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Introduction

In this introductory chapter, a brief motivation and technological relevance of this
thesis is presented. The chapter starts with a general introduction to the context
of this thesis, whereafter the mainstream memory technologies and the involved
physics at the basic level are introduced. Next, an overview of spintronics and
magnetic random-access memory (MRAM) is given, with the emphasis on the
opportunities and challenges towards the next-generation universal memory. As
the building block and the bit cell of the MRAM, magnetic tunnel junctions (MTJs),
as well as the tunneling magnetoresistance (TMR) effect for MTJ reading, are
introduced. Subsequently, several well-established mechanisms for MRAM writing
are discussed, their fundamental limitations in terms of speed and efficiency are
pointed out. To address such bottlenecks, this thesis explores a novel magnetization
switching mechanism by using femtosecond laser pulses. Finally, the outline of the

thesis is presented at the end of the chapter.
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1.1 General introduction

In the era of Big Data and Internet of Things, memory technologies have laid the
foundation of the electronic information industries. Over the last few decades,
they have been developed rapidly as forecasted by Moore’s law, i.e., the number
of transistors in an integrated circuit (IC) chip doubles in every two years. The
semiconductor industry was dedicating to make higher-performance (faster) and

higher density (smaller) memory chips.

However, as the continuous downscaling of the technology node, the semiconductor
devices meet an intrinsic performance bottleneck, which is due to the static leak-
age current. Consequently, their further development can’t be sustained simply
by shrinking the transistors’ size, in other words, Moore’s law is coming to an end.
To address such a “power wall” issue , spintronics, also known as spin-electronics '+,
is a novel interdisciplinary field that received a lot of scientific interests involving
condense matter physics, magnetics, and microelectronics. Compared to conven-
tional semiconductor-based electronics only employ electron charge flow, spintron-
ics manipulate both the electron charge and the electron spin degree of freedom

to enable information processing, memory, and sensing.

As a specific example in this post-Moore era, spintronic Magnetic Random-Access
Memory (MRAM) technology offers substantial potentials to revolutionize the
mainstream computing architecture®®. As a non-volatile memory (i.e., the in-
formation is retained after the power is turned off), it has been considered as
the next-generation “universal” memory due to unique performances such as non-

volatility, fast data access, indefinite endurance, and high scalability.

Over the past 25 years, two major generations of MRAMs have been proposed,
classified by different operation schemes to write its bit cell. Specifically, the
prototype MRAMSs typically relied on external magnetic field, whereas state-of-
the-art MRAMSs are exploiting fully electrical switching schemes, which are based
on injection of currents with a net alignment (polarization) of the electron spins.

However, the physical processes underlying such a current-induced scheme set a
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Figure 1.1: The development roadmap of the Magnetic Random-access Memory
(MRAM) technology. “G” abbreviates for “Generation”. Left: “MRAM 1G” based
on magnetic field-induced switching. Center: “MRAM 2G” based on spin polarized cur-
rent (Inspired by Dieny et al.®). Right: “MRAM 3G” proposed in this thesis. By using
a spintronic-photonic combination, the device enables a picosecond all-optical operation
with a high energy efficiency.

limit on the writing speed, typically not faster than a nanosecond.

As a result, the speed of MRAM is limited to a nanosecond time constraint, with
high writing energy consumption. These issues have remained a long-existing vital
challenge for the modern spintronic community. How to surpass the speed and

energy bottleneck fundamentally?

Seemingly irrelevant, with the rapid development in the field of Ultrafast Pho-
tonics, the femtosecond (fs) laser has become the fastest stimuli commercially
available. As a prominent bridging point with spintronics, in 1996, it was no-
ticed that the interaction of a fs laser pulse with a spintronic material can cause
a modification of the magnetic state at the sub-picosecond timescale’, which is
orders of magnitude faster than the spin-orbit interaction and the electron-phonon

interaction.
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An emerging concept has been recognized since 2007%, i.e., employing a fs laser to
operate a spintronic memory. At that year, it was demonstrated that, upon fs laser
pulse excitation, the magnetization of certain ferrimagnetic materials (where the
magnetic moment of the two sublattices alligns antiparallel) could be fully reversed
at an unprecedented speed (tens of ps) with the least energy consumption’. This
observation marked the birth of the field of All-Optical Switching (AOS) of mag-

netization, which is of significant technological relevance and fundamental interest.

Inspired by the ultrafast and least-dissipative AOS scheme, a world-record fastest
and energy-efficient “hybrid” memory device, i.e., an “opto-MRAM?” that is solely
operated by a fs laser pulse, is conceptually envisioned as an alternative memory
technology by the spintronic community. It is considered as a competitive route
towards a new-generation spintronic memory design’. It has been predicted that
such an “opto-MRAM” can be operated at a picosecond speed, which is 1 — 2
orders of magnitude beyond state-of-the-art MRAMs, with an enhanced energy

efficiency (= 100 fJ to switch a 50x50 nm? sized memory bit”) as well.

The work presented in this thesis demonstrates the design, fabrication, and char-
acterization of the basic building blocks of such an “opto-MRAM” from a device-
orientated perspective, i.e., a fully functional “opto-MTJ”. Key scientific objec-
tives, regarding process compatibility, material exploration, and novel physical
mechanisms, are addressed, as well as appealing technological performances as
to speed and energy efficiency. They constitute the integral parts of this thesis.
In the following, a more detailed introduction on the related technologies and

background is given, followed by the outline of this thesis.

1.2 Memory technologies

Memory chips based on complementary metal-oxide—semiconductor (CMOS) tech-
nology have laid the foundation of the modern electronic information industries”'.
As a critical component of any electronic computers, memories are used to buffer
the intermediate data during computing, as well as to store the mass amount of
information. It dominates the performance of a computer architectural design

regarding operation speed, areal density, and energy efficiency ' *°.
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The memory market today is composed of a hierarchical structure using different
technologies, where a trade-off among their speed, capacity, cost, and density is
always required '*'°. Specifically, Volatile Memory technologies, including Static
and Dynamic Random-Access Memory (SRAM and DRAM), are employed as
Cache and Main Memory. They enable high-speed data access to frequently-used
data that is being executed in the CPU. SRAM and DRAM feature low areal
densities at the trade off to high costs.

On the other hand, Non-Volatile Memories (NVMs) ' '% such as Hard-Disk Drives
(HDDs) ' and Flash memory“’?!, have a higher density with low cost?*. They are
widely used as Auxiliary Memories to store massive and unfrequently-used data
with a relatively slow (usually in ps) data access speed. Based on such a trade-off in

a computer system, both high-speed and high-capacity data memory is achieved '*.

To introduce the readers with a general context of this thesis among the contem-
porary memory technologies, in the following, a brief discussion of the established
memories is presented. It will become evident that the nonvolatile spintronic mem-
ory offers the best comprehensive performance, thus highly promising towards the

next-generation “universal” memory paradigm.

1.2.1 Volatile memory technologies
Static random-access memory

SRAM is commonly used as the processor cache memory and internal registers
of a CPU in computer systems, where the access speed is a top priority?’. As a
typical Volatile Memory, SRAM uses latching circuitry to store each bit. A typi-
cal SRAM cell is composed of 6 MOSFET transistors that form a flip-flop circuit.
SRAM is a widely adopted solid-state memory due to its high access speed and
energy efficiency, although the high cost and the large footprint remains relatively

disadvantageous'”.

The SRAM technology meets a serious bottleneck as the CMOS technology node
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is scaling down?*%°. Specifically, the static leakage current through the MOSFET
would become highly problematic for smaller critical dimensions, resulting in a
major source of power consumption for CMOS-based chips, as predicted by the

International Technology of Roadmap for Semiconductors (ITRS)?%?.

Dynamic random-access memory

DRAM is another main type of Volatile Memory, which has a simpler design com-
pared with SRAM. The bit cell of DRAM is composed of single transistor and
capacitor, where its writing/reading is achieved by charging/discharging the ca-

3

pacitor”>. DRAM is widely used as the Main Memory in a computer, storing

frequently-used data that is being executed in the CPU.

To prevent the slow leakage of the electric charges in the capacitors, DRAM relies
on a refresh circuit to periodically recharge the capacitors every few milliseconds.
This refreshing operation leads to detrimental additional energy consumption "%,
In addition, as a consequence of the continuous CMOS down-scaling?*, DRAM also

26

meets a serious bottleneck on static power consumption°, with a higher read-error

rate due to the decreased capacitance as the capacitor in the DRAM scaling down.

Apart from the energy bottleneck, another significant bottleneck for both SRAM
and DRAM is the growing interconnection latency between the processor and the
off-chip memories. Such a speed gap is referred to as the “Von Neumann memory

wall bottleneck” 2939,

Non-volatile memory technologies

To address such bottlenecks, an effective solution is to adopt non-volatile memo-
ries as Caches and Main Memories. Such a “Universal Memory” holds a significant
promise towards the non-Von Neumann paradigm'"*%3!. Firstly, due to its non-
volatility, a normally-off /instant-on computing operation is enabled. As a result,
the static power consumption for data retention is completely eliminated. In the

following, a short overview on the NVMs is presented.
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Flash memory

Among various NVMs, Flash memory is a commercialised and matured technol-
ogy that is widely used for massive data storage'”?>?!. It features a high areal
density and a low cost. A basic Flash memory cell is composed of floating-gate
MOSFETs. The floating gate is insulated from the transistor by a tunnel oxide
layer. A NOR Flash addresses individual bit cells in parallel, whereas a NAND

Flash strings together the floating gate transistor to enable addressing in series?®.

During data writing, electrons are charged to the floating gate, which would de-
grade the oxide layer surrounding the floating gate. As a result, the endurance of a
Flash Memory is highly limited (~ 10° read /write cycles). Furthermore, the access
speed of Flash memory (typically in ms) is several orders of magnitude slower than
that in DRAM and SRAM. Constrained by these drawbacks, the Flash memory

fails to meet the performance requirement as the cache or the main memory*.

Emerging NVMs

With a “Universal Memory” in prospect, emerging NVM technologies have be-
come a topical field of Research and Development (R& D)'™?*. These technologies
include Resistive Random-Access Memory (RRAM)?*** Phase Change Memory
(PCM)?**, and Magnetic Random-Access Memory (MRAM)* . A comparison

of key performance metrics in these NVMs is summarized in Table 1.1°.

Table 1.1: A comparison of key metrics in various Non-volatile Memories including
NOR Flash, NAND Flash, RRAM, PCM, and MRAM. “End.” abbreviates for “En-
durance”, i.e., write cycles before the device breakdown. “R/W” denotes “read/write”
access time. Ref. from Kent and Worledge®

Metrics End. (cycles) R/W (ns) Density Other
NOR Flash 10° 100 / 10> medium  High write energy
NAND Flash 10° 100 / 106 high High write energy
RRAM 10° 1-100 high complex mechanisms
PCM 10 10/100  high  Operating T < 125°C

MRAM 00 2 - 30 medium Low read signal
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Among these emerging NVMs, the MRAM technology offers a best trade-off per-
formance, including a fast data “read/write” speed, a low power consumption, and
a high scalability. More importantly, the endurance of MRAM is considered as in-
definite in the industry (> 10'® cycles) since no degradation mechanisms (as such

in the Flash Memory) or mechanical moving parts (as such in the HDDs) are used.

As a result, the MRAM is highlighted toward the forementioned “universal mem-
ory” paradigm, promising for a nonvolatile memory architectures at all hierarchy
36,37

levels . In the following, a brief overview on Spintronics and the MRAM tech-

nology is provided.

1.3 Spintronics and magnetic random-access memory

As discussed in Section 1.1, spintronics manipulate both the charge and the spin
degree of freedom of electron to enable information processing, memory. As a
complementary technology, spintronics-based MRAMs offer unique advantages in-
cluding nonvolatility, scalability, high speed, and low power consumption. These

features make it highly competitive in the post-Moore era.

1.3.1 Spintronics

Spintronics is originated from the discovery of the giant magnetoresistance effect
(GMR)***? in 1988 by Albert Fert and Peter Griinberg, who both received the
Nobel Prize in Physics in 2007°. GMR exists in a sandwiched nanostructure
where two ferromagnetic (FM) layers are separated by a thin metal spacer, which

38,39 A significant bi-stable resistance state

is referred to as a spin valve (SV)
is observed, depending on the relative magnetization orientation of the two FM

layers. Such a effect is originated form spin-dependent electron scattering®.

As to practical applications, the SVs were first used as magnetic-field sensors
(read heads) in HDD drives®'. This invention led to a significant enhancement of
the HDD’s storage density by several orders of magnitude, which gained success-
ful commercialization soon after its invention by IBM*?, boosting the information

industry. Spintronic devices are also heavily used as a magnetic field sensor in
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automobile industries and biomedical devices****.

Since 1995, spintronic-based MRAM devices have received significant research
effort in academia and industry due to its prosperous application scenarios. Lead-
ing integrated circuit companies have launched ambitious MRAM development
programs, aiming at the key enabling technology for the next-generation memory

paradigm®. In the following, we will stress this aspect in detail.

1.3.2 Magnetic random-access memory

As discussed before, the key advantages of MRAM include nonvolatility, high ac-
cess speed, low power consumption, high scalability, indefinite endurance, as well

as easy integration with CMOS technology”°.

The state-of-the-art MRAM is promising to replace the embedded SRAM (L3/L-
4) cache or the embedded FLASH (eFLASH), making it an ideal candidate for
the next-generation NVMs®*. Compared to SRAM/DRAM, no static power is
required to retain the data. In addition, down-scaling of MRAM below 20 nm has
been demonstrated. Compared to FLASH, it shows high “read/write” speed and

indefinite endurance.

MRAM is also promising for solving the “Von Neumann memory wall” issue.
Since the MRAM is compatible with the CMOS Back-of-End-Line (BOEL) pro-
cess”"% a hybrid MRAM/CMOS IC design would reduce the distance between

memory and processor, thus contracting the interconnection latency effectively.

Significant progress in MRAM R& D has been achieved by leading semiconductor
companies. For example, Intel has realized 300-mm wafer-scale embedded MRAM
integration with the 22 nm CMOS technology, whereas Samsung and Everspin
have released a 1 GB embedded MRAM on the 22 nm technology node®*°. In the
following, we will discuss the MRAM bit cell, with an emphasis on its structure

and three basic memory functionalities, i.e., data reading, retention, and writing.
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Figure 1.2: A schematic illustration of the magnetic tunnel junction (MTJ). (a)
Typical structure of an MTJ. It is composed of two FM layers that are separated by an
insulating tunnel barrier. The magnetization direction of the bottom FM layer is fixed,
whereas the magnetization of the top FM layer is bi-directional. (b) Typical tunnel
magnetoresistance effect of an MTJ. A bi-stable resistance state is dependent on the
relative magnetization configuration of the two FM layers.

1.4 MRAM building blocks

As the basic bit cell of an MRAM, the magnetic tunnel junction (MTJ)*" is also
composed of two FM layers that is similar to a SV. Nevertheless, it is separated
by an insulating tunnel barrier (typically MgO* or Al,03%) with a thickness

typically 1 — 2 nanometers.

1.4.1 Magnetic tunnel junctions

As shown in Fig. 1.2, the magnetoresistance of the MTJ depends on the relative
magnetization orientation (Rp: parallel; Rap: antiparallel) of the two FM lay-
ers'™%0. Specifically, the magnetization direction in one of the FM layers (“pinned
layer”) is fixed along its easy axis using a special design, whereas the other (“free
layer (FL)”) is bi-directional, leading to a bi-stable magnetoresistance state. This
effect is termed as the tunneling magnetoresistance (TMR) effect”, with the TMR

ratio defined as:

TMR = AR/R = (Rup — Rp)/Rp (1.1)
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Figure 1.3: TMR effect explained by spin-dependent electron tunneling rates. Illus-
tration of DOS in the FL and the RL in (a) parallel and (b) antiparallel configuration.
The vertical axis shows the energy level. The horizontal axis shows the number of elec-
tron states. DOS of the FM layers is separated into a majority and a minority energy
band around the Fermi level, leading to a spin polarization (P). Electron tunneling
probability is determined by the relative magnetization direction of the FL and the
RL2.

Such bi-stable states can be used to represent the binary data “0”/“1” respec-
tively *»*", which can be read-out by measuring the MTJ’s resistance electrically.
The TMR effect was first observed by Julliere®! at low temperature, since then,
research activities have focused on enhancing TMR ratio by material exploration.
TMR effect is a result of the different spin-dependent electron tunneling rates®>*,
which can be explained by the spin-dependent tunneling theory. Fig. 1.3 shows a
simplified illustration of the density of states (DOS) with FL and RL in parallel
(a) and antiparallel (b) configuration. In this diagram, the vertical axis indicates

the energy level, and the horizontal axis indicates the number of electron states.

As in a ferromagnet, the DOS is divided into a spin-up and a spin-down en-

ergy band due to the exchange interaction (since it favours a parallel alignment).
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As a result, electrons are occupied in a majority state and a minority state around

the Fermi level, leading to a spin polarization (P) defined as,

P = M (1.2)
Ny +ny
where ny and n; denote the number of electrons at the Fermi level for each band,

respectively.

As represented by the blue and red arrows, the probability of electron tunneling
is determined by the n of a same spin-dependent energy band®°". In other words,
the tunneling current conductivity is dependent on the relative magnetization
direction of the FL and the RL. Thus, TMR is highly relevant to spin polarization,

which can be theoretically calculated by using Julliere’s model !,

2P, P2

TMR = ———+
(1-PP,)

(1.3)
where P, and P, denote the spin polarization of the FL. and the RL, respectively.

With the development of the nanofabrication technique (specifically, thin-film
deposition) around 2002, engineered MTJs employing CoFe electrodes and amor-
phous Al,O3 barriers achieved a TMR ratio up to ~ 70% at room temperature®*>°.
Theoretical considerations showed that a significantly higher TMR could be ex-
pected by using a single-crystalline MgO tunnel barrier, which was attributed
to the high tunnel current polarization due to the lattice symmetry of the MgO
crystal®®®7. Such a prediction was confirmed experimentally in 2004, leading to a
TMR up to 300% and an effective P of ~85%*%°%. The CoFeB/MgO-based MTJ

42,47

thus became the mainstream design for MRAM applications , which is used in

this thesis to ensure a relatively high TMR.

As to data retention, the energy barrier (E}) of the bi-stable states is established by
the magnetic anisotropy, resulting in a preferential easy axis of the magnetization
direction. For early types of MTJs, an in-plane magnetic anisotropy (IMA)?°%0

is established by using an elliptical bit shape, where the preferential magnetization
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direction is set along the long axis of the bit. The stability of the memory bit is
evaluated by the ratio between the Ej and the thermal energy®', which is termed
as the thermal stability factor (A),

A = Ey/ksT = KV/kpT (1.4)

where K is the anisotropy energy density, V' is the volume of the FL, kg is the
Boltzmann’s constant and 7' is the ambient temperature. As to a practical MRAM
bit for a 10-year retention, a A > 60 is always required*%’. However, as inferred
from Eq. (1.4), upon MTJ scaling down (i.e., decreasing V'), an enhanced mag-
netic anisotropy K is required to maintain the A. Since in the IMA-MTJ bits,
K is determined by the shape anisotropy, which is directly related to and limited
by M, it thus can be estimated that the shape anisotropy of the in-plane MTJ is
insufficient to stabilize the bit smaller than 40 nm, thus limiting the scalability of
the MRAM chips.

To address these issues, interfacial perpendicular magnetic anisotropy (PMA) was

63,64 where the out-of-plane easy

introduced at the ferromagnet/oxide interface
axis originates from the 3d/2p electronic hybridization at the interface®. Soon,
the interfacial PMA at the CoFeB/MgO system was utilized to build perpendic-
ularly magnetized MTJs%. Since PMA originates from the interface, and thus
immune to the bit shape/size, a better A at the nanoscale is expected®’, with a
full scalability below 20 nm as well ®®
efficiency, on the other hand, it keeps a high TMR ratio. As a result, PMA-based
CoFeB/MgO system has become a paradigm in the state-of-the-art MRAM de-

sign*"% . In the following, we will discuss how to write information to an MRAM,

. On the one hand, it keeps a high “write”

in other words, the FL’s magnetization switching schemes.

1.4.2 MRAM writing dynamics

As discussed before, the TMR of an MRAM bit cell is determined by the resistance
change when reversing the relative orientation of the two ferromagnetic layers.

Thus, the writing operation consists of switching the FL’s magnetization. Over
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Figure 1.4: First generation of MRAM: magnetic field-induced switching. Two ad-
dressing lines are cross-arranged, which are used to generate the magnetic field pulses
by electrical currents. The magnetic field pulses jointly switch the MTJ bit at the

. . . . =45
intersection of the addressing lines .

the last 25 years, two major generation MRAM writing mechanisms have been

proposed and implemented.

Specifically, the first generation of MRAMs relied on applied magnetic field. As in
the Stoner-Wolfarth type of MRAM®*™ shown in Fig. 1.4, the MTJ bit cell was
positioned at the cross point of two addressing lines. The magnetic field pulses
were generated by electrical currents through the lines, jointly switching the MTJ
bit at the crossing point of two wires. To address the accidental write-errors
caused by the “Half-selectivity disturbance”, the “toggle MRAM” was developed
by applying a 4-step sequence of magnetic field "™, which was commercialized by

Everspin in 2006.

To reduce the extensive current density, thermally assisted switching of MRAM
(TAS-MRAM) was proposed ™™ which exploited Joule heating to temporarily
heat the storage layer, and reduce its coercivity. Apart from the Joule dissipa-
tion to the ambient, the intrinsic scalability issue remained unsolved ™. Since the
switching field is inversely proportional to the MTJ size, down-scaling below 90

nm technology node was not possible*’.

To further alleviate these drawbacks, the second generation of MRAM employed
spin polarized current, where the spin orientation of the electrons are highly po-
larized. This can be generated easily by injecting an electrical current through a

magnetic layer. In 1996, Slonczewski’™® and Berger " predicted that such a spin
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Figure 1.5: Spin transfer torque (STT) induced MTJ switching (second generation
of MRAM)®°2. (a) Spin polarized current and STT induced MTJ switching. The in-
jected current transmits through the RL and gets spin-polarized, whereafter it switches
the magnetization of the FL. (b) Schematic illustration of the magnetization dynamics
induced by STT.

polarized current would transfer the angular moment it carries to a ferromagnetic
film the current is injected into, and exert a torque on the magnetization, which

is termed as the “spin-transfer torque (STT)”.

In 2004, the STT effect was demonstrated to switch an MTJ™. This soon led
to an entirely new kind of MRAM, namely, STT-MRAM. Research activities on
STT-MRAMs have been launched worldwide as a topical research field, due to
the all-electrical approach®*>™ and the full scalability. Now, STT has become a
mainstream “write” scheme of MRAM. A commercialized 64 Mbit STT-MRAM

has been released to market by Everspin® in 2013.

In the demonstrated process as shown in Fig. 1.5 (a), upon an electrical cur-
rent injected into the reference layer, it will get spin polarized along its direction.
After it tunnels through the barrier, the spin transfer torque is exerted on the free

layer’s magnetization ®"%2,

According to the macrospin approximation, the magnetization dynamics of the FL
induced by electrical current is described by the Landau-Lifshitz-Gilbert (LLG)
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equation:
0 0 hJP
a—TtrL = —ypom X Heg + am X 8”? — QZtFMSm X (1 X M) (1.5)

where m = M /Mj is the normalized FL magnetization, Heg is the effective field,
v is the gyromagnetic ratio, p is the vacuum permeability, « is the Gilbert damp-
ing coefficient, A is the reduced Planck constant. J is the writing current density,
P is the spin polarization ratio, e is the charge of the electron, ¢z is the thickness

of the FL, and M; is the saturation magnetization of the FL.

On the right side of Eq. (1.5), the three terms represent the following processes,
as described in Fig. 1.5 (b). The first term represents the torque caused by the
effective magnetic field, resulting in precession around Heg. The second term is
the torque by Gilbert damping, i.e., a phenomenological term that describes the
energy dissipation from the system, leading to m aligning to Heg gradually. The

third term represents the spin transfer torque (7srr).

Notably, the initialization of STT requires a random thermal fluctuation to spur
such a colinear alignment, since g1 is zero during the start-up of the STT event
(m is colinear with m,.sin a bi-stable state). This incubation delay process typi-

cally takes several nanoseconds®>*'to finish data access.

Moreover, another major source of the speed constraint is due to the spin preces-
sion process. As shown in Fig. 1.5, the m of the FL precesses about an effective

field Heg, with a precession frequency (termed as Lamour frequency)

f= %B (1.6)
For ferromagnetic metals such as cobalt, a typical value of -y is 10 MHz /T, resulting
in a 100 ps spin precession time. To enable magnetization switching, the duration
of the stimuli must be applied longer than one-quarter of the precession period,
since it is required to overcome the potential barrier. All these fundamental lim-

itations constrain the speed and efficiency of MRAM technologies, addressing of
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Figure 1.6: (a) A typical result of femtosecond-resolved AOS dynamics performed on
the “opto-MTJ” full-sheet stack, which is used as a general preview. The horizontal axis
is the time delay after the fs laser excitation (indicated by the red line), and the vertical
axis is the normalized magnetization dynamics measured in real time. It convincingly
shows that the magnetization switching takes place within a 20 ps time scale. (b) A logo
of Beihang University (BUAA) and Eindhoven University of Technology (TU/e). This
PhD project is jointly coordinated by the BUAA and the TU /e. The image is measured
by Kerr microscopy on the proposed device upon subsequent fs laser pulse.

which has remained a long-existing challenge for the spintronic industry.

1.5 Challenges and innovation

To tackle the challenge formulated in the previous section, a conceptually new ap-
proach to manipulate the magnetic state at an unprecedent time scale is needed.
Investigating the magnetization dynamics on a non-equilibrium thermodynamic

regime seems to become the key to find the answer.

A promising technological route is termed as the fs laser-induced single-pulse All-
Optical Switching (AOS) of magnetization”™®, which was experimentally demon-
strated in 2007. In AOS, a fs laser pulse brings the material system into a strongly
non-equilibrium state, and switches its magnetization at an unprecedented speed
and low dissipation, which will be discussed in Chapter 2 in detail. Here, as a
preview, a typical result of fs time-resolved magnetization dynamics is shown in
Fig. 1.6 (a), clearly revealing the switching indeed takes place within a 20 ps time

scale (The details of the measurement technique as well as the results will be ex-
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plained in Chapter 6).

Inspired by the material-orientated progress in the field of AOS, the emerging
potential of integrating AOS with spintronic MRAMs at a device level has been
recognized. By developing such a novel “hybrid” memory that operates beyond
the equilibrium thermodynamics, a fast (< 20 ps) and low-dissipative (< 1 pJ/bit)
“opto-MRAM?” is conceptually envisioned as a competitive route towards the new-

generation MRAM design.

This thesis thus formulates the research question, if one can realize a fully-functional
picosecond spintronic MRAM solely operated by a fs laser pulse. This thesis will
give an answer to this question from a device-orientated perspective, where the
scientific field of spintronics and ultrafast photonics (more specifically, fs lasers)
synergize. The key highlight of this thesis is to demonstrate a picosecond opto-
spintronic memory device with an all-photonic operation, non-volatility, and high

energy efficiency.

As a symbolic representation of this work, a logo with the abbreviation of Beihang
University (BUAA) and Eindhoven University of Technology (TU/e) is shown in
Fig. 1.6 (b), which jointly coordinate this PhD project. The image, aiming to
show AOS in it simplest form, is measured by a technique called Kerr microscopy,
where the light /dark contrast indicates the “up” /“down” magnetization direction,
respectively. It depicts the magnetization of a magnetic thin film after AOS of
targeted areas, which is done by exposing the sample to consecutive fs laser pulses
in the desired pattern (all relevant concepts and methodologies will be discussed
throughout this thesis). A more detailed background and literature review of the

related field is presented in the next chapter.

1.6 This thesis

In this thesis, we demonstrate the design, fabrication, and characterization of
a fully-functional picosecond “opto-MTJ” at a device level, as a first step of
spintronic-photonic integration. The research background of this thesis is pre-

sented in Chapter 2, with a literature review on the related fields. Next, the
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experimental methodology on thin-film deposition, MTJ fabrication, as well as

various characterization techniques, is described in Chapter 3.

In Chapter 4, post-annealing process compatibility of single-pulse AOS in syn-
thetic ferrimagnetic Pt/Co/Gd stacks are experimentally explored. Remarkably,
we found that the efficiency of AOS is enhanced upon post-annealing up to 300°C,
which is required for MTJ fabrication. Meanwhile, the velocity of domain wall
motion, i.e., magnetic domains driven trough the material by applying a magnetic
field, is also increased. These results reveal that such a material system is highly

ideal for further spintronic device integration.

In Chapter 5, fs laser-induced heat-assisted magnetic recording (HAMR) in a high-
performance p-MTJ storage device is experimentally investigated. Although the
HAMR technique has been widely used in ultra-high-density HDDs, data “read”
operation is achieved by a mechanical “read head”, limiting its robustness and
speed. To address this issue, a high-performance HAMR-p-MTJ storage device is
demonstrated, with a direct electrical readout. These results also represent a first

step towards an all-optically switchable MTJ device.

In Chapter 6, which is the major output and a climax of thesis, a fully-functional
“opto-MTJ” is developed and explored. The first part of Chapter 6 describes the
exploration on a suitable FL. material system, aiming at a single-pulse AOS and a
considerable TMR ratio simultaneously. By detailed measurements, a composite
structure that incorporates a Co/Gd bilayer coupled to a CoFeB/MgO system,

well meets the design requirement.

In the second part of Chapter 6, such an integrated memory device is fabri-
cated and characterized. The results show a deterministic and efficient all-optical
“write” operation, as well as an electrical TMR read-out. The speed of the device
is systematically characterized by fs time-resolved measurements, representing an
important milestone towards a new category of picosecond spintronic memory by

using photonic integration.

Chapter 7 provides a summary of the thesis, as well as a general outlook of the
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integrated spintronic-photonic memory technology at a higher circuit level.



Background

The scientific objective of this thesis is to develop and explore a picosecond AOS-
MTJ memory device, by integrating ultrafast photonics with spintronics. In this
chapter, the research background and possible routes towards this ultimate goal are
discussed. The chapter starts with a material-orientated literature review on the
emerging field of AOS, including the basic concepts and terminology, the host ma-
terial systems, and the underlying physics of AOS at a basic level. Afterwards, first
demonstrations on the integrated device concepts are introduced. Further optimiza-
tion routes aiming for a fully functional, high performance device are discussed,

with an emphasis on the novel synthetic ferrimagnetic multilayer system.

21
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2.1 All-optical switching

All-optical switching (AOS) describes the magnetization switching induced by
laser-pulse excitation only, i.e., without magnetic field assistance or other stimuli.
In this section, a literature overview of AOS from a material-orientated perspec-
tive is presented, which is started from a general review. The AOS effect was
discovered rather unexpectedly in ferrimagnetic GdFeCo alloys in 2007%, and was
later shown to be an all-optical helicity-independent switching (AO-HIS) process.
The AO-HIS in such alloys was induced by a single fs laser pulse, where the he-
licity dependence was shown to originate from the magnetic circular dichroism
(MCD) effect. Latter, all-optical helicity-dependent switching (AO-HDS) was ob-
served in engineered ferrimagnetic systems, as well as in ferromagnetic systems
that are heavily used in spintronic memory technologies. However, the AO-HDS
was demonstrated to be induced by multiple (/100) laser pulse, limiting its tech-

nological potential for spintronic integration.

Although the underlying physics is still under debate, AO-HIS has been demon-
strated to offer picosecond speed, which is 1 — 2 orders of magnitude faster than
conventional switching schemes. Moreover, it shows high energy efficiency as well.
AO-HIS consumes only 100 fJ for writing a 50x50 nm? sized memory bit, making
it competitive with STT-MRAM (450 pJ—100 £J)®°. Consequently, the emerging
potential towards employing AOS for ultrafast and energy-efficient memory ap-
plications was soon recognized. Stimulated by the high application potential, as
well as the intriguing fundamental physics, the emerging field of AOS has been
developed rapidly in the last 15 years.

2.1.1 Single-pulse AO-HIS in ferrimagnetic alloys

As mentioned above, ultrafast AOS was first observed in amorphous ferrimagnetic
GdFeCo alloys in 2007%. As a rare earth—transition metal (RE-TM) material, the
Gd sublattice and the Fe sublattice are antiferromagnetically coupled, leading to
a net magnetization at room temperature. It was first demonstrated by Stanciu
et al.® from the Radboud University in Nijmegen. They observed that, by using

a circularly polarized single-40-fs laser pulse, the magnetization of a 20-nm-thick
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Figure 2.1: (a) Single-pulse helicity-dependent AOS in the GdFeCo alloys by circularly
polarized fs laser pulses. The laser beam was swept across the sample surface, so that
each pulse landed at a different position. The responses of AOS were measured by
the Kerr microscopy. (b) Illustration of an ultrafast all-optical recording of magnetic
bits. The optically written bits were overlapped at a small distance due to the laser
beam sweeping at a relatively high speed. Meanwhile, the polarization of the beam was
modulated between (o) and (o~ )simultaneously. Adapted from Stanciu et al.®

GdFeCo thin film could be switched in a reproducible manner.

Fig. 2.1 (a) shows the all-optically written domains as measured by Kerr mi-
croscopy, where the light /dark grey areas correspond to the domains with “down”-
/“up” magnetization, respectively. A laser beam with left (¢) or right (o7)
helicity was swept across the sample surface at a relatively low speed, so that
each pulse exposed a different spot. The experiments unambiguously showed that
the o™ pulse switched the magnetization in the magnetization “up” state, but it
didn’t affect the magnetization of the magnetization “down” state. In other words,
single-pulse AOS can be achieved in GdFeCo alloys without the aid of an external
magnetic field, and displays a helicity dependence. The small size variation of the

written domains was caused by the pulse-to-pulse fluctuation of the laser intensity.

This purely laser-induced magnetization reversal was previously believed impos-
sible. As a first explanation, this phenomenon was conjectured by a combined
effect. Firstly, the fs laser heats the electron bath in the magnetic system just be-

low the Curie point (T¢). Secondly, the circularly polarized laser simultaneously
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acts as an effective magnetic field due to the inverse Faraday effect®®*", resulting

in helicity dependence of the AOS process®.

This finding revealed an ultrafast and efficient pathway for magnetic recording
at a record-breaking speed. A simple illustration is illustrated in Fig. 2.1 (b).
The figure was achieved by sweeping the laser beam across the sample surface,
where optically written bits are overlapped at a small distance. Meanwhile, by
simultaneously modulating the beam polarization, an ultrafast all-optical data

writing is thus achieved.

The underlying physics of the AOS phenomenon was under significant debate,

85791 Indeed, by macrospin

with concerns arising on such a two-fold explanation
and atomistic models®**%?! the AOS process was reproduced. However, the re-
quired amplitude of the effective opto-magnetic field was extremely large (> 20 T),
whereas its duration had to be chosen to be much longer than the 40-fs laser pulse
used in the experiments. Moreover, in the first attempts of modelling AOS in a
ferrimagnet, the individual switching dynamics of the Gd and the Fe sublattices

92,93

wasn’t taken into consideration , which were assumed to be the same due to

the strong exchange interaction.

To address this issue, time-resolved element-specific X-ray magnetic circular dichro-
ism (XMCD) measurements were performed”, using a GdFeCo thin film upon fs
laser excitation, as shown in Fig. 2.2. The XMCD signal provided insight into
the time-resolved dynamics of the Fe and Gd sublattice magnetization separately
(denoted as Mg, and Mgy, respectively). The result showed a typical three-phase
characteristics. Firstly, rapid demagnetization of the two sublattices was observed,
where Fe demagnetizes much faster. While Mg, reached zero within 300 fs, the
Gd was still demagnetizing up to 1500 fs. Note that, despite the strong exchange
interaction between the two sublattices, the two sublattices demagnetize at dis-

tinctly different speeds.

Secondly, the Mg, switched across the zero point, and rebuilt up along the reversed

direction (i.e., along the Mg4). This was assigned to the transfer of angular mo-
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Figure 2.2: Time-resolved element-specific X-ray magnetic circular dichroism

(XMCD) measurements of a GdFeCo thin film after laser-pulse excitation, which re-
solved the evolution of Mg, and M¢,. See text for details. Adapted from Radu et al.**

mentum due to the exchange scattering. Remarkably, a transient ferromagnetic-
like state in the ferrimagnet was established. In other words, despite the antifer-
romagnetic coupled sublattices, the Mg, and the Mgy were aligned in the same
direction within this timescale. Lastly, due to the antiferromagnetic coupling, the
M4 was driven to switch, and after cooling down, a new thermal equilibrium in

the reversed orientation was established.

This discovery provided new insights into the physics of ultrafast magnetism,
as well as the emerging potential towards the opto-magnetic recording with an
ultimate speed. Various theoretical models were developed to address the multi-

9496 " including the microscopic three temperature model -

sublattice behaviour
(M3TM) 7. All of them reproduced a robust AOS toggle process in line with the

three-step process.

Until the discovery of the all-optical toggle mechanism, it was generally believed
that magnetization switching should be driven by a time-non-invariant vector as
a stimulus, such as a magnetic field or a spin-polarized current (as in MRAM
technologies discussed in Chapter 1). Heating, as a scalar, would not drive, but

could only assist the magnetization switching, as already heavily used in the heat-
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Figure 2.3: Single-pulse AOS measurement results of a GdFeCo film exposed by
consecutive linearly polarized fs laser pulses, proving a purely thermal process. (a — b)
Magnetization saturated in “up” and “down” direction, respectively. (¢ —d) Every odd
number of laser pulses leads to a homogeneous optically written domain, whereas for
every even number of pulses, the magnetization toggles back to original state. Adapted
from Ostler et al.”®

assisted magnetic recording (HAMR) technologies'?. The discovery of AOS clearly
disproved this necessity. A very elegant confirmation of the toggle scenario was

1.9 from the University of York. They demonstrated an

reported by Ostler et a
AO-HIS of a GdFeCo by using a single linearly polarized laser pulse, without the

presence of any magnetic field.

Fig. 2.3 shows the Kerr images of the GdFeCo film exposed to subsequent 100-fs
laser pulses. Fig. 2.3 (a) and (b) are the initial saturated magnetization states
with “up” and “down” directions. As shown in Fig. 2.3 (c¢) and (d), for every odd
number of laser pulses, a homogeneous optically written domain was observed. For
every even number of pulses, no net magnetization reversal was observed. This
observation proved the single-pulse AO-HIS is a purely thermal process, which

agrees well with results by atomistic simulations”?%% .

After have demonstrating that the ultrafast heating could act as a sufficient stim-
ulus for AOS, the physical origin of the helicity dependence in the original studies
wasn’t clarified yet. To address this issue, it was soon found that AOS of GdFeCo
exhibits a threshold fluence that is absorbed in the magnetic layer. This thresh-
old fluence is independent of the laser helicity. Previous observations of helicity

£ 100,101

dependence were shown to be the result of the MCD effec , which describes

the differential absorption of the o~ and o* circularly polarized light in a mag-
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netic material. The MCD effect thus results in a helicity dependent AOS fluence

window, which agrees well with all the experimental data on AOS.

Finally, having resolved that AOS is a purely thermal process, it opened the op-
portunities to use the very same mechanism in other approaches that don’t (fully)
rely on heating by a fs laser. Indeed, more recently, AO-HIS of GdFeCo has also
102

been realized by hot-electron pulses (generated by laser heating) '"*, as well as by

picosecond current pulses (using a photoconductive switch) %%,

In conclusion, single-pulse AO-HIS has been found to be a robust process, with
an appealing application potential. The speed of AOS is within several tens of
ps, which is 1 — 2 orders of magnitude faster than conventional MRAM operation

589,94~ Moreover, the AO-HIS is highly energy efficient'"; it consumes

schemes
only 100 £J to switch a 50x50 nm? sized memory bit”, making it even competitive

compared to STT-MRAM (450 — 100 £J)*.

To realize scalable and high-density memory applications, pioneering efforts were

105 " and laser-induced sub-

initiated, including AOS in patterned microstructures
wavelength domain patterns'’. It turned out that the thermal stability of GdFeCo
would be lost after downscaling below 200 nm due to its weak PMA, which is un-

favourable for high-density recording.

It was considered very relevant that single-pulse AOS was demonstrated for highly
anisotropic TbFeCo'"". In this material, thermally stable domains down to 40 nm
were written using plasmonic antennas'’®, compatible with the current CMOS
fabrication technology. Unfortunately, its practical applications were hindered by
the extremely large H. (up to 10 T), requiring a specifically designed magnet to

saturate its initial state'"”.

In summary, single-pulse AO-HIS in the GdFeCo is only suitable for a proof-of-
concept spintronic integration. For that reason, research activities on exploration
and synthesis of other AOS materials, aiming at general design rules, have gained

considerable attention.
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2.1.2 Development of the AOS material systems

The observation of AOS has been fuelling expectations for exciting technological
applications. Towards this aim, the first research objective is to expand the range

of material systems that facilitate the AOS phenomenon.

Engineered materials for AO-HDS

To address this issue, three empirical rules to design a material system that host
AOS have been derived''’. Firstly, the material system should contain two mag-
netic sublattices (or layers). Secondly, the two magnetic sublattices are coupled by
an antiferromagnetic exchange interaction. Thirdly, different temperature depen-
dencies of the magnetization of the two sublattices (or layers) are required'''''?,
such that a compensation temperature (at which the net magnetizations is zero)
is present.

Based on these criteria, Mangin et al.''* reported on multiple-pulse AO-HDS in
different RE-TM alloys, RE-TM multilayers, and the coupled RE-TM heterostruc-
tures. Moreover, engineered synthetic ferrimagnets, which were only composed of
the antiferromagnetically coupled TM-based FM layers, were also shown to host
such AO-HDS. Such RE-free heterostructures showed a high technological poten-
tial because their materials are compatible with the spintronic memories. These
findings seemed to verify the necessity of the three key ingredients, especially the

presence of a compensation temperature in the AOS material.

AO-HDS in ferromagnetic systems

Later, multiple-pulse AO-HDS was observed surprisingly in several ferromagnetic
thin films, multilayers and granular media''*''”. The breakthrough soon led to
another boost of the AOS field, due to the material compatibility with spintronic
memory technologies. They also posed a challenge of the established AOS frame-

work, questioning the generality of the established design rules!'.
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Figure 2.4: Multiple-pulse AO-HDS of the ferromagnetic (Co/Pt) multilayers. The
magnetization evolutions upon consecutive fs laser pulses with different polarization
were measured by AHE. Adapted from Hadri et al.''¢

Fig. 2.4 shows the magnetization evolution (as measured by the anomalous Hall
voltage) of a Pt/Co/Pt multilayer upon subsequent fs laser pulses with either left
(07) or right (o) circular or linear () polarization''®. During the first few laser
pulses, helicity-independent demagnetization of the sample was observed (Fig. 2.4
(a)). Afterwards, the magnetization recovered gradually upon subsequent laser
pulses, where the direction was determined by the laser helicity (Fig. 2.4 (b)).
Note that no remagnetization switching was observed using linearly polarized laser
light. This result demonstrated the helicity dependence in the multiple-pulse AOS

HT18 revealed that such a helicity dependence originated

process. Further studies
from laser-induced domain wall (DW) motion. The underlying mechanism is not
fully understood yet, but has been attributed to, e.g., the inverse Faraday ef-
fect 110117119 “wwhich was explored further by simulations using the M3TM model

with an effective field'?’, as well as ab initio studies'?'.

In summary, after 10-year research efforts, two types of AOS mechanisms have
been distinguished. One of them is the single-pulse AO-HIS, which is observed in
the ferrimagnetic GdFeCo system. The AO-HIS is explained by a purely thermally-
driven mechanism. On the other hand, multiple-pulse AO-HDS turned out to be a
cumulative process, requiring several hundreds of laser pulses to achieve switching,

thus losing the speed and energy advantages for spintronic integration.
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Obviously, with an ultrafast opto-spintronic memory in prospect, the single-pulse
AOS mechanism is of major technological relevance for spintronic integration.
Aiming at this, verifying the single-pulse AOS in a spintronic device, especially an
MTJ, has thus become a key scientific issue in this field. Further design of an AOS
material system, aiming at a robust single-pulse AOS, high PMA, and high TMR,
has also attracted considerable attention. In the following, we will introduce these

research activities in more detail.

2.2 Integration of AOS with spintronic MTJ

By employing AOS to operate an MTJ, a spintronic-photonic integrated device
idea was soon envisioned, which would exhibit a picosecond speed with least-
dissipative energy consumption. To achieve this goal, the first key scientific objec-
tive was to verify the feasibility of AOS at a device level. In the following, several

inspiring milestones toward these challenges are discussed.

2.2.1 AOS-MTJ device concept demonstration

Soon after the discovery of AOS in a variety of material systems, incorporating
AOS in a realistic spintronic device has become an attractive scientific objective.
The main idea is to manipulate the magnetic state by a short laser pulse, which
later a while it can be read-out by electrical methods, rather than optical tech-
niques (i.e., MOKE detection). As a first milestone, research efforts on electrical
characterization of AOS in a patterned Hall cross by the anomalous Hall effect
(AHE) were reported.

Among those activities, AOS of a fabricated GdFeCo Hall cross, using a near-
infrared telecom-band femtosecond fiber laser '*?, was demonstrated. This enabled
an electrical readout of AOS by an AHE measurement. Similarly, AHE measure-
ments were also performed on ferromagnetic Pt/Co/Pt heterostructures'*, en-
abling a statistical quantification of the multiple-pulse helicity-dependent switch-

ing.

In a following study by Chen et al.'**, GdFeCo films were patterned into pillars
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Figure 2.5: Direct magnetoelectrical AHE readout of the GdFeCo pillar upon single-
pulse AOS measurement. (a) Optical microscope image of the pillar. (b) Hysteresis loop
of the pillar measured by AHE, indicating a good PMA. (¢) The AHE signal toggled
upon every single laser pulse, confirming a robust and reproducible single-pulse AOS.
Adapted from Chen et al.'**

with a diameter of 15 pm, as shown in Fig. 2.5 (a). The measured hysteresis loop
(Fig. 2.5 (b)) indicated good PMA with 100% remanence. Direct magnetoelectrical
readout of the pillar upon exposure to a train of fs laser pulses was measured by the
AHE method (Fig. 2.5 (¢)). The AHE signal was reversed upon every single laser
pulse, indicating a robust and reproducible single-pulse AOS of the magnetization
in the GdFeCo pillar. These electrical characterization studies represented first

steps toward opto-spintronic integration.

The work '** further demonstrated the repeatability of AOS in the GdFeCo pillar,
as shown in Fig. 2.6. The device was exposed to consecutive laser pulses with a
repetition rate of 1 ps, meanwhile, the AHE voltage was measured with a sampling
interval of 20 ms. In the setup, an acoustic-optic modulator (AOM) was used as a
pulse picker, which was gated by electrical pulses. By proper tuning the width and
duty ratio of the pulses generated by a signal generator, a group of laser pulses
with an interval of 1 ps was realized. Briefly, the results revealed that, in case

of an odd number of laser pulses, the AHE voltage was reversed to a high ohmic
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Figure 2.6: The repeatability of AOS in a GdFeCo Hall device. Consecutive laser
pulses with a repetition rate of 1 ps were used to excite the device. This result showed
that, in case of an odd number of laser pulses, the AHE voltage was reversed upon laser
excitation, whereas in case of an even number of laser pulses, the AHE voltage toggled
back to its original state, demonstrating an operation frequency of at least 1 MHz. Ref.
from Chen et al.'**

state. In contrast, in case of an even number of laser pulses, the AHE voltage

toggled back to its original, low ohmic, state.

This result demonstrated a 1 MHz operation frequency of the device, but the
ultimate AOS repetition rate remained unexplored for further investigations. Al-
though the AOS usually takes tens of ps settling to a new equilibrium, it is believed
that the next AOS process is possible prior to equilibrium. As a result, the opto-
spintronic device is highly promising towards an ultimate operation frequency up
to tens of GHz. However, the implementation of such devices requires careful

design on material’s thermal properties.

As one step further, employing GdFeCo as the FL of an MTJ was demonstrated '**,
which was considered as another milestone towards opto-spintronic integration.
The configuration of the designed MTJ is illustrated in Fig. 2.7 (a). Ta and Pd
layers were used as the bottom electrode and the buffer. Co/Pd layers were used as
the fixed layer, whereas a MgO layer was the tunnelling barrier. The FL consisted
of all-optically switchable GdFeCo. Transparent indium tin oxide (ITO) was used

to allow efficient optical access. The MTJ pillar was patterned using multistep
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Figure 2.7: Single-pulse AOS of an MTJ employing the GdFeCo as the FL. (a)
The configuration of the MTJ. The FL was the GdFeCo with PMA to enable AOS,
whereas the MgO layer was the tunnelling barrier. (b) The fabricated MTJ device with
a diameter of 12 pm. The transparent ITO was used as top electrode to enable efficient
optical access. (c), (d) MOKE images of the MTJ device before and after AOS by
single laser pulse. (e) R — H loop measurement indicated a TMR ratio of 0.6%. (f)
The resistance of MTJ toggled upon single-pulse AOS measurement, independent of the
laser helicity. Adapted from Chen et al. '**

optical lithography and ion beam etching (IBE), with a diameter of 12 pm.

As shown in Fig. 2.7 (e), a clear bi-stable R — H loop with a TMR ratio of
0.6% was measured. Afterwards, the MTJ was exposed to consecutive linearly
polarized fs laser pulses. The central wavelength of the laser was 1.55 pm (tele-
com band), with a pulse width of 0.5 ps. The repetition rate of the laser pulses
was set at 0.5 Hz to distinguish each excitation, whereas its TMR was monitored

in real time with a sampling interval of 100 ms.

Fig. 2.7 (f) shows that the resistance of the MTJ toggled upon each laser pulse,
which was independent of the laser helicity. The TMR ratio was consistent with
the value measured by sweeping a magnetic field, confirming a complete and repro-
ducible switching. In addition, the MOKE images in Fig. 2.7 (c¢) and (d) proved
that the magnetization of the GdFeCo layer was switched before and after AOS

by a single laser pulse.

This work provided an inspiring precursor on verifying the AOS-MTJ device con-
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cept. However, some serious challenges have remained unsolved for the opto-
spintronic field. Specifically, amorphous GdFeCo in direct contact with MgO led
to a low tunnel spin polarization (TSP), resulting in an intrinsically low TMR

ratio, which is far below the requirement for practical application.

In addition, although a 300°C thermal annealing is required for a high-performance
MTJ deposition, the AOS effect in the GdFeCo alloys is extremely sensitive to the
alloy composition and the annealing temperature. Moreover, GdFeCo is a soft
magnetic material with a low anisotropy. Such a device will become thermally
unstable and superparamagnetic after scaling down to below 200 nm, thus chal-

lenging towards integration with the advanced CMOS technology node.

2.2.2 Material design and optimization for AOS-MTJ

In this sub-section, further material-orientated work aiming for a practical AOS-
MTJ with high performance is discussed. Furthermore, design and optimization
of the AOS-MTJ’s performance, including the thermal stability, energy efficiency,

and scalability, are also presented.

As to the conventional MTJ design, a ferromagnetic system with a strong PMA
and a high TSP has been widely adopted, such as Co/Pt or CoFeB/MgO%. How-
ever, multiple-pulse AOS is required for switching these ferromagnets, losing ad-
vantages on speed and efficiency. On the other hand, an MTJ employing a single
GdFeCo layer exhibits a low PMA and TMR.

To address this dilemma, the exchange coupling of the AOS layer with a fer-
romagnetic layer has become a mainstream technological route. Among them,
researchers from University of California'?® demonstrated single-pulse AOS in a
ferromagnetic Co/Pt multilayer that was exchange coupled to a GdFeCo layer.
They observed that the nanostructure switched within several ps due to the ef-
fective coupling. This general design route is highly promising to extend to other

ferromagnetic systems with high TSP.
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As a consequence, researchers from Spintec'?® designed an all-optically switchable
Co/Tb multilayer that was coupled to a CoFeB electrode using a 0.2-nm-thick Ta
layer. Such a CoFeB electrode in direct contact with MgO leads to high TSP, as
heavily used in STT-MRAM technology. A simultaneous single-pulse AOS of this

MTJ electrode was achieved due to the strong ferromagnetic coupling.

A further attempt on integration such an all-optically switchable electrode with a
prototype MTJ was initiated ", with a configuration of Ta/CoFeB/MgO/CoFeB
/Ta/(Co/Tb)s. The bottom CoFeB was used as the other FM layer of the MTJ,
whose magnetization was not fixed by a bottom-pinned structure. After fabrica-
tion, the MTJ pillar showed a TMR up to 38%.

However, laser-indued operation of such a device was not successful yet, whereas
a toggle TMR switching upon single-shot laser excitation is a basic operation for
each binary memory. Furthermore, the magnetization dynamics of the AOS in
such a nanoscale device remained unknown. Lastly, as to practical MRAM ap-
plications, a bottom-pinned RL is highly required. For an AOS-MTJ, a carefully
design of the RL to minimize its stray field is nontrivial, since the stray field from

the RL will affect the AOS process in the nanoscale device.

Thus, a fully functional AOS-MTJ with a robust AOS, a high TMR and a high
A has not been demonstrated yet. A direct experimental proof of the operation
speed, along with the time-resolved switching dynamics, requires further investi-
gation. In Chapter 3 of this thesis, such a systematic study of the AOS dynamics
of an MTJ is reported.

2.2.3 Synthetic ferrimagnetic multilayers: an ideal platform for AOS integration

As discussed above, amorphous GdFeCo alloys typically show a low anisotropy
and a low spin polarization, and these alloys are also complex to tune their mag-
netic properties by adjusting the alloy composition. To address these shortages,
crystallized AOS materials, especially synthetic ferrimagnetic multilayers'**, have

gained considerable attention due to their substantial potential towards spintronic
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Figure 2.8: Inset: Hysteresis loop of the Pt/Co/Gd stack confirmed a well-defined
PMA. Main: Magnetic moment per unit area measured by SQUID-VSM as a function
of temperature. The antiferromagnetic coupling between the Co and Gd layers was
demonstrated by the presence of a compensation temperature at 120 K. Adapted from
Lalieu et al.'*®

integration.

Specifically speaking, in recent work, researchers from the Eindhoven Univer-
sity of Technology'”® demonstrated that helicity-independent single-pulse toggle
switching could be also realized in ferrimagnetic Pt/Co/Gd stacks with PMA.
The Curie temperature of bulk Gd lies just below room temperature, however, in
the Pt/Co/Gd system, the Gd layer has a proximity-induced magnetization in an
atomically thin region near the Gd/Co interface, which is antiferromagnetically
coupled to the Co layer. The Pt seed layer in contact with Co leads to the presence
of a strong PMA. The thermal AOS was realized due to the large contrast in their

demagnetization times, as similar in ferrimagnetic alloys.

As illustrated in Fig. 2.8, the hysteresis loop of the stack, was measured by the
magneto-optical Kerr effect, confirming a well-defined PMA due to the square
shape with 100% remanence, Afterwards, the antiferromagnetic coupling'?%!3
between the Co layer and the Gd layer was demonstrated by the presence of a
compensation temperature at 120 K as measured by SQUID-VSM. At this tem-

perature, the magnetic moments of the Co and Gd layers compensated each other
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Figure 2.9: (a) Single-pulse AOS measurement of the Pt/Co/Gd stacks. The labels
indicated the number of pulses each spot was exposed to. For every odd number of laser
pulses, a homogeneous domain with an opposite magnetization direction was written,
whereas no net magnetization reversal was observed for every even number of pulses.
(b) Domain size as a function of pulse energy for stacks with different Co thickness. The
threshold fluence was derived, which was lower than that of the GdFeCo alloy. Adapted
from Lalieu et al. '%®

due to an antiparallel and equal alignment.

They then experimentally demonstrated helicity-independent single-pulse AOS of
the Pt/Co/Gd stacks, which were exposed to consecutive linearly polarized 100-fs
laser pulses. Magneto-optical Kerr microscopy was used to examine the mag-
netization state after AOS, as illustrated in Fig. 2.9 (a). The labels indicated
the number of pulses each spot was exposed to. For every odd number of laser
pulses, a homogeneous domain with an opposite magnetization direction was writ-
ten, whereas no net magnetization reversal was observed for every even number of
pulses. This behavior is consistent with the single-pulse AOS mechanism discussed
in GdFeCo, in which the AOS was driven by transferring angular momentum ***-'32

mediated by exchange scattering between the Gd and Co sublattices'**.

As to the energy efficiency, the AOS threshold fluence was determined by measur-
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ing the domain size as a function of the laser pulse energy, which will be explained
in detail in Chapter 3. A threshold fluence down to 1 mJ/cm? was derived as
shown in Fig. 2.9 (b), which is significantly lower than that in GdFeCo alloys (2.6
+ 0.2 mJ/cm?) 1%,

The synthetic ferrimagnetic multilayers fully facilitate the ultrafast AOS speed
with energy efficiency, as well as high PMA. The system also shows extended
flexibility on the fabrication process. This means that it is easier to tune their
magnetic properties by simply controlling the film thickness during sputter de-
position. In addition, as to interface engineering, this system has been demon-
strated to show high domain wall (DW) velocity'*’, and inherent built-in interfa-
cial Dzyaloshinskii-Moriya interaction (iDMI). These advantages make Pt/Co/Gd

highly suitable towards spintronic integrated devices.

One appealing device concept is to integrate this synthetic system with the race-
track memory'**. Specifically, optically written domains could be coherently
moved along the racetrack at high speed by the current-induced spin Hall effect
(SHE). The researchers from the Eindhoven University of Technology '*° presented
a proof-of-concept demonstration of this “on-the-fly” all-optical data writing in the

racetrack. A more detailed discussion is presented in the following.

As illustrated in Fig. 2.10 (a), the AOS in the Pt/Co/Gd racetrack was investi-
gated by exposing a train of linearly polarized laser pulses (=~ 100 fs), which was
set at a low repetition rate of 0.5 Hz, meanwhile, the AHE voltage was measured.
Fig. 2.10 (b) confirmed a robust and reproducible toggle AOS of magnetization in
the patterned Pt/Co/Gd racetrack.

Afterwards, “on-the-fly” SHE-driven transport measurements on these optically
written domains were performed. Due to the inherent built-in iDMI'?’, the do-
main walls could be moved coherently along the racetrack, which was originated
from the current-induced SHE *%1*7 in the heavy-metal Pt seed layer. In the mea-
surement, as illustrated in Fig. 2.11 (a), a domain was written in the first leg of the

wire by AOS. Meanwhile, a DC current was flowing through the wire. As a result,
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Figure 2.10: (a) Schematic overview of the AOS measurement in the Pt/Co/Gd

racetrack. (b) By exposing a train of linearly polarized laser pulses, the toggled AHE

voltage of the Hall crosses as a function of time confirmed a robust and reproducible

single-pulse AOS. The repetition rate of the laser was set at 0.5 Hz. Adapted from
Lalieu et al. '%°

the domains would move coherently along the current direction by the SHE as
soon as they were written. This means that the full domain would be transported

along the wire, passing the second Hall cross, and measured using AHE.

The AHE signals of the two legs as a function of time are shown in Fig. 2.11 (b).
As to the first leg, the small peaks appeared in the AHE signal, whereafter it was
quickly recovered to the saturation state, indicating that the domain was moved
out of the cross. As to the second Hall cross, it was switched down (—1) shortly
after AOS, then, it was switched back up (+1) again. These results indicated
the transport of the optically written domain. The device feasibility was further
verified using a Kerr microscope, as shown in the inset of Fig. 2.11 (b). This
proof-of-concept demonstration showed that the Pt/Co/Gd racetrack is an ideal
candidate to facilitate the integration of AOS with spintronics, exhibiting great

potential to stimulate the innovation of future & emerging technologies (FET).

In this thesis, the main scientific aim is to develop a fully functional spintronic-

photonic memory by integrating AOS with MTJs. Followed by the mainstream
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Figure 2.11: (a) Illustration of the device concept on integrating AOS with racetrack
memory. “On-the-fly” SHE-driven transport of the AOS domains in a Pt/Co/Gd wire
was measured by AHE signal in two Hall crosses. (b) Measurement results illustrated
above. In the first leg, small peaks of the AHE signal were first observed, after a while,
it was quickly recovered to the original state. In the second leg, the AHE signal was
switched shortly after AOS, then it was toggled back again. These results indicated the
transport of the optically written domain. Inset: Kerr microscope image verifying the
SHE-driven domain wall motion. Adapted from Lalieu et al. '*°

technological route of the emerging AOS field, key scientific objectives are refined,
which construct the research work of the thesis, as shown in the next 4 chapters.
The output of the thesis is a first fully functional picosecond AOS-MTJ memory,
which may ultimately pave the way towards large-scale opto-MRAM arrays with

ultrafast speed and low power consumption.



Methodology

In this chapter, the experimental techniques on the deposition, fabrication and
characterization used in this thesis are introduced. In the first part of this chapter,
we start with an introduction of magnetron sputter deposition, which is employed
to grow all the multilayered nanostructures investigated in this thesis. Afterwards,
the fabrication process flow of the MT.J is presented, including thermal annealing,
ultraviolet lithography, ion-beam etching and electron beam evaporation. In the
second part, various characterization techniques used in the thesis are introduced.
The magnetic characteristics of the thin-film samples are measured using vibrating
sample magnetometry (VSM). The static and time-resolved magneto-optical Kerr
effect (MOKE) measurements used to study laser-induced magnetization dynamics,
as well as a dedicated Kerr microscope, are discussed. Finally, we introduce the
AOS measurement setup, as well as the method for deriving the AOS threshold
fluence. Lastly, the four-point TMR measurement of the MTJ device is presented.

41
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Figure 3.1: Schematic drawing of the magnetron sputter deposition. A high voltage is
applied between the cathode target and an anode, ionizing the Ar gas into Ar' plasma.
The highly energetic Ar™ ions are accelerated toward the cathode target due to the
electrical field potential, and bombard the target material. A magnet is set behind the
target cathode to enhance the collision probability between the electrons and the Ar
gas. These sputtered atoms from the target are then deposited on the substrate and
form a thin film.

3.1 Sample deposition

This section introduces the deposition of the multilayered thin-film structures us-

ing magnetron sputtering.

As a mainstream deposition method for high-quality multilayered nanostructures,
magnetron sputtering is a typical physical vapor deposition technique (PVD) with
atomic precision, simplicity, and relatively high rate. The schematic overview of
the magnetron sputtering technique is shown in Fig. 3.1. Before the sputtering
process, the thermally oxidized Si substrate, which is commercially available, is
cleaned thoroughly by ultrasound acetone bath. The preclean of the substrate is
essential because the performance of an MTJ is extremely sensitive to the sub-
strate uniformity. This 100-nm-thick SiOs oxidized layer offers good electrical
isolation and sufficient heat diffusion performance. Afterwards, it is loaded to the

sputter chamber.
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The sputter chamber is maintained at ultra-high vacuum, with a typical base pres-
sure of 107® mbar to prevent contamination. During the sputter deposition, the
inert Argon gas with high purity is filled in the sputter chamber, elevating the
pressure to 1073 mbar. Meanwhile, a high voltage is applied between the cathode
target and the anode, ionizing the Ar gas into Ar™ plasma. The highly energetic
ArT ions are accelerated toward the cathode target due to the electrical field po-
tential, and bombard the target material. For target materials such as metals, a
direct-current (DC) power supply is used, whereas for insulating materials such as
MgO, a radio-frequency (RF) power supply is required. In magnetron sputtering,
a magnet is set behind the target cathode to confine electrons, which is employed
to enhance the collision probability between the electrons and the Ar gas, pro-
moting the ionization of the Ar plasma, and eventually the sputter rate. These
sputtered atoms from the target are then deposited on the substrate and form a
thin film.

In some cases, an in-situ characterization of the deposited nanostructure as a
function of its thickness is highly desired. This requirement could be easily met
using a wedge-shaped shutter mask set close to the sample. During sputtering,
the mask is move linearly along the sample surface, leading to a wedge-shaped
thin film (i.e., with a horizontal gradient in thickness). Such a technique is widely
used to investigate the properties of a nanostructure as a function of its thickness,
because of its high thickness resolution, rather than a large number of separated

samples, as well as process variation during deposition.

The samples used throughout this thesis are all grown by DC/RF magnetron
sputtering at room temperature with a base pressure of 10~® mbar. As to the
deposition of CoFeB/MgO based MTJ, a systematically control on deposition
parameters is required. Specifically, the quality of MgO growth has a decisive ef-
fect on the device performance, such as PMA, TMR and resistance area product.
Optimizing the key parameters during MgO deposition, including Ar pressure,
sputtering rate, and DC/RF power, is of utmost importance for obtaining a high-
performance MTJ. In addition, the uniformity of the substrate and the bottom
electrode is also critical for the presence of PMA. The advantages of magnetron

sputtering include high deposition speed, high reproducibility, and high unifor-



44 Chapter 3. Methodology

mity in a wide thickness range. Moreover, it offers the availability to deposit
compound (alloy) material directly from the corresponding alloy target. All these
advantages make magnetron sputtering a versatile method for thin-film growth
with an atom-thick precision in industrial applications. A more in-depth review

on the magnetron sputtering can be found elsewhere %1%

3.2 Sample fabrication

In this section, the fabrication process and tools to pattern down these thin-film
samples to several micrometer dimension are described. We start with a brief
overview of the process flow of the MTJ fabrication used in this thesis. The basics

principles, as well as some details of each step, are discussed in the following.

3.2.1 Overview of fabrication process flow

As the basic building block of MRAM, the fabrication of an MTJ is of utmost im-
portance for spintronic applications. In the following, we present the process flow
of the MTJ fabrication. As a current-perpendicular-to-plane (CPP) device'%!*!,
the key challenge on the MTJ fabrication is the electrical isolation between the
bottom electrodes and the top electrodes. In this thesis, the conventional top-

down process is employed due to its compatibility with industrialization.

The schematic overview of the process flow is illustrated in Fig. 3.2. A general in-
troduction of the whole fabrication stream is previewed, whereafter a more detailed
description on each technical process step is discussed in the following. Briefly,
after the sputter deposition, the full-sheet MTJ stack is then subject to thermal
annealing. Then, the bottom electrode is patterned using ultraviolet (UV) optical
lithography and Ar ion beam etching (IBE), respectively. Next, the circular MTJ
pillar is patterned using similar technique (UV lithography and IBE). The SiO,
protection layer is evaporated to cover the whole pillar using electron beam (E-
beam) evaporation, which is used to ensure electrical isolation between the bottom
and top electrode, and to prevent thermal oxidation of the pillars. Lastly, the top
electrode of the MTJ is patterned using UV lithography and E-beam evaporation,
followed by a lift-off procedure. Note that the MTJ fabrication in this thesis is
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Figure 3.2: Schematic overview of the MTJ fabrication process flow. I —1III: Ultraviolet
(UV) lithography in combination with Ion beam etching are used to pattern the bottom
electrode. IV — V: The circular MTJ pillars with a micron-sized dimension is patterned
using similar techniques. VI — VII: The SiOs protection layer is evaporated to cover the
whole pillar using E-beam evaporation and a lift-off technique. VIII: Ultraviolet (UV)
lithography in combination with Ion beam etching is used to transfer the top electrode
pattern to the sample surface. IX — X: The top electrode contacts are deposited using
e-beam evaporation followed by a lift-off procedure.

based on a relatively standard process developed by Beihang University.

As a first procedure of the process flow, UV lithography in combination with IBE



46 Chapter 3. Methodology

is employed to pattern the bottom electrode. The procedure starts by spin coating
(Fig. 3.2.1) a positive photoresist (AZ702) layer of approximately 1 pm thickness
on the sample surface, whereafter the pre-bake process using a hot plate is per-
formed at 90°C for 90 s. The prebake process is used to remove the solvents in
the photoresist. The sample is then exposed to ultraviolet light with a lithogra-
phy mask. The photoresist on the irradiated region is removed by immersing the
sample to the developer (PD238) for 15 s (wet removal technique), whereafter it
is cleaned by water and blow-dried using Nitrogen gas. As the photoresist on the
unexposed regions are conserved, an anisotropic dry ion beam etching technique
is employed to transfer the pattern from the lithography mask to the thin-film

surface, as shown in Fig. 3.2.11.

Subsequently, the MTJ pillar with a micron-sized dimension is patterned using
similar techniques (UV Lithography in combination with IBE). This process also
starts by spin-coating a thin (around 1 pm) photoresist layer onto the sample
surface, which is positive AZ702 in our case, Fig. 3.2.I1II. Similarly, a pre-bake on
a hot plate is performed to remove the solvents (90°C, 90 s). Upon exposure to
the UV irradiation, the required MTJ pillar pattern is transferred onto the pho-
toresist, Fig. 3.2.IV. After removing the photoresist using developer PD238 for
15 min, the remaining photoresist is hardened by a post-bake on the hot plate
(110°C, 3 min). The MTJ pillar is etched from top to down using IBE with a tilt-
ing angle of 35° and real-time monitoring, Fig. 3.2.V. The SiO, protection layer is
then evaporated to cover the whole pillar using E-beam evaporation and a lift-off
procedure, Fig. 3.2.V — VL.

Next, the top electrode is patterned, which starts by spin-coating 1 pm nega-
tive photoresist 4620 on the sample. After a pre-bake process at 110°C for 90 s,
the UV lithography followed by a wet-removal technique using PD238 is used to
transfer the top electrode pattern to the sample surface (Fig. 3.2.VII — VIII). The
Ti/Au or indium tin oxide (ITO) electrical contracts are created using E-beam
evaporation, Fig. 3.2. IX. Lastly, the remaining photoresist, as well as the material
evaporated on its top, is removed thoroughly by a lift-off procedure Fig. 3.2, X.
The process consists of acetone immersion for 12 h and an ultrasound bath twice,

whereafter it is cleaned by ethanol and blow-dried using Nitrogen gas. The per-
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formance of the fabricated device is checked by optical microscope and electrical
TMR measurements. A more detailed discussion on each step will be presented

in the following.

3.2.2 Thermal annealing

After deposition of the MTJ full-sheet stack by magnetron sputtering, the sam-
ples are subject to high temperature at a vacuum chamber for an hour, which is
termed as thermal annealing. Optionally, an external magnetic field is applied to
set the preferential direction of the easy axis, i.e., the magnetic anisotropy. In case
of certain layers of the nanostructure that are intolerable to high temperature, an
in-situ annealing, namely, annealing each layer locally in the course of sputtering,

would offer a suitable method.

The post-annealing process is an essential process for optimizing CoFeB/MgO
based MTJ performance. During annealing, amorphous CoFeB will crystallize to
a bece structure induced by the MgO (001), which is critical to obtain a high TMR
and PMA. The heat diffusion of the Boron element upon annealing also improves
the quality of the stack. In addition, thermal annealing offers an effective way to
manipulate magnetic characteristics, such as coercive field (H,), saturation mag-
netization (M;), as well as PMA. Typically, the optimized annealing temperature
for CoFeB/MgO-MTJ is around 300°C — 350°C, above which the both the M,
and the effective magnetic anisotropy energy (K.z) will be deteriorated. Conse-
quently, enhancing the annealing tolerance and the thermal stability of MTJ is
another challenge for the large-scale MRAM industrialization, aiming for a full

compatibility with the COMS post-annealing process.

It’s also demonstrated that, in synthetic ferrimagnetic Gd/Co bilayer systems,
annealing acts as a powerful tool to manipulate interfacial effects, such as the
domain wall dynamics and the AOS threshold. In Chapter 4, the synthetic ferri-
magnetic thin-film stacks are annealed for 0.5 h with temperature ranging from
0°C to 400°C, whereafter the annealing effects on magnetic characteristics and

AOS efficiency on each sample are measured. The result shows that the AOS
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efficiency of Gd/Co bilayer is enhanced after annealing at 300°C, indicating its
prospect on MTJ integration. In Chapter 5 and Chapter 6, the MTJ full-sheet
stacks are annealed at 300°C in a vacuum for 1 h after deposition, which is used
to enhance TMR and PMA of the device.

3.2.3 Ultraviolet optical lithography

UV optical lithography is a typical technique widely used for nanofabrication %43,
It is a critical procedure to transfer patterns with a feature size of sub-micrometer
resolution using UV irradiation at a certain wavelength. The advantages of this

technique include the large-area exposure, high reproducibility, and low cost.

In this thesis, UV lithography is used to create micron-sized MTJ pillars and
electrical pads, respectively, as illustrated in Fig. 3.2. Before the process, the
lithography mask with a required pattern is designed, which is made of opaque
chromium metal. The mask is set between the UV light source and the sample
surface. The lithography process starts by spin-coating a thin photoresist on top
of the sample surface, leading to a uniformly coated layer caused by the centrifugal
force at high-speed rotation. Afterwards, the sample is baked using a hot plate
at 110°C for 90 s to remove solvents. The photoresist is a category of organic
chemical, with its solubility changing upon UV light irradiation. As to the nega-
tive photoresist, the region within UV exposure hardens, resulting in a hard mask
after development. As to the positive photoresist, the region where the UV light

exposed will be dissolved in the developer.

During the lithography process, the UV light is employed to transfer the mask
pattern to the photoresist above the sample surface. Then, the chemical developer
removes part of the soluble photoresist. Afterwards, IBE technique is employed
to mill away regions without hard mask protection, whereas the areas covered
with photoresist is kept. As multiple lithography processes are used during MTJ
fabrication, alignment marks are created on the lithography masks to eliminate
pattern misalignment. The ion-beam etching technique will be discussed in the

next section.
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Figure 3.3: The working principle of ion beam etching process. The surface of the
sample is bombarded by a parallel beam of energetic ArT. The accelerated Art beam
transfers its momentum to the surface atoms, causing the target (sample surface) to
be etched away. A rotatable sample holder and an optimized etching tilt angle at 35°
(relative to the normal of the sample surface) is used to eliminate the redeposition
phenomena during etching.

3.2.4 lon-beam etching

lon-beam etching (IBE) is an anisotropy dry etching technique with high univer-
sality and homogeneity. It employs a highly energetic parallel ion beam to etch the
whole sample surface, and thus transfer the pattern from the photoresist to the
thin-film surface. The working principle of IBE is illustrated in Fig. 3.3. During
the etching process, the sample surface is bombarded by an accelerated beam of
energetic Art up to several keV, which transfer their momentum to the surface
atoms, causing them to be etched away. Moreover, a rotatable sample holder and
an optimized etching tilt angle at 35° (relative to the normal of the sample sur-
face) is used. Such a configuration would eliminate redeposition during etching,
thus ensuring a homogeneous etching on both sides, which would also promote the

steepness of the pillar sidewall.

To monitor the etching process in real time, the secondary ion mass spectrometer
(SIMS) is equipped with an end-point detection, which is regarded as a quanti-
tative method by measuring the element-specific mass-charge ratio of the ejected
secondary ions. The etching rate of IBE is generally determined by the ion beam

energy, beam density, as well as the etched material. As a result, a systematic
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optimization for high-quality etching is highly required. Due to the material-
dependent etching rate with a high selectivity, the regions covered with photoresist
are used as a hard mask, of which the etching rate is much lower than that of the
sample surface needed to be patterned (typically 0.5 nm/s). The challenges for
employing IBE in large-scale industrial production include etching precision for
high-density pattern arrays, and a highly uniform ion-beam source for 6-inch Si

substrate with high directionality as well.

3.2.5 Electron-beam evaporation

Electron-beam (E-beam) evaporation is also a commonly used physical vapor de-

14145 Tn the MTJ fabrication, E-beam evaporation is used to

position technique
deposit the top electrodes (Ti/Au or ITO) and the isolation layer for the MTJ
device. During the process, the source material is evaporated in a high vacuum at-
mosphere. The vapor particles travel directly to the deposition target (substrate)
in a high vacuum chamber, without colliding with other gas particles. Afterwards,
they condense back into a solid state. Note that hot objects in the evaporation
chamber, such as the heating filaments, would produce undesired vapor particles
that deteriorate the process quality. After the E-beam evaporation, the remained
photoresist is removed via a lift-off process by acetone for 12 hours at room tem-
perature, whereafter ultrasonic cleaning and deionized water are used to clean the

sample.

3.3 Measurement techniques

In this section, the heavily used techniques and setup for magnetic characteri-
zation in this thesis are introduced. This section starts with an introduction on
Vibrating sample magnetometry (VSM). Next, a general introduction on magneto-
optical Kerr effect (MOKE) is presented, followed by a detailed discussion on var-
ious MOKE configurations and setups. Specifically, the static MOKE is used to
characterize the magnetic properties, and the time-resolved MOKE is used to in-
vestigate ultrafast magnetization dynamics . In addition, spatially-resolved Kerr
microscopy is used to directly observe magnetic domains. Lastly, electrical trans-

port measurement of the MTJ using tunnel magnetoresistance (TMR) effect is
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also presented.

3.3.1 SQUID-VSM

VSM is a typical technique to characterize the static magnetic properties of a sam-
ple, typically the hysteresis loop. As to the working principle of the VSM #6147,
the sample is set near a coil and starts vibrating, meanwhile an oscillating mag-
netic field originated from the magnetic moment of the sample is detected by the
coil. Such an oscillating magnetic field will induce a current in the coil, which is
proportional to the magnetic flux in the coil loop. Consequently, by measuring
the induced electrical signal, the local magnetic moment of the sample can be de-
termined. Similarly, the magnetization as a function of the magnetic field, can be
measured based on this principle by applying an external field using conventional
electromagnets or superconducting magnets for field strengths up to 16 T. VSM

based on such sensing coils is constrained by a noise level of 1079A-m?,

As to the nanostructured thin film with a low magnetic moment, VSM with a
superconducting quantum interference device sensor (SQUID-VSM)'*® offers a
detection resolution in the limit of 107'! A.m? for practical measurement envi-
ronment, (the highest sensitivity reached 107" A-m?). Such a performance is
highly suitable for our synthetic ferrimagnetic multilayered samples with a low
net magnetic moment. It is noted that, due to the demagnetizing effect, the ac-
tual magnetic field exerted on the sample differs from the external field. Therefore,
to perform a precise characterization on the local magnetic moment, care has to

be taken to correct such demagnetization effects.

Moreover, in this thesis, it is often essential to precisely extract the magnetic
properties of the sample as a function of temperature. Using the SQUID-VSM
with a temperature range from 1.7 K to 400 K, such measurements are performed.
The M(T) measurement is critical to determine the compensation temperature

(T omp) (for ferrimagnetic samples) or Curie temperature (7¢).
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Figure 3.4: Schematic drawing of the MOKE in three different configurations. The
specification is according to the magnetization direction with respect to the incident
plane, as well as the reflecting surface. (a). In the polar MOKE configuration, the
magnetization is perpendicular to the sample surface. In this case, the reflected MOKE
signal is only sensitive to the out-of-plane component of the magnetization. (b). In
the longitudinal MOKE configuration, the magnetization of the sample is parallel to the
sample surface and the incidence plane. (c). In the transverse MOKE, the magnetization
is parallel to the sample surface but perpendicular to the incidence plane.

3.3.2 Magneto-optical Kerr (MOKE) effect

When a beam of polarized light reflects from a magnetic material, the polariza-
tion direction will rotate and gain an ellipticity, which is called the Magneto-Optic
Kerr Effect (MOKE). It was first discovered by John Kerr in 1877'*". In fact, the
most well-known magneto-optical effect on light-material interaction is the Fara-
day effect found in 1845'°Y which is regarded as the emergence of the field of
magneto-optics. Faraday observed that the polarization of the light rotates when
it transmits through a transparent material with an applied magnetic field along
the light propagation direction. MOKE is another common way to characterize

the magnetic characteristics of the sample!'®%2,

Despite it provides no quan-
titative determination of the magnetic moment, the advantage of MOKE is its

fast-measuring speed with a relatively high accuracy in a local-probe setup '*!.

Phenomenologically speaking, the MOKE effect originates from the fact that the
complex refractive index of the two circular modes with opposite helicity is differ-

ent in a magnetic material. Upon reflection, the light actually transmits through
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the magnetic medium (around 20 nm for typical metals). As a result, such two
modes of the incoming light travel at different velocities with different absorp-
tion, leading to a change in the phase and amplitude of the incident light. More
specifically, the phase change results in a rotation of the polarization axis, which
is termed as the Kerr rotation, whereas the amplitude change causes the Kerr
ellipticity. Note that both the Kerr rotation and Kerr ellipticity can be used to
measure the magnetization, since the real part and imaginary part in refractive

index is directly proportional to the magnetization of the material'*%1%%,

The magnetization of the sample can be measured in three different MOKE config-
urations, depending on the alignment direction of the magnetization with respect
to the incident plane and the reflecting surface, as shown in Fig. 3.4. In the polar
MOKE configuration, the magnetization is aligned perpendicularly to the sample
surface (out-of-plane), i.e., parallel to the plane of incidence. In the case of the
polar MOKE, the sensitivity to the out-of-plane component of the magnetization
is the highest when the incident beam is perpendicular to the sample surface. For
our PMA samples, a polar MOKE configuration is usually used with a perpendic-

ular incident laser beam.

In the longitudinal MOKE configuration, the magnetization of the sample is par-
allel to the sample surface and the incidence plane. In the transverse MOKE,
the magnetization is parallel to the sample surface but perpendicular to the inci-
dence plane. Note that the transverse MOKE only results in an intensity change
of the Kerr signal (Kerr ellipticity), without a polarization change of the Kerr
signal (Kerr rotation). However, care must be taken when analysing the MOKE
signal. The detected MOKE signal may be a combined effect under the above
three MOKE configurations, due to an arbitrary magnetization direction. In the
following, the MOKE measurement setup will be introduced based on the polar
configuration. A more quantitative discussion of the physics behind the MOKE

technique can be found elsewhere'””.
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Figure 3.5: Schematic drawing of the static MOKE measurement setup. The in-
cidence light travels through the polarizer P1, and is linearly polarized. Afterwards,
it is reflected from the sample surface. The light is reflected back to the analyzer P2
(aligned in a cross-polarized configuration with P1.), whereafter its intensity is measured
by a photodetector. The PEM in combination with the lock-in amplifier is used as a
modulation technique to enhance the SNR of the measurement.

3.3.3 Static MOKE setup

The basic components for the static MOKE setup are two polarizers, which are
termed as the polarizer (P1) and the analyser (P2), as is illustrated in Fig. 3.5.
Upon traveling through the polarizer P1, the incident laser beam (laser diode,
center wavelength of 658 nm) is polarized linearly, whereafter it is reflected from
the sample surface. The reflected beam is sent back through the analyzer P2,
whereafter its intensity is measured by a photodetector. The laser spot size is ~
50 pm in diameter, which could be focused to sub-pm using high-resolution objec-
tives. By sweeping an external magnetic field, this MOKE setup is highly suitable
for measuring the static response of the magnetization characteristics such as the

hysteresis loop.

In order to enhance the signal-to-noise ratio of the detected signal, as well as
to eliminate the non-magnetic background, the analyzer P2 is aligned almost per-

pendicular to the first polarizer P1. Moreover, a photo-elastic modulator (PEM)
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Figure 3.6: Schematic drawing of the time-resolved MOKE setup. A femtosecond
laser pulse is divided into the pump pulse and the probe pulse using a beam splitter.
The pump pulse is exposed to the sample surface, exciting the sample into a non-
equilibrium state. The probe pulse is exposed to the same area on the sample surface,
where the magnetization is measured using MOKE. By adjusting the time delay between
the pump and probe pulses using the delay line, a complete pump-induced process could
be obtained. A double modulation technique, using mechanical chopper and PET, in
combination with two lock-in amplifiers, is employed to improve the SNR significantly.

Sample

Electromagnet

and a lock-in amplifier is employed as a modulation method to further optimize
the SNR. The PEM is placed between the polarizer and the sample. The principle
of PEM is based on the photo-elastic effect, resulting in an oscillation of the light
polarization. Meanwhile, the lock-in amplifier is used to eliminate other unwanted
effect during the measurement, thus a much higher SNR can be expected. The
lock-in amplifier is synchronized to the PEM’s driving frequency or its second har-

monic, facilitating the measurement on laser ellipticity and rotation, respectively.

3.3.4 Time-resolved magneto-optical Kerr (TR-MOKE) measurement

In the previous section, the static MOKE setup was discussed. In this section,

the time-resolved MOKE setup is introduced, which is used to measure the ul-
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trafast magnetization dynamics. The scheme of TR-MOKE is based on a typical
concept in ultrafast optics, i.e., a pump-probe experiment. The illustration of the
TR-MOKE setup is shown in Fig. 3.6.

Briefly speaking, a femtosecond laser pulse is divided into two parts using a beam
splitter, which is called the pump pulse and the probe pulse, respectively. The
pump pulse travels though a mechanic chopper, and is irradiated on the sample
surface, exciting the sample into a non-equilibrium state. The chopper in combi-
nation with a lock-in amplifier is used as a modulation technique to enhance the
measurement SNR'!'. The chopper periodically shutters the pump pulses at a

certain frequency, which will be discussed below. After reflection, the pump pulse
is blocked.

The response of the magnetization dynamics is measured in real time using a
weaker probe pulse, which is focused on the same region of the pump spot on
the sample surface. The working principle of the probe pulse is identical to the
ordinary MOKE configuration discussed in previous section. The probe beam
measures the magneto-optical response in the area excited by the pump pulse.
The pump-induced dynamics is measured by adjusting the time delay between
the pump and probe pulses. As the delay between the pump and the probe pulse

is scanned continuously, a complete switching process could be obtained.

The delay-line is composed of a linear translation stage with a retroreflector, which
is used to adjust the optical path length of the probe pulse. To improve the SNR
of the detected signal, a second modulation technique using a PEM (with a modu-
lation frequency at 50 kHz in this thesis) is employed. In this technique, a lock-in
amplifier set at the same or double frequency of the PEM is used to measure the
output voltage of the photodetector, which is used to measure the Kerr ellipticity
(real part of the Kerr angle) and the Kerr rotation (imaginary part of the Kerr

angle), respectively.

The measured MOKE signal oscillates between the pumped and un-pumped values
at the frequency of the chopper. Another lock-in amplifier (set at the frequency
of the chopper) measures the output of the first lock-in amplifier. In this way, the
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Figure 3.7: Schematic drawing of the Kerr microscope setup. The incident light, which
is generated from a stable light source, travels through a focusing lens and the polarizer.
Afterwards, the incident light is transmitted to an objective, which is set normal to the
sample surface. The reflected beam passes the analyzer using crossed-polarizer config-
uration, thus a polar MOKE configuration is setup. A differential imaging processing
technique is used to improve the quality of the Kerr images.

response of the magnetization induced by the pump beam will be measured with

a significantly enhanced SNR.

3.3.5 Kerr microscopy

In the static MOKE described in the previous section, the response of magnetiza-
tion is measured by sweeping the applied field, leading to a hysteresis loop of the
sample. In other words, the detected MOKE signal in the entire laser probed area
is averaged according to the spatial profile of the laser intensity. Another typical
application based on MOKE is Kerr microscopy. This technique is also heavily
used in this thesis to generate a spatially resolved image and observe magnetic

domains directly.
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Generally speaking, a Kerr microscope is an optical microscope employing MOKE
to construct a spatially resolved Kerr contrast image, as illustrated in Fig. 3.7. In
the setup, a stable light source with high intensity is employed to ensure a uni-
form high-quality Kerr image. The generation of the Kerr image is also based on
polar MOKE, which is discussed in the previous section using a crossed-polarizer
configuration. As the Kerr signal is relatively small, high-quality polarizer and

analyzer with an extinction ratio of at least 10™* are required.

The incident light first travels through a focusing lens and the polarizer, which
holds a linear polarization with a narrow spot size. Then, the incident light is
transmitted to an objective, which is set normal to the sample surface and detects
the sample. Such a configuration results in a polar MOKE configuration that is

most sensitive to the out-of-plane magnetization.

The objective determines the vision field area as well as the resolution of the
Kerr microscope. That is to say, an objective with a low (high) magnification
rate gives a large (small) vision field, thus a low (high) resolution. During the
measurements, the optimal objective is determined according to the experimental
requirement. Upon being reflected by the sample, the light travels back to the
objective and beam splitter, whereafter it is filtered by the analyzer and captured
by the monochromatic CCD camera. In this way, the spatially resolved magne-
tization response (i.e., the magnetic domain pattern) of the tested magnetic thin

film sample is acquired in the form of Kerr contrast.

To improve the SNR and the Kerr contrast in the captured series of Kerr images,
a differential imaging processing technique is required. Specifically, a background
reference image is captured under a saturated magnetization prior to the measure-
ment. The measured live Kerr image is subtracted by this background image to

eliminate non-magnetic contributions and to optimize the SNR.
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Figure 3.8: Illustration of the spatial Gaussian-shape laser pulses with different laser
energies (E,). Green line: AOS threshold energy (Ep). Blue line: multidomain threshold
energy (Eyp). Above the Ey, the domain size increases with the E,. For E, higher
than Fj/p, a multidomain state is formed in the center area of the domain, whereas an
AOS region is formed at the rim of the laser spot.

3.3.6 All-optical switching measurement setup

The AOS measurement setup is based on a Spectra Physics Spirit-NOPA laser
system. The output laser pulses are linearly polarized, with a pulse duration of <
100 fs, a central wavelength of 700 nm, a spot radius (1/e Gaussian pulse) typi-
cally of 25 pm, and a base repetition rate of 500 kHz. By using a pulse picker and

a mechanical shutter, an individual laser pulse can be picked out.

In the measurements, which are performed at room temperature, the magneti-
zation of the sample is first saturated by an external field. Afterwards, the field is
turned off and the sample is exposed to subsequent laser pulses. After laser-pulse
excitation, magneto-optical Kerr microscopy is used to study the magnetization
response of the sample. The Kerr microscopy is performed in a steady state (i.e.,
long after laser excitation), where light and dark regions are corresponding to up

and down magnetization direction, as described in Section 3.3.5.

The threshold fluence (Fp) describes the critical laser fluence needed for AOS.
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Fig. 3.8 illustrates the spatial Gaussian-shape laser pulses with different laser en-
ergies (£,). The green horizontal line indicates that a minimum FE, (termed as
the AOS threshold energy, Ej) is required to enable AOS. Above FEy, the domain
size (indicated by the length of the yellow line intersected with the laser pulse)
increases with E,, which is originated from the Gaussian shape of the laser pulse).
As indicated by the blue horizontal line, in case of laser energy higher than the
multidomain threshold energy (Fyp), a multidomain state is formed in the center
area (indicated by the length of the blue line intersected with the laser pulse) of
the domain, whereas an AOS region is formed at the rim of the laser spot, as
indicated in Fig. 3.8. The Fj is defined as Ey divided by the area of the laser spot
(using the FWHM of a Gaussian spot as the diameter).

Experimentally, Fj is measured by the optically written domain size as a func-
tion of the laser pulse energy. In the measurement, the sample is exposed to single
laser pulses with different E,, whereafter the size of each domain is measured using
Kerr microscopy. Based on the Liu’s method %, the relation between the domain
size (D) and the Fj is derived to be

D = 7o’ In (F P ) (3.1)

oTro?

where Fj is the threshold fluence, and ¢ is the beam radius along the short axis
(the laser spot is slight elliptical). 7 is the ratio between the long and short axis of
the elliptical spot, which is measured form the Kerr microscopy data. As a result,

Fy is obtained by fitting the measurement data.

As to the AOS measurement performed on an MTJ device, the MTJ pillar is
excited by subsequent fs laser pulses, meanwhile, the tunnel magnetoresistance is
measured by a four-point TMR measurement in real time. The tunnel magnetore-

sistance measurement will be discussed in the following.
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Figure 3.9: Schematic drawing of the four-point TMR measurement setup. The
DC/AC current is sent through the MTJ from the top electrode to the bottom electrode.
The voltage of the MTJ device is measured by a source-meter, thus the TMR, of the
device is obtained using Ohm’s law. Alternatively, the output voltage can be measured
using a lock-in amplifier, which is synchronized to the frequency of an AC current.

3.3.7 Tunnel magnetoresistance measurement setup

As described in Chapter 1, the TMR of an MTJ is determined by the relative mag-
netization orientation (i.e., parallel or antiparallel) of the two FM layers, leading
to a bi-stable resistance state. The TMR measurement setup is based on a con-
ventional four-probe resistance measurement technique, which is used to avoid

experiment deviations due to the electrode resistance.

The schematic drawing of this magneto-electrical transport setup is shown in
Fig. 3.9. In the setup, a current source (Keithley 6221) generates a DC cur-
rent (= 100 pA), which is sent through the MTJ in a CPP configuration, i.e.,
from the top electrode to the bottom electrode. The voltage of the MTJ device
is measured by a source-meter (Keithley 2400), thus the TMR of the device is

obtained using Ohm’s law.

Alternatively, the output voltage can be measured using a lock-in amplifier (Stan-
ford Research 830), which is used to eliminate noise during the measurement. The

lock-in amplifier is synchronized to the AC current frequency that is generated by
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the current source. All the components in the setup are controlled by LabVIEW

automatically.



Enhanced all-optical switching and
domain wall velocity in annealed

synthetic-ferrimagnetic multilayers

All-optical switching (AOS) of the magnetization in synthetic ferrimagnetic Pt/Co-
/Gd stacks has received considerable interest due to its high potential towards in-
tegration with spintronic devices, such as magnetic tunnel junctions (MTJs), to
enable ultrafast memory applications. Post-annealing is an essential process in
the MTJ fabrication to obtain optimized tunnel magnetoresistance (TMR) ratio.
However, with integrating AOS with an MTJ in prospect, the annealing effects on
single-pulse AOS and domain wall (DW) dynamics in the Pt/Co/Gd stacks haven’t
been systematically investigated yet. In this study, we experimentally explore the
annealing effect on AOS and field-induced DW motion in Pt/Co/Gd stacks. The
results show that the threshold fluence (Fy) for AOS is reduced significantly as a
function of annealing temperature (T,) ranging from 100° C to 300° C. Specifically,
a 28% reduction of Fy can be observed upon annealing at 300° C, which is a critical
T.) for MTJ fabrication. Lastly, we also demonstrate a significant increase of the
DW welocity in the creep regime upon annealing, which is attributed to annealing-
induced Co/Gd interface intermizing. Our findings show that annealed Pt/Co/Gd
system facilitates ultrafast and energy-efficient AOS, as well as enhanced DW ve-

locity, which is highly suitable towards opto-spintronic memory applications. *

*This chapter has been published: L. Wang, Y. L. W. van Hees, R. Lavrijsen, W. Zhao, and
B. Koopmans, “Enhanced all-optical switching and domain wall velocity in annealed synthetic-
ferrimagnetic multilayers”, Applied Physics Letters 117, 022408 (2020)
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4.1 Introduction

The emerging potential of integrating all-optical switching (AOS) of magnetiza-
tion with spintronics devices for ultrafast and energy-efficient memory applications
has been soon recognized after the first observation in ferrimagnetic GdFeCo al-
loys 9498
(MTJs) #5125 Recently, it was demonstrated that efficient single-pulse AOS can
be also realized in Pt/Co/Gd synthetic ferrimagnetic multilayers with perpendic-

, such as employing it as part of the free layer of magnetic tunnel junctions

ular magnetic anisotropy (PMA)!#%!52,

The AOS speed of both Pt/Co/Gd stacks and GdFeCo alloys is on the 100 fs time
scale, which is 2 orders of magnitude faster than conventional switching mecha-

157-159

nisms in MTJ that usually operate in sub-ns regime . However, compared

with GdFeCo alloys, Pt/Co/Gd multilayers show the flexibility in fabrication and

interface engineering, as well as efficient field-driven domain wall (DW) velocity '*°

and considerable built-in interfacial Dzyaloshinskii-Moriya interaction (iDMTI) .
These interface-induced phenomena inherent to multilayered system are essential
components for future ultra-high density memory applications!®’~'%%. Moreover,
Co in direct contact with the MgO will increase the tunneling spin polarisation
(TSP), leading to a high tunnel magnetoresistance (TMR). Consequently, inte-
grating all-optical switchable Pt/Co/Gd stack with an MTJ is highly potential

for ultrafast and ultra-high density opto-spintronic device application 1135164,

Typically, as to fabrication of MTJs with high TMR and thermal stability, it
is well known that thermal annealing around 300°C after film deposition is an
essential process'"!%°. However, with integrating Pt/Co/Gd with an MTJ in
prospect, the effects of annealing on AOS and DW dynamics has not been studied
yet. Although one might expect that annealing degrades the interface, and thereby
reduce interface related properties like efficient AOS and DW motion as well, very
recently, Beens et al. ' theoretically predicted that Gd/Co interface intermixing
strongly reduces AOS threshold fluence based on the extended microscopic three-
temperature model (M3TM)''!. Clearly, a systematic study of annealing effects

is of utmost importance to further substantiate the applicability of the integration.
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In this work, we experimentally demonstrate that single-pulse AOS is observed
in Pt/Co/Gd stacks annealed up to 300°C. Moreover, annealing leads to a signif-
icant reduction of the switching threshold fluence. In addition, we show a strong
increase of DW velocity in the creep regime upon increasing annealing temperature
(T%.), while the iDMI constant reduces slightly.

4.2 Experimental results

The measurements are performed on Ta(4)/Pt(4)/Co(1)/Gd(3)/Pt(2) stacks (thick-
ness in nanometer), which are deposited on Si:B substrate at room temperature
(RT) using DC magnetron sputtering at 10~® mbar base pressure. After depo-
sition, the thin film stacks are annealed for 0.5 h with 7, ranging from 0°C to
400°C. Afterwards, the magnetization of the Pt/Co/Gd stacks are measured by a
VSM-SQUID at RT, as a function of out-of-plane and in-plane applied magnetic
field, respectively.

Fig. 4.1 (a) shows the out-of-plane magnetic hysteresis loops of the Pt/Co/Gd
stacks annealed at T, ranging from 0°C to 400°C. All these samples result in
PMA, as indicated by the 100% remanence and the squareness of the hysteresis
loops. Note that the coercive field (H,) increases from 12.5 mT to 24 mT as T,
increases, as shown in Fig. 4.1 (b). The enhanced H. may possibly originate from
the intermixing at Co/Gd and Pt/Co interfaces, which becomes more prominent
at higher T, 1°7.

In addition, saturation magnetization (M;) shows a significant reduction upon
annealing, as also shown in Fig. 4.1 (b). The reduced M, in this synthetic fer-
rimagnetic system may originate from annealing-induced interface intermixing.
More specifically, although the Curie temperature for bulk Gd is slightly lower
than RT, it is elevated at the Co interface due to the presence of the antiferro-
magnetic (AF) coupling'*. Upon annealing, intermixing may lead to a reduction

167

of M, in the synthetic ferrimagnetic multilayer as T, rises'”’, which explains a

gradual reduction of the net magnetization as a function of 7.

To investigate the annealing effects on PMA, we plot the anisotropy field (Hy)
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Figure 4.1: (a) Hysteresis loops with out-of-plane magnetic field for the annealed
Pt/Co/Gd stacks. (b) Coercive field (black cubes) and saturation magnetization (red
dots) as a function of T},. (¢) Anisotropy field (black triangles) and effective anisotropy
(blue hexagons) as a function of Tj,.

and the effective anisotropy (K .g) as a function of T,) in Fig. 4.1 (c), where Hy, is
determined from the hard-axis loops, and K¢ is calculated from %,uOMSH . We
observe that Hjy and K4 show a gradual reduction as T,) increases. Moreover,
annealing at 400°C results in poor PMA. These results indicate that annealing
leads to a significant degradation of the PMA in the Pt/Co/Gd stacks, which is
consistent with the previous studies that annealing deteriorates PMA in Pt/Co

system 167168

Next, to further verify the AF exchange interaction between the Co layer and
the Gd layer of the annealed Pt/Co/Gd stacks , the moment per unit area is mea-
sured as a function of temperature from 350 K to 5 K by using VSM-SQUID. As
shown in Fig. 4.2, all the samples show AF coupling by the presence of a compen-
sation temperature (T.omp) ranging from 120 K to 200 K, at which the magnetic
moment of Co (m¢,) and the magnetic moment of Gd (mgq) compensate each
other. Above Tiomp, the net magnetic moment equals to me, — mgq. Indeed,
Ttomp shows an increasing trend from 120 K to 200 K upon higher T}, as shown
in the inset of Fig. 4.2.
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Figure 4.2: VSM-SQUID measurements of the magnetic moment per unit area as a
function of T,) for the annealed Pt/Co/Gd stacks. Inset: compensation temperature
(Ttomp) as a function of Tj,.

The increased Tiomp is in agreement with previous studies on Co/Gd multilay-
ers'®”, and may originate from the modification of the exchange interaction at
Co/Gd interface, resulting from annealing-induced intermixing. Notably, a grad-
ual reduction of My at RT is also observed, which is also evidenced in Fig. 4.1 (b).
To quantitatively explain the reduction of M, the thickness of fully magnetized
Gd layer at RT is estimated by using the data in Fig. 4.2. The analysis, presented
in Section 4.3, shows that a larger thickness of 0.56 nm equivalent of fully mag-
netized Gd layer at RT is formed upon annealing at 300°C, whereas we find that
only 0.43 nm for the as-dep sample (in reasonable agreement with our previous
work '?%). These results confirm the reduction of M, in Pt/Co/Gd synthetic ferri-
magnetic stacks.

Afterwards, we investigate annealing effect on single-pulse AOS in the annealed
Pt/Co/Gd stacks. In the measurements, the samples are first saturated by an
external magnetic field, afterwards, they are exposed to a number of consecutive
laser pulses ranging from 1 to 5 pulses with a single-pulse energy of 400 nJ.The
laser pulse is linearly-polarized, with a pulse duration of ~100 fs, a spot size of
typically 100 pum and a wavelength of 700 nm. The responses of magnetization
after laser excitation are measured by magneto-optical Kerr microscopy, where

light and dark regions are corresponding to up and down magnetization direction.
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Fig. 4.3 (a)shows the typical AOS measurements performed on samples annealed
at 300°C (see Section 4.3 for measurements on different T},) . For samples annealed
below 400°C, a homogeneous domain with an opposite magnetization direction is
written for every odd number of laser pulses, whereas no net magnetization rever-
sal is observed for every even number of pulses. This behavior is consistent with
the thermal single-pulse AOS mechanism discussed in previous studies''*'%?  in
which the laser induced switching is driven by transferring the angular momentum

mediated by exchange scattering between the Gd and the Co sublattices'*?.

In contrast, upon annealing at 400°C, only a multidomain state is created after
any arbitrary number of pulses, as shown in Fig. 4.3 (b).These results indicates
that the critical T, for AOS in Pt/Co/Gd stacks must be in the range of 300°C -
400°C. Such a high T, tolerance up to at least 300°C is promising for fabricating
integrated opto-spintronic MTJ devices, since a post-annealing process at 300°C

is generally required to improve TMR and thermal stability of the MTJ 7165,

To investigate annealing dependence on the AOS energy efficiency, we systemati-
cally investigate the threshold fluence as a function of T}, in the Pt/Co/Gd stacks.
In the measurements, the samples are exposed to single laser pulses with different
laser energies. Afterwards, the pulse energy dependence of the AOS written do-
main size is measured by Kerr microscopy (see Section 4.3) and plotted in Fig. 4.3
(c). In case of annealing below 400°C, the threshold laser energy (FP,) of AOS in
the measurements decreases gradually upon annealing. Specifically, compared to
Py = 270 nJ for the as-dep sample, it reduces to 150 nJ upon annealing at 300°C.
The threshold fluence for AOS (Fp) can be extracted by assuming a Gaussian
shape of the laser pulse (inset of Fig. 4.3 (c¢)). A significant annealing dependence
of Fy is observed, decreasing for higher T,. Note that in the case of annealing
at 400°C, although no homogenous AOS domain is created for all pulse energies,
threshold fluence for multidomain state still decreases, as shown in the open dot
in Fig. 4.3 (c).

We also observe that the minimum F, for homogenous AOS of 1.09 mJ/cm? is
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Figure 4.3: (a)-(b) AOS toggle switching measurements performed on annealed
Pt/Co/Gd stacks annealing 300°C and 400°C, respectively. (c) AOS domain size as
a function of laser pulse energy for the annealed Pt/Co/Gd stacks. Inset: AOS thresh-
old fluence as a function of annealing temperature for Pt/Co/Gd stacks.

achieved upon annealing at 300°C, 28% lower than the Fj found for as-dep sample.
Moreover, the Fy for annealed Pt/Co/Gd stacks is significantly lower than Fj for
GdFeCo alloys®. This adds to the advantage of Pt/Co/Gd stacks of being more

suitable for integrating with spintronics as it allows for interface engineering to be
used.

The above results are consistent with recent theoretical work by Beens et al.'%®
using the extended microscopic three-temperature model (M3TM)!'! where it
was demonstrated that Co/Gd interface intermixing leads to a significant reduc-
tion of Fy in synthetic ferrimagnetic multilayers, this effect can be traced down
to a combination of more efficient exchange scattering and reduction of the thin
film’s Curie temperature. In our present work, annealing leads to strong Co/Gd

intermixing, which results in a decrease of Fy with higher T,,.
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We then investigate annealing effects on DW dynamics and DMI in Pt/Co/Gd
stacks. Previous studies'?®'* reported that Pt/Co/Gd stacks exhibit efficient
field-driven DW motion and considerable DMI value, which are highly promis-

ing for integrating AOS with DW devices '0%16%170 160,171,

or skyrmion-electronics
Fig. 4.4 (a) shows the typical measurements of DW velocity, which is extracted
from the average expansion of a bubble domain under an out-of-plane magnetic
field pulse (H,) with a pulse duration ranging from 10 us to 1000 us. The breaking
of radial symmetry in the measurement originates from the presence of an effective
iDMI field. In Fig. 4.4 (b), the DW velocity as a function of poH, for all T, is

plotted on a logarithmic scale according to the universal creep law '™,

_IZ_CT<(%>M_1>] (4.1)

where U, is the scaling energy constant, kp is the Boltzmann constant, T' is the

v = U(Hgep) €XP

temperature, H g, is the depinning field at 0 K, and p = 1/4 is the critical exponent
for a 2D system (see Section 4.3). Remarkably, a significant enhancement of
DW velocity in the creep regime is observed upon increasing 7,. In this creep
regime, the DW velocity is mainly determined by the pinning of DW resulting
from structural defects in the ultrathin film system. To explain the enhancement

of DW velocity, the pinning potential (P)

U
P= (kB—CT> HY, (4.2)

as a function of T, is plotted in Fig. 4.4 (c¢). The pinning potential, which is
correlated with the linear slope in Fig. 4.4 (b), shows a progressive reduction
when increasing T;, . This reduction may be due to annealing-induced intermixing
at the Co/Gd interface, which results in the significant enhancement of the DW

velocity.

Finally, to investigate the variation of iDMI in Pt/Co/Gd stacks upon anneal-
ing, the DMI effective field (poHpyy) is measured by asymmetric domain bubble

expansion under poH, as a function of in-plane magnetic field (uoH,). Fig. 4.5
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Figure 4.4: (a) Typical differential Kerr image for DW velocity measurement for an-
nealed Pt/Co/Gd stack (b) DW velocity as a function of out-of-plane magnetic field pulse

woH: 4, (c) Pinning potential as a function of annealing temperature for Pt/Co/Gd
stacks.

(a-b) show the typical differential Kerr images under an in-plane field of £340 mT.
Notably, the asymmetry of DW expansion along the x axis in the measurements
is due to the interplay between the internal pgH pyr and the external poH,., from
which poH pyy can be estimated by pgH, corresponding to the slowest DW speed
(see Section 4.3).

Fig. 4.5 (c¢) shows poH pyr as a function of T, in Pt/Co/Gd stacks, where a slight
decrease is observed upon annealing. Specifically, poHpyg for as-dep samples is
around 300 mT, whereas pgHpyg for the sample annealed at 300°C reduces to
250 mT. The DMI constant D is then deduced from pgHpyr = D/Ms\/A/K o5 ,
where A is the exchange stiffness constant of 16 pJ/m taken from literature'*’ and
assumed to be constant for all samples. Note that a DMI constant of 1.1 mJ/m?
is observed for the as-dep Pt/Co/Gd stack, which is in reasonable agreement with
previous reports. In addition, although D shows a decreasing trend with poH pys

when increasing of T, (shown in Fig. 4.5 (c)), a considerable D value of 0.75 mJ/m?
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Figure 4.5: (a)-(b). Typical differential Kerr images for iDMI measurement for the
annealed Pt/Co/Gd stacks. (c) effective DMI field (puoHpar) (black cubes) and DMI
constant (D) (red dots) of the annealed Pt/Co/Gd stacks as a function of Tj.

is still observed for 300°C annealing. Like the trends in AOS and DW velocities,
the results on iDMI could well be explained by annealing-induced intermixing at
the Pt/Co and Co/Gd interfaces, which leads to subtle changes of the exchange

interaction between the atoms near interfaces.

4.3 Supplemental information

Analysis of the SQUID-VSM measurement on the annealed Pt/Co/Gd stack

To quantitatively analyze the annealing effect on the reduction of M in Pt/Co/Gd
stacks from a synthetic ferrimagnet viewpoint, the equivalent thickness of the fully
magnetized Gd layer as a function of T, at room temperature can be extracted
from the data in the Fig. 4.2.

The detailed estimation process is as follows, which is the same method as used in
a previous study'?®. In case of T, = 300°C, a magnetic moment per unit area of

4.22 MA /m at 0 K can be extrapolated from Fig. 4.2. By using the magnetization
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Table 4.1: The thickness of proximity induced fully magnetized Gd layer at room
temperature (tarqgn.cd) as a function of T,. An enhancement of ¢p/4gn.cq upon higher
T, indicating a possible explanation for the reduction of Mj.

Ta tMagn.Gd

0 0.43
100 0.45
200 0.51
300 0.56
400 0.59

of 1.4 MA /m for bulk Co, 1 nm Co layer results in the magnetic moment per unit
area of 1.4 Am (as indicated as red arrow in Fig. 4.2). Due to the antiferromag-
netic coupling of the Co and Gd sublattices, this leaves a magnetic moment per
unit area of 5.62 Am for the Gd film.

This value corresponds to a magnetization of 1.87 MA/m for 3 nm Gd layer,
which is consistent with the magnetization of bulk Gd. At room temperature (300
K), a magnetic moment per unit area of 0.36 Am is measured. Above ¢ 4y, this
value equals to the moment of the Co minus that of the Gd. By using the moment
per unit area of 1 nm Co layer, a magnetic moment per unit area of 1.04 Am for
the Gd layer can be obtained. Using the magnetization for the Gd layer, the value
of 1.04 Am corresponds to 0.56 nm of fully saturated Gd, which is in the same

order as found in previous studies.

Based on this method, the thickness of fully magnetized Gd layer at room tem-
perature (tarqgn.cd) as a function of Tj, can be determined and is shown in Table
S1. We observe an enhancement of ty/qgn.ga upon higher 7;,. More specifically,
compared with 0.43 nm for as-dep sample, ta7qgn.ca increased to 0.56 nm in case
of T, =300°C. Due to the antiferromagnetic coupling between the Co and the Gd
layer, the increased tysqgn.ca leads to a reduction of net moment per unit area at

room temperature.

This estimation demonstrates a possible explanation for the reduction of M, as

found in our experiment on annealed Pt/Co/Gd stacks. This result is also con-
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sistent with previous studies on Gd/Co multilayers. However, it is worth noting
that other annealing induced interface phenomena, such as alloying and increase
of interface roughness at Co/Gd interface are also crucial factors during annealing.
Under the joint effects of all these annealing-induced interface related mechanisms,
the modification of magnetic properties in Pt/Co/Gd stacks eventually result in

the reduction of M, observed in our experiment.

This estimation demonstrates a possible explanation for the reduction of M, as
found in our experiment on annealed Pt/Co/Gd stacks. This result is also consis-

167 However, it is worth noting

tent with previous studies on Gd/Co multilayers
that other annealing induced interface phenomena, such as alloying and increase
of interface roughness at Co/Gd interface are also crucial factors during annealing.
Under the joint effects of all these annealing-induced interface related mechanisms,
the modification of magnetic properties in Pt/Co/Gd stacks eventually result in

the reduction of M, observed in our experiment.

Single-pulse toggle AOS measurement for the annealed Pt/Co/Gd stacks

In Section 4.2, we investigate annealing effects on AOS toggle switching for Pt/Co-
/Gd stacks. The consecutive laser pulses measurement up to 10 laser pulses is
performed at T, = 0, 200°C, 300°C, 400°C, respectively, as shown in Fig. 4.6.

In case of T, < 300°C, a homogeneous domain with an opposite magnetization
direction is written for every odd number of laser pulses, whereas no net mag-
netization reversal is observed for every even number of pulses. These results
demonstrate that each next laser pulse completely reverses the domain created by
a previous sequence of AOS events. The observed switching behavior is consistent

with previous studies on the thermal single-pulse switching mechanism.

In case of T, = 400°C, the absence of single-pulse AOS demonstrates that exceed-
ing an annealing temperature higher than 300°C leads to the loss of single-pulse
AOS behavior in Pt/Co/Gd, which is discussed in more detail in Section 4.2.
These results indicate that the threshold T, for single-pulse AOS in Pt/Co/Gd
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Figure 4.6: AOS toggle switching measurements performed on annealed Pt/Co/Gd
stacks after annealing for 0.5 h at 0, 200°C, 300°C and 400°C, respectively. The number
of laser spots are indicated in the figure, up to 10 consecutive laser pulses. We observe
single pulse toggle switching upon 7, < 300°C. However, in case of T, = 400°C, a
multidomain state is created for any arbitrary number of pulses.

stacks is above 300°C, which is a crucial temperature for MTJ post-annealing

process.

Pulse-energy dependent AOS measurement on the annealed Pt/Co/Gd stack

In Section 4.2, we investigate annealing effects on AOS threshold fluence for
Pt/Co/Gd stacks. The threshold fluence is determined by pulse-energy depen-
dent measurements, as shown in Fig. 4.7. The size of domains and its dependence

on laser energy is calculated and analyzed in Fig. 4.3 (c).

Fig. 4.7 (a)—(c) show that, in case of T, < 300°C, a homogenous domain is cre-
ated after the laser excitation, as found in previous work. Moreover, the threshold
laser energy P, decreases from 300 nJ for as-dep sample to 150 nJ upon T, =
300°C. These results show that the energy efficiency of AOS in Pt/Co/Gd stacks
is enhanced upon annealing in the range of 0 — 300°C. However, in case of T, =
400°C, a multidomain state can be written from F, at 120 nJ and up, showing
that exceeding T, can lead to substantial change of AOS inherent to annealed
Pt/Co/Gd stacks (discussed in Section 4.2).
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Figure 4.7: Kerr microscope image of the pulse-energy dependence of domain size
measurements performed on the Pt/Co/Gd stacks annealed at different T},. Laser pulse
energies are indicated in the figure. The results show that in case of T, < 300°C, a
decreasing threshold laser energy is observed upon higher T,, while in case of T, =
400°C, a multidomain state is created for all pulse energies from the threshold laser
energy.

DW velocity as a function of magnetic field pulse of the annealed Pt/Co/Gd stacks

To investigate annealing effects on field-driven DW velocity in the creep regime,
Fig. 4.8 plots the DW velocity on a linear scale as a function of out-of-plane mag-
netic field pulse (uoH,) for both directions (ugH, < 0 and puoH, > 0, respectively),
for Pt/Co/Gd stacks annealed at 0, 200°C, 300°C, 400°C, respectively. In the fig-
ure, a significant enhancement of DW velocity in the creep regime upon annealing

can be observed directly.

Determination of the DMI effective field for annealed Pt/Co/Gd stacks

To investigate the variation of the DMI effective field (poHpar) upon annealing,
asymmetric bubble-domain expansion measurements are performed on Pt/Co/Gd

annealed stacks. In the measurements, the DW motion is driven by an out-of-
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Figure 4.8: Domain wall velocity as a function of out-of-plane magnetic field pulse
(noH ) for Pt/Co/Gd stacks with different T;, (plotted in normal scale).

plane magnetic field pulse ugH, with both directions (as indicated in red and
black cubes for poH, < 0 and poH, > 0, respectively) as a function of in-plane
magnetic field (ugH,). Since the asymmetry of DW expansion along the x axis
in the measurements is due to the interplay between the internal pgH py; and the
external pgH,, the effective DMI field can be estimated by poH, corresponding to
the slowest DW speed'?”.

Fig. 4.9 shows the result of the asymmetric bubble-domain expansion measurement
performed on Pt/Co/Gd stack annealed at 0, 200°C, 300°C,400°C, respectively.
Examining the domain wall velocity as a function of the pgH,, the DMI effec-
tive field corresponding to the slowest DW velocity is determined by fitting the
parabola, as indicated by the vertical dashed lines in the figure. These results
constitute Fig. 4.5 (c).

4.4 Conclusion

In conclusion, we have experimentally demonstrated enhancing AOS and DW ve-
locity through annealing in synthetic ferrimagnetic Pt/Co/Gd stacks. Notably,
toggle switching behavior is observed upon annealing up to 300°C, which is es-

sential for the integration with MTJ devices due to the required post-annealing
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Figure 4.9: Domain wall velocity under out-of-plane magnetic field pulse (uoH.)
as a function of in-plane magnetic field (puoH,) for Pt/Co/Gd stacks annealed at 0,
200°C,300°C, 400°C, respectively.

process. Moreover, the AOS threshold fluence reduces significantly upon anneal-

ing, which indicates an enhancement of AOS energy efficiency for data writing.

In addition, a significantly enhancement of DW velocity upon annealing is also
observed, which is in accordance with a reduction of the DW pinning potential
at the Co/Gd interface. Lastly, a considerable DMI value is observed for samples
annealing up to 300°C. Therefore, our results demonstrate that the synthetic ferri-
magnetic Pt/Co/Gd stack is an ideal candidate for integrating AOS in spintronic
devices, such as MTJs or magnetic DW devices, which may pave the way towards

ultrafast and energy efficient opto-spintronics memory application.



Femtosecond Laser-Assisted Switching
in Perpendicular Magnetic Tunnel

Junctions With Double-Interface Free
Layer

Perpendicular MTJs with double-interface free layer (p-DMTJs), which exhibit
enhanced TMR and A at the nanoscale, have received considerable interest as
building blocks for spintronic data storage devices. The HAMR technique have
been widely employed in mainstream magnetic storage to enable ultrahigh stor-
age density. However, the data access is achieved by sensing the stray field of
the selected magnetic element using a mechanical “read head,” resulting in an
unfavourable speed limitation and design complexity. To address this issue, we ex-
perimentally explored fs laser-assisted switching in a p-DMTJ device using a direct
electrical TMR readout. We demonstrate two reconfigurable switching operations,
i.€., binary “write” and unidirectional “reset,” by the interplay of the fs laser and
synchronized magnetic field sequence. We further explored the joint effect, and a
switching phase diagram was obtained. The effect of the stray field of p-DMTJ,
as well as laser helicity, on switching is also discussed. Results show the feasibil-
ity of fs laser-assisted writing p-DMTJs, which can pave the way in high-density

optospintronic storage applications.”

*This chapter has been accepted for publication: L. Wang, W. Cai, K. Cao, K. Shi, B.
Koopmans, and W. Zhao, “Femtosecond Laser-Assisted Switching in Perpendicular Magnetic
Tunnel Junctions with Double-Interface Free Layer”, Science China Information Sciences (2021)
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5.1 Introduction

The emerging potentials of magnetic tunnel junctions (MTJs) as building blocks
for next-generation spintronic data storage devices have attracted significant atten-
tion owing to their nonvolatility and high scalability *>>%!7H17517 - CoFeB /MgO-
based MTJs with perpendicular magnetic easy axis (p-MTJs), where perpen-
dicular magnetic anisotropy (PMA) originates at the CoFeB/MgO interface'*®,
have high thermal stability (A) for nanoscale devices, high tunnel magnetore-
sistance ratio (TMR), and low power consumption simultaneously“'%17. Re-
cently, it was reported that TMR and A can be further increased in p-MTJs
using a MgO/CoFeB/W /CoFeB /MgO double-interface free layer (FL) structure
(p-DMTJs) 7170 with atom-thick W spacer and bridging layers'™ '™ This offers

a suitable candidate to facilitate high-performance spintronic data storage'*".

As to mainstream magnetic storage, such as hard disc drives, heat-assisted mag-
netic recording (HAMR) techniques have been widely employed to enhance storage

19181 “Tn an HAMR device, switching is assisted by the local laser heating

density
of the magnetic element, which momentarily lowers its coercive field. Moreover, a
reduced magnetic field is generated by the “write head” to set the magnetization
direction. Nevertheless, as to data access, a mechanical “read head” is always
required to sense the stray field or magnetic—optical contrast of the selected mag-

netic element, which results in an unfavorable access delay and design complexity.

To address this issue, integrating heat-assisted switching with M'T'Js has been con-
siderably investigated in spintronic R&D %, such as thermally-assisted switching
(TAS) schemes™ ™. By circulating current in write lines, Joule heating has been
used to assist the switching of specially designed in-plane MTJs while a reduced
magnetic field is applied. However, current-induced Joule heating unavoidably
results in drastic energy dissipation and heat-up delay. For future high-density

7135 the fs laser-assisted switching of a high-performance p-

spintronic storage
DMTJ has not yet been proposed. The effect of additional magnetic FLs on the
switching process has not been clarified. Moreover, no systematic study has been

reported on the joint effect of laser and synchronized magnetic field.
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In this work, we experimentally investigated fs laser-assisted switching in a high-
performance p-DMTJ device, which was read out directly through a real-time
electrical TMR measurement. Using an fs laser pulse train and a synchronized
magnetic field sequence, reconfigurable switching operations, such as the toggle
“write” and unidirectional “reset,” were investigated. The synergy between the fs
laser pulses and magnetic field sequence was further investigated, and a switching
phase diagram was obtained. Finally, the effect of the stray field of p-DMTJ, as

well as laser helicity, on switching is discussed.

5.2 Experimental results

5.2.1 Device characterization

Figure 5.1 (a) shows a magnetic thin film of the p-DMTJ used in this study. This
film comprises, from the substrate side upwards, Ta (3)/Ru (20)/Ta (0.7)/[Co
(0.5)/Pt (0.35)]¢/Co (0.6)/Ru (0.8)/Co (0.6) /[Pt (0.35)/Co (0.5)]3/W (0.25) /CoFe-
B (0.9)/MgO (0.8)/CoFeB (1.2)/W (0.3)/CoFeB (0.5)/MgO (0.8)/Pt (1.5), de-
posited on a thermally oxidized Si (001) substrate at room temperature (30°C)
through Singulus DC and RF magnetron sputtering (numbers in parentheses de-
note the thicknesses of each layer in nanometers, and the subscripts for Co/Pt

multilayers are the numbers of repeat).

The composition of the CoFeB target was CoggFegoBog (in atomic %). The Ta/Ru/-
Ta layer was used as the bottom electrode. The bottom (Co/Pt), and top
(Co/Pt), multilayers, with the CoFeB layer, were antiferromagnetically coupled
through a thin Ru layer, forming a synthetic antiferromagnetic (SAF) reference
layer. The MgO layer was the tunnel barrier. For the FL, the bottom and top
CoFeB layers were ferromagnetically coupled with a 0.3-nm W spacer layer. The
double-FL structure was employed to enhance A while maintaining the writing

energy efficiency. After deposition, the stacks were annealed at 400°C in a vacuum
for 1 h to enhance PMA.

We investigated the magnetic characteristics of the full-sheet MTJ stack using

physical properties measurement system-vibrating sample magnetometer (PPMS-
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Figure 5.1: MTJ stack structure and magnetic characteristics. (a) Schematic of the
p-DMTJ stack structure. Ta/Ru/Ta is the bottom electrode. The bottom (Co/Pt)y
and top (Co/Pt), with the CoFeB layer were antiferromagnetically coupled with a thin
Ru layer to form a synthetic antiferromagnetic (SAF) reference layer. The MgO layer
is the tunnel barrier. The double-free-layer structure (CoFeB/W/CoFeB/MgO) with
an atom-thick W spacer was used. (b) M-H hysteresis loops measured as a function
of out-of-plane (black) and in-plane (blue) applied magnetic field at room temperature
using PPMS-VSM. The film exhibited strong PMA in both the free and reference layers.
Inset: Out-of-plane M-H minor loop of the p-DMTJ stack.
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Figure 5.2: Characterization of the fabricated p-DMTJ device. (a) Optical microscope
image of the p-DMTJ device. Circular MTJ pillars were fabricated using multistep
optical lithography and Ar ion milling. The diameter of the MTJ pillar was 5 pm,
with four electrode pads to perform TMR detection. A 100-nm-thick indium tin oxide
(ITO) film was employed as the transparent top electrode, enabling both efficient optical
access and electrical detection. (b) R-H magnetoresistance loop measured as a function
of applied out-of-plane magnetic field ranging from —200 to +200 mT. The result shows

that the double-free layers simultaneously switched, and the TMR ratio was calculated
to be 119%.
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VSM) at room temperature (30°C). Figure 5.1 (b) shows the M-H hysteresis loops
of the p-MTJ film, i.e., without the device fabrication, as a function of the out-of-
plane (black) and in-plane (blue) applied magnetic field. The film exhibits that
strong PMA was present in both the free and reference layers, as indicated by the

100% remanence and squareness of the major hysteresis loops.

According to the minor loop (inset of Figure 5.1 (b)), the two CoFeB FLs si-
multaneously switched due to the ferromagnetic coupling from the atom-thick W
layer, which is critical for the p-DMTJ performance. As reported in our previous
work '°7, the enhanced annealing endurance, up to 400°C, originates from reduced
atom diffusion when a W bridging and spacer layer is used. This improves the
crystalline quality of the MgO layer and bcc texture of the CoFeB layers, resulting
in high TMR.

Note that the loop shift was relatively small for the full-sheet sample (~ —3 mT),
indicating a significant reduction in the stray field attributed to the SAF reference
layer. A coercive field of 7 mT was achieved. The anisotropy field was determined
from the hard-axis loops by sweeping the in-plane field, and it was found to be

as large as 300 mT. These results are consistent with those of previous studies on
similar double-FL p-DMTJ stacks.

Furthermore, the full films were used to fabricate circular MTJ pillars using mul-
tistep optical lithography and Ar ion milling. A 100-nm-thick ITO layer was used
as the transparent top electrode through electron beam evaporation, which al-
lows both efficient optical access and high signal-noise-ratio electrical detection.
Because the transparency and electrical conductivity of ITO are significantly de-
pendent on deposition conditions, the deposition process was carefully optimized
before the MTJ fabrication, which is a crucial step in laser-assisted switching mea-
surements. Figure 5.2 (a) shows the optical microscope image of the fabricated
MTJ devices with a pillar diameter of 5 pm and four electrode pads for TMR

detection.

After fabrication, TMR measurements were performed on the patterned MTJ

device by sweeping an out-of-plane magnetic field ranging from —200 to +200
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mT, as shown in Figure 5.2 (b). The result shows that the double FLs switched
simultaneously, and the MTJs exhibited a bi-resistance state, denoted as Rap =
173.7 Q (AP: antiparallel) and Rp = 79.3 Q (P: parallel).

Specifically, resistance transition events were observed at the switching field of
+135 and —85 mT, which is attributed to the stray field from the Co/Pt SAF
layers. The difference in the loop shift between the full-sheet film and patterned
MTJ is in agreement with that of the previous studies'°"'*". The TMR ratio was
calculated to be 119%, which could be further enhanced by optimizing the MTJ
structure, as reported in previous studies; however, this was beyond the scope of

the present work.

5.2.2 Fs laser-assisted “write” operation

We further investigated single-pulse fs laser-assisted switching in the p-DMTJ de-
vice. In the measurement, the p-DMTJ was first saturated by an external magnetic
field. Thereafter, as shown in Figure 5.3, the p-DMTJ was exposed consecutively
to linearly polarized laser pulses with the laser energy of 600 nJ, which was syn-
chronized with a bipolar out-of-plane magnetic field sequence of £60 mT (4 and

— denoted as “1” and “0”, respectively) for a duration of 1 s.

The laser pulse duration was =~ 100 fs, with a spot size of 100 pm and wave-
length of 700 nm. The repetition rate of the laser was set to 0.5 Hz to avoid
the accumulated heating effect. The magnetoresistance response of the p-DMTJ
was measured using a four-point TMR measurement in real time, with a sampling

interval of 250 ms.

Figure 5.3 shows the results of fs laser-assisted switching in the p-DMTJ un-
der different configurations. In Region I, which was used as a comparison, in the
case when only a bipolar magnetic field sequence was applied without firing a laser
pulse, both the P and AP states were stable against such disturbances. Switching
was only possible when the magnetic field sequence was synchronized by the fs

laser pulse train with the pulse energy of 600 nJ.
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Figure 5.3: Experimental demonstration of fs laser-assisted toggle “write” in the p-
DMTJ device. In the measurement, the p-DMTJ was exposed consecutively to linearly
polarized laser pulses, which were synchronized with a bipolar out-of-plane magnetic field
sequence of £60 mT. The switching was readout electrically through four-point TMR
measurement in real time. In Region I, when only a bipolar magnetic field sequence
was applied without firing a laser pulse, both the P and AP states were stable against
such a magnetic field disturbance. Switching was only possible when the magnetic field
sequence was synchronized by the fs laser pulse train with a pulse energy of 600 nJ. In
Region II, robust fs laser-assisted switching of the p-DMTJ was observed, which was
determined by the direction of the bipolar magnetic field sequence. The resistance was
equal to that in the R-H loop, indicating a complete reversal. The final resistance state
(Rp, Rap) was determined by the direction of magnetic field sequence (“0” and “17).

As shown in Region II, a robust toggle switching of the p-DMTJ upon every
fs laser pulse was observed. The fs laser-assisted TMR switching was determined
by the direction of the bipolar magnetic field sequence. The resistance was equal
to that in the R-H loop, indicating a complete reversal. The final resistance state
(Rp, Rap) was determined by the direction of the magnetic field sequence (“0”
and “17). These results indicate that the proposed laser-assisted writing scheme

could be well implemented in p-DMTJ devices because a reliable “write” operation

is critical for binary storage devices.
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Figure 5.4: Experimental demonstration of fs laser-assisted unidirectional “reset” in
the p-DMTJ device. In Region I, which was the reference, a magnetic field sequence
was synchronized again by the fs laser pulse train with the single-pulse energy of 600 nJ.
A reliable toggle switching was also observed. In Region II, the laser pulse energy was
reduced to 400 nJ. Here, only a unidirectional switching to the P state was observed,
and it never toggled back to the AP state using the same configuration. Switching back
to AP was only possible with higher laser energy.

5.2.3 Fs laser-assisted “reset” operation

In magnetic storage devices, controllably resetting the memory bit before a “write”
operation is often desirable. To validate the unidirectional “reset” operation, the

fs laser-assisted switching measurement was performed, as shown in Figure 5.4.

In Region I (the reference), the magnetic field sequence was synchronized again
by fs laser pulse train with the single-pulse energy of 600 nJ. A reliable toggle
switching to both the AP and P directions was also observed, as shown in Fig-
ure 5.3. In Region II, the laser pulse energy was reduced to 400 nJ. Here, only the
unidirectional switching to the P state was observed; it never toggled back to the
AP state for the same configuration. Switching back to AP was only possible with
higher laser energy (600 nJ in our measurements). This asymmetrical switching

behavior could be partially attributed to the stray field of the p-DMTJ, which is

further discussed in a next section.

We verified the feasibility of the fs laser-assisted switching in the p-DMTJ. Two
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Figure 5.5: Joint effect of the fs laser, magnetic field, and stray filed of p-DMTJ on the
proposed switching scheme. (a) Switching phase diagram of fs laser-assisted switching in
the p-DMTJs, with the interplay between the fs laser pulse energy and write sequence.
Three configuration regimes of the proposed switching scheme are shown. In the case of
|Hept| < |Hin, ap—p| (gray region), no successful MTJ switching was observed for both
states. In the case of |Hegt| > |Hin, p—ap| (blue region), a regime of toggle “write” was
observed. For |Hy, ap—p| <|Hext| <|Hin,p—ap| (green region), only the unidirectional
AP — P switching was observed. (b) Typical helicity-dependent measurement for AP
— P and P — AP switching by fs laser pulse with left- and right-handed circular
polarizations, respectively. ApgH denotes the |Hy,| deviation relative to the ones for
linear polarization. No significant helicity dependence effect was observed using different
laser helicity, indicating the major role of conventional TAS induced by laser heating
and negligible circular dichroism.

proofs-of-concept functionalities, i.e., toggle “write” and unidirectional “reset,”
were implemented by the interplay of the laser energy and magnetic field sequence.
These reconfigurable laser-assisted switching operations indicate an emerging po-

tential for integrated photonic—spintronic storage devices.

5.2.4 Discussion

We further investigated the effect of the laser pulse energy (£),), magnitude of the
magnetic field (|H..|), and stray field of the p-DMTJ on the proposed switching
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scheme. The p-DMTJ device was exposed to a laser pulse train with E, ranging
from 0 to 600 nJ. Thereafter, a synchronized H,.,; write sequence with the magni-
tude from 0 to 140 mT was applied. The repetition rate of each measurement was
set to 0.1 Hz to avoid accumulative laser heating. The switching was electrically

monitored with a real-time TMR measurement.

Figure 5.5 (a) shows the switching phase diagram of the p-DMTJ under the joint
effects. For both P — AP and AP — P cases, the threshold | H,,;| for determinis-
tic switching (denoted as |Hy,|) gradually decreased as the laser energy increased,
indicating lowered coercive field. A 92% decrease in |Hy, ap—p| was observed at
E, = 600 nJ. The relatively small laser energy to almost fully demagnetize the FL
is attributed to an efficient heat transmission of the fs laser pulse compared with

current-induced heating in TAS.

Furthermore, due to the thermal nature of the proposed scheme, the required
laser energy could be scaled down to tens of fJ to write a nanosized MTJ. As
already implemented in HAMR technology, using integrated photonic techniques,
such as using a nano-photonic plasmonic antenna, a spot radius below 40 nm could
be generated *°. Thus, the proposed scheme shows good potential with enhanced

efficiency and scalability.

We observed three configuration regimes of the fs laser-assisted switching scheme,
as depicted in Figure 5.5 (a). In the case of |Hey| <|Hn,ap—p| (gray region), no
successful MTJ switching was observed for both states. For |Heu:| > |Hin psap|
(blue region), a regime of binary “write” was observed. These results are consis-
tent with those shown in Figure 5.3. Moreover, in the case of |Hy, ap—p| < |Heat| <
|Hin,p—ap| (green region), only unidirectional AP — P switching was observed,

as shown in Figure 5.4.

The difference between the |Hyy, p—ap| and |Hy, ap— p| demonstrates the asymmet-
ric switching behavior of the proposed scheme, which may be partially attributed
to the spatially nonuniformly distributed out-of-plane stray field of the p-DMTJ.
The spacing between the two |Hy,| was almost independent of laser energy, indi-

cating a negligible demagnetization of the reference layer that produces the stray
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field. Because switching in micro-sized p-MTJ devices is initiated by the domain
nucleation and wall propagation, the inhomogeneous distribution of the stray field

183

significantly affects the region where the nucleation starts'®°. Moreover, the out-

of-plane stray field acting on the edges of FLs is much higher than that at the

center 183,184.

Accordingly, lower Hy, ap—,p might be attributed to the stray field
that assists nucleation at the edges, and a smaller |H| is needed for complete

switching.

However, other magnetic interactions, together with the joint effects of ultrafast
heating, might also be nontrivial factors causing the asymmetry behavior observed
here. Further quantitative investigation on the role of the stray field of p-DMTJs
is beyond the scope of the present work. Above all, the combined effects, with the
switching phase diagram, provide some insights into the proposed fs laser-assisted

switching scheme.

Finally, we investigated if either all-optical helicity-dependent switching (AO-

8,128,132

HDS) or magnetic circular dichroism in the PMA layers gives rise to sig-

13 reported

nificant laser helicity dependence on the p-DMTJ. Previous studies
that laser-induced helicity-dependent switching can be observed using multiple
laser pulses in some of the ferromagnetic systems, such as Co/Pt multilayers and
FePt granular media, although not including the CoFeB/MgO system yet. Thus,
we consider if significant laser helicity dependence on the CoFeB/MgO-based p-
DMTJ exists because it may add functionality for future integrated optospintronic

storage applications.

To this end, we measured the fs laser-assisted switching in the p-DMTJ using
left- and right-handed circularly polarized laser pulses. Figure 5.5(b) shows the
results for AP — P and P — AP of the |Hy,| deviation compared to the ones
using linear polarization. No significant helicity dependence was observed using
different laser helicity for switching to both the directions, indicating the major

role of conventional TAS induced by laser heating and negligible circular dichroism.

To enhance the helicity-dependent effect, we propose that material explorations

are the first step. By properly designing multilayer stacks or using ferrimagnetic



Chapter 5. Femtosecond Laser-Assisted Switching in Perpendicular Magnetic Tunnel
90 Junctions With Double-Interface Free Layer

systems such as GdFeCo, the helicity-dependent effect could be enhanced and im-

plemented into device applications, but it was beyond the scope of our present

paper.

5.3 Conclusions

In this study, we experimentally investigated fs laser-assisted switching in a high-
performance p-DMTJ device. The feasibility of the proposed scheme was explicitly
verified through real time electrical TMR measurements. Notably, reconfigurable
laser-assisted switching operations, including binary “write” and unidirectional

“reset,” were validated using fs laser pulses and synchronized write sequence.

Moreover, the joint effects of the laser, magnetic field, and stray field of the p-
DMTJ were investigated, and a switching phase diagram was obtained. Negligible
laser helicity dependence was also observed, which is attributable to the domi-
nance of thermally-assisted magnetic switching induced by the fs laser pulse. The
proposed fs laser-assisted writing scheme for p-DMTJs is promising for future

high-density optospintronic storage applications.



Picosecond Optospintronic Tunnel

Junctions

Perpendicular magnetic tunnel junctions (p-MTJs), as the building blocks for spin-
tronics, offer substantial potential for next-generation nonvolatile memory archi-
tectures. However, the performance of such devices is fundamentally hindered by
spin-polarized-current-based switching mechanisms. Here, we report an optospin-
tronic tunnel junction (OTJ) device with picosecond switching speed, ultralow
power, high magnetoresistance ratio, high thermal stability, and non-volatility.
This device incorporates an all-optically switchable Co/Gd bilayer coupled to a
CoFeB/MgO-based p-MTJ by subtle tuning of the Ruderman-Kittel-Kasuya- Yosida
(RKKY) interaction. An all-optical “write” operation faster than 10 ps is explic-
itly confirmed by time resolved magneto-optic Kerr effect measurements. More-
over, the device shows a reliable resistance “read-out” with a relatively high tunnel
magnetoresistance (TMR) of 34%, as well as promising scalability towards the
nanoscale with ultralow power consumption (< 100 fJ for a ~ 50 nm sized bit).
Our work, as a proof-of-concept demonstration of optospintronic memory device,

may pave the way for next-generation electronics.”

*This chapter has been submitted: L. Wang, C. Cheng, P. Li, Y. L. W. van Hees, Y. Liu,
K. Cao, R. Lavrijsen, X. Lin, B. Koopmans, and W. Zhao, “Picosecond Optospintronic Tunnel
Junctions”, (2021)
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6.1 Introduction

For decades, CoFeB/MgO-based perpendicular magnetic tunnel junctions (p-MTJs)
have become the building blocks of the magnetic random-access memory (MRAM),

highly promising towards next-generation nonvolatile memory architecture%3°.
As to the operation mechanisms of the p-MTJ bit cell, the prototype of MRAM
was typically based on magnetic field-induced switching, whereas state-of-the-art
MRAM technologies are dedicated to spin polarized current-induced switching

04,06,1571857187 “ qyuch as spin transfer torque (STT) or spin orbit torque

schemes
(SOT). Unfortunately, limited by the spin precession process, the operation speed
of these p-MTJs is still around sub-nanosecond whilst requiring extremely high

103,159,188

current densities , reducing of which remained a long-existing challenge

for modern spintronic R&D.

To address this issue, integrating femtosecond laser, i.e., the fastest stimulus com-
mercially available, with MRAM, has been conceptually considered as a com-
petitive route toward ultrafast non-volatile memory ~'*%%Y About one decade
ago, all-optical switching (AOS) was discovered in ferrimagnetic alloys®%%!13
which further features ultrafast (< 20 ps) and energy-efficient (< 100 fJ for a
~ 50 nm sized bit). The AOS shows high potential towards integrating high-
throughput interconnect advantages of photonics, with the non-volatile and ultra-
low-power performance of spintronics. Consequently, all optically addressable op-
tospintronic tunnel junction (OTJ) devices, with picosecond switching speed and

d 7189190 - However, key scien-

least-dissipative energy consumption, are envisione
tific issues related to physical mechanisms, material exploration, as well as device

fabrication still need to be solved.

Fundamentally, the implementation of OTJ devices involve physical effects in
terms of laser-induced magnetization switching mechanisms, electrical resistance
read-out, and nonvolatile storage features. Specifically, to ensure ultrafast data
writing and reliable resistance read-out, single-pulse helicity-independent AOS
(AO-HIS) 9495128 and appreciable TMR effects become indispensable %5197 Tn
addition, to increase data storage density and improve thermal stability, strong

perpendicular magnetic anisotropy (PMA) is highly required ®%%°.
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Incorporation and optimization of these physical effects to realize the OTJ device
functionalities further raise requirements regarding materials design and device
structures. As to the materials issue, the multilayered stack of an OTJ device
include electrode layers (especially the need for an optical transparent electrode
layer on the top), an optically switchable free layer (FL), MTJ core layers to en-
sure high TMR, a synthetic antiferromagnetic (SAF) reference layer (RL), etc.
To realize single-pulse AO-HIS effect with the ability of efficient switching, rare
earth - transition metal (RE-TM) alloys or multilayers, including GdFeCo, Co/Th,

Co/Gd are feasible”®'!%125,

A suitable FL structure for the OTJ should also be compatible with robust AO-
HIS, high TMR, and strong PMA effects. Thus, a synthetic FL. with the optically
switchable layer coupled to a CoFeB/MgO layer has become a mainstream techno-

0125127 Among the attempts, Avilés-Félix et al. '*" reported single-

logical route
pulse AOS of a MTJ electrode using Co/Th multilayers'?”. However, scientific
and engineering issues, such as the OTJ stack design, the fs switching dynamics,
as well as the integration of bottom-pinned structure, still need to be solved before

the advent of practical applications.

As to the device functionalities, a robust single-pulse laser-induced TMR toggle
switching, as well as a high thermal stability at the nanoscale with non-volatility,

should be maintained simultaneously. Among the attempts, Chen et al.'**

em-
ployed all-optically switchable GdFeCo directly as the free layer to fabricate an
MTJ*?*  although resulting in a relatively low TMR ratio of 0.6% and weak PMA.
To fully utilize the great potential of opto-spintronics for next-generation mem-
ory, experimental demonstrations as well as performance verifications of prototype

OTJ devices are still highly desired.

In this work, we design and experimentally demonstrate a fully functional op-
tospintronic tunnel junction (OTJ) memory device with an ultrafast operation
speed (< 20 ps), sufficiently high TMR ratio (34%), low threshold fluence (3.1
mJ/cm?), as well as high thermal stability and non-volatility. By using Ruderman-

Kittel-Kasuya-Yosida (RKKY) interaction, a synthetic free layer structure, with
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Figure 6.1: Typical AOS measurements on two types of the engineered
material systems. textbf(a) AOS measurement performed on the Gd/CoFeB/MgO
system using Kerr microscopy. Single fs laser pulses with different £, (indicated in the
figure) were used to excite the film. (b) AOS measurement performed on the composite
Gd/Co/Ta/CoFeB/MgO system using the same method. A significantly broader AOS
writing window is observed, in contrast to (a).

an all-optically switchable ferrimagnetic Co/Gd bilayer coupled to a ferromag-
netic CoFeB layer is developed. Such an interlayer exchange interaction through
an atom-thick spacer realizes the simultaneous AOS of the synthetic FL with a
high PMA and TMR effect.

Moreover, as a nonvolatile photonic memory, the proposed OTJ exhibits efficient
all-optical toggle writing, as well as a reliable electrical TMR read-out in real time
even for single shot switching using a 100-fs laser pulse. Lastly, the picosecond
switching speed of the OTJ device with full scalability, is explicitly confirmed by
time-resolved magneto-optical measurements, demonstrating its potential towards

nanoscale applications.

6.2 OTJ free layer design by material exploration

In this section, our research efforts on exploring a novel AOS material system
are summarized. The goal is to explore a suitable free-layer structure for the
OTJ device. To design such a materials platform, several multi-dimensional con-
siderations have to be addressed. Specifically, i.) a robust single-pulse AOS is
required to enable an ultrafast and energy-efficient data “write”, as already dis-
cussed in Chapter 2; ii.) a high TMR ratio is required to achieve a high “read”
margin of the bi-stable OTJ device; iii.) a relatively high anisotropy, i.e., PMA, is
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required to maintain a long data retention and high thermal stability at nanoscale.

Focusing on these requirements, nanostructured material design and engineering
are carried out, leading to two types of material systems that are highly relevant

to this thesis. Here we only summarize the experimental results very briefly.

As discussed in the Chapter 1, the CoFeB in direct contact with the MgO would
lead to a high TMR and PMA, which has become the mainstream technologi-
cal route of MTJ design. As a result, we design and investigate two types of
structures, which we will refer to as “type I and “type II” in the following. In
the “type I” design, a structure employing Gd in direct contact with CoFeB, i.e.,
Gd/CoFeB/MgO, is synthesized. The system is chosen because the Gd and CoFeB
are antiferromagnetically coupled, and are known to have two very contrasting

laser-induced demagnetization times, thus single-pulse AOS could be expected.

In the “type II” design, a composite Gd/Co/Ta/CoFeB/MgO structure is pro-
posed. In this configuration, the Co and the CoFeB are ferromagnetically coupled
through an atom-thick Ta spacer due to the RKKY interlayer coupling. This
composite structure is chosen because it would simultaneously facilitate the ro-
bust AOS feature of the ferrimagnetic Gd/Co layers, and the high PMA and TSP
advantages of the CoFeB/MgO interface as well.

AOS measurements are first performed on the “type I” samples, with a con-
figuration of Pt (3)/Gd (2)/CogFegBag (t)/MgO (2)/Ta (3). The stacks were
deposited on a glass substrate at room temperature (RT) using DC magnetron
sputtering at a base pressure of 1072 mbar. Numbers in parentheses denote the
thicknesses of each layer in nanometer, and ¢ is 1 — 1.2 nm. A considerable PMA is

achieved for the thin-film sample series, as verified by SQUID-VSM measurements.

Next, we investigate the response of the magnetization of the film upon a train of
laser pulse excitation. The experimental setup has been discussed in Section 3.3.6,
which is also heavily employed in Chapter 4. In the measurements, which are per-
formed at room temperature, the sample is first saturated by an external magnetic

field. Afterwards, the field is turned off and the film is exposed to subsequent lin-
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early polarized laser pulses, with different laser pulse energies (E,). The duration
of each laser pulse is 100 fs, with a spot radius of typically 60 pm and a wave-
length of 700 nm. The responses of the magnetization after laser-pulse excitation
are measured by Kerr microscopy, where dark or light regions show “up” or “down”

magnetic domains in the film.

Fig. 6.1 (a) illustrates typical AOS results using Kerr microscopy on the Gd/CoFe-
B/MgO system. The film is exposed to single fs laser pulses with E, indicated
in the figure. We observe that, as to £, < 240 nJ, no AOS written domain is
observed, whereas for the £, > 240 nJ, a gradual increase of the AOS domain
size upon higher laser energies is found. In addition, a multidomain state begins
to appear upon £, > 320 nJ, the region in which this occurs shows an increasing
area for higher laser energies. In this case, single-pulse AOS is only observed in a

relatively narrow rim of the AOS domain.

These results reveal that the AOS energy window is extremely narrow in this
type of system, corresponding to an insufficiently small “write” margin for practi-
cal device applications. As a result, it may not be suitable for our further studies
at a device level. The physical mechanism behind it was partly attributed to the

role of heat diffusion in the system.

To solve this limitation, in the “type II” design, a composite Gd/Co/Ta/CoFe-
B/MgO structure is investigated. In the AOS measurements, which are performed
on Pt (2)/Gd (3)/Co (1)/Ta (0.3)/CogoFegoBag (1)/MgO (1)/Ta (3) stacks, all op-
tically reversed domains are observed upon 300 nJ< £, < 690 nJ, the area of which
increases upon higher E,. A significantly broader AOS window compared to the

“type I” design is clearly observed, as shown in Fig. 6.1 (b).

In other words, in the “type II” design, we were able to increase the laser en-
ergy to more than 100% above threshold without obtaining a multi-domain state,
whereas a multidomain state emerged already 30% above threshold in the “type
I” design. As a result, such a composite free-layer structure would be more suit-
able to incorporate at a device level in our further research. By incorperating

RKKY interaction, this design rule may also be feasible for other opto-spintronic
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Figure 6.2: OTJ structure and magnetic characteristics. (a) Schematic struc-
ture of the proposed OTJ memory device. Ta/Ru/Ta and ITO are the bottom and top
electrode, respectively. [Co/Pt]Jm/n multilayers based SAF is used as the reference layer
(RL), MgO as the tunnel barrier. The composite free layer (FL) consists of the top
CoFeB layer and the Co/Gd bilayer, which are RKKY coupled through an atom-thick
Ta spacer. (b) Out-of-plane hysteresis loop of the OTJ stack after post-annealing at
300°C measured by a VSM-SQUID. The square hysteresis loops with 100% remanence
indicates a well-defined PMA in both FL and RL. The minor loop of the OTJ stack, as
shown in the inset, indicates that two parts of the FLs switch simultaneously due to the
strong RKKY coupling.

devices. Next, we employ the composite material platform in to a mainstream

CoFeB/MgO-MTJ stack, and characterize the device in a systematic manner.

6.3 Results and discussion of the OTJ device

6.3.1 OTJ film structure and PMA characterization

As illustrated in Fig. 6.2 (a), the designed OTJ stack is composed of, from the sub-
strate side upwards, Ta (3)/Ru (20)/Ta (0.7)/[Co/Pt]m (9.8)/Ru (0.9)/[Co/Pt],
(3.6)/Ta (0.3)/CoFeB (1.2)/MgO (1)/CoFeB (1)/Ta (0.3)/Co (1)/Gd (3)/Pt (2)
(numbers in parentheses denote the layer nominal thicknesses in nanometer, and
the subscripts are the repeated numbers), which is deposited by DC and RF mag-

netron sputtering (see Section 6.4).

In this configuration, Ta/Ru/Ta is the bottom electrode, the combination of the
[Co/Pt]m/m multilayers with the bottom CoFeB serve as the SAF RL. Such design

is used to fix the magnetization direction of CoFeB, which is crucial for practical
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Figure 6.3: Temperature dependence of the magnetic properties of the OTJ
stack. (a) Magnetic hysteresis loops of the OTJ stack versus an external perpendicular
magnetic field (M-H) loops, measured at 250 K, 300 K, 350 K, respectively. (b) Bottom:
Temperature dependence of the saturation magnetization (M) of the complete stack
(left, black dots) and antiferromagnetic coupling field (uo Harc) (right, purple squares)
ranging from 250 K to 350 K. Top: Temperature dependence of M, of the free layer
(left, red diamond) and their coercive field (uo H.) (right, blue triangles).

MRAM application. The MgO layer is the tunnel barrier. As to the synthetic
FL, the top CoFeB/MgO layer and the all optically switchable Co/Gd bilayer are
coupled through an 0.3-nm-thick Ta spacer. Such stack design ensures high TMR,
high PMA, and effective AOS simultaneously.

Recently, we demonstrated the merits of ferrimagnetic Co/Gd for future ultra-
high density spintronic memories#*!%191 "such as a fully compatible fabrication
process, as well as extended flexibility on interface engineering for high domain
wall (DW) velocity and inherent built-in interfacial Dzyaloshinskii-Moriya interac-
tion 2%17L192 " The Ta spacer is used to ensure an effective RKKY coupling, where

moderate coupling strength is adopted to guarantee all-optical toggle switching of
the synthetic FL.

As typical AOS materials are extremely sensitive to alloy composition and an-
nealing, in a recent study'”® we showed that the AOS efficiency is considerably
enhanced after 300°C thermal annealing, offering a fully compatible fabrication
process with p-MTJ integration. After deposition, the stacks are thus subjected to
thermal annealing at 300°C in vacuum for an hour, which is used to enhance the

crystalline quality of the MgO barrier and the bee (body-centered cubic) texture
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Figure 6.4: Deterministic single-pulse AOS measured by Kerr microscopy.
(a) Row (.9): Single-pulse AOS measurement by subsequent fs laser pulses. The num-
bers correspond to the number of pulses that the region is exposed to. Row (II — III):
AOS measurements by laser pulse train at a repetition rate of 2.5 Hz and 5 Hz, respec-
tively, leading to partly overlapping pulses. (b) Laser-pulse energy dependence of the
AOS domain size, showing the threshold laser energy (Pp) of 330 nJ, and an increasing
domain size with higher laser energies. The threshold fluence (Fp) of the OTJ stack is
calculated to be 3.1 mJ/cm?. Inset: Kerr microscopy of the measurement performed on
the OTJ stack. The numbers correspond to the laser energy of each spot in unit of nJ.

of the CoFeB, thus a higher TMR can be expected.

Fig. 6.2 (b) shows the out-of-plane magnetization versus magnetic field (M-H)
hysteresis loop of the OTJ stack using a VSM-SQUID at room temperature (see
Section 6.4). The film exhibits the presence of strong PMA in both the FL and
the RL indicated by the 100% remanence and squareness of the hysteresis loops,
which ensures high thermal stability and nonvolatility. According to the steep
minor loop (inset of Fig. 6.2 (b)), the coercive field of the FL reaches 4 mT,
and two parts of the FLs switch simultaneously, which is paramount for the OTJ
performance. Note that a relatively small shift of the hysteresis loop indicates
a significant reduction of stray field due to the Co/Pt multilayered based SAF
structure. Such a pinned layer design is essential for our OTJ, because a large
stray field would hinder AOS in the opposite direction, losing toggle operation

characteristics.

In addition, the M-H hysteresis loop of the OTJ ranging from 250 K to 350 K is
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Figure 6.5: Calculation of optical absorption profile of the OTJ stack. The
full stack structure as well as the thermally oxidized Si:SiO5 substrate are included in
the calculation. Left: Optical absorption per depth (%/nm) vs. Layer Depth.

measured, as shown in Fig. 6.3 (a). Fig. 6.3 (b) shows the temperature dependence
of the magnetic properties, which are extracted from the M-H hysteresis loops.
The left axis in the bottom panel shows the saturation magnetization (M;) of the
full stack (black dots), whereas the left axis in the top panel shows the M; of the
FL (red diamonds). A clear temperature dependence of Mj is observed, enhancing
upon lower temperature, as expected from the Bloch law. Note that although the
Curie temperature of the bulk Gd is slightly lower than room temperature, it is

enhanced at the Co interface due to the proximity induced effect 2%,

The left axis of the bottom panel shows the temperature dependence of the anti-
ferromagnetic coupling field (uoHarc) of the SAF layer (purple squares). Specif-
ically, compared with pugHapc = 175 mT at 350 K, it is enhanced to 230 mT at
250 K. The right axis of the top panel shows the coercive field poH. of the FL
(blue triangles), which is also enhanced from 1.7 mT to 4.3 mT, corresponding to
a 153% increase. These results indicate a broad working temperature range of the

OTJ stack for practical applications.

6.3.2 Single-pulse all-optical switching of the OTJ film

We first investigate the single-pulse AOS of the OTJ full stack before device pat-

terning. In the measurements (see Section 6.4), the sample is exposed to sub-
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sequent linearly polarized laser pulses, whereafter its magnetization response is
measured using magneto-optical Kerr microscopy in a static state. As shown in
the Fig. 6.4 (a), five separate spots are excited by a different number of laser pulses
(Row I). We observe that a homogeneous domain with an opposite magnetization
direction is written for every odd number of laser pulse, whereas it toggles back

for every even number of pulses.

Then, the OTJ stack is exposed to a laser-pulse train with partly overlapping
area (Row II — III, see Section 6.4). As to the regions exposed by a single or three-
overlapping pulses, a reversed domain is observed. In contrast, for the regions
where only two pulses overlap, no net reversal is observed. Here, we also note that
the DW at the overlapping regions stay intact, whereas the domains toggle upon
every laser excitation. The observed results are consistent with the thermal AOS
mechanism discussed in previous studies”*'?®, demonstrating a robust toggle AOS

operation in the OTJ stack.

As to the next-generation memory device, it is always essential to reduce the
critical writing energy needed to switch a memory bit cell. Therefore, the thresh-
old laser energy, to write the OTJ stack is investigated, which is done by measuring
the pulse energy dependence of the domain size (see Section 6.4). As shown in
Fig. 6.4 (b), a threshold laser energy (F) of 330 nJ is observed for a laser spot
with a diameter of approximately 50 pm. Above F,, the laser written domain size

increases with higher laser energies.

The AOS threshold fluence (Fp) of 3.1 mJ/cm? is then determined by assum-

ing a Gaussian shape of the laser pulse'*, which is lower than that for GdFeCo

94,98

alloys . Further reduction of Fj can be expected by decreasing the thickness

of the ferromagnetic layer, as discussed in previous studies'**. Moreover, due to

the thermal nature of the AOS, the energy for writing a sub-20 nm OTJ bit could

105,135,194

scale down to a few tens of fJs using a plasmonic antenna as already

used in heat assisted magnetic recording (HAMR) techniques, which is potentially

competitive with state-of-the-art spintronic memories®".

To evaluate the feasibility of the AOS in the RKKY-coupled FL, we calculate
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the optical absorption of each layer in the OTJ stack using a transfer matrix
scheme. The optical profile of the complete stack is shown in Fig. 6.5. The optical
absorption in this OTJ stack is calculated by inputting the layer-specific refractive
index values at 700 nm. The left axis indicates the absorption per depth (%/nm),
as a function of layer depth. The absorption in the layer is then calculated by

integrating over the thickness, as plotted in the right axis.

One might expect that the relatively thick stack, with a Pt layer on top, would
lead to a strong loss of optical energy, thus negligible laser-induced phenomena
in the OTJ. However, in our calculation, we observe that nearly 12% of the laser
energy is absorbed by the synthetic FL layer. We find that this value is signif-
icantly enhanced due to the Si:SiO, substrate, which acts as a reflective layer.
The total absorption in the FL is consistent with previous studies using Gd/Co

132,135~ Moreover, it has been proven that Fj is partially attributed to

bilayers
the effective optical absorption in the Gd/FM (FM: ferromagnetic) layer, which
partially explains that the Fj of the OTJ stack is only slightly lower than more

conventional AOS systems”'?%.

6.3.3 OTJ device fabrication and TMR measurements

Circular pillars are patterned using multistep UV lithography and an Ar ion milling
process (see Section 6.4). Fig. 6.6 (a) shows an optical microscope image of the
fabricated OTJ device with a pillar diameter of 3 ym (see the inset of Fig. 6.6
(a) for the zoom-in of the pillar) and four electrode pads. Note that the 100-nm-
thick indium tin oxide (ITO) is employed as top electrode, which is crucial for our
hybrid optospintronic device. Compared with the conventional Ti/Au electrode,
the transparent ITO enables an efficient laser-pulse access, as well as a reliable

electrical detection with a high signal-to-noise ratio (SNR).

The resistance versus magnetic field (R-H) loop is measured by sweeping an
out-of-plane magnetic field, as shown in Fig. 6.6 (b). A clear bi-stable tunnel
magnetoresistance (TMR) is observed, with Rap = 227 Q (AP: antiparallel) and
Rp =169 Q (P: parallel), respectively. The RKKY coupled FL is found to switch
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Figure 6.6: Characterization of the fabricated OTJ device. (a) Microscope
image of the fabricated OTJ device with a 100-nm-thick transparent ITO top electrode,
as well as four electrode pads to perform 4-point TMR detection. The inset shows the
zoom-in of the OTJ pillar. (b) R-H magnetoresistance loop measured by sweeping an
out-of-plane magnetic field, showing a typical TMR ratio of 34%.

as a single unit, as indicated by steep resistance transition events at +190 mT
and —115 mT, respectively. A typical TMR ratio (Ra, — Rp)/Rp = 34% is ob-
tained for our proof-of-concept OTJ device after post-annealing, which could be
further enhanced by optimizing the stack design, but goes beyond the aim of the
present work. In addition, the improved SNR in the R-H measurement indicates

an improved interface quality between the ITO and the OTJ pillar.

6.3.4 All-optical “write” operation of the OTJ device

Next, we investigate the electrical read-out performance of OTJ. As sketched in
Fig. 6.7 (a), the programming of the OTJ is demonstrated using subsequent laser
pulses, whereas the read operation is realized by an electrical TMR measurement
in real time with down to sub-ns time resolution (see Section 6.4). The complete

measurement is performed without any external magnetic field.

As shown in Fig. 6.7 (b), the TMR of the OTJ device toggles deterministically be-
tween the AP and the P state at the same frequency as the incoming laser pulses.
In other words, binary programming a “17/“0” of the OTJ is realized for every
odd/even number of pulses, which is a basic writing operation for memory devices.
The repeatability of the operation is further verified by a 100% success rate up

to millions of repeated switches. Moreover, the magnetoresistance values mea-
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Figure 6.7: OTJ device functionalities: all-optical “write” operation and
electrical TMR read-out. (a) Schematic overview of the AOS “write” operation
of the OTJ device. A small current is applied through the OTJ, while the resulting
TMR voltage is measured in real time. The OTJ pillar is excited by a train of linearly
polarized laser pulses. (b) Typical TMR measurement as a function of time upon laser-
pulse excitation. The resistance toggles between P and AP state upon every laser pulse
excitation. No external field was applied during the measurements.

sured by AOS are equal to the ones in the R-H loop (Fig. 6.6 (b)), unambiguously

demonstrating a complete reversal of the composite FL in the bottom-pinned OTJ.

We stress that this robust AOS is not trivial, since for our synthetic FL with
a more complex structure, the toggle AOS could have been hindered by the stray
field provided by the RL (~ 30 mT). Thus, the tendency for AOS of our entire
FL is strong enough to overcome such bias field, and a toggle TMR operation is

clearly observed.

To further address the potential of our OTJ for high data rate electrical read-out,



6.3. Results and discussion of the OTJ device 105

we investigated the time-resolved TMR upon single-pulse laser excitation. Here,
the OTJ is again exposed to subsequent laser pulses with a pulse width of 100 fs,
whereas a fast-sampling oscilloscope with a sub-nanosecond resolution is employed
to enable a time-resolved measurement (see Section 6.4). As a typical result shown
in Fig. 6.8 (a), in case of a laser energy of 300 nJ, a robust switching faster than 1
ns is observed. However, as expected, in case of a laser energy of 145 nJ, i.e., below
the threshold for switching, only an ultrafast thermal demagnetization followed

by a demagnetization during 10 ns upon cooling down is observed.

Lastly, we stress that the design rules of such OTJs are not limited to Gd/Co
bilayers. Under proper material design to maintain ultrafast AOS, high TMR as
well as high thermal stability simultaneously after post-annealing, other emerging
ferrimagnetic AOS systems may also hold great potential for further optimized

performance 113189,

6.3.5 Fs-time-resolved measurements of the OTJ switching

Lastly, we demonstrate the picosecond operation speed of the OTJ, which is a key
characteristic for the next-generation ultrafast memory. Previous studies”"%!1?
have reported tens of picosecond AOS in some ferrimagnetic alloys. However, no
time resolved AOS dynamics have been performed in an MTJ with additional opti-
cally switchable magnetic layers yet. Moreover, in the RKKY coupled FL, whether
the switching speed is impeded has also remained unclear. Thus, time-resolved
magneto-optical Kerr (TR-MOKE) measurements are performed (see Section 6.4)

to clarify such concerns.

As illustrated in Fig. 6.8 (a), the laser-induced magnetization dynamics of the
OTJ stack shows typical characteristics that are consistent with previous stud-
ies on time-resolved AOS studies”"'!'!. Briefly, in the first several picosecond time
scale, a rapid demagnetization is caused by the ultrafast laser heating. Afterwards,
magnetization reversal takes place within 20 ps, due to the distinct demagneti-
zation times”® between the antiferromagnetically coupled Co and Gd sublattices,

which is driven by the angular momentum transfer mediated by exchange scatter-
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Figure 6.8: Picosecond speed demonstration of the OTJ by time-resolved
measurements. (a) Typical time resolved TMR measurement result using a fast-
sampling oscilloscope with a sub-nanosecond resolution. In the measurement, the OTJ
is excited by subsequent laser pulses, whereas the TMR is measured in real time by a
fast-sampling oscilloscope. In case of the laser energy of 300 nJ, we observe a clear TMR
switching with the speed faster than 1 ns. However, in case of the laser energy of 145
nJ, only a thermal relaxation with a time scale of 10 ns is observed. This results clearly
indicate that the operation speed of OTJ is beyond nanosecond regime. (b) Time-
resolved magneto-optical Kerr (TR-MOKE) measurements performed on the OTJ full
stack. The inset shows the zoom-in of the first 20 ps time scale. The switching speed is
confirmed by magnetization reversal within 5 picoseconds.

ing%?. Lastly, a reversed magnetization orientation indicates its settling to a new

thermal equilibrium.

More importantly, we observe the zero-crossing point (see inset of Fig. 6.8 (b)
for zoom-in) occurring at several picoseconds, and a full reversal to the saturated
reversed state within tens of picoseconds. These results confirm that the CoFeB
layer follows the Co/Gd quasi instantaneously on a picosecond time scale and
highlight the ultrafast feature of the OTJ device.

After we have shown that the synthetic FL ensures single-pulse AOS with high
PMA and thermal stability, we finally demonstrate a proper scaling behavior be-
tween the ultrafast operation speed and the patterned device size. TR-MOKE
measurements on devices with pillar diameters of 10 pm, 5 pym, and 3 pm are
performed, respectively, as shown in Fig. 6.9. Note that the relatively low SNR,
compared to Fig. 6.8 (b), is attributed to the OTJ pillar size being smaller than
the laser spot size (typically 20 pm), reducing the total magnetic signal collected
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Figure 6.9: Scaling performance of the OTJ device. TR-MOKE measurements
performed on the OTJ with pillar diameters of 10 pm, 5 pm, 3 pm, respectively. The
results show that the ultrafast AOS speed is unimpeded in patterned devices, as proven
by the magnetization reversal still within the picosecond time scale. Inset: the time
needed for 75% magnetization reversal (fsyitcn) as a function of OTJ pillar size. The
results may indicate a scaling dependence of tgyitch, i.€., compared to tgyiten ~ 40 ps for
the full-sheet stack, it reduces to 10 to 25 picoseconds for the OTJ device.

by Kerr effect. We observe that the picosecond AOS speed is preserved upon scal-

ing down to 3 pm, as proved by the magnetization reversal within 5 picoseconds.

For application purposes, we define the operation speed of the OTJ as the time
(tswiten) needed to reach 75% opposite magnetization state, which is chosen be-
cause of a sufficient read margin for binary electronics chips'”*. As plotted in the
inset of Fig. 6.9, tsuiten of all the measured OTJ devices is in the range of tens of
picoseconds. In addition, our results may even indicate a scaling dependence of
tswiten, more specifically, a faster operation speed is observed for reduced dimen-
sions. Although care has to be taken because of the limited SNR, the trend in our
results is in reasonable agreement with recent studies using GdCo nanodots'?*.
Especially, compared to s = 40 ps for the full-sheet stack, it reduces to 10 —

25 ps for micro-sized OTJ devices (see inset).

We conjuncture that the nonuniform heat diffusion to the ambient, which causes

the magnetization to settle to a new thermal equilibrium faster, may play a crucial
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role in this observed size dependence. However, other laser-induced magnetization
phenomena, such as spin-lattice coupling and energy transfer rates as speculated

HLE “may not be fully ruled out. Above all, by time-resolved

in previous studies
studies, we demonstrate a picosecond operation speed of the OTJ device, highly

promising towards future ultrafast memory applications.

6.4 Materials and Methods

Sample deposition

The OTJ stacks used in this work were deposited using DC and RF magnetron
sputtering (AJA International Physical Vapor Deposition) at room temperature,
which were deposited on a thermally oxidized Si (001) substrate at a base pressure
in the deposition chamber of 107 mbar without an external magnetic field. The
CoFeB target composition was CoggFegoBag (in atomic percent), with a deposition
rate of 3 min/nm at Ar pressure of 8-10~* mbar. The deposition rate for MgO
was 5.5 min/nm at Ar pressure of 8:107% mbar. After deposition, the stacks were
annealed in vacuum (with a base pressure of 1072 mbar) at 300°C for one hour

without an external magnetic field.

Device fabrication

Micro-sized OTJ pillars were patterned by using a standard UV optical lithography
in combination with argon ion milling process, at the center of Ta/Ru/Ta bottom
electrode. The diameter of the OTJ pillars were 10, 5, 4, 3 pm, respectively.
The samples were then covered with SiO, insulation by electron beam evapora-
tion (EBV) and a lift-off procedure. Subsequently, the 100-nm-thick transparent
indium tin oxide (ITO) were deposited as the top electrodes, also by EBV and a
standard lift-off procedure. The quality of ITO deposition process is essential for
the OTJ device, leading to an efficient laser-pulse access, and a reliable electrical

detection as well.
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Magnetic properties characterization

The magnetic characteristics of the full-sheet OTJ stack were investigated at 250K
— 300K, respectively (Fig. 6.3), using a vibrating sample magnetometer - super-
conducting quantum interference device (VSM-SQUID), under an out-of-plane

magnetic field ranging from +400 mT.

The tunnel magnetoresistance of the OTJ were characterized at room temperature
by a conventional four-point TMR measurement under an out-of-plane magnetic
field in the range of £200 mT. To measure the TMR signal, a small current (100
nA) was sent through the OTJ device, whereas the resulting magnetoresistance

was measured using a lock-in amplifier.

Deterministic all-optical switching measurements

The response of magnetization in the OTJ stack upon subsequent femtosecond
laser pulses (Spectra Physics Spirit-NOPA) were investigated. The laser pulse
was linearly polarized, with a pulse duration of ~ 100 fs at sample position, a cen-
tral wavelength of 700 nm, a spot radius (1/e Gaussian pulse) typically of 25 pm,
and a base repetition rate of 500 kHz. By using a pulse picker and a mechanical

shutter, individual laser pulses could be picked out.

In the single-pulse AOS measurements (Fig. 6.4 (a), Row I), which were performed
at room temperature, the magnetization was first saturated by an external field.
Afterwards, the field was turned off and the stack was exposed to subsequent laser
pulses. The numbers labelled in the figure correspond to the laser-pulse numbers
of each spot. Then the OTJ stack was exposed to laser-pulse trains with partly
overlapping areas. The laser-pulse train was set at a velocity of 0.2 mm/s, with a
repetition rate of 2.5 Hz (Row II) and 5 Hz (Row III), respectively.

The responses of the magnetization after laser-pulse excitation were measured
in steady state using magneto-optical Kerr microscopy, where light and dark re-
gions were corresponding to up and down magnetization direction. As to the Kerr

microscopy images, a differential technique was used to enhance the magnetic
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contrast. Specifically, a “background” image was captured in the magnetization
saturation state. This “background” was then subtracted from the subsequent
Kerr images after laser-pulse excitation. The scale bars in the Kerr images were
200 pm.

To determine the AOS threshold fluence of the OTJ stack, the OTJ stack was
exposed to single laser pulses with different laser energies (Ep) as indicated in the
inset of Fig. 6.4 (b) (in unit of nJ), whereafter the laser-pulse energy dependence
of the AOS domain size was measured by Kerr microscopy (see inset of Fig. 6.4
(b) for the Kerr microscopy image). By assuming a Gaussian energy profile of the
laser pulse, the AOS threshold fluence could then be determined.

All-optical operation of OTJ device

To investigate the all-optical programming operation of the device, the fabricated
OTJs were excited by subsequent linearly polarized fs laser pulses, with the same
laser configuration described above. The laser pulse train was set at a relatively
low repetition rate of 0.5 Hz to identify each single pulse. Meanwhile, as to the
read operation, we measured its real-time electrical read-out upon laser-pulse ex-
citation, using a four-point TMR measurement and a fast-sampling oscilloscope,
respectively. The complete measurements were performed without external mag-
netic field.

Time-resolved Kerr measurements

The TR-MOKE measurements were performed using a typical pump-probe con-
figuration at a repetition rate of 100 kHz. In the measurements, the sample was
first exposed by a pump pulse with a duration of 100 fs, a spot size of typically 35
pm and a laser-pulse energy of typically 600 nJ to write an AOS domain. Mean-
while, a probe pulse, which arrived at the sample with a different time delay and
much lower laser energy, measures the time evolution of the magnetization via the
Magneto-optic Kerr effect. The probe spot size was typically 12 pm for successful
detection for OTJ pillars, integrating the magnetic signal over the full OTJ pillar
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element.

Due to the toggle switching behavior of the OTJ, an external magnetic field with
an opposite direction was applied, which is slightly higher than the sample’s coer-
cive filed. This method is consistent with other time-resolved AOS studies!!!'?*.
A series of TR-MOKE measurements were averaged by using both positive and
negative magnetic field direction. Data normalization was done based on the av-
eraged magnetization Kerr signals in both positive and negative saturation states,

which was extracted from the averaged TR-MOKE results for each pillar size.

6.5 Conclusion

We report an integrated spintronic-photonic OTJ device with picosecond switching
speed, ultralow power, sufficiently high TMR, and nonvolatility. The device in-
corporates an all-optically switchable ferrimagnetic Co/Gd bilayer that is RKKY
coupled to a CoFeB/MgO-based p-MTJ to ensure robust AOS, high TMR and
PMA simultaneously. The all-optical toggle operation of the OTJ within 20 pi-
coseconds is experimentally demonstrated, with a considerably high TMR of 34%
for electrical read-out, and a low threshold laser fluence of 100 £J/bit for efficient

optical writing.

Our proof-of-concept OTJ device provides an essential milestone towards opto-
MRAM arrays with ultrafast data access and ultralow power consumption. Addi-
tionally, by directly storing femtosecond optical information, it represents a new
category of nonvolatile magneto-photonic memory, which extends the inherent

advantage of photonics like data transfer and processing.






Conclusions and Outlook

In this chapter, general conclusions and perspectives of this thesis are provided.
As discussed in earlier chapters, the integrated photonic-spintronic memory shows
appealing technological advantages as to its picosecond speed and low energy dis-
sipation, which are beyond state-of-the-art. Research efforts of this emerging field
started from a material-orientated exploration on single-pulse AOS. Afterwards,
by employing the AOS at the device level, several proof-of-concept demonstra-
tions have been highlighted, including the picosecond “opto-MTJ” device that is
explored in this thesis, as well as the aforementioned “on-the-fly” photonic race-
track memory. Future research trends in optimizing and exploiting these inte-
grated spintronic-photonic platforms are summarized, together with possible routes

towards a higher circuit/system level of integration.

113
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7.1 General conclusions

As the building blocks of spintronic MRAMs, the p-MTJs allow fast nonvolatile
data access, offering substantial potentials to revolutionize the mainstream com-
puting architecture. However, conventional switching mechanisms of such devices
are fundamentally hindered by spin polarized currents, either spin transfer torque
or spin orbit torque with spin precession time limitation and excessive power dis-
sipation. These physical constraints significantly stimulate the advancement of

modern spintronics.

To overcome such bottlenecks, this thesis aims at the research and development
of a “hybrid” spintronic-photonic memory technology at the device level. By inte-
grating a fs laser with a spintronic MTJ, the proposed “opto-MTJ” device achieves

a picosecond speed and a high energy efficiency.

The process compatibility of the MTJ with the AOS material system is investi-
gated. The post-annealing effects on the all-optically switchable Pt/Co/Gd stacks
are experimentally explored, revealing an enhanced AOS efficiency upon the re-

quired post-annealing temperature of the MTJ (300°C).

Integrating the HAMR technique with a high-performance p-DMTJ device is
demonstrated. The data is read-out directly by TMR electrically, avoiding the
fragile mechanical “read head”. Typical operations of the proposed storage device
are demonstrated, additionally, the synergy between the fs laser and the magnetic

field is discussed.

Design of the free layer structure of the “opto-MTJ” is performed. Key character-
istics of merits include a deterministic AOS, a high TMR ratio, and a high PMA.
Based on systematic measurements, a composite structure, which incorporates an
all-optically switchable ferrimagnetic Co/Gd bilayer coupled to a ferromagnetic
CoFeB/MgO system by the RKKY interaction, could meet all the aforementioned
requirements, thus highly suitable for MTJ integration.

The fabrication and characterization of the “opto-MTJ” device are reported. The
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device employs the Gd/Co/Ta/CoFeB/MgO structure into a full MTJ device.
As to the “read” /“write” performance, it shows a considerably high TMR ratio
(=~ 34%) and high energy efficiency. More importantly, a picosecond all-optical
operation is explicitly confirmed by time-resolved measurements, with promising
scalability as well. The proof-of-concept device represents an essential step to-

wards a new category of ultrafast spintronic memory with photonic integration.

As to the technological implications, it could lead to large-scale “opto-MRAM”
arrays, within the scope of a THz memory/computing architecture. Additionally,
by direct transfer of femtosecond optical information into magnetic memory, it
represents a non-volatile photonic memory, extending the inherent advantage of

photonics like data transfer and processing.

From a more fundamental viewpoint, the proposed “opto-MTJ” offers a unique
playground for further fundamental studies on the interdisciplinary field merging
spintronics and photonics. Thus, it exhibits great potential to stimulate the inno-
vation of future & emerging technologies, A more detailed outlook will be briefly

discussed in the following.

7.2 OQOutlook and perspectives

The proposed “opto-MTJ” represents a versatile platform in the field of spintronic-
photonic integration. To access these possible application scenarios described in
Section 7.1, further design requirements and possible routes for the “opto-MTJ”
device are of crucial relevance, leading to several next-level scientific objectives.

In the following, we will discuss them from several different aspects.

Downscaling issues

One of the prominent challenges is the downscaling of the “opto-MTJ” towards
nanometer dimensions, which is constrained by the laser spot size due to diffrac-

tion limit (typically on the order of laser wavelength).

A possibly effective route is to exploit plasmonic antennas'”>'” to focus laser
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spot substantially beyond the diffraction limit (down to 10 — 100 nanometer scale),
and write the memory bit. This technique has already been well-developed in the
HAMR technology 181197 by reducing laser spot below 40 nm, and locally heat-
ing the magnetic disc. Due to the purely thermal nature of the single-pulse AOS,
the plasmonic technique could be well implemented in an “opto-MTJ” device, re-

sulting in nanoscale confinement of all-optical “write”.

Integrating plasmonics-based approaches with the “opto-MTJ” device might be of
great technological relevance for future photonic-spintronic integration. The feasi-
bility of this idea has been demonstrated using gold two-wire antennas placed on
a RE-TM film'". Nevertheless, future research efforts are highly required, with
an emphasis on implementing such plasmonic structures to operate a nanoscale

spintronic device'’®.

Ultimate data rate

Exploring the ultimate data rates of the “opto-MTJ” is another important trend
for future research, aiming at high-speed data processing. Although the picosec-
ond “write” speed has been demonstrated, the applicability of this technology is
dominated by the repetition rate of the two succeeding “write” operations, i.e.,
the data rate.

Very recently, first attempts on the ultimate repetition rate of AOS on a RE-TM
film have been investigated by dual-shot time-resolved studies in a stroboscopic
manner, resulting in a repetition rate of up to 3 GHz (=~ 300 ps)'??. However,
determining the maximum data rate of the “opto-MTJ”, is still an unexplored

scientific question.

Picosecond laser/current-induced writing

For real applications, a highly sophisticated fs laser would become a major draw-
back. Thus, it would be more technologically favourable to trigger AOS by picosec-

ond laser pulses, due to the flexibility and low cost towards on-chip applications.
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The rapid development of single-pulse AOS in RE-TM films using ps laser pulses

d 109290 " which is much longer

(with a duration up to 10 ps) has been witnesse
than the timescale (1 ps) of ultrafast heating of electrons (i.e., electron-phonon

interaction).

As on-chip sub-10-ps current pulses are possible in conventional CMOS electronics,
it may be highly interesting to implement ultrafast on-chip “opto-MTJ” devices.
Such picosecond electrical pulses could be generated by Auston photo-switches,
which have been demonstrated to reverse the magnetization of a GdFeCo thin film

efficiently by Yang et al.'"?.

By integrating this technique with an “opto-MTJ”, this research line would open
up a new frontier for ultrafast charge current-driven spintronic devices, which is
orders of magnitude faster than any electrical schemes based on spin polarized

current, highly promising for on-chip MRAM applications.

Skyrmions in the “opto-MTJ"

The “opto-MTJ” device might represent a versatile platform to fuel future funda-
mental research on ultrafast spintronics, leading to highly original applications as
well. As a prominent example, a novel idea, an “opto-skyrmion-MTJ”, is also in

the air.

Magnetic skyrmions are topologically stable, particle-like chiral spin textures,
which are highly promising as information carriers in spintronic devices, because

160,171 As to a table-top re-

of their nano-sized dimensions and superior stability
alization of a skyrmion-based device, one major challenge is an efficient electrical
approach to detect skyrmions, rather than using highly sophisticated microscopy

techniques.

In this context, the “opto-MTJ” may offer a unique physical playground for cre-
ating skyrmion in its free layer, manipulating by fs laser pulses, as well as de-

tecting simply by electrical approaches. This idea has also been supported by
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201,202

several theoretical works , which may empower the fundamental research on

skyrmion-electronics, especially their laser-induced dynamics.

Another challenge for such a “opto-skyrmion-MTJ” is the fast and controllable
generation of skyrmions. Among them, fs laser-induced approaches might open
up enormous possibilities, as initiated in Je et al.'%® using a ferromagnetic thin
film. This new device might find application in artificial synapse, since the synap-
tic weights could represent by creating clusters of skyrmions in the laser spot

region and read-out electrically.

In the following, future research trends of all-optical switching from a material

perspective are highlighted.

Rare-earth-free AOS material platform of the “opto-MTJ"

As to materials that host single-pulse AOS, until now, it seems that rare earth
elements (Gd, Tb) are key elements, although the in-depth reason for it is still
unknown. This partly reflects that more insights into the underlying physical pro-
cess of AOS, such as exchange scattering and the role of spin current, are still
highly needed.

Beyond RE-TM ferrimagnets, exploring other rare-earth-free materials with all-
optical toggle switching phenomena is clearly of both fundamental and technolog-
ical interest. Among them, half-metallic compensated Heusler alloy MnRuGa has

been revealed to host single-pulse AOS, which extends the spectrum of the AOS

material family 2*2%%,

Besides, exploration on the nonthermal switching of magnetic dielectric materials
d?295:26 offering a distinctive route toward highly efficient AOS.

207,208

has been initiate
Another noteworthy trend relates to AOS of antiferromagnets , which is trig-
gered by the recent advances in antiferromagnetic spintronics?’”?!’. However, all
these new material platforms for AOS seem to face challenges upon integrating

with spintronic devices, thus requiring future research to validate its real applica-
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bility.

Enhancing domain wall velocity in synthetic ferrimagnetic multilayers

Synthetic ferrimagnetic Pt/Co/Gd stacks are heavily explored in the “opto-MRAM”
device proposed in this thesis, because of the efficient single-pulse AOS and the
ease of interface engineering. In addition, they show superior compatibility with
spintronic functionalities, such as SHE-induced DW motion and interfacial DMI,
extending its potential as a versatile platform for merging spintronics and photon-

ics.

In this framework, another prominent trend relates to integrating AOS with Race-
Track Memories, which is discussed in detail in Section 2.2.3. Clearly, in such a
device, a high DW velocity is required to achieve high-speed data transport. To-
wards this objective, it was recently shown that the DW velocity in the Co/Gd
bilayer would enhance significantly when the angular momentum in the Co layer

and the Gd are fully compensated®!'’.

This idea points towards further optimization of the “on-the-fly racetrack”, where
the magnetic properties can be simply modified by simply tuning the thicknesses
of each layer during magnetron sputtering. Another strategy has also been initi-
ated'®, which employed the Pt/SAF/Gd stack. An enhanced DW velocity was

measured upon compensated magnetizations of the FM layers in the SAF.

Lastly, we will highlight several preliminary ideas, aiming at future photonic inte-

gration from a circuit perspective.

Possible routes towards PIC integration: an “opto-MRAM" chip

Aiming at a real “opto-MRAM?” chip, the next-level scientific challenge is to im-
plement the “opto-MTJ” into photonic integrated circuits (PIC). As to random
access of the magnetic bit in the “opto-MRAM” array, an all-optical approach is

envisioned based on photonic waveguides, which could be physically realized by
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some well-matured integrated photonic platforms, such as SiN and InP, etc., thus

providing access to different application domains.

Specifically, the memory bit is set at the intersection of the cross-arranged optical
waveguide arrays. These waveguides are used as the word lines and the bit lines to
concurrently address the “opto-MTJ” bits, which are controlled by a tunable delay
line. Only the simultaneous arrival of the two laser pulses would provide enough
energy to switch the selected OTJ, as similar in the Stoner-Wolfarth MRAM de-

sign as shown in Fig. 1.4, although the energy loss would become a significant issue.

Another scheme to selectively address each memory bit is envisioned, namely,
a wavelength-division multiplexing (WDM) scheme’. As similar in the WDM
communication, the addressing lines are selected by different laser wavelengths.
However, this scheme requires ps pulses from multiple lasers with different wave-
lengths to establish AOS.

In the forthcoming decades, more exciting insights related to the convergence of
spintronics and photonics will probably become a new research line. As a spin-off
technology in prospect, it would be of technological importance to build a hybrid
(photonic and electronic) integrated circuit platform, which is fully compatible
with the mainstream fabrication process. Ultimately, this technology would prob-

ably lead towards real-world “opto-MRAM” memory chip applicaitons.



Summary

Picosecond Spintronic Memory with Photonic Integration

As the most promising “universal” memory, spintronic MRAM technology is highly
competitive towards next-generation computing architecture with non-von Neu-
mann hierarchy. As the basic memory bit of an MRAM, two generations of mag-
netic tunnel junctions (MTJs) have been developed over the past 25 years, aiming

at a high access speed with low power consumption.

Briefly, the “MRAM 1G” was based on magnetic field-induced switching, which
has been commercialized by Everspin since 2006. Later, to alleviate the scala-
bility and dissipation issues, the “MRAM 2G” employing spin- polarized current-
induced schemes has become a topical research field, such as investigating concepts
like spin transfer torque (STT). Unfortunately, constrained by the spin precession
process, the operation speed of MRAMs is still fundamentally constrained by a
sub-nanosecond speed limitation, along with excessive current densities. These
serious bottlenecks have remained a long-lasting vital challenge for the spintronic

industry.

To address these issues, integrating a femtosecond laser, i.e., the fastest stimu-
lus commercially available, with spintronic MRAMs has emerged as a competitive
route toward the “MRAM 3G” design. Recently, single-fs-pulse all-optical switch-
ing (AOS) has been observed in synthetic ferrimagnetic Pt/Co/Gd multilayers.
Stimulated by this ultrafast and efficient AOS scheme, writing a spintronic MTJ
device by femtosecond laser has been envisioned, which was predicted to offer 1 —2
orders of magnitude faster speed, with a low dissipation. However, until now, such

a device hasn’t been experimentally demonstrated yet, which has been regarded
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as one of the major scientific goals in the photonic-spintronic technology. Key sci-
entific issues related to process compatibility, exploration of material systems, and
novel physical mechanisms, still need to be solved, which constitute the integral

parts of this thesis.

The key highlight of this thesis is to demonstrate a non-volatile opto-spintronic
memory device with a world-record speed, by uing a fs laser. The proposed opto-
spintronic tunnel junction (OTJ) device shows a picosecond writing speed with
high efficiency, and is solely operated by a femtosecond laser. In this thesis, we

report the design, fabrication, and characterization of such a device.

To investigate the process compatibility of the MTJ with the synthetic ferri-
magnetic multilayers, the post-annealing effects on the all-optically switchable
Pt/Co/Gd stacks is experimentally explored. The results show that the AOS
efficiency is considerably enhanced upon annealing up to 300°C, which is a re-
quired temperature condition for MTJ fabrication. In addition, a significant en-
hancement of domain wall velocity upon annealing is also observed. These results
demonstrate that the synthetic ferrimagnetic Pt/Co/Gd system is an ideal can-
didate for integrating AOS with spintronic devices, leading towards the ultrafast

opto-spintronics memory.

Next, a heat-assisted magnetic recording (HAMR) technique is employed in a
high-performance p-MTJ device. Although HAMR has been widely used in ultra-
high-density magnetic storage, the data access is achieved by a mechanical “read
head”, resulting in an unfavorable speed limitation. By integrating HAMR with p-
MTJ, a direct electrical TMR readout in real time is enabled. The binary “write”
and unidirectional “reset” operations were demonstrated. The joint effect between
the fs laser and the magnetic field was further explored, leading to a switching
phase diagram. The results show the feasibility of a HAMR-p-MTJ device, which

represents a first step towards high-density opto-spintronic data storage.

Afterwards, research efforts on exploring an ideal free-layer system of the OTJ are
summarized, aiming at i.) a robust single-pulse AOS, ii.) a high TMR, and iii.)
a high PMA | simultaneously. In the design of Gd/CoFeB/MgO, the CoFeB/MgO
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interface would lead to a high TMR. However, energy-dependent AOS measure-
ments show that its AOS window is extremely narrow, which is partly attributed
to the heat diffusion. In contrast, in the design of Gd/Co/Ta/CoFeB/MgO, where
the Co and CoFeB are ferromagnetically coupled through an atom-thick Ta spacer,
a significantly broader AOS window is observed, as well as a high TMR and PMA.
As a result, such a composite free-layer structure is highly suitable in the OTJ de-

vice, which may offer a conventional design route for other opto-spintronic devices.

Lastly, we report on the fabrication and characterization of a fully-functional
OTJ device. By a careful stack design, the composite OTJ incorporates an all-
optically switchable Co/Gd bilayer coupled to a CoFeB/MgO-based p-MTJ by the
Ruderman-Kittel-Kasuya-Yosida interaction. We demonstrate, i). deterministic
and efficient all-optical “write” operation, by electrical TMR read-out; ii). pi-
cosecond operation speed, characterized by ultrafast time-resolved measurements;
and iii). integration with state-of-the-art MTJ performance, and fully compat-
ible fabrication progress. This proof-of-concept device represents an important
progress towards a new category of spintronic memories, achieving a picosecond

speed by using photonic integration.

In summary, this thesis demonstrates the R&D of a fully-functional picosecond
OTJ device, with appealing technological performance as to speed and efficiency.
As a unique non-volatile photonic memory, it enables direct responses of opti-
cal stimulus to magnetic information, which would inspire emerging fields like
photonic neuromorphic computing. Moreover, the experimental results represent
an important advance to fuel further fundamental scientific studies regarding the

interaction between spintronics and photonics.
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