Synchrotron Radiation Studies of
Spintronic Hybrid Systems

Wenqing Liu

Doctor of Philosophy

University of York
Electronics

September 2014



Abstract

Spintronics is an emergent interdisciplinary topic for the studies of spin-based, other than
or in addition to charge-only-based physical phenomena, which promises not only new
capabilities of electronic devices, but also abundant science. For applied materials, the
spin ordering has long been investigated within the context of conventional ferromagnetic
materials (FMs), while the study of spin generation, relaxation, and spin-orbit coupling
(SOC) in semiconductors (SCs) took off only recently with the advent of spintronics and
it is here that many novel materials and FM/SC hybrid structures can find their greatest
potential in both science and technology. In the pursuit for such goals, the intrinsic
material properties are important indicators and the artificially synthetized hybrid systems
(layered FM/SC structures and FM-doped SCs) are valuable models for studying spin-
dependent phenomena and could potentially be used as actual components for an eventual
spintronic device. These results are expected to contribute to some of the most
fundamental questions of the contemporary spintronic materials research, such as the
FM/SC interfacial hybridization and magnetism, the spin and orbital ordering of ferrites,
and the fundamental magnetism of doped TIs, and the proximity effects in FM/DMS and
FM/doped TI heterostructures.
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onto the conducting sticky Paste.......ccviiiiiiiiiii e 94

Figure 3-23 | A typical XAS and XMCD spectrum of Fe L,; edge and their integration

range for the sum rules application. Data are scaled for clearness. .......cccccceevvevrennenne. 96

Figure 4-1| Illustration of the epitaxial relation Fe on GaAs(100). The crystal symmetry
and lattice constant of bcc Fe is almost half that of GaAs, suggesting that nearly

perfect epitaxial growth of Fe on GaAs can be performed. .........ccccoovevveiiiieniiieennnn, 102

Figure 4-2 | Schematic diagrams of the experimental configuration of the XMCD
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measurement with both the incident X-rays and the magnetization directions
perpendicular to the sample surface. The two samples consist of nominally 10 ML Cr/7
ML Fe/1 ML Co/GaAs (100) (left) and 10 ML Cr/7 ML Co/1 ML Ni/GaAs (100) (right),
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Figure 4-3 | Typical pair of XAS and XMCD spectra, normalized to the incident beam
intensity, at the Fe [,3edge of the 10 ML Cr/7 ML Fe/1 ML Co/GaAs (100), obtained at
300 K, normal incidence. The dashed lines indicate the integration of the spectra. Data

are offset and scaled for ClearNESS. ...cooo e 105

Figure 4-4 | Typical pair of XAS and XMCD spectra, normalized to the incident beam
intensity, at the Co L,3edge of the 10 ML Cr/7 ML Fe/1 ML Co/GaAs (100), obtained at
300 K, normal incidence. The dashed lines indicate the integration of the spectra. Data

are offset and scaled for ClearNESS. ...cooo e 105

Figure 4-5 | Typical pair of XAS and XMCD spectra, normalized to the incident beam
intensity, at the Co L,3edge of the 10 ML Cr/7 ML Co/1 ML Ni/GaAs (100), obtained at
300 K, normal incidence. The dashed lines indicate the integration of the spectra. Data

are offset and scaled for ClearNESS. ...cooo e 106

Figure 4-6 | Typical pair of XAS and XMCD spectra, normalized to the incident beam
intensity, at the Ni L,3edge of the 10 ML Cr/7 ML Fe/1 ML Co/GaAs (100), obtained at
300 K and 5 K, respectively, normal incidence. The dashed lines indicate the

integration of the spectra. Data are offset and scaled for clearness. ........c..ccoceeveenne. 106

Figure 4-7 | The elemental specific XMCD hysteresis loops of the T ML Ni and the
topmost 7 ML Co of the 7 ML Co/1 ML Ni/GaAs (100) epitaxial thin film.................. 107

Figure 4-8 | Typical micrograph of the graphene on SiO,/Si, which indicates the sample

contains less than 10% defects and bilayer graphene.........ccccocoevieviiiiiiiiniiiciec, 13

Figure 4-9 | Typical Raman spectra collected on the FM/graphene and an as-grown
area without FM deposition. Inset: (upper row) photograph of the Fe/graphene
sample, in which the two distinct areas were obtained by shuttering half of the
sample during the FM deposition, and (lower row) schematic diagram of the Raman

scattering measurement performed on the two parts of this sample.........c..cccevenee. 14
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Figure 4-10 | Schematic diagram of the XMCD experimental configuration, in which X-
rays are at normal incidence with respect to the sample plane and parallel to the

applied MagNetic fIEld. ...c..oiiiiiiiciee e 116

Figure 4-11| Typical pair of XAS and XMCD spectra between 5-300 K of the interface Fe
(left), and the stabilizing Ni (right), respectively, with a peak at each spin-orbit split
core level. The dashed lines show the integration of the spectra. Data are offset and
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Figure 4-12 | The sum-rules derived Mspin, Mor, aNd Mot Of the interface Fe (top) and

the stabilizing Ni (bottom), respectively, at 3 =300 K. .....cccvoviiiiviiiiceiceeecee, 118

Figure 4-13 | The DFT simulations of the Fe stacking on graphene. The initial and
relaxed crystal structure of Fe fcc(111), bcc(100) and bcc(110) geometries are presented
in the upper and lower row, respectively. The dashed rectangles indicate the

SUPEICELLS. 1ttt ettt ettt b et e e nb e et eebeeeaneeeeas 121

Figure 4-14 | Illustration of three nonequivalent Fe positions on graphene, namely top
(blue), bridge (green) and hollow (red), respectively, and the calculated equilibrium
distance and system free energy. The unit cell is shown as the gold-colored
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Figure 4-15 | The spin-resolved band structures and partial DOS maps of the
freestanding fcc Fe ML (left) and that on graphene (right), where the partial band
character of the Fe 3d,; orbital is labeled by the red and blue lines for the spin-up and
spin-down electrons, respectively. The bands with C1 2p,, C2 2p,, Fe 3d,; and Fe 3d,,
characters are labeled with the red and blue lines for the spin-up and spin-down

EleCtrONS, FESPECTIVELY. c.viiiiiieiie ettt ettt en 123

Figure 4-16 | The charge density difference map of fcc Fe'®/graphene, suggesting a
substantial charge transfer mainly through C2p, orbital. The yellow and green colored
areas represent the charge accumulation and depletion, respectively, and the isovalue
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Figure 4-17 | Side view of the spin density distribution. Here, an isovalue of 0.035 e/A’

is chosen, and the yellow and green colors represent for positive and negative spin
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Figure 4-18 | The spin-resolved band structures (upper rows) and partial DOS maps
(lower rows) of the freestanding graphene single layer and that in Fe/graphene,
suggesting the graphene is slightly polarized in the presence of Fe ML. The sub-bands
with C1 2p,, C2 2p,, Fe 3d,; and Fe 3d,, characters are labeled with the red and blue

lines for the spin-up and spin-down electrons, respectively. .......ccocoveviniiiirncnnne. 125

Figure 4-19 | Top and side views of the energetically most favorable stacking of 7 ML
Ni/1 ML Fe/graphene. The Ni tends to pull Fe away from the graphene substrate
slightly, resulting in a higher mqpin 0f 1.52 pig/atom. ...coociiiiiiie, 126

Figure 4-20 | Typical DCXRD curve of the CoFeAl/Ga«Mn,As bilayer sample, from
which only (004) and (002) diffraction peaks of GaAs and Ga;,Mn,As were observed
without a secondary phase like MnAs. Right inset: the enlargement around Ga;4Mn,As
(004) peak. Left inset: typical cross-sectional TEM, from which well ordered B2 phase

CoyFeAl and zinc-blende Gay.xMn,As were observed with a sharp interface between

Figure 4-21 | Typical pair of XAS and XMCD spectra, normalized to the incident beam
intensity, at the Co L,; edge, obtained at 300 K. The dashed lines indicate the

integration of the spectra. Data are offset and scaled for clearness. ........ccccoceoeene. 130

Figure 4-22 | Typical pair of XAS and XMCD spectra, normalized to the incident beam
intensity, at the Fe L,; edge, obtained at 300 K. The dashed lines indicate the

integration of the spectra. Data are offset and scaled for clearness. ........c.ccoceeeene. 130

Figure 4-23 | Typical pair of XAS and XMCD spectra, normalized to the incident beam
intensity, at the Mn L[,; edge, obtained at 300 K. The dashed lines indicate the

integration of the spectra. Data are offset and scaled for clearness. ........ccccccoveveenee. 131

Figure 4-24 | The elemental specific XMCD hysteresis loops of the Fe, Co, and Mn,
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Figure 5-1 | Typical RHEED patterns of (a) GaAs(100), (b) MgO/GaAs, (c)
Fe/MgO/GaAs, and (d) Fe;04/MgO/GaAs along [0-11] and [001] directions,
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respectively, obtained during the MBE process of the 8 nm Fe304/Mg0O/GaAs(100)
SAMIPLE. ittt ettt et b e et e e ta e erbeeetbeebeeetbeeteeenreenes 139

Figure 5-2 | Typical hysteresis loop of the 8 nm Fe;04,/MgO/GaAs(100) sample
obtained by applying the magnetic field out of plane. The dash line indicates the

principle saturation value, i.e. 480 emu/cm’, or 4.0 pug/fu. for bulk magnetite.......... 140

Figure 5-3 | Typical hysteresis loops of the three magnetite samples, namely, 8 nm
Fes04/Mg0O/GaAs(100) (green), 12 nm Fe304/MgO(100) (blue), and 100 nm
Fes04/YZO(111) (red), respectively, obtained by applying the magnetic field in plane.
The dash line indicates the principle saturation value, i.e. 480 emu/cm?, or 4.0 pg/f.u.
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Figure 5-4 | Schematic diagram of the experimental set up of the XMCD measurement
in Faraday geometry, i.e., with both the incident X-rays and the magnetization

perpendicular to the sample SUMACE. ..o 142

Figure 5-5 | Typical pair of XAS and XMCD spectra of the 8 nm Fe;04/MgO/GaAs(100)
at the Fe L3 edges at RT and perpendicular magnetic fields of 10 - 100 kOe. ............. 143

Figure 5-6 | Typical pair of XAS and XMCD spectra of the 12 nm Fe;04/MgO(100) at the
Fe L,3 edge at RT. The XMCD spectra of the 8 nm Fe;0,/Mg0O/GaAs(100) and that of

the 100 nm Fe304/YZO(111) were attached to the lower rows for comparison purpose.

Figure 5-7 | The XAS spectra of the three magnetite samples, namely, the 8 nm
Fes04/Mg0O/GaAs(100) (green), the 12 nm Fe304/MgO(100) (blue), and the 100 nm
Fes04/YZO(111) (red), respectively. The line shape of both the 8 nm
Fes04/Mg0O/GaAs(100) and the 100 nm Fes0,4/YZO(111) is in good agreement with that
of pure Fe30y4, in which the Fe contribution of the L3 is around 2/3 of the magnitude of
the oxide peak and the second feature of the L, peak is lower than the first. By
contrast, the line shape of the 12 nm Fe;0,/MgO(100) reveals a tendency to follow
that of the y-Fe,Os, in which the Fe contribution to the L; peak reaches only around
1/2 of the magnitude of the oxide spectra and the second feature of the L, peak is

slightly higher than the first feature. The black dots indicate the split contributions of
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Figure 5-8 | The sum-rules derived magnetic moments of the 8 nm
Fes04/Mg0O/GaAs(100) sample under an applied magnetic filed from 10 to 120 kOe. A
rather consistent value of Mgpin, Mo, and Mg have been extracted at saturation from
40 to 120 kOe within the error bar, which rules out the presence of any appreciable
APBs, while the value of my,, obtained at 10 kOe is slightly smaller because of
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Figure 5-9 | The M-T relations of the 8 nm Fe;04/MgO/GaAs(100). Upper row: the M-T
curve obtained by cooling the sample from 300 to 4.3 K in zero magnetic field,
followed by an application of a static magnetic field of 100 Oe in the film plane and
recording the magnetization values during the warming cycle to 300 K. Lower row: the

gradient of the magnetization, i.e. dM/dT, from which T,~ 97 K was extracted. ....... 154

Figure 5-10 | The M-T relations of the 12 nm Fe;04/MgO(100). Upper row: the M-T
curve obtained by cooling the sample from 300 to 20 K in zero magnetic field,
followed by an application of a static magnetic field of 100 Oe in the film plane and
recording the magnetization values during the warming cycle to 300 K. Lower row: the

gradient of the magnetization, i.e. dM/dT, from which T,~ 97 K was extracted. ....... 154

Figure 5-11 | The magnetization versus temperature relationships of the 100 nm
Fes04/YZO(111), obtained by cooling the sample in ZFC, followed by an application of a
static magnetic field of 100 Oe in the film plane and recording the magnetization

values during the warming cycle to 300 K, from which T, ~ 125 K was extracted. ...... 155

Figure 5-12 | The sum-rules derived mgpin, Mo, and M of the 8 nm
Fes04/Mg0O/GaAs(100) (top row), the 12 nm Fe304/MgO(100) (middle row), and the
100 nm Fe304/YZO(111) (bottom row), respectively, at temperatures across the T, for

each of them. The dash lines are guides forthe eye........cccoceeviiiiiiiiiiiccicce 157

Figure 5-13 | The overlapped XMCD spectrum at various temperatures from 50 K to
300 K of the 8 nm Fe304/Mg0O/GaAs(100) (top), the 12 nm Fe;04/MgO(100) (middle),
and the 100 nm Fe30,4/YZO(111) (bottom), respectively, obtained at 30 kOe. Each peak

in the L3XMCD corresponds primarily to a different site in the Fe3Oy4, the first negative
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peak corresponds to d°Oj, (i.e. B sites Fe’*), the second positive peak to d°O, (i.e. B sites
Fe*"), and the final negative peak to d°T, (i.e. A sites Fe®*), which are utilized to

calculate the relative intensity of the contributions from different cations............... 159

Figure 5-14 | The ratios of the three peak intensities at Fe L;edge for the 8 nm
Fes04/Mg0O/GaAs(100) (top), the 12 nm Fe304/MgO(100) (middle), and the 100 nm
Fes04/YZO(111) (bottom), respectively. For all the three magnetite samples, the
d®0,/d’0p, remains consistent before and after Verwey transition. For the 8 nm
Fes04/Mg0O/GaAs(100) and the 100 nm Fes04/YZO(111), both the d°0,/d°T, and
d°0,/d°T;show anomalous jumps at T,, whilst for the 12 nm Fe;0,/MgO(100), the

value of these ratios show no little change within the experimental accuracy. ......... 160

Figure 6-1 | The energy dispersion relations of Cr-doped Bi,Ses. ARPES intensity maps
of 50 QLs Bi,Cr,Ses thin films with (a) x = 0, (b) x =0.02, (c) x = 0.1, and (d) x = 0.2 on
Si(111) along the I'-K direction. With Cr doping, the surface deviates from the original
linear massless Dirac fermion state and becomes broadened. A larger bandgap on the
surface is open with higher Cr concentrations, as illustrated by the solid yellow lines.
Data were taken using 52 eV photons at a temperature of 10 K. Image adapted from
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Figure 6-2 | Experimental configuration of the magneto-transport measurement.
Upper: schematic diagram of the experimental set up for the transport
measurements, where the magnetic field is applied perpendicular to the thin film
plane. Lower: typical microscope image of the samples that are patterned into

standard Hall Dar d@VICES. ... 169

Figure 6-3 | AHE versus magnetic field of the Bi194Cro065Se3/Si(111) thin film at 3-40 K,
by which non-zero Raue were observed up to 30 K and vanished at ~40 K. Inset: the

AHE versus temperature, which exhibits Curie-like behavior from 3 Kto 40 K........... 170

Figure 6-4 | The sample optimization and surface scan. Upper left: the vertically
optimization performed at the Cr L; edge. The arrow indicates the sample location.
Upper right: photograph of the Bi,,Cr,Se; thin film sample mounted on the
synchrotron facility sample stage. The double-sides arrow indicates the range of the

surface scan. Lower: the XAS spectra (without background substation) collected
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through a 2 mm length of the sample surface, which confirms the homogeneity of the

SAMPLE IN SUD-MIM SCALE. c.eiiiiiiiiii ettt 171

Figure 6-5 | Schematic diagram of the experimental set up of the XMCD measurement
in Faraday geometry, i.e. with both the incident X-rays and the magnetization

perpendicular to the sample SUMACE. .....cooviiiiiiiccee e 172

Figure 6-6 | Typical pair of XAS and XMCD spectra of the Bij94Cro.065€3/Si(111) thin film
at 3 - 80 K, normalized to the incident beam intensity. Data are scaled and offset for
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Figure 6-7 | The sum-rules derived mq and mapin Of the Bijo4Cro0sSes/Si(111) thin film at

3= B0 K e 174

Figure 6-8 | Formation energies of Cr related defects in the Bi,Se; excluding SOC. The
slopes indicate the stable charge states of the defect, and the zero of Eg corresponds

to the valence band maximum (VBM). ... 176

Figure 6-9 | The dependence of (a) the Cr concentration, (b) average magnetic
moment, (c) and the formation energies of the three predominated Cr related defects
as a function of the chemical potential, respectively. The zero of the Cr chemical
potential is that of bulk Cr, and the Bi and Se chemical potentials are fixed at the Bi-
rich condition. The dilute approximation fails dramatically above -0.43 eV,
corresponding to a region of the chemical potential with very high defect
concentration and the formation of secondary phases. The vertical lines at 10%, 1%,
and 0.1% correspond to total Cr content with respect to Bi sites. The pink cross in the
middle of (b) indicates the cross point of Cr concentration of the sample studied with

XMCD, i.e. 3% with the calculated mqpn, which agrees well with the experimental

observation. Note the y-axis of (a) is in logarithmic scale...........c..ccocoeieiiiiiiiiienn 177

Figure 6-10 | Illustration of the research framework of magnetic Tl hybrid systems.
Circles representing FM (left) and FMI (right) overlap with those representing TI
(bottom) and magnetically doped Tl (top), encompassing four categories of studies of
magnetic Tl by engineering layered heterostructures, namely, investigations of (i)

TI/FM including Fe/Bi,Ses, Co/Bi,Ses, and Cr/Bi,Ses; (ii) TI/FMI including MnSe/Bi,Ses,
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GdN/Bi,Se;, EuS/Bi,Ses; (iii) doped TI/ FM Fe/Bi,, Mn,Tes; and iv) the remaining

unexplored area, i.e. doped TI/FMI, , studied for the first time in this project. ........... 180

Figure 6-11 | Typical RHEED patterns of the Bi;g9CronSes epitaxial thin films grown on
Si(111) (upper row) and YIG(111) (lower row), respectively. The double-sides arrows

point to the observed similar diffraction patterns and in-plane lattice constants..... 182

Figure 6-12 | Typical cross-sectional TEM images of the BijgeCronSes/YIG/GGG
heterostructure. (b) Typical HAADF-STEM image of Bijg9CronSes/YIG/GGG
heterostructure, where no significant signature of intermixing was observed at the
interfaces of BijgsCronSes/YIG (yellow dashed line, left panel) and YIG/GGG (blue
dashed ling, NNt PANEL). ..ciiiiici e 182

Figure 6-13 | AHE of the Bi13sCroSes/YIG thin film versus magnetic field at 20 - 100 K,

by which non-zero Rane were observed up to 50 K and vanished above 90 K. ............. 183

Figure 6-14 | Comparison of the AHE versus temperature of the Bi; s9CroSes thin films
grown on YIG (111) and Si (111), respectively. Both Cr-doped Bi,Ses thin films exhibit
Curie-like behavior, however, their derived magnetic ordering vanishes at different

temperatures. Note the x-axis is in logarithmic scale........cccociiiiiiiiiniiiii e 184

Figure 6-15 | The H. of Biig9CronSes/YIG versus temperature, which is observable until
beyond 50 K. Inset: the shift of the valleys of WAL cusp, associated with the H.. The

arrows represent the scanning direction of the magnetic field. Note the x-axis is in
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Figure 6-16 | Typical pair of XAS and XMCD spectra of the BiigoCronSes/YIG bilayer
sample obtained at 3 - 300 K, where dichroism at the Cr L3 edge (575.3 eV) was

observed up to 50 K. Data are scaled and offset for clearness. ........cccocevvveeiiiienrennnns 187

Figure 6-17 | Partially enlarged XAS spectra pairs of the Cr L3 edge at 30 K, 50 K, and

100 K, respectively, from which the peak asymmetry can be observed up to 50 K. ....188

Figure 6-18 | Typical pair of XAS and XMCD spectra of Fe from the BiysCronSes/YIG
bilayer at 10 K and 300 K. The XAS spectra of Fe L,3 edges show remarkable multiplet

structure and the XMCD spectra shows the typical positive and negative alternative
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peaks of ferrites, corresponding the octahedral and tetrahedral sites, respectively,

whose spins are coupled antiparallel. Data are scaled and offset for clearness......... 188

Figure 6-19 | The sum-rules derived mqpin and merp, of the Biig9CronSes/YIG bilayer at 6 -

300 K. The x-axis is inlogarithmic scale........c..cccoooiiviiiiiiiii e 189

Figure 6-20 | Schematic diagram of the model used to estimate the proximity length,
showing the Cr distribution p(x) and the ferromagnetically ordered Cr distribution d(x)
at given temperature, as described in the text. Arrows indicate the direction of the

spins under a perpendicular magnetic field. ......cccoiovieiiiiiii 191

Figure 6-21 | Schematic diagram of the A-doped Bii7Cro24Ses epitaxial thin film
samples prepared By MBE. ......coiioiiiee e 194

Figure 6-22 | Typical pair of XAS and XMCD spectra of the surface doped (left column)
and bulk doped (right column) Bi;76Cro24Sezepitaxial thin films on Si(111) samples at 10
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1 Chapter | Introduction

1.1 Introduction

Spintronics, also known as spin electronics, is an exciting new topic of physics and
electronics. It studies spin-based, other than or in addition to charge-only-based
physical phenomena, which promises not only new capabilities of electronic devices,

but also interesting science.'

From an industry point of view, spintronics is expected to offer solutions to the
so-called “IT crisis”. Since the mid 20" century, the semiconductor (SC) based
electronics industry has followed the famous Moore’s law that the number of transistors
per square inch increases exponentially, i.e., doubles every eighteen months.> However,
this trend will eventually hit a limit where the computing units enter the regime of
nanometer scale and the quantum mechanisms starts to dominate. One of the key
problems that restrict further device minimization is the electron tunneling effect. When
the length of the gate is scaled down to 2 — 5 nm (which can be predicated within the
next ten years if the Moore’s law applies), considerable leakage current from the source
to drain can occur. Another issue is the growing power density in circuits, leading to the
ever-increasing operating temperature. This heating effect has serious consequences for
the reliability and controllability of the shrinking transistors. To engineer new
transistors and electronic circuits that can break through the physical limitations has
been the major challenge of the contemporary IT industry. Spintronics is involved in
this subject by offering novel material/structure candidates to which the quantum
computation is applicable, or in other words, where the spin of electrons can be utilized
as an extra degree of freedom for data processing to create spintronics devices. Such
devices are expected to present abundant desirable properties including high processing

speed, low power consumption and non-volatile memory storage capabilities etc..

Meanwhile, the spin-based or related phenomena themselves are valuable
subjects for fundamental physics. Spin has long been a mysterious quantity in the
history of physics. It is a solely quantum phenomenon and has no counterpart in

classical mechanics, which makes it an ideal platform to examine the many concepts



and hypotheses in quantum mechanism and condensed matter physics theories.
Nowadays, spin has been generally accepted as an intrinsic form of angular momentum
carried by elementary particles, composite particles, and atomic nuclei. However, a
comprehensive description of spin, spintronics and their related phenomena (such as
spin scattering, spin transfer, spin wave, spin-orbital interactions etc.) is still physically

and mathematically subtle.

The rest of the chapter presents an overall introduction to the subject, of this
thesis (i.e. spintronics hybrid systems) by reviewing a few historical moments of the
discovery of spin, followed by highlighting some landmarks of the recent twenty years
development of spintronics. Following that, an overview of this thesis will be given at

the end of the chapter.



1.2 Spin

As a purely quantum-mechanical entity, the concept of spin was first proposed by
Wolfgang Pauli in 1924. Here the author highlights three experimental observations of

spin in history.

Sodium spectrum fine structures. The earliest experiment revealing a hint of
“spin” might be the observation of discrete lines in the emission spectra of atomic
gases. As early as 1880s, Albert A. Michelson found that some atomic spectrum lines
actually consist of two or more closely spaced lines, called the fine structure. For
example, the sodium spectrum is dominated by the brightest line known as the sodium
D-lines (Ap= 589.3 nm), arising from the transition from the 3p to the 3s levels. When
taking a close look, one could see that A, splits in two lines, namely A, = 589.6 nm and
Ap2= 589.0 nm (see Figure 1-1 for the interpretation). Before that, the energy levels of
Hydrogen and Hydrogen-like atoms, such as Lithium and Sodium, had been well
explained by the Bohr model. Yet such fine structure seems to imply an unknown

angular momentum beyond Bohr’s picture.
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Figure 1-1| Conceptual illustration of the spin-induced spectral splitting, or the fine
structure of sodium D-lines, in which the 3p level degenerates into 3ps;; and 3 pyy,
resulting in two closely spaced lines of the spectrum. Image adapted from the
Internet (http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/sodzee.html).



Anomalous Zeeman Effect. Another degeneration phenomenon with
significance is the spectral line splitting of atoms in the presence of static magnetic field.
In 1912, Friedrich Paschen and Ernst E. A. Back found that the sodium D1 splits into 4
lines and D2 splits into 6 lines in a magnetic field below 50 kOe, which was referred as
Paschen-Back effect or anomalous Zeeman effect. Considering the orbital-field
interaction, the spectrum is only expected to split into 2/+1 lines (always an odd
number), in which [ is the electron orbital quantum number (will be introduced in the
next chapter). Such splitting of even numbers can be a sign of extra momentum in

addition to the orbital momentum (see Figure 1-2).
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Figure 1-2 | Conceptual illustration of Anomalous Zeeman effect, or Paschen-Back
effect, in which sodium D1 and D2 furthermore split into 4 and 6 lines in the
presence of static magnetic field. Image adapted from the Internet
(http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/sodzee.html).



Stern—-Gerlach Experiment. A furthermore clear illustration of electron spin is
the Stern-Gerlach experiment in 1922, named after German physicists Otto Stern and
Walther Gerlach. The experiment is essentially set up with a furnace with silver, a
collimating slit, an inhomogeneous magnetic field and a photographic plate (see Figure
1-3). Electrically neutral atoms are heated, passing through the special shaped magnet
and eventually captured by the fluorescent screen, where the distribution of these atoms
is a function of the force they have sensed in the non-uniform magnetic field. In classic

electromagnetism, the force applied on each electron is

F=-VV=V(M +B)

Equation 1-1

in which V, M, and B, respectively, represent the potential energy, the magnetic
moment of silver atoms and the flux density of the magnetic field. Considering the
orbital magnetic moment only, one could expect the distribution to be continuous and
uniformly filled on the screen, however, in reality the beam turns out to be fragmented

into two equal components.

Measurement
result

Classical
prediction

Figure 1-3 | Schematic diagram of Stern-Gerlach experiment, in which the neutral
silver atomic beam go through an inhomogeneous magnetic field. One can observe
fragmentation of the incident beam into two symmetrical bright lines in z
direction. Image adapted from Wikipedia (http://en.wikipedia.org/wiki/Stern-
Cerlach_experiment).



All the above experiments are of historical significance, as they give not only
the insight into the quantum nature of atoms, but also the necessity to introduce electron
spin. Spectral fine structure and Paschen-Back effect are rather combined effects from
spin-orbital interaction, because [ # 0 for the sodium p electrons. Even though they are
important discoveries that people cannot explain if merely considering the electron
orbital momentum. Stern-Gerlach experiment takes advantage of the s electrons of
silver, in which the spin-dependent effect dominates. It has avoided the effect of
electron orbital momentum and unambiguously exhibited the two-value degree of

freedom of spin momentum.



1.3 Spintronics

1.3.1 GMR and the first generation spintronics - metallic multilayers
1.3.1.1  GMR

The rise of spintronics can be marked by the discovery of the Giant Magneto-Resistive
(GMR) effect in 1988 by A. Fert’ and P. Griinberg* (who shared the 2007 Nobel Prize
of physics). In their experiment, the magnetoresistance (MR) effect as high as 50% at
low temperature of Fe/Cr multilayers was observed (see Figure 1-4) and that the
ferromagnetic Fe layers are antiferromagnetically coupled through the non-magnetic Cr
interlayers. Later Parkin et al’ found that the interlayer coupling between the magnetic
layers can oscillate between ferromagnetic and antiferromagnetic exchange depending
on the thickness of the non-magnetic layers (see Figure 1-5). Although the earliest
GMR effect had been demonstrated in the current in plane (CIP) geometry, it was later
suggested by T. Valet and A. Fert® that longer spin diffusion length and an even higher

effect could be realized in current perpendicular to plane (CPP) geometry.
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Figure 1-4 | The experimental diagram of the GMR effect of three Fe/Cr
superlattices at 4.2 K in CIP geometry. Data are normalized for all the samples.
Image adapted from the literature.?
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Figure 1-5 | The experimental diagram of the exchange coupling oscillations and
magnetoresistance in Co/Cr superlattice structures, i.e., the saturation field vs. Cr
thickness. Image adapted from the literature.’

1.3.1.2  Spin valve

The GMR effect has been demonstrated based on a successive FM/NM/FM trilayer
structure, known as a spin-valve, in which the two FM layers have distinctly different
magnetic coercive fields (H,).Due to the shape anisotropy, the magnetization lies in the
plane of the FM layer which gives rise to two possible magnetic configurations of the
spin valve. One of the FM layer is magnetically hard, such that relatively large magnetic
fields are required to switch its magnetization, whilst the other layer is magnetically
soft, requiring much smaller magnetic fields to change its magnetization direction.’
Considering an increasing magnetic field applied to the spin valve, initially the field is
only large enough to saturate the soft layer and thus at this moment the two FM layers
have antiparallel magnetization. And when the field is sufficient to re-orientate both the
soft and the hard layers, the two are aligned in parallel. This alignment of the
magnetization of the two FM layers relative to each other changes the electrical

resistance of spin valve between two values, also known as spin scattering.



1.3.1.3  Two-current model

The principals underlying spin valve can be qualitatively interpreted by the Mott’s two
current model, which was proposed as early as 1936 to explain the sudden increase in
resistivity of ferromagnetic metals as they are heated above the 7.. Mott’s mode
assumes that the electrical conductivity in metals can be described in terms of two
independent conducting channels, corresponding to the up-spin and spin-down electrons
respectively. It also assumes that the two spin channels do not mix over long distances
and thus the electrical conduction of them occurs simultaneously. In spin valve, for the
parallel-aligned FM layers, the spin-up electrons pass through the structure almost
without scattering while the spin-down electrons are scattered strongly within both FM
layers. On the contrary, both the up-spin and spin-down electrons are scattered strongly

within one of the ferromagnetic layers for the antiparallel-aligned trilayer.

By the two current model, the total resistance of parallel RTT and anti-parallel

RT | configuration can be written as

2 +
Ry o< M’ R, o< Prtp,
pPrtP, 2
Equation 1-2

where Oy and P, represent the resistivity of the spin-up and spin-down channels,
referring to the electron spin parallel and antiparallel with the magnetization direction of
the magnetic layer, respectively. According to Mott’s s-d scattering theory, P <<, .
From Equation 1-2, one can immediately have Ry <R, Figure 1-6 presents a

schematic illustration of two current model, in which the spin transport in parallel
aligned trilayer (left) are less scattered than that in anti-parallel aligned trilayer (right).
If one defines GMR as

GMR o< RTi — RTT
RTT

Equation 1-3

its amplitude will then be determined by the ratio of pr and py.
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Figure 1-6 | Schematic illustration of two current model, in which the spin transport in
parallel aligned trilayer (left) are less scattered than that in anti-parallel aligned
trilayer (right) Bottom panels show the corresponding resistor network.

Figure 1-7 | Conceptual illustration of the origin of different spin scattering ratein a
spin valve trilateral structure, associated with the relative asymmetry of the DOSs
near the Ef of the two FM layers
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The different spin scattering rate between the up- and down- spin channels is
proportional to the asymmetry of the density of states (DOSs) near the E.. Figure 1-7
presents a conceptual illustration of spin scattering. In the magnetized FM layers, the
DOSs differ between the spin-up and down spins and hence have more states available
to one spin orientation than another. When a bias voltage is placed across FM/NM/FM
trilayer, electrons will pass through this structure depending on the availability of free
states for its spin direction. If two magnetic layers are parallel (Figure 1-7 upper row), a
majority of electrons in one will find many states of similar orientation in the other,
causing a large current to tunnel through and a lowering of overall resistance. On the
other hand, if they are antiparallel (Figure 1-7 lower row), both spin directions will

encounter a bottleneck in either of the two plates, resulting in a higher total resistance.

1.3.1.4  The significance of GMR

Shortly after the successful demonstration of GMR, a device based on this effect was
quickly implemented by IBM in the form of a GMR read head for hard disk divers
(HDD) in 1991, which had increased the HDD areal recording density by three orders
of magnitude within ten years. Furthermore in 1995, by replacing the NM spacer layer
of the spin valve by a thin non-magnetic insulator, magnetic tunnel junctions (MTJ)

emerged® and was then applied to Magnetic Random Access Memory (MRAM).



12

Ring
Inductive Write Head

Recording
Medium

Figure 1-8 | The schematic structure of the modern HDD recording introduced by
IBM in 1991, using inductive coils for writing and GMR heads for reading. Image
adapted from the internet
(http://www.pcmag.com/encyclopedia/term/50247/read-write-head).

1.3.2 Spin-FET and the second generation spintronics — FM/SC hybrid systems
1.3.2.1  FM/SC hybrid spintronics

The great success of GMR and its derivatives (usually classified as the first generation
spintronics) have boosted the research and technology of spin-based phenomena and
has encouraged people to move forward an even more fascinating step, which is to
induce spin polarization into non-magnetic or paramagnetic semiconductors (SC),
referred as spin injection. FM/SC hybrid spintronic systems combine the desirable
properties of both SC and FM, and could provide new types of control of conduction in
electronic devices. Using SCs for spintronic applications bears several distinguished
advantages over the aforementioned metal-based GMR devices. Unlimited to the
context of spintronics, SCs have the ability to amplify signal and serve as a multi-

functional device.” Easy integration of novel spin-based architectures with the concrete
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SC technology creates a strong bond between these self-contained bodies.

The transport and the manipulation of carrier spins represent two key elements
of SC spintronics. The electron spin relaxation time in SCs is found to be several orders
of magnitude longer than the electron momentum and energy relaxation times."” Further
experimental signatures indicate that electrons in GaAs can be dragged over a distance
of 100 uym without losing their spin coherence using an electric field." These
observations suggest that spin information could be transported efficiently in a given
channel length. Another benefit exists in the flexibility of varying carrier doping
profiles in the SCs, which not only allows the tailoring of specific purposes in the
spintronic devices design, but also opens up opportunities for realizing novel physical
phenomena. One particular example has been the spin Hall effect (SHE), by which a
dissipationless spin current could exist in the absence of a net charge current in suitable

SCS 12,13, 14

1.3.22  Spin injection

Pioneering work on the creation of nonequilibrium spin by means of transport, optical
or resonance methods pave the way of spin injection. The earliest experimental
signature of diffusive spin transport in SC can be tracked back to 1973 by Clark and
Feher," while there was little convincing experimental evidence supporting that
electrical spin injection from FMs into SCs was possible. Optical pumping is another
widely used technique for generating highly polarized carriers in SCs by irradiation
with circularly polarized light, decided by a competition between the creation of
nonequilibrium spin and factors such as carrier recombination and spin relaxation in the
system.'® The third method to introduce magnetism into SCs is by direct magnetic
doping and the magnetically doped SCs, known as DMSs, which can globally form the
long-order magnetic phase under an optimized synthesis condition. Figure 1-9 presents
a conceptual illustration of spin-based electronic devices. Two representative products
bred by the incorporation of magnetism, photonics and SC technologies are the spin
field effect transistors (FETs) and the spin light-emitting diodes (LEDs), which,

respectively, will be introduced in the following two sub-sections.
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Figure 1-9 | Conceptual illustration of spin-based electronic devices. In a spin-FET,
spin-polarized electrons are injected from a source ferromagnet into a
semiconductor and detected using a ferromagnetic drain electrode. In a spin-LED,
circularly polarized light emission also occurs under spin injection. Image adapted
from the literature."”

1.3.23 Spin FET

A large portion of the research work reported to date in the hybrid spintronics
community was very much stimulated by the novel idea of Datta and Das'™ whom
proposed the spin FET — an analogy of the conventional FETs, as illustrated in Figure
1-9 (left). In such devices, spin-polarized electrons are generated from the first FM
source, injected into the SC channel and detected by the second FM electrode. During
this process, transport of the electron spins is confined in a high mobility two-
dimensional electron gas (2DEG) channel and can be manipulated by the application of
a gate voltage."” Without bias from the gate, the relative magnetization directions in the

source and drain dominate the conductivity in the device, while applying a gate voltage
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across the channel, the spin polarized electrons experience an effective magnetic field
due to the Rashba spin-orbit interaction leading to precession of spin of the electrons
and consequently a change in polarization of the injected current. The spin FET
combines the functionality of passive thin film devices and active SCs structures, which
is a fundamental goal for which many researchers are pursuing today. The spin FET is
structurally similar to the conventional FETs, e.g. the metal-oxide field effect transistor
(MOSFET) but functions by a remarkably different mechanism. Since only a small
energy and a short period of time are needed to change the spins precession compared to
that required in a MOSFET where the channel needs to be under inversion, spin FETs

are expected to present high computing speed with low power consumption.'® - 2"2*
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Figure 1-10 | Schematic diagram of the nonlocal experiment. Electron spins are
injected into the GaAs with a Fe/AlGaAs Schottky tunnel barrier (contact 3). Due
to diffusion, some injected spins will diffuse in the opposite direction from the
charge current. The voltage measured at the second Fe contact (contact 4) is
dependent on the relative magnetization orientation of the two Fe contacts
(contact 3 and 4), leading to the electrical spin detection. Image adapted from the
literature.*

The idea of spin FET also stands for an all-electrical device design (compared
with the optical pumping and detecting of spin in spin LED, which will be introduced in
the following sub-section). A notable advancement has been the detection of spin

1,2 *as

dependent effects in the nonlocal device geometries performed by Lou et a
presented in Figure 1-10 | Schematic diagram of the nonlocal experiment. Electron spins
are injected into the GaAs with a Fe/AlGaAs Schottky tunnel barrier (contact 3). Due to

diffusion, some injected spins will diffuse in the opposite direction from the charge
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current. The voltage measured at the second Fe contact (contact 4) is dependent on the
relative magnetization orientation of the two Fe contacts (contact 3 and 4), leading to
the electrical spin detection. The FM/SC interfacial mixture, magnetic dead layer, and
conductivity mismatch (will be introduced in Chapter II) are the major obstacles for the
electrical spin injection, which limit the efficiency generally below ~10% at RT
(ambiguity may exist here due to the different definitions). This situation was later
improved by inserting spin dependent tunneling barriers (which also led to the
successful spin injection in spin LEDs with the tunneling barriers, see the following
sub-section). It worth mention that although earlier investigations of spin injection and
accumulation have been mainly focused on the classical SCs such as GaAs,”*° InAs >
* and GaN*"* etc., a new trend of the very recent few years rises, directed toward 2D
materials such as graphene and TIs, (will be introduced in Chapter II). Figure 1-11
presents a schematic diagram of a spin FET in which the channel is a TI nanoribbon,in
which the electrons with opposite spins move in opposite directions as the red arrows
indicate.” This spin polarization could prove more effective than the regular Rashba-

31,32

coupled 2DEG counterpart.
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Figure 1-11 | Schematic diagram of a spin FET in which the channel is a TI
nanoribbon, in which the electrons with opposite spins move in opposite directions
as the red arrows indicate The spins of the surface electrons (orange arrows) are
also polarized, and electrons with opposite spins move in opposite directions (red
arrows). Image adapted from the literature.”
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1.3.24  Spin LED

Optical pumping is another widely used technique for generating highly polarized
carriers in SCs by illumination with circularly polarized light.'® In this process, the spin
polarization is determined by a competition between the creation of non-equilibrium
spin and factors such as carrier recombination and spin relaxation in the system. The
recombination in this case occurs between the photo-excited spin polarized electrons
and the unpolarized holes and is accompanied by a partially polarized luminescence.”
Because the inter-band transition probabilities for the polarized electrons follows the
optical selection rule, quantities such as spin relaxation time, recombination time and
spin orientation can be obtained by analyzing such electroluminescence. Zhu et al.”
demonstrated in 2001, for the first time, with the use of a ferromagnetic Schottky tunnel
junction to inject spin polarized electrons from Fe into a GaAs/(In,Ga)As quantum well
structure. Over the years, this scheme has been routinely used as a detection
methodology for measuring spin injection efficiency, as it is less ambiguous than those
based on resistance measurements and allows angle resolved studies.”***"One of the
most striking results was reported by Jonker et al.,*® who demonstrated a spin injection
efficiency of 30%, corresponding to an injected spin polarization from the Fe electrode
of approximately 13%, using a reverse-biased Fe/AlGaAs Schottky diode (see Figure
1-12).

hv

spin contact

AlGaAs
GaAs Q-well

p — type GaAs
GaAs(001)

Figure 1-12 | Schematics diagram of a reverse-biased spin LED using ZnMnSe as the
injector and AlGaAs GaAs as the quantum well. Image adapted from the
literature.™
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1.3.2.5 DMSs

One of the most useful aspects of SCs resides in the ability to dope them with impurities
to change their electrical properties. This approach can be followed to introduce
magnetic ions into non-magnetic SCs to make them magnetic.”” The concept behind it
is that to transfer spin between similar materials would be a simpler task than over a
metal-SC interface due to the retained control over band-gap engineering. The long

established presence of spin filtering effects in these SCs*’ and more recently observed

41,42 d43,44

propensity for spontaneous or field controlle magnetic ordering add to their
viability in this field. The early experimental efforts on the demonstration of DMSs
started from II-VI (such as CdTe and ZnSe) in which the transition metal ions (such as
Mn) are easy to be doped to high concentrations.” The fabrication of III-V DMSs, on
the other hand, was limited mostly to (In,Mn)As," (Ga,Mn)Sb,*® and (Ga,As)Mn,***"-*8

in which demonstrably carrier-mediated ferromagnetism already persists.

While DMSs may offer opportunities of easy integration with conventional SC
devices, it is however a great challenge to improve the quality of DMS and in particular
to increase their T..* For example, (Ga,As)Mn is a technological important material due
to its potential use in short-range optical communications, however, whose highest T,

K*#% after combining ways of heavy Mn doping, nano-

up to now is around 200
patterning, optimizing the growth conditions, and post-growth annealing (see Figure
1-13). RT ferromagnetism has been predicted and demonstrated in magnetic oxide SCs
such as Co- and Mn-doped ZnO, though debates exist on whether the ferromagnetism

obtained in diluted SC oxides is intrinsic or not.’!
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Figure 1-13 | T. of (Ga,Mn)As after annealing for 2.6 h (220 °C), 5.2 h (210 °C),13 h
(200 °C),18 h (193 °C), 48 h (180 °C), 116 h (170 °C), and 280 h (160 °C). Inset: T. for a
sample at 1770 °C for 116 h then at 220 °C for (1) Th (2) 2 h, and (3) 2 h intervals, then
at 180 °C for 48 h (4). Image adapted form the literature.*’
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1.4 Overview of this thesis

This thesis presents the study of a selection of spintronics hybrid systems, particularly
by means of the synchrony radiation technique, i.e. XMCD, in combination with a
series of in-house electronic, magnetic and crystallinity characterization techniques,
such as the superconducting quantum interference device — vibrating sample
magnetometer (SQUID-VSM), magneto-transport, and transmission electron

microscope (TEM) measurements and theoretical tools like first-principals simulations.

The following chapter follows the historical path in introducing some most
relevant concepts of magnetism, followed by a review of the recent advances in hybrid
material synthesis and spin device architectures that are found promising towards future
applications. Material systems of relevance are introduced, including the FM/SC
heterostructures, the magnetically coupled graphene, the half metallic materials (i.e.
magnetite and Heusler alloy), and the magnetically doped topological insulators (TIs),
aiming to provide some useful background knowledge on the understanding of the

experimental works and the motivations presented in this thesis.

Chapter III presents the working principals and set up details of the
experimental tools, which have facilitated the studies of this project. These techniques
are classified into two main categories: the sample fabrication techniques and
characterization techniques and later furthermore breaks down into in-house

characterization techniques and synchrotron-based characterization techniques.

Chapter IV demonstrates the interfacial magnetic and electric nature of FM/SC
systems including Co/GaAs, Ni/GaAs, Fe/GaAs, Fe/Graphene and Co,FeAl/
(Ga,Mn)As. Suppressed magnetizations of the epitaxial ML Co and Ni on GaAs(100)
have been observed, which can be attributed to a combined effect of the island growth
geometry at low coverage, the tendency to follow the bcc stacking of the GaAs
substrate, and the detrimental interdiffusion. A specially designed FM,/FM,/SC
structure is introduced, which enables unambiguous demonstration of the interfacial
magnetic phenomena. Further applying this method to an emerging field of graphene
spintronics, a reduced but still sizable magnetic moment of the ML Fe on graphene is
presented and interpreted with DFT calculations, which attributes it to the strong
hybridization of C 2p,and Fe 3d,, orbitals and the delocalization of the Fe 3d electrons.

Due to the interfacial exchange coupling, a significantly enhanced T, is demonstrated in
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the Co,FeAl/(Ga,Mn)As bilayer. Parallel alignments of the Fe, Co and Mn

magnetization have been demonstrated, which agree well with the DFT calculations.

Chapter V presents a detailed XMCD study of three distinct magnetite thin film
samples, namely, a Fe;0,/MgO/GaAs(100) prepared by post-growth annealing method,
Fe;0,/MgO(100) prepared by plasma-assisted simultaneous oxidation and a
Fe;0,/YZO(111) prepared by PLD. Significant unquenched orbital moments () have
been observed from all the three systems, which may partially originate from the broken
symmetry of the thin film and partially due to an intrinsic property of the magnetite. By
comparing the relative contributions of the Fe cations before and after Verwey
transition, the super-exchange (SE) mechanism is demonstrated to be preliminarily
responsible for the magnetization Verwey transition of magnetite. Furthermore, the
observation supports the recognition that Verwey transition is a sensitive probe to the

stoichiometry and homogeneity of magnetite.

Chapter VI presented the magnetism of a model magnetically doped TI, i.e. Bi,.
.Cr.Se;. Strong dichroic XAS spectra with the feature of predominated Cr’* was
observed in a 10 nm globally doped Bi,Se; epitaxial thin film. A reduced but sizable
spin moment (mg;,) and a vanishing and opposite m,,, were obtained and are well
reproduced by the first-principals simulations, which suggest the observed magnetic
moment of Cr is due to a mixture of Cr;’*, Crg’, and (Cry; - Cr))** complex defects. The
magnetic proximity effect of the Bi, Cr.Se; with a high-T, ferromagnetic insulator
(FMI) is studied for the first time and an enhanced 7 is demonstrated. In the pursuit of
distinguishing the roles of the surface and the bulk magnetization in a 3D TI, the
XMCD of a pair of A-doped Bi, ,Cr,Se; is presented, from which significantly enhanced

surface magnetic ordering has been observed.

Chapter VI gives a brief summary of this work and concludes this thesis.
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2 Chapter |l Background

2.1 Introduction

In applied materials, the spin ordering has long been investigated within the context of
conventional magnetic materials, such as iron, cobalt, and permalloy. The study of spin
generation, relaxation, and spin - orbit coupling (SOC), in contrast, took off only
recently with the advent of spintronics and it is here many novel materials and hybrid
structures could find their greatest potential in both science and technology. For
carrying out quantum-bit operations as required for quantum computing, to generate and
to tune spin-polarized current are prerequisites. An ideal spin-injected SC would
demonstrate high spin polarization, operate at RT and be both robust and easily
fabricated for potential high throughput needs. In the pursuit of such goals, the intrinsic
material properties are useful indicators of suitable potential materials. Meanwhile,
artificially synthetized hybrid systems (layered FM/SC structures and FM-doped SCs)
are valuable models for studying spin-dependent phenomena and could potentially be

used as actual components for an eventual spintronic device.

This chapter follows the historical path in introducing some of the most relevant
concepts of magnetism, followed by a review of the recent advances in hybrid material
synthesis and spin device architectures that are found promising towards future
applications. A selection of material systems of close relevance will be introduced,
including the FM/SC and FM/DMS heterostructures, the magnetically coupled
graphene, the half metallic materials (i.e. magnetite and Heusler alloy), and the
magnetically doped TIs, aiming to provide some useful background knowledge for
understanding the experimental works of Chapter IV - VI. This chapter does in no way
try to give a complete overview of these materials, neither is it intended to give deep
theoretical descriptions of why the many fascinating phenomena occur in them (such as
the uniaxial anisotropy, the interface hybridization, the half metallicity, and the edge
states to name a few). The purpose of this chapter is, instead, to present some of the
most important properties of these material systems and to highlight a few hotly debated

topics of the contemporary spintronics research.
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2.2 Magnetism

2.2.1 Atom magnetism

The model of atoms serves as a conceptual starting point of people’s understanding of
the smallest building blocks of matters and the basis of the electronic and structural
properties of materials. The modern atomic model as it is known today was founded
about 100 years ago, during which some giant steps are taken including the discovery of
the electron by J. J. Thompson in 1892 and the nucleus by E. Rutherford in 1910.%
Later Bohr established the relationship between wavelengths measured in spectra and
energy levels in the atom, and also proposed a mechanical model of the hydrogen atom.
This model suggests that in isolated atoms or ions, the electrons are moving around the
nucleus in a potential due to the nucleus and the other electrons and the eigenstates of

electrons are characterized by three quantum numbers, namely

o the principal quantum number (n = 1, 2, 3...) that determines the spatial
variation of the wave function of each electronic shell;

o the orbital quantum number (I = 0, 2...n-1) that determines the value of kinetic
orbital momentum; and

o the magnetic quantum number, or the projection of kinetic orbital momentum

onaxisz(m=-I,-1+1...1-1,1).

The fourth quantum number — the spin quantum number (m,) was defined later
in the history to describe the spin of the electron within that orbital and to give the
projection of the spin angular momentum on axis z. Two electrons are forbidden to
carry identical sets of quantum numbers, known as the Pauli exclusion principal. Pauli
principal suggests that the relative direction of two interacting spins cannot be changed
without changing the spatial distribution of charge and this fact has significant impact

on the Coulomb electrostatic energy of the whole system, which will be discussed later.

Although the nucleus also has a magnetic moment, its value is usually 10°-10™
of that of electrons and therefore have been neglected in this study. The atoms with an
intrinsic magnetic moment are found among the atoms that have unpaired electrons, or
in other words, where the Pauli principal can be fulfilled without a complete pairing of
the electrons. For a many-electron system, i.e. an atom or an ion, the net magnetic

moment is determined by the vector sum of the spin and orbital angular momentum of
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its electrons. (For filled shells both sums vanish so that only partially unfilled shells
contribute to the magnetic moment.) It is worthy to note apart from the contribution of
spin and orbital momentum, respectively, an third item, known as spin-orbit coupling
(SOC, whose origin is relativistic) must be taken into account. It is especially important
for heavy atoms as the coupling increases strongly with the atomic number Z (see its
significant role in TIs in later sections). In presence of this coupling, L (total orbital
momentum) and S (total spin momentum) are no longer good quantum numbers and the

new good one J ( total angular momentum) was created as written in:

J=L+S§
Equation 2-1

The way the individual electrons order within a ground state atom is set by the

empirical Hund rules, which apply to J, L, and S such that:

(i) The maximum total atomic spin quantum number S = st is obtained

without violating the Pauli exclusion principal;

(i1) The maximum value of total atomic orbital quantum number L= Zml is

obtained, while remaining consistent with the given value of S;

(iii) The total atomic angular momentum number J is equal to IL—S| when the
shell is less than half-filled, and is equal to [L+SI| when the shell is more than half-filled.
When the shell is exactly half-filled L =0 so that J = S.

Hund’s rules suggest that the electrons, as far as possible, will occupy states
with all spins parallel within a shell and will also start by occupying the state with the
largest orbital angular momentum followed by the state with the next largest orbital

angular momentum, and so on.

2.2.2 Solid magnetism

Although an individual atom carries a magnetic moment, the solid that is formed does

not necessarily show a net magnetization. That’s because in solids, electrons can be no
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longer treated in a spherical potential, instead, due to neighboring ions, they sense a
crystal potential, which carries the symmetry information of the environment. The
effect of such crystal potential varies for the 3d transition metals and the 4f rare earth
elements because (i) SOC is much larger in 4f than in 3d, and (ii) 4f wave functions are
more localized than the 3d ones and thus are less sensitive to the crystal potential. In 3d
ions, the crystal field is much larger than SOC. Thus Hund’s rules still determine the
ground state values of L and S and the largest perturbation is the crystal field. By
contrast, in 4f ions, the SOC is much larger than the crystal field. So J is determined by
the sign of the SOC, and crystal potential becomes a smaller perturbation. The different
roles of the crystal potential, or crystal field in 3d and 4f electrons have significant
consequences in the magnetism models of the two types, namely the itinerant
magnetism model that applies to transition metals, and the localized magnetism model
that applies to the rare earth elements. The localized model for magnetism can often be
applied for atoms (or ions) with an part-filled electron shell localized on the atomic
core, and the interaction between these atoms (or ions) is addressed to the molecular
field. While in itinerant model, electrons are treated collectively as waves traveling
through the whole crystalline solid and magnetism is considered as collective
phenomena. To confine the discussions within the context of this project, thereafter the
introduction will be limited to 3d transition metals only, whose spontaneous
magnetizations can be predominately described by the exchange interaction between

localized spins and will be described in further details later in this section.

2.2.3 Quenching of m,,, in 3d ions

One of the most significant effects of the crystal field on 3d ions is the quenching of
orbital moment. A cubic crystal field can remove the degeneracy of the five d orbitals,
resulting in the splitting in e, and 1,, states. In these new states, the orbital moment
vanishes to first order and thus the main contribution to the magnetic moment comes
from the spins. Another consequence of the large crystal field is the possibility of
violating the Hund’s rules: if the crystal field is large, the electrons can fill the low
energy crystal field states, without taking into account Hund’s rules. In particular, the
first rule may be violated, leading to a “low spin” state, which eventually can be non-
magnetic. Thus in 3d ions, crystal field effect can be the most important factor in

modifying both orbital and spin magnetic moments. Compared with the crystal field, in
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3d ions SOC is a perturbation which leads to anisotropy energies which are usually

small (see the later sections).

Figure 2-1 | Crystal field splitting of 3d orbitals for (a) tetrahedral and (b)
octahedral environment. Image adopted from the literature.”

2.2.4 Magnetism at Finite Temperature

The magnetic behavior of materials is usually predicted by mean field approximation,
which qualitatively explains the reduction of T, often observed in thin films. At low
temperature, in this approximation the magnetization decreases exponentially, while
near T,, it varies as (in the following the susceptibility y(T) will be used, which is a

measure on how a material responds to an applied magnetic field)
x(T)o<JT.—-T
Equation 2-2

And above T, y(T) is found to follow the Curie-Weiss law:

T) <
A=

Equation 2-3
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Here, the individual atomic magnetic moments interact strongly with each other through
an exchange field, and spontaneously align. Below T, the thermal energy is insufficient

to cause random paramagnetic alignment because of the dominating exchange field.

2.2.5 The magnetic domain

Magnets always show a magnetic response in the presence of an applied magnetic field
and such process can be interpreted based on the magnetic domain. The domain
hypothesis was firstly introduced by Weiss in 1906, and not until 1949 was there any
direct experimental evidence for, and clear understanding of, the domain structure of a
real material; in that year H. J. Williams, R. M. Bozorth, and W. Shockley published
their work, performed at the Bell Telephone Laboratories, on domains in silicon-iron
single crystals.’* Since that time, domain theory has become central to any discussion of

magnetization processes.

A magnetic domain is a region within a magnetic material that has uniform
magnetization. Each domain is spontaneously magnetized to the saturation value M, due
to the strong exchange interaction, but the directions of magnetization of the various
domains are such that the material as a whole has no net magnetization. The interfaces
between regions are called domain walls, in which the spontaneous magnetization has
different directions. At or within the wall the magnetization must change direction from
one easy crystallographic direction to another. The process of magnetization is then one
of converting the material from a multi-domain state into one in which it is a single
domain magnetized in the same direction as the applied magnetic field, as illustrated in

Figure 2-2.

From the energetic point of view, the formation of multi-domains rather than a
single domain in materials quite often can minimize the total energy of the system. For
a region of ferromagnetic material with a constant magnetization throughout, a
magnetic field extending into the space outside itself will be created. This leads to a
large magnetostatic energy stored in the field. To reduce this energy, the sample can
split into two or more domains, with the magnetization in opposite directions in each
domain. The magnetic field lines pass in loops in opposite directions through each
domain, reducing the field outside the material. To reduce the field energy further, each

of these domains can split also, resulting in smaller parallel domains with magnetization
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in alternating directions, with smaller amounts of field outside the material. Practically,
however, the domain structure of actual magnetic materials does not usually form by the
process of large domains splitting into smaller ones as described above. When a sample
is cooled below the T,, for example, the equilibrium domain configuration simply
appears. But the description of domains splitting is often used to reveal the energy

tradeoffs in domain formation.
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Figure 2-2 | The magnetization process in a ferromagnet. The dashed line encloses a
portion of a crystal in which there are parts of two domains; the boundary
separating them is called a domain wall. The two domains are spontaneously
magnetized in opposite directions, so that the net magnetization of this part of the
crystal is zero. In (a)-(b) field H has been applied, causing the upper domain to
grow at the expense of the lower one by downward motion of the domain wall,
until in (c) the wall has moved right out of the region considered. Finally, at still
higher applied fields, the magnetization rotates into parallelism with the applied
field and the material is saturated, as in (d). Image taken from the literature.”
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2.2.6 The magnetic anisotropy

Spontaneous magnetization is the appearance of an ordered spin state at zero applied
magnetic field in a ferro- or ferri- magnetic material below the 7..Such spontaneous
magnetization prefers certain directions, which can be described by magnetic
anisotropy, i.e. how the total energy of the system depends on the direction of the
spontaneous magnetization. This total energy is the sum of several factors including (i)
the exchange energy (E,,), (ii) the magneto-crystalline anisotropy energy (E}), (iii) the

demagnetization energy (E,), and (iv) the Zeeman energy (Ey), and can be written as

Etotal = Eex + Ek + EM+ EH
Equation 2-4

In the remainder of this section, each of these items will be introduced conceptually.

The Exchange Energy. Magnetic long-range order occurs because the local
magnetic moments interact with each other. There are several mechanisms which are
responsible for this interaction and the simplest one is the Heisenberg exchange

interaction between localized spins, which can be written as

E, x_zjex§i°§j

)

Equation 2-5

where J,, represents the exchange constant. The Heisenberg model of ferromagnetism is
an approximate representation of the quantum mechanical exchange interactions and its
origin is the Pauli expulsion and electrostatic interactions. Based on Equation 2-5, the
minimization of E,, leads to two cases — for J,, > O that S; and S; favours a parallel
alignment or ferromagnetic coupling and for J,, < O that S; and S; favors a antiparallel
alignment or antiferromagnetic coupling. The sign of J,, of 3d transition metals is given
by the Bethe-Slater curve (see Figure 2-3), which can be found in many textbooks.
Positive J,, is only found in Fe, Co, and Ni among all the transition metals, which
explains their unique ferromagnetic behavior. In other words, the exchange interaction
leads to the splitting of electronic band into spin-up and spin-down sub-bands in a
ferromagnetic metal. There are also other important types of the exchange interaction

such as the super-exchange (arises frequently in transition metal oxides where the 3d
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magnetic ions are separated by non-magnetic oxygen ions), double exchange (where the
3d ions are in a mixed valence state), and Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction (as in rare earth metals or intermetallics), which are all indirect interactions

and will not be discussed in further detail here.
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Figure 2-3 | The Bethe-Slater curve describing the value of the exchange constant /.
dependent on the ratio D/d, where D and d denotes the inter-atomic distance and
the diameter of the d-shell, respectively. Image adapted from the literature.”

The magneto-crystalline anisotropy energy. Magneto-crystalline anisotropy
energy reflects the fact that the moments prefer to stay along some particular directions
in the crystal: this is due to the non-spherical charge distribution in the presence of a
crystal field; the spin is coupled to the orbital moment through SOC, and it is sensitive

to the charge distribution. In cubic crystals for example this energy is written as of

E, <K, +K (ajo; +o;0 + o))+ Ko lo 00 + -

Equation 2-6

where K, K;, K, ... are empirical constants which vary with temperature and material
and a,, a,, and a; are the cosines of the angle between the magnetization vector and the
X, y, z axis. Calculations of E, suggest that for bcc Fe, the easy axis in a six-folded
symmetry along its principal axis, e.g. [100]. Co has a hcp structure with a twofold easy
axis symmetry along the c-axis. Ni has a fcc structure with an eightfold easy axis

symmetry diagonal through the cube, e.g. along the [111] direction (see Figure 2-4).
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Figure 2-4 | The easy direction by minimization of E, for the three ferromagnetic
elements in the 3d transition metal series, namely, bcc Fe, hcp Co and fcc Ni.

The Demagnetization Energy. The demagnetization term is associated with

the interaction between M and H,, produced by M itself and can be written as

E, szikMiMk

ik

Equation 2-7

Where factor N, represents the demagnetizing factor. Because N strongly depends on
the shape of the solid and the coordinate, E,, is also known as shape anisotropic energy.
Imagine a sample with spherical shape, N is isotropic in all directions. However, for a
thin disc, N has much larger elements in the direction perpendicular to the plane of the
disc compared to in the plane of the disc. In this case the spontaneous magnetization
would favor an in-plane direction over an out-of-plane direction because of this
demagnetization. This is the origin of the in-plane easy axis of magnetic thin and

ultrathin films.

The Zeeman energy. Zeeman energy is proportional to the negative of the

cosine of the angle between the field and magnetization vectors as can be written as:

—

EH x_Zﬁ'Hez_M.He
Equation 2-8

and is associated with interaction between the magnetic material and an externally
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applied magnetic field. Domains with their magnetic field oriented parallel to the
applied field reduce this energy, while domains with their magnetic field oriented
opposite to the applied field increase this energy. Therefore applying a magnetic field to
a ferromagnetic material causes its domain walls to move so as to increase the size of
domains lying parallel to the field and this is what happens when ferromagnetic

materials are magnetized.
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2.3 The FM/SC interface

2.3.1 The FM/SC interfacial magnetism

FM metals and alloys have been most thoroughly exploited in the history, as they are
relatively easy to grow epitaxially on SCs including GaAs, InAs and InGaAs etc.. In the
artificially engineered FM/SC layered structures, substantial spin accumulation and
diffusion can occur at the FM/SC interface, which is a decisive process in spin injection.
For the proposed spin FET, spin LED and their derivatives (as introduced in Chapter 1),
the best opportunity for spin transport could only be achieved when no magnetic dead

layer exists at the FM/SC interface.

Many researchers have reported on high quality epitaxial growth of Fe on
GaAs, among which there exist the long lasting debate over the presence of magnetic
dead layer at the Fe/GaAs interface.” '"* '™ This detrimental effect used to be attributed

55

to the formation of antiferromagnetic Fe,As*® and half-magnetized Fe,Ga, As,” in the

vicinity of the interface, until Xu et al 37

obtained a bulk-like magnetic moment of Fe on
GaAs(100) - 4 x 6 at RT and demonstrated the evolution of the magnetic phase of
Fe/GaAs corresponding to the growth morphology (see Figure 2-5). This result was
further confirmed with unambiguous XMCD observation of the Fe/GaAs(100) down to
monolayer (ML) scale.” By careful analyses of the RHEED patterns, Monchesky et
al.”® demonstrated a ferromagnetically dead layer in Co/GaAs system associated with
the formation of interfacial Co,GaAs for Co thickness less than 3.4 ML. In the study of
the evolution of interface properties of the electrodeposited Ni film on GaAs upon
annealing, significant increase of As out-diffusion has been observed for annealing
temperatures up to 623 K accompanying a rise in Schottky barrier height which has
been attributed to the Ni-Ga-As compound formation.” In the recent attempts to

incorporate magnetic perturbation into TIs, a ~1.2 nm magnetic dead layer of Co was

observed on Bi,Se;.”!

All these studies revealed the possibilities that the magnetic ordering near a
region of the surface or interface of FM/SC may be modified due to interdiffusion,
termination and hybridization; and controversial reports make this issue rather complex.
Whether a deposited FM on SC is magnetically ordered at the FM/graphene interface is
a must-addressed issue before any functional spintronic devices can be practically

developed.
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Figure 2-5 | Evolution of the magnetic phase of Fe/GaAs corresponding to the
growth morphology. Image adapted from the literature.”

2.3.2 The FM/SC conductivity mismatch

Another important issue of the FM/SC interface is known as conductivity mismatch,
based on the fact that a FM metal has a conductivity typically several orders of
magnitude larger than that of a SC, which has also limited the efficiency of spin
injection. Low resistance contacts or Ohmic contacts are desired, however, they only
form when the SCs are highly doped, typically beyond 10"/cm’®, for a direct FM/SC
contact.”” Unfortunately, high doping level leads to unfavorable strong spin scattering or
spin depolarization in the SCs. Fe/InAs system is one of the very rare FM/SC
heterostructures where ohmic contact (see Figure 2-6) can form naturally due to the
band gap of InAs being as small as 0.36 eV at room temperature and therefore became a
focus of the heterostructure researches in the early stage.” By contrast, the spin
injection efficiencies reported for other FM/SC heterojunctions like Fe/GaAs.* are quite

low, typically only a few percent, across Schottky contact.

Recent studies reveal the possibility that inserting an oxide tunneling barrier
like Mg0O,”>% may modify the barrier height of the FM/SC interface (and eliminates the

interface diffusion as an extra bonus) and consequently improves the spin injection
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efficiency. The barrier profile required not only has to be narrow but also the barrier
transport needs to satisfy the Rowell criteria for single-step tunneling.”’ Prior to the spin
injection studies, the proposal of FM/insulator/SC (FM/I/SC) has been realized using
scanning tunnelling microscope (STM) with a ferromagnetic tip and proven to be
effective by Alvarado and Renaud.” Rashba®® pointed out that if the impedance of the
barrier at the interface is sufficiently high, the transport through the interface would be
spin dependent. This idea has been implemented later on using two approaches. The
first approach is tunnelling through the native Schottky barrier, which could be
achieved by inserting a heavily doped thin SC layer at the vicinity of the interface.”**
24 Using this approach, Hanbicki et al. have reported 30 % electrical spin injection
efficiency at up to 200 K using Schottky barrier.” The second approach is the use of
discrete insulator, such as Al,O; and MgO, between the metal and semiconductors.”® "’

Using MgO tunneling barrier, Jiang et al.”' demonstrated up to 30% spin injection

efficiency at 290 K.

!

Fe n-type GaAs E, Fe n-type InAs

Figure 2-6 | Schematic illustration of the two types of FM/SC direct connection: (a)
Schottky barrier (high) forms at Fe/GaAs and most of the other FM/SC junctions
while (b) Ohmic barrier (low) forms at Fe/InAs junction. Image adapted from the
literature.”

2.3.3 The FM/graphene heterojunction

Since its successful synthesis by mechanical exfoliation from graphite in 2004,
graphene has attracted enormous attention. As a prototypical two-dimensional quantum

system, graphene displays a combination of exceptional properties including large
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charge carrier mobility, high thermal conductivity, strong mechanical strength, excellent
optical characteristics, as well as the recently discovered long spin coherence length.”
™7 Perfect spin filtering for interfaces of graphite and Ni or Co has been predicted,
which is insensitive to interface roughness due to the intrinsically ordered nature of
graphite.” Electronic transport in single or a few layers of graphene is the subject of
intense interest at present. Figure 2-7 presents an example of the experimental
demonstration of the electrical spin transport in the nonlocal geometry, reported by
Tombros et al.,”” who use graphene channel and Co electrodes (analogy to the

l.,23'24

experimental configuration presented by Lou et a see Chapter I).

Graphene

sio,

Figure 2-7 | The demonstration of the electrical spin transport experiment in
nonlocal geometry. Upper row: typical micrograph of a four-terminal single-layer
graphene spin valve using Co electrodes and lower row: the schematic diagram of
this nonlocal geometry. Image adapted from the literature.”

Fascinating properties of spin transport phenomena have been presented in the

87 though theoretical calculations show that the atomic magnetic

Co/graphene system,
moment of Co can be reduced by more than 50% when absorbed on graphene surface.®
The graphene-based FET has been demonstrated in back gated devices on highly doped
Si,*" and the conductance of the top surface of such structure can be modulated via gas
exposure and top-back dual gates.”” The spin valve effect was also successfully
demonstrated in NiFe/graphene/NiFe vertical structures and the signal is enhanced

when the number of graphene layers is doubled.® An inserted graphene sheet can
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drastically improve the spin-injection efficiency from a ferromagnet into silicon.*” All
these demonstrations indicate that the interaction of graphene with FM surface plays a
fundamental role in the related technological process, which has renewed the interest of
FM/SC heterojunctions, although the binding mechanism of the FM/graphene interface

is still far from a complete understanding.

2.3.4 The FM/DMS bilayer

In a magnetic bilayer system, the exchange coupling from a FM layer can induce a spin
moment in the NM layer or enhance the 7. in the other magnetic layer with low
ordering temperatures through the proximity effect. This approach has recently been
explored and utilized in enhancing the ferromagnetic ordering in DMSs and

magnetically doped TIs (will be introduced at the end of this chapter).

A substantial increase of 7. from 40 to 70 K due to the presence of a few
monolayers of Fe atop (Ga,Mn)As was also reported by Song ef al. in a lateral spin
injection device.® The magnetic proximity effect persists to room temperature at

85, 86
[.,”" who observed a

Fe/(Ga,Mn)As interfaces was reported by Maccherozzi et a
significant induced magnetic order in the (Ga,Mn)As layer that extends over more than
2 nm, even at RT. As shown in figure 2-8, an antiparallel magnetic coupling between Fe
and Mn, with FM order in the (Ga,Mn)As layer was observed and high exchange bias

up to 240 Oe was revealed in this system by Olejnik et al..*’
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Figure 2-8 | XMCD asymmetry versus applied field at 2 K for Fe (2nm)/(Ga,Mn)As
(10 nm) film, (a) - (c)Fe by TEY detection, Mn by TEY detection and Mn by FY
detection, respectively. Image adapted from the literature.”

A special type of DMSs, the very newly emerged magnetically doped TIs also
suffer the low T, towards the RT applications. The interface magnetism of (anti-)
FM/TI heterostructures, such as Fe/Bi,Se;,*** % Co/Bi,Se;,”" *'and Cr/Bi,Se;” has also
been investigated. Remarkably, Vobornik et al.**® demonstrated that long-range
ferromagnetism at ambient temperature can be induced in Bi, Mn,Te; by a deposited a
Fe overlayer. Again Fe and Mn was found antiferromagnetically coupled up to RT in

this system (see Figure 2-9).
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Figure 2-9 | Mn and Fe XMCD hysteresis loops versus temperature in Fe/BiMnTe
bilayer. Image adapted from the literature.”®
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2.4 The historical perspective of half metallic materials

2.4.1 Half metallicity

Half metals are ferro- or ferri-magnetic materials that act as conductors to electrons of
one spin orientation, but as insulators or semiconductors to those of the opposite
orientation. Figure 2-10 presents a schematic diagram of the partial DOS near E: of
paramagnetic, ferromagnetic and half metal materials respectively. The DOS of up-spin
and down-spin electrons are identical in numbers in paramagnetic materials leading to P
= 0, while these spin sub bands show imbalance in ferromagnetic materials resulting in
0 < P < 1. Half metals represent an extreme case where either the up-spin or the down-
spin states are empty at the E, giving P = 1. The discovery of half metallicity originates
from the early studies of Heusler alloys, some of which yielding the properties of metals
as well as insulators at the same time in the same material, depending on the spin
direction. By performing electronic structure calculations in the Heusler alloy NiMnSb,
such property was identified as half-metallic magnetism by de Groot et al.” in 1983 and

since then the exploration of half metals has received a strong boost.

Paramagnetic ~ Ferromagnetic Half-metallic
P <1 P =1

Figure 2-10 | A schematic diagram of the partial DOS near Ef of paramagnetic,
ferromagnetic and half metal materials. DOS of up-spin and down-spin electrons
are identical in numbers in paramagnetic materials leading to P = 0, while these
spin sub bands show imbalance in ferromagnetic materials resulting in 0 < P < 1.
Half metals represent an extreme case where either the up-spin or the down-spin
states are empty at the E, giving P = 1.

Half-metallic magnetism as a phenomenon has been generally accepted today,

though whose mechanism of becoming existent is still not exactly clear. The most direct
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measurement is spin-resolved positron annihilation spectroscopy (SP-PAS) - an
expensive technique used in the study of polarized band structures of bulk
ferromagnets.” Due to the experimental complications, the number of well-established
half metals remains a puzzle and electronic structure calculations continue playing a
leading role in the search for new half metals. Formally the expected 100% spin
polarization of charge carriers in a half- metallic ferromagnet is a hypothetical situation
that can be approached only in the limit of vanishing temperature and by neglecting
spin-orbital interactions. However, at low temperatures (as compared with the high 7,
which exceeds 1000 K for typical half metals and minor spin-orbit interactions, a half
metal deviates so markedly from a normal material that the treatment as a special
category of materials is justified. Nowadays, a diverse collection of materials including
Heusler alloys, zinc-blende structure compounds, chromium dioxides, and magnetite

have been found to carry half-metallicity.
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Figure 2-11 | Spin polarization and T.of a list of selected magnetic materials found
in the literature. The triangles refer to the T.of the materials and the bars indicate
the spin polarization.”
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Half metals offer a mixture of the desired properties for spintronics applications.
The overwhelming high spin polarization makes half metals ideal spin sources in the
proposed hybrid spintronic devices. In general, half metals have high T, that are well in
excess of RT,®promising their application at finite temperature, since many of the
depolarization mechanisms scale with the reduced temperature 7/7,. Figure 2-11
presents a survey of the P and 7. of some of the aforementioned materials which might
be of potential use in spintronics applications, from which the clear advantages of half
metals can be seen. The following sections will briefly review the research development
of two types of primary half metals spintronic materials of interest, i.e. Heusler alloys

and magnetite.

2.4.2 Heusler alloys

Heusler alloys are intermetallic compounds with particular composition and crystal
structure, which can be categorized into two distinct classes: the half Heuslers with the
form XYZ (referred as C1, structure) and full Heuslers with the form X,YZ (referred as
L2, structure) where X and Y atoms are transition metals while the Z atom is either a
semiconductor or a non-magnetic metal (see Figure 2-12 for the major combinations of
Heusler alloy formation). The unit cell of the L2, structure consists of four fcc
sublattices, while that of the C/, structure is formed by removing one of the X sites, as

schematically shown in Figure 2-13.

H . He
Li |Be B[C|N|O|F|Ne
Na|Mg % X P|s|cl|Ar
K [Ca|Sc Se|Br|Kr
R_bSr Mol Tc Te| | |[Xe
Cs|Bal\ W |Re|Os Hg Po|At|Rn
Fr|Ral\ \

\[La[ce[Pr|NdlPmism
“|Ac|Th|Pa| U [Np|Pu

Figure 2-12 | Major combinations of Heusler alloy formation. Image adapted from
the literature.”
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The term ‘Heusler phase’ was named after Friedrich Heusler, who discovered a
mysterious ferromagnetic behavior in a ternary alloy formed from non-ferromagnetic
constituents as early as 1903.” The Heusler alloys have been the subjects of a large
number of studies over more than a century and especially since 1983, when Heusler
alloys were predicted to possess a half metallic character,” these materials have drawn
an even more intensive attention with the particular interest in their half mentality.
NiMnSb, as the first predicted half metallic Heusler alloy, was hotly investigated at the
early stage. Although the bulk single crystals have shown ~ 100% spin polarization at
the Fermi energy level by means of spin polarized positron annihilation,”” the thin films
NiMnSb has only shown 28% at 0.4 K by TMR”® and ~ 58% with Andreev reflection.”
Later on, the focus of the research on Heusler alloys shifted toward the Co-based
Heusler alloys with the formula Co,YZ, which were found to have half metallicity'® !
and high 7. (for example in Co,FeSi, T, =1120 K). Up to 317% TMR ratio has been
obtained at 4 K from Co,Cr,¢Fe,,Al.'"* This achievement was followed by even larger
TMR ratios from magnetic tunnelling junctions (MTJs) with different Co-based Heusler
alloys electrodes such as Co,FeAl,'” Co,MnSi,'"” Co,Cr,_Fe Al,'” and Co,FeSi.'”
While Co,MnSi has shown a giant low temperature TMR ratio of about 570% which
corresponds to 0.89 spin polarization, this value has tremendously reduced at room

temperature to 90%.

Heusler alloys are ferromagnetic as a result of the double-exchange mechanism
between neighboring magnetic ions. Both half and full Heusler alloys show the Slater-
Pauling behaviour of the binary transition metal alloys, i.e. the total number of valence
electrons per formula unit (f.u.) determines the total magnetic moment per f.u.. and this
behavior enables people to tailor the magnetic properties of new compounds by
substituting the Y atoms with the different transition metals. Heusler alloys also exhibit
structural similarity to the zinc-blende structure adopted by binary semiconductors like
GaAs, InAs and ZnS,""*'"” and large band gap at E in general, which could facilitate

their use in devices such as spin-FET and spin-LED.'® 1?23

Disadvantages exist in Heusler alloys because of their fragile half metallicity
against atomic disorder. As schematically shown in Figure 2-13 (c)-(d), for the L2,
structure, when X atoms remain ordered while full disorder occurs between Y and Z
sites, the alloy transforms into the B, structure. And if disorder occurs between one X
site and either Y or Z sites, the atomic arrangement may lead eventually to the A,

structure. Such disorders result in suppression of the inversion centers that is present in
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the ordered Heusler alloys, which have important consequences for the half-metallic
band gaps. It was reported that more than 7% of atomic disorder is enough to vanish the
energy gap for the minority spins at Eg. The earlier mentioned discrepancy of spin
polarization in NiMnSb thin films, compared with that in bulk NiMnSb is a typical

example.'”®

Figure 2-13 | Schematic diagram of the crystalline structures of both (a) half and
(b) full Heusler alloys; C1, and L2 structures, respectively. Atomically disordered
structures, (c) B2 and (d) A2, obtained from P. ). Webster and K. R. A. Ziebeck,
"Heusler Alloys," in Landolt-B rnstein New Series Group Ill, Vol. 19C, H. R. ). Wijn
(Ed.) (Springer, Berlin, 1988) p. 75. The unit cell of the L2, structure consists of four
fcc sublattices, while that of the C1b structure is formed by removing one of the X
sites.

2.4.3 Magnetite

Magnetite or Fe;0, is one of the most widespread natural iron compounds and the most
ancient magnetic material known (discovered more than 2,500 years ago). The
experimentally true half-metallic state was reported by Dedkov er al.'”by means of
spin and angle-resolved photoemission spectroscopy, from which P = - (80 + 5)% was
obtained near Ej, consistent with the spin-split band energies from DFT calculations.

Fascinating properties of spin transport have also been presented in Fe,O,, i.e.

110 111

spin Seebeck effect, = spin filter effect, = gate voltage-induced phase
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transition,''* and spin valve effect of Fe,0,/MgO/Fe,0, junctions."” Yet at the
meantime, many fundamental properties of magnetite such as the half-
metallicity, spin and orbital ordering, Verwey transition mechanism and the

coupling mechanism between different sites have long been open issues.

The famous transition of magnetite was discovered by Verwey as early as 1939
that at 7, ~ 120 K magnetite undergoes a first-order metal—insulator phase transition,
called Verwey transition.'"* When the temperature is lowered through T, the electrical
resistivity increases by two orders of magnitude. Typically, such an abrupt change of
crystallographic structure at 7, is accompanied by further anomalies in a series of
related parameters controlling the magnetic, thermodynamic, electric and mechanical
interactions in the solid (see Figure 2-14 for some examples). Even today the origin of
this abnormal transition and the low- temperature phase of magnetite are still the subject
of numerous investigations and controversial reports, which question the fundamental

theories.

The rather complicated magnetic structure of magnetite was partly proposed by
Verwey and Haayman in 1941 and the total structure was proposed by N’eel in 1948,
and then confirmed three years later by neutron scattering.'” It has cubic inverse spinel
structure with fcc unit cells where oxygen ions are placed regularly in cubic close
packed positions along the [111] axis. Its unit cell is comprised of 56 atoms: 32 O*
anions, 16 Fe™ cations and 8 Fe** cations. Three inequivalent sites for the cations exist
and their arrangements are such that 8 Fe** occupy the tetrahedral sites (A sites) and 8
Fe’* and another 8 Fe® cations occupy the octahedral site (B sites), as schematically

shown in Figure 2-15.
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Figure 2-14| Basic manifestations of the Verwey transition in FesO,4 near Ty ~ 125 K,
arranged in the historical order of their detection. (a) spontaneous jump of the
magnetization, (b) specific heat anomaly, (c) spontaneous drop of specific
resistivity, (d) thermal expansion along selected directions, (e) Magnetic After-
effect spectrum, Image adapted from the literature."®
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site A

Octahedral
sites B

Figure 2-15 | Crystallographic and magnetic structure in magnetite, Fe304, near
tetrahedrally (site A) and octahedrally (site B) coordinated Fe atoms. The cages
around the 3 shown iron atoms are formed by O atoms. The moment on a given Fe
atom is coupled antiferromagnetically via SE to another Fe atom of the same
valency and ferromagnetically via DE to a Fe atom of different valency. Both
exchange interactions go via the same O atom which because of the DE interaction
carries a magnetic moment. Image adapted from the literature.'”

Two important types of exchange interactions, namely super exchange (SE) and
double exchange (DE), occur in magnetite, whose strength and sign depend on the angle
between the ions and on the filling of the orbitals. The 90" indirect superexchange
interactions of the Fe ions in A and B sites as mediated via the O anions lead to an

antiparallel alignment of spins on the A and B sublattices. Such coupling is substantially
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weaker than the 125" DE, in which electrons hop between ferromagnetically coupled 28
B site Fe** and Fe™" ions, resulting in an average charge of Fe***. Because the spin of the
extra electron of Fe® is oppositely directed to the electrons of Fe™, electron transfer is
only possible when both ions are aligned ferromagnetically. The DE then increases the
bandwidth or delocalization of the extra electron, thereby decreasing its kinetic energy
and favoring a ferromagnetic alignment. Taking into account all these exchange
mechanisms, the net magnetic moments of 4 pg/f.u of magnetite are imparted from the

B site Fe** ions.

Complexities also exist in the theoretical model of magnetite. Unlike the
Heusler alloys, magnetite is a system with a narrow 3d band and therefore strong-
correlation effects. To this day the debate continues whether magnetite can be described
by band theory or whether the size of the correlation effects requires other methods,

such as the LDA+U or even multiplet schemes. The LDA calculation by Zhang and

118 4

Satpathy''® and Antonov et al.** suggest high spin configuration, which yields an
exchange splitting (~3.5eV) that is larger than the e, — t,, splitting (< 2 eV). Band
theory finds that magnetite is metallic because the Ej falls at the bottom of the minority
spin band on the octahedral sites, which is of t,, character. However, at low
temperature, below the T,, magnetite is known to be an insulator, not the predicted
metal. Another direct consequence of such transition is a modification of the electronic
structure of Fe;O,. It is known that, at the Verwey transition, electron energy states are

introduced into the spin-up gap, as well as a small spin-down gap opening up.

2.4.4 Magnetite thin films

When integrating with SCs, between T, ~ 120 K to 320 K, magnetite has the advantage
in having less conductivity mismatch that exists in FM/SC heterostructures and hence
can be used as efficient spin injectors in the diffusive transport regime.""® Efforts have
been made in preparing magnetite thin films by a variety of deposition techniques such
as MBE, PLD, reactive magnetron sputtering on different substrates such as MgO,
MgALO,, a-AlL,Os, StTiO,, Pt, Si, GaAs to name a few.'?" 2222 and with the
thickness down to nanometer scale, those unanswered fundamental questions of
magnetite become even more sophisticated. One of the most intriguing properties of

magnetite is the half metallicity. However, just as Heusler alloys, the half metallic
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magnetite also suffers from problems, such as the antiphase boundaries (APBs)
structural defects,?’* deviation from the stoichiometry, and strain, that could quench the

expected high spin polarization.

The Antiphase boundary (APB) defects have been observed in epitaxial thin
films of magnetite regardless of the type of the substrates or the growth techniques.*’*
13-2* In the thin film regime, APB can cause a significant changes in the film properties
from that of the bulk single crystal of Fe;O,. For example, in contrast with the single
crystal, the magnetization of the thin films cannot saturate at high fields, epitaxial
ultrathin magnetite films less than 5nm thick show a superparamagnetic behavior,”” the
modified exchange interaction at the APB results in an exchange bias on the
neighbouring ferromagnetic domains, and the magnetotransport measurements show a
large linear magnetoresistance at high fields which is not seen in the bulk.*> *"*
Therefore, obtaining a magnetite thin film with properties approaching those of the bulk
remains a significant challenge for the future spintronic applications of Fe;O, thin

films.

The stoichiometry of the thin Fe;O, films is of paramount importance in
controlling the electric and magnetic properties for iron oxide—based magneto-resistive
devices, as the coexistence of small amounts of other phases of iron oxide, such as FeO
and Fe,0; could result on a quenching of the high spin polarization. Previous studies on
bulk crystals have shown that small deviation from the ideal stoichiometry strongly
influences the Verwey transition temperature.'” The stoichiometry of magnetite has
been efficiently obtained by various techniques, like conversion electron Mossbauer

spectroscopy (CEMS) and XMCD. '**

Furthermore, the physical properties of magnetite films would be significantly
influenced by strain. A comparable study of the microstructure and magnetic properties
of magnetite thin films deposited on (100) oriented MgO and SrTiO; (STO) substrates
has recently revealed an obvious difference in magnetic properties of the two films.'”
Compared to Fe;O,/MgO, a larger domain structure and significant out-of-plane
magnetization components were observed in Fe;O0,/STO as a consequence of the in-
plane compressive strain. It has also been shown that the change in the lattice mismatch
from -0.3% for Fe;O,/MgO structure to 4% for the Fe;O,/MgAl,O, structure has
increased the fraction of the film that is relaxed to 40% and this consecutively

broadened out the Verwey transition.'*
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2.5 The development of magnetically doped Tis

2.5.1 The edge state of Tls

As a newly discovered class of matter with eccentric electronic phase, the spin-orbit
induced TIs have a very short history but great attractions to the community of
condensed matter physicists. Since they were first theorized in 2005 and later
experimentally produced in 2007, TIs, with their ability to insulate on the inside and
conduct on the outside, have presented new possibilities for the future spintronics

applications.

Topology is the branch of mathematics that deals with quantities that are
invariant under continuous changes. Topological ideas were first applied to quantum
condensed-matter physics in the 1980s to understand the integer quantum Hall effect.
To view the non-trivial surface of TIs, it is essential to understand the insulating state of
matter. Figure 2-16 schematically illustrate the character feature of 2D-3D TIs by
analogy with quantum Hall (QH) effect. The insulating state occurs when an energy gap
separates the occupied and empty electronic states — a behaviour that can ultimately be
traced to the quantization of energy levels in an atom, as shown in Figure 2-16(a). The
QH state, which is the simplest topologically ordered state, occurs when electrons are
confined to a 2D interface between two semiconductors and experience a strong
magnetic field (see Figure 2-16(b)). The field gives rise to Landau quantization, where
the electron motion curves into a circle, rather like the circular motion of electrons
bound to an atom. Just as in an atom, quantum mechanics replaces this circular motion
by orbitals that have quantized energies, resulting in an energy gap separating the
occupied and empty states. At the boundary of the system, however, the electrons
undergo a different kind of motion, because the circular orbits can bounce off the edge,
leading to “skip-ping orbits”, as shown in Figure 2-16(b) In quantum theory, these
skipping orbits lead to electronic states that propagate along the edge in one direction
only and do not have quantized energies. Given that there is no energy gap, these states
can also conduct. Moreover, the one-way flow makes the electronic transport in the
edge states perfect. Normally, electrons can scatter off impurities, but given that there
are no backward-moving modes, the electrons have no choice but to propagate
forwards. This leads to what is known as “dissipationless” transport by the edge states —
no electrons scatter and so no energy is lost as heat — and is ultimately responsible for

the precise quantized transport.
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Figure 2-16 | Schematic diagram of the insulating state of matters. (a) The normal
insulating state characterized by an energy gap separating the occupied and empty
electronic states, (b) the QHE, whereby the circular motion of electrons in a
magnetic field, B, is interrupted by the sample boundary. (c) The edge state of the
QSHE or 2D TI, whereby spin-up and spin-down electrons propagating in both
directions. (d) The surface of a 3D Tl supports electronic motion in any direction
along the surface, but the direction of the electron’s motion uniquely determines
its spin direction and vice versa.

2D TIs have many similarities with QH insulators, but occur in the absence of a
magnetic field. In these materials the role of the magnetic field is played by spin—orbit
coupling (SOC) based on the electrons’ intrinsic angular momentum, or spin, with the
orbital motion of the electrons through space. Some atoms with a high atomic number

(e.g. Hg, Bi) naturally satisfy the criteria of intrinsic strong SOC. Electrons travelling
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through materials composed of such atoms therefore feel a strong spin- and momentum-
dependent force that resembles a magnetic field, which changes with the spin.
Furthermore, in contrast to the QH insulator, a 2D TI has two sets of edge states that
propagate in opposite directions, as shown in Figure 2-16(c). This was first predicted in
2005, and occurs when the spin-up and spin-down electrons, which feel equal and
opposite spin—orbit “magnetic fields”, are each in QH states. The Hall conductance of
this state is zero because the spin-up and spin-down electrons cancel each other. They
form a 1D conductor that is essentially half of an ordinary 1D conductor (a “quantum

wire”, which can have spin-up and spin- down electrons moving in either direction).

The next tier of completion in the family of TI is the 3D TI, whose surface
states strongly resemble the edge states of 2D TI, though cannot be understood using
the simple picture of a spin-dependent magnetic field. As presented in Figure 2-16(d),
the direction of electron motion along the surface of a 3D TI is determined by the spin
direction, which now varies continuously as a function of propagation direction. The
result is an unusual “planar metal” where the spin direction is locked to the direction of

propagation.

2.5.2 The experimental discovery of Tls

The past ten-years has been a rapid developing time for TIs, during which both 2D and
3D versions of these materials have been theoretically predicted'”” and subsequently
produced in laboratories. The first experimental signature of TIs was the observation of
the 2D quantum spin Hall effect sandwiched by layers of Hg,Cd,_Te, reported by

Konig et al.'®

in 2007. They performed transport measurement of this trilayer device
and observed the predicted 2e*/h conductance, which is independent of the width of the

sample as expected for a conductance resulting only from edge states (see Figure 2-17).
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Figure 2-17 | Experiments on HgTe/CdTe quantum wells. (a) Quantum well
structure. (b) As a function of layer thickness d the 2D quantum well states cross
at a band inversion transition. (c) that have a nonequilibrium population
deermined by the leads. (d) Experimental two terminal conductance as a function
of a gate voltage that tunes Er through the bulk gap. Image adapted from the
literature.'®

The 3D TI was demonstrated in 2008, by Hsieh et al.,’”” who mapped out the
surface states of bismuth antimonite (Bi,Sb,_,). Unfortunately, however, the surface
states were more complicated than they had to be (see Figure 2-18), prompting the
community to search for other classes of materials that might have a simpler structure.
This search led to the discovery that bismuth selenide (Bi,Se;) and bismuth telluride
(Bi,Te;) can be TIs. These materials have a relatively large bulk energy gap and hence
can work at RT. They also have the simplest possible surface-state structure (refer to
Figure 2-19), which thereafter have unleashed a worldwide experimental effort to

understand their electrical and magnetic properties.
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Figure 2-18 | Topological surface states in Bi;—«Sby: (a) ARPES map of BigsSbo;which
probes the occupied surface states as a function of momentum in the surface
Brillouin zone. (b) Schematic of the 3D Brillouin zone and its (111) surface
projection. (c) The resistivity of pure Bi contrasted with the alloy. Image adapted
from the literature.'”

2.5.3 The magnetically doped Tis

The effect of magnetic perturbation is an important aspect of the TI research with strong
implication in not only the spintronics applications, but also the fundamental science.
Efforts to dope the tetradymite family materials with magnetic impurities were made
before the discovery of their topological characteristics. The discussions of such
magnetic doped materials at that time had been limited to the scope of conventional
DMSs, despite that the doping concentration did go far beyond the “dilute” regime. In

magnetically doped TI systems, ferromagnetic moments can be developed through two
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major mechanisms: the van Vleck mechanism from the large spin susceptibility of the
valence electrons in TI materials,” and the RKKY interaction between neighboring
magnetic ions,™ which are mediated by either the bulk itinerant carriers or the TI

surface Dirac- fermions. These two magnetic mechanisms have been independently

observed in Mn-doped Bi,Te,Se, and Cr-doped (BiSb),Te; systems, respectively."”''**
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Figure 2-19 | The ARPES map of Fe-doped Bi,Se; 3D Tl with the concentration of (C)
0%, (D) 10%, (G) 12%, and (H) 16%. (A) and (B) nonmagnetically doped topological
insulator with a Dirac point connecting the upper and lower Dirac cones as in the
undoped case. Image adapted from the literature.

The interplay of magnetism and TI can be both mathematically and physically
subtle. On one hand magnetic perturbation, i.e. doping or coating can open a gap of the
surface band structure of a 3D TI (see Figure 2-19). On the other hand, Dirac gap can be
observed in magnetically doped samples with or without bulk ferromagnetism. If E, can
be tuned into this surface-state gap, an insulating massive Dirac fermion state is formed,
which supports many striking topological phenomena, such as magnetic monopole
induced by a point charge,” #** %! 22 the half QHE on the surface with a Hall
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conductance of e’/2h, ** and a topological contribution to the Faraday and Kerr

effects.”®®
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2.5.4 The spintronic applications of Tls

One of the most striking features of TIs comes from the TRS protected surfaces, in
which the electronic momentum and spin are locked preventing backscattering of
electrons from any impurity that does not interact with the spin. This can be akin to the
edge states of the QHE in conventional 2DEG systems, but superior in the ability of
functioning without the presence of magnetic field. Such unique features make TIs
beneficial for the many emerging spintronic applications with low dissipation but high
performance. The linear E-k dispersion relation gives rise to the massless Dirac
fermion, and thus enables coherent transport with an ultra-high mobility on the
topologically robust surface state. The spin-momentum-lock mechanism promises
potential applications using an effective spin-polarized current, which can be generated
by simply applying a lateral electric-field across a TI film. Since the ratio of the current-
induced spin density to the total electron density is equal to that of the transport drift
velocity to the surface Fermi velocity (V,/V;), this TI- based spin generator is expected
to be much more effective than the regular Rashba-coupled 2DEG counterpart. Another
interesting spin-related property of TIs is the exotic surface-mediated RKKY
interactions.” Because of the linear energy spectrum of surface Dirac fermions, the
RKKY coupling does not have conventional FM/AFM oscillations when the E} is tuned
close to the Dirac point."**"** This effect smooths out the coupling coefficient compared
with conventional DMSs and will thus minimize local magnetic moment disorders and

can produce much more robust ferromagnetism.
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3 Chapter |l Method

3.1 Introduction

The rise of spintronics has been strongly linked with the development of
instrumentation in nanofabrication and characterization in the past thirty years. The
experimental side of spintronics research today has marched to a historical point where
the paramount urgency is to use materials of the highest perfection and homogeneity
and detection tools with atomic sensitivity. Such criteria require usually expensive
techniques, dedicated equipment and extreme physical conditions, e.g. ultra high

vacuum, low temperature, and high field etc.

This chapter presents some of the key experimental tools, which have facilitated
the studies of this project. These techniques are classified into two main categories: the
sample fabrication techniques and characterization techniques and later furthermore
breaks down into in-house characterization techniques and synchrotron-based
characterization techniques. The Molecular beam epitaxy (MBE) growth, which is a
favoured deposition method to fabricate artificially layered crystals with a high degree
of control and reproducibility, has been the main sample preparation technique utilized
in project (will be introduced in Section 3.2). The SQUID-VSM and the magneto-
transport measurement system are two representative methods of in-house magnetic
measurements and have been utilized for revealing the presence of weak magnetic
phases and giving information of the global magnetic properties of the samples (will be
introduced in Section 3.3). The TEM, where accessible during the study, has been
employed to have an insight into the internal structure of a sample and the interface
geometry of a heterostructure down to the atomic level (and will be introduced in
Section 3.4). And XMCD, a synchrotron-based photoemission technique, has enabled
direct determination of the magnetic and electronic ground states of all the samples
presented in this thesis, owing to its unique elemental specificity, site selectivity, and

surface sensitivity (will be introduced in Section 3.5).

The author would like to note that some of these instruments could be found
readily in York, while others were either supported by external facilities (see the list of

beamtime) or provided by worldwide collaborators (see the author acknowledgement).
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3.2 MBE

3.2.1 The MBE technology

Molecular beam epitaxy (MBE) is an epitaxial process by which growth of materials
takes place under ultra-high vacuum (UHV) conditions on a crystalline substrate by the
interaction of adsorbed species supplied by atomic or molecular beams. MBE technique
has contributed to a lot of experimental research of spintronics materials and devices. It
is a favoured chemical deposition method to fabricate artificially layered crystals of
various complexities with high degree of control and reproducibility. Compared with
other growth techniques, the most advanced characteristic of MBE is its slow deposition
rate, typically ~1 ML/sec, which allows the film to grow epitaxially. Many classes of
materials have been prepared by MBE such as semiconductors, oxides, magnetic
materials and metals in the last four decades, whereas this section reviews only a few
key aspects that are most closely related to the scope of this thesis, i.e. the application of

MBE in fabricating spintronics hybrid systems.

MBE machines can have different layouts, depending on (i) whether they are
used for research or production, (ii) the materials to be grown and (iii) the specific
variant of MBE technology that is actually implemented. Modern machines generally
have a modular design, where each module is optimised for a definite process. The
York MBE system used in this study was assembled by Dr. Iain Will and the layout is
presented in Figure 3-1 and Figure 3-2. The system essentially consists of a growth
chamber, a load-lock chamber, and a sample transfer arm. The wafers are introduced in
and extracted from the system through individually pumped load-lock chamber, so that
the growth and the sample transfer modules, are always under UHV. It is worthy to note
that the MBE system presented here is a rather simplified one while commercial
machines can integrate multiple chambers for the interest of preparing heterostructures
consisting of layers with significantly different compositions, which can be grown in

different chambers to avoid any cross-contamination.
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Figure 3-1 | A schematic of the MBE system, showing the pumping system, main
growth chamber and load-lock chamber. There is an upper frame which rigidly links
the growth chamber with the optical table. The MOKE apparatus is located on the
latter. There is also a vibration damping block of cast concrete (VD) to isolate the
rotary pump (RP;) from the rest of the vacuum system; this is used to reduce forced
vibrations in the MOKE system. RP, and TP, are switched off during MOKE and
RHEED measurements. The two dashed boxes represent the upper and lower

supporting frames. Image adapted from the literature.'”

In the last four decades, it has been largely proved that epitaxial technologies

for material growth have unique advantages over simpler counterparts, despite their

higher technological costs. Some of the key aspects are listed as below,

o To grow materials with reduced concentrations of thermodynamical defects,

due to the relatively low growth temperatures;
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o To grow structures where composition or doping profiles in the growth
direction can be modulated in abrupt or continuous ways (see chapter VI for its
application in this project);

o To grow quantum structures, where engineered composition and doping profiles
confine carriers in two- or three- dimensional regions with sizes smaller or comparable
to the de Broglie wavelength of carriers, by which effects of quantum confinement may

show up.

cooling
water out

cooling
water in

Figure 3-2 | (a)-(b) Photographs of the York MBE and the water cooling system
utilized in this study. (c) sample holder with two substrates simutanouesly
clamped on the stage.

3.2.2 The vacuum

MBE growth takes place in a molecular regime, which is characterized by mean
free paths between collisions of atoms and molecules in the beams larger or comparable

to critical lengths of the growth system, such as distances between cells and substrates
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(<0.2 m). According to the kinetic theory of gases the mean free path between collisions

of atoms or molecules at a pressure p is given by

Y
- 2127 pD2

Equation 3-1

where D is the diameter of atoms or molecules in the beam. Therefore, for typical MBE
operating pressures of 10°-10* mbar, it follows that A= 5-0.05 m, respectively. Under
this regime, atoms and molecules basically do not interact during their paths and, then,
mechanical beam shutters can be used to switch on and off the beams directed towards
the substrate; in such a way, the composition of the nourishing phase can be abruptly
changed in times given by the actuation times of shutters, that is, in the order of 0.1 s.
Since the MBE growth rate generally is in the ML/s range, the thickness of interfaces
between layers with different composition or doping can be in the order of or smaller
than tenths of a ML. It is noteworthy such features of MBEs allow the use of
mechanical shutters and has strong implication in achieving interfaces abrupt on the
atomic scale, when no hindrance is set by kinetic growth mechanisms (refer to Chapter

IV-VI for its utilizations).

The slow deposition rate of MBE in turn requires UHV condition. A MBE
chamber is usually evacuated to base pressures of ~10"'"mbar using a combination of
rotary, ion, and titanium pumps. The initial work reducing the chamber pressure from
atmospheric to around 10~ mbar is done by a rotary vane pump that sweeps large
quantities of air rapidly. The remaining two pumps rely on the rotary pumps at all times.
The first of these is the turbo-molecular pump, which is essentially a gas turbine and
operates at high angular velocities (typically 20,000 - 50,000 rpm) to pump light and
fast partial pressures of hydrogen gas. The turbo-molecular pump has a range from
1x10™" to 1 x 10" mbar. The next pump type is the titanium sublimation pump (TSP),
which is able to reduce the pressure up to 107'> mbar. It functions by heating up a
Titanium filament to the point of sublimation and when the sublimation occurs,
Titanium coats all the neighboring surfaces forming a reactive layer which traps active

elements such as O, N and H.

Three types of pressure gauges are used to monitor the quality of the vacuum,

whose working range are restrictively observed. The first is the pirani gauge, which has
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a pressure range from atmospheric pressure to 1 x 10”mbar. This gauge was used to
monitor the vacuum produced by the rotary pump. The second type is the penning
gauge with a pressure range of 1 x 10”to 1 x 10® mbar. This was used in the load-lock
chamber, described later. The third type of gauge was called an ion gauge. This was
used in the main vacuum chamber and had a pressure range of 1 x 10” to 1 x 10" mbar.
By combining the use of these three gauges, it was possible to monitor the quality of the

vacuum from atmospheric pressure to 1 x 10""mbar.

3.2.3 The evaporators

A variety of sources can be used for flux generation in MBE, and their design depends
on the nature of the source materials. The effusion cells (also known as K-cells or
Knudsen cells) comprises a crucible where highly purified elements are radiatively
heated using resistive heater filaments. The maximum temperature of an effusion cell is
limited by thermal stability of constructional materials (usually pyrolytic boron nitride
(PBN)), and because of that, it is usually used for relatively low partial pressure
elementary sources (e.g. Si and III-V including Ga, Al, In, Sb, As etc.). Cracker cells
were developed in response to the perceived advantages of using dimer group V
molecules (As, and P,), rather than the more conventional tetrameric species (As,, and
P,) by involving an additional cracking zone to decompose tetramers into dimers. E-
beam evaporators are the workhorse of metal MBE systems, especially for materials
with have high evaporation temperatures. It provides the energy required for
evaporation by bombardment of the source material directly with a high-energy e-beam
(typically a few keV). The stability of atomic fluxes generated from effusion cells only
depends on the temperature fluctuation in the cell (typically < 1 °C) and the slope of the
vapor pressure curve. E-beam evaporators are more prone to flux instabilities and
closed-loop setups, where the flux is monitored and used as a feedback signal to adjust
the evaporation parameters, are employed to minimize the fluctuations The rate of
evaporation can be precisely controlled by varying the applied current through
Tantalum filament and be monitored by means of a calibrated emission current, defined
as the current between the evaporant and earth. A schematic diagram of the e-beam

evaporator used in York MBE system is presented in Figure 3-3.
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Figure 3-3 | Schematic diagram of the flux generation using electron beam
evaporator (side view). Electrons emit from the filament and heat on the top of the
rod. Atoms emitted from the source material slowly land on the substrate on the
opposite and epitaxial grow with respect to the substrate orientation. Note that
the probability density of the atoms landing position follows Gaussian distribution.
Therefore only a narrow area of the thin film is considered to be uniform, e.g. the
central 15 mm x 15 mm in the York MBE system.

Regardless of the variety of MBE sources, there are some general rules for the

use of evaporators:

o The flux should be free of contaminants generated by the constructional
materials.

o The source should operate at a temperature which is as low as possible,
commensurate with obtaining the desired flux, to minimize contamination of the flux by
outgassing.

o The source should permit good and reproducible control of the flux.

o The source should be capable of providing a wide dynamic range of flux (e.g.,
over five orders of magnitude for dopants).

o Response times to programmed changes in source conditions (e.g.,
temperatures, gas flow) should be rapid.

o The flux distribution emanating from the source should be commensurate with
the MBE system geometry to obtain optimized deposit uniformity;

o The source design should be rugged and reliable. Prior to any growth, it is
essential that the sources be degassed thoroughly to minimize the impurities released

into the vacuum during evaporation.

The hardware components needed for an oxide MBE system are similar to the
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general setup of a conventional MBE system. There are various ways to supply
oxidizing agents to the substrate. The most straightforward approach is to use molecular
oxygen by injecting the gas directly into the chamber. Molecular oxygen is not very
reactive and is therefore only suitable for the growth of compounds that easily oxidize
or if lower oxidation states of the constituent cations are desired. More reactive species,
such as ozone or atomic oxygen, are commonly applied if higher oxidation activity is
needed during growth. In addition, NO, has also been used as an efficient oxidizer to
effectively reduce the gas load into the system. Using a highly reactive oxidizer a
sufficiently large mean free path can be guaranteed to avoid gas phase reactions, while
at the same time sufficient oxygen is supplied to the substrate to ensure oxygen
stoichiometry of the growing film. The complete oxidation of the growing film can be a
major challenge in oxide MBE. Complex oxides with low oxygen affinity are prone to
reduction in vacuum. The oxidizing agent not only has to oxidize the metal atoms
supplied from the evaporator that arrive at the film surface but also has to compensate
for the loss of oxygen that occurs because the sample is kept at elevated temperatures in

vacuum.

3.2.4 The flux monitoring

The thickness of the thin film growth of MBE can be monitored and recorded by a
quartz microbalance, provided that the flux profile of the evaporator in use is stable or
repeatable every time. The tooling factors of the quartz microbalance are usually
defined by measuring the step between a thin film and a shuttered as-grown area by
means of ex-situ AFM or cross-sectional TEM (see Figure 3-2 (c)). Another widely
used technique is the commercially available flux monitor that attacheds to the source
gun. Such technology detects the charge carried by the outgoing metal particles.
Through a circle in the flux, a certain part of the flux is blocked and a small current is
generated and through a feedback circuit, this flux is automatically stabilized by

controlling the voltages or currents applied.

3.2.5 The substrate

The selection and etching of substrates play crucial roles in MBE process. To realize the
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epitaxial growth, the deposits and the substrate must have (i) the same crystalline
structure or a structure with a similar symmetry, and (ii) a small lattice constant
mismatch, i.e. typically no more than 3%. The lattice mismatch constant & is defined as
the ratio (a.-a,)/a,, where a, and a, are, respectively, the in-plane lattice parameters of the
free-standing epilayer and the substrate. For the regime where & < 3%, it has been
proved that under optimum MBE growth conditions and their free energies the epitaxial
growth takes place according to the 2D layer-by-layer mechanism. However, in many
cases, the initial stage follows the island growth (see Chapter II, Figure 2-5). The
crystalline structure and the lattice constant of the materials involved in the study of the

present project are summarized in Table 3-1.

materials structure a, (108)
Fe bce 2.866

Co hep 2.507

Ni fcc 3.524
Fe;0, spinel 8.396
GaAs zinc blende 5.653
Si fcc 5431
MgO halite 4212
Co,FeAl L2, 5.720

Table 3-1]| The crystal structure and lattice constant of the materials utilized in this
thesis.

The major semiconductors utilized have been the III-V compounds epi-ready
GaAs(100) wafers. These substrates were purchased from Wafer Technology Ltd, who
supplies the materials as single side polished, 2” wafers in a specific shape format
which denotes the orientation of the crystal axes, known in this case as the EJ option
and US option, respectively (see Figure 3-4). Commercial GaAs(100) wafers are
prepared using vertical gradient freeze (VGF) method, in which the single crystal
structure is induced to grow from a polycrystalline basis in a low pressure environment.
In some occasions, MBE can also be used to add fine quality epilayers to the VGF
prepared wafers in addition (see Chapter IV, the sample growth section 4.4 for an

example).
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Figure 3-4 | Two common wafer configuration options, European (EJ) and American
(US).

A wide variety of etching solution can be found in the literature for etching
GaAs. In this project, a mixture of solution comprised of H,SO,: H,0,: H,O in a ratio
of 4:1:1 by volume was used. The solution was always freshly prepared with the recipes
as presented in Figure 3-5 in details. This solution is rather gentle for polishing and
etching away a very thin layer of GaAs on its surface when used at RT, while at the
same time maintaining a relatively flat surface on top of which magnetic thin films can
be deposited epitaxially. Prior to the etching, the GaAs substrates were ultrasonically
cleaned with detergent (RBS), acetone, iso-propanol (IPA), with deionized (DI) water
rinsing between each step. An etching time of 50 s with the H,SO, + H,0, + H,O
solution was found to be adequate to avoid structural effects of anisotropic etching of
the substrates. Furthermore, the surface roughness of the etched GaAs substrates can be
improved by in-situ annealing at around 550 °C for 50 min in the MBE growth

chamber.
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Figure 3-5 | The recipes of the H,SO4+ H,0O, + H,O solution preparation process
utilized in this study.
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3.2.6 RHEED

The relatively low chemical aggressiveness of MBE growth environment makes it
possible to install in the growth or in interconnected chambers a number of diagnostic
techniques, not generally available to other epitaxial technologies. Reflection high
energy electron diffraction (RHEED) is the most commonly used diagnostic instruments
allowing the exploitation of controlled MBE growth. The technique facilities the study
of in-situ and in real time crystallinity and morphology of epitaxial deposits and
allowed an instantaneous feedback of the influence of growth conditions on properties
of growing layers. RHEED operates by detecting the reflected electrons with high
kinetic energy (typically in the 10 — 50 keV regime) and low incident angle (typically
0.5 — 2.0°) from the surface of a solid. As illustrated in Figure 3-5, the diffraction
pattern received on the screen describes the k-space Ewald sphere of the sample
crystalline, in accordance with Bragg’s Law. Assuming elastic scattering occurs, one
could calculate the lattice spacing of the sample if the distance from the sample to the
recording screen and the energy of the electron source are known, e.g. for a simple

cubic structure

ALNR + K
©TT
Equation 3-2

in which a, is the lattice constant, & and k are Miller indices, A is the wavelength of the
incident electrons, L the distance between sample and screen and t the distance between

the streaks on the screen.

The condition for constructive interference of elastically diffracted electrons is
given by the Laue law, which states that the wavevectors of incident and diffracted
beams must differ by a reciprocal lattice vector. Under grazing incidence (typically 1
degree) and with atomically smooth surfaces, electrons may emerge from the crystal
only when the diffracting planes are at depths of few MLs; in this case, the electron
beam is diffracted by a two-dimensional lattice, whose reciprocal lattice consists of
parallel lines. On the other hand, in case of atomically rough surfaces, electrons emerge
even if they were diffracted by deeper planes; under these conditions, electrons sense a
three-dimensional lattice, the reciprocal lattice of which is represented by points. For

any incident wavevector, the Laue condition implies that the wavevectors of diffracted
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beams are determined by the intersection of reciprocal lattice lines or points with the
Ewald sphere, that has a radius equal to the electron momentum. Two important
features of electron (as opposed to X-ray) diffraction from real crystals are (i) the radius
of the Ewald sphere is much longer than the distance between reciprocal lattice points
or lines and (ii) the surface of the Ewald sphere has a finite thickness, due to the energy
spread (and, hence, the momentum spread) of electrons; moreover, lattice defects and
vibrations broaden the reciprocal lattice points and lines that, therefore, can be
represented by spots and rods, respectively. As a consequence, depending on whether
the surface is atomically rough or smooth, the diffraction pattern consists of spots or
streaks, respectively; therefore, the occurrence of streaks, instead of spots, is the clear
proof that diffraction takes place from few shallow lattice planes and, then, that the

diffracting surface is atomically smooth.
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Figure 3-6 | Schematic representation of the origin of RHEED diffraction patterns
from atomically rough (upper panel) and smooth (lower panel) surfaces
characterized by reciprocal lattices given by spots and rods, respectively, a few of
which are sketched in the figure; the intersections of the Ewald sphere with the
features of the reciprocal lattice define diffracted spots and streaks visualized on a
fluorescent screen. Image adapted from the literature.”®
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The streaky diffraction pattern of RHEED depends on not only the azimuth of
the impinging electron beam with respect to the crystallographic directions of
diffracting layer but also the surface reconstructions which, in turn, depend on growth
conditions. Figure 1.9 shows typical examples of diffraction patterns from a clean GaAs
(100) surface grown under As-rich conditions (see below), observed under [011] and [O-
11] azimuths; the patterns are characterized by one and three “fractional order” streaks
in between the “integer order” ones, respectively; these features show that (i) the
surface smooths out during the early stages of growth and, (ii) along the two
perpendicular directions, the GaAs (100) surface unit cell shows a twofold (2 x) and a
fourfold (4 x) periodicity, respectively, as compared to that of the unreconstructed unit

cell.

.'i.

(011) azimuth (0-11) azimuth

Figure 3-7 | Typical RHEED patterns observed along the (011) (left panel) and (0-11)
(right panel) azimuths during the MBE growth of epitaxial GaAs on a (100) GaAs
substrate; the surface reconstruction is the As-stabilized (2x4) one. The arrows
mark the position of diffraction features from bulk layers (“integer order” streaks).
Image adapted from the literature."”’

Arthur'® first proposed that surface reconstructions could be related to surface
stoichiometry and, in particular, to As gain or loss. Then, other researchers"®'* studied
by auger electron spectroscopy (AES) the variations of surface stoichiometry associated
with GaAs (100) reconstructions and confirmed the As- or Ga- rich nature of surfaces
with different reconstructions; photoemission spectroscopy provided rather precise
values of As coverage for many GaAs (001) surface reconstructions.""'**'* These

results allow the identification of different regimes of surface stoichiometry by simply
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analyzing RHEED diffraction patterns during growth. The observation that different
surface reconstructions are associated with different surface stoichiometries is
consistent also with the previous observation that amphoteric dopants such as Ge are
incorporated in GaAs as donors or acceptors depending on whether the growth is
carried out on (2 x 4) or (4 x 2) reconstructed surfaces, respectively. Most of the GaAs
(100) surface reconstructions, ranging from As rich to Ga rich, were thoroughly studied
by Deparis and Massies'** by relating RHEED observations to the accurate control Ga

and As fluxes supplied to surfaces.
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3.3 Global magnetism measurement

3.3.1 SQUID-VSM magnetometry

This section introduces two distinct types of techniques for making magnetic
measurements of nanostructure samples: SQUID magnetometry and magnetoresistance
(MR) measurement system, both of which are representative methods of in-house
measurements and particularly useful for revealing the presence of weak magnetic

phases and giving information of the global magnetic properties of samples.

As a representative induction-based magnetism measurement system, SQUID-
VSM is one of the most widely used instruments for bulk magnetic characterization of
materials by sensing the flux change in a coil when a magnetized sample is vibrated
near it. In a typical SQUID-VSM, the sample under (typically a few millimeters in
size) is usually mounted on a nonmagnetic rod, attaching to a mechanical vibrator
(typically the frequency < 40 Hz and the vibration amplitude ~a few millimeters) or a
loud speaker (typically the frequency < 100 Hz and the vibration amplitude ~0.1
millimeters). When the sample is scanned through the center of a first- or second-order
superconducting gradiometer, a closed flux transformer will form, comprising of a pick-
up loop and an input coil tightly coupled to SQUID. Owing to flux quantization in
superconducting rings, any change in magnetic flux through the pick-up loop due to the
signal of interest results in a flow of screening current in the flux transformer coupling
magnetic flux through the SQUID loop and the SQUID responds by generating a
proportional output voltage. This voltage can be recorded as a function of sample
position in the form of a flux profile, and the magnetization of the sample is inferred by
fitting the shape and magnitude of the measured flux profile to that expected for a point
dipole. In a modern SQUID-VSM, the sample can also be fixed at a point where the
slope of the flux profile is maximum and is vibrated about this mean position at a low
frequency. Since the full flux profile does not have to be recorded, measurements over
an extended range of T and H can be completed in a relatively short period of time by
doing so. To apply a magnetic field to the sample, the detection coils are located in the
bore of a superconducting magnet. Temperature control is made possible by placing the
sample and sample rod in a sealed variable temperature insert, which is thermally

isolated from the 4.2-K gradiometer and magnet by an annular vacuum space.
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Figure 3-8 | (a) Schematic of SQUID magnetometer-susceptometer. (b) Calibrated
output from SQUID electronics, recorded as a function of position. Image adapted
from the literature.'”

SQUID-VSM has ~100 times sensitivity advantage over a conventional VSM
(107 Am?® for a 1 second average) due to the application of the SQUID unit, which
works based on Josephson effect. Such effect occurs when an electric current (Cooper
pairs) flows between two superconductors separated by a thin non-superconducting
layer through quantum tunneling. Figure 3-9 presents a schematic diagram of a usual
form SQUID unit consisting of a loop of superconductor (typically ~ 100 gm) with two
Josephson junctions. A superconducting measuring current flows through the ring,
dividing so that equal currents pass through each of two Josephson junctions. A
changing magnetic flux through the ring generates a voltage and a current in the ring,
according to Faraday’s Law. This induced current adds to the measuring current in one
junction, and subtracts in the other. Because of the wave nature of the superconducting
current, the result is a periodic appearance of resistance in the superconducting circuit,
and the appearance of a voltage between points A and B. Such type is so called DC-
SQUID. SQUID also has RF versions, in which the interactions between the

superconducting ring and an external resonant LC circuit is measured alternatively. RF-
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SQUID is cheaper and easier to manufacture in smaller quantities, since only one
Josephson junction is used in it, but with a sacrifice of sensitivity. It should be noted
that although instrumentation and calibration techniques determine the accuracy of a
SQUID magnetometer (in principal < 10® emu), the sensitivity limit for a given

measurement is likely to be dominated by the environment.
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Figure 3-9 | A schematic diagram of a usual form SQUID unit consisting of a loop of
superconductor with two Josephson junctions. Image adapted from the
literature.'

3.3.2 Magneto-transport measurement system

The electro- and magneto- transport measurements are important routines to observed
materials’ overall electric and magnetic properties. The commercial electro- and
magneto- transport measurement systems can have various layouts depending on the
techniques incorporated, such as the cryogen and magnetic field, and are usually

integrated with instruments like Physical Property Measurement System (PPMS®).
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Figure 3-10 present a schematic diagram of the custom-built setup of York’s electro-
and magneto- transport measurement system, which can be a prototype of apparatus of
such kind. The sample with bonding pads is placed on chip carriers and bonded to the
pins of the chip. The chip carrier contains 20 pins; each of them can be accessed
electrically from the selection box. The rotating sample holder where the chip carrier is
accommodated has been utilized, allowing for angular dependent electrical transport
and magnetotranpsort measurement up to 360° of a given sample respect to the applied
magnetic field. A Keithley 2300 source meter is used to send out a Labview programme
defined voltage or current signal and to measure a current or voltage value. By
programming the system, either a MR measurement may be taken by cycling the
magnetic field and measuring the resistance of the samples at each field or an I-V
measurement may be taken by changing the current value and measuring the resulting

voltage or vice-versa.
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Figure 3-10 | A schematic diagram of the electrical and magnetotransport
measurement setup. The source signal is sent to a sample from a source meter and
simultaneously the output signal is picked up by the same meter which is
connected to a computer with a Labview control programme for data acquisition.
Image adapted from the literarure.”
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3.4 Electron Microscopy Techniques

3.4.1 The EM technique

Electron Microscopes (EMs) are used where it is desired to study the internal structure
of samples down to the atomic level. In the research of spintronics materials, they have
long played key roles in driving people’s scientific understanding of extended defects
and their control of the properties of materials. EMs were developed for the purpose of
observing fine structure of matters beyond the diffraction limitation of optical
microscopes. Analogous to optical microscopes, EMs use highly energetic electrons to
probe a sample and to produce a magnified image of the sample morphology and
surface topography. Yet because of the wavelength of electrons (e.g., A = 0.005 nm at
an accelerating voltage of 50 keV) are much shorter than that of photons, electron
microscopes are able to give spatial resolution down to atomic scale. With the current
generation of aberration corrected and monochromated EMs, one can now obtain
images with a spatial resolution approaching 0.05 nm in both the plane-wave, phase-
contrast TEM and the focused probe, Z-contrast scanning-TEM (STEM) modes of
operation. In addition to the increase in the spatial resolution, aberration correctors also
provide an increase in the beam current and subsequently the signal-to-noise levels
(contrast) in the acquired images. This means that small differences in structure and
composition can be more readily observed. And contrary to what might be expected,
most samples are not adversely affected by the electron bombardment as long as beam

conditions are controlled judiciously.

3.4.2 The electron diffraction

There are mainly two types of electron sources used in EMs, categorized by the distinct
mechanisms in producing electrons, namely, thermal emission and field emission. The
electron gun materials can be tungsten filaments or a lanthanum hexaboride crystal
(LaByg), and each of them represents a different combination of costs and benefits. At
temperatures in excess of around 2700 K, a tungsten wire emits an abundance of both
photons and electrons; in an electron gun the electrons are accelerated across a potential
difference of tens of hundreds of kV to generate a beam of electrons of controlled

energy between 2 - 40 keV. The electron gun filament of LaB, field-emission type uses
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strong electric field to extract the electrons of the filament to tunnel out of the filament
surface. High beam currents can be achieved in a small beam diameter by field emission
and usually this type of electron guns gives better resolution for the EMs. The electron
probe is produced by two or three stage demagnification of the smallest cross-section of
the electron beam after acceleration. The electron probe, 2 - 10 nm in diameter, is

scanned in a raster over a region of the specimen by the scan coils.

Electron diffraction is a phenomenon that has been intensively exploited
because it can assess the nature of crystalline habits present in nanostructures. When an
electron beam interacts with the atoms of a sample, individual incident electrons
undergo two types of scattering - elastic and inelastic. In the former, only the trajectory
changes and the kinetic energy and velocity remain constant while in the case of
inelastic scattering, electrons collide with and displace electrons from their orbits
(shells) around nuclei of atoms. This interaction places the atom in an excited (unstable)
state. Most of the signals in SEMs come from inelastic scattering process while in

TEMs, elastic scattering is the predominated process.

In the electron-matter interactions, the electron penetration depth can be
calculated from Kanaya-Okayama Formula, which considers the combined effect of

elastic and inelastic scattering process

0.0276AE,"
k0 — 7059 P

Equation 3-3

in which Ry, (in um), A (in g/mol), E, (in keV), Z, and p (in g/cm’), respectively,
represents the dimension of interaction volume, the atomic number weight, the beam
energy, the atomic number, and the density. A generalized illustration of interaction

volumes for various electron-matter interactions is presented in Figure 3-11.
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Figure 3-11 | A generalized illustration of interaction volumes for various electron-
matter interactions. Auger electrons emerge from a very thin region of the sample
surface (maximum depth about 50 A) while secondary electrons interact deeper
inside (50-500 A). Image adapted from the Internet. (http://www.physics.ucf.edu/~
1¢/5937 _lecture_8.pdf)

3.43 SEM

The 3D image contrast of SEM image is produced by edge effect that more electrons
shall emit out of the sample at edges leading to increased brightness, as schematically
illustrated in Figure 3-12. SEM detects signals resulting from interactions of the
electron beam with atoms at or near the surface of the sample including secondary
electrons (SEs) with most probable exit energies of 2-5 eV and the backscattered
electrons (BSEs) with energies that range from the energy of the primary electrons.
Analytical information can be obtained from the X-ray spectrum and Auger electrons

and the signals are detected by various kinds of detectors in corresponding.
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Figure 3-12 | A schematic illustration of edge effect. More secondary electron shall
leave the sample at edges, where results in increased brightness while for the flat
areas, less secondary electrons escape. Image adapted from the
Internet.(http://www.microscopy.ethz.ch/se.htm)

The most important signals in SEM come from SEs, which are generated as
ionization products. When an incident electron excites an electron in the sample and
loses most of its energy in the process. The excited electron moves towards the surface
of the sample undergoing elastic and inelastic collisions until it reaches the surface,
where it can escape if it still has sufficient energy. Production of secondary electrons is
very topography related. Due to their low energy (5 eV) only secondaries that are very
near the surface (<10 nm) can exit the sample and be examined. Any changes in
topography in the sample that are larger than this sampling depth will change the yield
of secondaries due to collection efficiencies. Collection of these electrons is aided by

using a "collector" in conjunction with the secondary electron detector.

3.44 TEM

The image generation principal behind TEMs is analogous to that of a slide projector. In

a slide projector light from a light source is made into a parallel beam by the condenser
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lens; this passes through the slide (object) and is then focused as an enlarged image onto
the screen by the objective lens. In the electron microscope, the light source is replaced
by an electron source, the glass lenses are replaced by magnetic lenses, and the
projection screen is replaced by a fluorescent screen, which emits light when struck by
electrons, or, more frequently in modern instruments, an electronic imaging device such
as a CCD (charge-coupled device) camera. On the way from the source to the viewing
device, the electron beam passes through a series of apertures with different diameters.
The whole trajectory from source to screen is under vacuum and the specimen (object)
has to be very thin to allow the electrons to travel through it. Alternatively, if one wants
to look at the surface of the sample, rather than a projection through it, a SEM (as

previously discussed) is employed.

TEM exploits three different interactions of electron beam-specimen;
unscattered electrons (transmitted beam), elastically scattered electrons (diffracted
beam) and inelastically scattered electrons. Samples being measurement by TEM must
be stable and small enough (typically no larger than a few mms) to permit its
introduction into the evacuated microscope column and thin enough (typically no more
than 500 nms) to permit the transmission of electrons. When incident electrons are
transmitted through the thin sample without any interaction occurring inside the
specimen, then the beam of these electrons is called transmitted. The transmission of
unscattered electrons is inversely proportional to the specimen thickness. Areas of the
sample that are thicker will have fewer transmitted unscattered electrons and so will
appear darker, conversely the thinner areas will have more transmitted and thus will
appear lighter. Another part of the incident electrons, are scattered (deflected from their
original path) by atoms in the specimen in an elastic fashion (no loss of energy). These
scattered electrons are then transmitted through the remaining portions of the sample.

All electrons follow Bragg's Law and thus are scattered according to
neA=2dsin(0)

Equation 3-4

in which 4, 0, d, respectively represent the wavelength of the electron X-rays, the
angle between the incident X-rays. and the surface of the crystal, and the spacing
between layers of atoms. All incidents that are scattered by the same n- A =2-d-sin( 0 )

atomic spacing will be scattered by the same angle. These scattered electrons can be
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collected using magnetic lenses to form a pattern of spots; each spot corresponding to a
specific atomic spacing (a plane). This pattern can then yield information about the

orientation, atomic arrangements and phases present in the area being examined.

Optical Microscope Transmission Microscope Scanning Microscope
oM TEM

[llumination source
- mp)
= Condenser lens

A

Eyepiece

/ Eye
( Monitor ~ PC image processing

Resolution 200nm  0.1nm 0.5nm
Magnification ~2000 x50 to 1,500,000 x10 to 1,000,000

Figure 3-13 | Schematic layout of an optical microscope, a TEM, and a SEM. Image
adapted from JOEL website.(http://www.jeol.com)

3.4.5 STEM

STEM is an associated technique of TEM, in which the focused beam (probe) of
electrons is scanned across the surface of the sample and a 2-D image is created by
displaying the output from one of these detectors as a function of the beam position.
The STEM operated in a very similar way to a SEM, but, as with the TEM,
backscattered electrons and X-rays are also produced giving additional imaging modes.

One of the most common ways of carrying out STEM has been to add transmission
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detectors to an SEM or to add scanning coils to a TEM. However, these modified
versions are always limited either by the low accelerating voltage of the original SEM,
or the minimum probe diameter and the small the microanalysis resolution of the

original TEM.

Modern STEMs combines the advantages of both SEMs and TEMs.
Transmitted electrons collected on axis in the STEM give the bright field or phase
signal. These electrons have either not been scattered at all or have been inelastically
scattered through angles of milliradians or less and exhibit largely crystallographic
information. A unique imaging mode of STEM is called high-angle annular dark field
(HAADF) detection, in which the scattering that is collected is proportional to the
Rutherford scattering cross-section that has a second power Z* dependence on the
atomic number Z of the scattering center—giving rise to the name Z-contrast imaging.
From the earliest images of individual heavy atoms on a light support, the technique
evolved to be able to image crystals with atomic spatial resolution. An additional bonus
offered by the STEM is the ability to collect SEs and backscattered images in the same
way as a standard SEM, making it possible to correlate surface information with bulk
information of the sample. Furthermore, the use of optional live diffraction units bring
even more versatility to the STEM by allowing diffraction images and Z contrast

images to be obtained simultaneously.

3.4.6 Aberration correction

The recent development of aberration correction techniques has enabled major advances
in both TEM and STEM capability. Without correction, TEM resolution is limited
primarily by spherical aberration, which causes information from a point in the object to
be spread over an area in the image. This results not only in a general blurring of the
image, but also in a phenomenon called delocalization, in which periodic structures
appear to extend beyond their actual physical boundaries. In an optical microscope,
spherical aberration can be minimized by combining lens elements that have opposing
spherical aberrations. Unfortunately, such approach is not directly applicable for EMs,
since the round magnetic lenses they use exhibit only positive spherical aberration. Also
the ability to correct spherical aberration leaves the reduction or correction of the effects

of chromatic aberration as the next major challenge in improving TEM performance.
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As with other high-resolution methods, defocus can be used to balance out the
effects of aberrations up to some optimum value, usually called the Scherzer defocus,

with a resolution given by

d=043(C.A%)"

Equation 3-5

As can be seen from this equation, there are two principal factors that control
resolution—the wavelength of the electrons (determined by the acceleration voltage of
themicroscope) and the spherical aberration coefficient C, of the lens (typically in
uncorrected state-of-the-art 200 keV TEM/STEM, C,; ~ 0.5 mm, giving an optimum
probe size of 0.12 nm). Figure 3-14 presents a schematic illustration of the effect C,
correction, which makes a larger area of the lens is free from spherical aberration.'*
Today significant progresses have been made by engineering extremely stable high
voltage and lens current power supplies, by using specially optimized field emission
electron sources, and by directing the beam through a monochromator, which passes
only a very narrow band of energies. Spherical aberration has essentially been removed
as the limitation in the probe size and as was with the Scherzer defocus, the aberration
corrector can now be adjusted to compensate for those higher order aberrations by

tuning C, itself to an optimal value."’

Uncorrected Spherical Aberration
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: Electrons ' 't
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Electrons
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Figure 3-14 | Conceptual illustration of the spherical aberration for an uncorrected

lens and aberration correction using a compensating lens system (depicted as a
concave lens). Image adapted from the literature."®
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3.5 XMCD

3.5.1 The XMCD technique

XMCD technique uses soft X-ray to probe the core level electrons of atoms, directly
addressable to the electronic and magnetic ground states of the materials under
interrogation. It offers unique elemental selectivity and allows one to identify the origin
of magnetic signal in a given material ranging from simple elemental films to complex
alloys and compounds. XMCD is furthermore a surface sensitive technique. Generally
the photoelectrons created deeper in the sample lose too much energy to overcome the
work function of the sample and cannot be detected. The sampling depth L of XAS
experiments is typically a few nms, but can vary depending on the incident X-ray

intensity and the type and the form of the samples it probes.

Edge 3d TM 4d T™ 5d TM
K Is>p 5-11keV  17-27keV  65-81keV
L., 2p>d  450-950eV  2-4keV 9-14keV
M, 5 Is>p  30-125eV  150-650eV  1.7-3keV
N, 4p>d 380 - 610 eV

Table 3-2 | X-ray absorption edges for magnetic 3d, 4d, and 5d TMs and their

photon energy region. Data adapted from the X-ray data booklet.'*

One of the most powerful aspects of X-ray is the high photon energy (PE),
making it possible to excite the core level electrons of the material under interrogation
(see Table 3-2 for the X-ray absorption edges for magnetic 3d, 4d, and 5d TMs and their
photon energy region). The core-level state is an ideal probe to study the local
electronic configuration of the valence states. Compared to the magneto-optical effects
in the visible, X-ray transitions are more straightforward to calculate due to the well-
defined core state. By using laser sources, electronic and magnetic information probed
is confined substantially within the valence band of solids by the conventional in-house
photoemission techniques, owing to the excited optical transitions of samples by low
energy photons of only a few eV. Although efforts have been made in the very recent

few years in developing the in-house X-ray ultraviolet (XUV) generation, the photon
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energy (PE) it achieves is still far beyond that needed to excite the core level electrons
of magnetic elements, e.g. 3d transitions metals and the rare earth. That is why

synchrony radiation (will be introduced latter) has been employed in this study.

3.5.2 The synchrotron radiation

The high intensity, highly tunable polarized X-rays used in XMCD is one of byproducts
of the synchrotron radiation, produced when electrons in asynchronous orbit are
accelerated to very nearly the speed of light. As most of the XAS and XMCD data
presented in this thesis have been obtained mainly from Diamond light Source, UK (see
appendix for a list of the beam time that the author has participated), in the remainder of
this section, the station and end station conditions of it will be introduced as an
example. The worldwide synchrotron radiation sources have experienced continual
development and improvement in the past few decades. Among them, Diamond light
Source is relative modern one and can be representative of the latest synchrotron

radiation techniques.

The synchrotron generation starts by passing electrons from their source into
initially a linear accelerator (known as Linac) where they achieve energies of 100 MeV
at which point they are injected into the booster synchrotron where their energies
increase to around 3 GeV with the aid of RF cavities to provide energy and bending
magnets to direct the beam. The electrons then transfer to the main synchrotron storage
ring, which has a diameter of ~30 m. In this ring electrons complete the circuit in
approximately two millionths per second and the orbit of the electrons is maintained by
bending magnets that apply a magnetic field to the electron beam. The speed of these
high energetic electrons is now so close to that of light that further acceleration

provokes the emittance of radiation.

A mulitipole wiggler is a device that sits in the stream of the electron beam, an
array of magnets are positioned above and below, altering the beam course. The
“wiggling” of the electron beam by the wiggler results in a cone of X-rays being emitted
in the forward direction.” "' Polarized X-rays are produced using an asymmetric
multipole wiggler. In a conventional wiggler, the right-handed and left-circularly
polarized light cancel, resulting in no net circular polarization. An asymmetric wiggler

no longer has a symmetric magnetic field profile in the longitudinal direction, rather, it
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has a large positive field over a short distance followed by a smaller negative field over
a longer distance designed as to have a net zero integrated field per period. In this case
the circular polarization contributions of the two poles are not equal and so although
there still exists a cancellation, there is a resultant net circular polarization off-axis. In
the beamline 110 of Diamond Light Source, circularly polarized X-rays with ~100%
degree of polarization'* is created by using two APPLE II undulators and therefore the
derived magnetic moments, as presented in this thesis, need no corrections due to the

complete polarization.

Figure 3-15 presents a schematic diagram of the synchrony radiation station
layout, consisting of (1) the injection system, (2) the booster synchrotron, (3) the
storage ring, (4) the beamlines, (5) the front end where light is extracted from the
storage ring, (6) the optics hutch where certain wavelengths of light are selected and
focused, (7) the experimental hutch housing the experimental equipment, (8) the control
cabin where the scientific team monitors and controls every aspect of the experiment

and takes data, and (9) the radiofrequency (RF) cavity.

Figure 3-15 | A schematic diagram of the synchrony radiation station layout. The
numbered parts are (1) the injection system, (2) the booster synchrotron, (3) the
storage ring, (4) the beamlines, (5) the front end where light is extracted from the
storage ring, (6) the optics hutch where certain wavelengths of light are selected
and focused, (7) the experimental hutch housing the experimental equipment, (8)
the control cabin where the scientific team monitors and controls every aspect of
the experiment and takes data, and (9) the radiofrequency (RF) cavity. Image
adapted from Diamond Light Source.(www.diamond.ac.uk)
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3.5.3 Interactions of polarized photons with matters

In the last section, the electron-electron collision, or the electron scatterings have been
discussed for the mechanism underlying EMs. Although photons can also be treated as
‘particles’ to certain extent, the interaction of them with electrons can be distinctly
different from that between electrons themselves. Because photons are electrically
neutral, they do not steadily lose energy via coulombic interactions with atomic
electrons, as do charged particles. Interactions of photons with matters come along with
energy lose (in the form of photoemission) and momentum transfer. Three types of
physical process can occur when materials are traversed by a beam of photons, namely,
photoelectric effect, Compton effect, and electron-positron pair production. Each of
them dominates at a specific PE range and within the scope of this thesis (soft X-rays,

PE < 1000 eV), photoelectric effect is the dominant process.

3.5.4 XMCD mechanism

3.54.1 XAS

A X-ray absorption experiment is usually regarded as a two-step process.'” In the first
step, the core electrons of atoms are excited by the incident X-ray and the PE exceeds
the binding energy of these electrons. After absorbing the incident photons, the core
level electrons are promoted to a higher energy level in the form of photoelectron. This
is accompanied by a sharp absorption of the photon at a certain PE, creating an
absorption edge in the X-ray absorption spectrum (XAS). Several processes can come
about by such photon absorption. Fluorescence occurs when the holes left behind by the
excited core electrons are filled by electrons from a higher level. This process is in turn
accompanied by the release of X-rays (usually known as characteristic X-rays) of the
characteristic energy of the transition. Another process is the generation of Auger
electrons, which happens when the fluorescent photon subsequently produced is
reabsorbed by a third electron, which is then promoted to a higher energy state. It is
noteworthy that during the latter process, secondary electrons (see the previous section)
can also be created via inelastically scattering by the generated Auger electrons.

Because the electric transmissions happening in the X-rays absorption process always
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undergo a pattern that is characteristic to a specific element, such technique is able to
give elemental resolved information of the electric and magnetic information of the
material. For 3d transition metals which this thesis scopes for, the XAS is usually taken
at the L edge, corresponding to the excitation of 2p core electrons into the unoccupied

3d states. Such transition call for soft X-rays with a PE range between 500 to 1000 eV.

3542 XMCD

XMCD refers to the absorption difference of circularly polarized X-rays near the
resonant absorption edges of magnetic elements. Take the 3d transition metal as an
example, such dichroism can be seen as a result of the spin-dependent transmission of
electrons from 2p to the 3d orbitals, whose band asymmetry is closely linked with the
magnetism of the metal. Considering a circularly polarized photon is used to excite a
photoelectron in an X-rays absorption experiment. The photon transfers its angular
momentum to the photoelectron in this process, resulting in a change in the angular
momentum of the electron (known as magnet-optical interaction). If the electron lies in
a spin-orbit split band such as the L, and the L; edge of 3d transition metals, some of the
momentum will be transferred to the spin of the electron via spin-orbit coupling. Left
(right) circularly polarized photons excite more spin-up (spin-down) electrons from the
2ps, level. The opposite is the case for the 2p,, level. In another word, the
photoelectrons with defined angular momentums are excited to an empty 3d valance
band and the fulfilled band in turn, works as a detector of their momentums. By theory,
this unbalanced transmission of excited electrons can be described by the optical

selection rule

am==1

Equation 3-6

which determines that 2p electrons of one spin direction will preferentially be promoted
to 3d level according to whether right or left circular polarization is used (see for a
schematic illustration). Due to the selection rule, the electric-dipole transitions from the
ground state can reach only a limited subset of final states. The XAS therefore provides
the fingerprint of a specific ground state and results in a local probe with a high
sensitivity to crystal field, spin—orbit interaction, site symmetry, and spin configuration

of the valence states.
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Figure 3-16 | Conceptual illustration of the two-steps process for a single-electron
in the resonant excitation process for a magnetic material (left) and typical pair of
dichroic XAS and XMCD spectra of Fe. Image was adopted from the literature."

3543 TEY

As discussed above, strong secondary electron emission exists in the X-rays absorption
process and that renders the total electron yield (TEY) as a preferred detection method.
TEY is a commonly adopted detection mode for XMCD, which measures the number of
photoelectrons created and escaping from the surface in the absorption process.”” From
a XAS, quantitative information of the DOSs of the valence band of the sample can be
obtained via the application of a suitable solid state model which would usually be

based around Fermi’s golden rule

Ef>Ep

WE)< Y < flerli>*8(E,)

Equation 3-7
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A
where the symbols €7 represents the coupling to the electronic field and E; represents

the final state. Equation 3-7 presents an approximation of the transition probability of an
electron from a deep core state (initial state) |7 > into an unoccupied state (final state)

< f'|. As illustrated in Figure 3-17, TEY sums over all energies of photoelectrons

emitted, including those which have been directly emitted and those which have
undergone many scattering events on their journey to the surface. In other words, it
counts the total joint density of states of the initial core level with all final states
simultaneously. Equation 3-8 presents a general expression of the drain current by TEY
mode, in which L is the electron escape depth and is approximately constant over the

region of the spectrum.

o(y)L
o(y)L+cos(0)

Ly (Y) o<
Equation 3-8

A distinct concept here is the X-rays absorption depth, L', which can be much
larger than L due to the strong penetration ability of X-rays. When L and L are
comparable in length, the saturation effects curb the intensities of the largest absorption
peaks compared to the rest of the spectrum. Here 6 is the angle between the sample
plane and the X-ray propagation direction. At grazing incidence angle the spectra are
more prone to saturation. Conversely, the saturation is minimized at normal incidence
and this configuration has been adopted thoroughly for the studies in this thesis. TEY
detection shows a high surface sensitivity due to the short L and that makes it rather
sensitive to oxidation, which can be an issue for the observation of thin film samples.
Such oxidation effects in the XAS usually show up as extra features (typically a few
eV) above the main peak, which can affect the results of sum rule calculations (will be
introduced later). Therefore, samples prone to oxidation necessitate a special treatment,
such as in situ preparation (evaporation, cleaving, ion sputtering) or alternatively the
sample should be capped with an inert material with appropriate thickness, such as Al,
Au, and Cr etc.. The later treatment has been adopted for the studies of this thesis
wherever applicable. Nevertheless, the positive side of the high surface sensitivity of
TEY detection is its ability to measure very lower coverage of materials, e.g. sub-ML
thin films and adatoms. The lowest limit so far is 0.005 ML coverage reported by
Shelford et al..”® The absorption process was historically carried out in transmission

mode and was largely limited to the investigation of diffuse thin samples. Nowadays in
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order to study the dense films in-situ with substrates, electrons are generally detected

using the TEY method.
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Figure 3-17 | The photoemission, florescence, auger process and other scattering
process which may occur in atoms when aborting X-ray photons. XASs sum over all
possible final states of the photoelectrons

3.5.4.4 Site sensitivity

Within the soft X-ray regime, the instrumental resolution is of similar width as the core
hole life time broadening in the order of a few hundred meV, making it possible to
resolve the detailed multiplet structure and charge-transfer satellites, or in other words,
making XMCD possible to separate different sites of the magnetic ions. The most well-
known example is the of complex cation occupancies is that in spinels, such as
magnetite, where the different Fe sites are distinguished by their opposite magnetic
alignments. The distribution of Fe cations within the magnetite structure can be
determined by comparison of the XMCD to atomic multiplet calculations."””” As can be

seen from
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Figure 3-18 | The calculated Fe d°Tq4, d°Oy, and d°Oy, components of the XMCD
spectrum and the resulting summed calculated spectrum of Fe;O,. Image adapted
from the literature.™®
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Figure 3-18 and Figure 3-19, each peak in the L; XMCD corresponds primarily
to a different site in the Fe;0,, the first negative peak corresponds to d°0, (i.e. B sites
Fe™), the second positive peak to d’0,(i.e. B sites Fe’*), and the final negative peak to
d’T, (i.e. A sites Fe’*). Furthermore the relative intensity of these contributions are
quantities proportional to the number of different Fe cations and can be utilized to
diagnose the sample stoichiometry (refer to Chapter IV for its utilization in our study of

Fe;O, thin films).

3.5.5 XMCD experimental set up

Figure 3-20 presents a schematic diagram of an experimental XMCD setup at a
beamline, where circularly polarized X-rays are produced by an Apple-II type insertion
device. To make an XMCD measurement, a magnetic field is applied to provoke
disparity between the population of the spin-up and spin-down of the spin-orbit split
band. In the systems wherever mentioned in this thesis, the magnetic field is directed
along the direction of the X-ray beam. The chamber is fitted with one of two sample
helium cryostats (inserts) and each cryostat can vary the sample temperature within a
specific temperature range. This modern instrument provide + 90° rotatable sample

stage around the vertical axis, high magnetic field up to 14 T, and low temperature

down to 2 K, optimized for XMCD studies of magnetic materials. Figure 3-21 displays
a typical XMCD end station (adopted from the beamline 110, Diamond Light Source),
which consists of a rotatable sample stage, a magnet, a cooling system, detectors (not
shown) and other electrical units. Figure 3-22 presents a photograph of the sample stage
used in the high magnet system of beamline 110, Diamond Light Source. Multiple
samples can be loaded in to vacuum in one go and they are usually mounted in a regular
array on the stage for easy optimization. Samples in the dense form (see 1, 2, and 3) can
be mounted using silver paste and those in powder form can be pressed onto the

conducting sticky paste (see 4).
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Figure 3-20 | Schematic diagram of an experimental XMCD setup at a beamline,
where circularly polarized X-rays are produced by an Apple-Il type insertion device.
The beamline optics has been omitted in the diagram. The magnetic field is
directed along the direction of the X-ray beam. Image adopted form the
literature."
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Figure 3-21 | The XMCD end station of beamline 110, Diamond Light Source, which
consists of a ratable sample stage, a magnet, a cooling system, detectors (not
shown) and other electrical units. The red arrow indicates the incident beam.
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Figure 3-22 | A photograph of the sample stage used in the high magnet system of
beamline 110, Diamond Light Source. Multiple samples can be loaded in to vacuum
in one go and they are usually mounted in a regular array on the stage for easy
optimization. For the case presented in this photograph, sample 1, 2, and 3 are
dense films and are mounted by silver paste, while sample 4 is in powder form and
is pressed onto the conducting sticky paste.

3.5.6 XMCD data analysis

Because the XAS obtained by means of the total electron yield (TEY) is proportional to
the absorption cross section times the photon energy, these data can be used to work out
the m; and m, of the element under interrogation based on sum rules. Equation 3-9 gives
the general form of the spin and orbital sum rules,'® ! where E, n,, SC, and <T>,
respectively, represents the photon energy, the number of d holes, the spin correction

(SC) factor and the magnetic dipole term.

.

4 jL“(o —67) dE

””’__gn"j (0*+0°) dE
Ly

m

6j (c"—0) dE—4j (6" —0) dE
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Mopin =1, J- o 10 dE xSC+<T,>
Ly

Equation 3-9
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Processing the spectra is made up of several distinct steps as discussed below,

and each of them introduces different statistical and system errors to the results.

3.5.6.1 Normalization

One of the drawbacks of using a TEY detection method is that a change in the applied
magnetic field can affect the magnitude of the sample photocurrent due to the Lorenz
force. Since it is impossible to gain full alignment of the spectra through the
experimental hardware, the XAS spectra obtained in this study were all scaled and
aligned with respect to one another at a given point preceding the primary peak, i.e. the
L; edge for 3d transition metals. Without this intervention the dichroism will be slightly

distorted and offset relative to zero.

3.5.6.2 Background Removal

For the application of the sum rules, it is necessary to remove the contribution of
photoelectron excitations into continuum states from the absorption cross section. This
task is usually carried out by involving a step-like function to locate the threshold
between the magnetic and non-magnetic parts. During development of this function,
results were cross compared with earlier results calculated using more basic step
functions, e.g. a square two-steps shape, and with standard spectra.'®> Generically,
different step functions give deviations no more than 3%. The spectra processed in this
study have all been fitted with the a sigmoidal function, as it is more able to cope with a
slightly curved background and hence allows the use of more spectra than might
ordinarily be possible based on the linear-shape step functions. Furthermore, sometimes
another background need to subtracted by fitting a curve to the parts of the spectra
unaffected by magnetism. This aids cross comparison of spectra and is advantageous to

the integrals calculated subsequently.

3.5.6.3 Integration

The integration range should principally be infinite. Practically, the integration range is

set from just below the L; edge to 10 - 20 eV and above the L, edge where the integrals



96

approach their saturation values. Figure 3-23 presents a typical XAS and XMCD
spectrum of Fe from this study, illustrating the practical application of the sum rules,
based on which, m; and m, are determined by the integral of XMCD and XAS over L;

and L, edges after removal of the non-magnetic background as discussed previously .
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Figure 3-23 | A typical XAS and XMCD spectrum of Fe L, ; edge and their integration
range for the sum rules application. Data are scaled for clearness.

3.5.6.4 nyvalue

The hole number, n,, refers to the empty states of the valance band and can be written

defined as

n, = jE p(E)dE
Equation 3-10

For an accurate assessment of the n,, it is necessary to obtain an accurate measurement
of the DOSs of the sample in question and such assessment can be subtle, since for the
DOS:s of certain elements in the form of ultrathin film and of impurities can differ from

that of bulks. In the present project, n, were carefully quoted for the elements involved
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and applied where appropriate, as summarized in Table 3-3. It is worthy to note that
although the n, used in sum rules calculations may be inaccurate for certain material
systems, utilizing the sum rules for them can yield more information than the rather

muddled picture dictated by line shape alone.

Material n, Ref.
Fe 3.39 163
Co 249 164
Ni 1.59 165
Cr 7

Fe;0, 13.5 166, 167

Table 3-3 | A summary of the n, values used in this study and their references.

3.5.6.5 SC factor

While a deconvolution of the L; and L,edges is not required for the orbital sum rule,
they need to be separated for the spin sum rule. In case of the late 3d transition metals
the separation of L; and L,edges can be performed without difficulties because the spin-
orbit splitting of the core states is large enough. However, the deconvolution becomes
subsequently problematic going towards the early 3d transition metals. In this study,
The spectral overlap (also known as j-j mixing) was taken into account for Cr because
of the relatively small spin-orbit coupling in the Cr 2p level. The value of SC,i.e. 2.0 £
0.2 for Cr, was estimated by calculating the L, ; multiplet structures for a given ground
state, applying the sum rule on the calculated XMCD spectrum, and comparing the

result with the spin moment calculated directly for this ground state."”’

3.5.6.6 <T,term

The <T> term is a measure of the anisotropy of the spin density and it appears (even
though the spin is isotropic) because the spin couples to the spatial space through the

spin-orbit coupling. For the metallic systems, the influence of spin-orbit coupling on
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<T> is very small due to the relatively weak spin-orbit coupling. <7 > can be neglected
for cubic symmetric systems and its contribution increases subsequently with lowering
the symmetry or reducing the dimensionality of the material. In this study, the derived

m, was not corrected for <7>, however, its gives an error < 5%.

3.5.6.7 Errors

The XMCD data analysis in this study was performed using the macros edited by J. S.
Weaver, based on the method given by Chen et al.”® and on a pre-existing program by
C. M. Teodorescu and incorporated suggestions from T. K. Johal, Teodorescu’s
immediate successor at Daresbury. As discussed above, the derived the m, and m;
strongly rely on the choice of the integration range and the simulation of the continuum
and the non-magnetic background. To eliminate such statistical error, data of each
complete measurement were performed for a minimum of 3 times to reduce the effect of
any beam irregularities. The mean of the values calculated from these spectra can then
be found and the standard deviation between values was quoted as the error. This error
does not however take into account the margin of error within the sum rules themselves
such as the limitations in possible allowed transitions covered by the theory, j-j mixing,
and the assessment of n, etc.. The uncertainty of these features is generally expected to
fall within a ~10% margin of error and since as of yet there is no mathematical way of
accurately deriving the degree of error, it is thought safest to sum the standard deviation

between spectra with the ~10% expected error.

Furthermore, it is worth noting that XMCD spectrum does not necessarily
become zero above the L,; edges, where its signal determined by spin-dependent
scattering processes of the photo-electron, and could give large contribution to the L, ;
XMCD signal of rare earth’s elements.'® However, for the transition metals the signal
of such process is two orders of magnitude smaller than the XMCD response at the L, ;
resonances and therefore can be neglected. Hence, after proper normalization,
background removal and continuum simulation, the XASs can become independent of
the experimental artifacts and are comparable on a per-atom basis. Generically, these
assessments result in an overall ~10% error and that was how the error bars have been

given in this thesis.
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4 Chapter VI FM/SC Interface

4.1 Introduction

The atomic scale interfacial magnetization of FM/SC is closely linked with two general
questions, namely (i) how magnetic ordering changes with the reduced dimensionality,
(i1) how magnetic ordering changes while bonded to the substrate. By the band theory
of solids, such effects can be seen as a symmetry broken at the boundary of a periodical

structure.

The direct demonstration of the magnetic and electronic state of epitaxial
FM/SC interface down to the ML scale remains a nontrivial task, even to this day,
partially due to the inaccessibility of the buried layer between the topmost atoms and
the substrate. With the exception of cross-sectional TEM, which provides structural
information, researchers are still mostly in the dark about the electronic and magnetic
properties of such interfaces. Therefore a large portion of studies over the last thirty
years has focused instead on a special kind of interface - the surface, or the ultrathin FM

films on SCs.

An unambiguous determination of the interface, which is already subtle in
theories, can be more problematic in experiments. On the one hand, for samples
comprising of several nms thick FM, it is always hard to separate the contributions of
the interface and the bulk magnetization (though being a surface sensitive technique, the
probing depth of XMCD can be up to several nanometers even in partial electron yield
mode'™). On the other hand, minute amount of FM (in the form of atoms and clusters)
will be paramagnetic or ferromagnetic with extremely low 7,,""'"* and consequently no
longer be representative of a realistic device. Moreover, while the FM atoms reduce to a
minute amount, many conventional detection techniques become invalid, as conditions
such the vacuum, sensitivity, cryogen etc. must be simultaneously satisfied at a high

level.

To overcome these obstacles, in this chapter, we employed a specially designed
FM,/FM,/SC structure in combination with the powerful elemental selectivity of
XMCD technique. Here, the ML FM, (FM, = Fe, Co, Ni) are epitaxially deposited on
SC (SC= GaAs or graphene) and then capped off with a thick layer of FM, (FM,= Fe,
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Co, Ni # FM, in each sample), who serves as a stabilizing layer. Generically, the
magnetic interaction can be described as the transfer of an effective magnetic field
between the contacted magnetic materials and such effective field can be a regular
magnetic field or a field produced by the quantum mechanical exchange interaction. In
the FM,/FM,/SC structure, the thick FM, provides the ML FM, with a source of
exchange interaction, simulating the interfacial behavior of a ferromagnetic FM, film or
bulk on the SC. Combined with the elemental selectivity (or layer selectivity in this case)
of XMCD, this method allows easy observation of the magnetization of FM, in atomic
scale, which can be representative of the real interface of FM,/SC. To start with, section
4.2 firstly demonstrates it in a prototypical FM/SC heterostructure, i.e. Ni/GaAs, as well
as Co/GaAs for comparison purpose. Section 4.2 furthermore develops this method into

an emerging topic by alternating the SC with graphene.

Using high-T,FM to induce or enhance the magnetic ordering of the adjacent
paramagnetic materials or DMSs with low T, is a new topic in the research of FM/SC
interface, which have enlightened the RT use of hybrid spintronics with the assistance
of the magnetic proximity effect as a pathway >**2#84-246.247. 288 The ytjlization of the
technique of XMCD to study the interfacial magnetism of such bilayer systems is
therefore necessary again and will be presented in Section 4.3 in the Co,FeAl/GaMn)As

exchange coupled system as an example.

When it became possible to produce atomically clean crystalline surfaces of a
metal and add atomically engineered additional layers of a different material, a very rich
field of new magnetic phenomena can open up. For this reason, MBE growth has been
employed as the major sample preparation method for the studies presented in this
chapter. Moreover, wherever applicable, supporting characterization techniques (such as
TEM and SQUID-VSM) and theoretical tools (like first-principals simulations) have

been utilized to understand the XMCD observations.
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4.2 Atomic scale magnetization of the FM/GaAs interface

4.2.1 Introduction

As a prototypical FM/SC heterostructure, Fe/GaAs has been most thoroughly studied
due to two fundamental facts, namely, (i) the nearly perfect epitaxial growth of Fe on

GaAs can be performed since the lattice constant of bcc Fe (aO: 2.866/3;) is almost
exactly half that of GaAs (aO: 5.65410%), i.e. the lattice mismatch as small as ~1.3%, and

(i1) the high 7. of Fe promises its availability for practical applications. Many
researchers have reported on high quality epitaxial growth of Fe on GaAs, among which
there exist the long lasting debate over the presence of magnetic dead layer at the
Fe/GaAs interface.'” '"*" This detrimental effect used to be attributed to the formation
of antiferromagnetic Fe,As'” and half-magnetized Fe;Ga, As,” in the vicinity of the

interface, until Xu et al.”’

obtained a bulk-like magnetic moment of Fe on GaAs(100) -
4 x 6 at RT in 1998. This result was further confirmed with unambiguous XMCD
observation of the Fe/GaAs(100) down to ML scale.'”® Another negative opinion of
Fe/GaAs towards spintronic application, i.e. the high conductivity mismatch between Fe
and GaAs, was overcome with the assistant of an MgO tunneling barrier, as it was
reported by X. Jiang et al.,"”’ who demonstrated up to 32% spin injection at RT using
electroluminescence detection in 2005. In the same year, electrical detection was

1
l., 78

reported by S. A. Crooker ef a who demonstrated Kerr imaging of the spin

accumulation in the GaAs channel of a lateral spin-transport device using Fe contacts as
the source and drain. By demonstrating spin-valve and Hanle effect, X. Lou et al.'”
reported epitaxial Fe Schottky-tunnel-barrier contacts on an n-doped GaAs channel via

non-local geometry in 2007.

Co is another promising spin source with equally strong spin polarization near
E as that of Fe and even higher T, (1400°C, see Figure 3.1). Co/GaAs carries a mixture
of fascinating characteristics including the structural transfer, the possibility of
displaying perpendicular magnetic anisotropy, and the ability to form self-assembled
patterns on GaAs substrates that may be magnetically harder and oxidize less readily
than Fe. Though bulk-like Co has its stable and metastable phase as hcp and fcc, it can
form into a bce stacking by epitaxial growth on GaAs. The bcc Co/GaAs was firstly

180, 181, 182

demonstrated by Prinz in 1985 and since then many experiments on Co/GaAs

were reported with inconsistency, making this issue rather complex. Difficulties exist in
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unambiguously confirming the phase evolution of Co during the growth, due to the fact
that the lattice constant of Co parameter is nearly half that of GaAs and experimental
data from techniques such as RHEED may easily be interpreted incorrectly. Another
interesting phenomenon of Co is the perpendicular magnetization. M. Hehn et al.'
analyzed the domain structure of Co films over a large thickness range and found that as
the thickness of the film is increased, the magnetization turns from fully in plane below
10 nm to fully out of plane at 50 nm. The result was in coherence with the prediction of
C. Kittel'™® that for thin films with a strong perpendicular magnetocrystalline anisotropy

K, their magnetization may switch again out of plane at certain thickness.

GaAs(100) bce Fe
o0 0o
S
¢ ,{D oo @
[011] 1001) (011]

®Fe @As ()Ga (010]

Figure 4-1 | Illustration of the epitaxial relation Fe on GaAs(100). The crystal
symmetry and lattice constant of bcc Fe is almost half that of GaAs, suggesting
that nearly perfect epitaxial growth of Fe on GaAs can be performed.

The tendency to form into bce stacking, which doesn’t exist in nature, has also
been found in epitaxial Ni thin films on GaAs. This was firstly demonstrated by Tang et
al.'® as early as 1986 by growing Ni on GaAs(001) at RT and the presence of bcc phase
was observed up to 2.5 nm. This study was late on reproduced by X. M. Jiang et al.,"*®
who alternatively did the growth at 170 K and obtained a thicker bcc Ni, i.e. 3.5 nm.
The bcc Ni/GaAs(100) as having a T, of 456 K and a magnetic moment of 0.52 yg/atom,
reveals a remarkably different electronic structure to that of fcc Ni and crucially a
positive cubic anisotropy of +4.0x10°ergs/cm®, as opposed to —5.7x10*ergs/cm’ for the

naturally occurring fcc Ni. All these intriguing phenomena of the FM/SC interfaces

have strong consequences on their interfacial magnetism. In the remainder of this
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section, the Co/GaAs(100) and Ni/GaAs(100) interfaces will be studied by XMCD in

the specially designed FM,/FM,/SC structure as introduced in the last section.

4.2.2 The sample preparation

The 10 ML Cr/7 ML Fe/1 ML Co/GaAs (100) and 10 ML Cr/7 ML Co/l1 ML Ni/GaAs
(100) samples used in this study were prepared using MBE in Thin Film Magnetism
(TFM) group of the Cavendish Laboratory of Cambridge University. Prior to growth,
the As-caped GaAs (100) substrate was annealed initially at 340 °C to desorb the As
capping layer from the surface before further annealing at 550 °C for 1 hour to promote
a clean and ordered Ga - rich (4 x 6) surface. Once the system had cooled to RT, the Fe
was deposited onto the surface at a rate of approximately 1 ML per minute at a base
pressure of 107" mbar. After the desired thicknesses were achieved, the samples were
capped off with a different element for several MLs, i.e. 7 ML Co atop 1 ML Ni on
GaAs for one sample and 7 ML Fe atop 1 ML Co on GaAs for the other. The two
samples were all finally capped by 7 ML Cr to protect it from oxidation during transport

to the synchrotron facility (refer to Figure 4-2 for the sample configuration).

4.2.3 The XMCD measurements

The XAS and XMCD at the Fe, Co, and Ni L,; absorption edges were performed
partially at the beamline 110 of Diamond Light Source and partially at the beamline
5U.1 of Daresbury Laboratory. Data obtained from the two stations were carefully
compared and calibrated, so to make sure their comparability with respect to each other.
XAS were perform in Faraday geometry, i.e. with the X-ray in normal incidence with
respect to the sample plane and parallel to the applied magnetic field, as schematically
shown in Figure 4-2. The XMCD was obtained by taking the difference of the XAS
spectra, i.e. 0* - 07, by flipping the X-ray helicity at fixed magnetic field of 45 kOe,

under which the sample is fully magnetized.
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Figure 4-2 | Schematic diagrams of the experimental configuration of the XMCD
measurement with both the incident X-rays and the magnetization directions
perpendicular to the sample surface. The two samples consist of nominally 10 ML
Cr/7 ML Fe/1 ML Co/GaAs (100) (left) and 10 ML Cr/7 ML Co/1 ML Ni/GaAs (100)
(right), respectively.

Typical pairs of XAS and XMCD spectra of the two samples, normalized to the
incident beam intensity, are presented in Figure 4-3 (Fe L,;edge of the 7 ML Fe/1 ML
Co/GaAs (100)), Figure 4-4 (Co L,;edge of the 7 ML Fe/1 ML Co/GaAs (100)), Figure
4-5 (Co L,;edge of the 7 ML Co/1 ML Ni/GaAs (100)), and Figure 4-6 (Ni L,;edge of
the7 ML Co/1 ML Ni/GaAs (100)), respectively. The XAS of Fe, Co, and Ni of the two
samples show a white line at each spin-orbit split core level without prominent splitting
for both left- and right-circularly polarized X-rays, suggesting that the sample has been
well protected from oxidation. Strong dichroic XAS were obtained for the 1 ML Co at
the Co/GaAs (100) interface, whilst the same coverage Ni at the Ni/GaAs (100) interface
shows no appreciable XMCD within the experimental accuracy, or in other words,
points to a magnetic dead layer. To confirm that, the elemental specific XMCD of the 1
ML Ni and the topmost 7 ML Co of the 7 ML Co/1 ML Ni/GaAs (100) epitaxial thin
film were performed as a function of the magnetic field (perpendicular) with the
temperature down to 5 K . The magnetization of the Co (left) and Ni (right),
respectively, were estimated by the on-peak and off-peak ratio at the Co and Ni L;edge
and depicted against the field as shown the Figure 4-7. In consistent with the last
experiment, Ni shows no appreciable magnetic signatures while Co exhibit a clear

ferromagnetic hysteresis loops along its hard axis, as expect.
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Figure 4-3 | Typical pair of XAS and XMCD spectra, normalized to the incident beam
intensity, at the Fe L,3edge of the 10 ML Cr/7 ML Fe/1 ML Co/GaAs (100), obtained
at 300 K, normal incidence. The dashed lines indicate the integration of the
spectra. Data are offset and scaled for clearness.
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Figure 4-4 | Typical pair of XAS and XMCD spectra, normalized to the incident
beam intensity, at the Co L,3edge of the 10 ML Cr/7 ML Fe/1 ML Co/GaAs (100),
obtained at 300 K, normal incidence. The dashed lines indicate the integration of
the spectra. Data are offset and scaled for clearness.
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Figure 4-5 | Typical pair of XAS and XMCD spectra, normalized to the incident
beam intensity, at the Co L,3edge of the 10 ML Cr/7 ML Co/1 ML Ni/GaAs (100),
obtained at 300 K, normal incidence. The dashed lines indicate the integration of
the spectra. Data are offset and scaled for clearness.
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Figure 4-6 | Typical pair of XAS and XMCD spectra, normalized to the incident
beam intensity, at the Ni [,3edge of the 10 ML Cr/7 ML Fe/1 ML Co/GaAs (100),
obtained at 300 K and 5 K, respectively, normal incidence. The dashed lines indicate
the integration of the spectra. Data are offset and scaled for clearness.
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The myy;, and m,,, of the 7 ML Fe/l ML Co/GaAs (100) and 7 ML Co/l ML
Ni/GaAs (100) epitaxial thin films were calculated, respectively, by applying sum rules
on the integrated XMCD and total XAS spectra of Fe, Co, and Ni L,; utilizing the
method described in chapter III. In order to rule out non-magnetic parts of the XAS
spectra an arctangent based step function was used to fit the threshold. As can be seen
from Figure 4-3 to Figure 4-6, the integration (dashed lines) of both XMCD and total
XAS spectra becomes flat within the selected range, proving a proper background
offset. The effective number of 3d-band holes, n,, was assumed as 3.39 for Fe, 2.49 for
Co and 1.49 for Ni. The calculated my,and m,, were finally corrected because of the
partially polarized X-ray source utilized in Daresbury, i.e. 80%, but not for those
obtained in Diamond Light Source, which uses two APPLE II undulators and generates
the 100% polarization for the X-rays. The sum-rules derived my, Mgyn, Mgy, and
M/ Moy, and the numeric results from the literatures are gathered in Table 4-1. The 1
ML Co at the Co/GaAs (100) interface shows sizable magnetization, i.e., mg, = (0.14+£0.05)
ug/fu. and mgy, = (0.7120.10) uy/fu. while in contrast, the 1 ML Ni at the Ni/GaAs (100)
interface shows nearly vanished magnetic moments, i.e. My, = (0.05£0.05) up/fu. and mg,, =

(0.07+0.10) uy/f.u., which are almost undistinguishable from the spectra.
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Figure 4-7 | The elemental specific XMCD hysteresis loops of the 1 ML Ni and the
topmost 7 ML Co of the 7 ML Co/1 ML Ni/GaAs (100) epitaxial thin film.
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Fe My, mspin Moy

(ug/atom)  (ug/atom)  (ug/atom) Ref.

morb/mspin

7 ML Fe/1 ML Co/GaAs(100) 0.14+0.05 1.54+0.10 1.68£0.15 0.09£0.01  +

8 nm Fe/parylene 0.086 1.98 2.006 0.043 187
8 nm Fe/GaAs (100) 0.26+0.03 2.03+0.14 2.29+0.17 0.13 188
Co My, mspin Moy morb/mspin Ref

(pp/atom) (pp/atom) (up/atom)

7 ML Fe/l ML Co/GaAs(100)  021+005  0.71x0.10  0.93+0.15 0.30£0.03
7ML Co/l ML Ni/GaAs(100) 024005  132+0.10  1.56x0.15 0.18x0.02 ¥

8 nm Co/parylene 0.153 1.55 1.703 0.009 187

Nl My, mspin Moy

(ug/atom)  (ug/atom)  (ug/atom) Ref.

morb/mspin

7ML Co/l1 ML Ni/GaAs(100)  0.05+005 0.07+0.10  0.12+0.15 0.80%0.10 %

Ni single crystal 0.06£0.03  0.54+0.05 0.60£0.08 0.45+0.01 189

Table 4-1] List of the sum-rules derived Mo, Mspin, Mrotal, AN Mo/ Mspin based on
this study and those reported in the literatures. Note our definitions of the mpn
differ by a factor of 2 and hence the number quoted here is twice that initially
presented by Vogel et al.."™ The symbol + and T here refer to our samples, i.e. 7 ML
Fe/1 ML Co/GaAs (100) and 7 ML Co/1 ML Ni/GaAs (100), respectively.

4.2.4 Discussions

The powerful elemental selectivity (or layer selectivity in the case of the present study)
has enabled unambiguous determination of the magnetic ground state of each layer of
the specially designed FM,/FM,/SC structure (FM, = Fe, Co, and FM,= Co, Ni # FM,).
If one first turns the attention to the interfacial FM, elements in conjunction with the SC,
significant contrast can be seen for the Co/GaAs (100) and Ni/GaAs (100) with the
identical coverage. The sum-rules derived mg,, of the 1 ML Co reduces by ~ 50%
compared with that obtained by Chen et al.,' using in situ growth method of a ~ 5 ML
Co on parylene (the thickness here is an estimation based on the original paper which

acknowledges it as 50 — 70 A).
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4.24.1 The suppressed magnetization of Co on GaAs(100)

Three factors may be predominately responsible for the suppressed m,, observed at the
1 ML Co/GaAs interface. One is the reduced thickness. It is well known that FM
materials follow the so-called island growth geometry at low coverage. In other words,
Co atoms at these thicknesses, typically less than a few MLs, may be too diffused for
them to intensively interact with one another, even with the assistant of the topmost
stabilizing layer. Another reason rises from the stacking of Co when epitaxially
deposited on GaAs. It has been found that, in general, the bcc phase develops at the
initial growth while hcp Co starts building up at higher coverage on GaAs, although
debates last to today over the lattice structure and magnetic properties of Co thin films
on GaAs. Mangan et al."®' demonstrated the coexistence of bce and hep phases in Co on
GaAs(001) with the help of TEM observations, in consistent with the observation by Gu

et al.,”®

and Idzerda et al. confirmed the bcc structure of Co on GaAs(110) using
EXAFS."”! However, the theory suggests that the bcc Co is not a metastable phase but a
forced structure originating from imperfections.'”> The third possibility is associated
with the detrimental interdiffusion between the FM and the SC atoms. Theoretical

193,194 Whlle

calculations suggest a bulk bce Co can carry a myy,as large as 1.7 g/atom,
experimental reports are always below this value. By careful analyses of the RHEED
patterns, Monchesky et al.'”” demonstrated a ferromagnetically dead layer associated
with the formation of interfacial Co,GaAs for Co thickness less than 3.4 ML and an
abrupt in-plane spin-reorientation transition reorients the magnetization along the [001]
direction at 7 ML. It should be noted that all these boundaries discussed above are not
absolute values but strongly depend on the specific sample deposition conditions, such
as the substrate configuration and the temperature etc.. For example, passivating layers
such as S and Sb have been used to reduce the chemical interaction at the Co/GaAs
interface and the latter gives a factor of 2.3 enhancement of the magnetic moment

compared to the film deposited on bare GaAs(110) substrate.'*® '*

4.24.2 The magnetic dead layer of Ni on GaAs(100)

The three factors discussed above, namely (i) the growth geometry, (ii) the stacking of
the FM atoms, and (iii) the detrimental interdiffusion, universally exist in all kinds of
FM/SC interfaces in the ML regime and the significances of their influence are decided

by the specific FM/SC systems. Compared with the Co/GaAs and the Fe/GaAs'®®
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interfaces, our observation suggests that these factors have apparently stronger impacts
on that of Ni/GaAs (100), leading to the creation of a magnetic dead layer for the 1 ML
Ni, ie. my, = (0.05£0.05) up/atom and mg,, = (0.07£0.10) wuz/atom, despite the
assistance of the topmost stabilizing layer and the optimized growth condition within

1.7 performed a

the given opportunity. Among the pioneering investigations, Tian et a
series of MOKE measurements for Ni films and suggested the absence of a magnetic
dead layer in the Ni/GaAs interface with the Ni thicknesses above ~1 ML. The
magnetic anisotropy in the system studied has been attributed to both cubic and uniaxial
anisotropies and the uniaxial term may be a result of the in-plane shear strain induced in
the system. Scheck et al."”® used the electrodeposition technique with the intention to
overcome the intermixing at the interface and the Ni film in this case forms fcc, instead
of bce stacking. Characterized by XPS, the presence of the As peak in the 6 nm Ni film
reveals the occurrence of As diffusion into the Ni layer destroying the magnetic
properties of the fcc Ni film and leading to a 20% reduction of the magnetization
compared to the bulk value. In the study of the evolution of interface properties of the
electrodeposited Ni film upon annealing, significant increase of As out-diffusion has
been observed for annealing temperatures up to 623 K accompanying a rise in Schottky

barrier height which has been attributed to the Ni-Ga-As compound formation.'”

4.24.3  The magnetism of the stabilizing FM layer

Apart from the suppressed magnetization of the interfacial ML FM, atoms directly in
conjunction with the SC, modification occurs in the topmost FM; stabilizing layer, too.
The observed magnetic moment for the 7 ML Fe atop Co, i.e. my, = (0.14+0.05)
ug/atom and mg,, = (1.54£0.10) uz/atom are lower than the same sum-rules derived
results by Xu et al.,"™ i.e. m,,= (0.26+0.03) up/atom and myy, = (2.03+0.14) uz/atom for
the Fe on GaAs(100) directly. The same trend happens for the 7 ML Co atop Ni, i.e.
My, = (0.24£0.05) up/atom and mygy,,= (1.32+0.10) uz/atom, which are lower than the
same sum-rules derived results by Chen et al., i.e. my;,= 0.153 uz/atom and mgy,= 1.550
ug/atom. Based on the fact that the underneath FM, materials can follow the island
growth geometry at low coverage, it is likely that some of the FM, atoms atop may also
be in contact with the SC substrate and hence the stacking transformation and the
detrimental interdiffusion could apply to these FM, atoms. Possible charge and spin

transfers between the FM, and FM, atoms are additional factors worthy of
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considerations. Unfortunately, it is not possible to confirm directly in the present
experiment. However, one can always validate such ideas by comparing the numeric
results with theoretical simulations. Due to the complex of the surface configuration
(refer to Chapter III, the realization of surface reconstruction of GaAs), this task is
uneasy in 3D GaAs, however, can be clear-cut in simple 2D systems. Later in the next
section, we will see a comparison between the sum-rules derived magnetic moments
and those obtained by first-principals calculations in a specific FM,/FM,/SC system

where SC = graphene.
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4.3 The interfacial magnetism of FM/Graphene

4.3.1 Introduction

The revolutionary nature of graphene®*"- 22

makes it a prime candidate for spintronics
applications, in which the generation and tuning of spin-polarized currents are
prerequisites.”” In its pristine state, graphene exhibits no signs of conventional spin-
polarization and so far no experimental signature shows a ferromagnetic phase of
graphene. This gap is now filling up by combined efforts in multi-disciplinary research.
The ferromagnetic metal (FM)/graphene heterojunction is one of the most promising
avenues to realise efficient spin injection into graphene and other C-based organic
systems.””* Perfect spin filtering for interfaces of graphite and Ni or Co has been
predicted, which is insensitive to interface roughness due to the intrinsically ordered
nature of graphite.””” Fascinating properties of spin transport phenomena were presented

in the Co/graphene system,*® "’

though theoretical calculations show that the atomic
magnetic moment of Co can be reduced by more than 50% when absorbed on a
graphene surface.’”® The spin valve effect was also successfully demonstrated in
NiFe/graphene/NiFe vertical structures and the signal is enhanced when the number of
graphene layers is doubled.”™ An inserted graphene sheet can drastically improve the

spin-injection efficiency from a ferromagnet into silicon.*"

In graphene-based hybrid systems, the best opportunity for spin transport could
only be achieved when no magnetic dead layer exists at the FM/graphene interface.
Calculations for transition-metal/nanotube hybrid structures exhibit substantial
magnetism.”"' For Fe-, Co-, and Ni-doped carbon nanotubes, outside adsorption sites
have found to be the most favourable; and the interactions are ferromagnetic for Fe and
Co while nonmagnetic for Ni.'*> Whether a deposited FM on graphene is magnetically
ordered at the FM/graphene interface is a must-addressed issue before any functional
graphene-based spintronic devices can be developed. In the reminder of this section, we
present a XMCD study of the ML epitaxial Fe/graphene interface, combined with first-
principals calculations. The experiments have been performed using a specially designed

FM,/FM,/SC structure that was introduced in the beginning of the chapter.
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4.3.2 The sample preparation

The single layer graphene used in this study was prepared by chemical vapor deposition
(CVD) on Cu foil and then transferred on top of 300 nm SiO,/Si substrate *'**'* "> After
1 hour of annealing at 200°C, 1 ML Fe was grown on the graphene at RT by molecular
beam epitaxy (MBE) using an e-beam evaporator, whose rate was monitored by a
quartz microbalance and calibrated by ex-situ atomic force microscope (AFM).*'® 30
ML Ni was then deposited immediately onto the Fe layer. The sample was finally
capped by 15 ML Cr to protect it from oxidation during transport to the synchrotron
facility. Figure 4-8 presents a typical micrograph of the graphene on SiO,/Si, which
indicates the sample contains less than 10% defects and bilayer graphene (upper row),
and a photograph of the sample after FM deposition, in which the boundary of the

shuttered area can be seen (lower row).

Figure 4-8 | Typical micrograph of the graphene on SiO,/Si, which indicates the
sample contains less than 10% defects and bilayer graphene.

4.3.3 The Raman scattering characterization

The Raman scattering measurement was performed in the Physics Department of
Renmin University, Beijing, China. Measurements were performed using a 633 nm He-

Ne laser in backscattering micro-configuration. The laser beam was focused into a spot
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on the sample surface with a diameter of ~5 pm and the beam power was kept below 1
mW to avoid heating effects. Figure 4-9 presents the averaged Raman spectra collected
on the FM/graphene and an as-grown area without FM deposition (see Figure 4-9 inset),
which was obtained by shuttering half of the sample during the FM deposition. The
characteristic D- and G-band of the graphene suggest that the sample had been well

transferred.
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Figure 4-9 | Typical Raman spectra collected on the FM/graphene and an as-grown
area without FM deposition. Inset: (upper row) photograph of the Fe/graphene
sample, in which the two distinct areas were obtained by shuttering half of the
sample during the FM deposition, and (lower row) schematic diagram of the
Raman scattering measurement performed on the two parts of this sample.

Similar line shape and peak width of the D- and G-bands were observed in the
spectra of both graphene and FM/graphene. The G-band peak position, which is a
sensitive indicator of the structural damage of graphene, shows no shift in the presence
of the FM thin film, suggesting that the FM deposition has induced negligible defects
into the graphene, if any. Meanwhile, the topmost FM induces a substantial shift of ~14

cm™ at the peak position of the D-band, suggesting a considerable Fe-C interaction. As
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the intensity and shape of the D-band show little difference between those collected on
graphene and FM/graphene, the observed Raman shift is more likely due to the energy
exchange between Fe and vibrating C atoms rather than an impurity effect. This effect
can be explained by first-principals simulations (will be presented latter in this section),
which suggests that the electronic band dispersion of graphene can be modified via the
hybridization with Fe and hence shifts the D-band position by tuning the finite-q

transferred hopping process.

4.3.4 The XMCD measurement

The XAS and XMCD of the Fe and Ni L,; absorption edges were performed on
beamline 110 at the Diamond Light Source. Circularly polarized X-rays with 100%
degree of polarization were used in normal incidence with respect to the sample plane
and parallel with the applied magnetic field, in order to minimize the nonmagnetic
asymmetries (see Figure 4-10). The XAS spectra were obtained using both total electron
yield (TEY) and total florescence yield (TFY) detection. The XMCD was taken as the
difference of the XAS spectra, i.e., 0-0", obtained by flipping the X-ray helicity at a
fixed magnetic field of 3 T, under which the sample is fully magnetized with little
paramagnetic contribution. Typical XAS and XMCD spectra at 5-300 K of the interface
Fe and the stabilizing Ni are presented in Figure la and 1b, respectively. The XAS
spectra of Fe and Ni for both left- and right-circularly polarized X-rays show a white
line at each spin-orbit split core level without prominent splitting, suggesting that the
sample has been well protected from oxidation. The XMCD to XAS peak height ratio,
i.e. the XMCD asymmetry, a quantity proportional to the magnetic moment, is extracted
to be as large as ~21% for the Fe and ~14% for the Ni at saturation, implying the

formation of ferromagnetic order in both materials.
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Figure 4-10 | Schematic diagram of the XMCD experimental configuration, in which
X-rays are at normal incidence with respect to the sample plane and parallel to the
applied magnetic field.

The mgy, and m,, were calculated by applying the sum rules to the integrated
XMCD and summed XAS spectra of the Fe and Ni L,; edges using the method
described in Chapter III. The effective number of 3d-band holes, n,,, was assumed as 3.7
accounting for the charge transfer from Fe to the atop stabilizing Ni layer (n, = 3.4 in
bulk).?"” In order to exclude non-magnetic parts of the XAS spectra, a arctangent-based
step function is used to fit the threshold. As can be seen from Figure 4-11, the
integration (dashed lines) of both XMCD and summed XAS spectra becomes flat within

the selected range, proving a proper background offset.

The calculated myy,, M, and total magnetic moment (/) of the interface Fe
and the stabilizing layer Ni at 5 - 300 K are plotted in Figure 4-12. The m,,, of Fe
displays a decreasing trend with increasing temperature from 1.23 ug/atom at 5 K to
1.12 ug/atom at 300 K, i.e., ~9%, pointing to a Tclose to bulk-like Fe. At the lowest
temperature (5 K), we obtained mg,, = (1.06 £ 0.1) ug/atom, which is ~50% reduced
from the bulk-like Fe (whose mg,, = 2.2 ug/atom) and m,;, = (0.18 = 0.02) up/atom,
corresponding to an enhancement of ~200% compared to m,, = 0.085 ug/atom of that in
the bulk.”"® Meanwhile, the deduced magnetic moments, i.e. m,, = (0.05 = 0.02)
up/atom and mg,;, = (0.59 + 0.1) ug/atom, reproduce well of the reported values of bulk-

like Ni.*"” The m,,, of Ni exhibits a trend of slight decrease with increasing temperature
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from (0.63 + 0.06) ug/atom at 5 K to (0.52 + 0.06) ug/atom at 300 K, pointing to the T
close to the bulk material. Unlike the interface Fe, whose m,, shows a ~200%
enhancement compared to bulk-like Fe, the Ni stabilizing layer gives a nearly quenched
m,,,. This is as expected for bulk-like Ni, where the effect of the crystal field plays a

dominant role.
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Figure 4-11 | Typical pair of XAS and XMCD spectra between 5-300 K of the
interface Fe (left), and the stabilizing Ni (right), respectively, with a peak at each
spin-orbit split core level. The dashed lines show the integration of the spectra.
Data are offset and scaled for clearness.
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Figure 4-12 | The sum-rules derived Mspin, Mo, and Myore Of the interface Fe (top)

and the stabilizing Ni (bottom), respectively, at 3 - 300 K.

4.3.5 First-principles

simulations and discussions

Generically, an enhancement of m,,, of Fe can be attributed to the symmetry breaking of

the ultrathin film, for which the electrons are more localized, leading to an orbital

degeneracy lifting as reported in Fe/GaAs* and Fe/InAs.””' A further factor of

influence is the modified chemical environment due to the underneath graphene.
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Interfacial mg,, can be induced in the m-conjugated states of several carbon-based
systems by adjacent FM as observed in Cg/Fe;0,001),%* Cg/Fe(001),** and
graphene/Ni(111),** due to the intensive spin and charge transfer between the FM and
C atoms. The stacking of the topmost FM with respect to graphene is another
noteworthy question. Possibilities exist that in such FM/graphene heterojunctions, FM
atoms may be incorporated into the graphene defects, or diffuse through the graphene to
form metallic layers in-between the graphene and the substrate. A very recent low
energy electron diffraction (LEED) analysis on FM intercalation underneath graphene
sheets shows that for 1-2 ML Fe deposited on graphene/Ni(111), the Fe atoms tends to
intercalate between the graphene and Ni surface, forming a favorable Ni/Fe/graphene
stacking and that Fe in between of graphene and Ni tends to follow the fcc stacking of
the Ni(111) substrate and the graphene has the same registry as for Ni(111).>%*%*" In
terms of the occupation sites, the best agreement between experiment and theory of the
Fe/graphene heterojunction points to a coexistence of two types of domains, namely

top-fcc and bridge-top domains.**®

To further understand the electronic nature of the ML Fe/graphene interface,

first-principal calculations were performed using the projector augmented wave

229 230,231
d

method™~ as implemented in the Vienna ab-initio simulation package (VASP).

Among the available calculational schemes, the screened hybrid functional ***
calculations overestimate the exchange splitting and usually gives large atomic
magnetic moments (i.e. 2.81ug/atom for bcc Fe). Using the Perdew-Burke-Ernzerh
generalized gradient approximation,”’ our test calculations give an unrealistically large
separation between Fe layer and graphene, typically ~4.20 A, well in excess of the
effective range of a chemical bonding.”** Therefore within the context of our study, the
electron exchange and correlation interactions were described by the local density

235

approximation (LDA).”” The plane wave kinetic energy cutoff was set to be 520 eV. A
Monkhorst-Pack mesh™® of 31 x 31 x 1 k-points was used to sample the two-
dimensional Brillouin zone for the thin film electronic structure calculations. The total
energies were obtained using the tetrahedron method with the Blochl corrections.’ In
each unit cell, all atomic positions are fully relaxed with the conjugate gradient

procedure until the residual forces vanished within 0.02 eV/A. The vacuum space of 15

A was set to separate the interactions between neighboring slabs of the unit cells.
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4.3.5.1  The Fe stacking on graphene

Periodic DFT calculations were performed to obtain the most energetically stable
stacking of ML Fe on graphene. Three initial superstructures, a Fe fcc(111) 1x1
primitive cell (2.55%2.55 Az), a Fe bcc(100) 5x3 supercell (14.33x8.60 Az), and a Fe
bee(110) 5x1 supercell (14.33x4.06 10%2), matching a graphene 6x2 supercell
(14.82x8.56 10\2), a 6x1 supercell (14.82x4.28 Az), and a 1x1 cell (2.47x2.47 10\2), to
model Fe fcc(111), bee(100) and bee(110) MLs covered on graphene, respectively. For
each superstructures, all atomic positions are relaxed until the atomic forces were
smaller than 0.02 eV/A. Figure 4-13 presents the DFT simulations of the Fe stacking on
graphene of Fe fcc(111), bcc(100) and bec(110) on graphene, respectively. The
supercells are circled by the dash lines, which contains 3 atoms (2 C + 1 Fe atoms) for
fce(111), 63 atoms (48 C + 15 Fe atoms) for bec(100), and 34 atoms (24 C + 10 Fe
atoms) for bce(110), respectively. Significant deformations were observed for both Fe
bce(110) and (100) on graphene due to the induced strain originating from the
mismatching of lattice constants. The averaged Fe-Fe bond lengths vary from 2.73 to
2.35 A for Fe bec(110) ML, and from 2.91 to 2.38 A for Fe bce(100) ML, respectively
while the Fe-Fe bond length is almost unchanged of 2.47 A for Fe fcc(111) ML. This
calculation suggests that in the Fe/graphene systems, the Fe prefers to follow the

fce(111)-like structure of that of the graphene substrate.

Given that Fe atoms deposited on graphene prefer to follow the fcc(111)
stacking, the three inequivalent positions of the Fe allocations on graphene are presented
in Figure 4-14, namely, top (blue), hollow (red) and bridge (green), among which the top

configuration is most energetically favorable with an equilibrium distance of 1.90 A.
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Figure 4-13 | The DFT simulations of the Fe stacking on graphene. The initial and
relaxed crystal structure of Fe fcc(111), bcc(100) and bcc(110) geometries are
presented in the upper and lower row, respectively. The dashed rectangles indicate
the supercells.
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Figure 4-14 | Illustration of three nonequivalent Fe positions on graphene, namely
top (blue), bridge (green) and hollow (red), respectively, and the calculated
equilibrium distance and system free energy. The unit cell is shown as the gold-
colored parallelogram.
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4.3.5.2 The magnetic moments of epitaxial Fe on graphene

The experimentally measured and calculated my, and m,,, of Fe for the three different
configurations are gathered in Table 1. The DFT calculation well reproduced the

top

XMCD observation by giving mg,, = 1.23 up/atom for Fe* when deposited on

P was found to be the most favorable

graphene with fcc(111) stacking. Although Fe
configuration on graphene according to the calculation, the observed numeric results of
XMCD, i.e., my, = (1.06 + 0.1) ug/atom, more likely indicates a mixture of Fe'” and
Febridee (mgy, = 0.67 up/atom), given the small energy difference (AE,= 43 meV) of their
total energies. For comparison, the mgy, of bulk bcc Fe (a, = 2.87 A) and the
freestanding fcc monolayer Fe (a, = 2.55 A) were also calculated using the same
method, whose results compare well with the pioneering reports.”**** Consistent with
the experiment, the theoretical simulation also reveals a ~50% reduction in the magnetic

moment of Fe, which can be attributed to the strong interface hybridization between Fe

and C atoms according to the following theoretical results and discussion.

System Ref. Method stacking M, (fy/atom) m,.(fg/atom)
Fe/graphene * XMCD 1.06 +0.1 0.18 £0.02
Fe'’/graphene * LDA fce 1.23
Fe“/graphene * LDA fcc 0.67
Fe™!"*"/araphene * LDA fec 2.57
freestanding ML Fe * LDA fcc 2.76
Fe/lnAs 221 XMCD bee 122 +£0.12 022 +0.03
Fe/GaAs 26 XMCD bee 1.84 +0.21 0.25 +0.05
bulk-like Fe * LDA bee 2.15
bulk-like Fe 25 XMCD bee 1.98 0.086

Table 4-2 | The experimentally measured (XMCD) and calculated (LDA) magnetic
moments of Fe in various configurations. * refers to the results of the current work.

4.3.5.3  The suppressed magnetization of Fe

The calculated spin-resolved band structure is presented in Figure 4-15 for the
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freestanding Fe ML (left column) and Fe ML/graphene (right column) together with the
corresponding projected density of states (DOS) of Fe atom. As for the freestanding Fe
ML, two partial DOS peaks of Fe 3d_, orbital at around -1.6 and 1.0 eV originates from
these subbands with significant Fe 3d_, partial band character for the spin-up (labeled
with the red lines, ranging from -2.5 to -1.5 eV) and spin-down electrons (labeled with
the blue lines, from -0.5 to 1.0 eV), respectively. Due to the strong Fe-graphene
interaction, the partial band character of the Fe 3d_, orbital in Fe/graphene becomes
delocalized, and a weaker spin-dependent electronic structure appears. The partial DOS
of Fe atom in Fe/graphene shifts upwards (downwards) for the spin-up (spin-down)
electrons, compared to the partial DOS of the freestanding Fe ML. This observation
results in a reduced spin polarization of the Fe atoms in Fe/graphene, leading to

suppressed m,;,.
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Figure 4-15 | The spin-resolved band structures and partial DOS maps of the
freestanding fcc Fe ML (left) and that on graphene (right), where the partial band
character of the Fe 3d,, orbital is labeled by the red and blue lines for the spin-up
and spin-down electrons, respectively. The bands with C12p,, C2 2p,, Fe 3d,, and Fe
3d,, characters are labeled with the red and blue lines for the spin-up and spin-
down electrons, respectively.
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4.3.5.4 The charge and spin transfer between Fe and graphene

From further examination of the symmetry matching and spatial overlap of the electron
orbitals, we found that the strong Fe-graphene interface interaction mainly originates
from that of the C1 p,orbital with the Fe 3d,, orbital, although that between the C2 p,
orbital and the Fe 3d,, and 3d,, orbitals cannot be neglected. Here, C1 stands for the C
atom located underneath the Fe atom in Fe ML, while C2 is located at the hollow site,
as shown in Figure 2a. The charge density difference map (Figure 4-16), obtained by
subtracting the charge density of Fe/graphene from that of the isolated Fe ML and
graphene, verifies this strong hybridization between C1 p.and Fe 3d,, orbitals. The
Bader charge analysis shows that each Fe atom carries positive 0.13 e, and the charge
transfer from Fe to C atoms mainly occurs at the interface region. The calculated spin
density distribution, as shown in Figure 4-17, indicates that the magnetization of the
system preliminarily localizes around the Fe atoms, while the C atoms are slightly spin

polarized to the opposite direction.

Figure 4-16 | The charge density difference map of fcc Fe*®/graphene, suggesting a
substantial charge transfer mainly through C2p, orbital. The yellow and green
colored areas represent the charge accumulation and depletion, respectively, and
the isovalue is set to be 0.026 e/A’.

g% @6 8o §o

Figure 4-17 | Side view of the spin density distribution. Here, an isovalue of 0.035
e/A%is chosen, and the yellow and green colors represent for positive and negative
spin polarization, respectively.
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4.3.5.5 The induced magnetization of graphene

The spin-resolved band structures (upper rows) and partial DOS maps (lower rows) of
the freestanding graphene single layer and that in Fe/graphene are presented in Figure
4-18. The asymmetric feature in the partial DOS of the C1 and C2 atoms in Fe/graphene
for the two spin channels indicates a small spin polarization of graphene due to the
presence of ferromagnetic Fe ML. According to the calculated band structures, the
hybridization of the C and Fe atoms destroys the Dirac point, i.e., the cross point at

valence band (VB) and conduction band (CB) at the K point, of intact graphene.
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Figure 4-18 | The spin-resolved band structures (upper rows) and partial DOS maps
(lower rows) of the freestanding graphene single layer and that in Fe/graphene,
suggesting the graphene is slightly polarized in the presence of Fe ML. The sub-
bands with C12p,, C2 2p,, Fe 3d,, and Fe 3d,, characters are labeled with the red and
blue lines for the spin-up and spin-down electrons, respectively.
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The sub-bands with C1 2p.and Fe 3d_, partial band characters in Fe/graphene
are both located at CB+1 and VB-3, and the Fe-C1 distance is about 1.93 A, suggesting
a strong hybridization between the C1 2p, and Fe 3d,, orbitals due to their symmetry
matching and effective spatial overlapping. In contrast to that of C1 atoms, relatively
weaker interaction is observed for Fe with C2atoms due to the relative longer Fe-C2
distance of 2.53 A. Moreover, the sub-bands with C2 2p. character are mainly located at
CB and VB-4, which correspond well only with these subbands with Fe 3d,, character
located at CB and VB-4. The m,,, of C1 and C2 atoms are predicted to be about -0.02
and -0.01 ug/atom, respectively, antiparallel to the Fe moments. Moreover, the Dirac
point of intact graphene is destroyed by this strong hybridization between C p,and Fe
3d orbitals.

4.3.5.6  Effect of Ni stabilizing layer on Fe

The bulk-like Ni atop the Fe monolayer serves as a stabilizing layer, in order to make
the ML Fe in such configuration to be representative of the interface Fe of a bulk-like
Fe on graphene. The two FM layers are strongly exchange coupled, provided an
atomically clean interface is prepared. Figure 4-19 presents the energetically most
favorable stacking of 7 ML Ni/l ML Fe/graphene obtained by first-principals
simulation. The calculations suggest that the stabilizing Ni layer has a limited influence
on the underneath Fe by offering only a small charge transfer, i.e. 0.017 e/atom. In the
fully relaxed structure, the Ni tends to pull the Fe slightly away from the graphene

substrate, resulting in a higher my, of 1.52 yg/atom for Fe.
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Figure 4-19 | Top and side views of the energetically most favorable stacking of 7
ML Ni/1 ML Fe/graphene. The Ni tends to pull Fe away from the graphene substrate
slightly, resulting in a higher mqi, of 1.52 pg/atom.
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4.4 The interfacial interaction of FM/DMS

4.4.1 Introduction

As a model of DMSs, (Ga,Mn)As has been investigated widely in the past decades due
to its great potential in SC spintronics devices and short-range optical communications.
However, the low T, of (Ga,Mn)As remains a major obstacle towards practical
applications up to this day. The highest 7T of (Ga,Mn)As reported so far is only ~220 K

after optimized growth conditions and annealing methods. 24241242

Recently, the
FM/DMS exchange coupled bilayers, e.g. Fe/(Ga,Mn)As, have attracted a great deal of
attentions. Independent magnetic behaviors in NiFe/(Ga,Mn)As were reported by Mark

et al.®

while strong exchange coupling in MnAs/(Ga, Mn)As was studied by Zhu et
al.”™ A substantial increase of T from 40 to 70 K due to the presence of a few
monolayers of Fe atop (Ga,Mn)As was also reported by Song et al.** and significant
magnetic proximity effect up to RT at Fe/(Ga, Mn)As interface was demonstrated by F.
Maccherozzi et al.,** *" and K. Olejnik et al.,**® respectively. Despite of the

ambiguities remained, these results have enlightened the RT use of DMSs with the

assistance of the magnetic proximity effect as a pathway.

In the reminder of this section, the XMCD study of the magnetic proximity
effect in Co,FeAl/(Ga,Mn)As bilayers will be presented. Co-based Heusler alloys are
desirable spintronic materials because of their high spin polarization, low Gilbert
damping constant and high 7. It has been reported that high-quality epitaxial Heusler
alloy Co,FeAl on GaAs (001) could show an in-plane uniaxial magnetic anisotropy with
an easy axis along the [110] direction.® * The Co,FeAl/(Ga,Mn)As bilayers are
expected to exhibit strong interfacial exchange interaction and interesting magnetic

behaviors due to their orthogonal magnetic easy axis.

1.1.1 The sample preparation

The 3nm Co,FeAl/150 nm Ga,o;Mnj,As/GaAs(001) sample used in this study was
prepared by the collaborator in the Superlattices and Microstructures Laboratory (led by
professor Jianhua Zhao) of the Institute of semiconductor, Chinese Academy of Science
(CAS), Beijing, China. The MBE process of Co,FeAl and Ga,o;Mn,;As has been

performed in two growth chambers (VG-80), so to avoid cross contaminations. To
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guarantee high quality of the interface, the sample was transferred via an ultrahigh
vacuum channel between during the growth process of the whole structure without any
exposure to the air. A 150 nm Ga,o;Mn,;As was first deposited onto GaAs(001) buffer
layer in the first MBE chamber at the substrate temperature of 250°C. The clear (1x1)
streaky patterns of RHEED of the Ga, Mn,As were obtained, which well reproduce the
previous reports, suggesting a high crystalline quality and smooth surface. > *°
Subsequently, without breaking the vacuum, the 150 nm (Ga, ,Mn,)As/GaAs(001) was
transferred to the next MBE chamber where a 3 nm Co,FeAl film was deposited at the

substrate temperature of 160°C. The whole structure was finally capped by 2 nm Al to

protect it from oxidation during transport to the synchrotron facility.
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Figure 4-20 | Typical DCXRD curve of the Co,FeAl/Gar.«Mn,As bilayer sample, from
which only (004) and (002) diffraction peaks of GaAs and Gai;,Mn,As were
observed without a secondary phase like MnAs. Right inset: the enlargement
around Gay,Mn,As (004) peak. Left inset: typical cross-sectional TEM, from which
well ordered B2 phase Co,FeAl and zinc-blende Ga;4Mn,As were observed with a
sharp interface between them.

The high-resolution double-crystal X-ray diffraction (XRD) and the cross-
sectional TEM were performed (by the sample provider) to check the crystal structure
of this Co,FeAl/Gay;Mn,,As bilayer, as presented in Figure 4-20. Apart from the
(004) and (002) diffraction peaks of GaAs and Ga,, Mn,As, no second phase like MnAs
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related peaks was observed. The high-resolution TEM of the Co,FeAl/Ga,,Mn,As
interface was observed as presented in the inset of Figure 4-20, from which well
ordered Co,FeAl and zinc-blende (Ga, Mn)As were observed with a sharp interface
between them. No appreciable MnAs clusters was seen in the (Ga, Mn)As matrix within

the experimental accuracy.

4.4.2 The XMCD measurement

The XAS and XMCD of the Fe, Co, and Mn L, ; absorption edges were performed at the
beamline 11011 at the Max-lab, Sweden. Circularly polarized X-rays with 80% degree
of polarization were utilized in 45° incidence with respect to the sample plane and
parallel with the applied magnetic field for the easy saturation of the sample. The XAS
spectra were obtained by TEY detection. The XMCD was taken as the difference of the
XAS spectra, i.e., 0" - 0, obtained by flipping the X-ray helicity at a fixed magnetic
field of 300 Oe. A typical pair of XAS and XMCD spectra of Fe, Co, and Mn,
respectively, are presented in Figure 4-21, Figure 4-22, and Figure 4-23. The XAS of
both Fe and Co of the bilayer sample predominately show a white line at each spin-orbit
split core level with a small shoulder near the main peak, which is likely from the
oxidization of the topmost Co,FeAl. Since TEY is extremely surface sensitive, as
discussed in Chapter III, such oxidization can have significant impact onto the
estimation of the magnetic moments based on the spectrum. Dichroic XAS spectra were
obtained for Mn at 600 Oe at RT, suggesting a ferromagnetic ordering of the Ga,.
Mn,As. Since a single layer Ga, Mn,AAs in no way shows XMCD at RT,”' such
ferromagnetic phase can be attributed to the magnetic exchange coupling with the

adjacent Co,FeAl layer.

Figure 4-24 presents the elemental specific XMCD versus the applied magnetic
field relations for the Fe, Co and Mn, respectively. All of these elements exhibit clear
ferromagnetic hysteresis behaviors and most importantly, identical H,, i.e. ~100 Oe at
RT, which is already well in excess of the T, of Ga, Mn,As. The identical H, means that
the magnetization reversal of the Ga,_ Mn,As layer follows that of the Co,FeAl layer
and hence confirms a robust magnetic Mn-Fe-Co coupling. We would like to note that
data presented in this thesis are only preliminary results solely obtained by the author.

Furthermore temperature dependent XMCD measurements of the Co,FeAl/ Ga,,Mn,As



130

samples were performed by the collaborator in National Synchrotron Radiation
Laboratory of Taiwan, which is in consistent of our observation (see our publication in

2013, PRL 111, 027203).
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Figure 4-21 | Typical pair of XAS and XMCD spectra, normalized to the incident
beam intensity, at the Co L,3edge, obtained at 300 K. The dashed lines indicate the
integration of the spectra. Data are offset and scaled for clearness.
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Figure 4-22 | Typical pair of XAS and XMCD spectra, normalized to the incident
beam intensity, at the Fe L,3edge, obtained at 300 K. The dashed lines indicate the
integration of the spectra. Data are offset and scaled for clearness.
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Figure 4-23 | Typical pair of XAS and XMCD spectra, normalized to the incident
beam intensity, at the Mn L,3edge, obtained at 300 K. The dashed lines indicate the
integration of the spectra. Data are offset and scaled for clearness.
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Figure 4-24 | The elemental specific XMCD hysteresis loops of the Fe, Co, and Mn,
respectively.
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1.1.2 Discussions

In the Fe/Ga, Mn,As exchange coupled systems, Mn were found to be

antiferromagnetically coupled to Fe % 27

while in our study, the magnetization
direction of Mn is in parallel with that of Fe and Co. Such phenomenon is comparable
to the XMCD observations of Co,Fe, Mn,Al (x = 0.3) grown at 160°C, as reported by
K. K. Meng et al.,” in which as x increases to 1, the Mn XMCD signal vanishes due to
strong Mn—-Mn antiferromagnetic interaction. The Mn concentration in our case, i.e. 7%,
is too low to form Mn-Mn, Co-Mn and Fe-Mn antiferromagnetic coupling at the
Co,FeAl/Ga,_ Mn,As interface. On the contrary, Co-Co, Co-Fe, Fe-Fe, Co-Mn and Fe-
Mn ferromagnetic interactions play predominate roles resulting in a favorable parallel
alignment of the Co,FeAl and the Ga,_ Mn,As magnetization. This observation has been
confirmed by the ab initio density functional calculations very recently, which
considered both the L2, ordered and B2 disordered phases for the Co,FeAl.*' The total
energy calculations suggest that in all the calculated B2 phase Co,FeAl/Ga,,Mn,As
bilayers with the (Ga,Mn)-terminated interface, the ferromagnetic coupling across the
interface between Fe(Co) and Mn is energetically favored, while in all the L2, phase
Co,FeAl/Ga,_,Mn,As bilayers, the antiferromagnetic coupling between Fe(Co) and Mn
is more stable. The ferromagnetic coupling is rather strong, being ~10 meV per Mn
atom or larger. In the B2 phase Co,FeAl/Ga,_ ,Mn,As bilayers with the As-terminated
interface, both stable ferro- and antiferro- couplings across the interface are found,

depending on the atomic configuration of the (Fe,Al) sublattice.
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4.5 Conclusions

In this chapter, we have demonstrated the interfacial magnetic and electronic nature of
FM/SC systems including Fe/GaAs, Co/GaAs, Ni/GaAs, Fe/Graphene and Co,FeAl/
(Ga,Mn)As. The unique surface sensitivity and elemental selectivity of XMCD
technique has enabled unambiguous determination of the electronic and magnetic
ground state of the materials under interrogation. The MBE growth has been employed
as the major sample preparation method for the studies presented in this chapter, so to
produce atomically clean interfaces and hence allows the occurring of intensive energy
exchanges between the adjacent atoms. Supporting characterization techniques (TEM
and SQUID-VSM) and theoretical tools (first-principals simulations) have also been

utilized to understand the XMCD observations.

We have observed a suppressed magnetization (reduced by ~ 50%) of the
epitaxial ML Co on GaAs(100) - 4 x 6 surface, which can be attributed to a combined
effect of the island growth geometry at low coverage, the tendency to follow the bcc
stacking of the GaAs substrate, and the detrimental interdiffusion. These factors have
apparently stronger impacts on the Ni/GaAs (100) interface, leading to nearly vanished
magnetic moment for the 1 ML Ni. These interfacial magnetic phenomena have been
demonstrated in the specially designed FM,/FM,/SC structure, which not only allows
easy observation of the magnetization of FM, in atomic scale, but also restores the
realistic case of the proposed hybrid spintronics devices. Apart from the suppressed
magnetization of the interfacial ML FM, atoms, modification occurs in the topmost FM,
stabilizing layer, too. Based on the fact that the underneath FM, materials can follow the
island growth geometry at low coverage, it is likely that some of the FM, atoms atop
may also in contact with the SC substrate and hence the stacking transformation and the
detrimental interdiffusion could apply to these FM, atoms. Possible charge and spin

transfers between the FM, and FM, atoms are additional factors worthy considerations.

Further applying this method to a new field of the community, i.e. the
graphene-based spintronic materials, a reduced but still sizable magnetic moment of the
ML Fe on graphene, i.e. (1.23 £ 0.1) ug/atom. The inclusion of a Ni stabilizing layer has
facilitated the study of the temperature dependence of the magnetization of the
Fe/graphene interface, which suggests a bulk-like 7,.of the ML Fe in such geometry.
The sum-rules derived results in this system are well reproduced by DFT calculations

and can be attributed to the strong hybridization of C 2p,and Fe 3d_, orbitals and the
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delocalization of the Fe 3d electrons at the Fe/graphene interface.

The significantly enhanced T.(above RT) was demonstrated by XMCD in the
epitaxial Co,FeAl/(Ga,Mn)As bilayer structure. The elemental specific hysteresis loops
of Fe, Co and Mn, respectively, exhibit clear ferromagnetic behaviors and identical H.,
proving a robust magnetic Mn-Fe-Co coupling. Unlike the antiparallel alignment, which
has been reported in the Fe/(Ga,Mn)As systems, our results suggest a ferromagnetic
coupling between the Fe, Co and the Mn. This observation was also later on confirmed
by the ab initio density functional calculations on both the ordered L2, and disordered

B2 phases for the Co,FeAl.
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5 Chapter V Half-metallic materials

5.1 Introduction

In the contemporary spintronics research, magnetite or Fe;O,, especially in nano-form,
has attracted enormous interest due to its high 7, strong spin polarization at Ef, film
stability under ambient conditions and growth compatibility to SCs. Fascinating

properties of spin transport have also been presented in Fe;O,, such as the spin Seebeck

111 112

effect,'’" the spin filter effect,''” the gate voltage-induced phase transition,'® and the
spin valve effect of Fe;0,/MgO/Fe;O, junctions.'” Yet at the meantime, many
fundamental properties of magnetite such as the spin and orbital ordering, Verwey
transition mechanism, and the coupling mechanism between different sites have long
been open issues, and with the thickness down to nanometer scale, these issues become

even more sophisticated.

Tremendous progress has been made in recent years in the epitaxial growth of
magnetite by both pulsed laser deposition (PLD)- and MBE-based techniques, and a
wide range of substrates of technological importance, such as GaAs,”” GaN*>* MgO,>°
Y,Z1,0,(YZ0),”® and BaTiO,” etc., have been involved. Direct epitaxial growth of
Fe;0, on GaAs(001) by in situ post annealing was firstly achieved by Lu et al.,”* who
found the epitaxial relationship of Fe;0,(100)<011> // GaAs(100)<010> with the unit
cell of Fe;0, rotated by 45° to match that of GaAs(100) substrate. Beyond the classic
FM/SC heterostructures, the FM/I/SC, i.e. Fe;0,/MgO/GaAs, system could be an even
more timely and important system to investigate, as crystalline MgO-based magnetic
tunnel junctions have achieved great success in assisting efficient spin injections for
various applications.”* An insulating layer of MgO can be used as a tunneling barrier,
which not only relieves the conductivity mismatch problem but also works as a spin
filter. Moreover, MgO forms an excellent diffusion barrier with thermal stability up to
800°C, effectively preventing the intermixing at a given ferromagnet-semiconductor
interface. Efforts have been made to explore the magnetic behavior of nanoscale
epitaxial thin films on bulk MgO(100).>® Wong et al.*" investigated on the effect of
inserting an epitaxial MgO layer on Fe;0,/GaAs(100) and found this hybrid structure
possesses an epitaxial relationship of

Fe;0,(100)[001]/MgO(100)[001]//GaAs(100)[001], where the MgO principal axes is
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parallel to that of the GaAs. The epitaxial direction of Fe rotates by 45° with respect to
MgO/GaAs(100) and that of Fe;O,4rotated by 45° back after oxidation.

In this chapter, detailed XMCD and SQUID studies of Fe;O, epitaxial thin films
on MgO/GaAs(100), MgO(100) and YZO(111) are presented, aiming to contribute to
some of the unanswered questions related to the spin and orbital moments of the Fe;O,
ultrathin films, their changes across the Verwey transition, and their dependency on the

sample stoichiometry and homogeneity.
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5.2 The spin and orbital moment of magnetite thin films

5.2.1 Introduction

The presence of integer magnetic moment of magnetite is expected in experiment as an
indication for a B-site minority electron conduction mechanism, which accompanies the
full spin polarization near the Ep. However, controversial results of the mg,, m,, and
m Of magnetite have been reported based on experimental techniques including

superconducting quantum interference device (SQUID) magnetometer,”>*’* XMCD "

263, 267,275,274 270, 271

and magnetic Compton scattering (MCS), and theoretical estimations
including local density approximation (LDA)*’ LDA+U. local spin density
approximation (LSDA)+U, and moment analysis > etc.. The reported m,; of
magnetite varies from (0.67+0.09) uy/f.u.by Huang et al.,” (0.51+0.05) uy/fu. by Li et
al.” to (0.06+0.14) uy/f.u. by Duffy et al.””" and all the way down to —0.001 u,/f.u. by
Goering et al..’” Theoretical analyses were given with even sharper contrast, varying
from 0.43 wug/fu. by Huang et al*’ to 0.02 uy/fu. by Antonov et al.’** Similar

l 275

controversial observations exist for the my, of magnetite. Goering ef a reported mgy,

down to (1.7+£0.02) up/f.u in single crystal Fe;O,. Among the very few work on Fe;O,

thin films, Orna et al *™

observed greatly reduced my,, = 1.83 pg/f.u. of Fe;O, on MgO,
as well as Babu et al.*® observed Mgy = (1.20£0.05) wp/f.u. of Fe;0,0n BaTiO;. On the

other hand, significantly enhanced my,, = 7.7 ug/f.u. was reported by Arora et al L3S

To fundamentally understand character of 3d electrons in magnetite, it is
necessary to determine the mg,, and m,,, individually and unambiguously. In the
remainder of this section, a XMCD study of the magnetite thin films on
MgO/GaAs(100), MgO(100) and YZO(111), respectively, will be presented, supported
by the global SQUID-VSM measurement. It will be seen that XMCD can be an ideal
probe for these fundamental physical quantities of the spinel-type ternary oxides, not

only because of its unique elemental selectivity, but also the powerful site sensitivity.

5.2.2 The sample preparation

The magnetite thin film used in this study was grown by post-annealing of an epitaxial
Fe(001) in an oxygen partial pressure, prepared using the Balzers UTT 400 MBE

system in Magnetic Thin Films Research Group of the University of York. Firstly a
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sharp GaAs(001) surface was obtained after annealing in an ultrahigh vacuum chamber
for 40 minutes at 830 K as can be seen from the RHEED pattern (see Figure 5-1 (a)).
The chemical etching process of the GaAs substrates prior to the MBE process can be
found in Chapter III. The 2 nm MgO buffer layer was then grown by e-beam
evaporation at a rate of 2 A/min, as monitored by a quartz microbalance calibrated by
ex-situ AFM, while the substrates were kept at 673 K. The chamber pressure during
deposition was below 4 x 10® mbar suggesting a limited decomposition of the MgO
crystals. Lastly, a 4 nm thick epitaxial Fe film was grown on the MgO/GaAs at room
temperature, followed by post-growth annealing at 500 K in the oxygen partial pressure
at 5 x 10° mbar for 10 minutes. Overall the comparatively large oxygen ions form an
fcc lattice and the Fe atoms are located in interstitial sites. The epitaxial relationship can
be identified from RHEED as Fe;0,(100)[001]/MgO(100)[001]//GaAs(100)[001] as
shown in Figure 5-1 (a)-(d), whose evolution during the growth has been discussed by
Wong et al..”” Thereafter, the nominal thicknesses of 8 nm of the Fe,0, after oxidation
was quoted for the sample and such selection of thickness for the XMCD performance

is due to the oxidation depth limit by the post-growth annealing method.

For comparison purpose, another two types of magnetite samples, namely, a 12
nm Fe;0, epitaxial thin film on MgO(100), and a 100 nm Fe;O, on YZO(111), were
outsourced, aiming to have an insight of the different magnetic properties of the Fe;O,
thin film caused by the substrate and preparation methodology. The 12 nm
Fe;0,/MgO(100) was deposited by effusion cells at a rate of 0.04 A per second at a
substrate temperature of 623 K and in oxygen pressure of 2.5 x 107 torr, prepared using
the oxygen-plasma-assisted MBE system in the IBM Research Division of Almaden
Research Center, San Jose, US.”® Prior to the growth, the MgO was annealed at 600 °C
for 30 minutes. The 100 nm Fe;O0,/YZO(111), on the other hand, was prepared by
pulsed laser deposition (PLD) growth and post annealed to 1400 K, offered by the
Physics Department of the University of York.” We would like to note that, although
samples with identical thickness are the ideal systems to see the influence of the growth
methodology, such goal is technically hard to achieve as 12 nm Fe;0,is rather close to
the lower limit of the plasma-assisted simultaneous oxygenation technique, whilst 8 nm
is nearly the largest film thickness that the post-annealing method can thoroughly
oxidize a Fe.* The 100 nm Fe,0,/YZO(111) in this study, on the other hand, serves as
a reference bulk-like sample as the effect from the interface is very limited for a

magnetic film of such thickness and it is relatively easy to grow thick films with the
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PLD technique.

(a)

.
»
()

Figure 5-1 | Typical RHEED patterns of (a) GaAs(100), (b) MgO/GaAs, (c)
Fe/MgO/GaAs, and (d) Fes04/MgO/GaAs along [0-11] and [001] directions,
respectively, obtained during the MBE process of the 8 nm Fe304/Mg0O/GaAs(100)
sample.

5.2.3 The SQUID-VSM measurements

The general magnetic properties of the 8 nm Fe;0,/MgO/GaAs(100) sample were
characterized ex sifu by means of SQUID-VSM. The magnetization versus field (M-H)
loops in Figure 5-2 were obtained by applying the magnetic field out of plane. A small
diamagnetic contribution from the sample holder has been carefully subtracted from the
measured data. It can be seen that the sample exhibits a magnetization ~ 400 emu/cm® at
4 T, slightly lower than the principle bulk saturation value as discussed above, i.e. 480

emu/cm,’ or 4.0 p/f.u. for bulk magnetite.
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Figure 5-2 | Typical hysteresis loop of the 8 nm Fe;04/MgO/GaAs(100) sample
obtained by applying the magnetic field out of plane. The dash line indicates the
principle saturation value, i.e. 480 emu/cm?, or 4.0 pg/f.u. for bulk magnetite.

Figure 5-3 presents the hysteresis loops of the three magnetite samples, namely,
the 8 nm Fe;0,/MgO/GaAs(100) (green), the 12 nm Fe;0,/MgO(100) (blue), and the
100 nm Fe;O0,/YZO(111) (red), respectively, obtained at RT by applying the magnetic
field in plane. The saturation magnetization (M) of the three magnetite samples were
found to be- ~ 400 emu/cm’ for the 8 nm Fe;0,/MgO/GaAs(100), ~ 270 emu/cm’ for
the 12 nm Fe;0,/MgO(100) (blue), and ~ 220 emu/cm’ for the 100 nm
Fe;0,/YZO(111). The coercive field (H,), on the other hand, maximizes at the thickest
sample, i.e. ~ 300 Oe for the 100 nm Fe;O,/YZO(111), ~ 90 Oe for the 12 nm
Fe;0,/MgO(100), and ~ 50 Oe for the 8 nm Fe;O0,/MgO/GaAs(100) in the film plane

(the M-H scanning step is 20 Oe in this experiment).
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Figure 5-3 | Typical hysteresis loops of the three magnetite samples, namely, 8 nm
Fe;s04/MgQ/GaAs(100) (green), 12 nm Fe304/MgO(100) (blue), and 100 nm
Fes04/YZO(111) (red), respectively, obtained by applying the magnetic field in
plane. The dash line indicates the principle saturation value, i.e. 480 emu/cm?, or
4.0 py/f.u. for bulk-like magnetite.

5.2.4 The XMCD measurements

XAS and XMCD at the Fe L, ; absorption edges were performed at the beamline 110 of
Diamond Light Source. Circularly polarized X-rays with 100% degree of polarization
were used in normal incidence with respect to the sample plane and in parallel with the
applied magnetic field, as shown in Figure 5-4, so as to minimize the nonmagnetic
asymmetries. The XMCD was obtained by taking the difference of the XAS spectra,
e.g. 0 - 0', achieved by flipping the X-ray helicity at a fixed magnetic field. The XAS
experiments were carried out at 300 K with TEY detection. Figure 5-5 presents a typical
pair of XAS and XMCD spectra of the 8 nm Fe;0,/MgO/GaAs(100) under the applied
magnetic field from 10 kOe to 100 kOe. The XMCD spectra well reproduce those from
the theoretical calculations and previous observations, caused by the antiparallel spin
orientations of the A and B sites.”® The complex form of these spectra arises because
the XAS spectra correspond to an overlap of different sets of multiplet structures. The B

sites Fe’ and Fe®* spin-up states exhibit negative peaks at Fe L; edge and positive peaks



142

at the Fe L, edge, while the A sites Fe** spin-down states behave oppositely at the Fe L,

and L, edges, respectively.

i~

X-ray

Figure 5-4 | Schematic diagram of the experimental set up of the XMCD
measurement in Faraday geometry, i.e., with both the incident X-rays and the
magnetization perpendicular to the sample surface.

For comparison purpose, the same XAS and XMCD experiments were also
performed with the 12 nm Fe;O0,/MgO (100) and the 100 nm Fe;O,/YZO (111), as
presented in Figure 5-6. Sizable difference of the relative peak intensity of the Fe**(Td)
and Fe*(Oh) components of the XMCD spectra was observed between the 12 nm
Fe;04/MgO (100) and the 8 nm Fe;0,/MgO/GaAs(100) and the 100 nm
Fe;0,/YZO(111) (see Figure 5-6 lower rows). Since the probe depth of XMCD can be
up to a few nms, the observed phenomena cannot be simply attributed to the surface,
which might have been prevalently terminated with one particular Fe site under the

given growth conditions.
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Figure 5-5 | Typical pair of XAS and XMCD spectra of the 8 nm
Fes04/MgO/GaAs(100) at the Fe L3 edges at RT and perpendicular magnetic fields

of 10 - 100 kOe.
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Figure 5-6 | Typical pair of XAS and XMCD spectra of the 12 nm Fe;04/MgO(100) at
the Fe L,; edge at RT. The XMCD spectra of the 8 nm Fe;04/MgO/GaAs(100) and
that of the 100 nm Fe;0,4/YZO(111) were attached to the lower rows for comparison
purpose.

5.2.4.1  The line shape and the sample stoichiometry

The distinct line shapes of the XMCD spectra of the three magnetite samples have

motivated a furthermore examination of the phase purity. With the nature of the film
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being highly dependent on the thickness, the partial pressure during oxidation, and the
temperature, there exists a chance that the films could contain secondary phases other
than pure Fe;O,. The maghemite, i.e. y - Fe,0s, has the same inverse spinel structure as
that of Fe;0,, except that the B site of the former are all occupied by Fe’*. This form of
iron oxide exhibits a lattice constant (8.352 10\) very close to that of magnetite (8.396 A),
posing particular difficulties in distinguishing them from the RHEED patterns.
Fortunately, y -Fe,O,can be diagnosed from the XAS.**" ** Although the line shape of
v -Fe,O; appears similar with that of Fe;0,, the relative sizes of the three contributions,
namely the B sites Fe** and Fe** spin-up states and the A sites Fe’* spin-down states, is
quite different resulting in an exaggerated volume to the second and third features of the
L; and L, peaks of Fe. The key features to note are the position of the Fe shoulder on the
L; peak and most importantly the relative intensity of the split contributions of the L,
peak. In v -Fe,0;, the shoulder on the L; peak is approximately 1/2 of the intensity of
the main peak while in Fe;O,, this ratio is close to 2/3. Also, the two split contributions
of the L, peak are skewed such that the second is of lower intensity than the first in vy -

Fe,0;, whilst in Fe;O,, the first feature is the lower contribution.

The XAS spectra of all the three magnetite samples, namely, the 8 nm
Fe;0,/MgO/GaAs(100) (green), the 12 nm Fe;0,/MgO(100) (blue), and 100 nm
Fe;0,/YZO(111) (red), respectively, are gathered in Figure 5-7. It can be seen that the
line shape of both the 8 nm Fe;0,/MgO/GaAs(100) and the 100 nm Fe;O,/YZO(111) is
in good agreement with that described by the Fe;O, structure reported by Kim et al.,®'
in which the Fe contribution of the L; is around 2/3 of the magnitude of the oxide peak
and the second feature of the L, peak is lower than the first. By contrast, the line shape
of the 12 nm Fe;0,/MgO(100) reveals a tendency to follow that of the y-Fe,O;
described by Brice-Profeta et al.,”* in which the Fe contribution to the L; peak reaches
only around 1/2 of the magnitude of the oxide spectra and the second feature of the L,
peak is slightly higher than the first one. In the XAS of the 12 nm Fe;0,/MgO(100)
sample, given that the shoulder on the L; peak is approximately 0.55 of the intensity of
the main peak and the two split contributions are almost identical, we concluded that

this sample contain a mixture of y-Fe,O; and Fe;0,.
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Figure 5-7 | The XAS spectra of the three magnetite samples, namely, the 8 nm
Fe;04/Mg0O/GaAs(100) (green), the 12 nm Fe;04/MgO(100) (blue), and the 100 nm
Fes04/YZO(111) (red), respectively. The line shape of both the 8 nm
Fes04/MgO/GaAs(100) and the 100 nm Fe;04/YZO(111) is in good agreement with
that of pure Fe30,4, in which the Fe contribution of the L3 is around 2/3 of the
magnitude of the oxide peak and the second feature of the L, peak is lower than
the first. By contrast, the line shape of the 12 nm Fe;0,/MgO(100) reveals a
tendency to follow that of the y-Fe,;Os, in which the Fe contribution to the L; peak
reaches only around 1/2 of the magnitude of the oxide spectra and the second
feature of the L, peak is slightly higher than the first feature. The black dots
indicate the split contributions of the L3 peaks.

5.24.2 The magnetic moment calculations

The myy, and m,,, were calculated by applying the sum rules on the integrated XMCD
and summed XAS spectra of Fe L, ;edges using the method described in Chapter III and
the n, was taken as 13.5 per formula unit (f.u.) for Fe;0,.*’ In order to rule out non-
magnetic parts of the XAS spectra, an arctangent based step function is used to fit the
threshold. As can be seen from Figure 5-5 and Figure 5-6, unlike an infinite ‘long tail’
reported by Goering et al.,’® the integrated spectra of both XMCD and summed XAS

(see the dash lines) of the three magnetite samples become flat at ~ 728 eV, suggesting
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a proper background removal. Calculations give mg,, = (2.84 £ 0.1) up/fu. and mg,, =
(0.47 £0.05) up/f.u. for the 8 nm Fe;0,/MgO/GaAs(100), mgy, = (2.19 £ 0.1) up/f.u. and
Moy, = (0.54 = 0.05) up/fu. for the 12 nm Fe;0,/MgO(100), and mg,,= (2.12 £ 0.1)
ug/fu. and my,= (040 = 0.05) up/fu. for 100 nm Fe;O0,/YZO(111). These sum-rules
derived m,,, and mg,, of the magnetite samples of this study and those from previous
reports (noted that all the values given here are the average information over the three

Fe ions) are gathered in Table 5-1.

m mg; My
Sample Method o opin ol

Ref.
(m/fu)  (ueffu)  (ue/fu) ¢

morb/ mspin

8nm Fe,0,/Mg0/GaAs(100) XMCD 047+0.05 2.84+0.1  3.32+0.15 0.17 *
12 nm Fe;0,/MgO(100)  XMCD  0.54+005 2.19+0.1 273+0.15 025 *
100 nm Fe,0,/YZO(111)  XMCD  040+0.05 2.12+0.1  2.52+0.15 0.19 *

5 nm Fe,0,/MgO(001)  SQUID 7.7 253
8 nm Fe,0,/MgO(001)  XMCD 1.83 <005 7
2.5 nm Fe,0,/BaTiOy001) XMCD 0441005 1.20+0.05 1.64 037 269
single crystal Fe,0, XMCD  0.65£007 3.68+009 433009 0.8 267
single crystal Fe,0, MCS  051+005 3.54+005 4.05:005  0.14 270
single crystal Fe,0, XMCD  -0001  3.90+0.09 42009 -0.00026 263
single crystal Fe,0, XMCD <0.032002 174002 <1.73+0.02 <00018 275
single crystal MCS  0.06+0.14 408+003 4.14+0.14 003 271
Theory LDA 0.06 40 4.06 0015 267
Theory LDA+U 043 40 443 0.108 267
Theory LSDA+U 0.2 37 372 0005 264

Table 5-1| The sum-rules derived mqp and mgpin of all the magnetite samples of this
study (marked with *) and those from previous reports (noted that all the values
given here are the average information over the three Fe ions).

A possible artifact of the experimental set up and data analysis of XMCD of
magnetite were discussed in details by Goering et al.’® In general, the nonmagnetic
part of the raw data is smaller than 1/1000 of the total absorption. The saturation effect
in our case is estimated to be < 3% given the normal incidence experimental geometry.
Besides, the magnetic dipole term <7,> plays a rather insignificant role because of the

predominantly cubic symmetry of magnetite, even under a scenario of additional
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surface symmetry breaking. Furthermore, the good agreement of the m,,, obtained from
SQUID-VSM measurement with that calculated from XMCD is an additional proof of

the proper application of the sum rules in this study.

5.2.5 Discussions
5.2.5.1 The incomplete quenching of mg

The unquenched m,, implies strong SOC (or <LS>), which is a desired property in
terms of the controllability of the magnetization reversal by the electric field,”* which,
however, has been reported with controversy in magnetite. The classic ionic charge
ordering model of bulk magnetite with a fully A site 3" and a mixed-valent B site (see
Chapter II) suggests that magnetite processes a myy, of 4.0 ug/f.u. and nearly vanished
M. By performing inelastic neutron scattering measurement, McQueeney et al.*®
obtained a high <LS> of magnetite of the order of 10 meV, pointing to a large m,, to
expect. The XMCD performed by Huang et al.* gives a large unquenched m,y,
typically 0.67 pp/f.u. along with a m,, of 3.68 py/f.u. at the temperature both above and
below Verwey transition. These results are consistent with the mg,, and m,,, that are
calculated using the LDA + U scheme.” The large m,;, has been attributed to a strong
on-site Coulomb interaction and corresponding 3d correlation effects. Similarly, sizable

l 268

my, Was also observed by Kang et al.™ in Mn substitution at the A site, which changes

the valence of the B-site Fe and by Babu er al.** in ultrathin Fe;O, on BaTiO5(001).

By sharp contrast, the XMCD performed by Goering et al.** suggests that there
is in fact a vanishingly small m,, on the Fe sites. To avoid the systematic errors arises
from the XMCD data analysis, MCS measurements were performed,”’”?”" which again

end in controversial results. Non-integral my, = 3.54 pg/f.u. and correspondingly m,,, =

2
l. 70 1.271

0.51 pg/fu. were observed by Li et al.”” while Duffy et al.”" reported again nearly
vanished m,,,. Goering et al.*° has recently tried to explain the large variety of
published results by the independent analysis of the Fe L,; edge XAS, by moment
analysis fit of the Fe L,;edge XMCD, and by looking into the O K edge XMCD. In
consistent with Goering’s, our data also exhibit an intensity ratio r,; ~ 0.25, strongly
reduced from a pure statistical case where r,;= 0.5. This is a clear indication for the

presence of large m,,, in the magnetite thin films presented in this study.
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As can be seen from Table 5-1, despite of the controversial reports on various
forms of magnetite, this study (the first three rows of the table) confirms the existence
of a significantly unquenched m,,, and with significant m,/m;, ratio, i.e. 0.17 for the 8
nm Fe;0,/MgO/GaAs(100), 0.25 for the 12 nm Fe;0,/MgO(100), and 0.19 for the 100
nm Fe;0,/YZO(111), respectively. The unquenched m,, could partially originate from
the broken symmetry of the crystal lattice and consequently strong delocalization of the
3d electrons, which can universally occur in magnetic films in ultrathin regime (see the
discussions of Chapter IV). However, since such phenomenon has been observed in all
the three magnetite samples with distinct thicknesses, substrates, and stoichiometry, our
results strongly suggest that such significantly unquenched m,, is more likely to be an

intrinsic property of magnetite, rather than predominated by the dimensionality effect.

5.2.5.2  The deviation of Mgy,

Among the three magnetite samples studied, the 8nm Fe;04/MgO/GaAs(100) shows the
largest m,,;, .. ~87% of the principle bulk saturation value. The deviation of magnetic
moments of epitaxial thin films from the bulk value is usually attributed to three forms
of missing compensation or symmetry breaking. The first one is the formation of
antiphase boundaries (APBs) raised from the epitaxy growth process due to the fact that
Fe;0, has twice the unit-cell size of MgO.””**"* In magnetite thin films, the magnetic
interactions are altered at the APBs, across which the intrasublattice exchange
interactions dominate, reversing the spin coupling. Therefore, the structural boundary
separates oppositely magnetized regions and the resultant coupling between two
domains turns out to be either frustrated or antiferromagnetic. To exclude the presence
of APBs, we repeated the experiment at enhanced magnetic fields up to 120 kOe, since
such antiferromagnetic exchange interactions usually lead to saturation fields as large as
70 kOe.””* As presented in Figure 5-8, a rather consistent value of Mgy, and m,, have
been extracted from 40 to 120 kOe within the error bar, which rules out the presence of
any appreciable APBs, while the value of mg,, obtained at 10 kOe is slightly smaller
because of unsaturation as expected (see Figure 5-2, based on the M-H measurement,

the 8nm Fe;04/MgO/GaAs(100) sample saturation at ~30 kOe out of plane).
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Figure 5-8 | The sum-rules derived magnetic moments of the 8 nm
Fe;04/Mg0O/GaAs(100) sample under an applied magnetic filed from 10 to 120 kQe.
A rather consistent value of mgyin, Mo, and Mo have been extracted at saturation
from 40 to 120 kOe within the error bar, which rules out the presence of any
appreciable APBs, while the value of ms,, obtained at 10 kOe is slightly smaller
because of unsaturation as expected

The second mechanism of non-compensation occurs due to the less cubic
symmetry of magnetite at the surface and the interface of Fe;0,/MgO. Among the very
few works performed on Fe;0, thin films, Orna et al.*’* reported significantly shrinking
Mgy, = 1.83 pp/f.uin the 8 nm Fe;0,/MgO, as well as that observed by Babu et al® is
only (1.20 + 0.05) pg/f.u. in the 2.5 nm Fe;O,/BaTiO;. Even in the bulk, strongly
reduced myy, of Fe;O,was also observed by Goering et al*” down to (1.73 + 0.02)
ug/f.u.. By contrast again, large m,;, of 7.7 ug/f.u in Fe;O, (5 nm)/MgO was reported by

Arora et al.*

who attributed the enhancement to the uncompensated spin between
A and B sublattices at the surface and across the APBs. However, as argued by Orna et

al.,”* such enhancement may also come from the magnetic impurities.

The inter-diffusion of Mg** ions, which tends to substitute onto B-sites, is the
third possibility. Although the first two film samples measured in this study were both
grown at a moderate growth temperature (< 700 K), one may still predict an appreciable

inter-diffusion given the ex sifu measurements presented here were not carried out
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immediately after the growth. However, if any, such substitution would only happen at
the first 1-2 atom layers at the Fe;O,/ MgO interface. Therefore the numeric results
presented in this study can be more representative for a Fe;O, epitaxial thin film on
MgO/GaAs with consistent stoichiometry. Nevertheless, the bulk-like my, of the 8nm
Fe;04/MgO/GaAs(100) observed by us supports that the post-growth annealing
synthesis technique can give excellent stoichiometric magnetite ultrathin films and
effectively prevent the formation of APBs and the interdiffusion of Mg** ions. On the
contrary, the significantly reduced my, of the 12 nm Fe;0,/MgO(100) may be due to the

formation of the secondary phase, originated from the plasma-assist oxidization process.



152

5.3 The magnetic moment of magnetite across T,

5.3.1 Introduction

A first indication of the Verwey transition in magnetite was obtained as early as 1913
by the measurement of the initial susceptibility on a synthetic magnetite polycrystal by
Renger, who detected an additional anomalous transition peak at ~130 K in addition to
the then already well-known ferrimagnetic to paramagnetic order transition at 848 K of
magnetite. Later on, these initial results were supplemented by the investigations of
Weiss and Forrer on the saturation magnetization of magnetite which they found to also
undergo an anomalous spontaneous jump near ~120 K and as a function of the
magnetic field, this effect adds anomaly to the magnetic moment of magnetite. The
magnetization studies were then continued and qualitatively confirmed by Li and
Okamura on natural single crystals, characterized by a rather low transition temperature
of about ~113 K. Extended investigations during the early years revealed that the
observed variations of magnetic properties at 7, are only part of a fundamental
transformation process in Fe;O,, giving rise to similar anomalies on a variety of other
inter-related system parameters, such as specific heat, specific resistivity, and thermal
expansion along selected directions (see chapter II). Most of these effects are still hotly

debated over to the present day (see the topical review articles by Walz)."'®’¢

Generically Verwey transition is treated as a rearrangement of the charge
ordering of Fe**and Fe™ states of the B sites, accompanied by the transition to a low
symmetry structure, or with an electron localization-delocalization transition, across
which, the m,, and especially m,,; are expected to change significantly. The
experimental work,” however, has so far found no difference of them across the
Verwey transition, which could question the picture of a fully A site Fe** and a mixed-
valence B site configuration of magnetite. In the remainder of this section, a study of
the temperature dependence of the magnetic moments will be presented, based on the
three magnetite samples as used in the last section. Taking advantage of the powerful
site-specificity of XMCD, the relative contributions of the three cations of magnetite
will be performed before and after 7., respectively, which offers important information

regarding the sub-lattice disorder of Verwey transition.



153

5.3.2 The SQUID-VSM measurements

It is generally accepted that the presence of Verwey transition is sensitive to the
stoichiometry and homogeneity of magnetite thin films.'” The temperature (i.e. T}) at
which such a transition occurs has been commonly observed to decrease from ~ 113 K
of bulk-like magnetite films down to 85 K and could even disappear with the decreasing
thickness.”>'***™* Figure 5-9, Figure 5-10, and Figure 5-11, respectively, present the
temperature dependences of the magnetization of the 8 nm Fe;0,/MgO/GaAs(100), the
12 nm Fe;0,/MgO(100), and the 100 nm Fe;O,/YZO(111) as introduced in the last
section. The magnetization versus temperature (M-T) relations were obtained by
cooling the sample from 300 to 4.3 K in zero magnetic field, known as zero field
cooling (ZFC), followed by an application of a static magnetic field of 100 Oe in the

film plane and recording the magnetization values during the warming cycle to 300 K.

The sharpest magnetization jumps among the three magnetite sample was
observed from the M-H curve of the 100 nm Fe;0,/YZO(111) at ~ 125 K (see Figure
5-11), corresponding to its 7,. The Verwey transition occurring in the ultrathin film
samples, by contrast, is weakened but still distinguishable from the gradient of the
magnetization, i.e. dM/dT (see the lower rows of Figure 5-9 and Figure 5-10), namely,
at ~ 99 K for the 8 nm Fe;0,/MgO/GaAs(100) and at ~ 97 K for the 12 nm
Fe;0,/MgO(100), respectively. The observed M-H relation and its gradient of the 8§ nm
Fe;0,/MgO/GaAs(100) are highly consistent with those reported of the magnetite films
on or near stoichiometry, whilst the 12 nm Fe;0,/MgO(100) shows a mixture of the
Fe;0, and y-Fe,O; M-H variation,”””*"® as it was also suggested by its XAS line shape

as discussed in the last section.
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Figure 5-9 | The M-T relations of the 8 nm Fe;0,/MgO/GaAs(100). Upper row: the M-T
curve obtained by cooling the sample from 300 to 4.3 K in zero magnetic field,
followed by an application of a static magnetic field of 100 Oe in the film plane and
recording the magnetization values during the warming cycle to 300 K. Lower row: the
gradient of the magnetization, i.e. dM/dT, from which 7, ~ 97 K was extracted.
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Figure 5-10 | The M-T relations of the 12 nm Fe;04/MgO(100). Upper row: the M-T
curve obtained by cooling the sample from 300 to 20 K in zero magnetic field,
followed by an application of a static magnetic field of 100 Oe in the film plane and
recording the magnetization values during the warming cycle to 300 K. Lower row:
the gradient of the magnetization, i.e. dM/dT, from which T,~ 97 K was extracted.
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Figure 5-11 | The magnetization versus temperature relationships of the 100 nm
Fes04/YZO(111), obtained by cooling the sample in ZFC, followed by an application
of a static magnetic field of 100 Oe in the film plane and recording the
magnetization values during the warming cycle to 300 K, from which T,~ 125 K was
extracted.

5.3.3 The XMCD measurements

Using the same experimental set up as described in the last section, the XAS and
XMCD of the three magnetite samples were furthermore performed at variable
temperatures, and their magnetic moments were calculated by applying the sum rules.
Figure 5-12 presents the derived mygy;,, My, and my, of the 8 nm Fe;0,/MgO/GaAs(100)
(top row), the 12 nm Fe;0,/MgO(100) (middle row), the 100 nm Fe;O,/YZO(111)
(bottom row), respectively, as a function of the temperature, Viewing them in parallel
with the magnetization obtained from the SQUID measurement, where a clear Verwey
transition presents in the M-T variation, i.e. in the 8 nm Fe;0,/MgO/GaAs(100) and the
100 nm Fe;0,/YZO(111), an anomalous increase appears in the sum-rules derived m,,
and particularly, in m,,. The m,, of the 8 nm Fe;0,/MgO/GaAs(100) shows an ~ 4.3%
jump at 7, ~ 99 K and that of the 100 nm Fe;O,/YZO(111) is as large as ~ 15% at T, ~
125 K. Accompanied with the spontaneous jumps of m, M, increases from (0.26 +
0.05) pup/fu. at 90 K to (0.53 £ 0.05) up/f.u. at 130 K and from (0.27+ 0.05) up/f.u. at
120 K to (0.46+ 0.05) up/f.u. at 150 K for the 8§ nm Fe;0,/MgO/GaAs(100) and the 100
nm Fe;O0,/YZO(111), respectively. Unlike the these two sample, the 12 nm
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Fe;0,/MgO(100) shows no remarkable signature of discontinuous changes of the sum-
rules derived m,,, within the experimental accuracy, which can be attributed to the
existence of the secondary phase, i.e. v - Fe,O;, as discussed in the last section. Figure
5-13 presents the overlapped XMCD spectra of the 8 nm Fe;0,/MgO/GaAs(100) (top
row), the 12 nm Fe;0,/MgO(100) (middle row), and the 100 nm Fe;O,/YZO(111)
(bottom row), respectively, across the T, for each of them, obtained under 30 kOe
perpendicular magnetization. Each peak in the L; XMCD corresponds primarily to a
different site in the Fe;O,, i.e. the first negative peak to d°O, (i.e. B sites Fe*), the
second positive peak to d’0, (i.e. B sites Fe*), and the third negative peak to d°T,(i.e. A
sites Fe’*), whose relative intensity are quantities proportional to the local magnetization

of the different cations.
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In order to determine the relative magnetic contributions of the Fe cations at A
and B sites in Fe;0,, the ratios of the three peak intensities of the XMCD spectra at the
Fe L;edge were calculated and plotted in Figure 5-14, respectively, for the 8 nm
Fe;0,/MgO/GaAs(100) (top row), the 12 nm Fe;0,/MgO(100) (middle row), and the
100 nm Fe;0,/YZO(111) (bottom row). It was found that for all the three magnetite
samples, the d°0,/d’0, remains consistent before and after Verwey transition,
suggesting that the relative spin ordering of the B sites Fe** and Fe™* stays still across 7.
For the 8 nm Fe;0,/Mg0O/GaAs(100) and the 100 nm Fe;O,/YZO(111), where a clear
Verwey transition presents in the macroscopic magnetization, both the d°0,/d’T, and
d’0,/d’T,show anomalous jumps at T,, whilst for the 12 nm Fe;0,/MgO(100), who
shows no pronounced Verwey transition, the value of these ratios show little change
within the experimental accuracy. The average ratios before and after T, respectively,
of these three cation contributions of the Fe L; peak and those of bulk Fe;O, and vy-

Fe,0; are summarized in Table 5-2.

d®0,/d°T, d°0,/d°T, d‘o,/d°0,
T< T T>T, T< T, T>T, T< T, T>T,

v

sample

8nm Fe;0,/Mg0O/GaAs -2.07+020 -243+0.20 -1.27+0.15 -1.37+0.15 1.64+0.20 1.77+£0.20

12 nm Fe;0,/MgO -0.98+0.10 -1.14+0.10 -1.40+0.15 -1.60+0.15 0.70+0.10 0.71£0.10

100 nm Fe;0,/YZO  -1.88+0.20 -2.51£0.20 -1.31+0.15 -1.80+0.15 1.44+0.155 1.41+0.15
bulk Fe;O,4[Ref. 260] 2.75 1.75 1.57
bulk vy- Fe,Os[Ref. 279] 0.70 1.47 048

Table 5-2 | The averaged ratios of the three cation contributions of the Fe L; peak
d®0,/d®T,, d°0,/d®T4, and d°0,/d°0, before and after T,, respectively and those of
principally bulk Fe3O4 and y- Fe,Os.
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Figure 5-13 | The overlapped XMCD spectrum at various temperatures from 50 K to
300 K of the 8 nm Fe;0,/Mg0O/GaAs(100) (top), the 12 nm Fe;04/MgO(100)
(middle), and the 100 nm Fe304/YZO(111) (bottom), respectively, obtained at 30
kOe. Each peak in the L3 XMCD corresponds primarily to a different site in the
FesQ4, the first negative peak corresponds to d®o, (i.e. B sites Fe2+), the second
positive peak to d’Oj,(i.e. B sites Fe’*), and the final negative peak to d’T,(i.e. A
sites Fe3+), which are utilized to calculate the relative intensity of the contributions

from different cations.
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Figure 5-14 | The ratios of the three peak intensities at Fe L;edge for the 8 nm
Fe;04/Mg0/GaAs(100) (top), the 12 nm Fe304/MgO(100) (middle), and the 100 nm
Fes04/YZO(111) (bottom), respectively. For all the three magnetite samples, the
d®0,/d’0y, remains consistent before and after Verwey transition. For the 8 nm
Fes04/Mg0O/GaAs(100) and the 100 nm Fe;04/YZO(111), both the d®0,/d°T, and
d°0,/d°T;show anomalous jumps at T,, whilst for the 12 nm Fe;04/MgO(100), the
value of these ratios show no little change within the experimental accuracy.
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5.3.4 Discussions

Our observations, in microscopic level, support the recognition that Verwey transition is
a very sensitive probe to the stoichiometry and homogeneity of magnetite thin films.
Looking back the magnetization variations of the three magnetite systems against
temperature, only the 8 nm Fe;0,/MgO/GaAs(100) and the 100 nm Fe;O0,/YZO(111)
show an anomaly spontaneous jump in the M-T curve. The similar discontinues change
was also extracted from the XMCD measurements, i.e. the sum-rules derived magnetic
moments of the Fe cations. By contrast, neither the macroscopic magnetization nor the
XMCD reveals experimental signatures of a pronounced Verwey transition for the 12
nm Fe;0,/MgO(100). Such absence or suppression of Verwey transition of the later can
be attributed to the existence of a secondary phase, i.e. y-Fe,0;, as it was diagnosed
from the XAS and XMCD spectra line shapes. In other words, the 12 nm
Fe;0,/MgO(100) sample has been suffering from cation or anion vacancies to a
considerable extent, likely due to non-fully optimized preparation process, and
becoming non-stoichiometric Fe;O,. Comparing the XMCD of the 12 nm

13819 the distribution of the Fe

Fe;0,/MgO(100) with the atomic multiplet calculations,
cations suggests the sample contains ~ 50% v - Fe,O; (see Table 5-2, for the 12 nm
Fe,0,/MgO(100), d°0,/d°T, = -1.14+0.1, d°0,/d°T,= -1.60+0.15, and d°0,/d°0, = 0.7120.1,

which are in between of that for Fe;O, whose d°0,/d°T, = -2.75, d°0,/d°T,= -1.75, and

d°0,/d°0, = 1.57 and that for y-Fe,O; whose d°0,/d°T, = -0.70, d°0,/d°T,= -1.47, and

d4°0,/d°0, = 0.48).

Another important information obtained is the discontinuous change of m, of
the two stoichiometric magnetite samples. Such change of m,, is very likely be
intrinsic, independent from the sample thickness and preparation techniques, given the
fact that it has been unambiguously observed from two distinct magnetite systems, i.e.
the 8 nm Fe;0,/Mg0O/GaAs(100) and the 100 nm Fe;O,/YZO(111). The basic fact that
the magnetization at a fixed field decreases sharply below T, as the temperature is
lowered has long been interpreted as a result of increased anisotropy below the T,
caused by a transition to the lower symmetry phase, because of which the field was not
enough to saturate the crystal. Instead of or in addition to this reason, our observation
suggests that Verwey transition can be driven primarily by the magnetic interactions of
the sub-lattices as well, given the significantly changed M, at T, (~ 4.5% and ~ 17% for
the 8 nm Fe;0,/MgO/GaAs(100) and the 100 nm Fe;O,/YZO(111), respectively).
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On account of the various still unanswered questions of magnetite, up to this
day there is still no one comprehensive model which can explain all the experimental
observations of magnetite. Most of the theories describe the behavior of magnetite well
below T, but become no longer valid above it, or the vice versa."'®*"® When it comes to
the magnetic interactions between sub-lattices, it is rather more difficult to reconcile the
ionic charge ordering model with the proposed magnetic interactions responsible for the
magnetic ordering. It is acknowledged that the magnetic ordering in oxide spinels is
mainly due to superexchange interactions via the oxygen ions. However, the generally
adapted mean-field approximation is a long-range interaction while superexchange

interaction is a short-range interaction (nearest neighbor interaction).”®

Bearing that in
mind, it is expected that the dynamic disorder of the B sites above T, should change the
effective interactions and, consequently, a sizable change must be observed in the

magnetic properties at the Verwey transition.

Although global magnetization measurements have been intensively performed
within this context, to our best knowledge, respective demonstrations of the myy;, and
my, of magnetite on or near stoichiometry in a thin film regime remains scarce. From
our observations, the relative cation contributions of magnetite, estimated from the three
Fe L;peak ratios of the XMCD spectra (see Figure 5-14) show distinct trends of change,
i.e. the absolute values of both d°0,/d°T, and d°0,/d°T, jump at T, while that of
d®0,/d°0, remain unmoved within the error bar. In the ionic charge ordering model of
magnetite, d°0,/d°T, and d°0,/d°T, can be representative of the B site Fe spin ordering
with respect to the A site, associated with the oxygen-assisted SE coupling. Whilst
d®0,/d’0, is an indicator of the bonding between the bivalent and trivalent Fe of the B
site, corresponding to the DE mechanism. Although a comprehensive theoretical model
in depth is beyond the scope of the present study, our observation unambiguously
reveals that the SE mechanism, or the electrons hopping between Fe-O-Fe, is
preliminarily responsible for the magnetization Verwey transition of magnetite thin

films.
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5.4 Conclusions

In this chapter, we have presented XMCD studies of three distinct magnetite thin film
samples, namely, a 8 nm Fe;0,/MgO/GaAs(100) prepared by post-growth annealing
method, 12 nm Fe;0,/MgO(100) prepared by plasma-assisted simultaneous oxidation
and a 100 nm Fe;O,/YZO(111) prepared by PLD. The SQUID-VSM was also
employed, where applicable, to obtain a global magnetization properties of the samples.
The studies of the chapter witness the strong addressability of the XMCD technique as
an ideal probe for the fundamental physical quantities, such as the mg,, and m,,,, of the
spinel-type ternary oxides, not only because of its unique elemental selectivity, but also

the powerful site sensitivity.

We have observed strong dichroic XAS spectra, corresponding to an overlap of
different sets of multiplet structures caused by the antiparallel spin orientations of the A
and B sites of magnetite. While a secondary phase, i.e. y-Fe,0Os,is undistinguishable
from the electron diffraction patterns, it can be clearly diagnosed from the line shape of
the XAS and XMCD spectra. By carefully applying sum rules, significant unquenched
m; was obtained from all the three systems, namely (0.47 = 0.05) uy/f.u. for the 8 nm
Fe;0,4/Mg0O/GaAs(100), (0.54 + 0.05) ug/fu. for the 12 nm Fe;0,/MgO(100), and (0.40
+ 0.05) up/fu. for the 100 nm Fe;O,/YZO(111). While the unquenched m,,, might be an
intrinsic property of the bulk Fe;O,, which is still hotly debated over to this day, our
observations could partially originate from the broken symmetry of the crystal lattice
and consequently strong delocalization of the 3d electrons. However, since such
phenomenon has been observed in all the three magnetite samples with distinct
thicknesses, substrates, and stoichiometry, such nonzero m, is more likely to be an

intrinsic property of magnetite, rather than predominated by the dimensionality effect.

From both the global (SQUID-VSM) and the local (XMCD) magnetic
measurement, clear Verwey transition was observed in the 8§ nm Fe;0,/MgO/GaAs(100)
and the 100 nm Fe;O0,/YZO(111), i.e. a spontaneous jump of the magnetization of ~
4.5% at ~ 99 K) for the former and that of ~ 17% at ~ 125 K), whilst no pronounced
signature of such was found from the 12 nm Fe;O,/MgO(100). This is attributed to the
samples impurity, supported by the contrast in their XAS and XMCD spectral line
shapes and relative peak intensities, which suggests that the 12 nm Fe;0,/MgO(100)
contains ~ 50% vy- Fe,O;. Such observation supports the recognition that Verwey

transition is a sensitive probe to the stoichiometry and homogeneity of magnetite.
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In the two stoichiometric magnetite samples, the spontaneous jump of
macroscopic magnetization has been found to mainly originate from m,,. By comparing
the relative cation contributions of magnetite, the B site Fe spin ordering with respect to
the A site was found to change discontinuously whilst the bonding between the bivalent
and trivalent Fe of the B site remains consistent before and after Verwey transition. This
observation points to the SE mechanism, or the electrons hoping between Fe-O-Fe, is

preliminarily responsible for the magnetization Verwey transition of magnetite.



165

6 Chapter VI Magnetically doped Tls

6.1 Introduction

3D TIs are insulating bulk materials that carry a conducting surface state, arising from
the intrinsically strong SOC in the bulk band structure protected by time-reversal
symmetry (TRS). While such unique systems offer nontrivial surface states that can be
utilized to perform dissipationless spin transport, it is equally important to break the
TRS of TIs to realize novel physical phenomena. The newly discovered quantum

anomalous Hall (QAH) effect,”™ -2 ® the predicted giant magneto-optical Kerr

284 285 286,287

effect™", magnetic monopole effect,” and chiral mode conduction channels are

some of the fascinating examples.

Two categories of routes for breaking TRS or introducing ferromagnetic order
in TIs have been investigated within the context of spintronics research. One route is to
dope the TI host with magnetic ions, similar to that in DMS, by which ferromagnetism
has been observed in V-, Cr-, and Mn-doped single crystals of Sb,Te;,*******" Fe-, and
Mn-doped single crystals of Bi,Te;,?*""** and Mn- and Cr-doped thin films of Bi,Se;,***
294295 The other route is to engineer layered heterostructures, where the surface states of
TIs experience the exchange interaction from an adjacent ferromagnetic material, again
following a similar idea from FM/DMS as discussed in chapter 4. This route
subsequently can be divided into two ways in terms of ferromagnetic metal (FM) and
ferromagnetic insulator (FMI) induction. It can be expected that such an interplay
between the topologically nontrivial interface states and magnetism might lead to novel
behaviors that are absent in heterostructures composed of conventional semiconductors

and magnetic materials.

XMCD has been widely utilized in the determination of the impurity magnetism
of DMSs, however, to apply it on obtaining the temperature and field dependence of the
magnetic moments in the 3d-metal-doped TIs took off only very recently.*7-2%:2% Ip
this chapter, we present XMCD studies of a series of selected magnetically doped TIs,
aiming to contribute to some of the key issues of the contemporary TI research. Section

6.2 starts with the investigation of a model magnetically doped TI, i.e. the Bi, Cr,Se;

epitaxial thin film, whose my,and m,,, versus temperature were obtained by carefully
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applying the sum rules and interpreted by the first-principals calculation. To enhance
the magnetic ordering of Bi, CrSe; and in the meantime, preserve the topological
nature, proximity effect was demonstrated in this system using a high-7. FMI and
analyzed with the three-layer model, which forms the core of Section 6.4. Although
XMCD is directly addressable to the electrical and magnetic ground states of the
magnetic dopants, unambiguity still exists in the interplay of magnetism and the
nontrivial surface state of TIs. This question furthermore promotes us to explore the
magnetic properties of the A-doped Bi,Se; as presented in Section 6.4, which

distinguishes the role of the surface and the bulk doping in a 3D TI.
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6.2 The spin and orbital magnetic moment of magnetic Tl

6.2.1 Introduction

Within the growing family of TIs, ferromagnetism has been reported in V-, Cr-, and

300, 301

Mn-doped single crystals of Sb,Te; and Fe- and Mn-doped single crystals of
Bi,Te;. "> Both anti-ferromagnetism®”* and ferromagnetism®” have been reported in
Cr- doped Bi,Se;, and as for Fe- doped Bi,Se; observations are rather controversial. Yao

1% studied the effects of magnetic doping of a series of 3d transition metal elements

eta
in Bi,Se; using first-principles calculations and found that Cr and Fe doping preserves
the insulating nature of the host TI in the bulk and Cr-doped Bi,Se; is likely to be
ferromagnetism. In most conventional DMSs, it has been well acknowledged that the
exchange interaction requires the presence of free carriers, typically in concentrations of
the order of 10" - 10*cm™ " However, this range of carrier concentration in TIs may
lead to the bulk contribution to the conduction dominating over that from the surface.

For the similar reason, a ferromagnetic TI with low bulk conduction is not expected to

depend on the same mechanism as DMSs.

In Cr-doped Bi,Se;, the carrier concentration is expected to be low since Cr
substitutes for Bi without adding carriers.”® In contrast to DMSs, the exchange
interaction in such magnetically doped TIs is mediated by band electrons, and in the
ultrathin limit it is expected to give rise to the QAHE. Pioneering work (of the provider
of the TI samples used in this study) have proved that well-crystallized Cr-doped Bi,Se;
thin films can be prepared by MBE on Si(111) and that the non-trivial topological
surface state is weakened by Cr dopants while the semiconducting behavior is well
maintained in the film, as observed from the energy dispersion relations.”” In the
remainder of this section, the spin and orbital ordering of Cr-doped Bi,Se;, or Bi,.
.CrSe; epitaxial thin films will be studied with XMCD, magneto-transport
measurement, and ab initio calculations, aiming to obtain a further insight of the

mechanism of the ferromagnetism of magnetically doped T1Ts.
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Figure 6-1 | The energy dispersion relations of Cr-doped Bi,Ses. ARPES intensity
maps of 50 QLs Bi, Cr,Se; thin films with (a) x = 0, (b) x = 0.02, (c) x = 0.1, and (d) x
= 0.2 on Si(111) along the I" -K direction. With Cr doping, the surface deviates from
the original linear massless Dirac fermion state and becomes broadened. A larger
bandgap on the surface is open with higher Cr concentrations, as illustrated by the
solid yellow lines. Data were taken using 52 eV photons at a temperature of 10 K.
Image adapted from the literature.®”

6.2.2 The sample preparation

The Cr-doped Bi,Se; samples used in this study were prepared by the collaborator from
the Device Research Laboratory (led by Prof. Kang. L. Wang) of the University of
California Los Angeles (UCLA), US. The 10 nm 3% Cr-doped Bi,Se; or Bi, ¢,Crs5€5
epitaxial thin films grown under the Se-rich environment using a Perkin-Elmer MBE
system on Si (111) substrate. High-purity Bi (99.9999%) and Cr (99.99%) were
evaporated from conventional effusion cells at 470°C, while Se (99.99%) was formed
from a cracker cell at 240°C. In addition, the substrate remained at a relatively high
substrate temperature (300 °C) to optimize both the surface migration rate and Cr
solubility simultaneously. 2 nm Al was then in-situ evaporated immediately after the
growth of Bi, 3Cr,,;Se; to protect it from oxidation and environmental doping during
transport to the synchrotron facility. The Bi, ,Cr,Se; (0.01 < x < 0.3) thin films grown

by this strategy had been studied with atomic force microscopy (AFM) for the surface
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morphology, with high resolution TEM for the crystallinity, with magneto-transport
measurement for the global magnetization, and with ARPES for the energy dispersion
relations (included in figure 6.1), as can be found from the literatures,* ***** which

confirm the validity of the samples.

6.2.3 The magneto-transport measurements

The magnetic phase of the 10 nm Bi, ¢,Cr,oSe; epitaxial thin film was first examined by
the magneto-transport measurements in the Device Research Laboratory of UCLA. The
sample was patterned into standard Hall bar devices via photolithography a subsequent
CHF; dry etching for 20 seconds. Six Hall channel contacts (10 nm Ti and 100 nm Au)
were defined by e-beam evaporation. Figure 6-2 presents a schematic diagram (upper
row) and a typical microscope image of the Hall bar device and the performed four-

probes measurement.

Si substrate

Bi, Cr,Se;

Figure 6-2 | Experimental configuration of the magneto-transport measurement.
Upper: schematic diagram of the experimental set up for the transport
measurements, where the magnetic field is applied perpendicular to the thin film
plane. Lower: typical microscope image of the samples that are patterned into
standard Hall bar devices.
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The magneto transport measurements were performed using a physical property
measurement system (PPMS), from which the resistance anomaly was observed at low
temperatures. A constant alternating current (AC) of 0.05 - 0.1 A with a frequency of
1300 Hz is fed through two outer contacts, and the voltage drop across the inner pads is
measured to determine the resistance. By subtracting the ordinary Hall component, we
plotted the anomalous Hall resistance (R s = R,,- RyH) %9 as a function of field applied
perpendicularly to the film in Figure 6-3. Non-zero R,y was observable up to 30 K and
vanished at ~ 40 K and the derived H. exhibits the typical Curie-like behavior from 3 K
to 300 K (see Figure 6-3 inset). The ferromagnetic ordering with T, of ~30K was
observed, which saturates at 2.5 kOe in an out of plane configuration. Since transport
measurement is less sensitive to isolated ferromagnetic particles, this magnetic signal

was attributed to the entire Bi, Cr,Se; thin film instead of magnetic clusters, if any.

15
—3K

a
~— 10
>
®
= 5
]
ol
< 0
§ 3" Tous
S -5 20T
R ‘g 5 e q
3 10 3

- 0 : .00
m 1 10 100

‘ Temperature (K) .
_]5 1 1 1 ]
-40 -20 0 20 40
Magnetic field (kOe)

Figure 6-3 | AHE versus magnetic field of the Bi;94Cro0eSes/Si(111) thin film at 3-40
K, by which non-zero Rane were observed up to 30 K and vanished at ~40 K. Inset:
the AHE versus temperature, which exhibits Curie-like behavior from 3 K to 40 K.

6.2.4 The XMCD measurements

The XAS and XMCD measurements at the Cr L, ;absorption edges were performed at
the beamline 110 at Diamond Light Source. Circularly polarized X-rays with ~100%
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degree of polarization were used in normal incidence with respect to the sample plane

and parallel to the applied magnetic field, as previously shown in Figure 6-5. The

XMCD was obtained by taking the difference of the XAS spectra, i.e. 0 - 0%, by

flipping the X-ray helicity at fixed magnetic field of 10 kOe, under which the sample is

fully magnetized with little paramagnetic contribution. To check the homogeneity of the

sample, a continuous scan (step = 0.1 mm) was performed through a 2 mm length of the

sample surface prior to the temperature dependence investigation. As present in Figure

6-4, all the XAS spectra show the same profile within the experimental accuracy, which

confirms the reliability of the results presented in this study.
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Figure 6-4 | The sample optimization and surface scan. Upper left: the vertically
optimization performed at the Cr L; edge. The arrow indicates the sample location.
Upper right: photograph of the Bi,,Cr,Se; thin film sample mounted on the
synchrotron facility sample stage. The double-sides arrow indicates the range of
the surface scan. Lower: the XAS spectra (without background substation)
collected through a 2 mm length of the sample surface, which confirms the
homogeneity of the sample in sub-mm scale.
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Figure 6-5 | Schematic diagram of the experimental set up of the XMCD
measurement in Faraday geometry, i.e. with both the incident X-rays and the
magnetization perpendicular to the sample surface.

Typical XAS and XMCD spectra of the bilayer sample obtained by TEY
detection at 6 K, normalized to the incident beam intensity, are presented in Figure 6-6.
The XAS spectra of Cr show remarkable multiplet structures at the both spin-orbit split
cores, suggesting a mixture of bivalent and trivalent Cr in this compound. The XAS and
XMCD measurements were repeated at elevated temperatures and the dichroism at the
Cr L; edge was observable up to 30 K (see Figure 6-6), despite the decreasing intensity

with increasing temperature.

The mg,, and m,, of this Bi, ,Cryo.Se; epitaxial thin film were calculated
respectively by applying sum rules on the integrated XMCD and the summed XAS
spectra of Cr L, ;edges using the method as described in chapter III. In order to rule out
non-magnetic parts of the XAS spectra an arctangent based step function was used to fit
the threshold. The spectral overlap or j-j mixing was taken into account because of the
relatively small spin-orbit coupling in the Cr 2p level. A spin correction (SC =2.0 + 0.2
for Cr) factor was included, whose value was estimated by calculating the L, ; multiplet
structure for a given ground state, applying the sum rule on the calculated XMCD
spectrum, and comparing the result with the mg,, calculated directly for this ground

state. Furthermore, m,, needs to be corrected for the magnetic dipole term <T7,>,
however, its contribution is small for a Cr t;g configuration, giving an error < 5%.

Assuming n, = 7 based on a single Cr’* configuration, Mgy = (1.54 £ 0.2) up/atom and

Mgy = (-0.02 = 0.02) ug/atom were obtained at 6 K.



0.05

0.03

0.01 1

XAS and XMCD (Arb. Unit)

-0.03 1

-0.05

-0.07

-0.01 A1

L ot Crly;
L e O B Sty
’
’
’ T
’
/
/ integrated
T 7’ XAS x 0.6
integrated
XMCD x 0.3
A %&—O\VM —
0K A
20K
30K
p'h-—ﬁ-———‘v‘ﬁ‘— — <
50 K
A —
80 K
567 573 579 585 591 597

Photon Energy (eV)

173

Figure 6-6 | Typical pair of XAS and XMCD spectra of the Bij94Cro0¢Ses/Si(111) thin
film at 3 - 80 K, normalized to the incident beam intensity. Data are scaled and

offset for clearness.

Figure 6-7 presents the sum-rules derived m,,, and mg,, of the Bi, ¢,CrggsSe;

epitaxial thin film sample from 3 K to 80 K. The m,,, and my, have opposite signs,

corresponding to antiparallel alignment of the spin and orbital moment in Cr. This

agrees with the Hund’s rule for trivalent Cr, whose 3d shell is less-than-half full. The
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octahedral crystal-field interaction quenches m,,,, since the three d electrons occupy the
threefold degenerate majority-spin #,, orbitals, leading to a vanishing m,,, as observed,
while the spin reaches its full moment myy;, = 3 ug/atom.>" For similar reasons as for
My, the <T,> term is small. Our observation of the Cr magnetic moment value is close
to the value reported by Haazen et al.,’'' who performed SQUID-VSM measurements
on a series of Bi,Se; thin films with different Cr doping concentration (maximum 7=
20 K). In their work, the magnetic moment per Cr decreases significantly for x > 5.2%,
which coincides with a loss of Bi, CrSe; crystallinity. Such dependence is further
evidence that the magnetization originates from the crystalline Bi, Cr,Se; phase. Cr
clustering would not give rise to non-zero XMCD, since Cr is antiferromagnetic, as are
Cr,Se, compounds, but therefore could have led to a reduced average Cr magnetic

moment, as observed here.
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Figure 6-7 | The sum-rules derived mqop and Mepin Of the Bii94CrooeSes/Si(111) thin
film at 3 - 80 K.

6.2.5 The first-principles calculations and discussion

To understand the observed magnetic moment, first-principles calculations were
performed by collaboration with the theorists from the Rensselaer Polytechnic Institute,

New York, US. The simulations were proceeded based on the first-principles DFT
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within the Perdew-Burke-Ernzerhof generalized gradient approximation. Bi (5d, 6s, and
6p), Se (4s and 4p) and Cr (3p, 3d, and 4s) orbitals are explicitly treated in the valence
and interactions between the ion cores. The valence electrons are described by the
projector augmented wave (PAW) methodas implemented in the VASP code. The SOC
was implemented in the all-electron part of the PAW Hamiltonian within the muffin-tin
spheres. The basis set consisted of plane waves with a kinetic energy cutoff of 270 eV
and the total energy was calculated with a Bruillion zone sampling of 2 x 2 x 2.
Structural relaxations of the defects were performed in a 4 x 4 supercell containing 3
QLs with 95 Bi and 145 Se atoms and proceeded until the largest Hellmann-Feynman
force was less than 0.025 eV/A.

In order to determine the m,, and m,,,of Cr in Bi,Se; theoretically, first it must
be determined where Cr likes to reside within the lattice. The formation energies (AH)

of defects were calculated in the low-density limit according to

AH =E(D")-E, +2Aninu’i +q(Ep +Eyy,)
Equation 6-1

where E(D"), Evux, pt;» An;, respectively, represent the energy of the supercell
containing the defect in charge state q, the energy of the defect-free bulk supercell, the
chemical potential of the i™ atomic species, and the number of which has changed in the

formation of the defect.’"

The AH of Cr at various lattice positions including interstitial
(referred as Cry) and substitutional sites with Cr replacing Bi (referred as Crg;) and Se
(referred as Crs.), as well as that of larger defect complexes containing pairs of Cr-
atoms, such as the Crg;- Crs. and Crg;- Cr; were calculated and the results are presented
in Figure 6-8. It was found that the predominated defects in the system are the Cr;** (AH

=-0.03 eV), Cry’ (AH =-0.21 eV), and the (Cry; - Cr;)** complex (AH = -0.68 eV).

Table 6-1 presents the calculated magnetic moments for these defects and that
deduced from the XMCD measurement as described in the last sub-section. Despite
their different charge states, both Cry” and Cr* have a magnetic moments of ~3
up/atom, whilist the Crg; - Cr; pair is antiferromagnetic in nature (with the high-spin
magnetic configuration being 75 meV higher in energy) with a nearly vanishing

magnetic moment.
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Figure 6-8 | Formation energies of Cr related defects in the Bi,Se; excluding SOC.
The slopes indicate the stable charge states of the defect, and the zero of E
corresponds to the valence band maximum (VBM).

Cr defect Method AH (eV) Me(Ug/atom) Mgyin(Up/atom) Myg(Up/atom)

Cr, PAW -0.03 -0.03 298 295
Cry; PAW -0.21 0.02 293 291
-0.68
Cr,-Cry;,  PAW -0.015 0.01 -0.67
XMCD -0.02+0.02 1.54 +0.20 149 +0.22

Table 6-1| The calculated magnetic moments of the low energy Cr related defects
in Bi>Se; and that deduced from XMCD measurement as described in the last sub-
section.

Figure 6-9 presents the dependence of the Cr concentration (upper row),
average magnetic moment (middle row), and the formation energies (lower row) of the
three predominated Cr related defects as a function of the chemical potential,
respectively. The zero of the Cr chemical potential is that of bulk Cr, and the Bi and Se

chemical potentials are fixed at the Bi-rich condition. Concentrations and magnetic
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moments assume Ep is at the conduction band minimum (CBM) and the growth
temperature is 700 K. The dilute approximation fails dramatically above -0.43 eV,
corresponding to a region of the chemical potential with very high defect concentration
and the formation of secondary phases. In such Cr-rich condition, defect-defect
interaction may significantly alter AH and all these three defects have negative
formation energies indicating that it has been far outside the region where the dilute

limit is valid.
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Figure 6-9 | The dependence of (a) the Cr concentration, (b) average magnetic
moment, (c) and the formation energies of the three predominated Cr related
defects as a function of the chemical potential, respectively. The zero of the Cr
chemical potential is that of bulk Cr, and the Bi and Se chemical potentials are
fixed at the Bi-rich condition. The dilute approximation fails dramatically above -
0.43 eV, corresponding to a region of the chemical potential with very high defect
concentration and the formation of secondary phases. The vertical lines at 10%,
1%, and 0.1% correspond to total Cr content with respect to Bi sites. The pink cross
in the middle of (b) indicates the cross point of Cr concentration of the sample
studied with XMCD, i.e. 3% with the calculated mq, which agrees well with the

experimental observation. Note the y-axis of (a) is in logarithmic scale.
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For higher Cr chemical potentials (and consequently higher incorporation of
Cr), the low spin Cry;-Cr; pair is the most stable defect, whilist for lower concentrations
of incorporated Cr, entropy acts against the formation of pair defects, leaving the higher
spin Crg; and Cr; to dominate. As can be seen from Figure 6-9(b), the m,,of the Cr
changes continuously and is estimated to be 0.9 ug/atom, 1.89 ug/atom, and 2.79
pg/atom, for Cr concentrations of 10, 1, and 0.1%, respectively (here the Cr
concentrations are based on the same definition of that for the MBE growth, i.e. the
total Cr content with respect to Bi sites). The pink cross in the middle of Figure 6-9(b)
indicates the cross point of Cr concentration of the sample studied with XMCD (.e.
3%) with the calculated m,,, which agrees well with the experimental observation (1.54

+0.20) pg/atom.
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6.3 Enhancing magnetic ordering in Tl using high-T. FMI

6.3.1 Introduction

Similar to that of DMSs (see Chapter IV, section 4.4), the low T, is also a major
obstacle towards the RT applications of magnetically doped TIs. Pioneering theoretical
work suggests that suitable FMIs have the potential to achieve a strong and uniform
exchange coupling in contact with TIs without significant spin-dependent random
scattering of helical carriers on magnetic atoms. Lou et al.’" identified several FMIs
with compatible magnetic structure and relatively good lattice matching with TIs
including Bi,Se;, Bi,Tes;, and Sb,Te; and found that MnSe can be a good candidate to
open a sizable band gap at the surface of the TI. Eremeev et al.’" studied the magnetic
proximity effect at the interface of the Bi,Se;/MnSe(111) system using density
functional theory and demonstrated gapped states in both the immediate region of the

1" employed a

interface and the deeper atomic layers of the TI. Men’shov et a
continual approach based on the k-p Hamiltonian and estimated the possibility to
manage the Dirac helical state in TIs. Semenov et al.*'® proposed electrostatic control of
the magnetic anisotropy in FMI/TI hybrid architectures and illustrated that surface
electrons can induce out-of-plane magnetic anisotropy of the system. Progress has also
been made experimentally in various FMI/TI heterostructures. Kandala er al.’"’
performed electrical transport measurement of GdN/Bi,Se;, finding that a GdN
overlayer results in suppression of weak anti-localization at the top surface of Bi,Ses.
By demonstrating the magnetoresistance effect, Yang et al.’'® and Wei et al’" observed
proximity-induced ferromagnetism at the interface of EuS/Bi,Se; prepared via both
pulsed laser deposition (PLD) and molecular beam epitaxy (MBE) deposition
techniques respectively, although the effect observed is limited to low temperature (<

22 K) due to the low T, of EuS. Nevertheless, theoretical and experimental reports so

far all point to a promising performance of FMI/TI heterostructures.

The interface magnetism of (anti-) FM/TI heterostructures, such as
Fe/Bi,Se;, - #' 32 Co/Bi,Se;, " *** and Cr/Bi,Se;** has also been investigated.
Remarkably, Vobornik et al.*®’ demonstrated that long-range ferromagnetism at ambient
temperature can be induced in Bi, Mn,Te; by a deposited Fe overlayer. This result has
enlightened the room temperature (RT) use of TIs with the assistance of the magnetic
proximity effect as a pathway. However, in the presence of a metallic layer, the

nontrivial surface states of the TI can be significantly altered due to their hybridization



180

with the bulk states of the (anti-) FM in contact. Besides, the metallic layer naturally

short circuits the TI layer and therefore fundamentally restrict the device design.

Figure 6-10 | ILllustration of the research framework of magnetic Tl hybrid systems.
Circles representing FM (left) and FMI (right) overlap with those representing TI
(bottom) and magnetically doped Tl (top), encompassing four categories of studies
of magnetic Tl by engineering layered heterostructures, namely, investigations of
(i) TI/FM including Fe/Bi,Ses,* Co/BiSes, and Cr/BiSey;” (ii) TI/FMI including
MnSe/Bi,Ses, " *'* GdN/BiSe;,”” EuS/BiSes;*'™ *° (iii) doped TI/ FM Fe/Bi,.
Mn,Tes;*” and iv) the remaining unexplored area, i.e. doped TI/FMI, , studied for
the first time in this project.

Despite the nature of the magnetism in TIs to be answered, an encouraging

message from the work of Vobornik et al.*’

is that the magnetically doped TIs have
already demonstrated a pronounced capability with the magnetic proximity effect.
Although theoretical studies have proved the legitimacy of this approach, very limited
successful experimental demonstrations by means of direct measurements like XMCD

d.*®” . As shown in Figure 6-10, among all the building blocks within

have been reporte
the research framework of FM or FMI/(magnetically doped) TI heterostructures,
investigations of FMI/magnetically doped TI remains absent. In the remainder of this
section, we present a XMCD study in realizing the proximity effect in epitaxial Bi,.
LCrSes/Y;FesO,, heterojunctions. Garnet-type Y;Fes0,, (YIG) is a well-known FMI
with T (~550 K) well above RT and a desirable large spin diffusion length. It contains

two Fe ions occupying octahedral sites and three Fe ions occupying tetrahedral sites
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with opposite spin, resulting in ferrimagnetic ordering. The proximity effect has been
demonstrated in PAPt/YIG,”*® Pt/YIG,”*” and Nb/YIG,”® where interesting spin-transport

329

properties were observed, such as spin Hall magnetoresistance (SMR),”™ spin Seebeck

effect (SSE),” anomalous Nernst effect (ANE),”® and switchable superconductivity*®
to name a few. While YIG-based heterostructures can consist of various materials, the
best chance to realize strong exchange coupling exists in the candidates with two-

dimensional quantum surface states, such as graphene and TIs.

6.3.2 The sample preparation and TEM characterization

The 10 nm 5.5% Cr-doped Bi,Se; or Bi, 3Cr,,;Se; thin film used in this study were
grown in ultra-high vacuum using the Perkin-Elmer molecular-beam epitaxy (MBE)
system on 50 nm YIG (111) film, which was pre-deposited on gallium gadolinium
garnet (GGG) (111) substrate using pulsed-laser deposition (PLD).”*"*** High-purity Bi
(99.9999%) and Cr (99.99%) were evaporated from conventional effusion cells at
470°C, while Se (99.99%) was formed from a cracker cell from SVTA at 240°C, and
the YIG/GGG (111) substrate was kept at 200°C during growth. Interdiffusion of
materials at the interface is not expected due to the high stability of YIG and the
relatively low growth temperature of Bi, 3Cry;Se;. 2 nm Al was then in-situ evaporated
immediately after the growth of Bi,Cr,,;Se; to protect it from oxidation and
environmental doping during transport to the synchrotron facility. Figure 6-11 presents
a typical RHEED pattern of the Bi, 30Cr,,;Se;epitaxial thin film grown on YIG substrate
and that on Si substrate for reference. It can be seen that Bi, 4Cr,;;Se; on YIG shows a
similar diffraction patterns and in-plane lattice constants as that on Si and previous

reports.

The interface and crystalline structure of the Bi, 4Cry;Se;/YIG(111) bilayer
was characterized using high-angle annular dark-field (HAADF) high-resolution
scanning transmission electron microscopy (STEM), performed in the Electron
Microscope Centre (led by Prof. Yong Wang) of Zhejiang University, Zhejiang, China.
Cross-sectional foils of Bi, 3Cr,;Se;/YIG/GGG were prepared by focused ion beam
(FIB), during which all parameters were carefully optimized to avoid the ion injection
and specimen damage, including the accelerating voltage, beam current and tilt angle.

Figure 6-12 presents a typical high angle annular dark field (HAADF) image, in which
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no significant signature of intermixing at the Bi, 4Cr,;;Se;/YIG and YIG/GGG

interfaces was observed.

on Si

Figure 6-11 | Typical RHEED patterns of the Biy3oCroySes epitaxial thin films grown
on Si(111) (upper row) and YIG(111) (lower row), respectively. The double-sides
arrows point to the observed similar diffraction patterns and in-plane lattice
constants.

Bi; 3oCry.115€3

Figure 6-12 | Typical cross-sectional TEM images of the BijgsCroySes/YIG/CGG
heterostructure. (b) Typical HAADF-STEM image of BijgsCronSes/YIG/GGG
heterostructure, where no significant signature of intermixing was observed at the
interfaces of BijgsCronSes/YIG (yellow dashed line, left panel) and YIG/GGG (blue

dashed line, right panel).
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6.3.3 The magneto-transport measurement

The magnetic response of the epitaxial Bi, 4yCry;Se;/YIG (111) thin film sample was
first examined by the magneto-transport measurements using the same technique as
described in the last section. By subtracting the ordinary Hall component, we plotted the
anomalous Hall resistance (Rayz = R,, - Ry'H) as a function of field applied
perpendicularly to the film in Figure 6-13. Non-zero R,yz was observable up to 50 K
and vanished above 90 K. Figure 6-14 presents the temperature dependent R,y of the
Bi, 4oCry;,Se; thin films on YIG, to which a Bi, 4yCr, ;,Se; epitaxial thin films of the same
thickness grown on highly resistive Si (111) substrate was attached for comparison
purpose. It can be seen that both these Cr-doped Bi,Se; thin films exhibit Curie-like
behavior, however, their magnetic ordering disappears at different temperatures, namely
30 K for Bi, 4Cry,;Ses/Si and up to 50 K for Bi, 4Cry;;Se;/YIG. Note these
Bi, 4oCry;,Se; thin films on YIG and Si were not deposited in one go, as the growth
conditions could not be optimized for YIG and Si substrates simultaneously. However,
samples have been carefully checked with X-ray photoelectron spectroscopy (XPS), in
order to make sure that the doping concentration of the Bi, 4Cr,;;Se;on YIG and Si
were identical. Besides, Bi, 4Cry;;Se; on YIG shows a similar diffraction patterns and
in-plane lattice constants as that on Si. Therefore above the intrinsic 7 of Bi, 3yCr,;,Se;
(~30K), the survived magnetization is most possibly due to the presence of the YIG

other than any microstructure reasons raised from the different substrates.
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Figure 6-13 | AHE of the Bi;3oCroSe3/YIG thin film versus magnetic field at 20 - 100
K, by which non-zero Rae were observed up to 50 K and vanished above 90 K.
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Apart from the R,yp data, the ferromagnetic ordering of the Bi, 3Cry,,Ses/YIG
bilayer was also observed from the field dependent longitudinal resistance (R,,). In the
low field region, weak anti-localization (WAL) with a clear cusp was observed at low
temperatures, which is a characteristic feature associated with the gapped topological
surface states below the critical temperature. A typical R,, obtained at 3 K is presented in
the inset of Figure 6-18. The valleys of the WAL cusp exhibit a shift under the opposite
field scanning directions, which is associated with the H,. We repeated the hysteretic
longitudinal magnetic resistance measurement at elevated temperatures up to 90 K and
found that H,. remains observable until beyond 50 K, as plotted in Figure 6-18, which is

consistent with the T estimated from the R,y
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Figure 6-14 | Comparison of the AHE versus temperature of the Bi;g9CronSes thin
films grown on YIG (111) and Si (111), respectively. Both Cr-doped Bi,Ses thin films
exhibit Curie-like behavior, however, their derived magnetic ordering vanishes at
different temperatures. Note the x-axis is in logarithmic scale.
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Figure 6-15 | The H. of BiigoCronSes/YIG versus temperature, which is observable
until beyond 50 K. Inset: the shift of the valleys of WAL cusp, associated with the

H.. The arrows represent the scanning direction of the magnetic field. Note the x-

axis is in logarithmic scale.

6.3.4 XMCD measurement

The XAS and XMCD measurements at the Cr L, ;absorption edges were performed at
the beamline 110 of Diamond Light Source. Circularly polarized X-rays with ~100%
degree of polarization were used with the same configuration as described in the last
section. XMCD was obtained as the difference spectrum, i.e. 0" - 0%, obtained by
flipping the polarization direction of the X-rays at a fixed magnetic field of 10 kOe,
under which the sample is fully magnetized with little paramagnetic contribution. A
typical pair of XAS and XMCD spectra of the bilayer sample obtained by TEY at 6 K,
normalized to the incident beam intensity, is presented in Figure 6-16. The XAS spectra
of Cr for both left- and right- circularly polarized X-rays show a white line at each spin-
orbit split core level without prominent multiplet structure, regardless of a shoulder
structure present for the L, peak. The XAS spectral line shape resembles that of the
ferromagnetic spinel-type Cr chalcogenides, i.e., CdCr,Se,, reported by Kimura et al.,**
suggesting that the sample contains predominately Cr’* cations. Features of the obtained

XMCD spectra are also in good agreement with those obtained for CrFe,O, spinel
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ferrite powders,”* which can be well reproduced by the multiplet calculations using a
charge-transfer model with trivalent Cr cations on octahedral sites. Consistent with the
reported transport measurements,”> > the observed XAS and XMCD line shape also
suggests that a majority of the Cr ions is incorporated within the crystal lattice by
substituting onto the Bi sites (with formal valance of 3+) in the TI matrix. The XAS and
XMCD measurements were repeated at elevated temperatures and the dichroism at the
Cr L; edge (575.3eV) was observable up to 50 K, as attached to Figure 6-16, despite the
decreasing intensity with increasing temperature. For clearness, Figure 6-17 presents the
partially enlarged XAS spectra pairs of the Cr L; edge at 30 K, 50 K, and 100 K,

respectively, from which the peak asymmetry can be observed up to 50 K.

Note that although the Cr dichroism is no longer distinguishable from the noise
at and above 100 K, the Fe dichroism in YIG remains sizably large up to RT (see Figure
6-18). The XAS spectra of Fe L,; edges show remarkable multiplet structure and the
XMCD spectra shows the typical positive and negative alternative peaks of ferrites,
corresponding the octahedral and tetrahedral sites, respectively, whose spins are coupled

antiparallel.
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Figure 6-16 | Typical pair of XAS and XMCD spectra of the Bi;s9CronSes/YIG bilayer
sample obtained at 3 - 300 K, where dichroism at the Cr [; edge (575.3 eV) was
observed up to 50 K. Data are scaled and offset for clearness.
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Figure 6-17 | Partially enlarged XAS spectra pairs of the Cr L; edge at 30 K, 50 K, and
100 K, respectively, from which the peak asymmetry can be observed up to 50 K.
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Figure 6-18 | Typical pair of XAS and XMCD spectra of Fe from the Bi; g9CroSes/YIG
bilayer at 10 K and 300 K. The XAS spectra of Fe L,3 edges show remarkable
multiplet structure and the XMCD spectra shows the typical positive and negative
alternative peaks of ferrites, corresponding the octahedral and tetrahedral sites,
respectively, whose spins are coupled antiparallel. Data are scaled and offset for
clearness.
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Figure 6-19 presents the calculated myy, and m,;, of Cr in Bi, 4Cr,,Se;/YIG
bilayer at 6 - 300 K, using the same parameters as described in the last section.
Consistent with the magneto-transport results, the sum-rules derived my, also exhibits a
Curie-like behavior, pointing to a ferromagnetic phase of Bi, 4Cry,;Se; at low
temperature. We obtained a remarkable my, = 1.38 = 0.10 p/Cr and a small negative
Moy, = (-0.03 £ 0.02) uy/Cr at 3 K. Noting that my, retains a sizable value of 0.58 £ 0.10
uwe/Cr at 30 K, we claim a pronounced increase of the T in Bi, gCry;;Se; from 30 K,
since otherwise (e.g., paramagnetism) m,, should have nearly vanished at, or before,
this point. While the temperature keeps increasing, my,, reduces down to (0.10 = 0.10)
uwe/Cr at 50 K, suggesting the Bi, 3Cry;Ses is close to its 7, here. As listed in Table 1,
the reported T of various kinds of magnetic TIs remained so far below ~30 K, while
the Bi, 3oCr;Se;/YIG bilayer shows a robust ferromagnetic phase up to 50 K due to the
presence of the high-T. FMI.
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Figure 6-19 | The sum-rules derived mqyin and Mo, of the BiigoCronSes/YIG bilayer at

6 - 300 K. The x-axis is in logarithmic scale.
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Sample Te Ref.
Bi,,Cr,Se,/YIG 50 K e
Bi, Cr,Se, 20K 204
Sb,_Cr,Te; 20K 300
Cr,(Bi,Sb,_,),Te, K 250
Bi, Mn,Te;, 12K 291
Bi, Fe,Te; 2K 2%
Bi,Se,/EuS 22K 318
Bi,Sey/GdN 16 K 317

Table 6-2 | List of the Tc of magnetic Tls obtain from this work (first line, marked as
*) and those taken from the literatures.

6.3.5 Discussion

Both the electrical transport and XMCD results point to the fact that between 30-50 K,
the magnetization of Cr can be attributed to the magnetic exchange coupling with YIG.
We now address the ability of the YIG underlayer to induce magnetic ordering in
Bi, 4oCr,,,Se; utilizing a simplified model that was developed in the study of the
proximity effect in dilute magnetic semiconductors (DMSs).* As schematically
sketched in Figure 6-20, we divided the Bi, 3oCr,;Se; volume into two parts, namely the
proximity-induced ferromagnetic region near the Bi,4Cr,;,Se;/YIG interface and the
upper paramagnetic region. The magnitude of the Cr XMCD is described by d(x)dx, the
dichroic signal which contributes at depth x, and the Cr concentration is described by

p(x)dx. It is generally accepted that the XMCD intensity measured by TEY is attenuated
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by an exponentially decaying electron-escape probability, exp[-(x/A4,)],'” so that we

obtain

j:S(x)p(x)e_M“dx
r p(x)e’”’l”dx

0

Cr XMCD =

Equation 6-2
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where A, is the mean electron escape length. Provided (i) a sharp interface, (ii) a
uniform distribution of Cr in Bi,Se;, and (iii) a steplike dichroism profile versus
thickness d, we have 0(x) = 0., for dy;g <x<d,;, and 0(x) = 0 elsewhere. Here d;,
represents the lower limit, or the thickness of Bi, 3Cr,;;Se; contributing to the

ferromagnetic signal at 30-50 K. Integration gives

o) Our . —dy o
dmin = dBiz_xCrXS@ + A’e ln[ =P + (1 - )e dB’Z—xC’.r5"5 M"]
sat sat
Equation 6-3

Quoting the value mgy,, = 1.38 up/Cr at 6 K, whose magnetic moment is
considered to be intrinsic of Bi, 3Cry;;Se; without the effect of YIG, we obtain 0,,,/0, =
43% and d,;,= 6.6 nm at 30 K. This value quickly reduces to d,;,= 1.8 nm at 50 K,
where 0.,/0., = 7%. However, this calculation could underestimate the saturation
magnetic moment of Cr. A different assumption can be made using m,, = 3 p/Cr for
O, as discussed in the last section, corresponding to a scenario where all the Cr ions are
fully aligned at the interface with YIG, which is more likely the realistic picture.
Consequently, we obtain d,;,,= 3.8 nm at 30 K and d,;,= 0.9 nm at 50 K. For the
calculation of d,;,, we adopted A,= 5 nm for the bulk mean electron escape length of

Bi,Se; and d = 10 nm for the thin film thickness.

o
(x)Q
(x)d

Figure 6-20 | Schematic diagram of the model used to estimate the proximity
length, showing the Cr distribution p(x) and the ferromagnetically ordered Cr
distribution d(x) at given temperature, as described in the text. Arrows indicate the
direction of the spins under a perpendicular magnetic field.
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In either of the above situations, we have observed a larger penetration depth of
the magnetic proximity effect at the interface of TI/FMI, compared with the FM/DMS
bilayer systems investigated by Maccherozzi et al.¥ utilizing the same model. The
penetration depth decreases sharply with increasing temperature (i.e., > 80% from 30 K
to 50 K), for which the reason has not been fully understood. Typically, the proximity-
induced magnetization in DMSs reduces only ~ 10% within a comparable temperature
range. Such contrast may imply a unique type of interaction of the nontrivial surface
state of TI with FMI. In other words, the penetration depth of the magnetic proximity
effect in DMSs may have been limited by the contact barrier, while the conducting
surface states of TIs may lift this limitation. It is generally believed that the origin of the
proximity effect in a nonmagnetic/ferro- or ferri- magnetic (NM/FM) heterostructure
arises from (spin-polarized) charge carriers propagating from the FM into the NM metal
and vice versa, such that a finite spin polarization builds up close to the interface. A
substantial reduction of such a spin polarization accumulation can be expected in a
DMS, where charge carriers can hardly penetrate. In contrast, our results suggest that
such charge carrier propagation can be less suppressed in the TI/FMI system due to the
presence of the conducting surface states, though whose ability is more sensitive to the

temperature variation.
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6.4 The A-doped 3D TI

6.4.1 Introduction

In the last two sections, we have presented the studies of a model magnetically doped
TI, i.e. Bi,,CrSe;, by means of XMCD and in combination with magneto transport
measurement and first-principles calculations. Although XMCD is directly addressable
to the electrical and magnetic ground states of the magnetic dopants, unambiguity still
exists in the interplay of magnetism and the nontrivial surface state of TIs. Looking
back those ARPES signatures of the magnetically doped TIs, a surprising feature is that
the band gap of the surface spectrum can appear in the absence of the long-range
magnetic ordering of the bulk, even though the dopants are indeed uniformly distributed
everywhere in the 3D samples.” This observation raises an interesting question of
magnetic ordering in the bulk versus the surface of a 3D TI - can a band gap open in the
surface state of a TI in a TRS-broken phase, which however lacks global magnetic

ordering?

Simple arguments suggest that unordered magnetic moments do not open a gap.
Imaging the creation of a magnetically disordered state near the surface of a TI by
introducing domains with opposite magnetization, it has been known that the resulting
magnetic domain walls carry topologically protected gapless fermionic modes. As the
number of the domains grows, so does the density of the low-energy fermion modes,
which ultimately will recover the 2D gapless state characteristic of the system with
unbroken TRS. Such hypothesis suggests that uniformly long range magnetic ordering
is necessary to gap out the surface modes in a TI. Being aware of no systematic
experimental studies of this problem, here we present a preliminary exploration at the
final stage of this PhD project to look into the effect of surface doping and bulk doping
respectively of magnetic TIs. This goal has been pursued by performing XMCD of a
series of special layered Bi,Se; structures, in which the magnetic impurities were only
doped into the surface and into the middle of the film and so called “A-doping” and the

results will be presented in the remainder of this section
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6.4.2 The sample preparation

The 10 nm 12% Cr-A-doped Bi,Se; or Bi, ;,Cr,,,Se; epitaxial thin films used in this
study were prepared using the same MBE set up as describe in section 6.2. By
accurately controlling the Cr-dopant distribution profiles along the epitaxial growth
direction (i.e., deviation < 0.1 nm),**Cr doping was managed to be doped only into
the top 1" QL (surface doped) and the 5" QL of the pristine Bi,Se, layered structure (see
Figure 6-21). For clearness, here and thereafter, the term “bulk doping” refers to the
doping of a single QL in the middle of the film, instead of a uniformly doping, which
we refer as “globally doping” in this study. Within the given opportunities, we have
selected the surface- (i.e. 4 nm AlL,O;/1 nm Bi, ,,Cr;,,Se;/9 nm Bi,Se;/Si(111)) and the
bulk- doped TI (i.e. 4 nm Al,0;/4 nm Bi,Se;/1 nm Bi, ;sCr,,,Ses/S nm Bi,Se,/Si(111)) as
the control group for each other, rather than comparing the surface- and the globally
doped samples (i.e. a 1 nm Bi, Cr,Se;/9 nm Bi,Se; with a 10 nm Bi, Cr,Se;), so to
exclude the differences of the magnetic properties (such as the saturation magnetization,

the T,,and the magnetic anisotropy) raised from the different thickness.

surface doped bulk doped
doped —@ENEEES) GIIOOIIO
0000080

non-doped ~@HNNNNND @IOOOEO®«—non-doped

CO000080 G000
QIR0 @wwwes»— doped
C000080 G000
Co000000 G000

, G8080880

the van der Waal's gap [ul..:: @9908990 ] one QL layer of Bi,Se,
000000 OGN0
substrate —» «—substrate

Figure 6-21 | Schematic diagram of the A-doped Bi;76Crq,4Ses epitaxial thin film
samples prepared by MBE.
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6.4.3 XMCD measurements

The XAS and XMCD measurement at the L,;Cr absorption edges were performed at
the beamline I10 of Diamond Light Source with the identical experimental
configuration as schematically shown in Figure 4-2. The XMCD was obtained by taking
the difference of the XAS spectra, i.e. 0 - o7, by flipping the X-ray helicity at fixed
magnetic field of 30 kOe, under which the sample is fully magnetized. A typical pair of
XAS and XMCD spectra of the surface doped (left column) and bulk doped (right
column) Bi, ;5Cr,,,Se; epitaxial thin film samples obtained by TEY detection at 10 - 80
K, normalized to the incident beam intensity, are presented in Figure 6-6. The XAS
spectra of Cr of the two samples show remarkable multiplet structures at the both spin-

orbit split core, suggesting a mixture of bivalent and trivalent Cr in the compounds.

The mg,, and m,, of both the surface doped (left) and bulk doped (right)
Bi, ;6Cr,,45¢e; epitaxial thin film samples were calculated, respectively, by applying sum
rules on the integrated XMCD and total XAS spectra of Cr L,;edges using the same
method as described in the earlier sections. Surprisingly, we obtained mg,, = (0.96 +
0.20) ug/atom for the surface doped Bi, ;,Cr,,,Ses, going all the way down to myy, =
(0.18 £ 0.20) up/atom at 80 K while and m,, = (-0.06 = 0.02) up/atom was obtained at
10 K and remains unchanged with the increasing temperature within the error bar. By
contrast, mgy, = (1.44 £ 0.20) up/atom were obtained for the bulk doped Bi, ;6Cr,,,Se; at
10 K, which reduces to myy, = (0.30 = 0.20) ug/atom at 80 K.
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Figure 6-22 | Typical pair of XAS and XMCD spectra of the surface doped (left
column) and bulk doped (right column) Bi;7¢Cro.24Ses epitaxial thin films on Si(111)
samples at 10 - 80 K, normalized to the incident beam intensity. Data are scaled
and offset for clearness.
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bulk doped (bottom) Biy76Crg.24Ses epitaxial thin films, respectively, at 10 - 80 K.

6.4.4 Discussions

A striking phenomenon we have observed in this experiment is that the magnetic
ordering of these A-doped TIs have persisted to surprisingly high temperatures, i.e. ~ 60
K for the surface-doped and ~ 80 K for the bulk-doped Bi, ,Cr,Ses;, both well in excess
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of the globally doped Bi, Cr,Se; (as discussed in the last two sections of this chapter
and any reported observations, see Table 6-2). Such observation is in high consistent
with the prediction by Rosenberg et al.””” that “a 3D TI doped with magnetic impurities
in the bulk can have a regime where the surface is magnetically ordered but the bulk is
not.” The surface and the bulk magnetism can be viewed as typical questions of
magnetic ordering versus dimensionality. In conventional materials, ordered phenomena
in lower dimensions are typically more fragile (i.e. 7,(3D) > 7.(2D), the symbol T, here
is not limited to Curie temperature, but stand for the critical temperature of the
magnetically ordered phenomena in general). This is in the opposite of our observation
of the enhanced T, of the surface-doped Bi, Cr,Se;compared with that of the globally
doped Bi, Cr,Se;, which may be associated with the topologically protected gapless

surface states.

Putting the total XAS of the globally, bulk- and surface- doped Bi, Cr,Se;
epitaxial thin films (all on Si(111) substrate) together as presented in Figure 6-24, we
observed a modified electronic character of Bi, CrSe; due to the different doping
positions, which may be associated with the nontrivial surface states. Compared with
the Cr XAS spectra reported in various compounds, the Cr charge state can be estimated
from the relative ratio of the two split contributions at the L; edge (see the black dots on
the spectra of Figure 6-24). The globally doped Bi, Cr,Se; shows the feature of
predominated Cr**, in which the first Cr contribution of the L; peak is around 2/3 of the

338,339

magnitude of the second one, whilst that of the surface doped Bi, ,Cr,Se; is rather

close to the line shape of Cr***'***in which the first Cr contribution of the L; peak is
around 1/2 of the magnitude of the second one. Contrast to them, the bulk doped Bi,.
Cr.Se;shows a broader width of the double peaks at L;edge, whose intensity is almost
identical, which suggest a mixture of Cr** (in which the first Cr contribution of the L;
peak is bigger than the magnitude of the second one)**' and Cr** and Cr**. Such
deviations in the charge states of Cr ions at the surface and in the bulk can be

responsible for the low-spin and high-spin states, respectively, of the Cr dopants as

observed from the XMCD.



199

0.08

Crly,

©
(@]
o

o
o
[l

/

globally doped

o
o
=

surface doped

total XAS (Arb. Unit)

/7

bulk doped

L —» a—1eV
001 A

567 570 573 576 579 582 585 588 591 594 597 600
Photon Energy (eV)

Figure 6-24 | The total XAS spectra of the globally, bulk- and surface- doped Bi,-
«Cr,Sez epitaxial thin films on Si(111). The black dots indicates the first and the
second Cr contributions at the L; peak, whose relative intensity can be used for an
estimation of the charge states.

The difference between surface and bulk dopant magnetism is linked to a
central issue in TI research: the role of the nontrivial surface. The evidence for long-
range ferromagnetism in TIs is primarily based upon bulk sensitive techniques, e.g.
magneto transport measurement, and clear demonstrations distinguishing between
surface and bulk properties are scarce. In the bulk, a TI doped with magnetic impurities
can have a long-range magnetic order both in the metallic and insulating phases; on the
surface, such a long-range magnetic order can also be formed independent of the bulk
magnetic ordering, as the RKKY interaction induced by the Dirac fermions is generally

ferromagnetic when the Ey is close to the Dirac point.

It should be noted that although the sum-rules derived m,, versus temperature
relations of the bulk-doped Bi, Cr,Se; seems to give a T,exceeding that of the surface-
doped sample, this effect is not necessarily against the theories which suggest a more
robust magnetism of the surface of a TI than that of the bulk by magnetic
perturbation.*-*** For one reason, our calculations have been performed based on the
hypothesis of a universal n,= 7. While such approach gives a reasonable estimation for

the globally doped Bi,.,Cr,Se;, it can induce considerably large errors for the single QL
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A-doped samples. Another argument is that the bulk-doped Bi, Cr,Se; in this study,
may no longer merely stand for a selective doping profile in the middle of the host TI,
but for a hybridized state of two overlapped TI surfaces, which can also give rise to the

enhanced magnetization.
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6.5 Conclusion

In this chapter, we have presented XMCD studies of a model magnetically doped TI,
i.e. Bi, Cr,Se;, in combination with supporting characterization techniques (magneto-
transport measurement and TEM) and theoretical tools (first-principles simulations and
modeling). The powerful elemental selectivity of XMCD technique has enabled
unambiguous determination of the electronic and magnetic ground state of the magnetic
dopants of the system under interrogation. The MBE growth has been employed as the
major sample preparation method for the studies presented in this chapter, so to realize

an accurate control of the dopant concentration and the doping profile.

We have observed strong dichroic XAS spectra with the feature of
predominated Cr’* in the 10 nm globally doped Bi,Se; epitaxial thin film. A reduced but
sizable mg,,, i.e. (1.54 £ 0.2) ug/atom and a vanishing and opposite m,y,, i.e. (-0.02 =
0.02) ug/atom of the Cr dopants at 6 K were obtained. This agrees with the Hund’s rule
for trivalent Cr, whose 3d shell is less-than-half full. These experimental numeric
results are well reproduced by the first-principles simulations, which suggest the
observed magnetic moment of Cr is due to a mixture of the Cr;"* (2.98 ug/atom), Cry,’

(2.93 up/atom), and the (Crg; - Cry)** complex (0.1 ug/atom) defects.

To enhance the magnetic ordering of Bi, ,Cr,Se; and at the mean time, preserve
the topological nature, proximity effect was demonstrated in this system using a high-7
FMI, i, e. YIG. We have observed unambiguous XMCD of the Cr in the Bi, CrSe;
/YIG bilayer up to 50 K, corresponding to an enhanced T, in this magnetic exchange
system. The unique layer selectivity of the XMCD technique has enabled a direct
determination of the proximity-induced magnetization of the Bi, Cr,Se; at its interface
with YIG. We have found a larger but faster dropping penetration depth in such a
magnetic TI/FMI heterostructure compared to that in DMS/FM, which could represent a

novel mechanism for the interaction between FMIs and the nontrivial TIs surface states.

In the pursuit for distinguishing the roles of the surface and the bulk doping in a
3D TI, a pair of A-doped Bi, Cr,Se; were preliminarily measured with XMCD. The
magnetic ordering of these A-doped TIs have persisted to surprisingly high
temperatures, i.e. ~ 60 K for the surface-doped and ~ 80 K for the bulk-doped Bi,.
CrSe;, both well in excess of the globally doped Bi, Cr,Se;, which is in high

consistent with the theoretical prediction that a 3D TI doped with magnetic impurities in
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the bulk can have a regime where the surface is magnetically ordered but the bulk is not.
Moreover, significantly modified electronic character of Bi, ,Cr,Se; due to the different
doping positions was observed, which may be associated with the nontrivial surface

states.
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[/ Chapter VIl Conclusions

The purpose of the studies presented in this thesis has been to gain a better
understanding of the properties of some representative spintronic hybrid systems,
directed towards the future spin-based IT. The synchrotron-based XMCD technique is
an excellent probe for the electronic and magnetic ground states of the spintronic
interfaces and for the element- and site- specific magnetic merits of materials. In
combination with a set of in-house electric, magnetic and crystallinity characterization
techniques and theoretical tools, XMCD has shown its power in addressing some of the
most important questions of the contemporary spintronics research, such as the FM/SC
interfacial hybridization and magnetism, the spin and orbital ordering of ferrites, and the
fundamental magnetism of doped TIs, and the proximity effects in FM/DMS and
FM/doped TI heterostructures.

The interfacial magnetic and electric nature of FM/SC systems including
Co/GaAs, Ni/GaAs, Fe/GaAs, Fe/Graphene and Co,FeAl/Ga,,MnAs have been
demonstrated. Suppressed magnetizations of the epitaxial ML Co and Ni on GaAs(100)
have been observed, which can be attributed to a combined effect of the island growth
geometry at low coverage, the tendency to follow the bcc stacking of the GaAs
substrate, and the detrimental interdiffusion. A reduced but still sizable magnetic
moment of the ML Fe on graphene has been observed and interpreted with first-
principals calculations, which attributes it to the strong hybridization of C 2p_and Fe 3d.,
orbitals and the delocalization of the Fe 3d electrons. A significantly enhanced T, has
been demonstrated in Ga, ,Mn,As due to the presence of Co,FeAl and their coupling has
been proved to be ferromagnetic. Future work to explore the tuning of the spin polarized
band structure of both FMs and (magnetically doped) SCs via the interface engineering
will be of great interest and will have strong implications for both fundamental physics
and emerging spintronics technology. Detailed TME studies are also needed to

understand the interface structure.

Fe;0, thin films with distinct thicknesses, substrates and growth methodologies
have been studied. Strong dichroic XAS spectra, corresponding to an overlap of
different sets of multiplet structures has been obtained. Significantly unquenched m,,,

have been universally extracted from all the samples studied, which may partially
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originate from the broken symmetry of the thin film and partially due to an intrinsic
property of magnetite. Such large m,,, implies strong SOC and has strong implications
for adding capacities to spintronics devices, since high <LS> coupling is mandatory for
realizing the ultrafast switching of spin polarization by electric field and circularly
polarized light. Verwey transition has been observed where stoichiometric and
homogenies samples are provided. By comparing the relative contributions of the Fe
cations before and after Verwey transition, the SE mechanism has been demonstrated to
be preliminarily responsible for the magnetization Verwey transition of magnetite.
These observations provide important information for the fundamental understanding
ionic charge-ordering model of ferrites. Future work to study the thickness dependence

of samples prepared by different techniques will be of interest.

The magnetism of Bi, ,Cr,Se; has been studied for the very first time using the
XMCD technique. Strong dichroic XAS spectra with the feature of predominated Cr™*
was observed in the globally doped Bi,Se; epitaxial thin film. A reduced but sizable
myy, and a vanishing and opposite m,,, were obtained and are well reproduced by the
first-principles simulations, which suggest a mixture of Cr;’*, Cry’, and (Crg; - Cr)**
complex defects. The magnetic proximity effect is demonstrated in Bi, Cr,Sey/YIG,
whereby a larger but faster dropping penetration depth with the increasing temperature
has been observed, which could represent a novel mechanism for the interaction
between FMIs and the nontrivial TIs surface states. A significantly enhanced surface
magnetic ordering has been observed in the surface-doped Bi, Cr,Se;, consistent with
the theoretical prediction that a 3D TI doped with magnetic impurities in the bulk can
have a regime where the surface is magnetically ordered but the bulk is not. All these
findings provide insight into the fundamental physics in this exciting spintronic material
system. Future work to further strengthen the magnetic ordering in TIs towards RT will

be of both great fundamental interest and practical merits.



Appendix A: List of Samples

Chapter IV

Sample
Reference No.
Growth Method

Origin

Sample
Reference No.
Growth Method

Origin

Sample
Reference No.

Growth Method

Origin

Sample
Reference No.

Growth Method

Origin

10 ML Cr/7 ML Fe/IML Co/GaAs(100)
31072000
MBE, GaAs pre-annealing at 550 C for 1 hour, 7, = RT

TFM group, the Cavendish Laboratory, Cambridge University

10 ML Cr/7 ML Co/1ML Ni/GaAs(100)
121200
MBE, GaAs pre-annealing at 550 C for 1 hour, 7, = RT

TFM group, the Cavendish Laboratory, Cambridge University

30 ML Cr/30 ML Ni/1 ML Fe/graphene/300 nm SiO,/Si
250113
MBE, graphene pre-annealing at 200 “C for 1 hour, 7, = RT

Spintronics and Nanodevice Laboratory, University of York

4 nm Al,O5/3 nm Co,FeAl/150 nm Ga, ¢;Mn, ;As/GaAs(001)
L536
MBE, TS = 2500C fOI‘ COzFeA] and TS = 16OOC fOI‘ Gao'g:;Mno'(ﬂAS

Superlattices and Microstructures Laboratory, CAS, China



Chapter V

Sample
Reference No.

Growth Method

Origin

Sample

Reference No.

Growth Method

Origin

Sample
Reference No.

Growth Method

Origin

8 nm Fe;0,/MgO/GaAs(100)
L536

MBE, postgrowth annealing at 500 K and the oxygen pressure = 5

x 107 mbar for 10 minutes,

Spintronics and Nanodevice Laboratory, University of York

12 nm Fe;0,/MgO(100)

635-XT-0809

MBE, MgO pre-annealing at 600 °C for 30 minutes, plasma-
assisted simultaneous oxidation, 7, = 623 K and oxygen pressure
=2.5x 107 torr

IBM Research Division, Almaden Research Center, San Jose, US

100 nm Fe;0,/YZO(111)
JS-001
PLD, plus postgrowth annealing at 1400 K

Physics Department, University of York



Chapter VI

Sample
Reference No.

Growth Method

Origin

Sample
Reference No.
Growth Method

Origin

Sample

Reference No.
Growth Method

Origin

Sample

Reference No.
Growth Method

Origin

4 nm Al,05/10 nm Bi, 4,Cr;06Se+/Si(111)
LH-1217
MBE, Se-rich environment, 7, = 300 °C

Device Research Laboratory, UCLA, US

4 nm Al,05/10 nm Bi, 4¢Cr ;;S€5/50 nm YIG/GGG(111)
LH-1236
MBE, Se-rich environment, 7, = 300 °C

Device Research Laboratory, UCLA, US

4 nm Al,O5/1 nm Bi, 74Cr,,,5€5/9 nm Bi,Se;/Si(111)
LH-1229

MBE, Se-rich environment, 7, = 300 °C

Device Research Laboratory, UCLA, US

4 nm Al,O5/4 nm Bi,Se;/1 nm Bi, ,,Cr,,,Se;/5 nm Bi,Se;/Si(111)
LH-1228

MBE, Se-rich environment, 7, = 300 °C

Device Research Laboratory, UCLA, US
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Starting Date
Finishing Date
Shifts
Reference No.
PI

CIs

Project
Station

Beamline

Starting Date
Finishing Date
Shifts
Reference No.
PI

CIs

Project

Station

Beamline

Starting Date
Finishing Date
Shifts
Reference No.
PI

CIs

Project

Station

05.03.2012
18.03.2012
12

Y.B. Xu
W.Q.Liu, W. Zhang, P. K. J. Wong

XMCD Study of Rare Earth Doping in Transition Metal Thin Films

Max-lab, Lund, Sweden
11011

23.01.2013

29.01.2013

18

S18396

J. H. Zhao

W.Q.Liu,N.J. Maltby, S. P.Li,J. Lu

XMCD study of the Curie Temperature Enhancement in

Co,FeAl/(Ga,Mn)As Hybrid Structures
Diamond Light Source, RAL, UK

110

22.05.2013

29.05.2013

18

SI8757

Y.B. Xu

W. Q. Liu, N. J. Maltby, S. P. Li

XMCD study of the temperature dependent exchange bias effect in

FM/BiFeO; (FM=Co, FeNi) bilayers
Diamond Light Source, RAL, UK
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PI

CIs

Project
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Beamline
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Shifts
Reference No.
PI

CIs

Project

Station

Beamline

Starting Date
Finishing Date
Shifts
Reference No.
PI

CI

Project
Station

Beamline

110

05.03.2014

18.03.2014

12

ALS-06260

Y.B. Xu

W.Q.Liu, X.F.Hu

Probing domain wall backward motion in single/multilayer ferromagnetic
nanowires under current pulses using time-resolved XPEEM

Advance Light Source, Berkeley, USA

BL11.0.1.1

21.05.2014

27.05.2014

128

S19979

Y.B. Xu

W. Q. Liu, N. J. Maltby, S. P. Li

XMCD study of the Magnetoelastic coupling in Fe/GaAs(100) and
Fe;0,/GaAs(100) Heterostructures

Diamond Light Source, RAL, UK

110

28.05.2014

29.05.2014

6

S19991

S.P.Li

W.Q.Liu,N.J. Maltby, Y. B. Xu

Temperature dependent exchange bias effect in Co, FeNi /BiFeO; bilayers
Diamond Light Source, RAL, UK

110
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Finishing Date
Shifts
Reference No.
PI

CI

Project

Station

Beamline

Vi

10.09.2014

16.09.2014

18

S19975

Y.B. Xu

W. Q. Liu, N. J. Maltby, S. P. Li

XMCD study of hybridization of electron orbital and spin transfer
between graphene and transition metals

Diamond Light Source, RAL, UK

106
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List of Abbreviations and Acronyms

2D
2DEG
3D

AC
ADC
APERS
AES
AFM
ANE
APB
BCC
BSE
CCD
CI

CIP
CMOS
CPP
DCXRD
DMS
DOS
DFT
EDX
EM
FC
FCC
FET
FM
GMR

2 Dimensional

2 Dimensional Electron Gas

3 Dimensional

Alternating Current

Analogue Digital Converter
Angular-resolved PhotoEmission Spectroscopy
Auger Electron Spectroscopy
Atomic Force Microscopy
Anomalous Nernst Effect
Antiphase Boundary

Body Centered Cubic

Back Scattered Electrons

Charged Coupled Device
Co-Investigator

Current In Plane

Complementary Metal-Oxide-Semiconductor
Current-Perpendicular-to-Plane
Double Crystal X-Ray Diffraction
Diluted Magnetic Semiconductor
Density of State

Density Function Theory

Energy Dispersive X-ray

Electron Microscope

Field Cooling

Face Centered Cubic

Field Effect Transistor

Ferro- or Ferri- Magnetic Material

Giant Magnetoresistance



HCP
HM

IT
LCP
LED
LEED
MBE
ML
MR
MOCVD
MOKE
MRAM
MTJ
NM

PI
PBN
PLD
PPMS
QW
QHE
QSHE
RCP
RE

RF
RHEED
RKKY
RT

e

SE
SEM
SHE
SNR

Hexagonal Close Packing

Half Metals

Insulator

Information Technology

Left Circularly Polarized

Light Emission Diode

Low Energy Electron Diffraction
Molecular Beam Epitaxy
Mono-Layer

MagnetoResistance

Metal-Organic Chemical Vapor Deposition

Magneto-Optical Kerr Effect
Magnetic Random Access Memory
Magnetic Tunnel Junction
Non-Magnetic

Principal Investigator

Pyrolytic Boron Nitride

Pulsed Laser Deposition

Physical Property Measurement Systems
Quantum Well

Quantum Hall Effect

Quantum Spin Hall Effect

Right Circularly Polarized

Rare Earth

Radio Frequency

Reflection High Energy Electron Diffraction

Ruderman-Kittel-Kasuya-Yosida
Room Temperature
Semiconductor

Secondary Electron

Scanning Electron Microscope
Spin Hall Effect

Signal To Noise Ratio

Vil



SP-PAS
SQUID-VSM

SSE
SV
TEM
TI
TRS
TSP
TEY
TFY
UHV
XAS
XMCD
XPS
XRD
ZFC

Spin Resolved Positron Annihilation Spectroscopy
Superconducting Quantum Interference Devices -
Vibrating Sample Magnetometer

Spin Seebeck Effect

Spin-Valve

Transmission Electron Microscopy

Topological Insulator

Time Reversal Symmetry

Titanium Sublimation Pump

Total Electron Yield

Total Florescence Yield

Ultrahigh Vacuum

X-Ray Absorption Spectroscopy

X-Ray Magnetic Circular Dichroism

X-Ray Photoelectron Spectroscopy

X-Ray Diffraction

Zero Field Cooling



List of Symbols

Atomic number

Degree

Lattice constant

Magnetic flux

Electron charge

Energy

Fermi level

Formula unit

Plank constant

Miller Index of the plane perpendicular to (001)
Coercive field
Wavevector

Miller Index of the plane perpendicular to (100)
Magnetization

Orbital moment

Spin moment

Total moment

Saturation magnetization
Momentum operator

Spin polarization

Spin resistance

Curie temperature
Potential

Atomic number

Fresnel reflection coefficient
Formation energy
Number of change

The sodium D-lines
Chemical potential
Electrochemical potentials
Bohr magneton

Frequency



Pty

Resistivity

Photocurrent

Spin lifetime
Recombination time
Empirical constants
Exchange energy
Magneto-crystalline anisotropy energy
Demagnetization energy
Zeeman energy
Exchange constant

Spin momentum

Angle

Magnetic Field

Density of States
Magnetic susceptibility

Xl
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