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Summary

Magnetic data storage has been an active and productive research field for several decades.
Targeted on the everlasting persuit of higher storage capacity, longer data retention, and
lower energy consumption, it spans both computational and experimental efforts. The
theoretical understanding of the underlying physical mechanism, i.e., the giant magne-
toresistance and tunneling magnetoresistance effects, by means of first-principles cal-
culation, stands among the essential issues which provides guidance and insights into
the device optimization in practice. In addition, the computational screening and design
of novel materials and heterostructures as the building blocks of data storage devices
has proved to be a highly efficient and economic way. In this thesis, first-principles
approaches based on various computational techniques were employed to illustrate and
discuss the subject of magnetic data storage, to explore and unveil the physics dominat-
ing the device performance, and to find novel and practical methodologies of designing

promising functional elements for the next-generation data storage devices.

The current-perpendicular-to-plane giant magnetoresistance (CPP-GMR) devices hold
the promise for substituting the magnetic tunnel junctions (MTJs) as the next-generation
hard disk drive (HDD) read sensors. Our first proposal in this thesis is an all-Heusler

trilayer architecture which could be used as a rational design scheme for achieving high

vii



spin-filter efficiency in the CPP-GMR devices. Quantum transport calculation showed
remarkable improvement in the magnetotransport performance over the convention-
al Heusler-compound/transition-metal/Heusler-compound design by employing an all-
Heulser Co,CrSi/CuyCrAl/Co,CrSi GMR stack. Subsequently, the underlying physics
was unveiled via a more comprehensive electronic-structure and spin-transport study.
The intrinsically matched energy bands and Fermi surfaces between the all-Heusler
electrode-spacer pair gives rise to small interfacial resistances of parallel conduction

electrons and hence enhances the MR ratio.

In parallel to GMR, the tunneling magnetoresistance effect (TMR) may be of greater im-
portance in view of its mainstream status in the present magnetic recording devices and
the bright prospects for the next-generation memory techniques. From historical point of
view, every crucial progress in the theoretical understanding of the TMR effects boosted
the improvement of the TMR devices. However, there exists a long-standing problem
that, albeit continuous optimization of the fabrication process and technique, the magne-
toresistance ratio obtained in experiments is always much lower than the theoretical pre-
dictions. Our theoretical investigation attributed this discrepancy to the boron-diffusion
induced crystal symmetry reduction of the MgO tunneling barrier, which is inevitable in
the current experimental fabrication process. We also found that the MR performance
is highly sensitive to the interface quality, and boron residuals at the electrode/barrier
interface due to inadequate annealing further decreases the MR value. The new physics
we proposed here not only contributes to the theoretical understanding the TMR effects
but also provides some hints to the experiment community for the enhancement of MR

ratio.

In addition to the theoretical study of the TMR effect, this thesis also sheds some light on

viil



its possible application in a cutting-edge nonvolatile memory, that is, the spin-transfer-
torque magnetic random access memory (STI-MRAM). In particular, we carried out
first-principles calculation to predict and design ferromagnetic materials/heterostructures
for the construction of high-performance perpendicular magnetic tunnel junctions (p-
MT]Js), which are incorporated in STT-MRAMEs as storage bits. A crucial step towards
the goal is to identify ferromagnetic materials with perpendicular easy axes to serve as
the p-MT]J electrodes. We address this problem by evaluating the suitability of the re-
cently emerged binary compound series Mns_,Ga (0 < z < 1). Our calculation showed
that, due to the symmetry selective filtering effect, only Mn3_,Ga with low Mn concen-

tration (z — 1) are eligible in view of magnetoresistance performance.

On the way to search for high-performance p-MTJ building blocks, we also explored
the heterostructure containing half-metallic Heusler compounds in junction with the M-
g0 barrier. The Co,FeAl (CFA) /MgO interface was chosen as a prototype, of which
the thermodynamic stability, magnetocrystalline anisotropy, magnetoelectric effect and
magnetotransport performance were systematically investigated. It was found that the
geometry of the interface is extremely robust with only one possible interfacial config-
uration, i.e., the oxygen-top FeAl termination, protected by the thermodynamic equilib-
rium limit. Further investigation revealed that the interface possesses a perpendicular
easy axis, and moreover, its magnetocrystalline anisotropy can be efficiently tuned by
external electric field. In addition, the intrinsic half-metallic feature of CFA also promis-
es good magnetoresistance performance of the whole junction. Our finding suggested
the CFA/MgO/CFA p-MT]J as a promising building block for the next-generation non-

volatile memories with high recording stability and low power consumption.
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Chapter 1

Introduction

The past decades has witnessed drastic information explosion, i.e., the monstrous growth
of data created as a by-product of business and individual activities. The amount of digi-
tal information in the world continues to grow at an astonishing rate, doubling every two
years and reaching 2.8 zettabytes (ZBs) -that is, 2.8 followed by 21 zeros- in 2012.[1] It
is estimated that by 2020 the digital information created and replicated would increase to
more than 20 ZBs. Associated with the data flood is the timely requirement for contin-
uous innovation in data storage devices, aiming at both creation of sufficient recording

space and fast access and manipulation of data.

Data storage devices are devices for recording information, which, in general, can be
realized using virtually any form of energy, spanning from manual muscle power in
handwriting, over acoustic vibrations in phonographic recording, to electromagnetic en-
ergy modulating magnetic and optic discs. Nowadays, mainstream massive recording

techniques fall into the category of magnetic storage, that is, the storage of data on a



Chapter 1. Introduction

magnetized medium. Magnetic storage uses different orientations of magnetization in
a magnetizable material to store bit information, which is accessed using one or more
read/write heads. The most economical and hence most popular magnetic storage device
is the magnetic hard disk drive (HDD), a manufactured miracle which enables the cost
of storage per gigabyte (GB) to go down by half every 14 months over the past 30 years
($437,500/GB in 1980 down to $0.05/GB in 2013).[2]

Albeit the massive increase in capacity and decrease in cost, the access speed, i.e., the
rate at which data can be read from and write in the drives, has not kept up due to the
intrinsic mechanical characteristic of the HDD. In addition, the requirements of non-
volatility and long data duration are also essential for the next-generation data storage
devices. As a supplement to the HDD, an idea of non-volatile magnetic storage, the
magnetic random access memory (MRAM), has emerged in the very recent years with
the key features of fast access and long data duration. The combination of HDD and M-
RAM is even proposed to be the new storage hierarchy for the next-generation computer

memories.

The aforementioned unlimited increase in data amount has spurred endless development
in magnetic data storage devices towards even higher capacity, higher access speed and
longer data duration. Such development presents new opportunities for both theoretical
and experimental search for new materials and new physics. In the following section,

the trend in the development of magnetic data storage devices will be elucidated.
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1.1 The evolution of magnetic data storage and its fu-

ture development

1.1.1 Current-perpendicular-to-plane giant magnetoresistance and

read heads of hard disk drives

One of the most commonly used magnetic data storage devices is the HDD, of which
significant boost in the development originated from the discovery of the giant magne-
toresistance (GMR) by Fert and Griinberg (2007 Nobel Prize in Physics) in 1988.[3, 4]
The GMR, by providing a sensitive and scalable read technique, has led to an increase
of the HDD areal recording density by more than two orders of magnitude (from ~ 1
to ~ 600 gigabits/inch? in 2007).[5, 6] In the early 1990s, the demonstration of GMR
effect and oscillation behavior with respect to the thickness of non-magnetic (NM) lay-
ers was reported in the metallic superlattice systems Co/Cr, Co/Ru[7] and Co/Cul[8, 9],
using the economical sputtering technique. Subsequently, GMR was observed for the
first time in a trilayer spin-valve (SV) structure, composed of two (Nig; Fe 9, NiggCoqy,
Ni) ferromagnetic (FM) electrodes separated by (Cu, Ag, Au) NM spacers.[10] In 1997,
current-in-plane (CIP) GMR sensors with spin-valve geometry were commercialized by
IBM as HDD read heads, replacing the previous anisotropic magnetoresistance (AM-
R) technique. However, the planer geometry of the CIP SV sensors intrinsically limits
further dimensional downscaling of the HDD read heads, and therefore, prevents high-
er storage density. In order to overcome this problem, a current-perpendicular-to-plane
(CPP) configuration of GMR SVs was recently proposed as a promising architecture due

to its geometrical compatibility with the shape of the read head track. Nonetheless, the
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problem with the present CPP-GMR sensors is the low GMR ratio, which hinders their

practical application. [11, 12]

1.1.2 Tuneling magnetoresistance and magnetic random access mem-

ories

Another big progress in spintronics related to data storage is the invention of the mag-
netic tunnel junction (MTJ), which is also a trilayer stack composed of two FM layers
sandwiching a NM insulator instead of metal. The story of the MTJ development began
in the mid-1970s, when Julliere reported the observation of a small MR effect from a
Fe/Ge/Co MTI structure at low temperature.[13] However, the realization of remarkable
and reproducible tunneling magnetoresistance (TMR) effect had not been achieved until
1995, when the MTJ structure containing amorphous Al,O3 spacer was reported with a
relatively large MR ratio ~70% at room temperature (RT).[14, 15] The technical devel-
opment of MTJ elements has been initialized and accompanied by the evolving physical
understanding of TMR. A remarkable example was the theoretical prediction of large
TMR ratio with a single-crystal MgO barrier, which claimed that, rather than the simple
barrier model, the electron tunneling behavior of MgO-based MTJs is determined by the
spin-dependent symmetry coupling of the transmission Bloch states between the ferro-
magnetic (FM) electrodes and the nonmagnetic (NM) MgO spacer.[16—18] This predic-
tion led to subsequent experimental efforts and breakthrough in the MgO-based MTJ
with huge TMR ratio ~ 200% at room temperature (RT).[19, 20] In the recent years, the
TMR effect was largely enhanced by the improved experimental techniques.[21] Cur-

rently, MTJs are widely used in the HDD read heads. They are also proposed to be
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integrated into a novel nonvolatile memory, namely, the magnetic random access mem-

ory(MRAM).

MRAM has the basic “cross point” architecture, in which the binary information is
recorded on the two opposite magnetization orientations of the free layer of the arrayed
MT]Js. It claimed by its proponents to possess overwhelming advantages (non-volatility,
fast access and unlimited duration) over the current mainstream solid-state drive (SS-
D) memories, such as static random-access memory (SRAM), dynamic random-access
memory (DRAM) and Flash,[22] and would even become dominant over all types of da-
ta storage techniques as a “universal memory ”.[23] In reality, the first MRAM product,
a 4-Mbit stand-along toggle memory, was commercialized in 2006 by Freescale.[24, 25]
However, the current toggle MRAM may not be expected to scale well to small dimen-
sions due to the intrinsic requirement of large write currents in the way of Oersted-field
flipping. Such poor writability limits the number of elements that can be arrayed and de-
grades the layout efficiency of the memory. Moreover, large write currents also increase

the power consumption much beyond that of SRAM or DRAM.[26]

1.1.3 Spin-transfer torque magnetic random access memories

The hope of breakthrough for the data writing was provided by the prediction in 1996
by Slonczewski and Berger that, instead of long-range effects mediated by the write cur-
rent via its Oersted field, the magnetization orientation of a free magnetic layer could be
controlled by a local means of manipulation via the transfer of spin angular momentum
from a spin-polarized current, or in short, the spin-transfer torque (STT) effect.[27, 28]

Specically, a spin-polarized current of s-electrons are generated by transmission through
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or reflection from the thick reference layer and most of the electrons maintain this po-
larization as the current passes through the NM spacer. When the current approaches
the thin free layer, however, an s-d exchange interaction occurs, which transfers the an-
gular momentum from the polarized current to the free-layer magnetization, acting as
an effective torque. This spin torque can oppose the intrinsic damping of the magnetic
layer, reverse the direction of the magnetization and lead to a resistance change. The
early experimental verification of the STT effect was made in Co/Cu multilayers[29]
and Co/Cu/Co CPP-GMR SV nanopillars,[30-32] whereas the interest was later shifted
and focused on the association between STT and MRAM. In the spin-transfer torque
random access memory (STT-MRAM), the switching threshold is determined by the
injected spin-polarized current density, instead of the current, which makes it possible
to ease many of the scaling limitations of the toggle MRAM.[33, 34] Besides, the e-
limination of the external write line would also lower the power consumption below
that of both SRAM and DRAM.[26, 35, 36] Actually, several demonstrations of STT-
MRAM have already been presented by industry, which exhibit many aforementioned

advantages, making it competitive as a future data-storage technique.[36]
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1.2 Literature Review

1.2.1 The application of Heusler compounds in CPP-GMR read head-

s and the ‘“all-Heusler *’ design scheme

As mentioned in the previous section, the problem with the present CPP-GMR read
heads, which hinders their practical application, is the low GMR ratio. A straightfor-
ward method of enhancing the GMR ratio is to use high spin-polarization (SP) ma-
terials as ferromagnetic electrodes. Among all the possible materials, the family of
Heusler compounds, first discovered by and named after Fritz Heusler in 1903,[39, 40]
is widely believed as potential candidates eligible for constructing CPP-GMR and TMR

architectures.[41, 42]

The application of Heusler compounds in current-perpendicular-to-plane giant mag-

netoresistance read heads

Heusler compounds are ternary inter-metallic face-centered cubic (fcc) crystals with
the general formula XYZ (often called half-Heusler) or X,YZ (full-Heusler), in which
X and Y are typically transition metals and Z is a main group element. The con-
stituent elements of the Heusler compounds cover almost the whole periodic table, as
shown in Fig. 1.1, which provides innumerable members in this family, and hence
wide choices for the electronic structure tuning and material design of desirable proper-
ties, ranging from half-metallic ferromagnets (HMF),[37, 43] completely compensated

ferrimagnets,[44] over non-magnetic semiconductors,[45, 46] to superconductors[47]
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and topological insulators.[48-52] A comprehensive description of the Heusler family
can be found in Ref. 41. A specific review on the applications of the Heusler compounds

in the field of data storage can be found in Ref 53.[53]

Scientific interest in this field was sparked by the theoretical prediction[38, 54] and
the subsequent experimental verification[55] of the high Curie temperature (T.) half-
metallicity in the bulk half-Heusler compound MnNiSb in the 1980s, which suggested
the possibility of dramatic MR enhancement of the GMR/TMR devices by using the
Heusler compounds as electrodes. However, the first MTJ with the MnNiSb epitaxi-
al electrode yielded MR ratios as low as 9% at RT and 18% at low temperature,[56]
respectively. This low MR ratio was attributed to the atomic-disorder which led to
the diminishing of the half-metallic gap around the Fermi level(Er).[57] Later on, re-
search interest was shifted to Co-based full-Heusler compounds due to their more sta-
ble half-metallicity.[43, 60—66] The early successful demonstration of large MR values
in the quaternary Co,Cry gFeq 4Si-based MTJs triggered enormous efforts focusing on
the incorporation of the Co-based full Heusler compounds into both GMR and TM-
R devices,[65, 67] leading to a tremendous increase in the MR ratio during the recent
decade.[68, 69] Narrow CPP-GMR read heads, incorporating Heusler materials as ref-
erence layers, were successfully tested using a conventional spin-stand system. In this
way, the capability of the CPP-GMR technology for ultra-high density magnetic record-

ing has already been demonstrated.[30]

It should be noted that, in addition to the electrode materials, the choice of the spacer
layer is also an important issue, since an epitaxial growth of the Heusler thin film on
the spacer material is required to form fully epitaxial Heusler/NM spacer/Heusler trilay-

ers. Moreover, according to the Valet and Fert Model for CPP-GMR architecture,[11]
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Figure 1.1: Periodic table of Heusler compounds. The huge number of full-Heusler com-

pounds can be formed by combining different elements according to the color scheme.

The electronegativity value is given below the element symbol. For half-Heusler com-

pounds XYZ, the elements are ordered according to their electronegativity.
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Figure 1.2: Development of the GMR ratio at room temperature for CPP-GMR SVs

with Heusler electrodes.

ARA is determined by the intrinsic spin-asymmetry coefficients not only in the bulk
FM electrode () but also at the FM/NM interfaces (y). Good band matching (Fermi
surface matching) between the electrode and spacer materials for the majority spin is a

predominant factor in achieving large GMR.[70-74, 79]

These considerations, combined with a small lattice mismatch, have led to the selection
of silver as an ideal spacer material coupled with the Heusler electrodes. Consequently,
a CPP-GMR ratio of 6.9% at room temperature was realized in a CooFeAly 5Siy 5/Ag/
CoyFeAly 551y 5 trilayer stack.[75] Further enhanced CPP-GMR ratios of 34% for the
same system[76] and of 24% in an antiferromagnetic interlayer-exchange-coupling
architecture[77] were reported. For CMS-based CPP-GMR stacks, much larger MR
ratios of 28.8%[78] and 36.4%][79] were also observed by the substitution of Cr spacers

by the Ag ones. In the last few years, the employment of various quaternary Co-based
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Heusler compounds as electrodes were also witnessed with relatively large MR val-
ues: 8.8%[80] and 10.2%[81] of CooMnGag 5Sng 5, 41.7% of Co,FeGag 5Geg 5,[82] and
74.8% , the largest value so far to our best knowledge, of Co,Feq 4Mng ¢S1.[83] The de-
velopment of MR values in CPP-GMR SVs with various electrode and spacer materials

is illustrated in Fig.1.2.

The “all-Heusler ” design scheme

In order to push the A RA values into an applicable range, an “all-Heusler "architecture,
composed of both Heusler-compound electrodes and spacer, is proposed. The potential
benefit of such architecture is the optimization of interface spin asymmetry () by tak-
ing advantage of the intrinsically matched crystal lattices and majority-spin electronic
structures. In addition, the huge Heusler family provides sufficient choices of possi-
ble matching NM materials as spacer candidates. The very first all-Heusler architec-
ture was demonstrated in a CooMnGe(S1)/RusCuSn/CosMnGe(Si) trilayer stack.[72, 84]
However, the measured MR ratio was only ~7%, which could possibly be attribut-
ed to the reduced interfacial spin polarization caused by the large lattice mismatch,
atomic disorder and surface states in the MnGe terminated Co,MnGe/Ru,CuSn inter-
face. Recently, an interesting all-Heusler compound interface Co,CrSi/CuyCrAl was
proposed.[71, 74] Co,CrSi and Cu,CrAl have the same lattice structure and their lat-
tice constants match very well. First-principles electronic-structure calculations predict-
ed an enhanced spin scattering asymmetry at the Co,CrSi/ CuyCrAl interface, which
makes the CooCrSi/CuyCrAl/Co2CrSi stacking structure an appealing candidate for the
all-Heusler CPP-GMR architecture. Other all-Heusler interfaces like L2; Co,MnSi/

NiyNiSi,[73] FeoCrSi/Cu,CrAl,[86] as well as C1, NiMnSb/NiCuSb,[73] have also been

11
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proposed by first-principles calculation. Based on consideration of fulfilling the require-
ment of the interfacial structural and chemical compatibilities, Chadov et al. proposed a
delicate rule of material selection for the all-Heusler scheme,[85] which intends to pro-
vide stable high spin polarization at the interfaces of the magnetoresistance junctions.
This can be realized by joining the semiconducting and half-metallic Heusler materials
with similar structures. It was verified by first-principles calculations that the interface
remains half-metallic if the nearest interface layers effectively form a stable Heusler

material with the properties intermediately between the surrounding bulk parts.

1.2.2 Tunneling magnetoresistance: theoretical understanding of the

lower-than-expected magnetoresistance value

Similar to GMR, large MR ratio also holds promise for TMR-based devices. In 2001,
TMR ratio as high as 6000% was theoretically predicted in the Fe/MgO/Fe (001) MTJ
from a ballistic conductance calculations.[16, 17] It was found that the decay rate of
the wave function with the A; symmetry is much slower compared with those of the
Ay and Ay channels in the single crystal MgO barrier owing to the symmetry com-
patibility with the complex A; band in the insulating gap of the MgO. Since bcc-Fe
has half-metallic A; band, the Fe/MgO/Fe (001) MTJ can provide very large TMR.
Three years later, high TMR ratios of about 180% in the Fe/MgO/Fe (001) MTJ[20]
and about 220% in the CoFe/MgO/CoFe (001) MTJ[19] were successfully achieved at
room temperature. Nevertheless, the values are still much lower than the theoretical
predictions(up to 10,000%).[16—18] Theorists argued that various realistic defects, e.g.,

interfacial roughness, interfacial resonance, oxidization at metal/MgO interfaces, and

12
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oxygen vacancy in MgO, were among the possible reasons for the observed low TMR
ratio, because defect-induced diffusive scattering could diminish the symmetry selective

filtering mechanism.[87-94].

Based on these theoretical understandings, experimentalists have improved the fab-
rication technique by introducing light boron atoms into the electrodes to make up
amorphous CoFeB electrodes, which reduces metal/MgO interfacial roughness,[95] hin-
ders interfacial oxidation by inert boron,[96] and passivates oxygen vacancies in M-
g0 through boron diffusion.[97-100] Therefore, it seems all shortcomings that cause
the low TMR in the (Co)Fe/MgO/(Co)Fe system can be removed using CoFeB elec-
trodes. Following this approach, Lee et al. recently reported a record high TMR ratio
of 1010% at 5 K in CoFeB/MgO/CoFeB MTJs.[96] This value, however, is still one or-
der of magnitude lower than the theoretical prediction.[16—18] Such a large discrepancy
remains as an open question requiring further theoretical investigation on electron tun-

neling through the CoFeB/MgO/CoFeB MTIs.

1.2.3 Tunneling magnetoresistance: materials design of perpendic-
ular magnetized electrodes for spin-transfer torque magnetic

random access memories

For the STT-MRAM applications, as the size of the device shrinks, the dilemma of
balancing the writability and the thermal stability emerges as one of the most crucial
issue[101]: For a smaller MTJ size, higher writing current density is required to over-

come the increased thermal energy barrier; however, such a high density can only be

13
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supplied by a larger transistor, which hinders the size downscaling of the MTJ in a
one-transistor one-memory design scheme. In other words, the main challenge of im-
plementing the STT-MRAM into high-density and high-speed memories is to reduce
substantially the intrinsic current density required to switch the FM magnetization ori-

entations while maintaining high thermal stability required for long-term data retention.

To address this challenge, an elegant scheme of perpendicular magnetization, in which
MTJs possess perpendicular easy axes, was recently proposed as an alternative to the
conventional in-plane geometry.[102—-105] Two advantages are associated with such
perpendicular magnetic anisotropy (PMA) scheme. On one hand, in patterned PMA
devices, the magnetization is more uniform, and thus, less vulnerable to thermal fluctu-
ation compared with the in-plane configuration with edge magnetization curling. This
benefits the reduction of both the aspect ratio (length/width) of the film and the overall
bit size.[102] On the other hand, the switching current of the MTJ can be decreased
since PMA can counteract the large out-of-plane demagnetizing field which inhabits

current-induced switching.[106—109]

A straightforward way to achieve PMA in MT]Js is to take advantage of the FM films
with intrinsic perpendicular anisotropy as the electrodes. However, traditional PMA
materials/heterostructures containing heavy noble-metal or rare-earth elements, such as
L1y-ordered FePt, CoPt, Co/Ni and (Co,Fe)/(Pt, Pd) multilayers, are not ideal due to
their huge Gilbert damping constants and the induced large switching current density.
Very recently, it has been proposed that a group of DO tetragonally distorted Heusler
compounds, the series of Mns;_,Ga (0 < x < 1) as representative prototype, also possess
perpendicular easy axes. A more exciting fact is that they belong to soft compensated

ferrimagnets with very small damping constants. In addition, the combination of high
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spin-polarization, high Curie temperature, and low magnetization is another factor which
makes Mnj3_,Ga appealing as the electrode materials for STT applications.[110-112]
Recent experimental efforts have demonstrated the effect of TMR within the epitaxial

Mns_,Ga-based MTJs.[70]

1.2.4 Electric-field-assisted magnetization switching and its appli-
cation in spin-transfer torque magnetic random access mem-

ories

In addtion to perpendicular magnetization, an alternative way to reduce writing
current is to take advantage of electric-field-assisted switching which has been witnessed
in CoFeB/MgO/CoFeB [113] and all-oxide composite [114—-116] MTJs. In fact, electric-
field control of magnetization is significant not only in sense of energy-efficiency, but
also because of the compatibility with the current ubiquitous voltage-controlled semi-
conductor devices. The magnetoelectric (ME) effect has been widely studied in various
systems both experimentally and theoretically. [113, 117-128, 181, 182] The efficiency
of the electric-field manipulation is quantitatively characterized by the magnetocrys-
talline anisotropy (MCA) coefficient, 3, defined as AMAE = SE, where AMAE is the
change in the MCA energy and £ the applied electric field. Currently, FM/oxide inter-
faces show the best performance with the MCA coefficient ~10~® erg/V cm, which is,
nevertheless, still below the requirement of practical low-power applications. Therefore,
to predict and identify novel FM/oxide interfaces with giant MCA coefficient is another

big challenge for achieving low-power devices.
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1.3 Motivations and scope for the present work

As specified in the previous section, the huge gap between the performance of the present
magnetic data storage devices and the requirements for the next-generation data record-

ing technique are summarized below:

A common problem of almost all the current GMR and TMR devices is the insufficient
signal-to-noise ratio (SNR). In addition, accompanying the device-size downscaling are
the requirements for high information thermostability and low power consumption. To
solve these problems, both theoretical understanding of the underlying physical mech-
anisms and practical design of novel materials/heterostructures are much required but

still missing so far.

1. As for the Heusler-compound-based CPP-GMR HDD read heads, the GMR value is
still much lower than expected, which hinders it from being applied practically. Even
though an all-Heusler design scheme has been proposed to enhance the MR ratio, fur-
ther studies are required to understand the interface physics and identify robust device
structures. Furthermore, the relationship between the MR-related properties (i.e., 3, 7,
and A RA) and the structural/magnetic properties of the all-Heusler devices still remains

unclear.

2. As for the TMR devices, the SNRs observed in realistic experiments are much lower
than that predicted theoretically. Albeit various hypotheses were proposed to interpret
the discrepancy, none of them have taken into consideration the boron-diffusion induced
crystalline symmetry reduction, which is, however, inevitable in the state-of-the-art MTJ

fabrication process, and may significantly affect the SNR.
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3. In addition to theory, an essential issue in practice with the TMR devices is to con-
currently achieve high thermostability, low energy consumption and large MR ratio. To
address this challenge, tetragonal D0ss-phase Heusler compounds, Mns_,Ga, has been
proposed in recent years as an appealing material for p-MTJ magnetic electrodes. How-
ever, a systematic ab initio calculation is missing so far and this hinders the evaluation

of the suitability of the Mn3_,Ga series in such applications.

4. Recently a manner of electric-field assisted magnetization switching has also emerged
as an efficient way to reduce the device energy consumption. Nonetheless, the electric-
filed manipulation efficiency, i.e., the MCA coefficients ( ~ 108 erg/V cm), is still below

the requirement of practical low-power applications.

The main aims of this study were not only to provide essential supplements to the exist-
ing GMR/TMR theories, but also to design suitable materials/heterostructures for next-
generation magnetic recording applications. The specific objectives of this research were

to:

1. identify promising all-Heusler-compound architecture and systematically study its

structural, electronic, magnetic and transport properties.

2. investigate the role that the spacer crystalline symmetry plays in determining the

magnetoresistance performance of the whole magnetic tunnel junction.

3. provide a comprehensive study on the electronic-structure and magnetotransport

properties of the Mn3_,Ga series.

4. design promising 3d-ferromagnet/oxide interfaces to construct p-MTJs which possess
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high magnetoelelctric efficiency, along with high thermostability and large MR ratio.

Although experimental methods tend to be more expensive with time, computational
methods become much cheaper as computers become faster. By using the theoretical
modeling and first-principles computational methods, the present study, on the one hand,
should shed more light on the aforementioned underlying physics of the GMR and TMR
phenomenon. On the other hand, the novel materials/heterostructures proposed herein
would provide a set of selection criteria to be used as suitable building blocks for the

next-generation magnetic data storage devices.

Data storage is a highly industry-oriented research field with its primary focus on R&D,
and more importantly, on the massive production of cutting-edge information record-
ing devices. Many practical aspects, such as the fabrication technology and the con-
trol of cost, would be among the central issues of this research area, which, however,
are beyond the scope of the present study. This thesis focuses on the much more fun-
damental and microscopic areas, i.e., theoretical understanding and materials design
of high-performance GMR/TMR junctions which are the essential building blocks and
functional elements of the macroscopic data storage devices. Information about such un-
derlying mechanisms and design criteria can boost performance enhancement towards

the next-generation magnetic data storage devices.

First-principles approaches based on DFT and spin-dependent non-equilibrium Greens
function (NEGF) technique were used throughout this study to provide unbiased deter-
mination/prediction of the electronic-structure and magnetotransport properties of ma-
terials/heterostructures. The following chapter will describe these two theoretical ap-

proaches in detail. Chapter 3 presents the all-Heusler design scheme for the CPP-GMR
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read sensors. Chapter 4 reports the effect of boron-diffusion induced spatial symme-
try reduction of the spacer on the TMR performance of MTJs. Chapter 5 focuses on
the evaluation of the suitability of the Mn3_,Ga series as p-MTJ electrodes. Chapter 6
proposes the Co,FeAl/MgO/CosFeAl p-MTJ as the building block for low-power STT-

MRAM applications. A summary will be given in Chapter 7 to conclude this thesis.
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Methodology

The electronic and magnetic properties of materials are calculated by first-principles cal-
culations using density functional theory (DFT) implemented in VASP software
package.[129, 130] The calculation on the transport properties is based on nonequi-
librium Green’s function (NEGF) combined with DFT implemented in ATK software

package.[131, 132]
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2.1 Density functional theory

2.1.1 Earlier approximation and density functional theory

In terms of quantum mechanics, the property of a many-body system is described by
Schrodinger equation:

H® = FEd (2.1)

where E is the energy eigenvalue, & = ®(ry,ro, ..., ry) is the wave function, and His
the Hamiltonian operator, given by
qQiqr
H = - 2.2
Z 2ml ; ‘rl — I'l/ ’ ( )
where the summation is over all electrons and nuclei in the system, m; is the mass of an

electron or nucleus, and ¢; is its charge.

For any practical system, one has to resort to many approximations. First of all, the
Born-oppenheimer approximation is used to remove the nuclei from the system and
treats them as in an adiabatic environment due to the fact that the nuclei are much heav-
ier, hence move much slower than the electrons. In this approximation, the kinetic en-
ergy of the nuclei is neglected and the interaction between the nuclei can be handled
classically. Thus, the original problem in Eq. (2.1) is reduced to one regarding a sys-
tem of interacting electrons moving in an external potential V' (r), formed by a frozen-in
ionic configuration. But, due to the electron-electron interaction, the equation can not
still be solved easily. Hatree approximation separates the many-body equation into in-
dependent equations in the coordinates of the individual electrons, of which ¥ can be

written as a product of one-electron wavefunctions based on the assumption that the
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electrons interact only via the Coulomb force. With incorporation of electron spin ef-
fects in later Hatree-Fork equation, the resultant ground state electron wavefunctions can
be found variationally by using a trial wavefunction to solve the equation until the result
meets the convergence. This is the self-consist approximation. However, the calculat-
ed energy by solving the Hartree-Fock equations does not equal to that of many-body
Schrédinger equation under the Born-oppenheimer approximation. It turns out that the
calculations of this correlation energy and exchange energy (the energy difference for
exchanging electrons in solving Hartree-Fock equations) of a complex system is very
difficult. Overcoming these difficulties to some extent is the driving force to develop al-
ternative methods, which are required to describe the electron-electron interactions more
precisely and can reduce the electronic Schrodinger equation to some more attractable

equations which can be solved much easily in practice.

A breakthrough is the density functional theory. Based on the following two theorems

in terms of the electron density function p(r):

Theorem I. If the number of electrons in the system is conserved, the external potential

V (r) uniquely determines the ground state density po(r).

Theorem II. There exist a universal functional of p, E[p], which is minimized by the

ground state density po(r).

Kohn and Sham carried these theorems further and obtained a single-particle Schrodinger

equation (Kohn-Sham equation) [133],

v olr) r —5Exc[p(r)] r) Y, (r) = g4 (r
=3V +/ e L O A
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where the first term in the Kohn-Sham equation is the kinetic energy, and the follow-
ing terms are the Coulomb (or Hartree), the exchange-correlation (xc) and the external
(e.g. the 1onic) potentials, respectively. Kohn-Sham equation maps a many-electron in-
teracting system into a single electron system within an effective potential formed by
the nuclei and other electrons. Comparing with the many-body Schrédinger equation in

Eq. (2.1), solving the Kohn-Sham equation is much easier for a practical system.

Due to the functional dependence on the density, the Kohn-Sham equation forms a set
of nonlinear coupled equations, and the standard procedure to solve it is iterating until
self-consistency is achieved. Starting from an assumed density p(r), firstly the Coulomb
and xc potentials are calculated, then solve Eq. (2.3) for the Kohn-Sham wavefuctions.

With these wavefunctions, a new density can be constructed by

p(r) = Z ¥i(r)?), (2.4)

where the index ¢ goes over all occupied states. This procedure is repeated until self-

consistency (i.e, consistency between the output and input densities) is obtained.

2.1.2 The exchange-correlation functional approximation

The formalism of the Kohn-Sham equation is much simpler than that of other first-
principles methods, such as the Hartree-Fock method. However, in the Kohn-Sham
equation, all items are treated exactly, except one term, the exchange-correlation func-
tional e,.[p(r)], which is unknown. The search for an accurate ¢,.[p(r)] has proven to
be extremely difficult, and various approximations have been made. Among them, local

density approximation (LDA) [133] is the simplest, which is based on the assumption
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that, for a system with slowly varying density, the electron density in a small region near

point r can be treated as if it is homogeneous. Therefore, the ¢,.[p(r)] can be written as

olp(r)] = / 0e () plr) P, 2.5)

where €, is the xc energy per electron. Despite its simple form, the LDA is remark-
ably successful in predicting the structural and electronic properties of materials. On
the other hand, several problems are also encountered with the LDA. For example, LDA
can not give a good description on excited states, thus underestimates the band gap of
semiconductor and insulator. LDA also tends to overbind, so the calculated lattice con-
stant is underestimated and the cohesive energy is overestimated. In addition, the LDA
cannot work well for the Van der Waals interactions, and it also gives wrong predictions

for some strongly correlated magnetic systems.

An improvement for the LDA is the generalized gradient approximation (GGA), in
which the exchange-correlation functional is treated as the functional of the electron

density and the gradient of the electron density:

Exclp(r)] = / f(p, Vp)d’r, (2.6)

A variety of choices for f(p, Vp) can be made. [134—136] The GGA can correct some
problems of the LDA, such as the overbinding tendency and the wrong prediction of
the non-magnetic ground state of Fe etc. However, the GGA has also the underbinding
problem, which results in the overestimation of lattice constants and the underestimation
of cohesive energies. The excited states, strong correlated systems, and the Van de Waals

interactions also cannot be correctly handled in GGA.
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2.1.3 Bloch’s theorem and supercell approximation

With the density functional theory, the many electron Schrodinger equation can be
mapped onto the N one-electron Kohn-Shan equations. However, solid systems typ-
ically contain ~ 10% particles, which requires us to solve the Kohn-Sham equations
with an infinite numbers orthogonalizational equations. This is impractical. Fortunately,
we can reduce the infinite problems to a finite periodic systems based on the Bloch’s

theorem.

For a system of electron moving in a periodic potential, Bloch’s theorem states that the

corresponding wavefunction of the electron has the form:
Ur(r + R) = ey, (r), 2.7

where uy(r) has the same periodicity as the potential. For a crystal lattice potential, it

satisfies the following translation invariance:
uk(r + R) = ug(r), (2.8)

where R is a real space lattice vector.

Based on this theorem, the wavefunction of a single atom in a lattice can be written as
the product of the plane wave and the periodic function ug(r). Also, the wavevector
k can always be folded into the first Brillouin zone (1BZ) in the context of electronic
property calculations since the electron energy is periodic in the k-space and each k-
point outside the 1BZ can be mapped onto a k-point inside. The number of k-points in
the 1BZ is equal to the number of unit cells in real space. Since the number of unit cells

is in the magnitude of ~ 10?2, the k-points in the 1BZ is quasi-continuous.
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Many real systems do not have periodic symmetry along all three dimensions. For ex-
ample, an interface system only has periodic symmetry parallel to the interface; a carbon
nanotube is only one dimension and an isolated atom or molecule is completely aperiod-
ic. To study these systems, two approximations are feasible. One is to model the system
with a cluster of atoms. Another is to artificially model a periodic symmetry on the ape-
riodic dimension. This is the so-called supercell technique. For a interface system, the
supercell approximation is implemented by modeling the interface with periodically ar-
ranged slabs which are separated by vacuum layers. To minimize the artificial Coulomb
interactions between two neighbor surfaces, the vacuum layer should be thicker than
10 A. The thickness of the slabs is dependent on the specific case, and normally the slab

with smaller interlayer spacing should be thicker.

2.1.4 Brillouin zone sampling

Electronic states are allowed only at a set of k-points determined by the boundary condi-
tions that apply to the bulk solid. The density of allowed k-points is proportional to the
volume of the solid. The infinite number of electrons in the solid are accounted for by
an infinite number of k-points, and only a finite number of electronic states are occupied
at each k-point. By virtue of Bloch’s theorem, the calculations of an infinite number of
electronic wavefunctions in full space can be reduced to a finite number of electronic
wave functions with an infinite number of k-points in 1BZ. In principles, each k-point
in 1BZ have to be considered for the calculations, due to the fact that the occupied states

at each k-point contribute to the electronic potential in the bulk solid, typically, through
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the following integrals,

1

I(e) = ——
©) Qpz JBz

F(e)d(enx — €)dk, (2.9)
where (5 is the volume of the BZ.

Fortunately, the electronic wavefunctions at k-points that are very close will be almost
identical. This makes us possible to represent the wavefunctions over a region of k
space by the wavefunctions at a single k-point, which indicates that only a special finite

numbers of k-points in the 1BZ are required to calculate the electronic potentials:

. fK)dk =" wy, f(ki), (2.10)
k;

QBZ BZ

where wy, is the weight of k;. The magnitude of any error in the total energy due to
inadequacy of the k-points sampling can always be reduced by using a denser set of
k-points. In principle, the k-points mesh should be increased until the calculated total

energy is converged.

Various methods have been proposed for the k-points sampling in the 1BZ [137, 138],
in which one of the most widely used is the Monkhorst-Pack scheme. [138] The basic
idea of Monkhorst-Pack scheme is to construct equally spaced k-points (N7 x Ny X N3)

in 1BZ according to

ny+1/2 ng +1/2 ng+1/2
:1—/b1_|_ 2 /b2_|_3—/

k =
Ny No Nj

bs, @2.11)

where ny, n, and n3=0,- - -, N;-1. Symmetry is used to map equivalent k-points to
each other, which can reduce the total number of k-points significantly generated by

Eq. (2.11).
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2.1.5 Plane-wave basis sets

Based on Bloch’s theorem, the electronic wavefunctions at each k-points can be expand-

ed in terms of a discrete plane-wave basis sets:

Ynk(r) = crraexpli(k + G) - x]. (2.12)
G

After expanding the wavefunctions as Eq. (2.12), the Kohn-Shan equations can be re-
duced to the secular equation:
Z[%“{ +G[Yea+V(G — G)+Vi(G — G)4+V,e(G — G)eniiar = EnkCokic:
< (2.13)
In principle, an infinite plane-wave basis set is required to expand the electronic wave-
functions. Fortunately, the the coefficient ¢, x+ ¢ for the plane-wave with small kinetic
energy %|k + G\Q are typically more important than those with large kinetic energy.
Thus, the plane-wave basis set can be truncated to include only plane-waves that have
kinetic energies less than some particular cutoff energy E.. = %\k + cht|2. The
truncation of the plane-wave basis set at a finite cutoff energy will lead to an error in the
computed total energy. However, it is possible to reduce the magnitude of the error by
increasing the cutoff energy. Normally, the cutoff energy should be increased until the

total energy has converged.

2.1.6 The pseudopotential approximation

Although Bloch’s theorem states that the electronic wavefunctions can be expanded

using a discrete set of plane-waves, a very large number of plane-waves is needed to
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Figure 2.1: Schematic illustration of all-electron potential (solid lines) and pseudopo-

tential (dash lines) and their corresponding wavefunctions.

expand the tightly bound core orbitals and to follow the rapid oscillations of wave-
functions of the valence electrons in the core region due to the strong ionic potential in
this region, which would make the all electron calculations are very expensive and even
impractical for a large system. Fortunately, the pseudopotential approximation allows
the expansion of electronic wavefunctions with much smaller number of plane-wave

basis sets. [139-141]

Based on the fact that most of physical properties of solids are mainly determined by the
valence electrons, the pseudopotential approximation removes the core electrons and
strong ionic potential, and replaces them by a weaker pseudopotential that acts on a set
of pseudo wavefunctions rather than the true valence wavefunctions, as Fig. 2.1 shows.
The nonlocal and angular momentum dependent pseudopotentials are usually generated

from isolated atoms or ions, but can be used in other chemical environment such as
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solids (transferability of the pseudopotentials). The general form for a pseudopotential
is
Ve =Y _ [lm)Vi(im], (2.14)
Im

where |lm) is the spherical harmonics and V] is the pseudopotential for the angular

momentum /.

The construction of the pseudopotential within the core radius r. should preserve the

scattering properties, which means that the scattering properties for the pseudo wave-

functions should be identical to that of the ion and core electrons for the valence wave-

functions. The scattering properties are satisfied automatically in the region outside the

7. since there the pseudopotential and the true potential are the same. In order to improve
the transferability, the norm-conserving condition:
Te re

/O | (1) Pdr = /0 (1) [ dr (2.15)

should be fulfilled.

Norm-conserving pseudopotentials are very successful for solids of s, p-bond main
group elements, but they do not give good results for the first-row elements, transition
metals, and rare-earth elements due to the highly localized valence orbitals in these ele-
ments. Fortunately, this difficulty has been overcome by introducing the so-called ultra-
soft pseudopotentials proposed by Vanderbilt. [142] More recently, a more accurate and
efficient pseudopotential formalism, the projector augmented-wave (PAW) [130, 143],
has been developed by Blochl. Compared with the ultrasoft pseudopotentials, PAW has
smaller radial cutoffs (core radii), and also exactly reconstructs the valence wave func-

tion with all nodes in the core region, which makes PAW more accurate than ultrasoft
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pseudopotentials in many systems while the calculations using PAW are not more ex-

pensive.

2.2 The non-quilibrium Green’s function

In our model Hamiltonian and transport calculations, the lead parts are calculated sepa-
rately using DFT to get the self-consistent Kohn-Sham potentials[133] and Hamiltonian

matrices. The Hamiltonian reads
H={-V?24+VHE) + VN 4+ V=(r)} x §(r — ) + VVE(rm)  (2.16)

where, V°H(r) is the screened Hartree potential which is used to solve the Poisson

equation
VAV (1) = —dx{p(r) — pNA(r)} (2.17)

VNA4(r) is the local pseudopotential screened by the addition of charge density of the
neutral isolated atoms p™4(r). V() is the exchange-correlation potential of electron-
s. multiplying by two numerical basis orbitals {,, and &, and integrating over dr and
dr’ leads to the corresponding Hamiltonian matrix H. Thus, the Green’s function is

evaluated by inverting the finite matrix

Hy + ZL Vi, 0
G Vi e Vi (2.18)
0 Vi Hp+>,

where H;, Ho and Hp are the Hamiltonians of the left leads, central portion and the

right leads, respectively, and V7, (V) is the interaction between left (right) lead and the
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central portion. ), and ), are the self energies due to coupling to the left and right

leads.

We can get the density matrix based on the above Green’s function

D,, = /OO lImG(eS)nF(&t — p)de (2.19)

v
o
where np is the Fermi function and p is the chemical potential. The electron density is

given by
p(r) = &u(r)Dpuéu(r) (2.20)

This allows us to calculate the DFT Hamiltonian elements /. Once the self-consistency
is achieved in the open system, the spin-polarized current through the system is calcu-

lated

I'(v;) = %/OO (T (e, Vi)[frle, Vi) — fa(e, Vo) }de 2.21)

where f1(r)(e, Vi) = np(e — pir(r)) and f1(r) are the electrochemical potentials of each

leads. The T7W (e, V;) is the spin-resolved transmission value defined as
T (e, Vi) = Tr{Im{S], (e, Vi) G5y (8, Vi) x Im{ Sy (2, Vi) G (€, Va2.22)

where > /R is the retarded self-energy matrix used to take into account the left and

right lead. G"/G* is the retarded or advanced Green’s function matrix.

2.3 The collinear- and noncollinear-spin transport method

In the collinear-spin system, all spins are restricted along a global spin-quantization axis
(either parallel or antiparallel), with the spin-up and spin-down electrons completely de-

coupled from each other, i.e., no spin flip occurs. In transport theory, this spin-resolved
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manner is known as the “two-spin fluid “approximation, of which the Hamiltonian, over-

lap matrix and all other operators have the form of a 2 X 2 matrix in spin space,

A= (2.23)

where A? denotes the spin ¢ sub-band. In this case, the two spins can be separated and

treated independently,each as that in the non-spin polarized system.

On the contrary, the non-collinear spin scheme allows a spatial variation of the spin

directions. In such circumstance, the operators have the following general form,

AT AN
A= (2.24)
AV AW

The off-diagonal terms couple the up and down spins and are related to the angles be-
tween the local magnetization and the global spin-quantization axis. For transport calcu-
lation, the NEGF entries have to be extracted from the non-collinear spin DFT[146-148]

which take cares of the general spin orientations.

We start from the density matrix p(r), which can be treated as an equivalent 2 x 2 Hermi-

tian matrix of the charge density n(r) and the vector magnetization quantity m(r),[149]

1 1 n(r) +m,(r) mg(r) —im,(r)

p(r) = 5(n(r)T+m(r) o) = 5 ! (2.25)
ma(r) + im,(x)  n(r) - m.(r)

where I is a 2 X 2 unit matrix in spin space and o the standard Pauli matrix, respectively.

n(r) and m(r) are defined in the global coordinate reference. The off-diagonal elements
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of Eq. 2.25, introduced by the non-collinear scheme, are essentially the magnetization
perpendicular to the global spin-quantization axis. At a given r, the density matrix
p(r) can be diagonalized to the collinear form through a unitary transformation from
the global coordinate reference to the local one that parallels the z-axis magnetization

orientation,[150]

p(r) = U (0(r), o(r)) U(0(r), o(r)) (2.26)

where U is the well-known spin-1/2 rotation matrix,

e2% cos(10) "2 sin(10
U= 1 (2) 1 (2) (2.27)
—e2"sin(36) e 2" cos(16)

where ¢ and ¢ are azimuthal and polar angles of the magnetization m(r) with respect to

the global coordinate reference.

Following the standard variational procedure for the Hohenberg-Kohn functional

EfE (p(r)), we get the noncollinear Kohn-Sham mean-field Hamiltonian,
2

h
HnOncol—DFT = (_%VQ + ‘/O(r))l + V(I’) O (228)

where Vj(r) and V(r) are the non-magnetic and magnetic parts of the DFT effective
potential V,¢(r) consisting of the external, Hartree, and exchange and correlation po-

tentials. V.7 ¢(r) can be diagonalized in the same manner as the density matrix p(r),

V. r 0
Vegs(e) = UH0(e), o) | 7701 VO, o) 229)

0 Verr(py(r))

where V.s¢(py/,(r)) is completely analogous to the effective potential in the collinear
ferromagnetic gas theory and hence can be approximated by L(S)DA. Then the Hamil-
tonian, in combination with the overlap and density matrices of the noncollinear mag-

netized leads, can be solved self-consistently by DFT bulk calculation in the normal
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way and used to set up the electron density, chemical potential, and self-energies for the

non-collinear transport calculation.

It should be noted that the above non-collinear transport scheme in this thesis (in Chapter
6) only takes into consideration the inhomogeneous magnetization induced spin-channel
mixing, by which one can evaluate how the non-collinear magnetism of the leads affect
the tunneling magnetoresistance. No fully relativistic spin-orbit coupling effect is in-

cluded, and therefore the direct spin-flip process is ignored.

2.4 VASP and ATK software packages

VASP (Vienna ab initio simulation package) [129, 130] is a first-principle calculation
code within the DFT framework, which uses ultrasoft pseudopotentials or the PAW
method and a plane wave basis set. The approach implemented in this code is based
on the (finite-temperature) LDA with the free energy as variational quantity and an ex-
act evaluation of the instantaneous electronic ground state at each molecular dynamics
(MD) time step. It also uses efficient matrix diagonalisation schemes and an efficient Pu-
lay/Broyden charge density mixing. Thus, it can give information about total energies,
forces and stresses on an atomic system, as well as calculating optimum geometries,
band structures, optical spectra, etc. It can also perform first-principles molecular dy-

namics simulations.

ATK (Atomistix ToolKit) [131, 132] is designed to help to understand and improve the
functionality of nanoscale systems. The modeling platform can be used to calculate elec-

trical properties of nanostructures coupled to semi-infinite electrodes under a finite bias
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Figure 2.2: Schematic illustration of two-probe system in ATK

voltage (so-called two-probe systems). In addition, Atomistix ToolKit can be used for
conventional electronic structure simulations, including spin-polarized calculations and
atomic geometry optimizations, of periodic and isolated systems. Transport properties:
1) transmission coefficients and transmission spectra in the presence/absence of an ap-
plied bias voltage; 2) I-V characteristics; 3) density of states and local density of states;
4) voltage drop across a two-probe system; 5) spin-dependent transport, and much more.
Based on self-consistent density functional theory (DFT) and non-equilibrium Green’s
functions for the transport calculations, atomic-scale modeling in Atomistix ToolKit is
an efficient and powerful tool for calculating and understanding the intrinsic properties
of nanoscale systems. The strength of ATK lies in its flexibility to describe systems
of different symmetries. It can describe isolated systems (molecules), periodic systems
(crystals), and systems of the type bulk-nanodevice-bulk (two-probe systems). The most
unique feature of ATK is its ability to calculate the electronic transport properties of two-
probe systems under a finite bias. However, the relaxation under bias and the simulation

of the gate voltage are the two limitation of the current version of ATK software.
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In this thesis, VASP were heavily used for the calculation of electronic/magnetic prop-
erties of various magnetic materials/heterostructures, whereas the spin-transport proper-

ties, such as magnetoresistance of the TMR/GMR devices, were calculated using ATK.
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The all-Heusler design scheme of

CPP-GMR read heads

3.1 Introduction

Continuous evolution of HDD read heads, with higher sensor output, lower resistance,
and higher bit resolution, is essential for further increase in the areal density in mas-
sive magnetic recording. Low-resistance magnetoresistance (MR) devices are of urgent
requirement for impedance matching between read sensors and the preamplifiers, for
lower electric noises, and for high frequency data transfer.[35, 151, 152] A read-sensor
resistance-area product (RA) less than 0.1 Qum? is necessary for a recording densi-
ty higher than 2 Tbit/in?.[35] This is a big challenge for the current magnetic tunnel
junctions (MTJs) with a high impedance insulator spacer, but can be easily achieved

using the CPP-GMR spin valves(SVs) composed of all-metallic layers. The RA values
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of CPP-GMR SVs are typically below 0.05 Qm?. However, the drawback of the CPP-
GMR SVs based on conventional ferromagnetic materials is their low signal-to-noise ra-
tio(SR). For example, the resistance change-area product of the CoFe-based CPP-GMR
SV is ~ 1 mQum?2,[153, 154] which must be improved substantially. The utilization
of half-metallic FM materials, such as the cobalt-based Heusler compounds, is expected
to provide efficient spin-dependent scattering in the FM electrodes, thereby improving
ARA.[69] Nevertheless, the MR performance of the current Heusler-based GMR de-
vices is not as good as expected, e.g., the largest room-temperature (RT) GMR ratio
achieved so far is only 74.8%, which is still too low for practical application.[83] The
less satisfactory MR performance could be partially attributed to two challenges. One
is the difficulty in fabricating “stoichiometric perfect”Heusler electrodes. The defect
states, induced mostly by configurational disorders, destroys the half-metallic ground
state. The other one is the non-perfect interface between the Heusler electrodes and
transition-metal (TM) spacers (mismatch of the lattice structures, energy bands, and
Fermi surfaces). These two challenges drastically degrade the device performance. Ac-
cording to the Valet-Fert model,[11] ARA can be expressed by two factors which de-
termine the overall spin-dependent electron scattering, i.e., the bulk spin-asymmetry
coefficient within the FM electrodes and the interfacial spin-asymmetry coefficient at
the electrode-spacer interfaces. The [ is enhanced by the employment of half-metallic
electrodes, whereas the enhancement of the v can be achieved via the modification of
the spin-dependent interfacial resistance by a rational design of the interface structure.
Specifically, in CPP-GMR devices with half-metallic Heusler electrodes, looking for
matching non-magnetic (NM) spacers is crucial to construct such a working interface

with large v. The all-Heusler structure, with both the FM electrodes and NM spacer
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composed of the Heusler compounds, can be a possible solution due to the intrinsical-
ly matched crystal lattices and electronic structures between the electrode-spacer pair.
Besides, the huge Heusler family provides sufficient choices of possible matching NM
candidates. Efforts have been made in designing and fabricating all-Heusler GMR junc-
tions in the past decade.[71-74, 84—86] Even though some structural design principles
have been proposed, further studies are required to understand the interface physics and
identify robust device structures. Furthermore, the relationship between the MR-related
properties (i.e., 3, v, and ARA) and the structural/magnetic properties of the all-Heusler

devices still remains unclear.

In Section 3.1 of this chapter, we elaborated on a Co,CrSi(CCS)Cuy,CrAl(CCA)/Co,CrSi
trilayer model and spin-dependent quantum transport calculation to demonstrate as a
first step the advantage of the all-Heusler design scheme in view of magnetoresistance
improvement. In Section 3.2, a more general and comprehensive study, by comparing
a prototypical CooMnSi(CMS)/NiyNiSi(NNS)/CosMnSi stack with the state-of-the-art
CMS/Ag/CMS on both the electronic structure and magneto-transport properties was
further carried out to illustrate the physical origin of the superiority of the all-Heusler

architecture.

First principles electronic structure calculations based on DFT were performed using the
VASP code,[129, 130] whereas the NEGF method combined with DFT implemented in
the ATK package was utilized for the spin dependent transport calculation.[131, 132]
The spin-polarized generalized-gradient approximation (SGGA) proposed by Perdew et
al. was employed as the exchange and correlation functional consistently throughout

this work.[135] For transport calculation, the double-( polarized basis set was used for
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Co,CrSi/CuyCrAVCo,CrSi GMR Junction

Spacer TSurface
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Figure 3.1: A schematic device model of the Co,CrSi/CusCrAl/Co,CrSi giant magne-

toresistance junction.

the electron wave function. A cutoff energy of 150 Ry and a Monkhorst-Pack [138] k-
mesh of 8 x 8 x 100 yielded a good balance between computational time and accuracy in
the results. It should be noted that conductance calculated using the DFT-NEGF method
may deviate systematically from experimental measurement for the three-dimensional
metallic multilayer structure. This, however, is not a concern here as the aim of our
study is to understand the effect of the NM spacer in the FM/NM/FM trilayer structure

instead of obtaining quantitative conductance of the system.
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3.2 Results and discussion

3.2.1 The Co,CrSi/Cu,CrAl/Co,CrSi all-Heusler GMR junction: A

case study

The CCS/CCA/CCS structure was modeled using a tetragonal supercell, as shown in Fig.
3.1. The in-plane lattice constant is set to 3.995 A which is 1/+/2 of the experimental
lattice constant (5.65 A) of bulk CCS. There is a 2.8% lattice mismatch between CCS
and CCA, and structural relaxation results in a 5.8% expansion of the CCA spacer along

the (001) direction.

The calculated spin-dependent electron transmission spectra of the system are shown in
Fig. 3.2. As can be seen in Fig. 3.2(b), there exists a transmission gap around the Fermi
level for both spin-up and spin-down electrons when the magnetizations of the two elec-
trodes are antiparallel, which results in a negligible conductance in this configuration.
On the contrary, if the magnetizations of the electrodes are parallel, the transmission co-
efficient for the spin-up electrons is as high as 0.66 at the Fermi level, while that for the
spin-down electrons remains almost zero, as shown in Fig. 3.2(a). Therefore, the current

consists of essentially spin-up electrons in this magnetic configuration of the electrodes.

To understand the transport property, we examine the k,/-dependence of the transmis-
sion channels at the Fermi level for both spin-up and spin-down electrons in the paral-
lel and antiparallel configurations. Here, the in-plane electron wave vector kK, /=(k,, k)
specifies a point in the two-dimensional Brillouin zone perpendicular to the transmission

direction(z-axis in Fig. 3.1). The k,/-dependent transmission coefficient 77 (Er, k//) is
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Figure 3.2: Spin-dependent transmission spectra of the Co,CrSi/CuyCrAl/Co,CrSi junc-
tion at zero bias when the magnetization of the electrodes are (a) parallel and (b) antipar-

allel, respectively.
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Figure 3.3: k//-dependence of spin-dependent transmission spectra, where kK, /=(k,, k,, )
is the in-plane wave vector specifying a point in the two dimensional Brillouin zone. (a)
and (b) show the transmission of spin-up and spin-down electrons, respectively, under
the parallel magnetic configuration of the two electrodes. (c) and (d) show the trans-

mission of spin-up and spin-down electrons, respectively, under antiparallel magnetic
configuration of the two electrodes.
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the projection of 77(Ey) on the (k,, k) plane, i.e.,

T ap = 53 30 T (Fr ) G3.1)
ky/

where o denotes spin state. The summation is carried out over the entire in-plane k-
space and normalized by the number of sampling points (/N x N, with N chosen to be
31 in the present study). Results of our calculations (Fig. 3.3) show that, in the parallel
magnetic configuration of the two electrodes, highly conductive channels are available
over almost the entire K, ,space for the majority-spin electrons, while the conductive
channels for the minority-spin electrons are limited to a small region near the I' point.
This is consistent with the calculated transmission spectra shown in Fig. 3.2(a). In the
antiparallel magnetic configuration, however, both the spin-up and spin-down transmis-
sion channels are almost blocked. Therefore, the all-Heusler junction can function as a
spin valve. It should be pointed out that the reason for the finite transmission, instead
of being absolutely blocked, in both the parallel minority and the anti-parallel cases as
presented in Figs. 3.3(b)-3.3(d) should be addressed to the induced minority interfacial
states, which decrease the spin polarization from the bulk value of 100% to 87.6%,[71]

and provide the possibility of minority electron diffusion between the two electrodes.

The optimistic and pessimistic magnetoresistances of the device are estimated based on

the calculated transmission spectra as follows:

Tp —Tap «100% — (T; + Tzﬁ) — (lep + ij)

AP TATP—irTjP

M R%(optimistic) = x100% (3.2)
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x 100%

Tp - T Th+ T8 — (T, + T+

M R%(pessimistic) = P T AP 100% = ( I;"‘ Ij) (TAP + ¢AP)
Tap+14p T +T5 + (Tap +Trp)

3.3)

where Tp and T’y p are the transmission coefficients in the parallel and antiparallel mag-
netic configurations, respectively. The theoretical optimistic MR ratio is ~ 10°% and the
pessimistic MR ratio is 99.96% which are very high for a GMR device. This is due to
the highly conductive transmission channels under the parallel magnetic configuration

of the electrode and almost complete block of transmission channels for both majority

and minority spin electrons when the magnetization of the electrodes are antiparallel.

We also calculated bias-dependent transmission curves of the GMR device and obtained
its spin-resolved current-voltage characteristics. The spin-polarized current through the

system is calculated from the Landauer-Buttiker formula:

M) =5 [ BT W E ) - BV G

—0o0

where frgr)(E,Vs) = np(E—prr)) is the Fermi distribution function, with 117,z being
the electrochemical potential of the left (right) lead, and 7T (E, V3) is the spin-resolved

transmission given by

T'W(E, Vy) = TY[Gh ) (B, Vi) IL(E, Vi) G (B, Vi) Tr(E, V3)] (3.5)

where G?EZZ (£, V3) is the retarded (advanced) Green’s function, and Iy, r) (E) = (X}, g (E)—
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Figure 3.4: Calculated I — V' curves of the Co,CrSi/CuyCrAl/Co,CrSi GMR junction.

Ea

(L.r)(£)) describes the level broadening due to coupling to the left and right elec-

trodes expressed in terms of the electrodes self-energies X, ry(F). The NEGF-DFT

self-consistency is controlled by a numerical tolerance of 10° eV.

As shown in Fig. 3.4, the calculated currents under the parallel and antiparallel mag-
netization configurations of the two electrodes show a large disparity. The magnitude
of the current in the parallel configuration of electrodes is several orders of magnitudes
larger than that in the antiparallel configuration at a given bias voltage. The calculated
I —V characteristics confirm that the CoyCrSi/CuyCrAl/Co,CrSi device can function as

a good spin valve.

The promising spin valve property of the Co,CrSi/CuyCrAl/Co,CrSi device can be at-
tributed not only to the good lattice and band-structure matching at the Co,CrSi and

Cu,CrAl interface, but also to the nearly 100% spin-polarization of charge carriers, both
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in the bulk and at the FM/NM interface, in the all-Heusler electrodes and spacer architec-
ture. According to the Valet and Fert Model, in the Co,CrSi/CuyCrAl/Co,CrSi device,
the bulk spin-asymmetry /3 is largely enhanced by the extremely high spin-polarization
of the all-Heusler alloy structure. Furthermore, the good match of spin-up band struc-
tures, which accounts for high transmission of majority-spin electrons across the in-
terface, results in enhanced interface spin-asymmetry +.[71] Therefore, compared with
Heusler/TM interfaces which are widely used in current GMR devices, the all-Heusler
Co,CrS1/CusCrAl interface proposed here is expected to have a much improved perfor-
mance due to the larger ARA. In the next section, we will further carry out a more
comprehensive study to provide a direct comparison between the all-Heusler scheme
and the state-of-the-art GMR stack with a silver spacer, and to shed more light on the

physical origin of the superiority of the all-Heusler architecture.

3.2.2 The advantage of the all-Heusler design scheme: A general

study

Figure 3.5 shows the model of the CMS/NNS/CMS trilayer being studied. The tetrago-
nal supercell includes two CMS electrodes of 12 atomic layers each, and a NNS spacer
of 16.7 A, i.e., 13 atomic layers. Due to the fact that the GMR stack with the silver spacer
shows the best MR properties in the state-of-the-art Heusler/TM/Heusler system,[155,
156] for comparison, we carried out similar calculation on the CMS/Ag/CMS system
with approximately the same spacer thickness (9 atomic layers of Ag). The MnSi/NiNi
or MnSi/Ag interface termination was shown to be energetically stable compared to oth-

er terminations and is assumed here. The optimized lattice constants of bulk CMS and
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Figure 3.5: A schematic device model of the Co,MnSi/Ni;NiSi/Co,MnSi giant magne-

toresistance junction.

NNS are 5.65 A and 5.61 A , respectively, leading to only 0.7% mismatch, which is even
smaller than the case of CMS/Ag (5.78 A, \/§a) with 2.2% mismatch. The structure was
optimized by relaxing the scattering region until the Hellmann-Feynman force on each

atom is less than 0.01 eV/A.

The calculated majority-spin band structures of CMS-NNS and, for comparison, CMS-
Ag pairs are shown in Figs. 3.6(a) and 3.6(b), respectively, whereas the correspond-
ing Fermi surfaces are presented in Figs. 3.6(c)-(e), respectively. Only the majority
band matching between the electrode and spacer is discussed in this work (main text
and Fig.3.6) because of the ideal half-metallic property of CooMnSi. Note that a finite
conductance might appear in the minority-spin channel in real devices because of the
atomic disorder and thermal fluctuation of magnetic moments. In contrast to the rather
poor energy-band and Fermi-surface matching between CMS and Ag, the Fermi surfaces
and the energy bands in the vicinity of Fermi levels of CMS and NNS almost coincide

with each other. Such good matching would suppress the electron back-scattering at

49



Chapter 3. The all-Heusler design scheme of CPP-GMR read heads

N

o = N W b
g

Energy E-Es (eV)

Energy E-Ef (eV)
L W N =20 =2 N W s

=
N

Figure 3.6: The majority-spin band structures of (a) CMS (black solid line) vs. NNS (red
dashed line) and (b) CMS (black solid line) vs. Ag (red dashed line). The Fermi surfaces
in the first Brillouin zones corresponding to the tetragonal unit cells of (c¢) L2;-CMS, (d)

L2,-NNS, and (e) fcc-Ag plotted by XCRYSDEN.

the FM/NM interfaces in the majority channel, ensure a smooth propagation of ma-
jority electrons across the interfacial region, and consequently, enhance the interfacial
spin-asymmetry coefficient (). Therefore, based on the Valet-Fert model,[11] the MR

properties are improved in the all-Heusler devices.[72, 84, 156, 158]

To provide further evidence for good MR properties of the all-Heusler architecture and
demonstrate its suitability for CPP-GMR application, we calculated the transmission
spectrum and present in Fig. 3.7 the in-plane wave-vector K, -resolved transmission
spectrum at the Fermi energy for the parallel majority spin within the CMS/NNS/CMS
and CMS/Ag/CMS junctions. As can be seen in the figure, the majority transmission
channel of the all-Heusler junction is largely enhanced in a vast region around the I’

point compared with that of the CMS/Ag junction. This significant enhancement of
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Figure 3.7: In-plane wave vector k,/=(k,, k,)) dependence of the majority spin transmit-
tance at the Fermi energy for (a) CMS/NNS/CMS and (b) CMS/Ag/

CMS GMR junction in the parallel magnetization configuration.

the transmittance in the parallel electrode magnetic configuration could be qualitatively
attributed to the perfect Fermi surface match between the Heusler pair as shown in Fig.
3.6(c) and 3.6(d), since at the interface of well-crystallized metallic junctions, only those
propagating states with their conserved in-plane wave-vector K, coexisting within both
metals can contribute to the conduction.[159] This is also confirmed by the fact that the
area of enhanced transmittance and the zone where the Fermi surfaces of CMS and NNS

overlap have the same shape.

The transmission mechanism stated above can be directly visualized and verified by the
macroscopic conduction behaviours, e.g., the in-plane averaged voltage drop along the
transmission direction (z-axis) of the whole junction, of which the results are illustrated
in Fig. 3.8 for the all-Heusler (red dash line) and Heusler/TM (black solid line) junc-
tions, both in the parallel magnetization configuration. It is noted that the drop is nearly
linear throughout the all-Heusler stack, which behaves as a “homogeneous ’junction.

However, the voltage across the CMS/Ag/CMS junction exhibits obvious heterogeneous
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Figure 3.8: In-plane averaged voltage drop along the transmission direction (z-axis)
across the all-Heusler (red dashed line) and Heusler/TM (black solid line) junctions.
The vertical black dashed lines show the position of the FM/NM interfaces. It shows a
smooth change of voltage drop at the interface of CMS/NNS, while a sharp change of
CMS/Ag.
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Table 3.1: The calculated conductance (Siemens) and RA product (m$-pm?) of CM-
S/NNS/CMS and CMS/Ag/CMS junctions.

Structure Gp Gap RA

CMS/NNS/CMS | 6.71x107* 1.48x107' 0.24

CMS/Ag/CMS 2.34x107° 1.39x107* 6.28

characteristics, with a couple of step-like drops located right at the Heusler/TM inter-
faces, indicating comparatively heavier interfacial scattering for the majority conduction
electrons. As a result, the interfacial spin-asymmetry coefficient (vy) is weakened, which,
in turn, decreases AR A according to the Valet-Fert two-current model. This point can
be quantitatively confirmed by the differences of the conductance and RA between the
all-Heusler and Heusler/TM junctions, as listed in Tab. 3.1. The higher parallel interfa-
cial conductance of the all-Heusler junction leads to a GMR ratio around 30 times larger

than that of its Heusler/TM counterpart.

In-plane averaged voltage drop along the transmission direction (z-axis) across the all-
Heusler (red dashed line) and Heusler/TM (black solid line) junctions. The vertical black
dashed lines show the position of the FM/NM interfaces. It shows a smooth change of

voltage drop at the interface of CMS/NNS, while a sharp change of CMS/Ag.

We also calculate self-consistently the bias-dependent transmission curves of the GMR
devices and obtained their macroscopic current-voltage (I-V) characteristics. The cur-
rents through the two junctions under parallel and antiparallel electrode magnetization
configurations are calculated based on the Landauer-Buttiker formula. As can be seen
in Fig. 3.9, the antiparallel currents of the two systems show similar trends against the

bias voltage, whereas for the parallel case, there is large disparity. The parallel current
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Figure 3.9: Calculated I — V' curves of the CMS/NNS/CMS and CMS/Ag/CMS GMR

junctions.

of the all-Heusler junction is, unsurprisingly, much larger that of the Heusler/TM one,
which can be attributed to its aforementioned smaller interfacial resistance. This explic-
itly confirms that the all-Heusler interfaces have much improved spin-valve performance

compared with the widely-used Heusler/TM interfacial structure.

3.3 Chapter summary

In this chapter, we present an all-Heusler architecture for the rational design of high-
efficiency CPP-GMR junctions for the HDD read heads. The intrinsic advantages of the
all-Heusler stacking structure, i.e., the half-metallicity of the Heusler electrodes (large

B) and the well matched energy bands and Fermi surfaces between the electrode-spacer
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pair (large ), lead to much improved MR properties, and hence much higher spin-
filter efficiency. It should be noted that we discuss the all-Heusler CMS/NNS junction
only as a representative example of an optimum design scheme superior to the state
of art. Further theoretical and experimental efforts, following the all-Heusler scheme,
are strongly recommended in designing and fabricating well-crystallized non-magnetic
Heusler compounds as the tag spacer materials which can well match the Co-based full-

Heusler electrodes.
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Chapter 4

Tunneling magnetoresistance: the role
of crystalline symmetry in spin
transport through magnetic tunnel

junctions

4.1 Introduction

Parallel to giant magnetoresistance, the tunnel magnetoresistance (TMR) effect, another
importance spintronics phenomenon, has been observed in magnetic tunnel junction-

s (MTlJs).[160] MTJs have been used as key components of data storage devices such
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as read heads of hard disk drives and recording bits of magnetic random access mem-
ories. Due to the interfacial spin polarization, the TMR value is very low in normal
insulator-based MTJs. Around a decade ago, two groups predicted very high TMR val-
ues in MgO-based MTJ with (Co)Fe electrodes which were attributed to the electron
coherent tunneling of the Bloch states with A; symmetry via a wave-function symmetry
selection rule.[16—18] Soon after, TMR ratios as high as 200% was reported experi-
mentally in (Co)Fe/MgO/(Co)Fe MTIJs.[19, 20] Nevertheless, such TMR ratio is still
much lower than the previously predicted value (up to 10,000%).[16—18] Theorists ar-
gue that interfacial roughness, interfacial resonance, oxidized metal/MgO interface and
oxygen vacancy in MgO are likely the main causes for the low TMR ratio observed in
the experiments because defects and diffusive scattering can strongly reduce the wave-
function-symmetry-filtered tunneling current.[87-94] Based on these theoretical under-
standings, experimentalists make a technique improvement by introducing boron into
the electrode. CoFeB electrode can reduce metal/MgO interfacial roughness,[95] hinder
interfacial oxidation by inert boron,[96] and passivate oxygen vacancies in MgO through
boron diffusion.[98—100, 167] Therefore, it seems all shortcomings that contribute to the
low TMR in the (Co)Fe/MgO/(Co)Fe system can be removed using CoFeB electrodes.
Following this approach, Lee et al., recently reported a record high TMR ratio of 1,010%
at 5 K in CoFeB/MgO/CoFeB MTIJs.[96] This value, however, is still one order of mag-
nitude lower than the theoretical prediction.[16—18] This raises the questions of whether
there are other factors that contribute to the low TMR in the CoFeB/MgO-based MTJs,
and whether the physical mechanism in the CoFeB/MgO-based MTIJs is different from
that in Fe/MgO- or CoFe/MgO-based MT]Js.
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Besides the questions on the physical mechanism, the crystal structure of the tunnel-
ing barrier is also not clear. For example, an interesting experimental observation is
the phase transition of amorphous CoFeB into the epitaxial bcc phase of CoFe (with-
out boron) near the interface upon annealing.[19, 95, 97, 98] However, it is still not
clear what happens to the B atoms after being “pushed” out of the CoFeB electrodes by

annealing, and how they would affect the spin-dependent transport of the MT]J.

In this chapter, we address these questions related to B dynamics in the CoFeB/MgO/
CoFeB MTIJs by carrying out a comprehensive first principles investigation on its phonon
dispersion, electronic structure, and spin transport properties. Based on phonon spec-
tra, we propose that Mg3sB,Og (kotoite) is formed and stable due to B diffusion from
electrodes to the thin MgO spacer. From MgO to kotoite, the crystal symmetry re-
duces from Cy4, to C,,, but the wave-function symmetry maintains a good matching,
ie., Al(MgO)—>£1(Mg3BgOG), and A5(Mg0)—>£2(Mg3B206). Our spin-dependent
transport calculations predict a TMR value of 210% for the CoFe/Mg3sB,0¢/CoFe MT],
which is much lower than the ideal value predicted based on CoFe/MgO/CoFe MT]Js but
in good agreement with experimental values[97]. We conclude that the different TMRs
in CoFe/Mg3;B>04/CoFe and CoFe/MgO/CoFe MTIJs are related to the different crystal
symmetries of MgO and Mg3B,0Og. The strong scattering of the A;-liked Bloch states in
CoFe/MgsB,0¢/CoFe weakens its tunneling transmission. Therefore, good matching of
wave-function symmetry between the electrode and spacer is a necessary but not a suffi-
cient condition for high TMR. Mismatching of crystal symmetry can be detrimental for
high TMR. Furthermore, our calculations indicate that spin-dependent tunneling is very
sensitive to the interfacial chemical bonding. Residual boron atoms, which remain at the

interface due to insufficient annealing temperature, can reduce the coupling between the
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A, states of the electrodes and spacer, and further reduce the tunneling conductance.

First-principles calculations were carried out within a pseudopotential plane-wave frame-
work as implemented in the VASP code.[129] We adopted the generalized gradient ap-
proximation (GGA)[135] for the exchange and correlation functional. A plane-wave
basis set, with a 500 eV kinetic energy cut-off, was used to expand the Kohn-Sham or-
bitals. A supercell consisting of 4x2x3 unit cells was used for calculating the phonon
dispersion which is sufficient to eliminate the coupling effect and only I' point of k-
mesh of 1x 1x 1 was used for such large supercell. Both the lattice parameters and
atom positions were fully relaxed using the conjugate gradient algorithm. A small force
tolerance (1 meV/A) was used in structural optimization in order to obtain accurate
structure and the force-constant matrix, which is essential for calculation of phonon
dispersion. The small displacement method was used for the calculation of the force
constants,[161] in which atoms in the central unit cell are displaced from their equi-
librium positions by 0.015 A in directions +x, +y, and 4-z. The longitudinal optical-
transverse optical splitting is not considered in the calculation. Besides the phonon
dispersion of Mg-B-O, we also calculated eigenvalues of CoFe/MgBO/CoFe MT]Js to
confirm the stability of the device structure. The in-plane lattice constants of the model
were constrained to the values of CoFe, while the out-of-plane lattice parameter was
fully relaxed to release the stress in the structure. Device optimization and quantum
transport calculations were carried out within the framework of density functional theo-
ry combined with non-equilibrium Green’s function method, as implemented in the ATK
package.[131, 132] The GGA was adopted for exchange and correlation functional and

the double-( polarized basis set was used for expanding the electron wave function. A
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cutoff energy of 150 Ry and a Monkhorst-Pack £-mesh of 6 x 6x 100 were used as pre-
vious calculations,[162—164] which can yield a good balance between the computational

time and accuracy in the results of the transport calculation.

4.2 Results and discussion

While directly experimental evidence is insufficient to conclude what happens to the B
atoms near the interface after annealing, our study on the crystal structure is based on
the following experimental demonstrations. First, B-free crystalline CoFe was observed
at the interface after annealing.[97-100, 165, 166] Second, there has been experimen-
tal evidence for diffusion of boron atoms from amorphous CoFeB to the MgO spacer
layer.[97-100] Furthermore, X-ray absorption spectroscopy showed 4-fold coordinated
boron at the interface,[98] and K-edge EELS data indicated possible formation of poly-
crystalline Mg-B-O after annealing when the spacer layer is less than 2 nm thick.[97]
Nevertheless, the exact chemical composition and crystal structure of Mg-B-O in the s-
pacer are unknown. On the other hand, Mg-B-O is known to exist in three stable phases
in nature, monoclinic or triclinic (MgO),B>0j3 (suanite) and orthorhombic (MgO)3B503
(kotoite). These are natural starting points for our investigation to find a possible crystal

structure of the spacer layer in the annealed CoFe/Mg-B-O/CoFe MT]Js.

To evaluate the thermal stability of each phase of Mg-B-O sandwiched between two
CoFe electrodes, we first carried out a phonon dispersion analysis. The calculated
phonon dispersions along the various symmetry directions of all three naturally stabled

bulk Mg-B-O structures (MgO),(B203) (x=2,3)) are shown in Fig. 4.1. As mentioned

60



Chapter 4. Tunneling magnetoresistance: the role of crystalline symmetry in spin
transport through magnetic tunnel junctions

Frequency (THz)
o
-

r x M R r ™M R h YA

(Mg58506) (Mg, 8,05 - monociinic) (Mg, B,0; - triclinic)

Figure 4.1: Calculated phonon dispersion for (a) MgsB2Og, (b) monoclinic MgyB20s,
and (c) triclinic MgoB5 O3, respectively. The optimized geometric structures are shown
in the insets. The in-plane lattice constants are constrained to those of bulk CoFe elec-
trodes (a=4.095 A; b=8.190 A) while that in the normal direction is optimized (c=5.88 A,
3.038 A, and 4.155 A

of kotoite, monoclinic suanite and triclinic suanite, respectively). Imaginary phonon

frequencies (of unstable modes) are represented as negative values.

above, the in-plane lattice parameters of Mg-B-O were constrained to those of CoFe
while that in the transport direction was relaxed in our calculation to mimic a thin M-
g0 or Mg-B-O layer grown on CoFe. It is clear that one of the acoustic branches of
both monoclinic (Fig. 4.1b) and triclinic (Fig. 4.1c) MgyB20O5 is imaginary over wide
ranges of the Brillouin zones, indicating that the Mg;B,0O5 phases are not stable when
sandwiched between CoFe electrodes. In contrast, no imaginary frequency is found
in the entire Brillouin zone for orthorhombic Mg3;B>Og (Fig. 4.1a). We also calculated
phonon frequencies of the CoFe/Mg-B-O/CoFe devices, not only the Mg-B-O bulk. The
fact that all calculated frequencies in the CoFe/Mg3B20O4/CoFe structure are real con-
firms that among the three possible phases of Mg-B-O, MgsB,0Og is more likely to form
between the CoFe electrodes following annealing of the CoFeB/MgO/CoFeB structure.

The excellent thermal stability of orthorhombic Mg3sB,Og is expected because its lattice
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constants match well to those of MgO (0.1% mismatch along the b-axis and 6% along
the c-axis, respectively), and correspondingly to those of CoFe. Furthermore, some
experiments do suggest that the boron concentration in the Mg-B-O regions is about
5-10%.197, 167] This favors MgsB,Og, as it has the lowest boron concentration (18%)
among the three magnesium borates. Some other experimental supports include the XPS
results of a highly oxidized state B3* and the NEXAFS results of 4-fold coordinated B
in the compound.[99, 100] Therefore, on the basis of these experimental evidences and
our phonon dispersion analysis, we propose that the thin MgO spacer is transformed into
Mg3B20Og after the CoFeB/MgO(thin)/CoFeB MT]J is annealed, due to B diffusion into

MgO.

From the device performance point of view, a thin insulating spacer layer is desired for
MTIJs which leads to low resistance-area (RA) product that is compatible to other ele-
ments in the same device. The thickness of the MgO spacer layer in current industry
products is about 1-2 nm which results in an RA of 0.1-100 Q~,um2. Therefore, we in-
cluded a MgO or MgsB,0Og spacer of around 1.5 nm thick in our models to study the
spin-dependent transport of the CoFe/MgBO/CoFe junctions. The calculated tunnel-
ing conductance, TMR ratio and RA product of the CoFe/MgBO/CoFe MT]J are given
in Table 4.1, along with available experimental values for reference. For the purpose
of comparison, we also calculated these qualities of the well-studied CoFe/MgO/CoFe
MTlJs in Table. 4.1. In agreement with previous predictions[18], the calculated TMR
ratios of CoFe/MgO/CoFe junctions are about two orders of magnitude higher than the
respective measured values[19, 20]. Interestingly, the calculated tunneling conductance
(G44) of CoFe/MgBO/CoFe is much lower than that of CoFe/MgO/CoFe and in quite

good agreement with the observed experimental value[97], while G| is similar. This

62



Chapter 4. Tunneling magnetoresistance: the role of crystalline symmetry in spin

transport through magnetic tunnel junctions

[L1]30y wowmadxe  00F 061 - - - - a
oM ST POS 01T or-OIXLO'T o-OIXLO'T -01X90F -01X6ST #'1 | *&d0D/OESIN/P40D

[¥]79y vonemoeo - 0000I - - - - S
oM ST - 0PP6  1-OIXSL9 ;_0IXSL9 ¢-0IX0TS ¢ 0IX6TT ST | 240D/OSN/RL0D
EaN| Ve YNL il o) o roi) P uonoung

‘A[eAndadsar ‘suonounl 9,40D)/0gSIN/RHA0D Pue 240)/0OSIN
/240D Jo (jwrl-3) 1onpoid

V¥ pue ‘(%) onel JIALL ‘S[euueyd urds snoLreA ur (0) 30urONpuod Jurjauuni paje[nded ‘(wu) Ioeds Jo SSQUNIIYL, [ 1 J[qRL

63



Chapter 4. Tunneling magnetoresistance: the role of crystalline symmetry in spin
transport through magnetic tunnel junctions

Figure 4.2: Spin-dependent transmission coefficient as a function of in-plane wave vec-
tor k/; = (ks,ky) of CoFe/MgBO/CoFe and CoFe/MgO/CoFe (inset) MT]s, respec-
tively. (a) Majority-spin in the parallel magnetic configuration. (b) Minority-spin in
the parallel magnetic configuration. (c) and (d) Majority-spin and minority-spin in the

antiparallel magnetic configuration.

suggests that carriers (electrons) in the A; state are scattered in MgBO, but can easily

tunnel through MgO[16-18].

In order to understand the difference between the spin transport performances of CoFe/MgBO/CoFe
and CoFe/MgO/CoFe MTIJs, we calculated the spin-dependent transmission coefficient

and show it as a function of the in-plane vector k| = (k, k, ) in Fig. 4.2 for CoFe/MgBO/CoFe

and CoFe/MgO/CoFe (inset). In the CoFe/MgO-based MTJs with the C4, symmetry,

the high TMR relies on symmetry selective filtering between CoFe and MgO. In par-

ticular, the majority carriers in the A; state (s, 2, 2?) of CoFe couple efficiently with

that in MgO, while the minority carriers only couple through the A5 (z,y, xz, yz) and

the A, (22 — 3?) states, which decay much faster than A; [see the imaginary bands

of Figure 4.3a][18]. In MgBO which has the C,, symmetry, the majority carrier Ay

state (s, z, 22, 3%, 2%) couples effectively with the A; state of CoFe, while the minority
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Figure 4.3: Calculated complex band structures of (a) MgO and (b) Mg3B,0Og¢. Both the

real bands (red) and imaginary bands (black) are plotted.

carrier A, state (x,xz) couples only with the Ay state of CoFe which decays very fast
[see the imaginary bands of Figure 4.3(b)]. Therefore, Mg3B>Og has similar complex
band structures and wave-function symmetries to MgO[168]. That is to say, the wave-
function symmetry between CoFe and kotoite is conserved. However, the matching of
wave-function symmetry is not a sufficient condition to get high TMR. Although Mg-
BO and MgO have similar complex band structures and wave-function symmetries, the
transmission coefficients of the 31 and the 32 states of MgBO are about two orders of
magnitude lower than those of A; and A5 states of MgO (see Figure 4.2). This suggests
a strong scattering of the A, and Aj states for both majority and minority carriers of the
CoFe electrodes. The strong scattering of the A; and Aj states in CoFe/MgBO/CoFe can
be attributed to the crystal symmetry of MgBO. It is noted that the reduced crystal sym-
metry modifies the spatial distribution of wave function (asymmetrical dumbbell-shape
of p, of interfacial O atoms (see the shape of transmission eigenstates of the interfacial

O atom in the CoFe/MgBO/CoFe junction)), but the symmetry matching of the wave
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function (51 of MgBO and A; of CoFe) is not broken.

The strong scattering of both A; and Aj states in CoFe electrodes can be understood
based on the geometric structure and schematic density of states, as shown in Figure
4.4. The majority carriers in the CoFe electrodes are in the A; state, and the minority
carriers are in the Ay state. In the case of MgO, the A; state of MgO has a small decay
rate, while the Aj state has a large decay rate. Therefore, the majority carriers can
tunnel through the MgO layer and reach the other electrode, while the minority carriers
are blocked. In terms of wave function or band structure, the situation is essentially the
same in the case of MgBO. That is, the Al state has a small decay rate while the &2
state decays fast. However, the K/, tunneling transmission in MgBO is not conserved, as
shown in Fig. 4.4(b). This is due to the Cy, symmetry of MgBO, which does not match
the C,4,, symmetry of the CoFe electrodes. In the case of MgO, both the CoFe electrode
and MgO spacer have the same symmetry (Cy,) and thus the Kk, tunneling is conserved

(Fig. 4.4(c)).

A final remaining question in the experiment is the annealing-temperature dependence
of TMR. The measured TMR ratio was around 190% when the MTJ was annealed at a
higher temperature of 350 °C. But it was reduced to 90% when the junction was annealed
at a lower temperature of 250 °C[97]. The reduced TMR ratio at the low annealing tem-
perature could be due to residual B atoms at the interface as a result of insufficient
annealing at the low temperature. To confirm this hypothesis, we considered two in-
terface models with different chemical bonding environments. It can be expected that
Fe-O bonds would dominate at the interface when the junction is thoroughly annealed at
a high temperature, while at a low annealing temperature, there would be a large number

of Fe-B bonds due to residual B atoms at the interface. We calculated the transmission
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Figure 4.4: (a) Schematic diagram of the electron transmission in the CoFe/MgBO/

CoFe junction. The crystal symmetry mismatch strongly scatters both A; and A, states
even the A, state having a small decay ratio compared to the A, state [see Fig. 4.3]. (b)
& (c) The optimized structures of CoFe/MgBO/CoFe and CoFe/MgO/CoFe junctions.
The small figures are the view along the transport direction (z). Note that there is a 45
degree rotation of the zy plane axis, resulting in a different side view of the electrode
part. The black arrows schematically indicate that the k,, tunneling transmission is
conserved in MgO with a C4, symmetry (c), but is not conserved in MgBO with a C,,

symmetry (b). The latter results in a low MR ratio.
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Figure 4.5: The transmission eigenstates of the CoFe/MgBO/CoFe junction with (a) Fe-
O and (b) Fe-B interfacial bonding. The Fe A; Bloch states effectively couple with the
MgBO &1 evanescent states (p, orbital of O) at the interface in the k,, = 0 direction,

while they are not at the Fe-B interface.

eigenstates of CoFe/MgBO/CoFe MTJs with Fe-O and Fe-B interfacial bonds, respec-
tively, and show the results in Fig. 4.5. The transmission eigenstates are the eigenstates
of the transmission matrix, which are obtained by propagating the linear combination
of the Bloch states. Figure 4.5(a) shows a strong coupling between the Fe d.2 and O p,
orbitals at the Fe-O interface. However, at the Fe-B interface, the coupling between Fe
and O is weak due to trapping of the electrons density at B and surrounding Fe atoms, as
shown in Fig. 4.5(b)[169]. This weakens the tunneling of the A; states at the interface,
and accordingly reduces the TMR ratio significantly. Based on our model calculation,
the TMR ratio is reduced from 210% for the MTJ with Fe-O interface bonding to 55%
for the MTJ with interfacial B. Therefore, we can conclude that residual boron atoms at
the interface, due to low annealing temperature, weakens the interfacial coupling of the

/A, states and results in further reduction of TMR.
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4.3 Chapter summary

In this chapter, based on information provided by recent experiments and our phonon
dispersion analysis on existing structures of Mg-B-O, Mg3B,Og is identified as the only
stable phase of the spacer after annealing the CoFeB/MgO(thin)/CoFeB junction. TMR
ratio derived from spin-dependent transport calculation based on the CoFe/MgBO/CoFe
structure is in good agreement with measured value. The previously proposed mecha-
nism of low TMR in (Co)Fe/MgO/(Co)Fe MTIs is not suitable for CoFeB/MgO-based
MTIJs. New physics is proposed which ascribes the low TMR to the crystal symmetry re-
duction which is induced by the boron diffusion during annealing. This leads to a strong
scattering of the k,, transmission. Furthermore, residual boron atoms at the interface,
due to insufficient annealing temperature, can further reduce the TMR. As a final remark,
it has been noted that Mn3_,Ga (0<x<1) and Mns_,A,Ga (A=Fe, Co and Ni) com-
pounds which have been proposed recently as promising electrode materials of MgO-
based spin-transfer torque devices, might be better than CoFe(B)electrodes, due to their
high spin polarization, high Curie temperature, good lattice match with the MgO barrier,
and most remarkbly, the perpendicular magnetic anisotropy. [70, 157, 170, 171]. The
next chapter will be dedicated to a detailed discussion of binary compounds Mn3_,Ga

and the evaluation of their suitability as FM electrodes of spin-transfer torque devices.
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Chapter 5

The Mn;_ ,.Ga compounds and their
application in spin-transfer-torque

magnetic random access memories

5.1 Introduction

Following the theoretical work on the tunneling magnetoresistance in Chapter 4, we
move to its application aspects in Chapters 5 and 6. Perpendicular magnetic tunnel junc-
tions (p-MTlJs), with perpendicular magnetization easy axes, have recently attracted con-
siderable interest due their potential for realizing next-generation spin-transfer-torque
magnetic random access memories (STT-MRAMs) with high thermal stability and low

critical current for the current-induced magnetization switching.[172, 173] However,
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Figure 5.1: A schematic device model of Mn3;Ga/MgO/Mn3Ga magnetic tunnel junc-

tion.

conventional perpendicular ferromagnets (FMs) containing noble-metal (4/5d) or rare-
earth elements (f), such as L1j-FePt, are not ideal electrode materials for p-MTJs be-
cause of the large Gilbert damping constants (e.g., agepy = 0.3), which inevitably leads
to high switching current density, and in turn, huge power consumption.[174, 175]. To
overcome this barrier, searching for soft perpendicularly magnetized materials/
heterostructures as electrodes for the device is an essential step. Recently, it has been
proposed that compensated ferrimagnets, for instance, Mns_,Ga (0 < =z < 1) com-
pounds with DO, tetragonally distorted Heusler-like phase possess a perpendicular
easy axis. In addition, the combination of high spin-polarization, high Curie temper-
ature, small damping constant and low magnetization is another factor which makes
Mn;_,Ga appealing materials as the FM functional elements for p-MTJs.[110-112] Re-
cent experimental efforts have been made on the demonstration of tunneling magnetore-
sistance (TMR) effect within the epitaxially grown magnetic tunnel junctions (MTJs)
using Mn3_,Ga compounds as electrodes.[70] However, a systematic ab initio trans-
port calculation is missing so far to investigate the magnetic and tunneling properties
of the Mn3_,Ga-based MTJs, which is indispensable to evaluate the suitability of these

potential candidate materials for p-MTJs.
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In this chapter, this question is addressed by employing Mny,Ga (x=1) and Mn3Ga
(x=0), coupled with the typical MgO spacer, to construct Mn,Ga/MgO/Mn,Ga (001)
and Mn3Ga/MgO/MnsGa (001) epitaxial trilayer MTJ-like structures. It has been found
that, in view of magnetoresistance performance, only Mn3_,Ga compounds with low
Mn concentration are promising candidate materials to serve as the electrodes of spin-
transfer torque devices. The theoretical model of the latter stack is shown in Fig.
5.1, whereas the former one is achieved merely by removing all the type I Mn atom-
s out of the structure. The interfacial architecture with the Mn-Ga layer on top of
oxygen atoms is verified as the most energetically favored one among all the possi-
ble Mn;_,Ga/MgO interfaces. Experimental in-plane lattice parameters (a=3.909 A
for MnsGa and a=3.905 A for Mn,Ga) are used for both cases. Geometry optimiza-
tion is done by relaxing the scattering region until the force on each atom is less than
0.01 eV/A . Density functional theory embedded in the VASP code is used for the elec-
tronic structure calculation,[129, 130] whereas non-equilibrium Green’s function com-
bined with DFT implemented in the ATK package is utilized for the MTJ transport
simulation.[131, 132] Spin-polarized generalized gradient approximation (SGGA) pro-
posed by Perdew et al. is utilized for the exchange and correlation functional consistent-
ly throughout this work.[135] For the transmission calculation, the double-( polarized
basis set is used to expand the electron wave function. A cutoff energy of 75 Ry and a
Monkhorst-Pack [138] k-mesh of 8 x 8 x 100 yield a good balance between computa-

tional time and accuracy in the results.
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5.2 Results and discussion

The magnetic anisotropy of Mn,Ga and MnsGa thin films is testified by the non-collinear
DFT with spin-orbit interaction (SOI) taken into consideration. The magnetic anisotropy
energy, Eyap = E(my)— E(m,/), where E(m ) and E(m/,) represent the total ener-
gy of the system with perpendicular-to-plane and in-plane magnetization, is calculated
for both Mn,Ga and Mn3Ga compounds. It is found that Fy 45 is -1.28 meV/unit-
cell for the former and -2.76 meV/unit-cell for the latter, which indicates perpendicular
magnetic anisotropy (PMA) for both the materials and consists with the previous exper-
imental results.[111, 112] Additionally, based on our calculation, the PMA is preserved
when the scale of both materials increases to bulk size, which eliminates the possibility

of surface effect.

With respect to the MTJ transport performance, the calculated spin-resolved K, /-
dependent transmission probability at the Fermi energy (Er) is shown in Figs. 5.2(a)-5.2(d)
for Mn,Ga/MgO/Mn,Ga and 5.2(e) and 5.2(f) for Mn3Ga/MgO/ Mn3Ga structures, re-
spectively. As can be seen in Figs. 5.2(a)-5.2(d), in the parallel magnetic configuration
of two electrodes, the majority channel exhibits a rather broad and smooth peak cen-
tered at the [' point with comparatively high transmission coefficient, whereas the mi-
nority one is only composed of some widely spread discrete spikes, which is referred to
as hot-spot conductance originating from the effect of resonant interface states,[177] in
the two-dimensional (2D) Brillouin zone. On the other hand, for the case of antiparallel
magnetization alignment, the transmission pathway, similar to that of the parallel minor-
ity spin, is essentially blocked, bearing negligible tunneling probability. Based on the

above transmission behavior, the investigated Mn,Ga/MgO/MnsGa acts as a promising
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Figure 5.2: Spin-dependent transmission coefficient as a function of in-plane wave vec-
tor k,,=(k;, k,) of Mn,Ga/MgO/MnyGa and Mn3Ga/MgO/ Mn3Ga MTJs. For the
Mn,Ga/MgO/Mn,Ga MT], (a) and (b) show the transmission of spin-up and spin-down
electrons, respectively, under parallel magnetic configuration of two electrodes. (c) and
(d) show the transmission of spin-up and spin-down electrons, respectively, under an-
tiparallel magnetic configuration of two electrodes. For the Mn3;Ga/MgO/Mn3Ga MT]J,
(e) and (f) show the transmission of spin-up and spin-down electrons, respectively, under

parallel magnetic configuration of two electrodes.
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MT]J, of which the optimistic TMR ratio was estimated using the following equation:

Tp —Tap «100% — (T; + Tzﬁ) — (zjp + zjp)

AP TATP—irTjP

M R%(optimistic) = x100% (5.1)
where T’p and T4 p are the total transmission coefficients when magnetization alignment
of two electrodes are parallel and antiparallel, respectively. 717 AP > with o denoting

spin, the spin-dependent transmission coefficient, i.e.,

Bap = % > T7(Ep, k) (5.2)

ky/
The summation is carried out over the entire in-plane Kk, /- resolved space and normalized
by the size of sampling mesh (/N x N, with N chosen to be 100 in our study). The
theoretical MR ratio is as high as 10% for the Mn,Ga/MgO/Mn,Ga MTJ. It is worth to
mention that the calculated extremely large MR ratio of the MTJ with perfect modeling
structure might be deteriorated in reality when various defects, impurities, and lattice

distortions are induced.[70, 87—89]

As for the device with Mn3Ga as electrodes, however, the transmission channels, when
the electrode magnetization aligns in parallel, are open for both majority and minority
electrons, regardless of their spin directions, leaving no spin filtering effect at all, as
illustrated in Figs. 5.2(e) and 5.2(f). Since the whole series of Mn3_,Ga share lots of
common promising magnetic features as reported,[110—112] the calculated transmission
disparity between low and high Mn concentrations seems quite unexpected at first glance

and, therefore, leads to further investigation on its origin.
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Figure 5.3: The spin-resolved LDOSs of the interfacial (marked as dash-dotted lines,
green) and bulk (marked as solid lines, red) Mn atoms within (a) Mn,Ga/

MgO/Mn;,Ga (001) and (b) Mn3Ga/MgO/Mn3zGa (001) MT]Js.
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This completely different transport behavior might be attributed to two possible rea-
sons, among which the first one is due to the induced interfacial states which might
kill the high spin-polarization at the Fermi level in the interfacial Mn3Ga regions and,
thus, break the filtering effect of the whole MTJ device. In order to examine this
possibility, the spin-dependent local density of states (LDOSs) of the Mn atoms at
Mn,Ga/MgO(001) and Mn3Ga/MgO(001) interfaces are calculated and presented as
dash-dotted lines (green) in Figures 5.3(a) and 5.3(b). For comparison, the bulk LDOSs
of the Mn atoms lying deeply in Mn,Ga and Mn3Ga electrodes are also shown as solid

lines (red) in the same figures.

Spin polarization at the Fermi energy is calculated using the following formula:

ny(Eg) — ny(Er)

P = (B 1y (Br)

x 100% (5.3)

where n4())(Er) is the DOS of spin up (down) electrons at the Fermi level. It has been
found, nonetheless, that there is no significant difference in the spin polarization at the
Fermi energy between interfacial and bulk Mn atoms for both Mn,Ga and Mn3Ga cas-
es. The interfacial polarization values are 67.95% for the former and 72.17% for the
latter, which are comparable to those of bulk configurations, i.e., 68.09% and 72.96%.
Such conservation of high spin polarization, in spite of good news for the transport per-
formance of MTJ devices, has unfortunately made our first assumption insufficient to

explain the absence of spin filtering effect in the Mn3;Ga/MgO/MnsGa MT]J.

The other possible reason to interpret the entirely different performance between Mn,Ga

and Mn3Ga electrodes is the symmetry selective filtering effect,[16, 17] which suggests
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Figure 5.4: The majority- and minority-spin band structures of bulk (a)-(b) Mn,Ga and
(¢)-(d) Mn3Ga along (001) direction at k,,=(0,0). (¢) shows the complex band structure
of MgO, where x, and k, denote the magnitude of imaginary and real parts of the wave-
vector of propagating Bloch states, respectively. The decay rates of a specified symmetry
can be evaluated by the value of x at which its corresponding band intersects the Fermi

level.
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that the incident propagating Bloch states from electrodes with different symmetries
decay at different rates within the MgO barrier; the evanescent wavefunction bearing
A circle symmetry is confirmed to be attenuated much slower than those with Aj,
Ay, or A'Z symmetries,[ 168, 178] and therefore, it should be the A; conduction bands
of the electrode material that dominates the tunneling behavior owing to the symmetry
compatibility with the metal induced gap states (MIGSs) in the MgO complex band
structure (CBS),[168, 179, 180] as illustrated in Fig. 5.4(e).

Aiming at verifying this presumption, the band structures of bulk Mn,Ga and Mn3;Ga
along the transmission direction (001) at k,,=(0,0) are calculated and plotted in Fig. 5.4.
Based on symmetry analysis, it is found that, in the Mn,Ga case, only A; majority-spin
and Ajs minority-spin conduction bands intersect the Fermi level, and hence, each of
them contributes exclusively to their respect spin channels. According to the symmetry
filtering effect stated above, the incident majority spins would tunnel through the MgO
spacer with the least attenuation, whereas the minority spins have to encounter much
tougher obstacles on their way and would be scattered heavily by the barrier. As a result,
the quantity of majority spins reaching the opposite terminal of the device is several
orders larger than that of the minority ones, leaving obvious filtering effect, which is

consistent with the results shown in Figs. 5.2(a)-5.2(d).

With respect to Mn3Ga, however, not only majority but also minority spins have A;-
symmetry conduction bands crossing the Fermi level, which causes the large transmis-
sion for electrons through both spin channels and, therefore, undermines the spin filter-
ing effect of the Mn;Ga/MgO/Mn;3Ga trilayer stack. Additionally, from Figs. 5.4(c) and

5.4(d), it can be seen that, unlike the minority spin channel which merely consists of the
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Ai-symmetry wavefunction, the majority channel of Mn3Ga electrodes also compris-
es the fast-decaying A, and A, components, which, consequently, leads to the smaller
transmission possibility of the majority spin than that of the minority one, as shown in
Figs. 5.2(e) and 5.2(f). Eventually, we may reach to the conclusion that Mn,Ga, or
Mn;_,Ga with low Mn content (z — 1), should be more eligible for p-MTJ electrode
materials than those with high Mn content (x — 0) with respect to the TMR perfor-

mance.

5.3 Chapter summary

In this chapter, we show by first-principles electronic-structure and spin transport cal-
culation that the Mn,Ga/MgO/Mn,Ga trilayer stacking structure behave as a good MTJ
with high TMR ratio, whereas the Mn3Ga/MgO/MnsGa stack exhibits no spin filter-
ing effect at all. The entirely different performance can be explained by the symmetry
selective filtering effect. Combined with its perpendicular easy axis, small Gilbert damp-
ing constant and other promising magnetic properties, Mn3_,Ga with low Mn content
(r — 1), should be good materials to serve as electrodes of the p-MTJ functional ele-

ment embedded in spin-transfer torque devices.
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Electric-field-assisted magnetization
switching in Heusler-compound-based
perpendicular magnetic tunnel

junctions

6.1 Introduction

In addition to direcly searching for soft perpendicular materials as discussed in Chap-
ter 5, perpendicular magnetic anisotropy (PMA) can also be realized in soft ferromag-
net (FM)/oxide heterostructures by interfacial hybridization effects. In particular, P-

MA was demonstrated by combining ultra-thin CoFeB eletrodes, a soft 3d-ferromagnet
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(acore = 0.01), with the MgO barrier, opening a novel avenue for realizing low-power p-
MTJs with small switching current density.[173] However, the damping constant of the
CoFe(B) film increases rapidly with decreasing film thickness [173]. Therefore, to seek
soft 3d-FMs with intrinsic small « as well as large interfacial PMA on oxides remains

as one big challenge.

An alternative way to reduce writing current is to take advantage of electric-field-assisted
switching which has been witnessed in CoFeB/MgO/CoFeB [113] and all-oxide com-
posite [114-116] MTJs. In fact, electric-field control of magnetization is significant not
only in sense of energy-efficiency, but also because of the compatibility with the cur-
rent ubiquitous voltage-controlled semiconductor devices. The magnetoelectric (ME)
effect has been widely studied in various systems both experimentally and theoretically.
[113, 117-128, 181, 182] The efficiency of the electric-field manipulation is quanti-
tatively characterized by the magnetocrystalline anisotropy (MCA) coefficient, 3, de-
fined as AMAE = SFE, where AMAE is the change in the MCA energy and F the ap-
plied electric field. Currently, FM/oxide interfaces show the best performance with the
MCA coefficient (=108 erg/V cm), which is, nevertheless, still below the requirement
of practical low-power applications. Therefore, to predict and identify novel FM/oxide
interfaces with giant MCA coefficient is another big challenge for achieving low-power
devices. Looking further ahead, to design FM/oxide/FM perpendicular magnetic tunnel
junctions that simultaneously satisfy high thermal stability, low switching current den-
sity and desired magnetoresistance performance is in urgent demand but currently still

absent.
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In this chapter, we propose cobalt-based full-Heusler compounds to be used as the p-
MT]J electrodes, in junction with the typical MgO spacer, and investigate the possi-
bility of addressing all these challenges. Well-studied CosFeAI(CFA) is chosen as a
representative example of the family in view of its small intrinsic damping constant
(acpa ~ 0.001), small lattice mismatch with MgO (3.7%), and half-metallicity. [53]
First, we map out a thermodynamic phase diagram of the CFA/MgO interface to ex-
amine its thermal stability in terms of chemical potential in the ambient condition. Ab
initio atomistic thermodynamics analysis shows that the oxygen-top FeAl termination is
the only possible interfacial geometry with its stability protected by the thermodynamic
equilibrium limit. Second, a rather strong perpendicular magnetic anisotropy, with an
MCA energy(K, - t) of 0.428 erg/cm?, is found at the interface, which can compete with
thermal fluctuation and enhance the robustness of the recorded magnetic configuration.
Third, the CFA/MgO interface is found to manifest a giant magnetoelectric effect due
to its high interfacial spin imbalance. The calculated MCA energy coefficient is around
107 erg/V cm, at least one order of magnitude higher than reported values.[128] The ef-
ficient electric-field control of magnetization is considered desirable in view of reducing
the switching current of the p-MTJ elements. Finally, non-collinear spin transport calcu-
lations demonstrate enhanced magnetoresistance performance (much larger MR ratio) of
the CFA/MgO/CFA p-MTIJ compared with that of its conventional CoFe- or FePt-based
counterparts. The combination of high thermal stability, low-power consumption, and
good magnetoresistance performance makes the CFA/MgO/CFA p-MTJ an appealing
building block towards the next-generation spin-based non-volatile memories, leading
to enormous power savings, in addition to fast, nonvolatile, and ultra-long term data

storage.
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The electronic structure calculations were carried out within the framework of density
functional theory as implemented in the Vienna Ab-initio Simulation Package.[129, 130]
The projector augmented-wave (PAW) pseudopotential[143] and the generalized gradi-
ent approximation PBE (GGA-PBE) formalism of exchange and correlation
functional[135, 136] were employed consistently throughout this work. A standard
plane-wave basis set with a kinetic energy cutoff of 500 eV and a Monkhorst-Pack k-
mesh[138] of 25 x 25 x 1 sampling in the full Brillouin zone yielded a good balance
between the computational time and accuracy. Geometry optimization was done until

the Hellman-Feynman force on each atom was less than 1 meV/A.

The non-equilibrium Green’s function (NEGF) formulism, implemented in the Atom-
istix ToolKit package (ATK v13.8),[131, 132] was used for the non-collinear transport
calculation of CFA/MgO/CFA p-MTlJs. The electron wave functions was expanded in
a double-( polarized basis set. A kinetic energy cutoff of 150 Ry was used for repre-
senting the density and potential, and a 100 x 100 Monkhorst-Pack k-point was used to
sample the transverse Brillouin zone. We found such sampling size is large enough to

achieve satisfactory convergence of conductance.
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Bridge site

Side view Top view

Figure 6.1: (a) Schematic structure and HRTEM image of the Co,FeAl/MgO(001) in-
terface, which can accurately reveal atomic position, but cannot identify the element of
atoms at the interface. (b) and (c) shows atomic configuration of the frontier layers of
CFA and MgO, respectively, residing at the interface. The unit cells are bounded by the
white-dashed squares. The four different CFA termination registries relative to MgO are
labeled by numbers 1 to 4. The in-plane lattice parameter of MgO is reduced by 3.7 %
to match 1/4/2 of the experimental lattice parameter of bulk CFA (5.73 A).

6.2 Results and discussion

6.2.1 Thermal stability of the Co,FeAl (CFA)/MgO interface

It has been reported that the electronic structure, magnetic and spin-transport properties
of the Heusler-compound-based MTJs are highly sensitive to the structural configura-
tion of the Heusler-compound/MgO interfaces.[53, 184, 185] However, although high-
resolution transmission electron microscopy can reveal a clear atomic-layer structure of
the CFA/MgO interface, the exact atomic configuration of the interface cannot be recog-
nized (see Fig. 6.1(a)).[186] In this sense, before carrying out any further calculations,

we first examine the thermal stability of the interface and identify the robust structural
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geometry. As shown in Figs.6.1(b) and 6.1(c), the CFA/MgO(001) interface has four
possible types of terminations on CFA (by CoCo, FeAl, FeFe, and AlAl). Furthermore,
each of these terminations has four possible registries relative to MgO(001), i.e., on top
of the O atoms (O-top), on top of the Mg atoms (Mg-top), hollow and bridge sites. In
our calculation, the CFA/MgO interfaces were modeled in a supercell geometry, using 9
monolayers (MLs) of MgO and 15 MLs of CFA for FeAl-, FeFe-, and AlAl-termination,
and 17 MLs for the CoCo-case with one additional CoCo layer at both CFA/MgO inter-
faces. The DFT total energy is minimized by optimizing the atomic position, as well as
the longitudinal size of the supercells. It reveals that, for the CoCo-, FeAl-, and FeFe-
terminated CFA, the configuration of the O-top site is much lower in energy than others,

whereas for the AlAl-termination, the Mg-top site is favored.

To further compare the thermal stability of these four possible stable interfaces (CoCo|O,
FeFe|O, FeAl|lO, AlAlMg), we use the ab intio atomistic thermodynamics
technique,[184, 187, 188] in correspondence to the experimental annealing/quenching
process in the ambient condition. The interface formation energy, E, is calculated for

the four interfacial structures:

1
Ef = E[Ghetero - Gbulk - Z nl:uz] (61)

where A is the cross-section area of a given CFA/MgO interface, Ghetero and Gy the
Gibbs free energies of the heterostructure and appropriate amounts of bulk CFA and
MgO, n; counting the number of atoms in which the interface deviates from bulk com-
position, and p; the chemical potential of the element. In our models, the size of bulk
MgO supercell is chosen to be exactly the same as that included in the interface. Thus,
1 only varies among Co, Fe and Al. Moreover, the interface is assumed to be in thermo-

dynamic equilibrium with the bulk Heusler compounds, i.e., picpa = 2pico + fre + [4al
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Figure 6.2: Phase diagram of Co,FeAl (upper plane) and phase diagram of four possible
stable interfacial structures (lower plane) as a function of chemical potentials of Co and
Fe. The white hexagon indicates region accessible in thermodynamic equilibrium, and
shaded area marks the most thermal stable interfacial structure (FeAl|O) under ambient

conditions.

which allows us to further reduce the number of variable quantities to two, for example,

the fic, and pige pair.

Since the interface formation energy is a free-energy difference, it is often a good ap-
proximation to calculate the formation energy E; from the differences of total energies
obtained by DFT calculations. This is the general idea behind ab initio atomistic ther-
modynamics. In this way, we calculate the formation energy and compare the relative
stability of the four terminations. The calculated phase diagram of the epitaxial in-
terfaces is shown in Fig. 6.2 as a function of chemical potentials of Co and Fe. The

four colored regions in the lower plane of Fig. 6.2 correspond to the chemical-potential
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ranges, in which each termination has the lowest formation energy, thus being stable.
Moreover, the accessible chemical potential of CFA must be confined within the ther-
modynamic equilibrium boundaries with the bulk-phase hcp-Co, bec-Fe, CoAl, CosAl,
FeAl and Fe3Al, i.e., the white hexagon bounded by the 6 lines in the upper plane of
Fig. 6.2. When projected onto the four-color phase diagram, the entire accessible region
falls in the FeAl|O area, which indicates that FeAl|O is the only configuration with its
stability protected by the thermodynamic equilibrium limit. In experiments, CFA films
are annealed under high temperature after deposition on a buffer layer in order to obtain
the L2;- or B2-ordered phase. In other words, the interface formation is governed by
the aforementioned atomistic thermodynamics mechanism. In the following, we focus
on this stable interface and discuss its magnetocrystalline anisotropy, magnetoelectric

effect and magnetoresistance properties.

6.2.2 Perpendicular magnetocrystalline anisotropy

In addition to structural stability, the stability of magnetic configuration plays another
key role in MTJ device performance. In particular, a high magnetic thermal stability
factor K, - V/kgT (K, - V is the anisotropy energy barrier distinguishing two magneti-
zation orientations and kg7’ the thermal perturbation energy) over 40 is at least required
for data retention over ten years on a bit level [189]. Under perpendicular magnetiza-
tion condition, the stability can be enhanced against thermal fluctuation due to the PMA
barrier. Therefore, we next check the magnetocrystalline anisotropy of the CFA/MgO

interface. The MCA energy(K, - t) is obtained by taking the difference between the
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Figure 6.3: The local density of states projected onto the interfacial iron atom (red solid
line) and the oxygen atom (blue dash line). The black circle indicates the hybridization
states in the vicinity of the Fermi level which contributes to the perpendicular magne-

tocrystalline anisotropy.

total energy calculated within the force theorem corresponding to magnetization point-
ing along the in-plane (100) and out-of-plane (001) directions as shown in Fig. 6.1, i.e.,
E(100) — E(001). Noncollinear DFT with spin-orbit coupling (SOC) was employed.
Our calculation shows that PMA is energetically favored, with a rather strong inter-
facial MCA energy of 0.428 erg/cm?, which is in good agreement with the available
experimental report [190]. The origin of the PMA can be understood by the electron-
ic structure in the vicinity of the Fermi level via the second order perturbation theory

[123, 191-193],

B o 23" 3 Ll L
k ou

where Fyca is the MCA energy, ¢ an average of the SOC coefficient, k, and k, the

u>|2 — |<k0|Lz|kU>‘2.

€ku — €ko

(6.2)

occupied and unoccupied states with the wave vector k, and L, and L, the angular mo-
mentum operators along (001) and (100) directions, respectively. According to Eq. 6.2,

the SOC between the occupied and unoccupied states with the same magnetic quantum
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Figure 6.4: Co,FeAl-layer thickness dependence of the interfacial MCA.

number (m) through the L, operator enhances FEyjca, While that with different m through
the L, operator weakens it. Fig. 6.3 shows the local density of states (LDOSs) of in-
terfacial Fe and O atoms. Only the majority-states are shown, since the PMA mainly
originates from SOC within the majority bands around the Fermi level, while the minor-
ity bands are fully occupied and the spin-flip terms of SOC can be neglected [120, 128].
Metal-induced gap states, due to hybridization between O-p, and Fe-¢, orbitals (d»
and d,2_,2), are captured near the Fermi level. On the basis of the perturbation theo-
ry, the hybridization between the partially filled O-p, and Fe-d.» leads to PMA since
the matrix element (p.|L.|d.2) (positive contribution to PMA) is non-vanishing while

(p2|L:|dy2—y2) and (p.|L,|d,2_,2) are zero.

To further verify the origin of the PMA as an interfacial effect, the CFA thickness de-
pendence of the MCA is investigated. As illustrated in Fig. 6.4, the MCA decreases

monotonically as the thickness of the CFA layers increases from 6 MLs (7.16 A) to
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Figure 6.5: Model of the CFA/MgO supercell and the calculated layer-averaged on-site

electrostatic potential under an electric field of 2 V/nm.

14 MLs (18.6 A), while the system completely loses its PMA when the CFA layer ex-
ceeds 12 A. Again, our calculation result shows similar trend with the experimental
report.[ 190] This is essentially due to the intrinsic in-plane nature of MCA of the soft
CFA film, which overwhelms the PMA induced by the hybridization at the interface.
Thus, the possibility of the CFA bulk contribution is eliminated and the PMA merely

originates from the interfacial effect as aforementioned.
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6.2.3 Magnetoelectric effect: electric-field-assisted magnetization switch-

ing

We next investigate the magnetoelectric (ME) property of the CFA (1 nm)/MgO in-
terface. Another supercell consisting of 8 MLs of CFA on top of four MLs of MgO
followed by four MLs of silver (Ag) and 25 A vacuum along the (001) direction are
constructed, as shown in Fig. 6.5, with the same in-plane lattice parameter as the previ-
ous interface model. The Ag layer, which serves in experiment commonly as the buffer
layer between the bottom CFA electrode and the substrate,[190, 194] is used here to e-
liminate the screening charge at the otherwise CFA/vacuum interface. The electric field,
which points away from the CFA layer at the MgO/CFA interface Fig. 6.5, is introduced
by the dipole layer method [195] with the dipole placed in the vacuum region of the
supercell. The calculated layer-averaged electrostatic potential across the supercell is
shown in Fig. 6.5 under an electric field of 2 V/nm. It can be found that, because of
the electrostatic screening at the CFA/MgO and Ag/vacuum interfaces, no electric field
exists at the CFA/Ag junction. Therefore, the anisotropy contribution of the CFA/Ag
interface is irrelevant to the external electric fields, which allows us to obtain quantita-
tively the exact ME effect right at the CFA/MgO interface. For each given electric field
E, we calculate the MCA of the MgO/CFA/Ag/Vacuum stack and subtract that of the

CFA/Ag interface obtained in a separate calculation for a CFA/Ag(001) supercell.

As shown in Fig. 6.6, in absence of the electric field, the MCA energy is consistent with
the aforementioned experimental results of CFA/MgO [190] and CoFe/MgO [173]. It s
also close to the calculated values of CoFe/MgO [182] and Fe/MgO [128]. In presence

of the electric field, the MCA energy exhibits almost linear decrease with increasing field
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Figure 6.6: The magnetocrystalline anisotropy energy of the CFA/MgO interface
(tcea = 1 nm) as a function of the external electric field. Some experimental and calcu-
lated K, -t, at E = 0, of CFA/MgO, CoFe/MgO and Fe/MgO are shown for comparison.

The table shows the MCA coefficient () of various FM/MgO structures.

intensity. The interfacial MCA coefficient /3 is as large as 107 erg/V cm, which is one
order of magnitude larger than those of CoFe/MgO [173, 182] and Fe/MgO [127, 128]
and almost two orders larger than those of the Fe thin film and the Fe/metal (Pt or
Ag) interface [122, 123, 196]. As discussed earlier, [ is a key quantity characterizing
the efficiency of electric field manipulation of MCA. Such a giant ME effect suggests
the electric-field-assisted magnetization switching in the CFA/MgO/CFA p-MTIs to be

more efficient than that in the well-studied CoFe(B)/MgO-based p-MTJs.[113]

To interpret the ME effect, a simple, but instructive way is to compare the variations
of MCA and the orbital moment anisotropy (OMA), AM; = M;go1) — Mj(100), Since
both of these anisotropies originates from the spin-orbit coupling. As shown in Fig. 6.7,
similar to MCA, OMA also responses linearly to the electric fields, which, in principle,

only occurs when the minority d-bands are fully occupied. This indicates the magnetic
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Figure 6.7: The MCA energy (red triangles) and the orbital moment anisotropy A M,
(blue squares) of the CFA/MgO (001) interface as a function of the external electric

field.

dipole operator entries, accounting for the spin-flip excitation between the exchange-
split majority and minority bands, to be vanishing in the SOC matrix. [197] Therefore,
the spin-flip contribution to the MCA energy can be neglected and we can focus on the
electric-field induced redistribution of majority electrons between difference d orbitals,

which, in this case, is the dominant factor for the change of MCA energy.

The ME effect can be further elucidated by the electric-field-induced electron redis-
tribution between different d orbitals. As shown in Fig. 6.8(a), the longitudinal elec-
tric field breaks the inversion symmetry along z-axis of the doubly degenerate Fe-e,
orbitals, which are consequently splitted into Fe-d,>_,> and -d.», straddling the Fermi
level and separated by 0.53 eV. Electron transfer hence takes place from the high-lying
Fe-d.» orbital to the lower Fe-d,2_,» one. Figs. 6.8(b) and 6.8(c) illustrate the charge

transfer by the reduced/enhanced occupation of the two orbitals. Furthermore, both
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Figure 6.8: (a) Orbital-resolved LDOSs projected on the interfacial iron and oxygen
atoms in absence (dashed line) and presence (solid line, £ = 2 V/nm) of an electric field.
(b) & (c) Field-induced differential electron-density, in units of e/A3, at the interfacial

Fe atom for £ = 2 V/nm in y — 2z (100) and x — y (001) planes, respectively.

95



Chapter 6. Electric-field-assisted magnetization switching in Heusler-compound-based
perpendicular magnetic tunnel junctions

characteristic peaks of Fe-O hybridization, i.e., d;2_,2-p. and d2-p., are pushed away
from the Fermi energy, with the k states involved in the former peak completely filled
and in the latter empty. Thus, almost no available occupied/unoccupied k-state pairs can
contribute to the matrix element (p.|L,|d.2) which leads to the PMA as aforementioned.
This explains the reason why the PMA is destroyed under applied electric field and the

MCA of the soft CFA film [186] resumes to be in-plane.

In addition, it is known that the ME effect of the FM surfaces or FM/dielectric inter-
faces origins from the spin-dependent screening of the electric field by the local spin-
imbalanced charges.[196] Specifically, the electric-field manipulation efficiency is de-
termined by the extent of the spin imbalance at the surface/interface, i.e., the spin polar-
ization. [196] We will further present, in the following section, that the spin-polarization
of CFA/MgO is much larger than those of the conventional FM-based interfaces due to
the intrinsic half-metallicity of bulk-phase CFA. Hereby we argue that the comparatively

large 3 value is given rise by such enhanced spin imbalance.

6.2.4 Magnetoresistance properties

The L1,-FePt/MgO interface was demonstrated experimentally to possess good interfa-
cial properties, such as large PMA (K, ~ 10° —107 erg/cm?®) and giant MCA coefficient
(B ~ 1077 erg/V cm). [125] However, FePt/MgO/FePt p-MTJs show poor magnetore-
sistance performance in terms of both TMR ratio and ARA.[198] This raises the ques-
tion of whether the CFA/MgO/CFA junction possesses desired spin transport properties.
In this section, we investigate the MR performance of CFA/MgO/CFA p-MT]Js, includ-

ing interfacial spin polarization and non-collinear spin transport performance.
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Interfacial spin polarization

The spin-dependent tunneling conductance of the MgO-based MTJs is determined by
two factors, the symmetry matching between the transmission Bloch states in FM elec-
trodes and evanescent states in the MgO barrier, and the spin-polarization (SP) both
within the electrodes and at the electrode/barrier interfaces. [16, 89, 183, 199] As for
the former factor, the spin-filter effect can be tremendously boosted if the FM electrode
materials possess half-metallic A; bands, of which the Bloch states suffer from the
smallest decay within the Cy,-symmetry MgO barrier. It has already been reported
that both bulk CoFe and CFA are A;-band half-metallic,[183, 186] whereas L1,-FePt
is not. [198] Hereby only the latter factor, i.e., the spin-polarization, is examined. We
calculated and present in Fig. 6.9(a) the spin-resolved local density of states of the C-
FA/MgO interface. As shown, although the SP is low at the frontier atomic layer due
to the existence of interfacial states in the minority gap, it increases sharply away from
the interface, jumping to 75% in the second atomic layer and recovering to 100% at
0.8 nm from the interface because of the intrinsic half-metallic nature of bulk CFA. In
contrast, there is no pronounced spin-polarization shown at either CoFe or FePt inter-
face.(Figs. 6.9(b) and 6.9(c)) In particular, the SP value is ~ 20% around 1.5 nm, which
is the critical thickness of PMA,[173] away from the CoFe/MgO interface. This indi-
cates another advantage of CFA over CoFe/FePt in sense of simultaneous existence of
PMA and high SP. It should be noted that, for the spin-polarization calculation, we em-
ployed the Hubbard U correction based on the simplified Dudarev’s approach[200] to
take into account the strong electron-electron correlation effect within the d bands of
CFA. In such approach, only the difference between the screened Coulomb (U') and ex-

change (J) parameters, i.e., U.sy = U — J, is meaningful. It has been justified that U, ¢
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Figure 6.9: The spin-resolved LDOSs at the Fermi energy projected on each atomic
sphere as a function of the distance from the (a) CFA/MgO (001), (b) CoFe/MgO (001)
and (c) FePt/MgO (001) interfaces. The upper (lower) panels denote majority (minority)
spin. The LDOSs of Co are doubled in (a).

values of 1.92 eV for Co and 1.80 eV for Fe give reasonable results for CFA in terms
of the equilibrium volume, magnetic moments, minority band gap, etc.,[201] and were
used herein. Besides, we used the Hubbard U correction on top of GGA rather than LS-
DA parameterization of the exchange and correlation functional. No worthy differences

were observed using one or the other parameterizations.

Non-collinear spin transport

The collinear spin transport calculation can provide good description of MR properties
of conventional MTlJs. [89, 114, 183] However, the non-collinear spin transport method
must be employed when evaluating the performance of MTJs with perpendicular mag-
netic easy axes. In the present study, the state-of-the-art non-collinear spin transport
method was used to study the coherent transport of CFA/MgO/CFA (001) p-MTlJs. The
polar angles 6 were set to be either 0 or 7, corresponding to the two magnetization

orientations of the p-MT]J electrodes. The azimuthal angles ¢ at all atomic sites were
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Figure 6.10: Transverse wave vector k,, = (k,, k, ) dependent transmission spectra of the

CFA/MgO/CFA p-MT1J in (a) parallel and (b) antiparallel magnetization configurations.

Table 6.1: The calculated conductance (Siemens) of the parallel (G*) and antiparallel
(G®P) channels of the CFA/MgO/CFA, CoFe/MgO/CoFe, and FePt/MgO/FePt perpen-
dicular magnetic tunnel junctions. The thickness of the MgO spacer is 17.1 A for all

three structures.

Structure G? GAP

CFA/MgO/CFA(collinear) 1.38x107? 3.37x10~
CFA/MgO/CFA(non-collinear) | 4.42x107% 5.17x10712

CoFe/MgO/CoFe(non-collinear) | 2.72x1071°  6.45x10712
FePt/MgO/FePt(non-collinear) | 3.23x1071t  5.54x107!2
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Figure 6.11: A sketch of a CFA/MgO/CFA p-MT]J and the electric-field-assisted manip-

ulation of the magnetization configuration (AP to P).

were uniformly set to be zero since no spin-orbit coupling is considered (see Section
2.3 for detailed theoretical background of the non-collinear spin transport method). For
comparison, we carried out the same calculations on the well-studied CoFe/MgO/CoFe
(001) and FePt/MgO/FePt (001) junctions. The calculated conductance of these systems
are listed in Table 6.1. The almost perfect antiparallel blocking in the collinear calcu-
lation is suppressed by two orders of magnitude in the non-collinear method due to the
introduction of the spin-mixing terms in the density matrix . In contrast to the previous
study on the interfacial spin fluctuation effect, [156] such spin-mixing does not change
the nature of the antiparallel channel. As shown in Fig. 6.10, the transverse wave vector
k/,-resolved transmission spectrum shows a dominant hot-spot resonance tunneling fea-
ture with no A; conductance observed. The calculated TMR ratio of the CFA/MgO/CFA
junction is one or two orders of magnitude larger than those of the CoFe- and FePt-based

junctions.
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6.3 Chapter summary

To conclude this chapter, we present a schematic sketch of the CFA/MgO/CFA p-MT1J in
Fig. 6.11. The polarized current adds a spin torque on the magnetization of the free layer
and switches its orientation. Due to the large interfacial MCA coefficient, the switching
current density can be significantly reduced via an external electric field generated by
the same applied voltage which drives the current. Such a giant ME effect, together
with the high thermal stability and desired MR properties, as demonstrated in this work,
makes the CFA/MgO/CFA p-MT]J an appealing building blocks of the next-generation
spin-based nonvolatile memories (e.g., STT-MRAMs) with long data retention and low

power consumption.

In addition, the comprehensive first-principles approach as presented herein, which com-
bines ab initio atomistic thermodynamics, DFT electronic structure calculation and
NEGF non-collinear transport technique, can be regarded as a standard scheme to i-

dentify promising FM/oxide interfaces for p-MTJ applications.
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Chapter 7

Conclusion remarks

7.1 Conclusions

In this thesis, a rather comprehensive first-principles investigation was carried out on
both theoretical demonstration of microscopic mechanisms and practical establishment
of general material/heterostructure design frameworks towards the next-generation mag-
netic data storage devices, including novel CPP-GMR read heads and non-volatile M-

RAMs.

In Chapter 3, we presented an all-Heusler architecture which could be used as a rational
design scheme for achieving high spin-filter efficiency in the CPP-GMR devices. A sim-
ple case study on the Co,CrSi/CuyCrAl/Co,CrSi GMR stack was first performed, which
provides a hint of enhanced magnetoresistance value by employing the all-Heusler struc-

ture. Then a more general calculation was carried out on a prototypical CooMnSi/Ni;NiSi/
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Co,MnSi trilayer stack, of which the electronic structure and magnetotransport proper-
ties were systematically investigated by first-principles approaches. Well matched ener-
gy bands and Fermi surfaces between the all-Heusler electrode-spacer pair was found,
which, in combination with the electrode half-metallicity, leads to larger bulk and in-
terfacial spin-asymmetry, higher spin-filter efficiency, and consequently better mag-
netoresistance performance. Transport calculations further confirm the superiority of
the all-Heusler architecture over the conventional Heusler/transition-metal structure by
comparing their transmission coefficients and interfacial resistances of parallel conduc-
tion electrons, as well as the macroscopic current-voltage characteristics. The design
scheme is significant as it suggests an alternative perspective on the selection of spac-
er materials, other than noble metals, for magnetoresistance enhancement. It should
be noted that the all-Heusler junction based on the hypothetical L2,-phased NiyNiSi
is only a representative example of an optimum design scheme superior to the state of
the art. Further theoretical and experimental efforts, following the all-Heusler scheme,
are strongly recommended in designing and fabricating well-crystallized non-magnetic
Heusler compounds as the tag spacer materials which can well match the Co-based full-

Heusler electrodes.

In Chapter 4, we investigated the effect of crystalline symmetry on spin transport through
CoFeB/MgO(thin)/CoFeB magnetic tunnel junctions.The calculated phonon spectrum
showed that Mg;B>Og (kotoite) is the only stable structure of the spacer after annealing-
driven boron diffusion. The calculated tunneling magnetoresistance (TMR) of CoFe/
kotoite/CoFe is 210%, which is in good agreement with the available experimental val-

ue and two orders of magnitude lower than the predicted values of CoFe/MgO/CoFe
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junctions. This realistic TMR value can be ascribed to the reduction in crystalline sym-
metry from Cg, of MgO to C,, of kotoite. Such symmetry reduction induces scattering
and weakens the tunneling transmission of the A;-like Bloch states. Our calculations al-
so revealed that the tunneling transmission is sensitive to the electrode/spacer interfacial
chemical bonding. Residual boron, localized at the interface due to insufficient anneal-
ing temperature, can further reduce the TMR. Our finding significantly contributes to
the physical understanding of electron transport through MTJs, and specifically, the role
that crystalline symmetry plays in determining the spin tunneling behavior. The Green’s
function based calculation is within the ballistic transport regime, and therefore, no d-
iffusive scattering effect can be taken into consideration. But this does not undermine
the physical essence of the symmetry effect we unveiled. Based on these theoretical
findings, we suggest further experimental efforts in preventing both boron diffusion into

the MgO spacer and residual at the electrode/spacer interface.

In Chapter 5, we focused on the application aspects of TMR, i.e., the material/
heterostructure design towards high-performance perpendicular magnetic tunnel junc-
tion (p-MTJs), the building blocks of magnetic random access memories. We evaluated
the suitability of the recently emerging tetragonal Heusler compounds Mn;_,Ga (0 <
2 < 1) as the electrode material of p-MTlJs. It was found that, despite the high spin polar-
ization for both Mn,Ga and Mn3Ga , there exists considerable disparity in the spin trans-
port performance between Mn,Ga/MgO/Mn,Ga(001) and Mn3Ga/MgO/Mn3;Ga(001)
MTIJs: huge optimistic tunneling magnetoresistance ratio of 102% for the former, and
nevertheless, no tunneling magnetoresistance effect for the latter. Our finding is in con-

trast to the existing theory, but inconsistent with the preceding experimental results.
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The phenomenon can be attributed to the symmetry selective filtering effect of the M-
g0 spacer, in other words, the Bloch-state matching at Mn3_,Ga/MgO interfaces. On
this premise, we provide a insightful perspective on distinguishing good Mns_,Ga com-
pounds from the bad ones. Mn3_,Ga with lower Mn concentration is, in principle, sug-
gested as promising candidate materials to serve as the p-MT]J electrodes, and deserves

future experimental demonstration.

From a broader view, good p-MTJs must simultaneously satisfy the requirements of
high thermal stability, low power consumption and good spin transport performance. To
address these challenges, in Chapter 6, we proposed another family of materials, the
cobalt-based full-Heusler compounds, to be used as the p-MTJ electrodes, in junction
with the MgO spacer. The well-studied Co,FeAl was chosen as a representative example
of the family in view of its small intrinsic damping constant (¢, rea; =~ 0.001), small
lattice mismatch with MgO (3.7%), and half-metallicity. We first examined the thermal
stability of the CFA/MgO interface by mapping out a thermodynamic phase diagram
in terms of chemical potential under ambient condition. It was found that O-top FeAl
termination is the only stable interfacial structure of CFA/MgO. In addition to geometric
stability, a rather strong PMA, with an interfacial MCA energy (Kut) of 0.428 erg/cm?,
was found, which can compete with thermal fluctuation and enhance the robustness of
the magnetic configuration. Second, the CFA/MgO interface manifested giant ME effi-
ciency due to its high interfacial spin imbalance. The calculated anisotropy energy co-
efficient was around 10~7 erg/V cm, one order of magnitude higher than the state of the
art. The efficient electric-field control of magnetization is considered desirable in view
of power saving. Finally, non-collinear spin transport calculations demonstrated superi-

or magnetotransport performance (larger MR ratio) of the CFA/MgO/CFA p-MTJ over
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its conventional CoFe- or FePt-based counterparts. The combination of high thermal sta-
bility, low power consumption, and enhanced MR ratio as demonstrated in the present
work provides a new framework for designing Heusler-compound-based building blocks
towards the next-generation non-volatile memories. Further experimental work is high-
ly recommended, following our theoretical framework, to fabricate and characterize the

the CFA/MgO/CFA p-MTlJs.
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