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Abstract

This thesis reports XAS and XMCD measurements at the Ly 3 edge of Co
and Fe and magnetic moment calculations of CoFeB/MgO systems, with
and without a Inm Ru capping layer. XAS and XMCD measurements
reveal multiplet effects in Fe and inversion of Co XMCD upon addition
of a capping layer. Also, spin and orbital magnetic moment calculations
using x-ray sum rules reveal negative magnetic moments for Co after cap-
ping addition, suggesting a flip in spin. Since no oxygen was found in the
CoFeB layer, and the flip was element specific, it was proposed that this
phenomenon was the consequence of Ru charge transfer across the MgO

layer to interface Fe, and spin-orbit coupling between Fe and Co.
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Chapter 1

Foreword

This report documents the student’s journey to analyse X-ray absorption
spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) data
of CoFeB/MgO interface systems. XAS and XMCD data was analyzed
using knowledge gained by the student on these 2 methods during the
course of this project. The use of the X-ray sum rule was also verified by
reproducing literature values, to ensure correct usage of the sum rule. As
this project was a collaboration between the Singapore Synchrotron Light
Source (SSLS) and A*STAR Data Storage Institute (DSI), some details
concerning the methodology and structural analysis (e.g. EELS) of the
2 samples fabricated by DSI were kept confidential and not available to
the author. All information about the samples’ fabrication and structure
reported was all that was made known to the author, and the analysis
of the samples were based on that. Also, due to the time constraints of
this project, data from only 2 samples were provided by the supervisor.
The author suggests that more research should be done for more in-depth
analysis of the oxide interface’s magnetic properties, and proposes several

areas of further research.



Chapter 2

Introduction

Due to its potential for use in spin-transfer-torque magnetoresistive random
access memory (STT-MRAM), the magnetic properties of CoFeB/MgO-
based systems have been of much interest in recent times [1]. In particular,
the CoFeB/MgO interface has been found to exhibit high tunnel magne-
toresistance (TMR) and perpendicular magnetic anisotropy (PMA)[2, 3, 4],
even higher than the PMA of traditional ferromagnetic or ferrimagnetic
metals on non-magnetic transition metals [5, 6]. As several magnetic phe-
nomena can be attributed to spin-orbit interaction (SOI)[7, 8, 9], it is
believed that the control of SOI strength of interface materials is thus the
key to improving the magnetic and charge transport properties of current
spintronic devices, pushing the frontier of data storage devices[10]. How-
ever, while it is well known that the CoFeB/MgO interface experiences
magnetic anisotropy, the role of oxygen at the interface and the origin of
such anisotropy at the interface remains unclear. Furthermore, the effects
of a capping layer on the interface of interest has yet to be studied exten-
sively, and remains a crucial area of research considering the CoFeB/MgO
interface’s application in data storage devices.

The aim of this project was to investigate the above-mentioned problem

using synchrotron-based X-ray absorption spectroscopy (XAS) and X-ray



magnetic circular dichroism (XMCD) at the Lo,3 edges of cobalt (Co) and

iron (Fe).

2.1 Background knowledge

2.1.1 Interface versus bulk properties

A solid interface comprises of the few atomic layers, which separate two
solids in contact with one another, with properties significantly different
from those of the bulk materials it separates [11]. Since the interface lies
inside the sample, and has properties dependent on its morphology after
fabrication, one cannot use destructive methods of analysis that might af-
fect the morphology of the material. Also, unlike surface properties that
can be measured by using probes that interact mainly with the top few
layers of atoms (e.g. low energy electron diffraction (LEED), atomic force
microscopy (AFM))[11], interfaces require probes that can penetrate into
the material and interact with the interface. Consequently, thin film sys-
tems (where each material layer’s thickness is on the scale of nanometers)
are used to study interfaces as bulk effects are reduced, allowing penetrat-
ing probes (e.g. X-rays) to be largely affected by the interface properties
instead.

At an interface between two different materials, the amount change
the interface atoms experience relative to their intrinsic bulk properties is
largely dependent on the choice of materials (inclusive of substrate and any
buffer layers) and preparation technique[l11]. Tt is thus important to have
a clear understanding of how to isolate each element’s behaviour at the
interface, as well as have knowledge of the film morphology through non-
destructive analysis techniques (or by choosing fabrication methods with

predictable results).



2.1.2 Spin and Orbital magnetic moment

Classically, magnetic moment, more correctly magnetic dipole moment, is
a property of an object that governs its own magnetic field and its re-
sponse when placed in a magnetic field[12]. However, the quantities to
be calculated in this experiment, M., and myy, although also called the
the orbital and spin magnetic moment quantum numbers respectively, are
actually misnomers[13]. In quantum physics, m first appears as a variable
inside the spherical harmonics, used as a solution to finding the eigenvalues
of the angular momentum operators L? and L,, where L, is the angular

momentum in a particular direction.

LY (0.9) = UL+ DAY (6, ¢)
(2.1)

L.Y,"(0,¢) = mhY;" (0, ¢)

As shown in (2.1), m is the eigenvalue of L., implying that m is a
directional quantum number. Later, due to experimental evidence (Zeeman
effect and Stern-Gerlach experiment), it was postulated that electrons had
another intrinsic form of angular momentum which was named spin (S),
thus giving rise to the naming convention: L, and m; for orbital angular
momentum, and S, and my for spin angular momentum. Thus, quantum
theory shows that m affects the wavefunction of an orbital state, and m
takes the values m; = {—1,1 —1,...,1 + 1,1} such that —l < m; < [, and
similarly for m, such that m, = j:%.

It is important to note that in the rest of this thesis, m; = m,, and

Mg = Mspin-



2.1.3 Principles of XAS and XMCD

X-ray absorption spectroscopy (XAS) at the Ly,3 edge involves the excita-
tion of a 2p core electron via the absorption of an X-ray photon, causing
it to transit into the 3d valence band [14]. The L3 and L, transitions cor-
respond to the excitation of a 2ps/, and 2p; /s electron respectively. Upon
excitation of a core electron, a core hole is formed in the core shell. As
XAS involves the transition of a core electron to a valence shell, the ab-
sorption spectra (measured by X-ray transmission intensity through the
film) are directly affected by the valence shell properties, such as valence
shell occupancy, oxidation state, and crystal structure density [14, 15].
X-ray magnetic circular dichroism (XMCD) is a variation of XAS that
measures the difference in the target element’s absorption of left circularly
polarized light (Icp) and right circularly polarized light (rcp)[16]. The phe-
nomenon of different absorption of left and right circularly polarized light

is known as dichroism, and is defined as:

Ap=p_ — py = AepyyCBA (2.2)

Where p_ is the lep absorption, py is the rcp absorption, Aey, is the
differential molar absorptivity per Tesla of magnetic field, C' is the molar
concentration of the absorbing species, and A is the path length through the
sample[16]. Dichroism is related to the Faraday effect[16], where linearly
polarized light experiences a rotation of polarization angle when travelling
through a material, placed in a magnetic field, that experiences magneti-
cally induced birefringence. It was later also understood that a magnetic
field can also change a material’s lcp and rcp absorptivity. Thus, XMCD
utilizes this phenomena, analyzing a material’s change in absorptivity. A
comparison between XAS and XMCD is shown in Fig. 2.1.

In XAS, there is no differentiation between absorption of lcp or rep x-
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Fig. 2.1. Diagram depicting L3 electron transition from core 2p shell to 3d
valence band in XAS (left of vertical axis) and XMCD (right of vertical
axis). Greyed out areas of the 3d bands are filled with electrons. Ep is the
Fermi level, and the majority and minority spin are spin up and spin down
respectively.
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rays, so all electrons see the same density of valence states. However, in
XMCD, due to the circular polarization of incoming x-rays, the electrons
in the 2p shell get split into 2 sets that either transit to the majority or
minority spin bands. In ferromagnetic materials like Co, Fe, and Ni, the
energy bands of majority and minority spins get shifted from one another
due to delocalized 3d electrons, resulting in an abundance of one spin over
another[17]. Consequently, electrons in the 2p shell can only transit to
either of the 2 bands, as shown in Fig. 2.1. Since spin up electrons can only
absorb lcp while spin down electrons can only absorp rcp, the absorption

of lep and rcp x-rays becomes different, giving rise to dichroism.

2.1.4 X-ray Sum Rule

In non-volatile magnetic random access memory, data is stored in poly-

crystalline grains. For bulk ferromagnetic materials, the spins of individual



atoms within each grain tend to align, and can be treated to have only 1
magnetic moment [18]. STT-MRAMs store data by flipping the total spin
(either from up to down, or left to right or vice versa), allowing for binary
data to be stored.

In 1993, Thole et. al. published the derivation of an X-ray sum rule
that would allow for the determination of (L.) and (S,) from XMCD and
XAS spectra[19, 20]:

S W) de
Sivs (7 4 p0) dw

(2.3)
_ll(l+1)+2—c(c+1)<L >
2 1+ 1D)@l+2-n) V7
5 S, " = p)dw = [(c+ 1)/ [, (u" = p7)dw
B Sivas (b 4 10) dw
:l(l+1)—2—c(c—|—1)<sz> (2.4)

3c(4l+2 —n)
I+ DI+ 1)+2c(c+1)+4] —3(c—1)*(c + 2)?
* 6lc(l+ (Al +2 —n)

(Tz)

Where ¢ and [ are the orbital angular momentum quantum numbers
for the core orbital (c=1 for Fe and Co Ly3 edge) and valence orbital
(I=2 for Fe and Co Ly 3 edge), n is the number of electrons in the valence
shell (electron occupation number), w is the energy of X-rays hitting the
sample, and 7, and j_ refer to the integration ranges of L3 and L, peaks
respectively. (T.) is the expectation value of the magnetic dipole operator,
which is negligible as compared to (S,) for larger 3d transition metals (i.e.
Fe, Co, Ni)[20]. From p and ¢, one can determine the magnetic moment

quantum number from the following equations[16]:

Morp = _<Lz> (25)



Mspin = _gs<Sz> (26)

The sum rule above was derived for bulk materials using graphical the-

ory of angular momentum. As such, to modify the sum rule to be applicable

to thin film or interface systems, an understanding of graphical theory of

angular momentum is required.

Alternative form

In 1995, a paper by C. T. Chen et al. on analyzing Fe and Co thin films

(5-7Tnm) presented a simplified, more compact form of Thole’s sum rule

[21]:

_4fL3+L2 (,LL+ - M_) dw
3 fL3+L2 (ut +p) dw

(10 — 134) (2.7)

Morp =

6 [, (ut —p)dw—4f . (u"—p7)dw
fL3+L2 (,u+ + :u_) dw

X (10 — nzq) (1 + ;gi ) B

Mspin = —




Chapter 3

Methodology

The 2 films used in this project were fabricated at the Agency for Sci-
ence, Technology and Research (A*STAR) Data Storage Institute (DSI)
by radio frequency (RF) magnetron sputtering with a sputtering chamber
pressure was about 2 x 107® mbar. Fig. 3.1 shows the layer species, order,
and thickness of the 2 samples. The 2 samples were grown on separate

substrates.

Sample A Sample B

Fig. 3.1. Diagram depicting the layer order and layer thickness of the 2
samples used. Sample A has a Inm Ru capping layer while sample B does
not. Ta acts as a seed layer to the CoFeB layer.

XAS and XMCD was used to analyze the samples. In XMCD, (2.2)
shows that a species’ dichroism is dependent on A€y, an intrinsic property
of a given species. This is what gives different species their characteristic
XMCD spectra. Also, the dependence on molar concentration would allow
one to determine the relative concentration of a species, or relative changes

in molar concentration, should several species appear in the same spectra,



like that of different oxidation states [15].

As a consequence of the magnetic field, XMCD can also study otherwise
energetically degenerate states due to Zeeman splitting[16]. Zeeman split-
ting causes electrons within the same orbital with different total angular
momentum () to have different energy levels, thus removing degeneracy.
As such, by measuring p_ and p, separately, one can find both XMCD
and XAS data featuring L3 and Ly absorption peaks of Fe and Co sepa-
rately by either taking the difference (for XMCD) or sum (for XAS) of the
absorptivity for each X-ray photon energy[16].

The advantage of using XAS and XMCD is that each element has its
own set of characteristic absorption edges depending on the core level in-
volved. Thus, both methods are element specific, allowing one to study
the electronic and magnetic properties of Co and Fe separately despite be-
ing in an alloy. Also, since XAS and XMCD use X-ray as a probe, it is
a non-destructive method as the X-rays can penetrate through the mate-
rial to measure interface effects without changing the electronic or physical
structure of the film.

Synchrotron radiation was used for XAS and XMCD as other conven-
tional X-ray sources are not able to produce X-rays of high enough intensity
at the range required for XMCD[16]. (This also implies that research insti-
tutes without synchrotrons would find difficulty replicating this methodol-
ogy.) As synchrotron radiation is linearly polarized in the plane of orbit[14],
it should have nearly equal intensities of lep and rcp.

The XAS and XMCD data were obtained from measurements at the
Singapore Synchrotron Light Source (SSLS) SINS beamline. The mea-
surements were done by Dr. Yu Xiaojiang (this project’s co-supervisor).
XAS measurements were taken at 2.3 x 107 mbar, with an oscillating
magnetic field of &1 T. The photon beam was 88% linear polarized. The

XMCD data was calculated from XAS, and the results for some samples
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were normalized. For each sample and species, p and p_ values with
their corresponding photon energy were given to the author. After more
normalization, XAS and XMCD spectra were plotted.

With the XAS and XMCD data, the X-ray sum rule was used to de-
termine the spin and orbital magnetic moments of Fe and Co. In most
works on STT-MRAM materials, only the total ”magnetic moment” was
discussed due to it’s relation to a material’s magnetization [22, 23, 24, 25].
However, as shown in Section 2.1.2, spin is a quantum theory concept, and
is distinguishably different from the total and orbital magnetic moments.
Consequently, it is important to be able to separately determine the or-
bital (mep) and spin (mg,;,) magnetic moments of the ferromagnetic or
ferrimagnetic species in materials of interest (Co and Fe in the case of the
CoFeB/MgO interface).

The form of the X-ray sum rule used for data analysis was (2.7) and (2.8)
instead of Thole’s original equation ((2.3) and (2.4)) as this project deals
with ultra thin films. Since this form of the sum rule does not account for
interface effects, the magnetic moment contribution due to the interface
effects alone cannot be determined directly. However, it still can show
relative changes when a change is introduced to a thin film system by

comparing the calculated spin and orbital magnetic moments.
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Chapter 4

Results

4.1 Proof of validity of X-Ray sum rule

Before using (2.7) and (2.8) to calculate the spin and orbital magnetic
moments from experimental data, it was checked whether one could re-
produce the calculated magnetic moment presented by C. T. Chen[21].
DataThiefIII version 1.7 (a shareware[26]) was used to extract data points
from C. T. Chen’s Fe data, and the XAS and XMCD integrals of (u_ + 4 )
and (u_ — py) were summed up over the required ranges to give the in-
tegrated value of the spectra. The various sums were then used to find
Merp and Mgy, using (2.7) and (2.8). Comparing with C. T. Chen’s calcu-
lations before correcting for (7)), it was found that while the percentage
discrepancy for m.,;, was 22.2%, mp, was very accurately reproduced with
only an error of 0.9%. Since the error for m;otal is still about 0.9%, which
shows that the author’s calculations were still sufficiently good to use on
experimental data. In Chapter 7, the importance of eradicating this error

in application of the sum rule is elaborated on.
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4.2 XAS and XMCD Results

Fig. 4.1 and Fig. 4.2 show the XAS and XMCD data obtained for both
samples for the Fe and Co Ly 3 edge respectively. All data obtained was
normalized to make comparisons between spectral features easier. Due
to the difference in film thickness between samples, one cannot simply
compare absorption intensity between samples. However, the relative peak
heights (or peak heights relative to the background step increment) for
each sample can be used to reflect changes in occupation ratios of different
species that contribute to different spectroscopic features. This section will
highlight the features of the XAS and XMCD spectra.

For Fig. 4.1, data was normalized to give nearly the same amount
of background absorption. For the sample without a capping layer, the
XMCD and XAS peaks align, and are similar to that of thin Fe films [21].
However, upon addition of the capping layer, peak splitting/ forming of a
new peak was observed in the Ly XAS peak, and a higher energy shoulder
can be seen for the L, peak. Also, the XAS peaks of the sample with
capping did not align with the XMCD peaks.

For Fig. 4.2, an amazing observation can be made: the addition of a
capping layer caused the inversion of the XMCD. The XAS plots reveal that
although there is a small shift in peak position, the form of the spectrum
with or without capping is roughly the same. The lack of background step
increment in absorption for the sample with capping was due to the Co
signal being initially relatively weak as compared to iron. Consequently,
the addition of an extra capping layer resulted in the drowning out of the
step background (the film was 6nm thick, while the penetration depth of
X-rays are <~ 10nm[15]). Once again, like for the Fe XAS and XMCD,
the peak positions align when there is no capping layer, and do not align

when there is a capping layer.

13
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Lo,3 range. Solid lines refer to XAS peaks from the sample without capping
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4.3 Magnetic moment of Co and Fe

The application of the X-ray sum rule required the integration of the
XMCD and XAS spectra. For XAS, there exists an L3 and Ly step jump
due to transitions (corresponding to absorption) that are not sensitive to
the polarization of light (ug). The height of the step is dependent on the
relative degeneracy of the 2p3/» and 2p,/, orbitals (2:1)[27] and this step
background had to be subtracted from the integral as they are absorp-
tions that do not reflect the dichroism of the material. Fig. 4.3 shows the
step functions used. The form of the step function was taken from other

literature[21], and scaled for each of the XAS spectra.
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Fig. 4.3. Graphs of the 4 XAS plots determined from experimental data,
plot against the two-step function used to subtract the L3 and Lo step jump
background from the XAS integral, fL3+L2 (u™ + p~) dw. For the Co XAS
of the sample with capping, the initially weak signal from Co, compounded
with scattering through the extra Inm Ru layer, resulted in the background
getting drowned out.

16



The calculated magnetic moments were compared as shown in Table 4.1.
Magnetic moments of the sample with capping were noticeably lower than
that of the sample without capping. Also, the m.p/Mgpin, decreased with
capping for Fe, and increased for Co. Most importantly, Co experienced a
change of sign for both orbital and spin magnetic moments.

Table 4.1
Table of magnetic moments calculated from experimental data in units of
(g per atom, where pup is the Bohr’s magneton. nsy for Fe and Co were
taken to be 6.61 and 7.51 respectively [21].

Sample Fe mom | Fe mgpin || Fe Mo/ Mispin
No capping 0.528 1.60 0.329
With capping | 0.213 0.845 0.252

Sample Co Morp | CO Mgpin || CO Morb/Mispin,
No capping 0.198 0.817 0.242
With capping || -0.204 -0.430 0.475

17




Chapter 5

Discussion

The most surprising observation from the data was the flip of the XMCD
spectra of Co when there was a capping layer. The next surprising observa-
tion was the formation of higher energy peak and the high energy shoulder,
in the L3 and Lo XAS peaks of Fe respectively, but not in its XMCD spec-
tra. Other studies on Co and Fe using both XAS and XMCD reveal that
it is normal for slight misalignments of XAS and XMCD peaks|[28, 29, 30].
As such, peak alignment would not be discussed in this section.

The Fe and Co spectral shape for the sample without capping most
closely resembles that of metallic Fe and Co (comparing peak postition and
alignment with other literature [15, 31]). Upon introduction of a capping
layer, XAS reveals that Fe seems to exhibit extramultiplet features. Since
there was no change in the spectral shape of the XMCD, and considering
the relative position of the new peak, the new peak is highly similar to what
could have been due to antiferromagnetic Fe?T[29]. However, as shown by
the analysis by A*STAR DSI, the change in Fe XAS spectra was not due to
the introduction of oxygen into the CoFeB layer. If there was oxygen in the
alloy layer, it would have very likely created other ionization states in Co
as well[15]. However, since the position of the Fe?' peak is dependent on

the structure, and is usually found on the lower energy side of the metallic
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Fe peak [32, 15], it remains unclear whether the new peak corresponds to
Fe?t.

No matter the oxidation state of the new peak, it still represents the
existance of another state of Fe besides metallic Fe. It is thus proposed
that the new electronic state reflected in the Fe XAS was due to charge
transfer from the Ru capping layer, which donated electrons to the Fe
atoms at the interface, giving it ferrimagnetic properties. This is possible
as Ru has a large electron cloud that can be easily distorted to donate
electrons, or possibly interact with the electron clouds of other atoms [33].
This explanation makes it more probable that the new peak was due to the
existence of Fe?™.

Another interesting conclusion can be drawn from the XAS data: Since
the signal from the new electronic state in Fe was stronger than that of
metallic Fe, it might imply that only the Fe atoms closer to the surface of
the film (~ 2nm deep) were affected by the capping layer. This is because
the signal strength weakens as the photon beam penetrates the material,
resulting in a larger response from the interface (with affected Fe atoms)
than the metallic Fe atoms deeper in the thin film.

The possibility of a capping layer affecting interface atoms could be
used to explain the flip of XMCD in Co. As can be seen from the XAS, it
seems that in both samples, the XAS was similar to that of metallic Co,
except that the step background was reduced in the sample with capping.
The change of peak sign resulted in the calculated magnetic moments be-
ing negative. Thus, there are 2 questions to be answered: What could
have caused the change in response to the polarization of light absorbed
(dichroism), and what is the significance of a negative magnetic moment?
In metallic Co and Fe, negative XMCD peaks reflect an abundance of the
majority spin (spin up) and the positive peaks reflect an abundance of mi-

nority spin (spin down). As can be seen in the Co XMCD for the sample
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with capping, it is like as if the band of the majority and minority states
had shifted relative to each other such that the majority spin states were
more filled than the minority spin states. This suggests that spin-orbit cou-
pling between the Fe and Co orbitals at the CoFeB/MgO interface induced
a change in the Co spin majority and minority bands due to the change
in Fe electronic orbitals by charge transfer from the capping layer. This
also hints that the role of oxygen at the interface might be to induce Fe 3d
hybridization with O 2p, which then coupled with Co to produce magnetic
anisotropy at the CoFeB/MgO interface.

Looking at Table 4.1, (2.7) and (2.8) reveal that a decrease in m,,, after
the addition of capping was either due to the total integrated XMCD being
relatively less negative than the integrated XAS, or due to a decrease in
electron occupancy of the 3d orbital. For mgy,, either the integral of 2 Ls
XMCD peaks and 4 Ly XMCD peaks became relatively less negative, or
the occupancy decreased as well. A change in occupancy was unlikely to
be the only cause because the factor that the magnetic moments that each
element decreased by was not the same (Refer to Appendix A). This means
that there most probably was a reduction in the L3 XMCD peak height
relative to the Ly XMCD peak as well. Since there was other evidence of
the capping layer’s interaction with the interface, it was possible that the
large electron cloud of Ru was able to induce hybridization effects at the
interface for both Fe and Co[34]. Hybridization causes the broadening of Fe
and Co bands, resulting in a larger overlap of spin up and spin down states,
and thus a reduction of the difference between XMCD peak intensities of
L3 and L»[34]. However, the significance of a negative magnetic moment
still needs to be answered.

Interpretation of the experimentally determined magnetic moments by
quantum theory gives insight into the significance of negative magnetic

moments: As mentioned in Section 2.1.2, m, and myy;, are directional
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quantum numbers of angular momentum. For a single particle (quantum),
it was derived that m should have a value that should be either integer
or half-integer depending on the value of [ and s. However, the values
determined experimentally revealed that it was not the case. This suggests
2 things: Interactions between neighbouring atoms in an extended solid
state material resulted in a change in the extent of magnetization in the
direction of the external magnetic field (z-direction); and there was an
alteration of the orbital wavefunctions which were involved in the magnetic
properties of the material. Comparing with literature[21], the percentage
differences between the magnitudes of the magnetic moments of Fe and Co
for the sample without capping with reported Fe and Co magnetic moments
from Fe thin films and Co thin films were large (> 21%). This supports
other literature[35], that the hybridization of the Fe 3d and O 2p orbitals
(showing interactions with other atoms) at the CoFeB/MgO interface gives
rise to PMA at the interface. However, whether this is the only effect of
oxygen at the interface remains unclear, and left for further studies (See
Chapter 7).

After the addition of a capping layer (not in contact with the interface)
the magnetic moment experienced another change. This implies that the
addition of a capping layer managed to affect the orbital wavefunction of the
atoms at the interface, thus agreeing with the XMCD and XAS data — the
atoms at the capping layer had possibly interacted with the interface atoms
via charge transfer across the MgO layer. Focusing on the negative m,,;, and
Mspin, Observed, it implies that the spin orientation relative to the external
magnetic field direction has “flipped” (such that the m,,, and myy;, vectors
now point in the opposite direction of the L, and S, vectors respectively).
This is an interesting new phenomenon, and deeper research into the effects
of capping could reveal new physics which can shed light on how capping

can be manipulated for optimization of data storage technology. In this
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experiment, however, this poses a problem for practical applications as Co,
with capping, would reduce the total magnetic moment, of the interface as
Fe still has positive magnetic moment.

Sources of error in this experiment and how to reduce them are ad-

dressed in Chapter 7.
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Chapter 6

Conclusion

In conclusion, it was found that the addition of a 1nm Ru capping layer
on top of a CoFeB/MgO interface resulted in multiplet effects in Fe, and
an unexpected flip of spin magnetic moment only in Co. The magnetic
moments of Fe and Co atoms were also determined, where Co experienced
a change in sign of both spin and orbital magnetic moments. It was thus
proposed that this was due to charge transfer from the capping layer to
Fe, followed by spin-orbit coupling between Fe and Co electrons. Also, as
oxygen was not found in CoFeB, it was concluded that the role of oxygen
was most likely to induce Fe 3d and O 2p hybridization, which affected the
orbitals of Co via spin-orbit coupling and induced magnetic anisotropy at

the CoFeB/MgO interface.
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Chapter 7

Future work

Throughout the course of this project, the author had many ideas of what
could be done to improve on this project, but could not due to time con-
straints. This section will highlight the different areas that the author felt
should be done to reach certain targets not reached in this project. The 4

research questions in this project were as follows:

1. What are the spin and orbital magnetic moments of Co and Fe atoms

at a CoFeB/MgO interface?

2. How can interface characteristics be isolated from XAS and XMCD
data and differentiated from known bulk characteristics? (i.e. How

to identify magnetic anisotropy?)
3. How can the effects of the capping layer be isolated?

4. How can the effects of oxygen (carrier) be isolated from the rest of

the data and be interpreted?

The pursuit of more accurate answers to these questions remain mean-
ingful for future works as assumptions were made in the execution of this
project:

As mentioned in Section 2.1.4, the derivation of the X-ray sum rule by

Thole ((2.3) and (2.4)) requires the understanding of the graphical theory
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of angular momentum. After a month of learning the graphical theory, the
author realized that the X-ray sum rule requires an in-depth understanding
of the graphical method to understand the physical significance behind each
step of the derivation. Understanding the derivation would allow one to
know the physical assumptions and constraints considered in the derivation.
For example, a work by Altarelli[36] showed a simple, alternative proof for
Thole’s sum rule and mentioned the assumptions used in Thole’s derivation.
If one understands the physics behind thin films and interfaces, one can
apply new constraints to modify the bulk form to fit that for interface
conditions. Such a new form would be useful for future research on interface
materials, and would only be possible if one has a deeper understanding of
the graphical theory of angular momentum.

Concerning the correct usage of the X-ray sum rule, C. T. Chen’s form
of the sum rule was used even though the discrepancy for m,., was high.
Also, the experimental m.p/Mspin, Was nearly 10 times larger than that
found in the replication of literature values, indicating that the calculation
discrepancy error (22.2%) from m,,;, was no longer negligible. If this form
of the sum rule were to be used in future work, the cause for the high
discrepancy should be identified and reduced for more accurate use of the
sum rule, and determination of m,,;,. Alternatively, data analysis softwares
like IGOR Pro by WaveMetrics can be used for more accurate determi-
nation of the magnetic moments. IGOR was not used in this project due
to time constraints, as the use of the software required time to learn. Be-
sides, blind usage of the software without understanding the physics behind
Thole’s X-ray sum rules, (2.7) and (2.8) would not allow the researcher to
appreciate the changes in calculated magnetic moment (like changes due
to a reduction in intensity difference in the Ly and Ls in XMCD). Before
use of IGOR, it should also be checked whether IGOR can reproduce the

calculated magnetic moment from known literature.
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In the use of the sum rule, the value of Co and Fe ns; were taken to be
7.51 and 6.61 respectively. These values were taken from C. T. Chen’s work
and assumed to be close to that in this project’s samples [21]. Also, ngq was
taken to be unchanging during the calculation of the magnetic moments.
The values listed above were calculated by integrating the density of states
using band theory([37, 38|, as atoms in bulk have different electron occupa-
tion than the atomic state (7 and 6 electrons for Co and Fe respectively).
However, at an interface, conventional band theory would not apply any-
more as interface effects can affect the occupation and density states, as
shown in this project. Thus, for more accurate determination of the mag-
netic moments, nsg should be measured for both elements for both sam-
ples. n3q can be determined for alloys xia X-ray photoemission spectroscopy
(XPS) and inverse XPS[39], or relative changes in n34 between samples can
be determined using electron energy loss spectroscopy (EELS)[40]. Studies
on the density of states of Co and Fe at the CoFeB/MgO interface could
be a whole research project on its own as it has been shown that the con-
centration ratio of Co to Fe in the film would affect the density of states,
and thus the XMCD and calculated magnetic moments [29]. Understand-
ing how the density of states varies with concentration might shed light on
how to maximize the density of states for Co and Fe to manipulate the spin
and orbital magnetic moments of Co and Fe.

On the research questions concerning isolation of characteristics, one
should first have a better understanding of solid state physics. Areas that
the author had identified (but was unable to get a sufficient understanding
of due to time constraints), were crystal field theory and charge transfer
dynamics. An understanding of crystal field theory would allow one to
better understand bulk material behaviour, or simply how atoms in an
extended solid interact with each other to produce properties not seen in

individual atoms or molecules. More importantly, a better understanding
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of charge transfer would allow one to evaluate whether the hypothesis sug-
gested in this project (that the Ru capping layer affects the interface via
charge transfer) is possibly correct. It would also allow one to have a better
understanding of how oxygen could possibly act as a charge carrier at the
interface, and how it would affect the interface atoms to show changes in
the XMCD and XAS.

Also, data from more samples could be obtained. In this project, the
author was only provided with 2 samples as she was told that they were
representative of other similar samples. However, for thorough scientific
research, one should have more samples to ensure consistency of observa-
tions. Also, it would allow one to determine the uncertainty of experimental
magnetic moments to evaluate the accuracy of measurement of the method
used in this project (Refer to Chapter 3. Also, by having more types of
samples (e.g. samples with thinner/ thicker MgO, Ta or Ru capping layer,
or different layer order, or different capping material such as Ta) it might
give better insight into the viability of charge transfer being the cause of
the phenomena, or drive attention to other possible factors that might have
led to the flip in magnetic moment: What if the interface Co was affected
by the Ru/MgO interface, and not just Ru? To what extent can spin-
orbit coupling between the Fe? state and Co affect the spin of Co electrons
(i.e. how significant is the contribution by spin-orbit coupling)? It has
been shown that the presence of Fe?* alone does not cause the flipping of
magnetic moment[29], so it is likely that some new phenomenon related to
charge transfer from the capping layer caused the inversion of Co XMCD.
However, why were multiplet effects not observed in Co, and the flip in
spin not observed in Fe? These are important questions to be answered,
and require a lot more time for literature research and understanding of
first-principles.

Lastly, even if all the above points addressed, there were little studies
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done on the morphology of the film (the author was only told that no
oxygen was found in the CoFeB layer). Since the proposed hypothesis
concerned charge transfer, the direction of future work should be focused
on increasing the MgO layer thickness, and reducing the Ru, CoFeB, and
Ta layer thickness to still allow the film to be adequately analyzed by XAS
and XMCD (since the Co intensity was weak in the first place, the total
film thickness should be kept as thin as possible). Thinner layers can be
made by using molecular beam epitaxy (MBE). The thicker the MgO layer,
the less Ru should be able to affect the interface. Alternatively, Mg can
be substituted for more electronegative metals (like aluminium). Due to
the higher electronegativity than Mg, it should have a higher tendency to
retain the Ru electron cloud within the oxide layer. Thus, it would be
expected that the multiplet effect in Fe would be reduced, and so would
the inversion of Co XMCD. However, the increased electronegativity would
also affect the hybridization of Fe 3d and O 2p orbitals, so this has to be

taken into consideration during analysis as well.
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Appendix A

Percentage discrepancy

calculations

Table A.1
Table of the ratios of m, and My, for the sample without capping over
the sample with capping for Co and Fe. If the decrease in magnetic
moment was due only to N34, Morb nocap/Morb.cap Should equal to
Mespin.nocap/ Mespin.cap fOr €ach element.

SpeCieS mm'b,nocap/mo'r'b,cap mspin,nocap/mspin,cap
Co -1.03 -0.53
Fe 0.40 0.53
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Back matter: Extra things unrelated to the project.

We can also conclude, that the capping layer was a Handy-cap.
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