers. Moreover,
there is always a mismatch in the lattice constant and thus we will introduce strain in the

Material combination ~Graphene Insulator Ferromagnet a [A] mismatch [%]

Gr + hBN + Co 1x1 1x1 1x1 2.489 0.83
Gr + hBN + Ni 1x1 1x1 1x1 2.480 0.75
Gr + SiOy + Co 2% 2 1x1 2x2 4.920 0.68
Gr + SiOg + Ni 2x2 1x1 2x2 4.920 0.48
Gr + AlbO3 + Co 2x2 1x1 2% 2 4.900 1.88
Gr + Al,O3 + Ni 2% 2 1x1 2x2 4.900 1.67

TAB. 2.2: Overview of the smallest possible matchings for the lattices; given are the in-plane
sizes of the required supercells. The heterostructure lattice constant a and the average lattice
mismatch between the three materials and the heterostructure systems are given.
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structure, by fixing a reasonable but assumed lattice constant.

In Tab. 2.1 we summarize the lattice constants, band gap energies and atomic magnetic
moments for the individual bulk crystals. By matching the materials with their lattice
structure and lattice constants, we are able to form vdW heterostructures on a commensurable
hexagonal lattice as given in Tab. 2.2 with a mismatch of the lattices smaller than 2%. For
example, graphene, hBN and cobalt match in a 1 x 1 unit cell with a commensurable lattice
constant of a = 2.489 A. The average mismatch between the heterostructure lattice constant
and the single layer lattice constants is 0.83%. The smallest possible commensurable unit cell
combinations are listed in Tab. 2.2.



Chapter

Heterostructures with hBINN

There have already been several theoretical [24, 25, 28, 55, 76-83] and also experimental [27,
39, 53, 84-86| investigations based on metal/hBN, graphene/hBN or graphene/hBN/metal
heterostructures. All of them reveal several striking properties, e.g. graphene grown on hBN
shows a 4 times higher mobility compared to graphene grown on SiOg [84]. This is especially
useful, when fast electron transport is necessary. Most of all for spintronics, since, even
though an insulating/semiconducting substrate can induce strong proximity SOC [87, 88] and
thus limit the spin lifetime in graphene, we can transport the information over a long distance
before it gets lost. Investigations on graphene/hBN structures show an induced band gap
of roughly 50 meV at the Dirac point in the graphene band structure, since the two carbon
sublattices become inequivalent when interacting with the hBN-substrate [24]. This is useful,
because we can give graphene semiconducting properties, which is especially attractive for field
effect devices. When we want to make graphene applicable it is necessary to make metallic
contacts. Placing graphene on a metal substrate results in doping of graphene [25], but
the linear graphene dispersion can be strongly altered by a metallic substrate. Additionally
experiments on ferromagnet/graphene interfaces [32, 33] show that one atom thick single
layer of graphene is enough to efficiently protect ferromagnetic spin sources against oxidation
and preserve the measurable spin-valve signal in agreement with theory [34, 35].

By forming graphene/insulator/ferromagnet structures, we can simultaneously protect
graphene from the influence of the ferromagnet due to the insulating barrier, but exploit
the magnetism offered from the ferromagnet. Thus it is crucial to investigate magnetic
and spin-orbit proximity effects from ferromagnets/metals influencing graphene through an
insulating layer, in detail. Investigations on structures of graphene on the ferromagnetic
insulator EuO already show a tunable magnetic proximity effect leading to a spin dependent
Fermi velocity vp, hybridization gap and large spin polarizations of the order of 20% [38].
Experimental and theoretical investigations of Ni(111)/hBN/graphene structures [27, 39]
show a very efficient spin-injection into graphene. They also find an inversion of the measured
spin-valve signal due to the variation of the barrier thickness. Additionally, spins have also
been successfully injected from cobalt by tunneling through oxide insulators into graphene

[66].

In this section we consider graphene/hBN/ferromagnet structures to investigate the low
energy physics around the graphene Dirac cone. At first, we search for the relaxed minimum
energy configuration, then we calculate the physical relevant quantities like band structure
and DOS and finally extract the strength of the exchange interaction by employing a low
energy model Hamiltonian, which is able to describe the modified graphene band structure in
the vicinity of the Dirac point.

17
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3.1. Graphene/hBN/Cobalt

The lattice constant of graphene is a = 2.46 A [45], the one of hBN [49] is a = 2.504 A,
slightly bigger than the one of graphene, and the one of hcp-cobalt is a = 2.507 A [89]. Thus
we fix an effective average lattice constant of a = 2.489 A for the system, as a compromise to
make the lattices commensurable and to keep the unit cell as small as possible. The lattice of
graphene changes by only 1%, since we want to look at the electronic properties of graphene,
especially. The main effect of a larger lattice constant is that in-plane sp? bonding gets
weakened due to the increased distance between the atoms and thus low energy bands rise in
energy. For a further analysis of the effects of the lattice constant on the electronic structure
of graphene and hBN, look at appendix B.2.

Our starting point structure will be one single layer of graphene, one layer of hBN and three
atomic layers of cobalt stacked on top of each other, taking the symmetry of the hexagonal
lattices into account. The distance between the single layers at the beginning is d = 3.2 A,
assuming vdW-bonding. A vacuum spacing of 14 A is added, to get a quasi-2D slab structure.
Computational details are given in appendix B.3.

3.1.1. Lattice Structure

Initially, we need to find the minimum energy configuration of this layered structure, since
there are a lot of possibilities to stack them. At first, we keep the layers of cobalt and hBN
fixed on top of each other, as in Fig. 3.2(1). The distances between the layers are also kept
fixed at d = 3.2 A. We want to take a look at the different total energies of the system, when
we change only the stacking order of graphene on top of hBN, since there are already three
inequivalent possibilities; see Fig. 3.1. Of course, one could think of other possibilities, but

(a) (b) (c)

@ Nitrogen @ Boron @ Carbon

FIG. 3.1: Possible stackings of graphene on top of hBN. (a)-(c) show three inequivalent
stacking possibilities of graphene on top of hBN for commensurable lattices. The vdW
structure has C3, symmetry.

from the symmetry point of view, these structures are favorable for commensurable lattices.
The total energies and the forces for the different configurations from Fig. 3.1 are given in
Tab. 3.1 where we can see that it is energetically favorable if carbon atoms are on top of
boron and above the hBN-hexagon, in agreement with Ref. [24]. The forces are too high,
since a relaxation of atomic positions has not been performed up to this point.

In the second step, we keep this minimum energy configuration between hBN and graphene
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configuration (a) (b) (c)

Eiot — Erer [meV]  -27.432 -37.248  -65.442
total force [mRy/ag] 25.825 25.629  25.428

TAB. 3.1: Total energies of the different stacking possibilities of graphene on top of hBN
with respect to the chosen reference energy Fof = —562.925 Ry. The different configurations
correspond to Fig. 3.1. The stacking of hBN on top of cobalt was configuration (1) in Fig. 3.2,
which we kept fixed for these possibilities. The layer distances are fixed at d = 3.2 A.

configuration (1) (2) (3) (1) (27) (3")

Eiot — Eref [meV] -65.442 -67.129 -73.922 -115.13 -114.27 -74.702
total force [mRy/ag] 25.428  25.173  24.593  22.467 22.578  24.594

TAB. 3.2: Total energies of the different stacking possibilities of hBN on top of cobalt with
respect to the chosen reference energy Fiof = —562.925 Ry. The different configurations
correspond to Fig. 3.2. The primed labels correspond to the same configurations, but with
interchanged nitrogen and boron atoms. The stacking of graphene on hBN is configuration
(¢) in Fig. 3.1. The layer distances are fixed at d = 3.2 A.

fixed, but take a look at the different stacking possibilities between cobalt and hBN. In
general, there are again three possibilities of stacking a hexagonal structured layer on top of
the hcp-cobalt for commensurable lattices, which are shown in Fig. 3.2, again taking into
account the symmetry. The atoms in the unit cell of hBN are inequivalent and therefore the

(1) ) 3)

@® Nitrogen @ Boron @ Cobalt

FIG. 3.2: Possible stackings of the hBN layer on top of cobalt. (1)-(3) show three inequivalent
stacking possibilities for a commensurable lattice. By interchanging nitrogen and boron
atoms, there are in total six possibilities.

number of possibilities doubles by interchanging nitrogen and boron atoms. From the total
energies in Tab. 3.2, it seems to be crucial that the nitrogen atom is at top-site above the
cobalt substrate. The boron atom can have two configurations, either fcc or hep-site, which
are very close in energy. We find that it is energetically favorable if nitrogen atoms are at
top-site and boron atoms are at fcc-site above cobalt, in agreement with Refs. [28, 76, 78].

In general, three positions (top, hep and fee) can be distinguished within a hexagonal unit
cell. Thus the different positioning possibilities of the carbon atoms above the substrate will
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influence the strength of proximity magnetism. In Fig. 3.3, the energetically most favorable
stacking is shown, following from our total energy analysis, where we assumed the lattices to
be commensurable with the lattice constant a = 2.489 A. Taking the hexagonal symmetry of
the lattices into account, the vdW structure in total has C5, symmetry. Since we know that
hcp-cobalt is a ferromagnet, we consider open shell calculations for ground state electronic
properties.

In the final step, we allow the atoms within the unit cell to relax in their z position
(transverse to the layers), to find the optimized distances between the single layers. After
relaxation of atomic positions we obtained layer distances of dg, /gy = 2.097 A between
the cobalt and hBN and dypn/qr = 3.010 A between hBN and graphene (measured between
nitrogen and carbon/cobalt atoms, respectively, since the hBN layer is buckled) and a
vacuum spacing of roughly 15 A. The adjacent layer distances of this minimum energy

(a) (b)

a~249 A

® Cobalt @ Nitrogen
® Boron @ Carbon

FIG. 3.3: Structure of graphene/hBN/cobalt, with labels for the different atoms. (a) Top
view of the structure, with one unit cell emphasized by the dashed line. (b) Side view with
stacking configuration: Cp over boron, Cp over hBN-hexagon. Nitrogen at top-sites and boron
above fcc-sites of cobalt. The distances indicated are measured between graphene/cobalt and
the nitrogen atom of hBN, since the hBN layer is corrugated by Az = 0.113 A. The boron
atom is closer to the cobalt surface. Atoms Co,, a = 1,2, 3 label the three cobalt layers.

configuration are in agreement with Refs. [24, 55, 90], which report dj,gn Jar = 3.22 —3.40 A
and dgompy = 1.92 — 2.02 A. We also find, that the hBN-layer is not flat anymore but
slightly buckled since the boron atom is closer to the cobalt surface by 0.113 A compared to
the nitrogen atom, in agreement with Refs. [55, 76].

It is worth to mention that the energy gain by using a spin-polarized ground state in the
calculation compared to a non-polarized ground state is AFEg, nsp ~ 0.7 eV, which is very
large compared to the thermal energy and cannot be neglected for the description of this
system. The energy difference by changing the stacking of the atoms in the system, following
from the total energies in Tabs. 3.1, 3.2, is comparable to the thermal energy kT =~ 25 meV.
During the production of such layered structures, temperatures of 1000 K are common
[53, 79] and thus the energetically favorable stacking cannot be predicted for sure at room
temperature. Since the lattices of graphene, hBN and cobalt are incommensurable in reality,
there will always be regions, where any of the mentioned stacking configurations appear.



3.1. Graphene/hBN/Cobalt 21

Computationally it is very demanding to analyze incommensurable structures, since one has
to consider large supercells. For graphene on hBN, moiré patterns have been observed [91,
92| for an incommensurable structure. As our results are in agreement with previous DFT
calculations, the starting point for our considerations will be the structure shown in Fig. 3.3.
Details of the calculations presented in the following are given in appendix B.3.

3.1.2. Effective Hamiltonian

First we want to have a look at the general band structure of the vdW system, in order to
get a feeling, where the bands of our single layers come into play. In Fig. 3.4 we show the
band structure divided into the two spin channels, where the different colors correspond to
the different layers of the vdW heterostructure. We can see, that the bands of the individual
layers are almost intact and get only slightly influenced by the other layers. Fortunately the
graphene band structure, especially the linear dispersion at the K point, is preserved. Thus
an effective low energy model Hamiltonian should be able to describe the dispersion in the
vicinity of the K point.

Obviously hBN gets spin polarized, especially by looking at the highest lying valence band
of hBN directly at the K point. From the spin up channel, we see that the maximum of

spin up spin down

E- Eg[eV]

FIG. 3.4: Character plot of the spin polarized band structure of the graphene/hBN/cobalt
heterostructure along the high symmetry path M—K-I'. Left panel: Spin up character
plot of the band structure. Different colors correspond to the different layers of the vdW
heterostructure (red = cobalt, black = graphene, green = hBN). Right panel: Spin down
character plot of the band structure.

this band is at —4.5 eV, while it is at —4 eV for the spin down channel, resulting in an
exchange energy of roughly 0.5 eV. The same is true for the conduction band of hBN, which
is also spin split. From the analysis of the single layer hBN, we know that the maxima of the
valence bands are mainly formed by p, orbitals, originating from the nitrogen atom. The
main hybridization of hBN bands with the cobalt bands takes place near the I' point. The d,2
orbitals of cobalt hybridize with states of hBN and we can see anti-crossings of the bands in
the energy window from —4 to —7 eV. Also at the K point cobalt bands show some character
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of states from hBN at energies around —3 eV So indeed, the influence of cobalt on hBN is
large, since the layer distance is quite small. By analyzing the cobalt bands for the different
spin channels, we find an exchange energy of roughly 1.6 — 1.8 eV, which is in agreement with
its atomic magnetic moment of 1.6 up. The graphene m-bands are lying within the band
gap of hBN, but get influenced by the cobalt d-bands lying around the Fermi level. In the
following we will explicitly analyze, how the graphene bands are influenced by the cobalt
bands near the Dirac point.

Two effects will play a role in this heterostructure that will influence graphene’s band structure
near the Dirac point. First, the influence of the substrate resulting in a small gap in the
band structure of around 50 meV as for graphene/hBN structures [24] is due to the sublattice
symmetry breaking. Second, due to the metal the Dirac point is shifted away from the system
Fermi level because of the difference in the workfunctions of graphene and the metal, as in
Refs. [24, 25]. Graphene gets either hole or electron doped, depending on the metal itself
or on the applied electric field transverse to the structure [28]. As we can see in Fig. 3.4,
the Dirac point of graphene is roughly Ep =~ —0.5 eV below the system Fermi level, making
graphene electron doped. We call the energy Ep the Dirac point energy and it is a measure
for the doping level. If one is interested in the real value of the doping, one would have to
calculate the difference of the workfunctions of graphene and the vdW heterostructure, as
has been done in Ref. [28]. From Ref. [25] we already know that, when graphene is placed
on cobalt, the graphene bands are perturbed, especially the cone structure at K point is
destroyed. In Fig. 3.4 we can see, that already one layer of hBN protects the Dirac cone
region significantly.

Minimal p,-model

Our main goal is to answer the question, how do hBN and the ferromagnetic substrate affect
the graphene Dirac cone at K?

The band structure in Fig. 3.4 motivates us to introduce the following minimal Hamiltonian
to describe the proximity induced exchange spin splitting in graphene, similarly to earlier
derivations of effective Hamiltonians for the proximity SOC in graphene on transition metal
dichalcogenides and on Cu(111) substrate [30, 88]. The basis of the Hamiltonian we use is
pseudospin ® spin, giving us the basis states |A 1), |A ), |B 1), and |B |).

Pristine graphene is described by the massless Dirac Hamiltonian g in the vicinity of
K (K?)
Ho = hvp(Tozks + oyky), (3.1)

with vp denoting Fermi velocity, k; and k, are the Cartesian components of the electron
wave vector measured from K (K’) and o, and o, are the Pauli matrices of pseudospin.
Hamiltonian Hg describes gapless Dirac states with conical dispersion near Dirac points, with
7 = %1 for K (K’) point, shown in Fig. 3.5(a). Since graphene is on a hBN/ferromagnet
substrate, the two different carbon atoms from different sublattices feel different effective
potentials, which can be described by the Hamiltonian

Ha = Ao so, (3.2)

where o, is the Pauli matrix in pseudospin space, sg is the unit matrix in spin space and A is
the proximity induced orbital gap. The Hamiltonian H A describes a mass term, which breaks
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FIG. 3.5: Band structure topologies of the modified graphene Hamiltonian. (a) Band
structure in the vicinity of the K point of the model graphene Hamiltonian Hg, (b) Ho + Ha
and (c) Ho + Ha + Hex, with A2 < AB. < A. The spin up (down) branch is shown in
solid red (blue). (d) A zoom on the band structure of subfigure (e) of the DFT results
of graphene/hBN /cobalt in the vicinity of the K point with emphasized characters of the
corresponding graphene sublattice p, orbitals, i.e. the upper (lower) two bands are formed
by p. orbitals of sublattice A (B).

the pseudospin symmetry and thus Hg + Ha describes a gapped graphene spectrum with
parabolic dispersion, shown in Fig. 3.5(b). The most crucial thing we want to investigate is
the exchange splitting induced in the graphene bands by the ferromagnet. Fig. 3.5(d) shows
the spin polarized band structure of graphene/hBN/cobalt near the Dirac point. To describe
the proximity induced exchange splitting of the Dirac states, we introduce the Hamiltonian

Hex = )\é( [(Jz + UO)/Q] Sz + )‘Ex [(UZ - UO)/2] Sz (3.3)

with )\ﬁx and \B. being the proximity induced exchange parameters for sublattice A and B,
respectively. This term is similar to a sublattice resolved intrinsic SOC Hamiltonian [10, 12,
21, 30, 88, 93]. The dispersion of the Hamiltonian Ho + Ha + Hex, which should be able to
describe the spin splitting of the band structure in the vicinity of the K point, is shown in
Fig. 3.5(c). The minimal Hamiltonian in matrix form reads

A+ A 0 hog (kg — iky) 0
B 0 A=A 0 hp (kg — iky)
HotHat Hee = | o (k, + k) 0 ~A 2B 0 (3:4)
0 hop (kg + iky) 0 ~A+M\B

Figure 3.5(e) shows the calculated band structure of the graphene/hBN/cobalt structure
within DFT along the high symmetry path M—K-I" in the energy window from —2 to 1 eV
around the system Fermi level. Figure 3.5(d) shows a zoom around the K point of the DFT
band structure, where we can see that the conduction (valence) Dirac states are mainly
formed by p, orbitals of sublattice A (B), supporting the need for a sublattice resolved
exchange Hamiltonian.

The Hamiltonian Hg + Ha + Hex is a minimal model using only carbon p, orbitals, which
can be used to fit the DFT-data directly at the K point and extract the pure band splittings.
This Hamiltonian, we denote as the p,-model, which is essentially useful for model charge and
spin transport calculations. We would like to emphasize that the dispersion of the minimal
p.-model Hamiltonian in Fig. 3.5(c) is already very similar to the first-principles dispersion
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in the vicinity of the Dirac point in Fig. 3.5(d).
The parameters A, /\‘3X and A2 and the band splittings at the K point are related as follows
for the p.-model: splitting of the conduction bands AEeong = |2A2 |, splitting of the valence
bands AEy, = [2AZ |, and hybridization gap AFEcondval = |2A] as shown in Figs. 3.5(b),(c).
The Dirac point is shifted in energy with respect to the system Fermi level, as can be seen in
Fig. 3.5(e). The Dirac point energy Ep, defined for the p,-model is calculated by averaging
the four DFT-energies coming from the graphene Dirac bands at the K point and it will be
our measure for the doping level.

Extended p.-d-model

As we consider ferromagnetic substrates, flat bands originating from d orbitals are positioned
around the Fermi energy. In the interesting range of energies near the Dirac point, p, states
of graphene hybridize with the d states, depending on their energetic position in the band
structure. Similar effects occur in graphene on Cu(111) substrate [30], for example. When
these d orbitals hybridize with p, carbon orbitals in graphene, the effective exchange coupling
gets strongly modified. Figure 3.5(e) shows that in the energy window of +£400 meV from the
Dirac point, three bands are interacting (crossing) with the Dirac states.

In order to capture the hybridization quantitatively, we add an additional ferromagnet
Hamiltonian Hgy to our model consisting of three d bands, which describes the hybridization
of the ferromagnet d bands with the graphene states. The full effective Hamiltonian H,, _q =
Ho + HA + Hex + HEym in matrix form reads

A+ A 0 hwp (ky — iky) 0 u? V? W?
0 A= N5 0 hop(ke —iky) uw v} wi
hwp (kg + iky) 0 ~A - \B 0 uTB VTB WTB
Hy, 4= 0 hwp (kg + iky) 0 A+ XS uf VWP (35
uf u uE uff E, 0 0
v v v VZ 0 E, 0
wit wh wh wh 0 0 Ey

where Ej, j = u,v,w are the energies that correspond to the ferromagnet d states (with the
spin specified by the DFT calculation), which interact with the Dirac states, and jﬁ lB are the
effective hybridization parameters with the corresponding Dirac state, where the subscript
(superscript) indicates the spin (pseudospin) state.

The proximity exchange (Aex) and orbital gap (A) parameters are in principle different from
those of the minimal p,-model Hamiltonian as they are renormalized due to the hybridization.
The hybridization parameters vanish, if the Dirac states directly at K are reasonably far
away from the ferromagnet d bands and an interaction does not affect them. As soon as the
Dirac states at K are close to a d band or the hybridization is so large that it affects the
spin splitting of the Dirac states, we can describe the hybridization with the corresponding
interaction parameter. The full effective Hamiltonian H,,,_q will be denoted as the p.-d-model,
and in the energy window of roughly £150 meV from the Dirac point energy, the band
structure can be well described by this model, see Figs. 3.8 and 3.9. The p,-d-model is of
essential value for the description of the hybridization between the d bands with the graphene
Dirac states, which can significantly enhance the effective proximity exchange splitting, as we
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will discuss later. Like the minimal p,-model, the p,-d-model has to be shifted in energy, to
match the DFT data and we call this energy Ey, which is an analog of Fp.

3.1.3. Results

One hBN layer

We start with presenting the results on the graphene/hBN/cobalt structure from Fig. 3.3,
where we considered three layers of cobalt and one layer of graphene and hBN, respectively.
From the spin and orbital resolved DOS in Fig. 3.6, we can see that the contributions to
the DOS from spin up and spin down channels of boron and nitrogen are not equal. Indeed,
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FIG. 3.6: Orbital and spin resolved DOS of all the atoms contained in one unit cell of
the graphene/hBN/cobalt heterostructure. Atoms Coq, o = 1,2, 3, which are ordered from
vacuum to interface with hBN, label the cobalt layers as shown in Fig. 3.3(b). Ca and
Cp correspond to the two different sublattices, where Cg is the one above the boron atom.
Positive (negative) value of the DOS corresponds to spin up (down) and different colors
correspond to projections on different orbitals.

boron shows a magnetic moment of —0.04 up and nitrogen shows a magnetic moment of
0.02 pup. The ferromagnetic exchange of hBN with cobalt happens mainly in the energy
window from —5 to 0 eV, as there can be strong interaction with the d orbitals from the
ferromagnet. We have already seen that the exchange energy of the highest lying valence
band of hBN is roughly 0.5 eV, induced by proximity magnetism from the cobalt. It is not
really surprising that hBN gets polarized by the cobalt, since the nitrogen atoms sit directly
on top of the cobalt atoms, see Fig. 3.3, maximizing the overlap of the orbitals. Especially we
see that, if the d,2 contribution to the DOS of Cos has a maximum, the p, orbitals dominate
the DOS of nitrogen. A clear band gap cannot be identified anymore in the DOS of hBN,
in contrast to pristine hBN, since the electronic states of graphene and the ferromagnetic
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substrate extend over the band gap of hBN.

The two carbon atoms Ca and Cg do not seem to get polarized at all from the DOS. However,
cobalt induces a small positive spin magnetic moment in both carbon atoms of roughly
4 x 10~* up. Especially in the energy window between —2 to 0 eV, we can see an imbalance
in the carbon DOS of the two spin channels. In this energy window also the DOS of hBN
shows a strong imbalance coming from p, orbitals, indicating the proximity nature of the
polarization of Dirac states. The Dirac point of graphene is now located at roughly —0.5 eV
below the system Fermi level, where we can see a very small peak in the spin up density of
both carbon atoms, in contrast to pristine graphene. We also note that at this energy there
is a large spin up contribution from p, orbitals of nitrogen and from d,2 orbitals of Cos.

The cobalt atoms, of course, possess a magnetic moment, but there are deviations among
them. The different atoms Co;, Cos, and Cos have magnetic moments of 1.71 ug, 1.59 up,
and 1.51 up, and deviate from the bulk value of 1.66 up. The magnetic moment of the cobalt
atoms decreases from the vacuum side to the interface with hBN. Cobalt d states are localized
in the energy window from —6 to 2 eV around the Fermi level.

Fig. 3.7 shows the spin polarized band structure with characters of the d orbitals of the
different cobalt atoms Co,, o = 1,2,3. We can see, that mainly one of Cog spin up bands is
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FIG. 3.7: Spin polarized band structure of graphene/hBN/cobalt heterostructure with
character of the d orbitals of the different cobalt atoms Co,, o = 1,2,3. Spin up (down)
bands are shown in solid red (blue). Thickness of the bands are weighted with the d orbital
character of the individual cobalt atoms, corresponding to the three layers in Fig. 3.3(b).

located at the Dirac point. By further investigation, one can see that this band represents the
highest lying spin up d band of cobalt and is mainly formed by its d,2 orbital, as indicated in
Fig. 3.8, which has a similar shape as a p, orbital. The effective overlap of the cobalt d,» and
the carbon p, orbital can be large, giving a main contribution to the transport perpendicular
to the vdW heterostructure.

In addition, two bands of Cos are located near the Dirac point energy. The lower spin up
band is also formed by the d.» orbital, while the upper spin down band is formed by a
combination of d 2_,» and dgy orbitals, with its spin up counterpart at roughly —1.7 eV
below the system Fermi level. What can also nicely be seen is the intrinsic exchange splitting
of cobalt of roughly 1.6 eV, especially if we look at the I point. As expected, mainly cobalt
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atoms Cog and Cogz from the interface side with hBN influence the Dirac states at the K
point, while the d bands from the cobalt atom Co; at the vacuum side are lying more far
away from the Dirac point. Moreover, we notice a window in energy between 0 and 0.5 eV
at the K point, where no d bands are located. By an external electric field, one could shift
the Dirac point to this free energy window such that the graphene Dirac bands will not be
crossed by any d bands and thus the band splittings at the K point will not get influenced by
hybridization with d bands.

Since we are interested in the proximity induced exchange spin splitting in graphene, we fit
our effective model Hamiltonians to the DFT calculated band structure, to get representative
parameters for our structures. Fig. 3.8(a) shows the spin polarized band structure of the
graphene/hBN /cobalt heterostructure for one layer of hBN. The graphene Dirac states for
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FIG. 3.8: Spin polarized band structure of graphene/hBN/cobalt heterostructure for one
layer of hBN. (a) Band structure in the vicinity of the Dirac point with labels for the main
orbital contributions from which the individual bands are formed, e.g. d.2(3) corresponds
to the d,2 orbital of cobalt atom Cos from Fig. 3.3(b). Labels Ej}, j = u,v,w are the energy
bands, which correspond to the cobalt d states used to fit the p,-d-model Hamiltonian in Eq.
(3.5). The energies Ej, in Eq. (3.5), are measured with respect to the energy Ey. (b) The
fit to the p,-d-model with a side view of the structure. First principles data (dotted lines)
are well reproduced by the p,-d-model (solid lines). (c) The corresponding splittings of the
valence (val) and conduction (cond) Dirac states of graphene. The main fit parameters are
Eo = —430.89 meV, A = 21.45 meV, A2 = —7.63 meV, AB. = 8.95 meV, E, = —279.41 meV,
FE, = —19.37 meV, E,, = 282.31 meV, wf = 48.44 meV. The most relevant parameters
are obtained, by minimizing the difference between the model and the DFT data for a
fitting range from K towards I" point for & points up to 20 x 1073/A. By performing the
fit towards M point, one would obtain slightly different parameters, at maximum deviating
by 5%. From the band structure and from the fact that we limit our fitting range, we find
that no additional hybridization parameters jﬁ iB are necessary to fit our band structure,
except for the mentioned ones. The Fermi velocity to match the slope away from K point is
vp = 0.812 % 106%, which corresponds to a nearest-neighbor hopping parameter of ¢t = 2.48 eV,
slightly smaller than the commonly used value of 2.6 eV [10, 12, 21], due to the larger lattice
constant used here.

spin up are lying lower in energy than the spin down ones. The Dirac point energy is below
the system Fermi level, corresponding to electron doping of graphene, since the Fermi level
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crosses now the conduction band of graphene. This shift is induced by the metal as suggested
in Ref. [25]. The cobalt bands hybridize with the graphene states in the vicinity of the K
point and introduce exchange splitting. From the band structure in Fig. 3.8 we see that the
linear dispersion of graphene is preserved. In addition, a gap forms and the spin degeneracy
of the Dirac states gets lifted, allowing for semiconducting properties along with the usage of
different spin channels by appropriate experimental setups. By comparing our DFT results
to the p.-d-model Hamiltonian H,__4, Eq. (3.5), we obtain the parameters given in Tab. 3.3,
for cobalt as the ferromagnet and one layer of hBN. The fit of the p,-d-model is shown by
solid lines in Fig. 3.8(b) and agrees very well with the DFT data. The gap in the dispersion
is found to be roughly 40 meV, while the band splittings are of the order of 10 meV, for
one layer of hBN. We additionally employ our p,-model valid directly at the K point. The
parameters for the p,-model are given in Tab. 3.4 and do not deviate much from the values
obtained by the p,-d-model, due to the rather weak influence of the hybridization of the d
orbitals with the graphene Dirac states at the K point.

Two hBN layers

Figure 3.9 shows the calculated band structure and the fit to the p.-d-model in the case of
two layers of hBN and three layers of cobalt. The inset in Fig. 3.9(b) shows the geometry for
two layers of hBN. The relative position of carbon atom Ca to hBN is not changed, while
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FIG. 3.9: Spin polarized band structure of graphene/hBN/cobalt heterostructure for two
layers of hBN (A A’ stacking). (a) Band structure in the vicinity of the Dirac point with labels
for the main orbital contributions. Inset shows a zoom on the conduction Dirac states to
visualize the reversal of the spin states. (b) The fit to the p,-d-model with a side view of the
structure for two layers of hBN. DFT data (dotted lines) are well reproduced by the p,-d-model
(solid lines). (c) The corresponding splittings of the valence and conduction Dirac states. The
fit parameters are Ey = —352.65 meV, A = 41.02 meV, M4, = 0.096 meV, AB. = —0.512 meV,
FEy, = —357.12 meV, F, = —114.75 meV, Ey, = 207.34 meV, V}T3 = 41.67 meV. The Fermi
velocity to match the slope away from K point is vp = 0.820 % 106%. All other parameters
are zero for the same fitting range as for the one layer case.

the position of the atom Cg is changed such, that it is again on top of the uppermost boron
atom, which is the energetically favorable situation for graphene on hBN. The conduction
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(valence) Dirac states are still formed by sublattice A (B), even though Cp has changed its
position within the unit cell. The layer distance between the two hBN layers was relaxed
to dppn/mBN = 2.977 A and the distance between the uppermost hBN layer and graphene is
dppn/ar = 3.114 A in the two hBN layer case. The corrugation of the lower hBN and the
distance between hBN and cobalt did not change. Fig. 3.9(a) shows the spin polarized band
structure of graphene/hBN/cobalt for two layers of hBN. In the band structure, now the
spin up graphene Dirac states are no longer lying lower in energy than the spin down ones,
leading to reversal of the sign of the exchange parameters A2 and AE. The band structure
shows, that the doping level decreases by roughly 80 meV and the hybridization with the d
band with energy E., coming from the top-cobalt layer, is strongly enhanced, in contrast
to the case with one hBN layer. The fit to the p,-d-model is shown by solid lines to the
DFT data in Fig. 3.9(b) and the obtained parameters are given in Tab. 3.3 for cobalt as the
ferromagnet and two layers of hBN. In Fig. 3.9(c) we can see that the band splitting at the K
point for the conduction (valence) bands is smaller (larger) compared to the one hBN layer
case. In addition, the proximity induced gap nearly doubles, and the hybridization to the d,2
band originating from Cog is much stronger.

The inset in Fig. 3.9(b) shows that for the case of two hBN layers, carbon atom Cp (now
in top position) has a direct connection to the cobalt atom in top position via a nitrogen
and a boron atom of the two individual hBN layers. Localized at this cobalt atom Cog in
top position, there is some density with d,2 character (resulting in the band with energy
E,), which can propagate through this direct path and polarizes carbon atom Cg. This
hybridization is described with the parameter V]TB, shifting the coupled bands in energy and
leading to the opening of a hybridization gap in the band structure, which also enhances the
band splitting at the K point. The vertical stacking of the atoms facilitates the hybridization
of the carbon p, states with cobalt d states. For the case of one hBN layer there is no
direct path connecting cobalt atoms in top-position and carbon atoms Cg and thus the
hybridization is suppressed. Again, by employing our p,-model directly at the K point, we
can extract parameters, which correspond to the pure splittings of the Dirac bands at the
K point, corresponding to the values of the splittings in Fig. 3.9(c). The values of A, and
AB | obtained from the two models are given in Tabs. 3.3, 3.4. They deviate by a factor
of 20, which comes from the fact, that the minimal p,-model describes dressed exchange
parameters, whereas the p.-d-model describes the bare exchange parameters. The dressed
parameters contain both the interlayer exchange, as well as spin-selective hybridization of p,
and d orbitals. The bare exchange couplings Aex are much weaker than in the single hBN
layer case, by an order of magnitude. However, the dressed coupling AP stays in magnitude
similar (the sign changes). The reason is that the valence band spin splitting is dominated by
the anti-crossing of d,2(3) and p,(Cg) orbitals, affecting only the spin up component. The
spin down valence band is not affected. As a result, the proximity spin splitting is in this case
caused by shifting the spin up band relative to its spin down counterpart, by the spin-selective
hybridization. This mechanism of proximity exchange can lead to a giant enhancement of the
proximity spin splittings.

In conclusion, two mechanisms are responsible for the band splittings of the graphene Dirac
states. Onme is the general magnetic exchange, coming from proximity magnetism of the
ferromagnetic substrate, which is influenced by the barrier thickness. The thicker the barrier,
the weaker is the general magnetic exchange splitting of the Dirac bands. Second, the
hybridization of the graphene states with the d bands can additionally enhance the pure band
splittings at the K point, as can be seen in Fig. 3.9. From the theory of magnetic interlayer
coupling, we know that the interlayer exchange coupling is an oscillating function of the
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spacer thickness [94, 95]. In our studies on graphene/insulator/ferromagnet structures, we
observe a similar behavior in the proximity exchange.

Additional Considerations

Here we address some outstanding questions related to our above analysis. How do additional
insulating layers perform? Can we control the doping level by an external electric field? Is
the proximity exchange affected? Are the band splittings we see representative for a thick
ferromagnetic substrate (are three Co layers enough)? How is the proximity effect affected by
the Hubbard U, which shifts the d orbital levels?

In the following we consider only the dressed band splittings Aex, obtained by the minimal
p.-model directly at the K point. Bare splittings are hardly affected by electric fields, and
their behavior with respect to the number of layers is that of a damped oscillator.

Dependence of the number of hBN layers. Figure 3.10 shows the dependence of the
proximity gap A and the two exchange parameters /\?X and AB_ on the number of hBN layers
between cobalt and graphene. We can see that the exchange parameters change sign by
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FIG. 3.10: Influence of additional number of hBN layers on the proximity induced parameters
for the graphene/hBN/cobalt structure, using the p,-model at the K point. Dependence of (a)
the proximity gap A, (b) the exchange parameters A2, and (c) A, on additional hBN layers
for different lattice constants or an additional Hubbard parameter of U = 1.0 eV. Parameter
values for 2 (3) layers of hBN were increased by a factor of 10 (100) for better visualization

as indicated.

adding an additional insulating layer. The proximity gap A nearly doubles for two layers of
hBN and stays essentially unchanged when a third layer is added, since the local environment
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of graphene does not change anymore. The parameters obtained by the p,-model are listed in
Tab. 3.4 for a = 2.489 A. For four layers of hBN, again the parameters change sign, but they
are even smaller than for three layers of hBN and thus not included here. The parameters A3,
and \B. are already in the pueV regime for three hBN layers, which is a result of the strong
barrier. The two layer hBN case is special for the case of AP, since this exchange parameter
has a similar magnitude as for the single layer hBN case, due to the strong hybridization
with the d orbitals close to the K point. We note that the distances for the three layer case
are similar to the two layer case. We only have one additional distance between the two hBN

layers directly below graphene, which was relaxed to dygn/nny = 3.088 A

As we have already seen, also the bands of hBN are spin split. To get a magnitude of
the exchange splitting of the individual hBN layers, we look at the graphene/hBN/cobalt
structure with three layers of hBN. In the band structure we can identify the highest (lowest)
lying valence (conduction) bands, which are spin split, of the three individual layers, similar
as in Fig. 3.4. From that, we extract the band splittings of conduction AF..,q and valence
AFEy,) bands of the individual hBN layers at the K point. We notice that the spin up bands of
hBN are always lying lower in energy than the spin down ones at the K point. The obtained
values are especially important for people who study spin and charge transport, as well as
tunneling in these kind of vdW structures. Due to the spin splitting of the bands, hBN can
additionally act as a spin filter for tunneling electrons, as reported in Ref. [27].
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FIG. 3.11: Conduction AF.y,q and valence AFE, band splittings of the three individual
hBN layers at the K point. Values are obtained by identifying the spin split hBN conduction
and valence bands of the three individual layers in the band structure of graphene/hBN/cobalt
heterostructure for three layers of hBN. Spin up bands of hBN are always lying lower in
energy than the spin down ones at the K point.

In Fig. 3.11 we show the valence and conduction band splittings at the K point of the three
hBN layers. We find that the exchange splitting of the first hBN layer (closest to the cobalt
surface) is roughly 0.5 eV. The splittings of the second and third layer decrease by one order
of magnitude, respectively, due to the distance related decay of the proximity magnetism.

Lattice constant effects. Since we have artificially set the lattice constant for all the (well
lattice matched) materials to be the same, we now consider its effect on the proximity
structure. We use the graphene constant a = 2.46 A, by simply changing the in-plane lattice
constant of the slab to this value without changing the vertical distances between the layers,
which should be more favorable for the description of the graphene dispersion. The results in
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this case do not deviate much from the case with our adopted a = 2.489 A, as can be seen in
Fig. 3.10, but the Fermi velocity for a = 2.46 A and one hBN layer is vp = 0.827 x 10° m/s,
corresponding to a larger nearest-neighbor hopping parameter of t = 2.56 €V.

Hubbard U. Since the exact position of the d bands is crucial to see the giant proximity
exchange in the case of two hBN layers, we consider what happens when we apply a
Hubbard U parameter to the calculation, shifting the d orbital levels. From recent studies
of graphene on copper [30] we know that the copper bands have to be shifted down in
energy by U = 1.0 eV to match the measured band structure from ARPES (Angle Resolved
Photo Emission Spectroscopy) experiments. From other DFT studies [96-100], mainly on
metal-oxides, it is not possible to get a unique value for U. Thus, we apply U = 1.0 €V, as a
generic representative value. The results are again in Fig. 3.10 and can be compared with the
calculations without a Hubbard U parameter. We can see that the parameters A and )\ﬁx stay
almost unchanged. However, A2 | representing the valence Dirac band splitting is strongly
affected, especially in the case for two hBN layers (it is not affected for three layers). By
applying the Hubbard U, we shift the band with energy Ey, in Fig. 3.9, down in energy away
from the Dirac states and thus the splitting at the K point decreases. The energetic position
of the d bands with respect to the Dirac point strongly influences the pure band splittings at
the K point, if the hybridization is large. In the absence of experimental guidance into the
exact relative position of d levels in our system, we can thus only predict the general trends
and rough magnitudes for the valence proximity splitting. If the d bands are indeed close
to the Dirac point, their influence will be giant, and one can expect ramifications in spin
tunneling and spin injection.

Electric field effects. Figure 3.12 shows the influence of the electric field on the proximity
parameters A, A2 AB and the Dirac point energy Ep. We model our electric field by a
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FIG. 3.12: Influence of the electric field on the proximity induced parameters for the
graphene /hBN /cobalt structure for one hBN layer, using the p.-model at the K point.
Dependence of the (a) Dirac energy Ep, the proximity gap A, and (b) the exchange parameters
AA and AB. on the applied transverse electric field.

saw-like potential oriented perpendicular to the slab structure. A positive field points towards
graphene and depletes its conduction electrons (lowers the magnitude of Ep). We can see that
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Ep and A show the same trend with electric field. In general, by increasing the electric field
the doping level decreases, i.e. one just shifts the Dirac point with respect to the Fermi level.
The proximity gap A also increases with increasing electric field reflecting the charge transfer
away from graphene. The continuous shift of the doping level with the applied electric field
allows to shift the Fermi level to the desired position. The general trend of the proximity
parameters is, that both tend to decrease with increasing electric field. For moderate field
strengths of £2 V/nm, the parameters and thus the band splittings at the K point are almost
unaffected.

As we have seen in the two hBN layer case, the valence band splitting is strongly affected by
hybridization with a d level. By applying an electric field, we can tune the energetic position
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FIG. 3.13: Influence of the electric field on the proximity induced parameters for the
graphene/hBN /cobalt structure for two hBN layers, using the p,-model at the K point.
Dependence of the (a) Dirac energy Ep, the proximity gap A, and (b) the exchange parameters
M and AB. on the applied transverse electric field. (c) and (d) show the calculated spin
resolved band structure projected on the graphene states in the vicinity of the Dirac point
for two differently chosen field strengths, to visualize the reversal of the valence spin states at
the K point.

of the Dirac point with respect to the d levels, which should also strongly affect the spin
splitting of the graphene Dirac bands. In Fig. 3.13 we show the influence of the electric field
on the proximity parameters for two layers of hBN. We can see that the Dirac point energy



34 3. Heterostructures with hBN

Ep increases with electric field, as for the monolayer hBN case. The proximity parameter )\g(
stays roughly constant in magnitude around 100 peV. In Figs. 3.13(c) and (d), we show the
calculated spin resolved band structure of the graphene/hBN/cobalt heterostructure for two
hBN layers, projected on the graphene states in the vicinity of the Dirac point for different
field strengths. The spin up graphene valence band at the K point is lying lower in energy
than the spin down one for £ = —4 V/nm and vice versa for E = 0 V/nm. Therefore the
parameter A2, is positive (negative) for fields smaller (larger) than roughly —1.5 V/nm, see
Fig. 3.13(b). At the transition field strength of —1.5 V/nm, we cannot exactly state, whether
AB_is positive or negative. The reason for this reversing spin states is the resonant d level.
At a certain energetic configuration between Dirac point and d level, adjusted by the external
electric field, the hybridization of the d level with graphene valence p, states vanishes (for
fields smaller than —1.5 V/nm) and the spin splitting changes sign. This allows to control the
sign of the injected spin by applying an electric field, shifting the Dirac bands through the
resonant d level. Of course, this effect can only be observed, if the d bands are indeed close
to the Dirac point. Also the proximity gap A jumps in magnitude at the same field strength
of roughly —1.5 V/nm, since the parameters A and A2, of the p.-model are connected. Apart
from the jump, the gap parameter increases with increasing field strength.

Additional cobalt layers. Finally we analyze the influence of additional cobalt layers on
the band structure, see Fig. 3.14. As we increase the number of cobalt layers, also more d
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FIG. 3.14: Influence of additional number of cobalt layers on the band structure for
the graphene/hBN/cobalt system for one hBN layer, using the p,-model at the K point.
Dependence of the (a) the proximity gap A, and the exchange parameters /\?X and A2 and
(b) Dirac energy Ep on additional number of cobalt layers.

bands are introduced in the dispersion. Consequently, in the vicinity of the K point in Fig.
3.5(e) graphene states can be disturbed by these additional cobalt bands. We can see that
the band splittings of the graphene Dirac states at the K point do not get influenced much
by additional layers, since the parameters A2 and AP stay almost constant, but the Dirac
energy, which is our measure for the doping level, seems to saturate only after 6 cobalt layers
are present. We conclude that three cobalt layers suffice to obtain representative proximity
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parameters, and 6 cobalt layers are needed to fix the relative positioning of the bands.

3.2. Graphene/hBN/Nickel

Similar to the approach with cobalt, we now use nickel as the ferromagnet. Nickel crystallizes
in a face-centered-cubic (fcc) lattice and has a magnetic moment of roughly 0.6 pp, smaller
than the one of hep-cobalt which is 1.6 pup [101]. Thus we expect the effects of proximity
induced magnetism to be smaller for the nickel substrate. In order to stack a hexagonal
lattice on top of it, we consider the (111)-plane. The lattice constant of nickel [102] is
a = 3.524 A and thus the lattice constant of the quasi hexagonal lattice of the (111)-plane is
$V2a =2.492 A, sce Fig. 2.11.

As a result the Ni(111)-plane is suitable for making heterostructures with graphene as the
lattice mismatch is small. Remember that the lattice constant of graphene is a = 2.46 A
[45] and the one of hBN [49] is a = 2.504 A. Thus we fix an effective lattice constant of
a = 2.48 A for the systems with nickel, to arrange the single layers in a commensurable way.
We again start with vdW-bonded layers, with d = 3.2 A and a vacuum spacing of 14 A.

3.2.1. Lattice Structure

We perform a similar total energy analysis as for the case of cobalt, again taking into account
the symmetry of the hexagonal lattices. The energetically favorable stacking of graphene
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FIG. 3.15: Structure of graphene/hBN /nickel, with labels for the different atoms. (a) Top
view of the structure, with one unit cell emphasized by the dashed line. (b) Side view
with stacking configuration: Cg over boron, Cp over hBN-hexagon. Nitrogen at top-site
above nickel and boron above fcc-site of nickel. The distances indicated are measured
between graphene/nickel and the nitrogen atom of hBN, since the hBN layer is buckled by
Az =0.101 A, as the boron atom is closer to the nickel surface. Atoms Ni,, a = 1,2, 3 label
the three nickel layers.
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on hBN has already been investigated in section 3.1.1. In this case, the lowest energy
configuration is, when nitrogen atoms are at top-site above nickel and boron atoms are at
fce-site above nickel. Carbon atoms sit on top of boron atoms and at the hollow site, above the
center of a hexagonal ring of hBN, see Fig. 3.15, in agreement with previous DFT-studies [24,
28, 55]. After relaxation of atomic positions we obtained layer distances of dy;/npy = 2.105 A
between the nickel and hBN and dgn/qr = 3.015 A between hBN and graphene (measured
between graphene/nickel and the nitrogen atoms, respectively, since the hBN layer is buckled).
The layer distances of this minimum energy configuration are in agreement with Refs. [24,
55, 90], which report dypn/cr = 3.22 — 3.40 A and dy;/npy = 1.96 — 2.12 A. The hBN-layer
is not flat anymore but slightly buckled by 0.101 A, in agreement with Refs. [55, 76]. The
vacuum in z direction for these composite systems is roughly 15 A after relaxation in order
to simulate quasi-2D systems. For hBN we use an AA’ stacking (B over N, N over B), being
the energetically favorable one.

In Fig. 3.16 we show the DFT calculated band structure divided into the two spin channels,
where the different colors correspond to the different layers of the vdW heterostructure with
one layer of hBN and three layers of nickel. We can see, that the bands of the individual
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FIG. 3.16: Character plot of the spin polarized band structure of the graphene/hBN /nickel
heterostructure. Left panel: Spin up character plot of the band structure. Different colors
correspond to the different layers of the vdW heterostructure (red = nickel, black = graphene,
green = hBN). Right panel: Spin down character plot.

layers are intact and get only slightly influenced by the other layers as for the cobalt case.
The hBN layer gets spin polarized, with an exchange energy of roughly 0.3 eV of the highest
lying valence band at the K point. The main influence of the ferromagnet is on the nitrogen
p. orbitals, where the overlap to the nickel d,2 orbital is maximal.

The graphene m-bands are lying within the band gap of hBN, but get influenced by the nickel
d-bands lying around the Fermi level. By analyzing the nickel bands for the different spin
channels, we find an exchange energy of roughly 0.6 — 0.8 €V, which is in agreement with the
bulk atomic magnetic moment of 0.6 up for nickel. The band structure, Fig. 3.16, shows that
our model Hamiltonian Eq. (3.5), can be used to describe the physics in the vicinity of the
K point, as the linear dispersion is preserved and three d bands are located near the Dirac
point energy.
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3.2.2. Results

One hBN layer

We begin our analysis of the graphene/hBN /nickel heterostructure by investigating the DOS,
see Fig. 3.17. There is clear similarity to the cobalt case, but also small and interesting
differences. We see that the contributions from the spin channels are not equal for boron
and nitrogen leading to a magnetization of these atoms. The energy window, where hBN
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FIG. 3.17: Orbital and spin resolved DOS of all the atoms contained in one unit cell of
the graphene/hBN /nickel heterostructure. Atoms Ni,, a = 1,2, 3, which are ordered from
vacuum to interface with hBN, label the nickel layers as shown in Fig. 3.15(b). Ca and
Cp correspond to the two different sublattices, where Cg is the one above the boron atom.
Positive (negative) value of the DOS corresponds to spin up (down) and different colors
correspond to projections on different orbitals.

interacts with nickel is from —5 to 0 eV, where nickel d orbitals strongly contribute to the
DOS. Consequently hBN gets polarized and the boron atom has a magnetic moment of
—0.02 up, nitrogen has a magnetic moment of 0.03 ug. The carbon atoms get proximity
polarized by the ferromagnet with a value for the magnetic moment of roughly 6 x 10™* ug,
surprisingly larger than for the case with cobalt. In an energy window around —2 eV, we
can see an imbalance of the two spin channels contributing to the carbon DOS. The Dirac
point is again roughly —0.5 eV below the system Fermi level, indicating electron doping of
graphene. At this energy we can see a peak in the spin up DOS coming from carbon and
nitrogen p, orbitals and from the Nig d.2 orbitals. Additionally at the energy 0.5 eV we notice
an imbalance of the two spin channels contributing to the carbon DOS, where spin down
contributions of nitrogen p, orbitals and of Ni3 d,2 orbitals are dominant. In total we see
that, the d,2 orbital DOS of Nis has a peak at roughly 0.5 eV and at precisely these energies
we see that nitrogen and carbon atoms show a peak in the corresponding spin channel p,
orbital DOS. The nickel atoms Nij, Nig, and Nis, see Fig. 3.15(b), have magnetic moments
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of 0.71 ugp, 0.70 up, and 0.59 up. Nickel atoms at the vacuum interface show an increased
magnetic moment, while nickel atoms at the hBN interface show a smaller magnetic moment
compared to the bulk value of 0.6 up. Nickel d states extend in the energy window from
—5 to 1 eV, which is about 2 €V narrower in comparison to the cobalt substrate due to the
magnetic moment and the exchange splitting that is smaller than for cobalt.

We further analyze the origin of the bands near the Dirac energy, which are essentially
states coming from the ferromagnet. Figure 3.18 shows the spin polarized band structure
of graphene/hBN /nickel structure with characters for the d orbitals of the different nickel
atoms Ni,, a = 1,2,3. At the I" point we can estimate the intrinsic exchange splitting of
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FIG. 3.18: Spin polarized band structure of graphene/hBN /nickel heterostructure with
character of the d orbitals of the different nickel layers Ni,, o = 1,2,3. Spin up (down) bands
are shown in solid red (blue). Thickness of the bands are weighted with the character of the
d orbitals of the different nickel atoms.

nickel to be 0.6 €V in agreement with the magnetic moment. The band structure also shows,
very similar to the case with cobalt, three d bands in the vicinity of the Dirac point, possibly
influencing the graphene band structure. The spin down d band is mainly originating from
all d orbitals of atoms Ni; and Nis, see Fig. 3.17, except for d,2 orbitals, in contrast to the
cobalt case, due to the different lattices of nickel and cobalt. The two highest lying spin
up bands originate from d,2 orbitals of Niy and Nis, similar as for the cobalt substrate. In
contrast to cobalt, the three d bands of nickel are all crossing the valence Dirac states and
the energy window from —0.5 to 0 eV at the K point is free from nickel d bands. We apply
our model Hamiltonian, Eq. (3.5), to describe the low energy graphene band structure near
the Dirac point.

Figure 3.19(a) shows the calculated spin polarized band structure of the graphene/hBN /nickel
heterostructure for one layer of hBN. The graphene Dirac states for spin up are lying lower
in energy than the spin down ones, as for the cobalt case. By comparison between nickel and
cobalt we notice that the Dirac point energy Ep for nickel is about 100 meV lower in energy
than for cobalt, but the proximity induced band splittings are smaller, as expected due to
the smaller magnetic moment of nickel. In general the band structures are quite similar with
the difference that nickel d states do not influence the Dirac states as much as cobalt does,
which manifests in smaller values of the hybridization parameters jﬁ iB for nickel. Most of
all, we notice that there is no d band crossing the conduction Dirac states in the chosen

energy and k-region. The fit to the p.-d-model is shown by solid lines to the DFT data in
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FIG. 3.19: Spin polarized band structure of the graphene/hBN /nickel heterostructures for
one layer of hBN. (a) Band structure in the vicinity of the Dirac point with labels for the
main orbital contributions. Labels £}, j = u,v,w are the energy bands, which correspond to
the nickel d states used to fit the p,-d-model Hamiltonian in Eq. (3.5). (b) The fit to the
p.-d-model with a side view of the structure. First principles data (dotted lines) are well
reproduced by the model (solid lines). (¢) The corresponding splittings of the valence (val)
and conduction (cond) Dirac states of graphene. The fit parameters are Ey = —527.98 meV,
A =22.98 meV, A2 = —1.25 meV, AB. = 8.17 meV, E, = —272.58 meV, E, = —201.27 méV,
Fy = —158.17 meV, VTB = 10.15 meV, WE’ = 4.19 meV. The Fermi velocity to match the slope
away from K point is vp = 0.81 x 106%. The fit parameters are again obtained in the same
way as for the cobalt case.

Fig. 3.19(b). We see that the p,-d-model Hamiltonian, Eq. (3.5), describes our first-principles
results very well for the fit parameters given in Tab. 3.3. Similar to the cobalt case, the
gap in the dispersion is roughly 40 meV and the band splittings are of the order of 10 meV.
We additionally employ our p,-model, Eq. (3.4), to extract the pure band splittings. The
parameter values for the p,-model are given in Tab. 3.4. Due to the weak hybridization with d
orbitals, the minimal model parameters are very close to the parameters of the p,-d-model.

Two hBN layers

Figure 3.20 shows the calculated band structure and the fit to the p,-d-model in the case
of two layers of hBN and three layers of nickel. Again the positions of carbon Cx has not
changed with respect to the hBN layers, while position of Cg was changed to be on top of
the uppermost boron atom. The layer distance between the two hBN layers was relaxed
to dypn/nBN = 2.995 A and the distance between the uppermost hBN layer and graphene
is dypn/ar = 3.110 A in the two layer case. The corrugation of the lower hBN layer and
the distance between hBN and nickel did not change. The inset in Fig. 3.20(b) shows the
geometry for two layers of hBN.

Figure 3.20(a) shows the spin polarized band structure of graphene/hBN /nickel for two layers
of hBN. The spin up graphene Dirac states are no longer lying lower in energy than the spin
down ones, leading to reversal of the sign of the exchange parameters, just as for cobalt,
see section 3.1.3. The fit parameters for the p,-d-model are given in Tab. 3.3. The fit to
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FIG. 3.20: Spin polarized band structure of graphene/hBN /nickel heterostructures for
two layers of hBN (AA’ stacking). (a) Band structure in the vicinity of the Dirac point
with labels for the main orbital contributions. Inset shows a zoom on the conduction
Dirac states to visualize the reversal of the spin states. (b) The fit to the p,-d-model
with a side view of the structure for two layers of hBN. First principles data (dotted lines)
are well reproduced by the p,-d-model (solid lines). (c) The corresponding splittings of
the valence and conduction Dirac states. The fit parameters are £y = —435.76 meV,
A =42.88 meV, AA, = 0.080 meV, AB. = —1.44 meV, E, = —363.36 meV, E, = —309.27 meV,
Fy = —251.05 meV, V}TB = 32.67 meV. The Fermi velocity to match the slope away from K
point is vp = 0.824 x 106%. All other parameters are zero for the same fitting range as for
the one layer case.
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the p,-d-model is shown in Fig. 3.20(b). We can see, that the band splittings for both the
conduction and valence Dirac states are smaller than in the single hBN layer case, as expected
due to the additional insulating layer, while the proximity induced gap A nearly doubles, and
the hybridization to the nickel d,2(3) state is much larger. From the geometry in Fig. 3.20(b),
we notice that carbon Cg has a direct connection with nickel atoms in top position via
a nitrogen and a boron atom of the two individual hBN layers, which is responsible for
the strong hybridization with the d band with energy F,. This hybridization drives the
strong proximity exchange in the valence band of graphene. By employing our p.-model
directly at the K point we extract parameters describing the pure splittings of the Dirac
bands, corresponding to the values of the splittings in Fig. 3.20(c). The parameters from the
p--model are given in Tab. 3.4. The values of AB. and AB_, obtained from the two models
are given in Tabs. 3.3, 3.4. In the case for nickel and two layers of hBN, they are of similar
magnitudes, in contrast to the cobalt case, since the d band with energy F, is relatively far
away from the Dirac point energy, so that the hybridization effects on the band splittings
at the K point are similar in monolayer and bilayer hBN structures. There is no resonant d
level as in the cobalt case.

Additional Considerations

In the following, we consider the effective band splittings directly at the K point, which
correspond to the exchange couplings in the minimal p,-model.
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Dependence of the number of hBN layers. Figure 3.21 shows the dependence of the
proximity gap A and the two exchange parameters /\‘QX and A2 on the number of hBN
layers between nickel and graphene. Similar to cobalt the exchange parameters decrease
by one order of magnitude and change sign by adding an additional insulating layer. The
proximity gap A doubles for two layers of hBN and stays constant, since effectively the local
environment for graphene does not change anymore by adding hBN layers. For completeness,
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FIG. 3.21: Influence of additional number of hBN on the proximity induced parameters for
the graphene/hBN /nickel structure, using the p,-model at the K point. Dependence of (a)
the proximity gap A, (b) the exchange parameters A2, and (c) A, on additional hBN layers
for different lattice constants or an additional Hubbard parameter of U = 1.0 eV. Parameter
values for 2 (3) layers of hBN were increased by a factor of 10 (100) for better visualization

as indicated.

the distances for the three layer case are similar to the two layer case. We have only one
additional distance between the two hBN layers directly below graphene, which was relaxed
to thN/hBN =3.073 A

Also the bands of hBN are spin split, and similar as for the cobalt substrate, we look at
the graphene/hBN /nickel structure with three layers of hBN. In the band structure we can
identify the highest (lowest) lying valence (conduction) bands, which are spin split, of the
three individual layers. From that, we extract the band splittings of conduction AFE.qnq and
valence AF., bands of the individual hBN layers at the K point. We notice that the spin up
bands of hBN are always lying lower in energy than the spin down ones. In Fig. 3.22 we show
the valence and conduction band splittings at the K point of the three layers. We notice that
the splittings are very similar, but smaller in magnitude, compared to the cobalt case.

Lattice constant effects. We also look how the band structure of the slabs change when
we use the graphene lattice constant, a = 2.46 A, by simply changing the in-plane lattice
constant to this value without changing the vertical distances between the layers. The results
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FIG. 3.22: Conduction AF,,q and valence AE,, band splittings of the three individual
hBN layers at the K point. Values are obtained by identifying the spin split hBN conduction
and valence bands of the three individual layers in the band structure of graphene/hBN /nickel
heterostructure for three layers of hBN. Spin up bands of hBN are always lying lower in
energy than the spin down ones at the K point.

in this case do not deviate much from the case with a = 2.48 A, as can be seen in Fig. 3.21.
The Fermi velocity for a = 2.46 A and one hBN layer is vp = 0.822 x 10° m/s, corresponding
to a larger nearest-neighbor hopping parameter of t = 2.52 eV.

Hubbard U. We now introduce a Hubbard parameter U = 1.0 eV to compare the results on
the calculations of different number of layers of hBN with the ones with U = 0 eV. However,
the influence of the additional on-site term on the band structure and the parameters is
negligible, see Fig. 3.21, in contrast to the cobalt case. The band structures for the nickel
case and for one/two layers of hBN, see Figs. 3.19, 3.20, show that the splittings of the Dirac
bands at the K point, without a Hubbard U parameter, are already almost not affected by
hybridization with d bands. Thus, if we shift away the d bands from the Dirac point by
applying a Hubbard U parameter, the band splittings are almost unaffected.

Electric field effects. Figure 3.23 shows the influence of the electric field on the proximity
parameters and the doping level for one hBN layer. We can see that Ep and A show the
same trend with electric field. By increasing the electric field the doping level decreases. The
proximity gap A also increases with increasing electric field reflecting the charge transfer away
from graphene. The continuous shift of the doping level with the applied electric field allows
to shift the Fermi level to the desired position. Compared to the case of cobalt, the proximity
parameters for nickel change more smoothly with applied electric field. The magnitude of the
proximity parameter /\fjx, on average, stays constant and the parameter A2 slowly decreases

with electric field, but for moderate fields the band splittings are almost unchanged. The
electric tunability of the proximity exchange in this case is rather weak.

Figure 3.24 shows the influence of the electric field on the proximity parameters and the
doping level for two hBN layers. We can see that Ep and A show the same trend with electric
field, as for the single layer hBN, but the orbital gap parameter A is roughly twice as large
as in the case with monolayer hBN. As we have already seen, the two proximity parameters
Aex change their sign, by adding the second hBN layer. The magnitude of the proximity
parameter )\?X stays roughly constant with electric field, but is one order of magnitude smaller
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FIG. 3.23: Influence of the electric field on the proximity induced parameters for the
graphene/hBN /nickel structure for one hBN layer, using the p,-model at the K point.
Dependence of the (a) Dirac energy Ep, the proximity gap A, and (b) the exchange parameters
AA and AP on the applied transverse electric field.
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FIG. 3.24: Influence of the electric field on the proximity induced parameters for the
graphene/hBN /nickel structure for two hBN layers, using the p,-model at the K point.
Dependence of the (a) Dirac energy Ep, the proximity gap A, and (b) the exchange parameters
M2 and AB. on the applied transverse electric field.

than in the monolayer hBN case. The proximity parameter A2, decreases with increasing
electric field. For negative (positive) fields, the Dirac point is shifted in energy towards (away
from) the hybridizing d levels, which cross the valence Dirac states, see Fig. 3.20, and A5,
is increasing (decreasing). We note that the magnitude of A2, in the bilayer hBN case is
comparable to the monolayer hBN case.

Additional nickel layers. Finally we analyze the influence of additional nickel layers on
the band structure, see Fig. 3.25. As we increase the number of nickel layers, also more d
bands are introduced in the dispersion. Consequently, in the vicinity of the K point graphene
Dirac states can be disturbed by these additional nickel bands. We can see that the band
splittings of graphene at the K point do not get influenced much by additional layers, since
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FIG. 3.25: Influence of additional number of cobalt layers on the band structure for
the graphene/hBN /nickel system for one hBN layer, using the p,-model at the K point.
Dependence of the (a) the proximity gap A, and the exchange parameters A2, and A2, and
(b) Dirac energy Ep on additional number of cobalt layers.

the parameters stay at the same order. In this case, already 4 layers of nickel show a steady
situation for the Dirac energy Ep. The effect on the proximity parameters is negligible.

3.3. Summary

We have investigated the proximity induced exchange interaction induced by the ferromagnets
cobalt and nickel into graphene through the insulator hBN. We found proximity induced
exchange splittings of the order of 10 meV together with a proximity gap of 40 meV for
one layer of hBN. As we go from one to two insulating layers, proximity induced exchange
interaction does not only get weaker by one order of magnitude, but the signs of the exchange
parameters reverse and the proximity gap doubles. This reversal of the signs continues for
up to 4 layers of hBN; the gap stays essentially constant. The proximity induced splittings
decrease by one order of magnitude for each additional layer. It is fascinating that the
ferromagnetism in graphene is proximity induced by the ferromagnetic slab and that the
strength of the proximity exchange behaves like a damped oscillator with respect to the
number of hBN layers between graphene and the ferromagnet.

By changing the in-plane lattice constant of the slab vdW structure to the more reasonable
graphene lattice constant, band splittings are not affected. An additional on-site Hubbard
U term, can affect the band splittings of the Dirac states at the K point significantly, since
hybridization effects of d bands with graphene p, states play an important role, especially
when a resonant d level is near the Dirac point, as in the case of cobalt and two layers of hBN.
In addition we found that, by applying an electric field, we can continuously shift the doping
level and tune the proximity gap. The exchange splittings of the bands are almost unaffected
for one hBN layer, but if a resonant d level is near the Dirac point, we can control the sign of
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the spin splitting, as we have seen for the valence Dirac band in the case with cobalt and two
hBN layers. This allows to control the spin polarization in graphene, by an external electric
field, if the d levels are indeed near the Dirac point. By adding ferromagnetic layers to the
system we are able to stabilize the doping level, but we find that three ferromagnetic layers
are enough to study the proximity effects.

Table 3.3 (3.4) summarizes the results on the presented structures for the different ferromagnets
cobalt and nickel and for 1-3 layers of hBN, necessary to fit the DFT data of the corresponding
structure with the p.-d-model (p,-model) Hamiltonian. We find that the results for both
ferromagnets are quite similar, but in general the hybridization strength of cobalt is a bit
larger compared to nickel, which is a consequence of the different atomic magnetic moments.
When there are at least three layers of hBN between the ferromagnet and graphene, there is
essentially no difference between cobalt and nickel anymore, since all hybridization effects are
strongly suppressed.

FM  hBN Ey A pYe 2B Eu B, By 1A vp /105
[layer] [meV] [meV]  [meV] [meV] [meV] [meV] [meV] [meV] [m/s]

Co 1 -430.89  21.45 -7.63 8.95 -279.41 -19.37 282.31 48.44 (Wf) 8.12
-352.65  41.02 0.096  -0.512 -357.12 -114.75 207.34 41.67 (v,]ra) 8.20

3 -301.07  38.83 -0.005 0.018 -408.70 -166.03  155.10 - 8.21

Ni 1 -527.98  22.98 -1.25 8.17 -272.58  -201.27 -158.17 10.15 (V,]?)7 4.19 (WJ]?) 8.10
2 -435.76  42.88 0.080 -1.44  -363.36 -309.27  -251.05 32.67 (VTB) 8.24

3 -361.54  40.42 -0.006 0.017 -437.30 -384.53 -324.91 - 8.26

TAB. 3.3: Summary of the most relevant parameters for all relevant structures (a = 2.489 A
and U = 0 eV) for the different ferromagnets (FM) cobalt and nickel for 1-3 layers of hBN,
respectively. Proximity gap A, energy shift Ey, exchange parameters S\?X and /N\E‘X, energies
Ey, Ey, Ey of the interacting ferromagnet bands (measured with respect to Ey) and the
interaction parameters (IA) necessary to fit the DFT data of the corresponding structure

with the p,-d-model Hamiltonian H, Eq. (3.5).

FM hBN [layer] FEp [meV] A [meV] M\ [meV] AE, [meV]

Co 1 -433.10 19.25 -3.14 8.59
2 -348.03 36.44 0.097 -9.81
3 -301.10 38.96 -0.005 0.018
Ni 1 -527.89 22.86 -1.40 7.78
2 -434.82 42.04 0.068 -3.38
3 -361.57 40.57 -0.005 0.017

TAB. 3.4: Summary of the parameters for all relevant structures (a = 2.489 A and U = 0 eV)
for the different ferromagnets (FM) cobalt and nickel for 1-3 layers of hBN, respectively.
Proximity gap A, Dirac point energy Ep, exchange parameters A2 and AB. necessary to fit
the DFT data of the corresponding structure with the minimal p,-model Hamiltonian at the
K point.

Two mechanisms are responsible for the band splittings of the graphene Dirac states. One
is the general magnetic exchange, coming from proximity magnetism of the ferromagnetic
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substrate, which is influenced by the barrier thickness. The thicker the barrier, the weaker is
the general magnetic exchange splitting of the Dirac bands, since we increase the effective
distance to the ferromagnetic substrate. Second, the hybridization of the graphene states
with the d bands can additionally enhance the band splittings significantly. The strength
of the hybridization depends on the energetic position of the d levels with respect to the
Dirac point energy and from the fact, if there is a direct channel which can transport the
magnetism from the ferromagnet to graphene, i.e. the effective overlap of the d,2 orbitals
with the p, orbitals of graphene.



Chapter

Heterostructures with Oxide
Insulators

In this chapter we consider the oxide insulators AloO3 and SiOs to be the tunneling barriers
between the ferromagnets and graphene. Oxide insulators usually appear in an amorphous
structure and thus things like surface termination and energetically favorable stacking are
hard to predict. As there are no DFT calculations on these structures so far, we are only
presenting results on the structures as defined in the following. In order to keep the barrier
between the ferromagnets and graphene as thin as possible, we take the oxide insulator
thickness to be smaller than 5 A. We know that we then need roughly one monolayer® of
SiO9, but only half a monolayer of AlsOg.

The (0001)-surface of AlO3 was intensively studied during the years [63, 64|, predicting
an aluminum surface termination [65] with 1/3 monolayer of aluminum. Therefore we take
this surface termination on the interfaces with graphene and the ferromagnets. Due to
previous studies of the graphene/a-SiO2(0001) interface [29, 58-60], we adopt an oxygen
surface termination of SiOy at the interface with the graphene and place graphene at the
hollow sites above SiO2 following Ref. [29]. At the interface with the ferromagnets, we take a
silicon surface termination of SiOs. The problem is that from experiments, no unique surface
termination can be determined and also the stacking configuration cannot be predicted for
sure and thus we have to rely on our choice. In contrast to the hBN case, we also do not know
how to stack the layers. Thus we simply start by putting the single layers (graphene, insulator
and ferromagnet) on top of each other in a way, where we think that it is energetically
favorable. To create the unit cells, we need to consider 2 x 2 supercells of graphene and the
ferromagnets, which can then be matched with a 1 x 1 cell of the oxide insulators. For the
vdW heterostructures we use in-plane lattice constants of a = 4.92 A for SiO5 and a = 4.90 A
for Al,Os. All atoms within the whole unit cell were allowed to adjust their x, y and z
positions during the relaxation process, such that forces were reduced below 5 x 10~# [Ry/aq].
The vacuum distance of the vdW structures after relaxation is roughly 15 A and the layer
distances, which are very similar to the cases with hBN, are given in the corresponding
section. The k-point sampling for the reduced Brillouin Zone in the oxide insulator cases was
54 x 54. All other computational details are the same as for the hBN case and can be found
in appendix B.3

We will not perform an analysis of the structures in detail, as has been done in the cases
for hBN, but to get a magnitude for the proximity induced magnetism, we extract the band
splittings directly at the K point. The values of the proximity splittings in the graphene bands

I The lattice constants ¢ of SiO- and Al>O3 are 5.405 A and 12.98 A. Thus we cut the unit cell such that we
get the necessary thickness of roughly 5 A for the barrier.
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are only representative for the presented structures, as the stacking influences the strength
of proximity induced effects. Lattice structures and band structure plots are shown for the
cases with nickel as the ferromagnet only, since results are very similar for structures with
cobalt. In general we expect the magnitude of the proximity magnetism to be small, since
the effective thickness of the barriers between the ferromagnet and graphene is comparable
to the case with two or three layers of hBN.

Unfortunately, we were not able to perform the relaxation of atomic positions for the structures
with SiO9 and thus we do not have any results for these cases. However, we expect that
proximity effects are very similar for both oxide insulators. Results for the oxide insulator
Al>,O3 combined with the two ferromagnets cobalt and nickel, respectively, are listed in Tab.
4.1.

4.1. Graphene/Al,O;/Ferromagnet

We begin the analysis on the structures with the oxide insulators with AlsOs. After relaxation
of atomic positions, we obtained the structure shown in Fig. 4.1 with the thickness of the
Al O3 layer itself to be 4.70 A. The distance between graphene and Al,O3 was relaxed to
dar/a1,05 = 2.99 A and the distance between nickel and Al,Os is dni/al,0; = 2.15 A. Both

distances are slightly larger by roughly 0.03 A in the cobalt case.

We can see that the structure now has an oxygen surface between graphene and AloO3 even
though we started with an aluminum surface termination with 1/3 monolayer of aluminum
on both sides [65]. The weak interaction with graphene, allowed the surface aluminum atom
on the graphene side to be pulled back towards AloO3. On the interface side with nickel,
the aluminum surface termination is still intact due to the strong interaction with the nickel
surface. The structure with cobalt as the ferromagnet is very similar to the one with nickel.
The two different carbon sublattices can be distinguished, by defining Cx at the hcp-sites

® Yool oo
(a) b

a~4.90A

@ Nickel @ Oxygen
® Aluminum @ Carbon

FIG. 4.1: Structure of graphene/AlyO3/nickel, with labels for the different atoms. (a) Top
view of the structure shows one unit cell with the lattice constant a = 4.90 A. (b) Side view
with stacking configuration and layer distances as indicated.
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and Cp at the fcc-sites above the nickel surface in Fig. 4.1(b). In Fig. 4.1(a) we can see that
both sublattices are above an aluminum atom and above three nickel atoms in the unit cell.
Thus, the sublattices A and B in total have almost the same effective environment and we
expect only a small orbital gap in the spectrum, since sublattice symmetry should not be
broken as strong as in the hBN case. Also the proximity induced band splittings should be
small, since the thickness of the insulator is quite large.

We want to have a look at the general band structure of the system. In Fig. 4.2 we show
the calculated spin polarized band structure of the graphene/AlyOg3/nickel heterostructure
divided into the two spin channels. What is very astonishing is that the graphene Dirac point
is roughly 1 eV above the system Fermi level and Dirac states do not get influenced by any
bands in a very large k and energy window around the Dirac point. By using our definition
of the doping level, graphene is p-doped in the case of AlsO3 in contrast to hBN. The linear
dispersion is nicely preserved and it seems that the graphene w-states do not get influenced,
even though there is the Al;O3/nickel substrate below. Bands of the nickel are again located
around the Fermi level and valence states of the Al,O3 layer are below —1.5 eV. Of course, d
bands of the ferromagnet hybridize with states from the insulator. Since we are interested in
proximity effects in graphene, we will not analyze this complete chaos in the band structure
and immediately look at the graphene Dirac states.

spin up spin down

E - Eg [eV]

FIG. 4.2: Character plot of the spin polarized band structure of the graphene/AlyO3 /nickel
heterostructure along the high symmetry path M-K-I'. Left panel: Spin up character
plot of the band structure. Different colors correspond to the different layers of the vdW
heterostructure (red = nickel, black = graphene, green = Aly03). Right panel: Spin down
character plot of the band structure.

In Fig. 4.3(a) we show a zoom on the calculated spin polarized band structure for the
graphene/AlyO3/nickel heterostructure. Similar to one layer of hBN, we can see that the
spin up Dirac states are lower in energy than spin down ones. However, the band gap and
the splittings are very small. The fact, that no states influence the graphene Dirac bands
allows to apply the p,-model at the K point. We have to admit, that the conduction and
valence Dirac states are no longer formed by a specific sublattice exclusively, as in the hBN
case. Thus the sublattice resolved exchange Hamiltonian Hey is in principle not valid as

defined and the exchange parameters )\fjx and AP do not represent the proximity magnetism
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induced on a certain sublattice. However, the band structure can be nicely reproduced by
the p,-model for k points up to 10 x 1073/A away from the K point, see Fig. 4.3(b),(c).
The gap is roughly 2 meV, small compared to the hBN cases, since the two sublattices are
effectively almost equal, as already mentioned. The band splittings are roughly 200 peV,
being comparable to the case with two or three layers of hBN. The proximity parameters

(@ 14 60
40 -
(cond)
1.2 4 20
0
— a _20 _
E 1 spinup — val)
& spin down — —40
I 08 -60 W ‘ ‘ ‘
m 8
1‘< 10 5 0 5 10
250
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FIG. 4.3: Spin polarized band structure of graphene/AlsO3/nickel heterostructure. (a) Band
structure in the vicinity of the Dirac point. Inset shows a zoom on the Dirac states to visualize
the splitting of the spin states. (b) The fit to the p,-model. First principles data (dotted
lines) are well reproduced by the p,-model (solid lines). (¢) The corresponding splittings of
the valence (val) and conduction (cond) Dirac states of graphene. The fit parameters are
Ep =938.82 meV, A = 1.28 meV, )\?X = —0.083 meV, A2 = 0.114 meV. The parameters are
obtained, by applying the p.-model at the K point. The Fermi velocity to match the slope
away from K point is vp = 0.823 x 106%.

obtained by the p,-model, for the case of cobalt and nickel are listed in Tab. 4.1. We find
that the band splittings are very similar in the case of cobalt. Due to the larger atomic
magnetic moment in cobalt, the total band structure is a little bit different, namely spin up
and spin down d bands of cobalt are more split in energy and thus spin down d bands are
located around the Dirac point energy, in contrast to nickel. However, the spin down d bands
of cobalt almost do not influence the graphene Dirac states due to the thick AlsOs barrier
and the situation is effectively the same as for nickel.

4.2. Summary

In summary we have investigated the oxide insulator AlyO3 as the barrier between the
ferromagnets nickel/cobalt and graphene. The proximity induced band splittings in graphene
are of the order of 200 peV, the gap in the spectrum is around 2 meV. The parameters, obtained
by applying the p.-model at the K point, are listed in Tab. 4.1 for the heterostructures with
the oxide insulator AlsO3. The mechanism that leads to the splitting of the bands is the
general magnetic exchange, which depends on the barrier thickness and the strength of the
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FM OI Ep[meV] A [meV] M) [meV] AB [meV] wvp/10° [m/s]

Co AlO3 881.86 1.02 -0.055 0.066 8.23
Ni  AlOs 938.82 1.28 -0.083 0.114 8.23

TAB. 4.1: Summary of the parameters for all relevant structures for the different ferromagnets
(FM) cobalt and nickel with the oxide insulator (OI) AlyOg, respectively. Proximity gap A,
Dirac point energy Ep, exchange parameters A2 and AB. and Fermi velocity vr necessary to
fit the DFT data of the corresponding structure with the minimal p,-model Hamiltonian.

atomic magnetic moment of the ferromagnet. No hybridization effects with d bands from the
ferromagnet influence the spin splittings of the Dirac bands.

In the case of SiO9, we expect the strength of the proximity effects to be very similar to the
presented case with AloO3. In principle, also other insulating barriers like MgO or TiOy can
be used for this kind of vdW structures, as reported in Refs. [66, 103-105]. However, hBN
seems to be one of the most interesting candidates as the tunneling barrier.






Chapter

Summary and Outlook

In total we have investigated the magnetic proximity effect in graphene/insulator /ferromagnet
structures. We have seen, that a gap opens at the Dirac point and that the Dirac bands
of graphene get spin split, even if the insulating barrier is relatively thick, as for the oxide
insulator AloOs. Especially hBN is a promising candidate for vdW structures, since we
have found a damped oscillation in the proximity exchange in graphene with respect to the
number of hBN layers between graphene and the ferromagnet. In addition to that, hBN
acts as a spin filtering tunnel barrier, which is especially attractive for the spin injection in
graphene. By systematically studying several modifications of the vdW structure (number
of ferromagnetic and insulating layers) as well as in the DFT input (electric field, Hubbard
U), we provide reasonable proximity parameters that can be used in model charge and
spin transport calculations. Moreover, we found that a resonantly coupled d level from the
ferromagnet, near the Dirac point energy, can lead to a giant enhancement of the proximity
spin splitting which can be tailored by electric field.

This whole study on proximity effects in graphene/insulator/ferromagnet structures can be
continued by including SOC, which could further enhance the splitting of the Dirac bands, not
only due to the SOC splitting in general, but also due to a possible spin-mixing hybridization
of the d bands with the graphene Dirac states. As we have already started to study vdW
structures with Al;Og, one could also think about using other oxide insulators (MgO, TiOz).
Moreover, other interesting materials exist, that can be used to create vdW structures.
Especially transition metal dichalcogenides and topological insulators are intensively studied
in current research.
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Appendix

Reminder on DFT

A.1. Many-particle systems

Typically, in condensed matter physics, we deal with a large number of atoms (N ~ 10%3)
and to investigate properties of a solid one has to combine techniques of quantum mechanics
and statistical physics. The difficulty comes from the large number of constituents and their
possible interactions. To describe the microscopic properties of a solid, one needs to know
the Hamiltonian of this system containing all kinetic and interaction terms

H:E+7;1+Vee+vnn+veny (Al)

where every individual term contains at least a sum over N particles. By solving the
corresponding Schrodinger equation, we can extract eigenstates and eigenenergies, necessary
to calculate quantities of interest.

It would be nice to solve the exact equation, but this is nearly impossible due to the large
amount of constituents in a solid. One needs to develop methods which can handle this
Hamiltonian as accurate as possible, without neglecting anything of importance. Since the
mass of the nucleus in an atom is much larger than the electron mass ﬁ—‘; ~ 10~ one can
consider the electrons to be in a system, with a positive charge distribution from nuclei with
fixed positions (Born-Oppenheimer approximation). The Hamiltonian A.1 reduces to

H= 72 + Vee + Vext + EC7 <A2)

and because of the fixed position of the nuclei, their kinetic energy is zero. The interaction
term between the nuclei reduces to a constant E., only leading to a shift in energy. The
actual influence of the nuclei on the electrons is contained in the external potential Veyt,
containing all kinds of interactions, depending on the system. The Hamiltonian we now have
to consider is

H= Hel + Vextv (AS)

with a system-independent part H, and a part Veyy which contains all the system-relevant
information. Therefore we now have a wave function ¥ ({r;}), which only depends on the
coordinates r; of the electrons, since the positions of the nuclei are fixed. By this simple
assumption life is already much easier.
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A.2. Density functional theory

Still, the Hamiltonian contains too much terms, to be solvable as in a simple single particle
Schrédinger equation. For solids, one commonly uses Density Functional Theory (DFT). This
method was established by P. Hohenberg and W. Kohn (HK) in 1964. The most important
quantity in this formalism is the electronic density p(r)

N

p(r) = loi(r)]%, (A.4)

i=1

contrary to the formalism of Schrédinger, where the wave function W(r;) plays the central role.
The theorems of HK [106] prove that the density, which only depends on three parameters 7,
provides the same information as the wave function, depending on 3N parameters r;.

Kohn and Sham (KS) developed out of the HK theorems methods for treating an inhomoge-
neous system of interacting electrons, the so called Kohn-Sham equations [107]. These are
self-consistent equations with exchange and correlation effects contained in a suitable way.
By minimizing the ground state energy functional written in the form

Elp] = / p(r)Vexs(r)dr + % / Wdrdr/+a[p] (A.5)

one can derive equations, which are analogous to single particle equations. These Kohn-Sham
equations read

2 ,,,/
[_hVQ + ( P(_ ), dfr', —+ VXC(”') + %m("’))] d)z(T) = 5i¢i(r)> (AG)
2m lr —r/|
where SE
Vie(r) = 5;“. (A7)

Now one has to solve, in a self-consistent way, single-particle equations for all the ¢;’s, which
actually describe quasi-particles with their energies €;. But by construction it is guaranteed,
that the density of these quasi-particles is equal to the true electron density.

A.3. Exchange-Correlation functional

No approximations have been made so far, apart from the Born-Oppenheimer one, but the
exchange-correlation energy Fy. is unknown and hence the search for functionals is central in
DFT-research. Of course it has to be approximated, to make our theory applicable. Two
different exchange-correlation functionals are extensively used in calculations, namely LDA
(local density approximation) and GGA (generalized gradient approximation). For a slow
varying density p(r), Exc[p] can be written as

EXPMpl = [ plr)eliPC o(r)dr, (A35)

with efFG(p(r)) being the exchange-correlation energy density (energy per electron) of a

uniform electron gas of density p [107]. This we call LDA, because the dependence of the
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functional on the density is only local. £HFG(p(r)) is a function of p and we obtain an
exchange-correlation potential of the form

_ 5E$C _ 8€>I:ICEG([)(,,.>)
ViPA(r) = o e (p(r)) + P(T)T(T)- (A.9)

It is surprisingly accurate for realistic systems, but it fails in systems that are dominated
by electron-electron interaction effects (like heavy fermion systems), because there is no
resemblance to a uniform electron gas [108].

A first step to improve LDA is to take also the density of the neighboring volumes into
account. Therefore 4. should also depend on the gradient of the density, which is then called
GGA. The exchange-correlation energy is now of the form

ESAp) = [ pr)zse(p(r). Vo(r))dr, (A-10)

where e, # PG is a function that depends on the density p(r) and the gradient of the

density Vp(r). One can choose ey in different ways, to get different GGA’s. This freedom
does not exist for LDA, because there is only one correct expression for ed*¢. The most
appropriate and most reliable GGA’s were proposed in 1996 by Perdew, Burke and Ernzerhof
(GGA-PBE) [109].

A.4. Basis sets

The final step in DFT is, that one needs to solve equations of the form

Hepti = €ids, (A.11)

where Hsp, is a single particle Hamiltonian and ¢; are the Kohn-Sham single-particle orbitals.
In general, one first needs to define a ground state density. But before we can define a density,
we need a basis set qbg, so that we can expand the wave function within the chosen basis set

P
bi =D b, (A.12)
p=1

because we do not know how the ¢;’s look like, which define the density. For an exact
definition of ¢;, one needs an infinite basis set (P — 00), because the ¢; belong to a function
space with infinite dimension. As this is not practical, we limit the number P, but accept,
that we can only generate functions which are close to the exact ¢;. Having chosen a basis,
the problem reduces to an eigenvalue problem and the search for the expansion coeflicients
c;f). If we choose a basis set, that is similar to the ¢;, the number P reduces, and we can still
accurately describe the wave function (efficiency). This assumes, that one already knew the
solution right before starting the calculation, which is in general not the case. So additionally
the basis set should work for the majority of problems (unbiased).

Two different basis sets exist, which are mixed to combine their good properties. One are the
plane waves, which accurately describe weakly bound/free electrons and the other ones are
local orbitals/atomic like functions, which accurately describe heavily bound electrons.



58 A. Reminder on DFT

It would be nice, if the basis functions are mathematically simple. Solids or crystals have a
periodic structure and hence a periodic Hamiltonian and so we can choose the basis set to be
plane waves. The wave function writes

on(r) =" expli(k + K)r). (A.13)
K

In this notation, i = (n,k) and p = k + K. Remember that we have to limit our basis
set. We choose K < K42, that corresponds to a sphere with radius R = K4, around the
origin of reciprocal space. All reciprocal lattice vectors smaller than K., are taken into the
basis set. Determining the eigenvalue problem, yields for each eigenvalue e™* an eigenvector
[c%k] px1 of P values for CTIL{’k. The P eigenvalues each with their own set of coefficients, and
each leading to another eigenfunction ¢}. So we found P different eigenfunctions, all with
the same k but with different band index n. When we repeat the calculations for every k,
that is contained in the first Brillouin zone, we get the band structure. The number of k’s
defines the sampling. To make this ansatz applicable, we look at the wave function of a
simple atom. The most oscillating part is near the nucleus, so one needs to modify something
in this region. One can use atomic like functions in combination with plane waves or one can
modify the potential (pseudopotential method). Chemistry happens in the outer shells, and
for the description in the inner shells, we replace the potential through a pseudopotential,
to reach smooth tails of the wave functions there. Going to the outer region, the potential
evolves into the true potential.

Even though the pseudopotential method is useful, one cannot appropriately describe proper-
ties of the system near the nucleus. We have to search for another basis set, that describes
the electrons properly, which means they are more or less free far away from the nuclei and
near the nuclei they behave as bound to the atom. Therefore we use a combination of plane
waves and atomic like functions. For this we divide the space into two regions. The so called
muffin tin sphere S, with radius R, around each atom, and the remaining space outside of
them called the interstitial region I; see Fig. A.1. The augmented plane wave (APW) basis
set is defined as in Ref. [110]

ﬁexp(i(kz%—K)r), rel

Sk (r E) = (A.14)
= AR up (B, ¢), e S,
lym

The position inside the spheres is given with respect to the center of each sphere by 7’/ = r—r,,.
uf(r’, E) are the solutions of the radial part of the Schrédinger equation for a free atom o
and Y#I(H’ ,@') are spherical harmonics. Inside S, the basis is a linear combination of atomic
functions (Af:;lk+K are coefficients) and should therefore be close to the actual eigenfunctions.
One requirement is that the plane waves match the atomic functions in value, over the

complete surface of the sphere, in order to determine the coefficients uniquely.

In order to describe the eigenstates accurately with this basis one needs to set the free
parameter E, in uf*(r’, E)), equal to the band energy ¢} and therefore we have to start with a
guessed value for €} before we start solving the secular equation. The APW method contains
one difficulty, as we do not know the eigenenergies I/ = € yet, to construct the basis set,
because this is what we are actually searching for. For this the basis of Linearized Augmented
Plane Waves (LAPW) exists in order to overcome this obstacle. We make a Taylor expansion
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FIG. A.1: Definition of muffin tin sphere S, with radius R, around each atom and interstitial
region I, taken from Ref. [110].

of uf*(r’, E') around a specific energy Ej

ouf(r', E)

() = o (07 B + (Bo— ) PLEE)
=0

+0[(Bo — ey, (A.15)

and take the first two terms into account, to create the LAPW basis

ﬁexp(i(kquK)r), rcl
¢k (r, E) = (A.16)
(AR (o Bo) + B g (7, Bo))Yi(0', ), 7€ Sa
Bu?‘(r’,E)

where 4 = —55 . An additional coefficient must be introduced, because we do not

‘E:Eg
know the energy difference Ep —e}l. To determine AIO‘T;L’HK and Blo;;erK we need the matching,
at the sphere boundary, to the plane waves in value and slope. In order to accurately describe
the band structure, we should choose a set of ET; (for every band /) and not an universal
Ey in Eq. A.16. The limitation criteria here is the product RZ”"Kmax, where R;”m is the
smallest muffin tin radius. A well bound electron to the nucleus is called a core state and
participates not in chemical bonding. It is therefore contained in the muffin tin sphere. States
outside the sphere take part in chemical bonding and are called valence states and are treated
by LAPW. Low lying valence states are called semi-core states. If we want to describe these,
we do not know how to choose E{;, because we do not know in which band these states
sit. We can add another type of basis function to LAPW, a local orbital (LO), to solve this
dilemma. A few more types of basis sets exist, such as the APW+lo, which combines the
good features of APW and LAPW+LO; see e.g. Ref. [110].






Appendix

Computational Implementation
and Details

B.1. Program packages

The Atomic Simulation Environment (ASE) is a set of tools and Python modules for
setting up, manipulating, running, visualizing and analyzing atomic simulations [111]. It
was used to create the slab structures with the corresponding distances and to set up the
input data of the calculations. We created the structures of the single layers and for the vdW
heterostructures, single layers were stacked in a suitable way.

XCrySDen is a crystalline and molecular structure visualization program aiming at display of
isosurfaces and contours, which can be superimposed on crystalline structures and interactively
rotated and manipulated [112]. It was used to view the structures we generated and to
produce the k-path for band structure calculations. After relaxation of atomic positions it
was used to measure the distances between the single layers in the vdW systems.

VESTA is a 3D visualization program for structural models, volumetric data such as
electron/nuclear densities, and crystal morphologies [113]. It was used to visualize the crystal
structures, visualize spin polarizations or other volumetric data. All figures showing crystal
structures were produced with VESTA.

QUANTUM ESPRESSO (QE) is an integrated suite of Open-Source computer codes for
electronic-structure calculations and materials modeling at the nanoscale. It is based on
density-functional theory, plane waves, and pseudopotentials. It is able to calculate ground
state properties, perform structural optimizations, quantum transport and many more [114].
It was used for structural relaxation of the systems and the calculation of electronic properties,
such as band structure and DOS. We calculated the ground state properties of the single
layers, as well as for the vdW structures.

The program package WIEN2k allows to perform electronic structure calculations of solids
using density functional theory (DFT). It is based on the full-potential (linearized) augmented
plane-wave ((L)APW) + local orbitals (lo) method, one among the most accurate schemes for
band structure calculations. WIEN2k is an all-electron scheme including relativistic effects
and has many features [115]. It was used to compare and check the results obtained from
QE-suite.
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B.2. Lattice constant analysis

Since we deal with vdW heterostructures and all the single layers have a different lattice
constant, we have to analyze the influence of the lattice constant on the electronic properties
of the single layers, in order to get a reasonable structure. By calculating the band structure
and ground state total energy of graphene for several different lattice constants, we can
see that the lowest energy is obtained for a lattice constant of a = 2.46 A, as expected for
graphene, see Fig. B.1. However, when we take a lattice constant of a = 2.49 A, the total
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FIG. B.1: Influence of the lattice constant on the graphene band structure and the total
energy. Left panel: Band structure for the different lattice constants. Insets show zooms on
the corresponding region, indicated by the arrow, respectively. Right panel: Total energy as
a function of the lattice constant a, normalized by reference energy FEjy.

energy of the system changes only by 14 meV; in other words the energy per carbon atom is
changed by 7 meV, which can be considered as a thermal fluctuation at room temperature.

When we look at the band structure, we can see that the Dirac states are almost not influenced.
Thus we can say, that the low energy physics of graphene does not get affected if we use
a =249 A for our vdW structure. The change in the band structure manifests mainly in
the low energy bands, since these are formed by s, p, and p, orbitals, lying in the graphene
plane, which get directly affected by the lattice constant. Going to larger lattice constants,
shifts the low energy bands up in energy. Thus, from the graphene point of view, it should
be okay to take a larger lattice constant of @ = 2.49 A, since our main interest lies in the
Dirac states. The change in the lattice constant by this is 1.2%.

We make a similar analysis for hBN, see Fig. B.2, and find an optimal lattice constant of
a =251 A, being very close to the experimental value of a = 2.504 A. The change in energy
by changing the lattice constant to a = 2.49 A is roughly 10 meV, which is again small
compared to the total energy of the system. Also the change in the band gap is negligible
small, since it is roughly 10 meV. Both energies can be considered as thermal fluctuations at
room temperature. Similar to graphene, low energy states are mainly affected by the lattice
constant. In general by changing the lattice constant to a = 2.49 A, the change is only 0.6%,
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FIG. B.2: Influence of the lattice constant on the hBN band structure, the total energy
and the band gap E,. Left panel: Band structure for the different lattice constants. Insets
show zooms on the corresponding region, indicated by the arrow. Right panel: Total energy
normalized by reference energy Ey (red curve) and band gap E, (blue curve) as a function of
the lattice constant a.

which is very small. In total if we now use a lattice constant of a = 2.49 A for graphene and
hBN, the basic physics should not be that different.

We make a further analysis, by looking at the heterostructure of graphene on hBN. By that we
place graphene on top of hBN in the energetically most favorable way, as found in section 3.1.1.
We allow the atoms to fully relax within the unit cell (z,y, z-coordinates) to minimize forces
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FIG. B.3: Band structure and corresponding orbital resolved DOS of graphene on hBN.
Left panel: Band structure along the high-symmetry path I'-M-K-I'". The inset shows a zoom
on the Dirac states with a gap of £, = 70.2 meV. Right panel: Atom and orbital resolved
DOS. Labels B, N and C correspond to the different atoms.
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and also allow the system to perform a relaxation of the in-plane lattice constant to minimize
the strain of the unit cell. We find a relaxed composite lattice constant of a = 2.486 A and a
layer spacing of d = 3.136 A. We have to keep in mind, that in the graphene/hBN /cobalt
heterostructure, we still have the lattice of cobalt with @ = 2.507 A. Thus, it is reasonable to
take the assumed average lattice constants, for the vdW heterostructures as given in Tab.
2.2. Figure B.3 shows the band structure and the corresponding DOS of graphene on hBN
for the composite lattice constant of @ = 2.486 A. We find an orbital gap in the graphene
states at K of E; = 70.2 meV, wich is in agreement with Ref. [24]. The graphene p, states
forming the Dirac cone are lying within the band gap of hBN.

B.3. Computational Methods

The calculations for the single layers were performed with QE and WIEN2k in order to ensure
and check the correctness of the results, which slightly deviate, since the two programs are
based on different methods. All of the given results on the relevant vdW heterostructures are
from QE calculations. For calculations where a two dimensional slab structure was considered,
we took a vacuum spacing of 14 A.

In WIEN2k we performed convergence studies to get the values for RK,.x, which is the cutoff
for the number of basis functions, and the k-point sampling, which additionally determines
the accuracy. For calculations we used the following parameters. For single layers of graphene
and hBN: RKax = 9 and a sampling of 60 x 60 x 1 for self-consistent calculations. For the
band structure we used a sufficient number of discrete k-points along the given high-symmetry
paths. For bulk ferromagnets hep-cobalt and fce-nickel: RKnax = 9 and a sampling of 120000
k-points within the Brillouin zone was used, for an accurate description of the ferromagnetic
properties and the correct determination of the Fermi level. For bulk oxide insulators AloO3
and SiO2: RKax = 9 and a sampling of 120000 k-points within the Brillouin zone was used
for an accurate description of the band gap. However, without using an accurate exchange
correlation functional, the band gap is underestimated by roughly 30%. All electronic
properties (band structure and orbital /spin resolved DOS) for the single layers presented in
chapter 2 were calculated with WIEN2k. In QE we obtained very similar results.

In QE we especially dealt with the vdW structures. To study proximity induced exchange
interaction in graphene, we consider graphene/insulator/ferromagnet heterostructures in a
slab geometry. The calculation parameters for structures with hBN are given in the following.
After performing convergence studies of the total and the Fermi energy, dependent on k-point
sampling and cutoff, we found the following values. For self-consistent calculations a k-point
sampling of 120 x 120 x 1 was used. This large sampling of the Brillouin Zone is necessary
for an accurate description of the system, especially for states near the Dirac cone and the
determination of the correct Fermi level [28]. For band structure calculations we used a
sufficient number of discrete k-values along the high-symmetry paths in the first Brillouin
Zone. We used a kinetic energy cutoff for charge density and potential of 450 Ry, the kinetic
energy cutoff for wavefunctions was 100 Ry for the X.pbe-n-kjpaw.UPF pseudopotential,
which is scalar relativistic with the projector augmented wave method [116] with a Perdew-
Burke-Ernzerhof exchange correlation functional [109] and a nonlinear core correction. For
the relaxation of the heterostructures, we used vdW corrections [117], with a force relaxation
using BFGS quasi-newton algorithm [118]. We also considered dipole corrections to avoid
interactions between periodic images. To determine the interlayer distances, the atoms were
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allowed to relax in their z positions (transverse to the layers) until all components of all forces
were reduced below 10~% [Ry/ag], where ag is the bohr radius. The vacuum in z direction for
these slab structures is roughly 15 A after relaxation in order to simulate quasi-2D systems.
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