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ABSTRACT OF THE DISSERTATION

Spin and Charge Transport in 2D Materials and Magnetic Insulator/Metal
Heterostructures

by

Walid Amamou

Doctor of Philosophy, Graduate Program in Materials Science and Engineering
University of California, Riverside, March 2017
Dr. Ludwig Bartels, Chairperson

Spintronic devices are very promising for future information storage, logic
operations and computation and have the potential to replace current CMOS technology
approaching the scaling limit. In particular, the generation and manipulation of spin current
enables the integration of storage and logic within the same circuit for more powerful
computing architectures. In this thesis, we examine the manipulation of spins in 2D
materials such as graphene and metal/magnetic insulator heterostructures. In particular, we
investigate the feasibility for achieving magnetization switching of a nanomagnet using
graphene as a nonmagnetic channel material for All Spin Logic Device applications. Using
in-situ MBE deposition of nanomagnet on graphene spin valve, we demonstrate the
presence of an interfacial spin dephasing at the interface between the graphene and the
nanomagnet. By introducing a Cu spacer between the nanomagnet and graphene, we

demonstrate that this interfacial effect is related to an exchange interaction between the

Vv



spin current and the disordered magnetic moment of the nanomagnet in the first monolayer.
In addition to the newly discovered interfacial spin relaxation effect, the extracted contact
resistance area product of the nanomagnet/graphene interface is relatively high on the order
of 1Qum?. In practice, reducing the contact resistance will be as important as eliminating

the interfacial relaxation in order to achieve magnetization switching.

Furthermore, we examine spin manipulation in a nonmagnetic Pt using an internal
magnetic exchange field produced by the adjacent magnetic insulator CoFe2O4 grown by
MBE. Here, we report the observation of a strong magnetic proximity effect of Pt deposited
on top of a perpendicular magnetic anisotropy (PMA) inverse spinel material Cobalt Ferrite
(CFO, CoFez04). The CFO was grown by MBE and its magnetization was characterized by
Vibrating Sample Magnetometry (VSM) demonstrating the strong out of plane magnetic
anisotropy of this material. The anomalous Hall measurement on a Pt/CFO Hall bar exhibits a
strong non-linear background around the saturation of the out of plane CFO magnetization.
After subtraction of the Ordinary Hall Effect (OHE), we extract a strongly hysteretic
anomalous Hall voltage that indicates that Pt acquired the magnetization properties of the CFO

and has become ferromagnetic due to the proximity effects.
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Chapter 1: Introduction

1.1 Spintronics:

Spintronics, also known as spin electronics is a relatively new research field that
utilizes the electron’s spin degree of freedom in addition to its charge to store information
and perform logic operations. The electron spin is a quantum mechanical property that
represents the intrinsic angular momentum carried by the electron. Classically, it represents
the spinning of the electron around its own axis known as magnetic moment.

Until the discovery of the giant magnetoresistance (GMR) by Albert Fert and Peter
Grunberg in the late of 1980 [1, 2], state of the art memory devices relied only on the
macroscopic manifestation of a spin, that is the magnetization of a magnetic core, to store
information without exploiting the microscopic spin degree of freedom. The integration of
the GMR effect in hard disks and read heads greatly increased the density of stored
information from 1 to 600 Gbit/in.? in 2007 [3] for which Albert Fert and Peter Grunberg
were awarded the 2007 Nobel Prize in Physics. The GMR effect is based on the spin
dependent conduction of the electrons inside ferromagnetic thin films.

Before discussing the GMR effect, it is important to introduce the basics of
ferromagnetism. Ferromagnetism in metals can be described in the framework of the
Stoner-Wohlfarth-Slater model (SWS) proposed in 1948 to explain the measured broken
Bohr magneton in ferromagnetic metals [4]. In the simple band model shown in Figure
1.1a, the density of states in 3d ferromagnets are represented by two semi-circles (density

of states for an electron gas) for spin up and spin down separated by A that corresponds to
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the energy of band splitting arising from the exchange interaction. For example in Ni, the

exchange splitting A = 0.3 eV while for Fe it is 2 eV. The area beneath the Fermi level
corresponds to the number of spin up (down) electrons given by N = f_Eof NyydE.

Given the imbalance of spin up versus spin down, a spontaneous magnetization
emerges due to the difference in the density of states and is given by M = pp (N4-
N)).

(a) (b)

$ m

- — = -E

<

» DOS » DOS

Figure 1.1 Density of states of a ferromagnet (a) showing the spin splitting A (b)
Density of states of nonmagnetic material

The band splitting is only allowed if and only if the total kinetic (KE) and potential
energy (PE) change AE= AEke + AEpe < 0. The exchange integral also known as the Stoner

parameter which represents the strength of the exchange electronic correlation is given by:

| =2A

~ - This magnetic exchange interaction is caused by the overlap of the atomic
TNy

wave function and is a direct consequence of Pauli exclusion principle. The Stoner
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condition is given by | D (Ef) > 1. High density of states at the Fermi level and large
exchange interaction are required in order to achieve ferromagnetism. In Figure 1.2 we

show | D (Er) for several materials.

VI T = IS 1 ) R |
Li Na Sc FelNi Rb P

DR 1

Figure 1.2. Stoner Criteria for different materials

Only Fe, Co and Ni pass the Stoner criteria of ferromagnetism. It is worth noting
that Pd is very close to fulfill the Stoner condition with I D (Ef) = 0.8 and can be pushed
to the magnetic state by inducing magnetic exchange field at the interface with an adjacent
magnetic material. This phenomena is known as magnetic proximity effect and will be
discussed in detail in Chapter 5.

The presence of the GMR effect has been anticipated since 1968 when Albert Fert
compared the resistivity of Ni (Coi-xRhx) and Ni (AuixCox) [5-7]. He observed that the
resistivity of the Ni (Co1-xRhy) was higher than Ni (Au1-xCox). This phenomena has been
explained in terms of spin dependent conduction channels where Co impurities scatter
strongly spin down electrons and Rh scatters the spin up electrons resulting in an enhanced

resistivity for Ni (CoixRhyx). One the other hand, the Ni (Aui-xCox) has only spin down



scattering channels arising from Co impurities leaving the spin up channel open, resulting
in a lower resistivity. The idea of GMR is to control the high/low resistance state by
replacing the Co and Rh impurities with magnetic layers for which the magnetization can
be switched between parallel and antiparallel states. However, the distance between the
two magnetic layers needs to be smaller than the mean free path (several nanometers) in
order to observe such a magnetoresistive effect [3]. The deposition technique at that time
was not well advanced to engineer such fine structure. Twenty years later, with the progress
in thin film deposition using molecular beam epitaxy (MBE), Albert Fert discovered a very
large magnetoresistance effect of 85% in Fe/Cr superlattices [1] shown in Figure 1.3 (a).
The high resistance state at zero field corresponds to the antiparallel configuration (Figure
1.3 (c)) of the two iron layers while the parallel configuration, obtained by applying a

magnetic field, results in a lower resistance as shown in Figure 1.3 (b).

(a) s R/R(H=0) (b) (C)

h
(Fe 30A/Cr18A)y
{ — .
=~ 80% ‘ g . '
N\
(Fe 30 A/Cr 12A)5

(Fe 30A/Cr9A), | Ro R R Ry
t § ——— ey |

| - | —

20 30 “0
Magnetic field (kG) R Ry

Figure 1.3. (a) Giant Magntoresistance (GMR) in Fe/Cr superlattices (b) Schematic of
the GMR effect for two ferromagnets in the parallel configuration and (c) antiparallel
configuration

The antiferromagnetic state is achieved using the RKKY coupling between the two

iron layers through a very thin (1nm) nonmagnetic Cr layer.



The RKKY theory states that the coupling between the two ferromagnetic layers
separated by a nonmagnetic layer is given by the exchange Hamiltonian Hexchange = - J (Ml
1\7fz) where 1\71"1 and M, are the magnetization of the magnetic layers and J is the exchange
coupling coefficient proportional to [cos (2kmd) — ﬁsin (2kmd)] with km the wave vector
and d the thickness of the nonmagnetic layer. In order to minimize the energy of the system,
the coupling is ferromagnetic for J>0 whereas for J<0 it is antiferromagnetic. The coupling
between Co/Cu multilayers was found to oscillate in sign and magnitude between

ferromagnetic and antiferromagnetic states as function of the distance between the two

layers, confirming the prediction of the RKKY theory Figure 1.4.

T
eT=4.2K

CPP-GMR  or=300x

6 nm

MR ratio (%)

20 30 40 50 A 60
Cu thickness (A)

Figure 1.4. MR ratio with Cu nonmagnetic layer thickness

The GMR effect can be understood in terms of spin dependent conduction channels
as shown in Figure 1.3 (b). The resistance of each ferromagnetic layer is described by two

parallel resistors Rp and Rqp corresponding to magnetization parallel and antiparallel to the



incoming spins with Rp< Rap. For example in Figure 1.3(b), spin up (down) will experience

less (more) scattering in the parallel (antiparallel) configuration and the low resistance state

RpRap

IS glven by Rparallel = RP+RAP.

On the other hand, in Figure 1.3(c) both spin up and spin

Rp+Rapp

down experience strong scattering and the high resistance is given by Rantiparallel =

The MR ratio is given by:

Rantiparallel —Rparallel
MR= e - 1)

The pioneering work of Albert Fert on the GMR effect laid the foundation for the
fascinating field of Spintronics. The GMR effect has been widely used to sense the
magnetic field encoded in domain walls in hard drive applications and in automotive
industry [3]. The GMR has also been used for magnetic random access memory (MRAM)
applications to store information but with limited success. The low MR ratio was the main
obstacle for achieving low read and write cycle time which makes GMR not very attractive
for RAM applications [8]. An important breakthrough in MRAM applications was
achieved with the discovery of Magnetic Tunnel Junction (MTJ) [9]. MTJs are made of
two ferromagnetic electrodes separated by a thin tunnel barrier as shown in Figure 1.5(a).
The spin transport across the junction is based on the spin dependent tunneling
probabilities. The TMR originates from the different density of states in the spin subbands
of the two ferromagnetic materials. Since the tunneling process preserves the spin
orientation, electrons can only tunnel to a subband with the same spin orientation as shown

in Figure 1.5 (b).



(a) (b)
E - 1 E
‘;h Parallel <1 }
R U tfs
' DOS DOS
E sf® e E
% Antiparallel . 1
e e

>  DOS >  DOS

Figure 1.5. (a) Magnetic Tunnel Junction (MTJ) device (b) Tunneling process for
parallel (red dashed curve) and antiparallel configuration (black dashed curve)

In the parallel configuration, there are more states available for spin up to tunnel to
compared to spin down giving a high conduction state. However, in the antiparallel case,
the spin subbands are switched and there are less states available for spin up to tunnel to
which will result in a low conduction state. When the magnetization of the two
ferromagnets are parallel to each other, it is highly likely that spins will tunnel through the
barrier. If the magnetizations are antiparallel, the tunneling probability becomes low. In
2004, a TMR of 200 % has been achieved with MgO tunnel barriers at room temperature
[10, 11] and arecord TMR of 1800 % [12] has been obtained in 2003 using Laz/3Sr1sMnOs
electrodes but with low Curie temperature of 350 K.

Another spin transport geometry is the lateral spin valve. This geometry offers the
possibility to realize spin transistors [13] by manipulating spins inside the channel material.

A spin FET is made of a ferromagnetic injector (source), spin channel material, a

7



ferromagnetic detector (drain) and a gate to manipulate spins by application of an electric
field using the Rashba spin orbit coupling to break the inversion symmetry of the spin
channel material as shown in Figure 1.6. At zero gate voltage, the spin orientation inside
the spin channel material is conserved as they reach the detector, generating a low

resistance state (“0””) shown in Figure 1.6 (a).

(@) (b)

V>0V

FM
Source

y kep ORI ROR RN ¢ Rd

Figure 1.6. (a) Spin transistor in the parallel configuration V = 0V and (b) antiparallel
configuration V>0V

However, as we start applying an electric field, the spins will precess and become
antiparallel to the detector magnetization as shown in Figure 1.6 (b), generating a high
resistance state (“1”).

Let us now discuss the physics underlying spin injection, spin transport inside the
channel material and spin detection. The two current model in a ferromagnet implies the
presence of two different conductivity for each spin subband denoted by o1 and o). The
overall conductivities is then equal to oF = o4 + 0. Since the conductivity of the majority
spins (spin up) is higher than minority spin (spin down), we define:

8



or=oror and o) =(1-aF) oF (2)
with 0< ar <1 accounting for the asymmetry of the conduction inside the ferromagnet.
If we apply a charge current along the ferromagnet, Ohm’s law states:

0 e . . . . .
a—g = - . ] where prm= oF p 1+ (1- ar) py is the chemical potential and j is the current

density. In the case of a nonmagnetic material, since p and p; are equal, the chemical
potential is punm = % (m+ wy). In Figure 1.7 shows the chemical potential in a FM adjacent

to NM under an applied bias. Due to the large number of majority electrons with spin up
compared to minority spin down electrons, the spin up chemical potential p; is
energetically higher than p;. Close to the interface, the different conductivity of spin up
and down results in a different slope in the chemical potential profile. Given that the
average chemical potential in the FM lies higher than the middle of p; and p; and the
chemical potential in the NM has equal p; and pj, a discontinuity in the chemical potential

urv and punm- at the interface builds up.



Electric field

Figure 1.7. Spin accumulation profile at the ferromagnet (F)/nonmagnet (N) interface
under an applied bias

At the interface, the spin dependent chemical potentials p; and p; are continuous
between the two materials. Away from the interface, the spin chemical potential decays
exponentially with a characteristic length Arvy cOmmonly known as the spin diffusion
length and equal Ay = /DrnyTrvy Where D is the diffusion coefficient and  is the
spin lifetime. In the NM material, spin up will flow to the right hand side and spin down
will flow to the left, creating a “spin current” J; = J; — J,. After few spin diffusion lengths,
the spin chemical potential will approach the average chemical potential in the NM material
and the spin current will equal to zero. In the FM material, the spin diffusion is
accompanied by drift since there is an electric field applied. The spin accumulation in the
NM material is probed by placing another ferromagnetic electrode, referred as a detector,

at a distance comparable to the spin diffusion length of the NM material. A spin
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accumulation builds up at the detector and results in a positive non-local voltage Vp. The
continuity of spin accumulation at the interface requires the alignment of pyrm with piynm
allowing us to probe the spin up accumulation. As we switch the magnetization of the
detector from parallel to the injector to antiparallel, we start probing spin down pxm as

opposed to pynm resulting in a negative non-local voltage Vap. The non-local MR is defined

as MR = ZE=42 \yhere I;n; is the injected current. The first successful demonstration of

inj
spin injection and detection in lateral spin valve was done by Johnson and Silsbee [14] in

1985 shown in Figure 1.8.

(a) (b)

detector

(c) o
— X-_O XL |
= ==ioou ‘
L__E_’LJ-“ | 1 ]
— H L :
Tl TL=50u |
. L T=27K |
y i H — 1
g ik L I=27mA
Br« --""E_\-‘_:::“:___:;:d-_ '}"L i l
T I
2 -I50 -100 -50 o 50 Bg, B 150
14

) Field (Gauss)

Figure 1.8. (a) Non-local spin valve geometry (b) Non-local MR measurement and
Hanle angular dependence (inset)

The injector and detector are made of Py bridged by a 50 um single crystal
Aluminum bar. In their seminal work, they used a non-local measurement scheme shown
in Figure 1.8 (a) that consists of separating out the current injection loop from the voltage
detection referred to as the 4-terminal geometry. This geometry allows to prevents any
spurious effects in the measurement arising from charge transport such as Anisotropic
Magnetoresistance (AMR). By sweeping the magnetic field along the easy axis of the Py

11



electrodes from negative values to positive, they observe a sudden jump in the non-local
voltage shown in Figure 1.8 (b) demonstrating the first successful non-local spin transport.
The theory of non-local spin transport has been developed by Takahashi and Maekawa in

a paper published in 2003 [15]. The non-local magnetoresistance is given by:
RNe AN i=1(1 _ R]Z + 1— PFZ)
Ry, = *
NL - Ri 2&

2 5= L

R R -2
2 N N _ 7
‘=1(1+1—P]2+1—PFZ e M)

(3)

where Ry = % IS the spin resistance of the nonmagnetic channel, Ry = p% IS the spin

resistance of the ferromagnetic material, R; is the contact resistance of the injector and
detector, P; is the spin injection efficiency and P is the spin polarization of the feromagnet.

In a later paper published in 2002, Jedema et al. [16] optimized the experiment by
shrinking down the device dimensions from pum to the nm range and observed a strong
signal in the mQ range with clear MR switching. The spin lifetime was extracted using the
non-local Hanle spin precession measurement. Here, an out-of-plane magnetic field is
applied causing the spins to precess as they diffuse toward the detector resulting in the non-
local Hanle curve shown in Figure 1.9. At zero field, the spin polarization is parallel to the
detector magnetization producing a positive non-local voltage. As the out-of-plane
magnetic field B, is increased, the spin population starts precessing around the magnetic
field axis and the spin orientation acquires an angle of m/2 relative to the detector
magnetization. The measured non-local voltage then drops to zero since the detector is not

sensitive to the perpendicular spin polarization.
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As we further increase B, the average spin orientation acquire an angle of
relative to the detector producing a negative non-local voltage. At high B, the entire
injected spin population dephases and the net spin polarization becomes zero resulting in a
suppression of the non-local signal. In order to extract the spin lifetime, the Hanle curve

shown in Figure 1.9 is fitted using the Bloch equation:

o0 e—L2/4Dt ot
RyL = Sfo WCOS((A)QG tdt 4)
ﬁ L =1,350 nm
P=0.12
2r T T / \g J, = 600 nm
r " D=4x103 m? s
1 ," s
. 1':%'—“"""'.'_"'-. ! \'! /{'.;._m"""lnm
g Emy, ) -
—Hug \ / s
£ gl “'““-.-!.!._ i‘-. : ;ﬁ‘.-.. .....I.'
S '
b . F
HoS
_2 i | s 1 s 1 s | s 1 s 1 s |
-300 200 -—100 0 100 200 300
B, (mT)

Figure 1.9. Non-local Hanle measurement for the parallel and antiparallel
configuration

with w = an”f B,, S is the amplitude, D is the diffusion coefficient and t is the spin

lifetime.

The free fitting parameters are 7, D and S. The extracted spin diffusion length for the Al

channel was 1,, = 600 nm with D = 4 x 10 m?/s.
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1.2 Graphene spintronics:

Graphene is a two-dimensional material made of carbon atoms arranged in a
honeycomb structure with sp? bonding. It was isolated for the first time in 2004 by
Novoselov and Geim [16] using mechanical exfoliation for which they were awarded the
2010 Nobel Prize for this important discovery. The discovery of graphene has launched the
search for other van der Waals materials that resulted in the discovery of a plethora of new
2D materials [17].

The graphene lattice consists of two sublattices A and B as shown in Figure 1.10.
A carbon atom in the A (B) sublattice is covalently bonded to 3 nearest neighbor carbon

atoms in the B (A) sublattice.
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Figure 1.10. Graphene crystal lattice showing A and B sublattices and band structure
of graphene.

The band structure of graphene can be derived using the tight binding model and the
dispersion relationship is given by:
_ 4y h3ta,
E(k) = + p_— k= tvek (5)
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The linear dispersion at the K and K’ points implies that electrons in graphene are
massless acquiring a fermi velocity up to Ve = 10 ® m/s. Around the K and K’ points, the
bands form a cone commonly known as Dirac cone. Graphene does not have a bandgap
therefore it is considered as a semimetal. The carrier type can be tuned from electrons to
holes by moving the Fermi level across the top and bottom Dirac cone. Due to its high
Fermi velocity, graphene exhibits high mobility exceeding 500,000 cm#/Vs [18-22]. In
addition to its excellent electronic properties, graphene is very promising as a non-magnetic
channel material for spin transport. Graphene has a low spin orbit coupling due to the low
Z factor of C that makes up graphene and weak hyperfine coupling [23-26]. The high
mobility combined with low spin orbit coupling and weak hyperfine coupling makes
graphene a promising material for spin transport. Theoretically, the spin lifetime in
graphene is expected to be in the microsecond range as calculated in ref [27]. The first
report of non-local spin transport in graphene was demonstrated by Tombros et al in 2007
[28]. The device shown in Figure 1.11 is made of Co/Al2Oz3 injector and detector deposited
on single layer graphene. The role of the Al2O3 tunnel barrier is to circumvent the spin
absorption from the contact commonly known as “conductivity mismatch problem”. Due
to the low spin resistance R¢ = Ap/A of the ferromagnetic contact relative to the graphene
spin resistance, the injected spin current will flow back to the ferromagnetic contact instead

of diffusing into the graphene channel resulting in low spin injection efficiency.
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Figure 1.11. Graphene non-local spin valve with Al.Oz barrier (a) Graphene spin valve
SEM picture and non-local measurement geometry (b) Non-local MR measurement

The Al,O3 barrier provides high contact resistance Rc preventing the backflow of
spins [29]. The spin injection occurs by tunneling through the Al>Os barrier. A non-local
MR of 12 Q was measured and the extracted spin lifetime from the Hanle measurement
was in the range of 100 ps giving a spin diffusion length of 1 — 2 um. The discrepancy
between the theoretical, in the microseconds range, and the experimental spin lifetime was
quite puzzling. Later in 2010, Wei Han studied the effect of tunneling contact on the spin
lifetime and spin injection efficiency [30 — 32]. It was shown that a spin lifetime up to 1 ns
and spin injection efficiency of 30% were achieved using a pinhole free MgO with TiO>
seeding layer grown by MBE. The spin lifetime for ohmic, pinhole and tunneling contact
were studied as shown in Figure 1.12. It was shown that the spin lifetime for Ohmic and
pinhole contact were limited to 80-200 ps. On the other hand, for tunneling contact the spin

lifetime increased to 771 ps.
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Figure 1.12. (a) Non-local Hanle for transparent contact (b) pinhole contact and (c)

tunneling contact.

This elegant study demonstrates that the contact is the bottleneck for achieving

high spin lifetime. Although the contact resistance of the pinhole contacts was considerably

higher than the graphene spin resistance, thus preventing any back flow of spins, the spin

lifetime was still short. This result hints to the presence of an additional spin dephasing

under the contact other than spin absorption. Spin dephasing such as fringe field at the

ferromagnet/graphene interface and orbital hybridization are likely responsible of the

observed short spin lifetimes. Indeed, in 2016,through a systematic study of transparent,

pinhole and tunneling contacts using Al.Oz and MgO [33], | demonstrated the presence of

an extra spin dephasing other than spin absorption by comparing the spin lifetime obtained
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from the traditional Bloch equation and the modified version that takes in account the
contact resistance. This specific study will be discussed in detail in Chapter 4 of this thesis.

Away from the contact, the main source of spin relaxation in graphene are Elliot
Yafet (EY) [35, 36], D’yakonov Perel (DP) [37] and resonant scattering mechanisms [38].
The EY spin relaxation is a process where spin flips direction (Figure 1.13 a) during a
scattering from charged impurities, adatoms, edge roughness or ripples in the graphene
channel. The spin flip probability is directly proportional to momentum scattering
probability. The more momentum scattering, the higher the probability of spin flip.
Therefore, in the EY mechanism, the spin lifetime 7, < t,, where 7, is the momentum

scattering time.

(a) (b)

Elliot-Yafet D’yakonov-Perel

Figure 1.13. (a) Elliot-Yafet mechanism (EY) (b) D’yakonov-Perel mechanism

The DP spin relaxation is described by spin precession around random spin orbit
fields resulting from the lack of inversion symmetry. In general, spin orbit fields will cause
dephasing of the spin polarization that depends on the momentum k. However, as the

electron experience inelastic scattering, its spin precess around random spin orbit fields
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resulting in a decrease of spin relaxation due to shorter spin precession time. The more
momentum scattering the spin experience, the less the spin relaxation. The relationship

between spin relaxation time and momentum scattering time is given by:

T, = (6)

Tp

Through systematic gate dependence study of the spin lifetime in SLG and BLG,
Han et al [31] investigated the relationship between the momentum relaxation time and
spin lifetime and concluded that EY mechanism is dominant in SLG while the DP
mechanism is relevant in MLG. However, subsequent studies found no correlation between
the spin lifetime and the momentum relaxation time in SLG and BLG ruling out EY and
DP as the only spin relaxation mechanisms in SLG and MLG. It is worth noting that the
EY and DP mechanisms give a spin relaxation time 7, on the order of us. This is still three
orders of magnitude higher than the experimental values in the ns range. A new spin
relaxation mechanism based on resonant scattering with magnetic moments has been
proposed to explain the short spin lifetime. At the resonance energy, the electron will spend
a considerable amount of time circling around the magnetic moment. As the electron exits
the magnetic moment site, its spin direction will have equal probability for pointing up or
down. Averaging over an ensemble of resonant energies, the spin lifetime is predicted to
be in the hundreds of ps for 1 ppm of magnetic moments. In general, the dominant spin
relaxation mechanism remains a controversial topic in the graphene spintronics
community. A breakthrough in the field of graphene spintronics was the enhancement of
the spin lifetime to 12 ns (Figure 1.14) and an increase of spin diffusion up to 30.5 um at

room temperature achieved by the Beschoten group [39]. This accomplishment was
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achieved by fabricating Co/Mgo electrodes on Si/SiO2 and the subsequent dry transfer of

a graphene-hBN stack on top of the electrodes.

@ 55 —r———F——— (b) 15

—T T T v v
I o data =. 1 D, fi
5.0 - — D fitted Vo RN ] L o D, ='"§f i i
F —— D; =D, B i
45} - 10k Héé %éé i
Fi o - 0-0-0-0— 0 — ] B §§
' . > 4

Rn ()
N
o
§
)
4
3
a
P
4
b
b
\
b
i
s (Ns)

35} ] ] Uuﬁéo” -
3.0} i
25 [ 1 1 1 1 1 0 1 1 1
20 10 0 10 20 -80  -40 0 40 80
B (mT) Vg (V)

Figure 1.14. (a) Non-local Hanle for the parallel and antiparallel configuration (b) Gate
dependence of the spin lifetime

In this way, the graphene does not get exposed to any resist during the device
fabrication process and the surface remains pristine. The authors show that using large hBN
flake was the key to obtain large spin lifetimes as it prevents the ingress of solvent along
the hBN/graphene interface. It is worth noting that they used MgO barrier with pinholes
suggesting that contact spin relaxation is still significant in their experiment. Nevertheless,
the spin lifetime obtained was record high. This suggests that further enhancement of spin

lifetime is possible by optimizing the contact.
1.3 Magnetic Proximity Effect:

Magnetic Proximity Effect (MPE) is a process where a nonmagnetic material
acquires a spin polarization due to coupling with another magnetic film. There are two
types of MPE that can produce interfacial spin polarization: Static MPE and non-
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equilibrium MPE. While the former has been widely investigated, the non-equilibrium
MPE has been discovered only few years ago and a theory based on Spin Hall

Magnetoresistance (SMR) was proposed to explain the aforementioned effect.
1.3.1 Static MPE:

Static MPE is an exchange coupling between the magnetic moments of the FMI
and the electronic states of the NM, leading to an effective magnetic exchange field (MEF)
experienced by conduction/valence band electrons in the NM and/or induced ferromagnetic
ordering of localized d- or f-shell magnetic moments. The first report of magnetic
proximity was done in 1969 [41] using the superconducting proximity effect. It has been
found that the superconducting transition temperature in Pb-Pd-Fe decreases with
decreasing the thickness of Pd indicating that the Pd layer became magnetized when in
contact with the Fe. Later, it has been shown that ferromagnetic materials Fe and Co can
induce magnetization into a 4d and 5d elements such as Pd and Pt [42-45]. There are two
mechanisms that governs the static MPE: One is a short range interfacial effect that
depends on the degree of hybridization between the nonmagnetic and magnetic material
[46]. The second is a long range exchange coupling that occurs through the RKKY
interaction [47-50]. In 2012, Bailey et al [51] observed long range interlayer exchange
coupling between Pd and Py through a 3 nm Cu spacer using XMCD measurement and
extracted a magnetic exchange field acting on the Pd of 2T.

The ability to induce MPE into a NM material depends heavily on its electronic
structure. NM with large density of states and high magnetic susceptibility are more

susceptible to acquire spontaneous magnetization as they are close to fulfill the Stoner
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criteria. The Stoner criteria is defined as ID(Er) > 1 where | is the exchange energy and
D (ER) is the density of states at the Fermi level. Any material that fulfill this condition will
acquire a spin polarization. For example, Pt has ID(Er) ~ 0.6 whereas for Pd ID(Ep) =
0.85 are very close to fulfilling the Stoner condition. Therefore, a small magnetic exchange
field from an adjacent magnetic material will drive the paramagnet to a ferromagnetic state.

The MPE effect is particularly important for low energy consumption spintronics
devices. It has been used to fully modulate spins in Graphene/Y1G structure [52-54] and
induce Zeeman splitting of 2 meV in EuS/graphene corresponding to an interfacial
exchange fields as high as 14 T [55]. In addition, out of plane MEF at the WSeJ/EuS
interface has been shown to enhance the valley-dependent spin splitting in the WSe> layer.
This opens the possibility for developing novel low power devices that do not require the
application of an external magnetic field. Recently, there was a growing interest for using
Ferromagnetic Insulators (FMI) as opposed to ferromagnets to induce magnetic exchange
fields to a nonmagnetic material. First, FMIs do not provide a parallel conduction path for
the electrical current and therefore most of the charge current will flow through the NM on
top, which will result in a low power consumption. Second, the MPE signal will not be
obscured by the magnetic property of the underlying magnetic substrate providing a clearer
interpretation of the the spin polarization in the NM material only. Y1G has been widely
used to study the MPE in Pt and more recently in graphene [53] due its low damping.
Huang et al [57] demonstrated the magnetic proximity effect in a YIG/Pt system by
anomalous Hall effect (AHE) and anisotropic magnetoresistance (AMR) measurement. In

a later paper, they measured directly a magnetic moment of 0.054u,/Pt atom at 300 K using
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XMCD [58]. However, Geprags et al [59] denied the presence of magnetic moment in the
Pt on YIG grown by Pulsed Layer Deposition (PLD) using XMCD down to the resolution
limit of 0.003un/atom, while Lu et al. [58] observed a magnetic moment of 0.054u,/Pt atom
using Y1G grown by liquid phase epitaxy (LPE). This blatant discrepancy suggests that the
interface between the FMI and Pt is the key toward observing MPE, which is tied up closely

to the growth process of the FMI/Pt structure.

1.3.2 Non-equilibrium MPE and Spin Hall Magnetoresistance

(SMR):

In the non-equilibrium MPE process, the NM acquires a spin polarization by an
external stimulus such as charge current, thermal gradient and spin pumping that drives the
system out of equilibrium. This is fundamentally different than static MPE where a
spontaneous spin polarization emerges in the NM as a result of a magnetic exchange field
produced by the underlying magnetic substrate. The most common case of non-equilibrium
MPE in the FMI/NM system is based on the Spin Hall Magnetoresistance (SMR) [60]. Due
to the high spin orbit coupling (SOC) of the heavy NM material, a longitudinal charge
current will produce a transverse spin current by the spin Hall effect as shown in Figure
1.15 (a). The spin to charge coupling is given by:

Js = Osu (0 X J) (7

where sy is the spin Hall angle, o is the spin polarization and /. is the charge current.
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The generated spin current will cause spin accumulation at the interface between the
FMI/NM that depends on the relative orientation of the FMI magnetization to the spin
current polarization. In the perpendicular configuration (Figure 1.15. b) ¢ L M, the spin

current will get absorbed by the FMI in the form of spin transfer torque.

(@) (b)

\‘-" ¥

Figure 1.15. (a) Spin Hall Magnetoresistance (SMR) in the parallel configuration (low
resistance state) (b) Spin Hall Magnetoresistance (SMR) in the perpendicular
configuration (high resistance state)

However, in the case of & // M (Figure 1.15. a), the spin current will get reflected at the
interface and converted to charge current by the Inverse Spin Hall Effect (ISHE) as shown
in Figure 1.15 (b).

Therefore the measured longitudinal resistance of the Pt film depends on the
orientation of & relative to M. A high resistance state is obtained for the perpendicular
orientation while a lower resistance state is obtained for the parallel configuration. The spin
current density at the magnetic interface is given by the spin mixing conductance and the
spin accumulation as follows:

Js= G M XM X ps)+ G(M X p) (8)
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In the SMR theory published by Bauer et al [60], the change in the longitudinal
resistivity is given by:

pxx = p + Apo + Ap1 (1-m?y), pxy = —Apimxmy + Apamz — (9)

where my , my and m; are components of the magnetization unit vector in the FMI. The
transverse resistivity contribution Ap, stems from the imaginary part of the spin mixing
conductance G;. This effect is related to the out of plane exchange field from the FMI acting
on the pure spin current generated by the SHE. The spin current at the interface undergoes
spin precession as it reflects back producing an AHE-like signal given by equation (15).

The SMR coefficients Ap1 and Ap2 are related to G, and G; by:

24N 24N
Apy 1 2AGytanh 22 b2 _ 2220¢y° oGjtanh*_>

= gy —
p o Mdn g+226,coth®’ p Ay (0+24Gy coth®)2

(10)

When the magnetization m; is non zero, the imaginary part of the spin mixing conductance
produces an additional transverse contribution. As we will see in Chapter 5 of this thesis,
this effect can obscure the MPE AHE signal and make the interpretation of the static MPE
characterized by AHE difficult. In order to electrically detect the static MPE signal we

perform anomalous Hall and anisotropic magnetoresistance measurement.
1.3.3 Spin Hall Effect:

The Spin Hall Effect (SHE) is the generation of pure spin current transverse to an
applied charge current. The origin of the SHE dates back to 1929 when Mott first studied
the scattering of an unpolarized beam of electron from a heavy gold nuclei in vacuum

referred as the double scattering experiment. Due to the spin orbit coupling of the heavy

25



nuclei, a perpendicular beam with spin polarization normal to the scattering plane was
produced.

In a paper published by D’yakonov and Perel in 1971 [62], the SHE was
theoretically represented as an asymmetric spin dependent scattering that produces edge
spin accumulation of opposite spin polarization. This edge spin accumulation can induce
efficient magnetization switching to an adjacent ferromagnet by Spin Torque Switching as
demonstrated by Ralph group using Tantalum [63]. The first direct measurement of SHE
was done Kato, et al [64] in 2004 where they used Magnetic Optic Kerr Effect (MOKE) to
map out the spin accumulation at the edges of GaAs as shown in Figure 1.16. There are
three mechanisms that produce the SHE: skew, side jump and intrinsic mechanisms. The
skew scattering represents the asymmetrical spin dependent scattering of conduction
electrons in the presence of spin orbit coupling at charged impurity sites. In the reference
frame of the electron, the charged impurity will act as a moving charge that produces a

magnetic field by relativistic effects.
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Figure 1.16. Spin Hall accumulation measured by MOKE in GaAs
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This will deflect the electrons in opposite direction with respect to their spin polarization

as shown in Figure 1.17 (a).
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Figure 1.17. (a) Skew scattering mechanism (b) Side jump mechansim

This phenomena is referred as spin orbit coupling (SOC). The Hamiltonian of the SOC is
given by:

2mA?
4h

Hgo = — [p x VV(r)].o (11)

where 4 = Thmc is the Compton wavelength of the electron, p is the momentum, V is

potential around the impurity and o is the spin polarization. The skew scattering

conductivity is linearly proportional to the charge conductivity by:

— Oc
oSHE=10 3@ (12)

where g, is the charge conductivity, y is the spin Coulomb drag coefficient and t is the
momentum relaxation time.

The side jump mechanism was proposed by Berger [65] where electron wave
packets traveling in the x direction scattered by a central potential at the impurity site in

the presence of spin orbit coupling, experience an abrupt jump in the y direction depending
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on their spin orientation as shown in Figure 1.17 (b). The side jump conductivity is related

to the charge conductivity by:

_ 2
o$HE= 222 n )2 (13)

Which mechanism is more dominant? The interplay between the skew scattering and side
jump mechanism depends on the mobility of the material. While skew scattering is
proportional to the mobility of the material, the side jump is independent of it. Therefore,
increasing the mobility will increase the skew scattering contribution.

Finally, the intrinsic mechanism does not depend on the presence of impurities
inside the NM material. Instead it originates from the spin dependent band structure of the
material and more specifically from the Berry phase. The Berry phase plays a very
important role in the anomalous Hall effect and will be discussed in the next section.
Overall the spin hall conductivity is the sum of the skew scattering, side jump and intrinsic
contribution: o5HE = g3HE, o+ 0E + o¥fF

The efficiency of charge to spin conversion is given by the ratio of the spin hall
conductivity oS#E and the charge conductivity o . usually referred as the spin hall angle

O.SHE

(2] =
SH oc

The relationship between the induced spin current and charge current is given by:

-h
4me

Js =6 (=) Jq x § (14)

whereE is the charge current and s is the spin polarization.
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1.3.4 Anomalous Hall Effect:

The anomalous Hall effect (AHE) originates from the same mechanism as the Spin
Hall Effect except that the conductor has a net spin polarization due to the exchange
splitting in the 3d bands. Electrons in ferromagnets experience asymmetric spin dependent
scattering, a consequence of the spin orbit coupling. Due to the higher density of states of
the majority spin compared to the minority spins, the spin dependent scattering will
produce an accumulation of majority electrons at one edge and minority electrons at the
opposite edge of the ferromagnet resulting in a net measurable voltage as shown in Figure
1.18. The spin polarization inside a ferromagnet (majority and minority spins) will depend
on its magnetization. This will result in a measured voltage that depends on the
magnetization of the ferromagnet. According to Noziers and Lewiners [66] the anomalous

Hall current is given by:

-

]AHE = znezlsoc E XS (15)
where n is the carrier density, Agoc is the spin orbit coupling constant, E is the electric field
and S is the spin polarization. According to equation (15), an out of plane spin polarization

S is required in order to get an anomalous Hall current transverse, in the y direction, to the

longitudinal electric field E. Therefore, in a typical AHE measurement, an out of plane
magnetic field is applied in order to magnetize the ferromagnet out of plane and measure a
transverse AHE voltage as shown in Figure 1.18.

Overall the Hall voltage in a ferromagnet is a superposition of the ordinary Hall effect and
a term that depends on the out of plane magnetization that is the anomalous Hall effect and
given by:
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Pu = RyquH; + RsM, (16)

) ‘“‘ﬁ /
LA

¢¢‘ o

Figure 1.18. Anomalous Hall Effect (AHE)

where Ry, is the Hall coefficient, H, is the out of plane applied field, R is the anomalous
Hall resistance and M is the magnetization of the ferromagnet. Equation (16) implies that
in addition to the linear dependence of the ordinary Hall Effect, the Hall voltage will
depend on the magnetization and shares a profile that follows the magnetization of the
ferromagnet. For example the Hall resistance of a Ni film saturates at high field and has a
clear hysteresis shape that mirrors the magnetization of the Ni film. Current understanding
of the AHE in ferromagnets is based on three different mechanisms: skew scattering, side
jump and intrinsic mechanism that is based on the Berry phase in the momentum space.
The Berry phase is a geometrical phase that emerges from the Bloch equation describing
electrons in a periodic crystal. Let us define the wave function u,, (r) = e~lr wpq () that
satisfies the periodic boundary conditions in a periodic crystal u,,(r + a) = u,,(r) as

stated by the Bloch theorem. If we force the momentum of the wave function to vary in a
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closed loop C in the momentum space, for example by applying an electric field that sweeps
the momentum q along the Brillouin Zone (BZ), the phase picked up by the wave function
after circling the BZ will be given by:

Vo= [, 40 <un(@)] iVqlun(q) > (17)
This Berry phase is usually associated to the Berry curvature by:

by, (Q) = Vq X< un(Q)' ivqlun(Q) > (18)

2w dEn(q) 21E

Using Schrodinger equation, the electronic velocity is given by: v = ndg -

X

b, (q) where E is the electric field and E,, is the energy of the band n.

Usually the Berry curvature b,, (q), referred as the intrinsic spin orbit coupling, will vanish
if the system preserves time reversal and inversion symmetry after integrating g along the
BZ. However, in the case of a ferromagnet, the time reversal symmetry is broken due to
the presence of finite magnetization, therefore giving a non-zero Berry curvature that
produces an additional transverse velocity. This additional velocity is usually referred as
the anomalous Hall velocity. Non-magnetic materials also can exhibit a non-zero Berry
curvature if the inversion symmetry is broken. Overall, the AHE effect will allow us to
characterize MPE in a nonmagnetic material by subtracting the ordinary Hall from the Hall

voltage.
1.3.5 Anisotropic magnetoresistance:
AMR describes the change in the resistance of a ferromagnetic film that depends

on the magnetization direction. The resistance is high when the magnetization Mis parallel

to the charge current direction and low for M transverse to the charge current. In a
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simplistic picture, this effect arises from the spin orbit coupling that results in different

scattering cross section undergone by the conduction electrons for different magnetization

direction M. The shape of the atomic orbitals depends on the total angular momentum that
contains the spin angular momentum. As the magnetization direction rotates from
transverse to in plane, the orbitals follows the reorientation of the spin angular momentum
due to the spin orbit coupling. When the magnetic field is transverse, the orbitals lie in
plane as shown in Figure 1.19 (a) resulting in a low scattering cross section for the

conduction electron.

(a) (b)
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Figure 1.19. (a) Anisotropic Magnetoresistance (AMR) with magnetization
perpendicular to the charge current and (b) parallel to the charge current

However, as the magnetic field rotates to the in plane direction, the atomic orbitals become
perpendicular to the charge current as shown in Figure 1.19 (b), resulting in an increase of
the scattering cross sectional area. Therefore, for transverse magnetization, the resistance
is low while for the in-plane magnetization the resistance is high. The resistance for the in-

plane and transverse magnetization directions are given by:

Pin-plane = PL T (P// = pL) COSZ(H) (20)

32



(pyy=p1) .
Ptransverse = % sin? (0) (21)

Where p,, is the resistivity for M parallel to the charge current, p, is the resistivity for M

transverse to the charge current and 6 is the angle between the magnetization M and the

charge current. The AMR ratio is given by: i—p = _p//p_pl
0 0

Typically the size the AMR ratio in ferromagnets is 1-2% and gets larger at low
temperatures. In Figure 1.20 we show the AMR curve of a Permalloy film. The AMR effect
is manifested only if there is a ferromagnetic ordering in the material. In order to understand
the effect of AMR on the scattering of conduction electron, we have to employ the two

current model and add the spin orbit coupling.

AMR of Permalloy
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Figure 1.20. (a) AMR of Py film at room temperature

In 3d transition metal, the density of states of spin up electrons is higher than spin
down. As shown in Figure 1.1, at the Fermi level all the spin down states are occupied
while there are plenty of spin up states available. In ferromagnets, the 4s electrons are
responsible of the electric conduction, therefore the resistivity is governed by the scattering

of the 4s electrons to the 3d states. It is worthwhile to note that the 4s-3d exchange prohibits
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spin flip. Since there are more empty states in the 3d spin up band compared to the spin
down, most of the 4s electrons will then scatter to the 3d spin up band. This will result in
a two conduction channels for spin and spin down electrons. The effect of spin orbit
coupling is to intermix the 3d spin up states with 3d spin down states.

AMR is powerful tool to probe spontaneous magnetization acquired by MPE in
nonmagnetic material and will be used to characterize the MPE is FMI/NM system as it

will be discussed in Chapter 5.
1.4 Conclusion:

In summary, | have introduced the field of spintronics, starting by focusing on the
fundamentals of ferromagnetism to the pioneering work of Albert Fert on GMR. Next, |
introduced the fascinating field of graphene spintronics and explained the interplay
between different spin relaxation mechanisms in graphene and discussed the different
routes to enhance the spin lifetime. This will serve as necessary background information
for Chapter 3 where | present my results on the interfacial spin relaxation and spin
absorption by a nanomagnet and in Chapter 4 where | demonstrate the presence of an
additional contact induced spin relaxation. Furthermore, | introduced the concept of
magnetic proximity effect and the different magnetotransport measurement to characterize
the MPE. This will be relevant for Chapter 5 where | discuss the MPE in CoFe,O4/Pt
system.

This thesis is organized as follows: In Chapter 2 | discuss the experimental methods
of the device fabrication, characterization and measurement techniques. Next, in Chapter

3, | present my work on the investigation of the interfacial spin relaxation and spin

34



absorption by a nanomagnet in graphene. Next, in Chapter 4 | present my results on the
discovery of an additional contact induced spin relaxation in graphene. Chapter 5 presents
the first demonstration of MPE in the CoFe.O4 characterized by AHE, AMR and SMR.
Finally, in Chapter 6 | present my results on the growth and transfer of epitaxial 2D

semiconductor germanane.
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Chapter 2: Experimental Methods

Introduction:
In this chapter | discuss the device fabrication technique of graphene spin valves,

CoFe204/ Pt Hall bars and germanane photoconductivity devices. In addition, I present the
different measurement techniques used throughout this thesis to characterize spin, charge

transport and magnetic properties.
2.1 Graphene spin valve fabrication:

The studies discussed in Chapter 3 and 4 use graphene spin valve devices to
investigate the interfacial spin relaxation, spin absorption and contact induced spin
relaxation. The device fabrication procedure is outlined below.

2.1.1 Substrate preparation:
The graphene used for the spin transport studies is exfoliated onto SiO2/Si substrate. The
SiO; is obtained by thermal oxidation of Si that produces 300 nm SiO,. The SiO; was
purchased from University Wafers. The Si/SiO2 wafers are cleaved approximately to about
10 mm x 10 mm samples. The samples are cleaned in three steps:

e Ultrasonic cleaning in a bath of Acetone for 15 min (repeat twice)

e Ultrasonic cleaning in IPA for 15 min

e Blow dry the samples and anneal at 150 °C for 30 min
2.1.2 Graphene exfoliation:

The graphene used for these studies was exfoliated from a Highly Oriented

Pyrolytic Graphite (HOPG) purchased from SPI supplies. First, drape scotch tape on the
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HOPG surface gently and apply pressure uniformly on the surface and peel off the scotch
tape carefully. Second, secure the scotch tape on a glass slide. Third, place another scotch
tape on top of the previous one and apply pressure very gently uniformly. Too much
pressure will crack the graphite pieces resulting in small graphene pieces, while very low
pressure will result in no graphene deposition. Fourth, peel off gently, fold and peel until
the color of the graphite area on the scotch tape become light grey. Finally, place the scotch
tape on the SiO wafer and gently apply pressure with a flat tweezer uniformly then peel
off carefully. After exfoliation, inspect the sample surface with an optical microscope until
identification of a suitable graphene flake. Below is the optical microscope picture of

graphene with multiple thicknesses.

Figure 2.1. Microscope image of graphene on SiO>

2.1.3 Alignment marks:
E-beam lithography is used to define the metallic electrodes for electrical contact.
In order to locate the graphene flake on the wafer, we write alignment marks that consists

of 4 matrices of 1 mm x 1 mm each made of crosses separated by 50 pm and numbers
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separated by 500 um. In order to locate the graphene in the matrix, we need to identify the

closest number to the graphene flake and measure the distance between the graphene and

the number using the crosses as shown in Figure 2.2.

Figure 2.2 Microscope image of alignment marks

The steps to write alignment marks are described below:

First, spin coat MMA at 3000 rpm for 45 seconds and bake at 150°C for 2 min
Second, spin coat PMMA at 3000 rpm for 45 seconds and bake at 170 C for 5 min
Make a scratch on the top corner of the sample and deposit gold nanoparticles (100
nm diameter) using a syringe. The gold nanoparticles will allow to optimize the
focus of the electron beam for writing the alignment marks later

Load the sample to the e-beam lithography machine and correct the stigmation and
focus by focusing on the gold nanoparticles.

Once focused, write the alignment marks as designed in the CAD file.

Unload the sample and develop in MIBK: IPA 1:3 for 1m20s and submerge in IPA
for 1m and finally rinse in water for 20 s then blow and dry with nitrogen gas.

42



2.1.4 Writing the electrodes:

First, microscope pictures of the flake at 10x and 60x are taken and uploaded to the
CAD software. Next, electrodes with specific dimensions are designed using the CAD
software with the correct distances and features. After design, we create an NPGS file that
communicates with the e-beam machine to write the electrodes. Next, we load the sample
to the SEM, locate the flake using the alignment marks and write the electrodes. The pattern
is then developed using the previous recipe.

2.1.5 Tunneling contacts deposition:

Due to the conductance mismatch between the Co and Graphene, tunneling contact
for spin injection and detection are used. Below we describe the tunnel contact fabrication:
2.1.5.1 Co/SrO tunneling contact:

For the study in Chapter 3, SrO/Co masking layer are used to inject and detect spins.
The tunnel contacts are grown inside a molecular beam epitaxy (MBE) chamber at 1x
1071° T. The growth recipe is described below:

e Leak molecular oxygen Oz at3x 1077 T

e First, grow 0.55 nm Sr at 9 angle (Figure 2.3 (a))

e Second, grow 2.11 nm Sr at 0 angle (Figure 2.3 (a))
e Third, oxidize for3hat3x 1077 T

e Grow 60 nm Co at 7 angle and cap with aluminum
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Co (7)

Sro (0) / / Sro (9)

Figure 2.3 (a) Angular growth of SrO tunnel barrier and Co (b) Schematic of the
current injection path

2.1.5.2 Co/MgO tunneling contact:
In Chapter 4, we use MgO/TiO2 and Al>Os tunneling contacts to study the contact induced
spin relaxation. The MgO/TiO; are grown as follows:

e Grow 0.14 nmof Tiat 0'and 9 (Figure 2.4 (a))

e Leak in molecular Oz at 3x 107 T for 30 min

e Deposit 3nm MgO at 0'and 0.8 nm at 9 °

e Third, oxidize for 3hat3x 1077 T

e Grow 90 nm Co at 7 angle and cap with aluminum

(a) Co (7°) (b)

WMgo / / TLe’MgD

M gD\ TiO,

Figure 2.4 (a) Angular growth of Ti/MgO tunnel barrier and Co (b) Schematic of the
current injection path
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2.1.5.3 Co/Al20s3 tunneling contact:

Sputter 0.7 nm of Al blanket on top of graphene

e Oxidize in molecular oxygen at atmospheric pressure
e Define the electrodes with e-beam lithography

e Grow 80 nm Co at 0 using MBE

e Cap with e-beam evaporated Al,O3

Figure 2.5 Schematic of graphene spin valve with Al>Os tunnel barrier

2.1.6 Lift-off:

After evaporation of the tunnel contacts, the device is immersed in PG Remover at
70 C for 1h, then submerged in IPA for 2 min and blow dried using nitrogen gas.
2.1.7 Graphene spin valve electrical measurement:

For all the graphene spin valve measurement a lock-in detection technique was used
in order to obtain the best signal to noise ratio. The schematic of the measurement is shown

in Figure 2.6. A current source Keithley 6221 is used to apply an AC charge current at a
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frequency of 11 Hz and is referenced to a 7265 Lock-In amplifier. The voltage is amplified
using SR-560 and fed to the Lock-In for voltage measurement. The gate voltage is applied

to a Si back gate using a Keithley 2400 for gate dependence measurement.

I\/Ac Reference
n
T Lock-in Amplifier
[
| SR 560 | Current
source
A-B B LIA
lac
| 1 Out
Keithley P2 —— [] []

Scratch —— B
connecting
to Si

Figure 2.6 Non-local measurement electrical setup

2.2 In-situ MBE chamber:

The study in Chapter 3 is done inside an MBE chamber at 1x 10~1° T, that has the
capability to grow magnetic thin films and perform non-local spin valve measurement at
variable temperature ranging from 20 k to 300 k without breaking the vacuum. This unique
capability will allow us to investigate the interfacial spin dephasing as it will be discussed
in Chapter 3.

First, the spin valve device is placed on a sample paddle as shown in Figure 2.7 (a)
and electrical contacts are made by wirebonding the device pads to the 6 Au pads in the

paddle. Then, the paddle is mounted on a vacuum puck (Figure 2.7 (b)) and loaded inside
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the MBE chamber. Next, the paddle is transferred from the puck to the cryostat inside a
small MBE chamber as shown in Figure 2.8. In order to electrically contact the Au pads

on the paddle, a set of 6 Au pins are lowered by rotating a key until the pins touch the pads.

EREEEEEE

Au pads
R | < MgO ba MgO bar

Scratch { Scratch
contact ¢ to gate

Sappil Saphire

Figure 2.7 (a) In-situ puck (b) Sample paddle with electrical pins

Figure 2.8 In-situ measurement system
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For magnetotransport measurement, the magnetic field is applied by lowering the
device to the magnet position. In Figure 2.8, we show the two magnetic poles of the magnet.
The chamber contains Fe and Cu effusion cells with individual shutters, deposition crystal

monitor, sputtering gun, hydrogen cracker and oxygen leak valve.
2.3 Pt/CFO Hall bar fabrication:

In Chapter 5, magnetotransport measurement of Pt/CFO are done using a Hall bar
device. The Hall fabrication procedure is described below:
e Spin coat photoresist on top of the film Pt/CFO at 4500 rpm for 45 s and bake for

2 min at 100 °C.

Load the sample into a photolithography system

Expose the pattern with UV light

Develop the pattern for 1min 20s

Etch the developed area using Ar ion gas

Lift off in Acetone at 70°C for 1h

Below is the Hall bar geometry used for magnetotransport measurement:
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CoFe;0:

Figure 2.9 Hall bar geometry and electrical connections

2.4 Large area germanane device fabrication:

In Chapter 6, we perform photoconductivity measurement to characterize the band gap and
photocurrent on/off ratio of large area germanane. The device fabrication procedure is
described below:

e Place a 20 pm diameter wire at the center of the sample

e Cover the edges with Kapton tape leaving only a small portion of the sample

exposed
e Evaporate Au/Ti everywhere on the sample
e Peel off the tape and the wire in the middle of the sample

The resulting device will have a 20 pum channel width and Au/Ti pads for wirebond.
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Chapter 3: Investigation of Interfacial Spin
Relaxation and Spin Absorption in Graphene
Spin Valves

Abstract:
We investigate the feasibility for achieving magnetization switching of a

nanomagnet using graphene as a nonmagnetic channel material for All Spin Logic (ASL)
applications. Using in-situ MBE deposition of nanomagnet on graphene spin valve, we
demonstrate the presence of an interfacial spin dephasing at the interface between graphene
and the nanomagnet. By introducing a Cu spacer between the nanomagnet and graphene,
we demonstrate that this interfacial effect is related to an exchange interaction between the
spin current and the disordered magnetic moment of the nanomagnet at the interface. In
addition to the newly discovered interfacial spin relaxation effect, the extracted contact
resistance area product of the nanomagnet/graphene interface is relatively high. In practice,
reducing the contact resistance will be as important as eliminating the interfacial relaxation

in order to achieve magnetization switching.
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3.1 Introduction:

Graphene is a promising material for lateral spin transport due to its low spin orbit
coupling and high carrier mobility, leading to long spin diffusion lengths at room
temperature [1-3]. The ferromagnet (FM)/graphene interface plays a critical role in lateral
spin transport devices, yet the spin-dependent properties of such interfaces are not well
understood. It has been established theoretically and experimentally by several groups that
the contact at the ferromagnet/graphene interface is the bottleneck for achieving high spin
lifetimes and high spin injection efficiency due to spin absorption by the ferromagnetic
contact, which is known as the conductivity mismatch problem [4-7]. Early work on
graphene spintronics employed high resistance Al.Oz barriers with unintentional pinholes
to circumvent the conductivity mismatch problem [8]. Although the Al,Os barrier
resistance was significantly higher than the graphene spin resistance, the obtained spin
lifetimes were still in the low range of hundreds of picoseconds. Later, Han et al [6]
achieved tunneling spin injection using pinhole-free Ti-seeded MgO barriers, leading to
substantially longer spin lifetimes in the nanosecond range. This suggests that conductance
mismatch is not the only source of spin relaxation at the contact. Subsequently, Volmer et
al [6] increased the spin lifetime from hundreds of picoseconds to 1 ns in single layer
graphene by successive oxidation of a Co/MgO pinhole contact. It was suggested that the
oxidation process suppresses the direct contact between Co and graphene by oxidizing the
Co layer at the pinholes, which may reduce sp® hybridization between the Co and carbon
atoms responsible for spin scattering. However, the microscopic origin of such possible

interfacial effects remains unclear.

51



Addressing spin relaxation at FM/graphene junctions is not only important from a
fundamental point of view, but also for technological applications such as “All Spin Logic”
(ASL) that has been proposed recently by the Datta group [9]. This architecture relies on
the magnetization switching of a nanomagnet using spin transfer torque exerted by a pure
spin current absorbed by the nanomagnet. This task has been challenging to achieve in
graphene. Lin et al [10] have shown spin transfer torque switching in graphene, but it
required the assistance of a substantial external magnetic field and relatively high injection
current of up to 4.5 mA in multilayer graphene. Later, they were able to decrease the
injection current to 4 mA Dby using transparent contacts to the FM electrode [11].
Nevertheless, the use of such high injection current is detrimental as Joule heating can
cause damage to the FM/tunnel barrier contact. Furthermore, using an external magnetic
field is not practical for device operation. This contrast between the exceptional spin
transport properties of graphene and the low spin transfer torque switching efficiency is
quite puzzling. It is therefore of paramount importance to understand interface spin
relaxation and spin absorption at the FM/graphene interface.

Motivated by these considerations, we designed in-situ spin transport experiment
shown in Figure 3.1. A nanomagnetic island is grown on the surface of a graphene spin
valve by cryogenic molecular beam epitaxy (MBE) while the spin transport is monitored
during the deposition. The presence of the nanomagnet on top of the graphene channel can
introduce additional spin-dependent interactions to produce spin scattering and/or spin
absorption, which can be quantified by measuring the change of the nonlocal spin transport

signal as a function of nanomagnet thickness. Due to the atomic scale precision of MBE
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growth, this provides a powerful and systematic method to investigate the spin-dependent
properties of FM/graphene interfaces.

Here, we report the discovery of an interfacial spin relaxation process at
FM/graphene junctions due to interactions of spin-polarized conduction electrons with
interfacial magnetic moments. This interfacial spin relaxation could be either due to a
transfer of spin angular momentum from the electron spins in graphene to the interfacial
magnetic moments (i.e. interfacial spin transfer torque) or due to depolarization of electron
spins in graphene by a fluctuating exchange field [12]. We also observe the expected bulk-
like spin absorption associated with spin relaxation in the bulk of the magnetic island.
These conclusions are established through in-situ spin transport experiments, where a Fe
nanomagnet is grown on the interior of a wider multilayer graphene spin valve and
produces a rapid decay of nonlocal spin transport signal in the submonolayer regime of Fe
thickness. Insertion of an ultrathin Cu layer on graphene prior to Fe deposition provides
the key insight on the interfacial origin of the spin relaxation process. In addition, we
employ finite element modeling of spin transport to quantify the interfacial spin relaxation,
bulk-like spin absorption, and the spin current flowing into the nanomagnet. These results
indicate that atomic-scale engineering of the FM/graphene interface is important for

achieving efficient spin transfer torque switching of nanomagnets on graphene.

3.2 Experimental methods:
The experiments are conducted in an ultrahigh vacuum (UHV) chamber with the

ability to perform in-situ spin transport measurements while depositing metallic adatoms

onto graphene spin valves held at cryogenic temperatures (~20 K). For the fabrication of
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spin valve devices, we exfoliate multilayer graphene flakes onto SiO2 (300 nm)/Si wafers,
where the degenerately doped Si is used as a backgate. The graphene thickness is screened
by optical contrast and quantified by atomic force microscopy (AFM). We utilize a single
e-beam lithography pattern using bilayer PMMA/MMA resist combined with angle
evaporations to define a SrO tunnel barrier and 60 nm thick Co electrodes. The angle
evaporation results in a small contact width of ~50 nm between the Co and graphene
through a narrow layer of SrO. Subsequently we spin coat the spin valve device with
PMMA and perform a soft bake at 50 °C for 2h in order to prevent damaging the Co/SrO
electrodes. After the bake, we create an opening in the PMMA for the island deposition by
patterning using e-beam lithography and developing in MIBK/IPA for 1m 20s.
Immediately after development, the sample is loaded into the UHV chamber to perform
the non-local spin transport measurement and growth of the Fe and Cu islands by cryogenic
MBE at a pressure of 1 x 10 Torr. For island growth, we utilize thermal effusion cells
and the growth rate is measured using a quartz crystal monitor. Typical growth rates are
0.04 A/min for Fe and 0.2 A/min for Cu. The samples are held at low temperatures (~20
K) during growth in order to inhibit the lateral surface diffusion of the metallic adatoms on
graphene. In Figure 3.1 (a) we show the schematic of the final device. The SEM picture of

the device after island growth and lift off is shown in Figure 3.2 (b)
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(@)

(b)

Figure 3.1 (a) Schematic of the the spin absorption device (b) SEM image of the Fe/Gr
island and Co/SrO injector and detector
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3.3 Results and discussion:

3.3.1 Non-local measurement prior to Fe deposition:

Prior to island deposition, we measure the charge and spin transport characteristics of our
multilayer graphene (MLG) spin valve devices. We present data for representative devices
which illustrate phenomena observed consistently in a sample set comprised of 4
Fe/graphene and 4 Fe/Cu/graphene island devices. Spin transport measurements are carried
out using lock-in detection with an AC injection current of Iing =5 JA rms at 11 Hz between
contacts E1 and E2 (injector) (see Fig. 3.2a inset). Electron spin density injected at E2
diffuses toward electrode E3 (detector), which generates a nonlocal voltage VN measured
between E3 and E4. For this sample, the width of the graphene is Wgr = 2.5 um and the
spacing between E2 and E3 is L = 1.5 um. We evaluate spin transport by measuring the
non-local voltage as a function of the applied in-plane magnetic field [13]. The non-local
magnetoresistance (MR) signal of the pristine graphene is shown in Figure 3.2 (a) for a
backgate voltage of Ve = 0 V. We observe a sharp switching corresponding to the
transition between parallel and antiparallel configurations of the injector and detector
magnetizations. The size of the non-local MR in this particular case is: ARnL =2.75 Q as
shown in Figure 3.2 (a). Next, we perform a non-local Hanle spin precession measurement
to extract the spin lifetime and diffusion constant for the MLG. For Hanle measurements,
an out of plane magnetic field is ramped while measuring VnL with electrodes in the
parallel and antiparallel magnetization states. The Hanle curves obtained for parallel and

antiparallel configurations are shown in Figure 3.2 (b). We fit the Hanle curve by
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subtracting the corresponding nonlocal voltages in the parallel and antiparallel
configurations and using the modified Bloch equation that takes in account the effect of
spin absorption by the Co/SrO contacts [14]. Using a three terminal measurement scheme,
we determine the contact resistance of the injector and detector to be 85 kQ and 23 kQ,
respectively. Using these contact resistance values, we fit the Hanle curves and obtain a
spin lifetime of ts = 551 ps, a diffusion constant of D = 0.0035 m?/s and a spin injection
efficiency o= 11%.

3.1.2 Non-local measurement with Fe deposition:
To investigate the effect of a nanomagnetic Fe island on the spin transport in

graphene, we deposit Fe through the PMMA mask to produce the device geometry shown

in Figure 3.1 (a).

(a) B8

904
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In plane field (mT) In plane field (mT)

Figure 3.2 (a) Non-local MR and (b) Non-local Hanle for pristine graphene prior to Fe
deposition

The width of the Fe island relative to the graphene width plays an important role in
determining the spin signal that can be detected. Using a large island size will limit the

detected spin signal at the cobalt detector (E3) due to spin absorption and/or dephasing
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from the island. For samples A, B, and C, the width of the Fe island is Wisiana = 560 nm
(and length is 200 nm) which is ~30% of the graphene channel width (Wgr = 2.0 um). For
sample D, Wisiand/Wer is ~90%. Figures 3.3 (a) and 3.3 (b) shows representative nonlocal
MR loops and Hanle curves, respectively, for different Fe thicknesses. The initial gate
voltage of Ve = 0 V is adjusted slightly (within + 5V) at each Fe thickness to maintain a
constant channel resistance to offset any charge transfer effects that could occur upon metal
doping [15, 16]. We observe two striking features. First, the non-local MR decreases by
30% for Fe thicknesses as low as 0.04 A and continues to decrease, reaching a value of
ARNL= 0.8 Q for 23.4 A of Fe which is 70 % smaller than the spin signal prior to deposition.
Second, the Hanle curve becomes broader as the Fe thickness is increased, with the
effective spin lifetime decreasing to t*s = 330 ps after 23.4 A of Fe. The fitted values of
the diffusion constant D = 0.003 m%/s and a = 11% change little compared to the pristine
graphene case, which suggests that the decrease of the non-local MR after Fe deposition is
due to extra spin induced by the Fe island, as opposed to a change in the spin injection
efficiency or graphene conductance.

Figure 3.3 (c) summarizes the decrease of the non-local MR for all Fe thicknesses, where
we define y=ARNL/ARpristine, Where ARpristine 1S the non-local MR of the pristine graphene

before any Fe deposition.
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Figure 3.3 (a) Non-local MR for different Fe thickness (b) Non-local Hanle for
different Fe thickness (c) Normalized non-local resistance with Fe thickness

59



We observe two distinct length scales: (i) y decreases rapidly for Fe thicknesses
lower than a monolayer (ML)—we take 1 ML = 1.48 A, which is the value for (100)
oriented Fe, even though the deposited Fe is unlikely to grow layer by layer [17, 18](ii) For
high Fe thickness > 1 ML, y decreases at slower rate. As discussed below, we find that the
initial decrease in ARnL at thicknesses of less than 1 ML is due to increasing coverage of
the island by Fe.

Bulk spin absorption, which is useful for switching a magnetization by spin transfer
torque, applies only to magnets with thicknesses greater than or equal to the spin diffusion
length [19]. Estimates for the spin diffusion length in Fe vary from 2 nm to 8.5 nm [20,
21]. Since we observe a decrease of ARnL at much smaller Fe thicknesses, we conclude
that this cannot be due to bulk-like spin absorption by the Fe island, and we therefore
suspect an interfacial spin relaxation effect.

Physically, there are a number of possible sources of interfacial spin relaxation
including: (i) spin momentum transfer between the spin current and interfacial magnetic
moments, (ii) interfacial magnetic moments causing spin dephasing via static or fluctuating
exchange fields [12] (i.e. induced magnetism), (iii) sp® hybridization between the
ferromagnet and C atoms [22-25], (iv) spin relaxation based on SOC induced by the metal
overlayer (proximity induced SOC, or SOC of the overlayer) [26]. Of these possibilities,
(i) and (ii) are based on magnetism, while the others are not. Our primary goal, therefore,
is to understand whether (or not) the interfacial spin relaxation I'int is related to the magnetic

property of the Fe island.
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3.1.3 Spin absorption by Cu island:

To address this question, our approach is to insert a thin Cu layer into the Fe/Gr
interface. This is an established method for elucidating the role of interface effects in
spintronic systems, and we furthermore chose Cu due to its low atomic number and
compatibility with our cryogenic molecular beam epitaxy system. To establish the
suitability of Cu for our studies, we deposit a 3 nm Cu island on graphene under the same
conditions as the Fe experiment, including island/graphene width ratio, graphene thickness
and deposition temperature. In Figure 3.4 (a), we show the dependence of the spin signal
on the Cu thickness. Interestingly, we observe that the signal remains almost unchanged
for very low Cu coverage and even increases slightly. The origin of this increase is not
currently understood and is beyond the scope of this study. The spin current remains largely
unaffected by the presence of 3 nm of Cu, which allows it to be used to decouple the Fe
from the graphene without reducing the spin current. In Figure 4 (a), we show the results
for Fe deposited on 3 nm Cu spacer (green curve). We observe two interesting features:
First, we still measure a rapid drop at submonolayer thickness but with lower magnitude
compared to the Fe/Gr direct contact. Second, we clearly see the slower exponential decay
for higher Fe thickness that was otherwise hard to distinguish in the Fe/Gr experiment. The
fact that we observe similar rapid decay compared to the Fe/Gr direct contact suggests the
possibility that the Fe is directly contacting the graphene through pinholes. Therefore, we
performed AFM on the 3 nm Cu spacer shown in Figure 3.4 (b) to verify the presence or

the absence of such pinhole structure. Although the AFM shows a rough Cu surface, the
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line cut shows no pinholes propagating all the way down do the graphene surface. This
observation indicates that the rapid decay in the Fe/Cu/graphene is not related to direct

contact between the Fe and graphene through pinholes in the Cu.
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Figure 3.4 (a) Normalized non-local MR for Cu (orange curve), Fe (blue curve) and
Fe/Cu (green curve) islands with thickness (b) AFM image of 3 nm Cu

3.1.4 2D Finite element modeling of spin absorption:

We introduce a finite element model in order to quantitatively describe the
measured decrease in ARnL as a local increase in the spin relaxation rate under the island.
A 2-D environment (typically composed of 25 nm x 25 nm cells) shown in Figure 3.5 is
used to model the spin accumulation S(x,y), which is the spin splitting of the chemical
potential uy — u, in the three cardinal directions (i = x,y, z), throughout the graphene

channel. A forward Euler step algorithm with Neumann boundary conditions is used to
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evolve the distributed spin accumulation until steady state in accordance with spin

diffusion, precession, and relaxation,
B _pp2s_yBxS_35 43§
=DV —yBxS——+5 (1)
where y = 1.76 x 1072 OeIns is the gyromagnetic ratio, Bisthe applied magnetic field,

and S, is the rate of spin injection.
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Figure 3.5 (a) Evolution of Fe islands with thickness (b) Relaxation rate extracted
using 2D finite element modeling for different thicknesses

This spin injection rate, which is calculated from the known injection charge current
density and the fitted value of «, is assumed to be parallel to the injector magnetization and
is only nonzero under the injector contact. Spin absorption into the Co contacts is

incorporated by locally increasing the spin relaxation rate under the Co contacts by an
additional spin relaxation term t~* = R;,A%/(R.Ats), where A =,/Dts, R is the
measured Co/SrO/graphene contact resistance, and A is the contact area. The simulation is

compared to experiment by first considering the component of the spin accumulation
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parallel to the detector magnetization (S, = S- M,,.), and then calculating the spin valve
signal size (ARy1)moder = a{Sy)aec/I, Where I is the injection charge current and (S,,) e,
is the average of S, in all of the cells underneath the detector contact. The model is verified
by confirming that the out-of-plane magnetic field dependence of (ARy.)moder 1S
consistent with the nonlocal Hanle data measured prior to metal deposition. Next, in only
the cells under the island, an additional spin relaxation term 2}, is included such that the
spin relaxation rate is locally increased
Ts' = T3+ Tother (2)

For all Fe thicknesses, a value of 7,2}, was found that reproduced the measured value of
ARy, thus allowing the measured thickness dependence of ARy, to be mapped to a

thickness-dependent additional local spin relaxation rate 7,3,

In Figure 3.5 (b) we show the extracted values for the additional local spin
relaxation rate 7.}, as a function of Fe thickness. This rate increases linearly with Fe
thickness in the submonolayer regime and plateaus at a thickness of ~1 ML of Fe, which
we interpret in terms of increasing areal coverage of Fe. The perceived submonolayer
thickness dependence is due to the increasing island size at early stages of growth, as
observed in previous STM studies [17, 18], such that the fractional filling of a complete
atomic layer of Fe can be approximated by the ratio of the measured island thickness (tg.)
to the thickness of 1 ML of Fe (t,,;). Thus, the quick decay of the spin signal observed at

small Fe thickness can be understood in terms of interfacial spin relaxation and quantified

Fe/Gr
1—‘i

by a single parameter I, ;

, defined as the additional local spin relaxation rate in graphene
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underneath at least 1 ML of Fe. This rate is determined by rescaling the additional local

spin relaxation rate in the submonolayer regime to account for incomplete coverage

" = o=/ |min (22, 1)] 3

tmr’
As shown in Figure 3.6, the result of this rescaling is that that the additional local spin

relaxation rate in graphene underneath at least 1 ML of Fe is relatively insensitive to Fe

thickness, with the result from multiple experiments that Fiii/ %103 ns.
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Figure 3.6 Relaxation rate rescaled with island coverage

From these results, a simple physical picture emerges. The interfacial spin

I-.'Fe/Gr

me ) originates from a magnetic interation

relaxation rate of the Fe/graphene junction (

l-"Fe/Cu)

(options i and/or ii). The Fe/Cu junction also has an interfacial spin relaxation (I},

which has a lower rate than for the Fe/graphene junction. The slow decay in the
Fe/Cu/graphene sample is due to bulk-like spin absorption in the Fe overlayer, and the
decay length is given by the spin diffusion length in the Fe. Spin relaxation induced by

SOC by sp® bonding (option iii) or by proximity-induced SOC (option iv) is ruled out as
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the origin of the rapid decay because it cannot explain the rapid decay in the
Fe/Cul/graphene sample; adding the Fe does not change the Cu/graphene interface.
Therefore, the interfacial spin relaxation has a magnetic origin and could be due to spin
momentum transfer or magnetic exchange fields that interact with the spin current. Further

studies are required to disentangle these two effects.

3.5 Conclusion:

In conclusion, we report the discovery of an interfacial spin relaxation at the
FM/graphene interface probed by pure spin current. Using a Cu spacer between the FM
and graphene, we show that the interfacial spin relaxation originates from the interactions
of spin-polarized conduction electrons with interfacial magnetic moments. This interfacial
spin relaxation could be either due to a transfer of spin angular momentum from the
electron spins in graphene to the interfacial magnetic moments (i.e. interfacial spin transfer
torque) or due to depolarization of electron spins in graphene by a fluctuating exchange
field. Using a 2D finite element modeling, we extracted the relaxation rate under the island

associated to the interfacial relaxation.
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Chapter 4: Contact induced spin relaxation in
Graphene spin valves with Al,O3; and MgO
tunnel barriers

Abstract:

We investigate spin relaxation in graphene by systematically comparing the roles of spin
absorption, other contact-induced effects (e.g., fringe fields), and bulk spin relaxation for
graphene spin valves with MgO barriers, Al,O3 barriers, and transparent contacts. We
obtain effective spin lifetimes by fitting the Hanle spin precession data with two models
that include or exclude the effect of spin absorption. Results indicate that additional
contact-induced spin relaxation other than spin absorption dominates the contact effect.
For tunneling contacts, we find reasonable agreement between the two models with median

discrepancy of ~20% for MgO and ~10% for Al2Os.
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4.1 Introduction:

Spin relaxation is one of the most important issues in graphene spintronics.
Theoretically, the spin lifetime of graphene is predicted to be on the order of microseconds
due to weak spin-orbit coupling [1-6]. Experimentally, however, the measured spin
lifetimes typically vary from about a hundred picoseconds to a few nanoseconds [7-15].
This discrepancy of three orders of magnitude represents one of the mysteries of the field.
Understanding the origin of this discrepancy between theory and experiment will help close
the gap and could lead to graphene materials and devices with exceptionally long spin
lifetimes and spin diffusion lengths at room temperature. Central to the investigation of
spin relaxation is the role of contacts in graphene spin valves. Experimental studies are
based on spin precession measurements in the nonlocal geometryl6 and modeling to
extract the spin lifetime. In early studies, it was shown that high quality tunnel barriers
between the ferromagnetic electrodes and graphene are needed to achieve spin lifetimes in
excess of 200 ps [13] but the nature of the contact-related effects producing this
enhancement has remained unclear. One contact-related issue is the conductivity mismatch
between the ferromagnetic electrode and the graphene, which causes the spins to flow from
the graphene into the ferromagnet (“spin absorption™) and results in lower effective spin
lifetimes [9,17] Other contact effects could include the nature of the interface between the
ferromagnet and the graphene such as spin relaxation due to magnetostatic fringe field at
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the contact,18 interfacial spin flip scattering [19-21] contact induced band bending, and
spin scattering due to the hybridization of the ferromagnet d-orbital with the graphene’s -
orbital [22—-26]. Therefore, the extracted spin lifetime will include contributions from the
“bulk” spin relaxation in graphene (independent of contacts and including intrinsic and
extrinsic spin scattering) and contact-induced spin relaxation. Because accurate
determination of the bulk spin lifetime is important, it is worthwhile to clarify the role of
contacts through systematic experimental studies.

In this Letter, we investigate spin relaxation in graphene by systematically
comparing the roles of spin absorption, other contact-induced effects, and bulk spin
relaxation. We analyze a set of graphene spin valves with Ti-seeded MgO barriers and
utilize two different models of nonlocal Hanle precession to understand the role of spin
absorption. Primarily, we find that some form of contact-induced spin relaxation other than
spin absorption dominates the contact effect. To understand whether this is specific to MgO
barriers or is more general, we develop graphene spin valves with smooth Al.O3 barriers
and observe similar behavior. Beyond this, we are able to draw several conclusions, which

can be described more clearly after discussing the models employed in the analysis.

To analyze Hanle spin precession data, we employ two different models. The first
model is a “traditional model” (TM) which does not explicitly take spin absorption into
account [27]. The spin accumulation in an applied magnetic field is described by the steady

state Bloch equation:

szus—’;‘—j+ w, X ps=0 1)
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where D is the diffusion constant, 7, is the bulk spin lifetime, u is the spin accumulation,
w; = gugB/h is the Larmor frequency, g is the gyromagnetic factor, ug is the Bohr
magneton, and B is the magnetic field. For the nonlocal Hanle geometry, this results in a

nonlocal signal given by:

o) 1

L2
Ry, x ifo T OXP [_E] cos(w,t) exp(—t/t5) dt  (2)

where L is the separation between spin injector and spin detector. Because the model does
not explicitly take contact-induced spin relaxation into account, the fitted spin lifetime,

which we denote as 7, should be considered as an effective spin lifetime given by:

1 1 1 1
— = lpuik + Tabs + Dother = — +

T™ Ts Tabs Tother

©)

Where T, IS the bulk spin relaxation rate in graphene, I';;¢ is the contact-induced spin
relaxation rate due to spin absorption, and I, i the contact-induced spin relaxation rate

from other effects (e.g. fringe fields, etc.).

The second model explicitly takes into account the contact-induced spin relaxation
by spin absorption, and we denote such models as “spin absorption models” (SAM) [9, 17,
28, 29] This was first introduced by van Wees and coworkers [9,17], but an analytical
solution for the Hanle curve was not found initially. Subsequently, Aji and coworkers [29]

derived an analytical solution for the nonlocal Hanle signal, which is given by:

RIJ_\;L = p1p2 Ry f
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Where tg,,, is the fitted spin lifetime, A is the spin diffusion length in graphene, and r; =

@ W with i = 1 for the injector and i = 2 for the detector, Rc is the contact resistance,
sQ

Rsq is the sheet resistance of graphene, W is the width of the graphene, Rn = Rsg A /W is
the spin resistance of graphene, Rr = pm Amm/A is the spin resistance of the ferromagnet,
pfm IS the resistivity of the ferromagnet, Am is the spin diffusion length in the ferromagnet,
and A is the junction area. Considering equation (2), the main difference from 7, is that
the effect of spin absorption is explicitly calculated within the model, so the effective spin
lifetime consists only of the remaining spin relaxation mechanisms, namely

1 1 1
= Dpuik + lother = — +
TSAM Ts  Tother

()

Thus, it is clear that the spin absorption model is more accurate than the traditional model

in determining the bulk spin lifetime.

The large difference in spin resistances between graphene (Rn) and the ferromagnet
(Rr) will result in rapid flow of spins from graphene to the ferromagnet. The amount of
spin absorption can be controlled by introducing a tunnel barrier between the graphene and
the ferromagnet. This is especially important for Co electrodes on graphene channel where
the spin resistance of the ferromagnet is much less than the spin resistance of graphene,

which would produce large spin absorption in the absence of a barrier.

Beyond the van Wees and Aji model, the Otani group introduced an anisotropic

term represented by the mixing conductance Gy, that accounts for different spin absorption
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rate for longitudinal and transverse spins. While this anisotropy has been demonstrated in
metallic spin valve, in the case of graphene the anisotropic spin absorption is almost the
same as the isotropic one (within 4% difference) due to the higher junction resistance
relative to the ferromagnet [28]. Therefore, in the case of graphene spin valves this model

is equivalent to the van Wees and Aji model (equation 4).

Recently in Idzuchi et al [30], the Otani group re-analyzed our Hanle data on
graphene spin valves with Ti-seeded MgO barriers using the spin absorption model. It was
noticed that tsawm for four devices approached similar values near 500 ps, independent of
the contact resistance-area product (RcA). The interpretation was that the contact-induced
effect is primarily due to spin absorption because the 754,, converges to a constant value
representing the bulk spin lifetime (i.e. 7, ~ 0). Taken at face value, this is a good
method to analyze spin relaxation: if Tsam converges to a constant value independent of
RcA, this likely represents the bulk spin lifetime; if 754,, varies and is correlated to RcA,
then the contact-induced spin relaxation from other effects (t,:.r) Can be substantial; if
Tgam Varies and is uncorrelated to RcA, other dependencies should be explored, such as

the dependence on electrode spacing or other relevant parameters.

In our study, we follow this approach to analyze a larger set of graphene spin valves
with Ti-seeded MgO barriers and Al,Os barriers. We also compare the effective spin
lifetimes from the two models, T, and g4y, to elucidate the roles of spin absorption,
other contact effects, and bulk spin relaxation in determining the overall spin lifetime.
Through our studies, we draw the following conclusions: (1) the contact-induced spin

relaxation rate from other contact effects, toter, IS Substantial, (2) spin absorption is not the
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dominant source of spin relaxation, except in some cases with transparent contacts, (3) for
tunneling contacts, the ratio 7;,,/Ts4p 1S typically found in the 60% - 90% range with
median value of ~80% for MgO barriers and 70% - 100% range with median value of ~90%
for Al>Os barriers, (4) simulations provide a guideline for estimating the relative

importance of spin absorption in determining the spin lifetime.

4.2 Experimental methods:

To fabricate devices, we exfoliate single layer graphene flakes onto SiO2 (300
nm)/Si wafers, where the degenerately doped Si is used as a backgate. The graphene
thickness is determined by optical contrast and calibrated using Raman spectroscopy. For
the Ti-seeded MgO tunnel barrier devices, we utilize a single e-beam lithography pattern
using bilayer PMMA/MMA resist combined with angle evaporations to define the MgO
barrier and the 80 nm thick Co electrodes. The angle evaporation results in a small contact
width of ~50 nm between the Co and graphene. Details of the device fabrication are
provided elsewhere [12]. For the Al>Os tunnel barrier devices, we grow aluminum over the
entire sample by sputter deposition at a rate of 0.4 A/s using Ar gas at a pressure of 5 mT
and oxidize for 30 min at atmospheric pressure of O, following Dlubak et al. [31, 32] The
resulting Al>O3 layer can therefore act as both a tunnel barrier and a protective layer for
the graphene. An AFM image of 1 nm of aluminum oxide on top of single layer graphene
is shown in Figure 4.1(a). The rms roughness is 0.117 nm and the surface is smooth with
no observable pinholes at 1 nm thickness. This suggests that sputtered aluminum with post

oxidation could be an excellent tunnel barrier candidate. To check for possible sputtering-
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induced defect formation, we perform Raman spectroscopy before and after Al.Os
deposition, shown in Figure 4.1(b). We observe the emergence of a relatively small D peak
(30% of G peak magnitude), which suggests the presence of fewer sputtering-induced
defects in the graphene layer compared to previous studies [31, 32]. Finally, we define Co
electrodes with various widths using bilayer PMMA/MMA resist and deposit 80 nm of Co
in a molecular beam epitaxy (MBE) chamber with base pressure of 5x107° Torr. Because
this process does not utilize the angle evaporation, the contact width is equal to the

electrode width, which typically varies from 150 nm to 500 nm.

4.3 Results:

To characterize the electrical properties of the Al.Oz tunnel barrier, we measure
gate dependence and three terminal differential contact resistance dV/dl. First, we perform
a 4-probe resistance measurement as a function of gate voltage to determine the charge
neutrality point and field effect mobility of the graphene. The measurement is performed
using lock-in detection with an AC current of 1 pA at 211 Hz injected between contacts E1
and E4 (inset figure 4.1(c)) and voltage detection between E2 and E3. Figure 4.1(c) shows

a typical gate dependence curve of graphene with a 1 nm Al>Os overlayer.
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Figure 4.1. (a) AFM image of 1 nm Al>O3 on graphene (b) Raman spectroscopy of
graphene with 1 nm Al>Oz overlayer (c) 4-probes gate dependence of graphene spin
valve (d) Three terminal differential contact resistance dVdl of Gr/ Al.Os (e) Contact
resistance temperature dependence

We observe a relatively small doping effect with charge neutrality point at Ve =15 V. The
resulting carrier density at zero gate voltage is 1.08x10%2 ¢cm? (holes). The electron
mobility is extracted from the slope of the gate dependent conductivity ¢ measured in a
range 5-10 V away from the Dirac point, and is pe= 3005 cm?/V's for electrons and pn= 948
cm?/Vs for holes. The values of the mobility are comparable to pristine graphene spin

valves [8, 12].

We characterize the tunneling property of the 1 nm Al.Oz contact by a three
terminal dV/dl measurement where we inject a current between contacts E2 and E1 and

measure voltage between contacts E2 and E3. Figure 4.1(d) shows typical dV/dI curves
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that exhibit a cusp-like behavior as a function of DC bias, and junctions with such a shape
are found to exhibit little temperature dependence, consistent with tunneling behavior. It is
worth noting that as we decrease the barrier thickness, the dV/dl curve transitions from a
peak-like shape to a flat shape. Typically, devices with RcA lower than 7 kQum? exhibit a
flat shape dVv/dl and an increase of the contact resistance with temperature, suggesting
metallic pinhole interface in accordance with a recent TEM study of Al>Os growth on

graphene [33].

Spin transport measurements are carried out using a lock-in detection with an AC
injection current of Iiny = 1 pA rms at 11 Hz between contacts E1 and E2 (injector) (see
Fig 4.2 (a) inset). Electron spin density injected at E2 diffuses toward electrode E3
(detector), which generates a non-local voltage VL measured between E3 and E4. Spin
transport is identified by ramping an in-plane magnetic field to achieve parallel and
antiparallel alignments of the injector and detector magnetizations. For Hanle spin
precession measurements, an out of plane magnetic field is ramped while measuring Vi
with electrodes in the parallel and antiparallel magnetization states. For fitting the Hanle
data using equation (2) or (4), both the diffusion constant and spin lifetime are fitting
parameters. The spin measurements are performed near zero gate voltage (20 out of the 22

samples are measured at Ve = 0 V, while the others have |Vg| <3 V).

We investigate spin transport in graphene spin valves with MgO and Al>Os barriers.
Figures 4.2 (a) and (d) show the room temperature nonlocal resistance (RnL = Vni/ling) as

an in-plane magnetic field is swept up and down for MgO and Al>Oz barriers, respectively.
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The non-local resistance exhibits a sharp switching as the injector and detector transition

from the parallel to antiparallel states, indicating spin transport in graphene.

The difference in the switching fields for the MgO and Al>Os barriers (Fig 4.2 (a) and 2
(d)) is due to the different shapes of the Co electrodes. For the MgO device, the size of the
nonlocal magnetoresistance (ARnL) is ~25 Q with the average RcA of 1.13 kQ pm?. For

the Al,O3 device, we measure ARnL of 20 Q with average RcA of 58 kQ um?.

In order to extract the spin lifetime and spin diffusion length, we perform Hanle
spin precession measurements by applying an out-of-plane magnetic field. This causes the
spins to precess in-plane as they diffuse between contacts E2 and E3, resulting in the so-

called Hanle curves shown in Figure 4.2 (b) and (e) for MgO and Al>QOs, respectively.
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Figure 4.2. (a) Non-local MR of TiO2/MgO graphene spin valve (b) Hanle measurement
of TiO2/MgO graphene spin valve (c¢) Hanle fitting using the traditional and spin
absorption model (d) Non-local MR of Al.Oz graphene spin valve (b) Hanle

measurement of Al>Os graphene spin valve (c) Hanle fitting using the traditional and
spin absorption model

The red (black) curves correspond to the spin precession with electrodes in the parallel
(antiparallel) configuration. The spin lifetime is first extracted using the traditional model
by fitting the difference of the parallel and antiparallel Hanle curves (shown in Figure 4.2

(c) and 4.2 (f)) using equation 2, yielding tm = 768 ps for MgO and trm = 685 ps for
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Al>0s. Fitting the same data with the spin absorption model using equation 4 yields spin
lifetimes of tsam = 954 ps for MgO and tsam = 754 ps for Al2Os. Because trm includes the
effects of both spin relaxation and spin absorption (equation 3), this results in lower

effective spin lifetime compared to tsam (equation 5).

In a previous study, Idzuchi et al reported an intrinsic spin lifetime in graphene
independent of the type of the contact (transparent, pinhole or tunneling) when spin
absorption is taken in account, suggesting the absence of the additional contact-induced
spin dephasing term [30]. We investigate this further by performing more extensive studies
of spin lifetime as a function of contact resistance area product for MgO and Al>Oz tunnel

barriers.

In Figure 4. 3 (a) and (d), we present the extracted spin lifetime from experimental
Hanle curves using the standard Bloch equation that does not separate out the effect of spin
absorption (equation (2)). For the fit, Trm, D, and the overall amplitude are fitting
parameters, while g = 2 and L and W are determined from measurements. The spin lifetime
extracted from this fitting is an effective lifetime trm that includes the bulk spin lifetime as
well as the spin absorption and other contact induced effects following equation (3). Thus
the fitted lifetime could be much lower than the bulk spin lifetime ts. The effective spin
lifetime from this model shows a strong dependence on RcA (the average resistance-area
product of the injector and detector contacts). Specifically, low RcA corresponds to short
trm While large RcA corresponds to long trm. This indicates the importance of contact
induced spin relaxation, and the trend is consistent with the expected behavior of trm with

RcA due to spin absorption effect. In order to test this quantitatively, we employ models
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that separate out the effect explicitly such as the models proposed by van Wees, Aji and

Otani [9, 28, 29].
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Figure 4.3. (2) tr4n dependence on RcA for TiO2/MgO spin valve (b) 54, dependence
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In Figure 4. 3 (b) and (e), we fit the Hanle curves using the Aji’s analytical solution

of the van Wees model including the spin absorption effect (equation 4). For the fit, tsam,

D, and the overall amplitude are fitting parameters, while g =2 and L and W are determined

from measurements. We also use separate values for the measured contact resistances Rc!

and Rc? of the spin injector and detector although we plot the data based on the average

RcA product. We observe that the extracted value of tsam is larger than trm from the
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traditional fit for both the Al.Oz barrier and the MgO. Most strikingly, there is still a strong
dependence on the RcA product of the contacts, contrary to the trend reported in Idzuchi
et al [30]. Because the value of tsam does not converge to a universal value independent of
RcA, according to equation (5) this implies that other contact induced effects (I'y¢xer) are

important in agreement with VVolmer et al. [22, 23].

In Figure 4. 3(b) we plot the transparent contact data along with the MgO tunnel
barrier data for comparison. It is worth noting, that the extracted spin lifetime tsam IS very
sensitive to the value of the contact resistance of the injector and detector. Therefore, any
uncertainty in the contact resistance value will lead to a significant variation in tsam. This
sensitivity is more prominent in case of transparent devices where the contact resistance
measurement includes the Co/graphene junction resistance and the Co lead resistance. Due
to the low contact resistance value of the interface, this leads to high uncertainty of the
interface resistance and the extracted spin lifetime. In the case of tunnel barrier, the junction
resistance is significantly higher than the lead resistance, resulting in a more accurate
determination of the spin lifetime. For transparent devices without a tunnel barrier, we
observe an increase of tsam by almost two orders of magnitude up to 679 ps as compared
to Trm = 76 ps for the lowest RcA data point, consistent with the result in Idzuchi et al.
[30] However, as RcA increases, we observe a decrease in tsam down to 64 ps. The higher
values of RcA for some transparent devices are likely due to resist residue at the interface
of Co/graphene which leads to higher contact resistances. This results in a lower spin

lifetime as the RcA increases, mainly due to less correction from the spin absorption effect.
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In Figure 4. 3 (c), we estimate the role of spin absorption compared to other spin
relaxation mechanisms by plotting the Trm/tsam ratio as a function of RcA product for the
MgO samples. The discrepancy between ttm and tsam IS the greatest for transparent
contacts, where the tTm/tsam ratio is as low as ~10%. As we introduce the MgO barrier,
the trm/tsam ratio increases to the ~60 — 90% range (median value of ~80%). To further
investigate this effect, we perform the same analysis for the Al>Os samples, with the
Trm/Tsam ratio shown in Figure 4. 3(f). Here, the agreement increases into the ~70% - 100%
range (median value of ~90%). The relatively high values of trm/tsam for tunneling
contacts indicates that there is reasonable agreement between the spin absorption model
and traditional model in many cases. The relative importance of spin absorption compared
to the overall spin relaxation is given by Typs/ (Taps + Cother + Towik) = 1 — Tem/Tsam,
which has a median value of ~20% for MgO and ~10% for Al>Oz. Therefore, we conclude
that spin absorption is not the dominant spin relaxation mechanism, in agreement with
Maassen et al. [17] and Volmer et al [22, 23].

Finally, we perform simulations to provide a guideline for reasonable fitting
procedures, considering the influence of the contact resistance and channel length on the
Hanle curves. To compare the models, we follow a procedure where we generate Hanle
curves using the spin absorption model (equation (4)) and fit these curves with the standard
Bloch equation (2) [9]. In Figure 4.4, we show a 2D image plot of the ratio Trm/tsam as
function of R¢/Rs for different values of L/A where Rc is the contact resistance, Rs is the
spin resistance of the graphene, L is the channel length and A is the spin diffusion length.

The simulations are performed using D=0.01 m?%s and tsam = 1 ns. While trm/tsam
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converges to 1 (blue region) at high R¢/Rs, we observe a striking decrease in trm/tsam for
very low R¢/Rs (red region). The difference between ttm and tsam IS magnified as we
decrease the channel length L between the injector and detector. First, we notice that Rc/Rs
and L/A have a strong influence on the obtained ratio and therefore dictate how well the
standard and spin absorption model agree. This can be understood as follows: as we
decrease the Rc/Rs ratio, more spins are absorbed into the ferromagnet due to the
conductance mismatch. This results in an apparent low spin lifetime when the effect is not
taken in account, which will increase the difference between ttm and tsam. When L/A
becomes large, the trm/tsam converges to 1, largely independent of Rc/Rs, indicating
agreement between the fitting procedures (see case L/A=100). As we increase the channel
length, most of the spin relaxation and diffusion occurs in the graphene channel without

interference from the contact.
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Figure 4.4. Simulations of Hanle curves using 754, = 1 ns and D = 0.01 m?/s and
fitting with the traditional model.
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Therefore, performing Hanle measurements using long channel lengths and high contact

resistance is recommended in order to minimize the spin absorption effect.

To compare with experimental data, we plot our experimental parameters as data
points in the 2D graph with open circles for MgO, triangles for Al>Os and diamond for
transparent. We observe that for the Al2O3, most of the devices are located in the blue
region consistent with the ratios plotted in Figure 4. 3(f). For MgO tunnel barrier, the
devices are spread between the blue and red regions. The effect of spin absorption is more

pronounced for the transparent devices as indicated by the points located in the red region.

4.4 Conclusion

We investigate the contact induced spin relaxation in a large set of graphene spin
valve devices using two different types of tunnel barrier, MgO and Al>Os. We observe a
strong dependence of tsam With RcA for both tunnel barriers. Our analysis suggests that
spin relaxation rate from other contact induced effect I, iS significant. The spin
absorption has a minor effect on the overall spin relaxation except in some cases with
transparent contacts. Instead, other sources of contact-induced spin relaxation (e.g. fringe
fields, etc.) are more important. Thus, further investigation of the tunnel barrier
microstructure using TEM is needed to understand the role of the contact on the spin
relaxation mechanism. For tunneling contacts, the trm/tsam ratio has a median value of
~80% for MgO barriers and ~90% for Al>Os barriers, indicating that the two models have
reasonable agreement in many cases. Nevertheless, the spin absorption models are more

accurate and should be applied whenever accurate measurement of the contact resistance
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can be obtained. Finally, we provide a guideline for estimating the relative importance of

spin absorption in determining spin lifetimes through simulations.
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Chapter 5: Proximity induced ferromagnetism in
CoFe04/Pt system

Abstract:

Spin manipulation using a nonmagnetic material without the application of magnetic field
is considered as a very promising venue toward the realization of low energy consumption
devices for storage and spin logic applications. In particular, Pt has been the nonmagnetic
material of choice for generating and detecting pure spin current using the spin Hall effect
(SHE) and the inverse spin Hall effect (ISHE) due it’s high spin orbit coupling.
Furthermore, inducing ferromagnetism in Pt is an important step toward the realization of
nonvolatile all spin logic devices using pure spin current. Here, we report the observation
of strong magnetic proximity effect of Pt deposited on top of a perpendicular magnetic
anisotropy (PMA) inverse spinel material (CFO, CoFe204). The CFO was grown by MBE
and its magnetization was characterized by vibrating sample magnetometry (VSM)
demonstrating the strong out of plane magnetic anisotropy of this material. The anomalous
Hall measurement of a Pt/CFO hall bar exhibits a strong non-linear background around the
saturation of the out of plane CFO magnetization. After subtraction of the ordinary Hall
effect (OHE), we extract a strong hysteretic anomalous Hall voltage that indicates that Pt
acquired the magnetization properties of the CFO and has become ferromagnetic due to the

proximity effect.
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5.1 Introduction

Spin manipulation inside a nonmagnetic (NM) material using internal effective
fields (spin orbit or exchange) is a very promising avenue toward the realization of next
generation spintronic devices (spin transistors, magnetic gates, etc.) [1, 2]. In particular,
magnetic proximity effect (MPE) at the interface of a NM spin channel and a ferromagnetic
insulator (FMI) is of great importance. MPE is an exchange coupling between the magnetic
moments of the FMI and the electronic states of the NM, leading to an effective magnetic
exchange field (MEF) and induced ferromagnetism in the NM. Recently, spin manipulation
by MPE has been realized in experiments that fully modulate spin currents in a graphene
on YIG (yttrium iron garnet) [3, 4], and investigation of graphene on EuS observe MEF as
high as 14 T [5]. In addition, out of plane MEF at the WSe,/EuS interface has been realized
using an external field of a few Tesla to bring the magnetization out of plane, leading to
the control of the valley-dependent spin splitting in the WSe; layer [6].

Looking forward, there is a growing interest in developing systems for out of plane
MEF in zero external field, which is motivated by efforts to realize proximity-induced
quantum anomalous Hall Effect [7] and other topological states, as well as further studies
of spin manipulation. Unfortunately, the easy magnetization axis in most known FMIs,
such as ferromagnets EuO, EuS, EuSe, GdN, and ferrimagnet Y1G, lies inside the thin film
plane. Magnetic insulators with perpendicular magnetocrystalline anisotropy (PMA) are

scarce. However, very recently a new magnetic insulator TIG (thulium iron garnet) with
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PMA has been shown to induce magnetism into an adjacent Pt film through
magnetotransport measurements [8, 9]. In addition, a class of cubic FMI based on the spinel
ferrites (CoFe204, NiFe20s4, etc.) has been shown to exhibit a large PMA [10, 11]. Among
these, cobalt ferrite (CoFe2O4, or CFO) is particularly attractive because it is a hard magnet
with large coercivity [10], which makes it robust against external magnetic perturbations
and will likely suppress fluctuating MEFs that produce spin dephasing. Furthermore, the
magnetic properties of CFO can be readily tuned by strain or cation distribution on the A
and B sites to produce square hysteresis loops in either out-of-plane or in-plane geometries,
and the magnetization can be switched by electric fields [12, 13]. Finally, CFO exhibits
spin filtering properties [10] and is readily integrated with typical spintronic materials
(MgO, Fe, Cr), enabling the possibility for gate-tunable MPE and other novel device
concepts. This has motivated studies to assess whether CFO could be used for MPE.

To test for MPE in NM/FMI systems, Pt is widely used as the NM material due to
its closeness to fulfilling the Stoner criteria and thus allowing it to become
ferromagnetically ordered at the interface with the FMI. Initial studies of Pt/CFO grown
by pulsed laser deposition (PLD) utilized magnetotransport measurements observed no
MPE in the Pt layer [14]. Subsequently, element-specific magnetization measurements by
x-ray magnetic circular dichroism (XMCD) also found no evidence for induced
ferromagnetism in the Pt layer [15]. These results were later confirmed by Wu et al, who
did not detect any MPE in their Pt/CFO by either XMCD or magnetotransport
measurements [16], and there has been a growing consensus that CFO cannot be used for

MPE. On the other hand, MPE should be extremely sensitive to the interface quality, so
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alternative growth methods with improved control of the interfaces could be important for
realizing the MPE.

Here, we utilize molecular beam epitaxy (MBE) to synthesize Pt/CFO bilayers and
observe the presence of MPE (i.e. induced ferromagnetism) in the Pt layer. This is revealed
through low temperature (5 K) transport measurements in the Pt layer, which exhibit
anomalous Hall Effect (AHE) and anisotropic magnetoresistance (AMR). Furthermore, the
coercive field of the AHE signal differs from the underlying CFO film, indicating a
modified magnetic state at the Pt/CFO interface. We also observe the presence of spin Hall
magnetoresistance (SMR) and a related contribution to the AHE measurement, known as
spin Hall AHE (SH-AHE), which are generated by interfacial scattering of spin currents
(as reported previously in Pt/CFO). To separate the effects of MPE and spin Hall in the
transport measurements, we perform a systematic study utilizing a Cu interlayer which
should eliminate the MPE while preserving the effects from spin Hall currents. A
comparison of AHE measurements and angle-dependent magnetoresistance scans (AMR
and SMR) for Pt/CFO vs. Pt/Cu/CFO further confirms the presence of MPE in Pt/CFO and
also provides evidence for MPE up to room temperature. These results demonstrate that
the high quality of materials and interfaces produced by MBE is important for the
observation of MPE in Pt/CFO, and establish the cubic spinel ferrites as a promising class

of materials for generating proximity-induced exchange fields.
5.2 Experimental Methods
Samples are grown in a MBE chamber with base pressure of ~2x107° Torr. MgO

(001) substrates (10 mm x 10 mm x 0.5 mm, double-sided polished from MTI) are rinsed
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in de-ionized water, loaded into the MBE chamber, annealed at 600°C for 30 minute, and
smoothed by subsequent deposition of ~5 nm electron-beam evaporated MgO buffer layer
grown at 350°C at a rate of 1 A/min. Growth temperatures are measured by a thermocouple
placed near the substrate and deposition rates are measured by a quartz crystal monitor.
CFO films are deposited at ~4 A/min in an oxygen partial pressure of 5x107 torr by co-
depositing elemental Co (99.99%, Alfa Aesar) and Fe (99.99%, Alfa Aesar) from thermal
effusion cells. The substrate temperature is maintained at 200°C during CFO growth and
in-situ reflection high energy electron diffraction (RHEED) is used to monitor the sample
surface throughout the growth and annealing process. CFO films are then cooled to room
temperature and capped with either Pt, Pt/Cu or Cu. Pt films are deposited at ~0.06 A/min
using an electron beam source while Cu films were grown at 1 A/min using a thermal
effusion cell. The described heterostructures are deposited without breaking UHV
conditions in order to preserve the quality of the Pt/CFO and Cu/CFO interface.
Magnetization measurements are performed using a Quantum Design 14 Tesla Physical
Properties Measurement System (PPMS) with a vibrating sample magnetometer (VSM)
module. The samples are patterned into Hall bars (width W=100um, length L = 800um)
for subsequent DC magnetoresistance and Hall measurements. DC transport measurements
are obtained in the same PPMS using a resistivity module. Angle-dependent
magnetoresistance (ADMR) measurements are done by placing Hall bars into a constant
magnetic field of 10 Tesla and rotating the sample stage.

Structural characterization of a typical CFO film is illustrated in Figure 5.1. Figure

5.1(a) and 1(b) show the RHEED patterns of MgO(5 nm)/MgO(001) and CFO(40
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nm)/MgO(5 nm)/MgO(001), respectively, taken along the [110] in-plane directions. Both
images display streaky and sharp diffraction maxima, indicating flat and single crystal
surfaces. This is confirmed by atomic force microscopy (AFM), which exhibits very
smooth morphology over large areas (Figure 5.1c) with an rms roughness of 0.14 nm for a
40 nm CFO film on MgO buffer/MgO(001). The crystallinity is confirmed by 0-20 x-ray
diffraction scans on Pt (1.7 nm)/CFO(40 nm)/MgO(5 nm)/MgO(001), which exhibit clear
MgO(002) and CFO(004) peaks and no other diffraction peaks in the scan range (26 =0 °
to 90 °) (Figure 5.2 (2)).

The presence of Laue oscillations around the CFO (004) peak indicates well-defined film
thickness and sharp interfaces of the CFO film. Further, x-ray reflectivity (XRR) scans give
CFO and Pt thicknesses of ~39 nm and ~2 nm, respectively, which are consistent with the

designed thicknesses based on quartz deposition monitor (Figure 5.2b).
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CFO (100) CFO (110)

Figure 5.1 (a) RHEED image of CoFe204 in the (100) and (b) (110) directions (c)
AFM image of the CoFe204 surface
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Figure 5.2 (a) X-Ray Diffraction (XRD) of CoFe.04 (b) X-Ray Reflectivity (XRR) of
CoFez04
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Finally, cross-sectional high resolution transmission electron microscopy (HRTEM) has
been performed on the sample. These results confirm the high crystallinity of the MBE-
deposited CFO films with a smooth Pt/CFO interface (Figure 5.3). Henceforth, all sample

are grown on MgO (5 nm)/MgO(001) templates unless otherwise noted.
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Figure 5.3 (a) TEM image of CoFe 04

Figure 5.4 shows in-plane and out-of-plane magnetization loops of Pt (1.1
nm)/CFO(40 nm) samples measured at 5 K. The in-plane loop (red curve) has a coercivity
Hc of 0.2 Tesla, saturation field of Hs of ~ 7 Teslaand a remanence ratio Mr/Ms of 0.25.
The out-of-plane loop (black curve) has similar characteristics, coercivity Hc of 0.25 Tesla
, saturation field of Hs of ~ 7 Tesla and a remanence ratio Mr/Ms of ~ 0.25. These

properties indicate a magnetic easy axis which does not lie along the cube edges of the
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CFO lattice, likely due to tensile stress applied by the MgO substrate as previously reported

in this system [13].

1.0

Figure 5.4 VSM in the j (in-plane) and n (perpendicular) direction of CoFe204

5.3 Magneto transport measurement in Pt/CoFe.O4

To detect MPE in Pt/CFO, our approach is to perform magnetotransport
measurements that are sensitive to the presence of magnetization. In ferromagnets, two
well-known phenomena are the anomalous Hall effect (AHE) which is sensitive to the out-
of-plane magnetization, and the anisotropic magnetoresistance (AMR) which is sensitive

to the orientation of magnetization relative to the current direction. With induced
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magnetization in the Pt layer along unit vector met, these appear in the longitudinal and
transverse resistivities as:
Pxx = Po + ApAMRM? Bt j , Pxy = APAMR Mpt, tMpt, j + paHEMP 0 (1)
where mptn , Mptj Mptt are the out-of-plane (n), in-plane along current (j), and in-plane
transverse to current (t) components of the Pt magnetization unit vector (see Figure 5.4),
po is the zero-field resistivity of Pt, and Apamr and pane are the MPE-induced AMR and
AHE, respectively. In addition to AHE and AMR, a recently discovered pure spin current
effect based on the Spin Hall Effect in Pt and interfacial spin scattering at the FMI interface
generates additional contributions to pxx and pxy given by:
Pxx = Po + ApiM? crot , Pxy = —ApiMcrotMcro,j + Ap2Mcron (2)

where Mcroj Mcrot, Mcro,n are components of the magnetization unit vector in the FMI,
Ap1 is known as the spin Hall magnetoresistance (SMR), and Apz is known as the spin Hall
anomalous Hall-like signal (SH-AHE). The SMR stems from the reflection of spin current
generated by spin Hall Effect (SHE) at the FMI interface that is subsequently converted to
a charge current through the inverse spin Hall effect (ISHE) [19]. The SH-AHE stems from
reflection of the spin current at the FMI interface, where an out-of-plane component of
FMI magnetization rotate the spin orientation of the spin current and generate a transverse
voltage via ISHE. Finally, in addition to the AMR and SMR effects, one must also consider
the ordinary magnetoresistance (OMR) and ordinary Hall effect (OHE) that occur due to
the presence of Lorentz forces acting on charge carriers in a magnetic field [20]. This effect

has been studied with the possibility of many different effects (OMR, AMR, SMR, OHE,
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AHE, SH-AHE) contributing to pxx and pxy, & Systematic approach is essential for
identifying the presence of MPE.

We begin by measuring the Hall resistivity of Pt (1.7 nm)/CFO(40 nm) sample at 5
K, as shown in Figure 5.5. For the Hall measurement, we apply a DC current (I = 20 uA)
and measure the transverse voltage Vxy as an out-of-plane magnetic field is swept. The Hall
resistivity is given by pxy = (Vxy / 1)(Wd/L), where W =100 um, L= 1 mm, andd = 1.7 nm
are the width, length, and thickness of the Pt channel, respectively. Interestingly, for the
Pt/CFO sample (green curve) we observe a nonlinear dependence of the Hall voltage with
magnetic field superimposed to a linear background. The linear background is due to the
OHE, while the nonlinear, hysteretic part of the signal is related to the magnetization of
the CFO. To rule out potential artifacts by magnetic fringe field effects, we utilize a Cu (8
nm)/CFO (40 nm) control sample. Cu is a suitable material because its filled d-shell
prevents induced ferromagnetism (making it insensitive to AHE), and its low spin-orbit
coupling prevents spin Hall effects (making it insensitive to SH-AHE). Thus any nonlinear,
hysteretic signals would be due to OHE in response to magnetic fringe fields. Figure 5.5
(black curve) shows that the Hall resistivity for the Cu/CFO sample is a linear function of
the applied field, which rules out magnetic fringe fields as the origin of the nonlinear,
hysteretic signal observed in Pt/CFO. For completeness, we also measure Hall resistivity
for Pt/MgO and verify that only the linear contribution from OHE is present (blue curve).
It is interesting to note that after the linear OHE contribution is subtracted out (Figure 5.5),

the remaining Hall resistivity shows a hysteresis loop with a higher coercivity and
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substantially larger remanence than the out-of-plane magnetization loop in Figure 5.4,

which indicates that the interfacial magnetism is different from the bulk.
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Figure 5.5 (a) Anomalous Hall measurement of Cu/CFO (black curve), Pt/MgO (blue
curve) and Pt/CFO (green curve)

One could speculate that this is due to a novel magnetic state due to magnetic interactions
between CFO and Pt, but it is still unclear whether the observed Hall signal is primarily
from MPE-induced AHE or from SH-AHE.

To clarify this situation, we employ angle-dependent magnetoresistance (ADMR)
to separate the contributions from AMR, SMR, and OMR. With a large magnitude of
applied field (10 T), the magnetization direction aligns with the applied field. Considering
that AMR depends on the j-component of magnetization (equation 1) and SMR depends
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on the t-component of magnetization (equation 2), the two effects can be separated by
rotating the magnetization within different planes. For AMR, the relevant angle scan is in
the n-j plane, where vy is defined as the angle measured from the normal axis (n) (see Figure
5.6 a); SMR does not depend on y. For SMR, the relevant angle scan is in the n-t plane,
where B is defined as the angle measured from the normal axis (n) (see Figure 5.6 b); AMR
does not depend on B. Finally, the contribution from OMR has the same functional form as
AMR (i.e. depends on y), but fortunately the OMR has been well studied. OMR in most
materials has a larger resistance when the magnetic field is perpendicular to the current (y
= () as compared to parallel to the current (y = 90), and we have verified this for our Pt
films on MgO (001) substrates as well. To determine if the Pt/CFO system exhibits MPE,
we therefore perform a y-scan to look for the presence of AMR. Figure 5.6 a (blue curve)
shows clearly the presence of angle-dependent MR with low resistivity for y = 0 and high
resistivity for y = 90. Because this cannot be explained by OMR (and the y-scan is
insensitive to SMR), it is clear proof for AMR and induced ferromagnetism in the Pt layer.
This is the strongest evidence for MPE in Pt/CFO in our study. Such an AMR signature
has never been observed in previous studies of Pt/CFO, but it has been previously reported
for Pt/YIG and is accepted as the most reliable test among transport measurements for MPE
[21]. For the SMR, we perform the (3-scan and observe SMR with similar magnitude as
reported in previous studies (Figure 5.6 b blue curve).

To see if the MPE persist up to room temperature, we repeat the ADMR and Hall
measurements at 300 K. The results are shown as the red curves in Figures 5.6 a, b and c.

While the Hall resistivity still shows a nonlinear, hysteretic signal (Figure 5.6 c) and the
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SMR has a similar magnitude (Figure 5.6 b), the most notable feature is the opposite
polarity of the angle-dependence in the y-scan. Because this has the same polarity as OMR,
it is not possible to determine whether this signal is from MPE-induced AMR or from
OMR. Thus, we cannot conclude that the MPE persists to room temperature from this data.
We therefore turn to another method to characterize MPE in Pt/CFO. We again rely on the
fact that Cu has low-spin orbit coupling, long spin diffusion length, and filled d-shell to
prevent induced ferromagnetism. This means that inserting a Cu layer into the Pt/CFO
interface will produce very different effects for MPE vs. signals generated by spin Hall
effects. For spin currents, the Cu layer will be transparent, resulting in little to no change
in the SMR and SH-AHE signals. On the other hand, the MPE is very interface sensitive

and should be blocked by the presence of a Cu interlayer.
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Consequently, the removal of MPE by the Cu interlayer should result in changes to
pxx and pxy, thereby providing a method to detect the presence or absence of MPE. Figure
5.7 summarizes the results from this study. Figures 5.7 a, b and ¢ compares the Hall
resistivity scan, angle-dependent SMR scan (b-scan), and angle-dependent AMR scan (g-
scan), respectively, for Pt(1.7 nm)/CFO(40 nm) vs. Pt(1.7 nm)/Cu(x nm)/CFO(40 nm) at 5
K. Figure 5.7 (a) plots the normalized AHE signal pxy/po of Pt/CFO and Pt/Cu/CFO.
Interestingly, we observe the presence of an AHE signal for the Pt/Cu/CFO that is
drastically different than the direct contact Pt/CFO. First, the magnitude pxy/po Of the spacer

sample at saturation is ~ 6 times smaller than the direct contact.
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Second, the coercive field AHE signal with a Cu spacer is He=0.3T, which is significantly
lower than Hc=2.6 T for direct contact. While shunting through the Cu layer could be
responsible of the decrease of the AHE signal, it cannot explain the drastic difference in
the coercive fields.

To further ascertain that shunting does not play a significant role in interpreting the
normalized Hall data, we measure ADSMR on the Pt/Cu/CFO sample. If shunting through
the Cu layer is substantial, we would expect a similar decrease of the SMR signal for
Pt/Cu/CFO as compared to the AHE from the Pt/Cu/CFO sample. Figure 5.7(b) shows a
plot of the normalized resistivity ratio Ap1/po as a function of angle g for Pt/CFO and
Pt/Cu/CFO at 5 K. Surprisingly, the ADMR signal yields the same modulation as the direct
contact with the Ap1/po practically unchanged. This suggests that the shunting through the
2 nm Cu layer is properly accounted for in the resistivity ratio plot. Therefore, the
substantial decrease of the Apxy/po for the Pt/Cu (2nm)/CFO sample indicates that magnetic
proximity effect is dominant in the direct contact Pt/CFO case and the observed Apxy/po
signal in the Cu spacer sample arises from the SH-AHE contribution of the SMR.
Furthermore, the AHE loop for the Pt/Cu/CFO sample now resembles the magnetization
loop extracted from VSM of CFO. This indicates that the intimate contact between the Pt
and CFO alter the surface magnetization properties due to magnetic proximity effect. By
introducing a Cu spacer, we decouple the Pt from the CFO layer allowing the recovery of
the bulk magnetization property as probed by the SH-AHE signal. Overall, the measured
AHE signal for the Pt/CFO given by pxy = paHe + psH-aHe Where the MPE contribution is

more dominant at 5K.
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Furthermore, in Figure 5.7 ¢, we show the AMR signal in the Pt/Cu/CFO bilayer. Indeed,
the Pt/Cu (2nm)/CFO sample does not show any modulation arising from the AMR. This
further indicates that the Cu spacer suppresses the magnetic proximity effect by
decoupling the Pt layer from CFO. The observed AMR for the direct contact Pt/CFO
combined with the AHE signal prove undeniably the presence of induced magnetic

proximity in our Pt/CFO interface at 5 K.

5.4 Conclusion

In conclusion, we report magnetoresistance and Hall measurements of thin Pt films on the
CoFe;0s FM insulator grown by Molecular Beam Epitaxy. We observe a sizable magnetic
proximity effects (MPE) in Pt thin films revealed by presence of Anisotropic Magnetoresistance
(AMR) and Anomalous Hall signals. The coercive field of the AHE signal differs from the CoFe;O4
substrate, indicating that the interface magnetism plays a very important role in the proximity
effect. Through systematic study of the angular dependent Spin Hall Magnetoresistance (ADSMR)
and ADAMR, we rule out the presence of artifacts that could produce an AHE-like signal.
Furthermore, the AMR and AHE signal are strongly suppressed by introducing a Cu spacer between

the Pt and CoFe204 allowing us to separate the static and non-equilibrium MPE contributions.
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Chapter 6: Large Area Epitaxial Germanane for

Electronic Devices

Abstract

We report the synthesis and transfer of epitaxial Germanane (GeH) onto arbitrary
substrates by electrochemical delamination and investigate its optoelectronic properties.
GeH films with thickness ranging from 1 nm to 600 nm (2-1000 layers) and areas up to ~1
cm? have been reliably transferred and characterized by photoluminescence, x-ray
diffraction, and energy-dispersive X-ray spectroscopy. Wavelength dependent
photoconductivity measurements on few-layer GeH exhibit an absorption edge and provide
a sensitive characterization tool for ultrathin germanane materials. The transfer process
also enables the possibility of integrating germanane into vertically stacked

heterostructures.
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6.1 Introduction

Graphene, a single atomic sheet of carbon, has been a revolutionary material with
unique properties for electronics, spintronics, and surface science [1-5]. Recently there has
been intense interest in two-dimensional (2D) materials beyond graphene that have a native
band gap and stronger spin-orbit coupling [6-9]. Germanane, the germanium analog of
graphane (i.e. hydrogen-terminated graphene), is a new 2D material with a direct band gap
that can be tuned via surface covalent functionalization [9-11]. Additionally, germanane is
air stable and has a high predicted mobility of 18,000 cm?/Vs at room temperature, making
it extremely promising for electronic and optoelectronic applications [9]. Specifically, the
combination of high mobility, non-zero bandgap, and low dimensionality are advantageous
for short channel field effect transistors (FETs) with high on-off ratios and low quiescent
currents [7]. Furthermore, germanane’s large spin orbit coupling makes it possible to
explore novel physical phenomena such as quantum spin Hall effect at room temperature
[12-14].

It is worthwhile to compare the general band structure characteristics of germanane
(with hydrogen termination) and germanene (without hydrogen termination) [15-18] .
Germanene has a band structure similar to graphene, with Dirac cones at the £K points of
the Brillouin zone and conduction electron Bloch states composed primarily of p; orbitals.
The main difference is the larger spin-orbit coupling due to the larger mass of Ge compared
to C, producing a spin orbit gap of ~24 meV at the +K points (compared to 24-50 peV for
graphene) [19]. When a germanene sheet is modified by covalently bonding hydrogen
atoms to both sides, one obtains germanane (GeH). The covalent bonding involves the p,
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orbitals of the Ge atom and causes a substantial gap to open at the +K points, so the electron
transport properties are no longer determined by the Bloch states involving the p; orbitals.
Instead, transport is determined by the Bloch states near the T point, with a conduction
band derived from s-orbitals and a valence band derived from the px and py orbitals [9].
The direct gap band structure is rather similar to conventional semiconductors such as
GaAs with an s-orbital conduction band and p-orbital valence bands, except that the p;
orbital is removed by the covalent bonding with the hydrogen. Thus, numerous properties
of conventional direct gap semiconductors will translate to germanane, including spin-
selective optical selection rules, contact hyperfine coupling in the conduction band, and
spin-orbit splitting in the valence band [20].

Recently, large area germanane films have been synthesized by growing Zintl-
phase CaGe> thin films on Ge(111) wafers by molecular beam epitaxy (MBE) [21] or
substrate reaction [22,23], followed by chemical processing in acid solution to convert the
CaGe: into hydrogen-terminated germanane (GeH). In order to utilize this material for
electronic devices, it is necessary to transfer the GeH film to an insulating substrate to
prevent parallel conduction paths. In addition, a transfer process will allow the integration
of GeH into vertically stacked heterostructures with other 2D materials. In this paper, we
report the synthesis and transfer of large area epitaxial GeH by electrochemical
delamination (i.e. "bubble transfer") and demonstrate electron transport and
photoconductivity. We are able to reliably transfer films up to ~1 cm?, which is limited by
the size of our sample holder. The photoluminescence (PL) spectra and the x-ray diffraction

scans (XRD) remain largely unchanged by the transfer process, indicating that the optical
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and bulk structural properties are maintained. Furthermore, energy-dispersive X-ray
spectroscopy (EDS) shows no residual electrolyte (within measurement sensitivity)
remaining from the transfer process. We investigate electron transport and
photoconductivity by transferring to insulating substrates and depositing metallic
electrodes through shadow masks. In particular, photoconductivity of few-layer GeH
exhibits an absorption edge as a function of wavelength as expected for a semiconductor.
Because most other techniques for characterizing germanane have required thick films or
bulk crystals, the demonstration of photoconductivity measurements on few layer GeH is
very important for the further optimization and development of ultrathin germanane

materials.
6.2 Growth of epitaxial Germanane films

The first step is to deposit Zintl-phase CaGe> films on Ge(111) substrates by
molecular beam epitaxy (MBE) in an ultrahigh vacuum (UHV) chamber (base pressure of
2x10%torr) [21]. Elemental germanium and calcium are evaporated from thermal effusion
cells with high purity germanium (99.9999% from Alfa Aesar) and calcium (99.99% from
Sigma Aldrich) source materials. Growth rates are determined by a quartz deposition
monitor. All films are grown on p-type Ge (111) single-side polished wafer with thickness
of ~0.350 mm and orientation tolerance of 0.5° (University Wafer). The starting 2”
diameter wafer is cleaved into smaller pieces (up to 10 mm) which then undergo chemical
etching to remove surface oxides and metal contaminants. Etching involves a sequence of
steps beginning with immersion in a solution of H>O:NH4OH (10:1) for 60 sec, followed

by H20:H2S04 (10:1) for 60 sec. Finally the substrate is submerged into 30% H20> aqueous
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solution for 60 sec to produce a thin protective oxide layer. The wafers are then rinsed with

de-ionized water, blown dry with nitrogen gas, and inserted into the UHV chamber where

a 30 min anneal at 650° C removes the protective oxide layer.

The MBE growth of CaGe: is performed at 750° C in an adsorption-limited growth

regime. The typical Ca:Ge flux ratio is held slightly above 0.5 for slightly Ca-rich

conditions. Excess Ca atoms are either re-evaporated or possibly reacted into the Ge

substrate. Assuming that the growth rate is determined by the Ge flux, typical growth rates

for the CaGe; are ~ 3 A/min for films thinner than 200 nm and ~15 A/min for films thicker

than 200 nm. In both cases, sharp and streaky reflection high energy electron diffraction

(RHEED) patterns are obtained [21]. These patterns indicate that the CaGe> film maintains

epitaxial orientation with the Ge (111) substrate.

1 ok 1 % 1
PSS9
13 I 1 3

Figure 6.1. (a) Top view of GeH, (b) Side view of GeH.
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Subsequently, the CaGe2/Ge(111) is removed from vacuum and submerged in a
37% solution of HCI for 24 to 48 h at -40° C depending on sample thickness. This de-
intercalates the calcium atoms and replaces them with covalently bonded hydrogen atoms
to produce 2D stacked layers of GeH [9,21,22]. As shown in Figure 6. 1, the Ge atoms
form a buckled honeycomb structure and each of the Ge atoms is bonded to a hydrogen
atom for sp® hybridization. The (001) lattice parameter is expanded during the de-
intercalation of CaGe> to GeH by 7% [9], leading to slightly thicker GeH films. Unless
otherwise noted, the reported thicknesses are those of the final GeH film. For films less
than 50 nm, thicknesses were determined by AFM, whereas for thicker films, the reported
values are based on growth rates. Details of the MBE growth and chemical processing are

provided in ref [21].

The morphology of the resulting GeH film depends on the sample thickness.
Samples thinner than 10 nm (~18 layers) have relatively smooth surfaces with island or
terrace formation due to the substrate miscut [21], while samples thicker than 50 nm (~88
layers) display the formation of cracks (Figure 6.3 ©). These cracks form during the growth
of the CaGe; film and are probably related to the 1% lattice mismatch with the Ge(111)
substrate [23], where defects and dislocations form beyond a critical thickness in order to
relax substrate-induced strain. While there is considerable room to improve the quality of
the films, we note that the large area transfer has worked reliably in spite of these

imperfections.
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6.3 Large area transfer

To realize germanane-based electronic devices, it is necessary to transfer the GeH
film to an insulating substrate. Our initial attempts at transferring the GeH film included
mechanical exfoliation using various tapes and polydimethylsiloxane (PDMS) stamping
procedures. However, these methods resulted in low yield and small flake size (< 10 pm).
A popular method for transferring large area 2D films is to support the film with polymer
and etch away the underlying substrate, which is commonly used to remove copper foil

from CVD graphene [24].

GeH/PMMA GeH

(a)

PMMA

‘ PSS SN H, B”bb""g Detachment Tranéfer
Carbon Anode %
1 M NaOH Delamination
Ge(111) 50,

Figure 6.2. (a) Schematic of the transfer process, (b) Optical image of
PMMA/GeH/Ge(111), (c) Optical image of the electrochemical cell, (d) Optical image of
the floating PMMA/GeH film (e) Optical image of GeH transferred to SiOa.

However, we are not aware of a selective etch that differentiates between GeH and

Ge. Therefore, we focus our attention to electrochemical delamination based on water
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electrolysis, i.e. bubble transfer [25,26], which has been effective for transferring other 2D

materials.

Figure 6.2 (a) illustrates the main steps for the transfer and Figures 6. 2b-2e are
photographs taken during the process. Beginning with a GeH film on a p-type Ge (111)
substrate (Figure 6. 2 (b)), we spin coat the sample with polymethylmethacrylate (PMMA)
at 2000 rpm for 45 sec and then bake at 50°C for 2 hr. The PMMA coating of GeH provides
structural support during the delamination process. To facilitate detachment during the
water electrolysis, the PMMA on the edge of the substrate is removed with acetone. Then,
we dip the PMMA/GeH/Ge(111) cathode and a graphite anode into a 1M NaOH aqueous
solution and slowly increase the current at a typical rate of ~0.01 A/sec (Figure 2c) until
the PMMA/GeH starts to detach. The current produces Hz bubbles at the interface between
the PMMA/GeH and the Ge(111) due to water reduction (2H20 + 2e” - H2 (g) + 20H"
(aqg)). The hydrogen bubbling time necessary to detach the PMMA/GeH layer from the Ge
substrate depends on the size of the film and the current applied. Typically, after
approximately 10 s of bubbling, the PMMA/GeH layer floats to the top of the NaOH
solution (Figure 6.2 (d)). The corresponding electrolyte voltage is approximately 5 V with
a current of ~0.06 A for a 1 cm? sample. The PMMA/GeH is then moved to a bath of de-
ionized (DI) water for 15 min to remove the remaining electrolytes from the sample. After
cleaning, we transfer the PMMA/GeH layer to the desired substrate and bake on a hot plate
at 50° C for 10 min to help remove the interfacial water layer. The residual PMMA is

removed by immersing the transferred sample in acetone at 50° C for 30 min, followed by
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an isopropanol rinse for one minute to remove the acetone. Finally, we dry the sample with

nitrogen gas. Figure 6.2 (e) shows a transferred film with a size of several mm.

We have successfully transferred GeH films between 1 nm (2-3 layers) and 600 nm
(~1000 layers) thicknesses to arbitrary substrates. Figure 6.3 shows optical and scanning
electron microscope (SEM) images of 5 nm (~9 layers) GeH films transferred to a SiO2(300

nm)/Si substrate.

Figure 6.3. (a) Optical micrograph of 5 (~9 layers) nm GeH transferred to
SiOy, (b) SEM image of 5 nm (~9 layers) GeH transferred to SiO2, (b)
Optical micrograph of 600 nm (~1000 layers) as grown GeH on Ge(111),
(d) Optical micrograph of 600 nm (~1000 layers) GeH transferred to SiO».

The optical image (Figure 6. 3 (a)) shows a continuous large area of GeH. The
upper right corner of the image shows the edge of the film, which is visible due to color

contrast with the bare substrate. The SEM image (Figure 6.3 (b)) shows continuous regions
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larger than ~1 mm and separated by tears, which produce enhanced contrast between the
substrate and film. The continuous regions are typically larger and exhibit fewer features

(Supplementary Figure 6.54).

For the thicker GeH, we observe similar cracking before transfer (Figure 6. 3 (c)) and after

transfer (Figure 6. 3 (d)), which shows that the morphology is conserved.

To determine the effect of the transfer on the quality of GeH films, we perform a
series of characterization measurements before and after transferring. To minimize
substrate-related effects, we transfer the GeH film from its original Ge (111) substrate to
another Ge (111) substrate. The out-of-plane lattice spacing was analyzed using XRD on a
600 nm (~1000 layers) GeH film. Before transfer, we observe a peak at 206 = 15.8° which
corresponds to the GeH layer spacing of 5.7 A. This is in agreement with XRD
characterizations of bulk GeH crystals, where synchrotron-based measurements of the pair
distribution function have confirmed the buckled honeycomb structure of the GeH layers
[10]. Asshown in Figure 6. 4d, the position and line width of the GeH peak are preserved
after transfer, indicating that the transfer does not produce major changes to the crystal

structure.

To investigate the effect of transfer on optical properties, we perform PL
spectroscopy at low temperatures (10 K). PL is performed using a 532 nm laser excitation
(1 mW, 20 um spot size) and the spectra are captured using a 0.5 meter Czerny-Turner
spectrometer with a liquid nitrogen cooled CCD camera (Princeton Instruments). A white
light source (tungsten lamp modeled as a blackbody) is used to calibrate and correct for the

wavelength dependence of the detector efficiency. The PL spectrum before transfer
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exhibits a peak at ~1.45 eV, (Figure 6. 4 (c)) which is consistent with previous reports of

PL on epitaxial GeH [22]. After transfer, the PL spectrum again exhibits a peak at ~1.45

eV and the intensity is not degraded (Figure 6. 4d). Notably, we did not observe

photoluminescence at ~1.9 eV, which is reported to occur in the presence of oxidation [22].

This suggests that the transfer of GeH does not promote oxidation and preserves the optical

quality.
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Figure 6.4. (a) XRD of as-grown 600 nm (~1000 layers) GeH film, (b) XRD
of transferred 600 nm (~1000 layers) GeH film, (c) PL of as-grown 600 nm
(~1000 layers) GeH film, (d) PL of transferred 600 nm (~1000 layers) GeH

film.

Finally, we have examined the possible contamination of a 600 nm thick sample

during the transfer using EDS spectroscopy (Oxford Instruments) in an SEM at 20 kV

(1000 nm penetration depth). The spectrum before transfer shows a strong Ge signal and

no observable Ca and O signals (Supplementary Figure 6. S1). In addition, we performed
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low energy 10 kV (340 nm penetration depth) EDS and observed some surface oxidation
(Supplementary Figure 6. S2). The CI remaining in the material after deintercalation is
about 7%, similar to what has been reported previously [10,22]. After transfer, the 20 kV
EDS spectra was free of Na and O signals (Supplementary Figure 6. S1). This confirms
that the transfer introduces little or no contamination (below detection limits) to the GeH

film.
Electron transport and photoconductivity

To investigate the electrical and photoconductive properties of GeH films on the SiO2(300
nm)/Si substrate, we deposit metallic electrodes through shadow masks. For thicker films
(>50 nm), we utilize a shadow mask with fine features in order to have a continuous
conduction channel in between the cracks. Figure 6.5a is an optical microscope image of a
600 nm (~1000 layers) GeH film with Au/Ti electrodes separated by 20 um. DC
photoconductivity is measured by applying a voltage between the drain and source and
measuring the current under illumination by a 635 nm laser. A factor 50 increase in current
from dark is observed when illuminated by 0.014 W/cm? 635 nm light (Supplementary

Figure 6. S3).

Wavelength dependent AC photoconductivity measurements are performed using
pulsed laser excitation (150 fs, 76 MHz repetition rate) from a Ti:sapphire oscillator (700
nm — 960 nm wavelength range) or optical parametric oscillator (520 nm — 740 nm
wavelength range). The laser beam is maintained at a power of 1.0 mW and has a beam

diameter of ~2 mm.
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Figure 6.5. (a) Optical micrograph of a 600 nm (~1000 layers) GeH device,
(b) Bias dependence of photocurrent for the 600 nm (~1000 layers) GeH
device illuminated by 540 nm light, (c) Wavelength dependence of
photocurrent at 5 V bias for the 600 nm (~1000 layers) GeH device, (d)
Optical micrograph of a 5 nm (~9 layers) GeH device, (€) Bias dependence
of photocurrent for the 5 nm (~9 layers) GeH device illuminated by 540 nm
light, (f) Wavelength dependence of photocurrent at 5 V bias for the 5 nm
(~9 layers) GeH device.

The beam is incident on the device without a focusing lens, thereby producing a
broad illumination with an intensity of ~0.03 W/cm?. The beam is chopped at a frequency
of 493 Hz and the resulting photocurrent is pre-amplified and measured by lock-in

detection. All photocurrent measurements are performed at room temperature.

Figure 6.5 (b) shows the photocurrent of a 600 nm (~1000 layers) GeH device as a
function of bias voltage for a laser wavelength of 540 nm. The bias voltage is ramped from
0Vto+5Vto-5Vto0V todetect possible hysteretic effects as a function of bias voltage.
The photocurrent vs. voltage curve exhibits no hysteresis and is slightly nonlinear. We
investigate the wavelength dependence of the photocurrent by adjusting the laser

wavelength and repeating this measurement every 20 nm. Figure 6.5 (¢) summarizes the
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wavelength dependence by plotting the photocurrent at +5 V bias. At low photon energies,
there is little photocurrent because the photon energy is below the band gap. As the photon
energy is increased, more photons are absorbed and the photocurrent increases. This
behavior is typical of a semiconductor, where the absorption rapidly increases as the photon
energy exceeds the band gap and is similar to recent measurements on bulk germanane
crystals [27]. We note that this photocurrent spectrum is also similar to previous optical

reflectance spectroscopy performed on epitaxial GeH/Ge(111) [28].

To develop few-layer germanane devices, we next focus our attention on the
characterization of thin GeH films (~5 nm). However, initial studies on thin GeH failed to
produce consistent results, and we hypothesized that the problem was oxidation of the
CaGe: film due to air exposure prior to de-intercalation. To prevent such difficulties, we
added an extra step in the synthesis procedure, in which we grew 5 nm Ca followed by 10
nm Fe to cap the CaGe> film prior to de-intercalation. This minimizes the potential
oxidation of the CaGe> layer as the sample is transferred in air from the MBE chamber to
the HCI solution [22]. Once inside the HCI solution, the Fe and Ca layers are dissolved,
and then the underlying CaGe> film is de-intercalated to produce GeH. After de-
intercalation, we performed EDS to ensure that the capping layer is completely removed
(below detection limit) and the CaGe: is converted to GeH (Supplementary Figure 6. S7).
Because these films are continuous, we deposit larger metallic electrodes of width 400 um
and separated by a 20 um gap. Figure 6.5 (d) is an optical microscope image of such a
device with GeH film thickness of 5 nm (~9 layers). Figure 6.5 (e) shows the photocurrent

of this device as a function of bias voltage under laser illumination at 540 nm. There is an

124



order of magnitude less photocurrent for this device compared to the thick GeH and the
signal is approaching the level of the noise. Compared to the thicker films which exhibit
non-linear IV (Figure 6.5 (b)), the thinner films have more linear IV characteristics and the
photoconductivity can be quantified by a linear fit. The linear IV may be associated with
improved contacts due to the Fe capping procedure (i.e. reduced oxidation as confirmed by
EDS in Supplementary Figure 6.S7), but systematic studies have not yet been performed.
The photocurrent spectrum shown in Figure 5f displays the expected behavior for a
semiconductor, with low photocurrent at low photon energies and an increase of
photocurrent with increasing photon energy. Although the absorption edge appears to have
shifted to slightly higher energies compared to the thick device (Figure 6.5 (c)), the overall
features of the photoconductivity spectra are similar. We have also observed

photoconductive signals in 1 nm (2-3 layers) GeH films (see Supplementary Materials).

The ability to measure these weak photoconductivity signals is very important for
the optimization of few-layer germanane films. Up until now, the most important materials
characterizations such as XRD and PL could only be applied to thick GeH films due to the
lack of measurable signal in the thinner films. Now with the photoconductivity
measurement, we have a means of characterizing the electronic and optical properties of
few-layer germanane and can use this information to optimize the material synthesis

procedures.
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Conclusion

We developed the synthesis and transfer of GeH onto arbitrary substrates. This is
an important advance, as the transfer of GeH enables the fabrication of electronic devices
on insulating substrates, optical studies on transparent substrates, as well as the creation of
vertically stacked 2D heterostructures. We verified that the structural and optical properties
of thick GeH films are largely unchanged by the transfer process with PL and XRD.
Additionally, the transfer process does not contaminate the thick GeH films with residual
electrolytes (within measurement sensitivity), verified with EDS spectroscopy. Once
transferred, GeH films were fabricated into two-terminal devices to allow transport
measurements and photoconductivity measurements. The photoconductivity of both thick
and few-layer GeH indicates an absorption edge as a function of wavelength, as expected
for a semiconducting material. The photoconductivity measurements on few-layer GeH
are particularly important for the further optimization and development of ultrathin
germanane materials due to its high sensitivity. These results represent a major advance
toward the realization of electronic and optoelectronic applications in this emerging 2D

material.
Supplementary information:

Energy dispersive x-ray spectroscopy (EDS) is performed using an Oxford
Instruments INCA EDS platform under SEM (Figure Sla). The electron acceleration
voltage is 20 kV (1000 nm penetration depth). Elemental analysis of the as-grown sample
shows a chlorine residue of 7.23% and a germanium composition of 92.77% (Figure S1b).

The transferred sample shows similar amounts of Cl and Ge (Figures S1c). We did not
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observe any residues from the electrolysis process (below detection limit). In addition, we
perform EDS analysis at 10 kV (340 nm penetration depth) to probe the as-grown GeH

(Figure S2) and observe oxidation of 17.24%.
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Supplementary Figure 6.S1: (a) EDS spectrum of as-grown 600 nm (~1000 layers)
GeH at 20 kV, (b) Elemental analysis of the as-grown GeH at 20 kV, (c) Elemental analysis
of the transferred GeH at 20 kV
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Supplementary Figure 6.S2: EDS elemental analysis of the 600 nm (~1000 layers) as-
grown GeH sample at 10 k

Photoconductivity Measurement

DC I-V measurements are performed with a Keithley 6514 Electrometer (Figure
S3). A DC voltage is swept between drain and source, and the current is measured. The
wait time between each data point is about 3 min to reach a steady state. The DC
photoconductivity measurement is carried out with a red laser (635 nm, ~3 mm diameter

spot).
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Supplementary Figure 6.S3: 1V measurement for different laser powers

SEM images of 2 nm (3-4 layers) GeH on SiO; are taken with a Leo SUPRA 55 at 5 kV
energy (Figure S4). Large areas without tears are typically observed. The dark black dots
on top of the large area GeH are most likely PMMA residue due to the bubble transfer

process.
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Supplementary Figure 6.54: SEM image of 5 nm (~9 layers) GeH on SiO-

Below is an optical microscope image of 1 nm (2-3 layers) GeH transferred to SiO»/Si
substrate under 10x magnification. The light blue area corresponds to the 1 nm (2-3 layers)

GeH and the top left area is SiO2. The thickness is characterized by AFM.

Supplementary Figure 6. S5: Optical image of 1 nm (2-3 layers) GeH on SiO,.

130



Photocurrent of 1 nm (2-3 layers) GeH under 200 [1W laser illumination (633 nm, ~3 mm
diameter spot) and 15 V source-drain bias. The laser is modulated at 1 kHz and the
photocurrent is measured by lock-in detection. The beam is blocked (“OFF”) and

unblocked (“ON”) to show the photoconductive response.
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Supplementary Figure 6. S6: ON/OFF
photocurrent of 1 nm (2-3) layers GeH
Fe Capping

In order to prevent oxidation of thin CaGe: films, we developed an Fe capping layer
to protect the films during exposure to air. We deposit 5 nm of Ca prior to depositing the
Fe cap to avoid Fe interacting directly with the Ge. To test how efficiently the Fe dissolves
in HCI, we grew 5 nm Ca followed by 20 nm Fe at room temperature immediately after the
growth of a CaGe> film. We then performed EDS at different beam energies of 2, 5, 10

and 20 kV corresponding to penetration depths of 25, 100, 340 and 1000 nm, respectively,
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to determine the Fe concentration in the film. The EDS spectra and elemental analysis are

listed below:
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Supplementary Figure 6.S7: EDS of as-grown 150 nm (~260 layers) GeH at (a) 2 kV,

(b) 5KV, (c) 10 KV and (d) 20 kV

We did not observe (below detection limit) the presence of Fe residues on the
deintercalated GeH sample for any of the beam energies. Furthermore, the EDS spectrum
at 10 kV (Figure S7 c) of the Fe capped sample showed a significantly lower (below
detection limit) oxygen composition as compared to the uncapped sample (Figure S2). The
absence of oxygen for the 5, 10, and 20 kV scans along with the presence of oxygen in the

2 kV scan indicates a small amount of surface oxidation.
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