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Fig. 3. 3 Switching characteristic of the MTJ switch R(V ) versus V in the presence of
thermal noise at room temperature. This plot is generated by simulating 10° switching
trajectories to find the thermal spread in the switching threshold. (Biswas, Atulasimha and
Bandyopadnyay, 2015). .....cciiiiiieiiie et ne s 30

Fig. 3. 4 Schematic of a straintronic spin-neuron implementing a step transfer
function. The artificial synapses are realized with the passive resistors ry - - - rn. (Biswas,
Atulasimha and Bandyopadhyay, 20158) ........c.cccceriiiiiiiieiieieiese e 31

Fig. 3. 5 The transfer function (or firing behavior) for a straintronic spin neuron at 0 K.
When the voltage appearing at node P (in Figure 1) due to weighted inputs and bias is V,
the resistance of the MTJ is R(V). The low resistance is RL (b) Transfer characteristic (or
firing behavior) for the straintronic spin neuron at room temperature in the presence of
thermal noise. Results are shown for positive threshold only since no additional
information can be gleaned from the negative threshold segment. Since the simulation is
terminated immediately upon completion of firing, no fluctuations in the transfer
characteristic are visible in the low-resistance state. (c) The transfer characteristic (or firing
behavior) for a STT-based current driven spin neuron at 0 K. R(l) is the resistance of the
MTJ when the total current injected into the soft layer (due to weighted inputs and bias) is

| and RL is again the low resistance of the MTJ. (d) Transfer characteristic (or firing
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behavior) for the current-driven spin neuron at room temperature in the presence of
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Fig. 4. 1 Top view of the device. Two pairs of electrodes, the line joining one pair
makes an angle of 30 degree with the major axis and the other pair makes an angle of 150
0 [=T0 =T USSR 34

Fig. 4. 2 Experimental setup before application of stress. Copper tape has been used
for external contact with the bigger Au electrodes that are deposited on the PMN-PT
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Fig. 4. 3 Pre-stress and post-stress MFM images for dimension of 200 nm x 185 nm x
9 nm in different location on the PMN-PT substrate. Two magnets switched by ~180° in
one location (top subfigure) and one switched in the other (bottom subfigure) by ~180°.
Actual dimensions measured for the switched magnets are 198 nm x 183 nm x 9 nm & 198
nm x 191 nm x 9 nm for the top location and 198 nm x 184 nm x 9 nm for the bottom
location. White arrows indicate the switched nanomagnets after the application of stress.
(Lateral dimensions shown in figures are in NANOMETEIS). .......occvririririnieiee s 37

Fig. 4. 4 Pre-stress and post-stress MFM images for dimensions of 215 nm x 200 nm x
9 nm (top two subfigures) and 280 nm x 265 nm x 9 nm (bottom subfigures) on the PMN-
PT substrate. One magnet switched by ~180° in one location (top subfigure) and one
switched in the other (bottom subfigure) by ~170°. Actual dimensions measured for the

switched magnets are 211 nm x 203 nm x 10 nm & 279 nm x 264 nm x 9 nm for the top
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and for the bottom respectively. White arrows indicate the switched nanomagnets after the
application of stress. (Lateral dimensions shown in figures are in nanometers). ................ 38

Fig. 4. 5 Pre-stress and post-stress MFM images for dimensions of 265 nm x 240 nm x
9 nm (top two subfigures) and 265 nm x 250 nm x 9 nm (bottom subfigures) on the PMN-
PT substrate. One magnet switched by ~180° in one location (top subfigure) and two
switched in the other (bottom subfigure) by ~170°. Actual dimensions measured for the
switched magnets are 264 nm x 242 nm x 9 nm for the top and 261 nm x 253 nm x 8 nm &
272 nm x 257 nm x 10 nm for the bottom respectively. White arrows indicate the switched
nanomagnets after the application of stress. (Lateral dimensions shown in figures are in
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Fig. 4. 6 Pre-stress and post-stress MFM images for dimensions of 220 nm x 205 nm x
9 nm (top two subfigures) and 270 nm x 255 nm x 9 nm (bottom subfigures) on the PMN-
PT substrate. One magnet switched by ~180° in one location (top subfigure) and two
switched in the other (bottom subfigure) by ~150°. Actual dimensions measured for the
switched magnets are 220 nm x 205 nm x 10 nm for the top and 272 nm x 257 nm x 8 nm
for the bottom respectively. White and yellow arrows indicate the switched nanomagnets
after the application of stress. (Lateral dimensions shown in figures are in nanometers). ..40

Fig. 4. 7 Pre-stress and post-stress MFM images for dimensions of 280 nm x 265 nm x
9 nm (top two subfigures) and 265 nm x 245 nm x 9 nm (bottom subfigures) on the PMN-
PT substrate. Two magnet switched in one location (top subfigure) and another magnet

switched in the other (bottom subfigure) by ~120°. Actual dimensions measured for the


file:///D:/Ayan%20Main%20Drive/$$%20Write%20Up/PhD%20thesis/PhD%20dissertation_Ayan.docx%23_Toc450916106
file:///D:/Ayan%20Main%20Drive/$$%20Write%20Up/PhD%20thesis/PhD%20dissertation_Ayan.docx%23_Toc450916106
file:///D:/Ayan%20Main%20Drive/$$%20Write%20Up/PhD%20thesis/PhD%20dissertation_Ayan.docx%23_Toc450916107
file:///D:/Ayan%20Main%20Drive/$$%20Write%20Up/PhD%20thesis/PhD%20dissertation_Ayan.docx%23_Toc450916107
file:///D:/Ayan%20Main%20Drive/$$%20Write%20Up/PhD%20thesis/PhD%20dissertation_Ayan.docx%23_Toc450916107
file:///D:/Ayan%20Main%20Drive/$$%20Write%20Up/PhD%20thesis/PhD%20dissertation_Ayan.docx%23_Toc450916107
file:///D:/Ayan%20Main%20Drive/$$%20Write%20Up/PhD%20thesis/PhD%20dissertation_Ayan.docx%23_Toc450916107
file:///D:/Ayan%20Main%20Drive/$$%20Write%20Up/PhD%20thesis/PhD%20dissertation_Ayan.docx%23_Toc450916107
file:///D:/Ayan%20Main%20Drive/$$%20Write%20Up/PhD%20thesis/PhD%20dissertation_Ayan.docx%23_Toc450916107
file:///D:/Ayan%20Main%20Drive/$$%20Write%20Up/PhD%20thesis/PhD%20dissertation_Ayan.docx%23_Toc450916107
file:///D:/Ayan%20Main%20Drive/$$%20Write%20Up/PhD%20thesis/PhD%20dissertation_Ayan.docx%23_Toc450916108
file:///D:/Ayan%20Main%20Drive/$$%20Write%20Up/PhD%20thesis/PhD%20dissertation_Ayan.docx%23_Toc450916108
file:///D:/Ayan%20Main%20Drive/$$%20Write%20Up/PhD%20thesis/PhD%20dissertation_Ayan.docx%23_Toc450916108
file:///D:/Ayan%20Main%20Drive/$$%20Write%20Up/PhD%20thesis/PhD%20dissertation_Ayan.docx%23_Toc450916108
file:///D:/Ayan%20Main%20Drive/$$%20Write%20Up/PhD%20thesis/PhD%20dissertation_Ayan.docx%23_Toc450916108
file:///D:/Ayan%20Main%20Drive/$$%20Write%20Up/PhD%20thesis/PhD%20dissertation_Ayan.docx%23_Toc450916108
file:///D:/Ayan%20Main%20Drive/$$%20Write%20Up/PhD%20thesis/PhD%20dissertation_Ayan.docx%23_Toc450916108
file:///D:/Ayan%20Main%20Drive/$$%20Write%20Up/PhD%20thesis/PhD%20dissertation_Ayan.docx%23_Toc450916109
file:///D:/Ayan%20Main%20Drive/$$%20Write%20Up/PhD%20thesis/PhD%20dissertation_Ayan.docx%23_Toc450916109
file:///D:/Ayan%20Main%20Drive/$$%20Write%20Up/PhD%20thesis/PhD%20dissertation_Ayan.docx%23_Toc450916109
file:///D:/Ayan%20Main%20Drive/$$%20Write%20Up/PhD%20thesis/PhD%20dissertation_Ayan.docx%23_Toc450916109

Xiii
switched magnets 279 nm x 264 nm x 11 nm and 213 nm x 198 nm x 10. Yellow arrows
indicate the switched nanomagnets after the application of stress. (Lateral dimensions
shown in figures are iN NANOMELETS). .....c.oiviiiriiiirie e 41

Fig. 4. 8 Energy profile in the plane of the magnet (¢ =0) for dimension 264 nm x 242
nm x 9 nm. Stress along axis 1 should rotate the magnetization from the initial position at
0 = 0° to 6 = ~40°. However, applying stress (125.4 MPa) along axis 2 and at the same
time removing stress from axis 1 does not rotate the magnetization farther. Instead the
magnetization rotates back to ~-40°. Finally, after removing stress from axis 2, the
magnetization settles down to the nearest energy minimum at ~0° and that is the initial
magnetization state. A micromagnetic simulation with 125.4 MPa of stress also shows that
there is no 180° rotation of magnetization in this case (see ApPendix). ..........ccevverrvrvnen. 43

Fig. 4. 9 Energy profile on plane of the magnet (¢ =0) for dimension 264 nm x 242
nm x 9 nm. Stress at axis 1 should rotate the magnetization by ~55° and the applying stress
(~250 MPa) at axis 2 and simultaneously removing stress from 1 should rotate the
magnetization by another 75° to ~130°. Final after removing stress from axis 2
magnetization settles down to the nearest energy minimum at ~180° and that is opposite to
the initial magnetization State at ~00............cccooviriieeieeiece e 44

Fig. 4. 10 Magnetization dynamics at room temperature for dimension 264 nm x 242
nm x 9 nm through micromagnetic simulation with MuMax3. Results show that a rotation
by 180° should happen with the uniaxial stress (~250 MPa) as indicated by the energy
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Research in future-generation computing is focused on reducing energy dissipation
while maintaining the switching speed in a binary operation to continue the current trend
of increasing transistor-density on a chip according to Moore’s law. Unlike charge-based
CMOS technology, spin-based nanomagnetic technology, predicated on using single
domain shape-anisotropic nanomagnets with bistable magnetization states as a binary
switch, has the potential to achieve ultralow energy dissipation due to the fact that no
charge motion is directly involved in switching. However, switching of magnetization has
not been any less dissipative than switching transistors because most magnet switching
schemes involve generating a current to produce a magnetic field, or spin transfer torque,
or domain wall motion, to switch magnetization. Current-induced switching invariably
dissipates an exorbitant amount of energy in the switching circuit that nullifies any energy
advantage that a magnet may have over a transistor. Magnetoelastic switching (switching
the magnetization of a magnetostrictive magnet with voltage generated stress) is an
unusual switching paradigm where the dissipation turns out to be merely few hundred kT
per switching event — several orders of magnitude less than that encountered in current-
based switching. A fundamental obstacle, though, is to deterministically switch the
magnetization of a nanomagnet between two stable states that are mutually anti-parallel
with stress alone. In this work, I have investigated ways to mitigate this problem.
One popular approach to flip the magnetizations of a nanomagnet is to pass a spin
polarized current through it that transfers spin angular moment from the current to the

electrons in the magnet, thereby switching their spins and ultimately the magnet’s
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magnetization. This approach — known as spin transfer torque (STT) — is very dissipative
because of the enormous current densities needed to switch magnets, We, therefore,
devised a mixed mode technique to switch magnetization with a combination of STT and
stress in order to capitalize on the energy-efficiency of stress-based switching and
determinism of STT based switching. This approach reduces the total energy dissipation by
roughly one order of magnitude compared to pure STT-based switching. We then extended
this idea to find a way to deterministically flip magnetization with stress alone, in the hope
that it will further reduce energy disssipation. Sequentially applying stresses along two
skewed axes, a complete 180° switching of magnetization can be achieved. These results
have been verified with stochastic Landau-Lifshitz-Gilbert simulation in the presence of
thermal noise. Elliptical cobalt nanomagnets of 200-300 nm lateral dimensions have been
fabricated on a PMN-PT substrate. Their magnetizations have two stable states along the
major axes. The nanomagnets are first magnetized in one direction along the major axis
with an external magnetic field. Subsequent application of stress along two directions
(neither coinciding with the major or minor axis), generated by electric fields imposed
across the piezoelectric PZT substrate in those directions with two pairs of electrodes,
indeed rotated the nanomagnets’ magnetizations through ~180° as verified with magnetic
force microscopy. Thus, we were able to switch the magnetization from one stable state to
another with stress alone and implement a “straintronic” nanomagnetic switch. This work

is still in progress. The 180° switching makes it possible to develop a genre of magneto-
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elastic memory where bits are written entirely with voltage generated stress with no current
flow. They are extremely energy-efficient.

In addition to memory devices, a universal NAND logic device has been proposed
which satisfies all the essential characteristics of a Boolean logic gate. It is non-volatile
unlike transistor based logic gates in the sense that that gate can process binary inputs and
store the output (result) in the magnetization states of magnets, thereby doubling as both
logic and memory. Such dual role elements can spawn non-traditional non-von-Neumann
architectures without the processor and memory partition that reduces energy efficiency
and introduces additional errors. A bit comparator is also designed, which happens to be all
straintronic, yet reconfigurable. Moreover, a straintronic spin neuron is designed for neural
computing architecture that dissipates orders of magnitude less energy than its CMOS

based counterparts.



Chapter 1. Introduction

In digital electronics, there has always been a push for increasing the density of
computing devices in a chip. This trend is captured by the famed Moore's law (Moore, 1965) that
predicted that the density of transistors on a chip should double roughly every two years.
However, sustaining this trend beyond the year 2020 requires a substantial reduction in the
energy dissipated to switch a transistor and thus flip a binary bit. The quintessential
complementary metal-oxide-semiconductor (CMOS) transistor operates by switching between
the “ON” and “OFF” states by moving electrical charge in to or out of its active region. When
carried out non-adiabatically, the energy dissipated in this process is at least NkTIn(1/p), where
N is the number of electrons (information carriers) moved in to or out of the device, Kk is the
Boltzmann constant, T is the temperature and p is the “bit error probability” associated with
erroneous switching of the device under the influence of thermal noise (Zhirnov et al., 2003;

Salahuddin and Datta, 2007).

In contrast, if logic bits ‘0’ and ‘1’ are encoded in two stable magnetization orientations
along the easy axis of a shape-anisotropic single-domain nanomagnet shown in Fig 1.1 (or the
single domain magnetostrictive layer of a multiferroic nanomagnet), the energy dissipated during
switching between these orientations to flip the bit could be only ~ kTIn(1/p) (Salahuddin and
Datta, 2007). This is because the ‘information carriers’ in single domain nanomagnets are
electron spins (as opposed to electron charges in transistors) whose mutual exchange coupling
ensures that they rotate in unison. Thus, in the limit of coherent magnetization rotation and

switching, the energy dissipated in switching is independent of the number of spins. Thus, ~10%-



10° spins comprising a single-domain nanomagnet collectively behave like a giant classical spin
which serves as a single information carrier (Salahuddin and Datta, 2007; Cowburn et al., 1999)
as illustrated in Fig 1.1. Hence, the nanomagnet dissipates only ~ kTIn(1/p). Therefore, for the
same bit error probability p, the ratio of the minimum energy dissipated to switch a nanomagnet
to that dissipated to switch a nanotransistor will be ~1/N << 1 if N is large. This makes a
nanomagnet intrinsically a more energy-efficient switch than a transistor.

Therefore, nanomagnetic computing predicated on the use of a single-domain shape-

_.____#

Fig. 1. 1 : The two stable magnetization orientations in a single domain ferromagnet shaped like an
elliptical cylinder are shown with arrows.
anisotropic nanomagnet with two stable magnetization orientations as a binary switch offers
extremely low energy dissipation to switch a bit. However, even though the intrinsic energy
dissipation in a magnet is small, the extrinsic dissipation in clocking or switching the single
domain nanomagnet between stable states can be large and completely overwhelm the intrinsic
dissipation. The latter depends on the particular switching mechanism employed to switch
magnetization. Many switching methodologies are woefully energy-inefficient and squander the
intrinsic energy-advantage of the nanomagnet over the transistor. Switching can be accomplished
through a variety of means such as with a magnetic field generated by an external electric current
(Alam et al., 2010), applying a spin transfer torque by passing a spin polarized current through

the magnet with the spin polarization in the direction of the hard axis (Slonczewski, 1996) or

through a spin diffusion current (Behin-Aein et al., 2010), or by inducing domain wall motion



with a spin-polarized current (Yamanouchi et al., 2004; Fukami et al., 2009). But by and large,
all these switching methodologies dissipate enormous amounts of energy in the switching circuit
due to I°R losses. As a result, they completely negate the energy advantage of the magnet.

A much more energy-efficient approach is to rotate the magnetization of a two phase
multiferroic elliptical nanomagnet, comprising a magnetostrictive layer in elastic contact with a
piezoelectric layer, with uniaxial mechanical stress generated by applying an electrical voltage

across the piezoelectric layer (shown in Fig. 1.2) (Atulasimha, and Bandyopadhyay, 2010; Roy,

210, M
Piezoelectric o 3

Fig. 1. 2 Strain-induced clocking of single-domain magnetostrictive nanomagnets elastically
coupled to a piezoelectric substrate.

Bandyopadhyay, and Atulasimha, 2011).

It has been shown that an elliptical anisotropic multiferroic magnetostrictive nanomagnet
can be switched reliably (> 99% probability) with stress between two stable states (rotation of
magnetization by ~180°) (Roy, Bandyopadhyay, and Atulasimha, 2011) by withdrawing the
stress at a precise juncture. Failure to withdraw at the right time will make the switching
probability low (~50%). However, at room temperature, the magnetization experiences random
thermal torques that make it impossible to time the stress withdrawal accurately. Because of the
randomness of thermal noise, the withdrawal time will have a distribution of non-zero width,

which means that one will require an extra feedback circuitry that tells the stress generator when
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to withdraw the stress (Roy, Bandyopadhyay, and Atulasimha, 2013). This additional feedback
circuitry adds to the total energy dissipation and hence makes the strategy unappealing.

In chapter 2, we describe how to accomplish magnetization switching between stable
states in a memory device without any additional feedback circuitry and propose several device
implementations. In chapter 3, we propose a universal NAND logic gate that satisfies all the
essential characteristics of Boolean logic and is non-volatile. The non-volatility is a very
desirable trait since it allows the device to double as both memory and logic. We then propose to
implement a reconfigurable bit comparator using nanowire spin valves whose contacts are
magnetostrictive nanomagnets. The advantage of this comparator over CMOS-based renditions
is that it is more energy-efficient, but perhaps more importantly, it is non-volatile, meaning that
the results of the comparison are stored in-situ in the comparator. Again, the non-volatility
endows the device with the ability to “process and remember” which would elude traditional
transistor based comparators that can only process and not remember Chapter 3 also discusses
an application of strain based switching for neural computing architecture and designs a
straintronic spin neuron which is several orders of magnitude more energy-efficient than spin-
transfer-torque based spin neurons recently proposed by others. In chapter 4, we report an
experimental demonstration of complete 180° switching of a nanomagnet using stress alone. The

device synthesis employed standard nanofabrication techniques.



Chapter 2. Hybrid spintronic and straintronic memory devices

In this chapter, we discuss several switching methodologies that utilize voltage generated
strain as the primary propellant of switching the magnetization of a magnetostrictive
nanomagnet. Multiple memory devices have been proposed and their energy efficiencies as well
as switching probabilities have been calculated at room temperature through rigorous stochastic
LLG simulations. Section 2.1 discusses a hybrid memory device based on a mixed mode
switching scheme involving surface acoustic wave (SAW) generated strain and spin polarized
current generated spin transfer torque (STT) that deterministically switches the magnetization by
180°. In section 2.2 we present a magneto-elastic memory device in which voltage-generated
strain switches the magnetization between stable states that are separated by an angle as large as
135° Section 2.3 elucidates complete 180° switching of magnetization with stress alone. This is
an important advance since it was previously held that stress can switch magnetization by no
more than 90°. A 90° rotation is not enough; if we rotate the magnetization of a nanomagnet
through 90°, then we would have placed the nanomagnet in an unstable state equally separated
from the two stables states that are anti-parallel and hence separated by an 180° angle. After
stress removal, the magnetization would have equal probability of switching (going to the target
state) and not switching (returning to the initial state) that defeats the purpose of switching.
Therefore, the ability to rotate magnetization through complete 180° is crucial. This work has
invented a scheme to achieve that and resulted in a patent filed with the USPTO.

In all subsequent chapters, we choose Terfenol-D as a magnetostrictive material unless

otherwise stated. It has a large positive magnetostriction coefficient (’15 = 600 ppm) with



saturation magnetization Ms = 8 x 10° A/m. The Gilbert damping coefficient® = 0.1 jn this

material and Young’s modulus Y =80 Gpa.

2.1. Hybrid straintronic memory: Acoustically assisted spin transfer torque

(STT) switching for non-volatile memory

The popular technology used for switching of nanomagnets is spin-transfer-torque
(STT). STT is generated in a soft magnetic layer by passing a spin polarized current. The
electrons in the spin polarized current impart their spin angular momenta to the resident electrons
and make their spins turn in the direction of spin polarization. This rotates the magnetization of
the soft magnet. The simplest implementation is a magneto-tunneling junction (MTJ) which has
three layers — a hard magnet, a soft magnet and an intervening spacer layer. Current is injected
from the hard layer to the soft layer after tunneling through the spacer. The injected current has
the spin polarization of the hard magnet’s magnetization and hence the soft magnet ultimately
turns in the direction of the hard magnet’s magnetization, assuming a “parallel” configuration.
To make them anti-parallel, the voltage polarity is reversed. Now the soft magnet injects its
majority spins into the hard magnet. This depletes the supply of majority spins in the soft
magnet. Ultimately the majority spins become the minority and the magnetization of the soft
magnet turns in the direction opposite to that of the hard magnet’s magnetization, making the

two anti-parallel.

Unfortunately, owing to the high critical current density and large resistance-area (RA)
product of an MT]J, the energy dissipated for a particular switching event is very high (large

dissipation through I°R loss), where | is the charge current to produce the spin-polarized current.



We proposed a method to reduce charge current by introducing mixed mode switching in Ref
(Biswas, Bandyopadhyay and Atulasimha, 2013). In this case, a global surface acoustic wave
(SAW) is passed underneath a large number of magnets usually delineated on the top of a
piezoelectric substrate (LiINbO3). SAW generates a strain pulse on the surface of LiNbO3

substrate.

Terfenol-D
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Piezoelectric Substrate

Fig. 2. 1 Schematic illustration of the system with interdigital transducers (IDTs) and a magneto-tunneling
junction (MTJ), serving as a bit storage unit, placed between IDTs on a LiNbO3 piezoelectric substrate. The soft
layer of the MTJ is in contact with the substrate and is strained by the SAW. The resistance between the terminals
A and B is used to read the bit stored (we assume that both magnets are metallic). For writing, a small spin
polarized current is passed between the same two terminals during the appropriate cycle of the SAW. In this
configuration, the reading and writing currents do not pass through the highly resistive piezoelectric, so the
dissipation during the read/write operation is kept small. Bits are addressed for read/write using the traditional
crosshar architecture. (Biswas, Bandyopadhyay, and Atulasimha, 2013).

Fig. 2.1 shows the schematic of the proposed device where two sets of interdigital
transducers (IDTs) and the MTJ are delineated on top of a LiNbO3s piezoelectric substrate. The
velocity of SAW wave in LiNbOs is v, = 3488 m/sec (Slobodnik, Conway and Delmonico,
1973). If we launch a wave of frequency 100 MHz, the corresponding wavelength Jr is 34.88 um.
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Since the minor axis and the thickness of the soft magnetic layer in MTJareb =90 nmand d =7
nm, the relations b<< Ar and d<< /, are both satisfied. This allows us to assume that strain is
uniformly distributed across the magnet, that shear stress has negligible effect on magnetization
dynamics, that there is no shear lag effect (Thevenard et al.,, 2013) and that all stress is
transferred from LiNbO3 substrate to the nanomagnet.

Since the top of the magnet is not clamped, the normal component of stress can also be
ignored. Therefore, one needs to consider only a uniaxial tangential component along the y-
direction, i.e., the hard axis of the magnet. Spin polarized currents are passed through the
magnetic layers using the terminals A and B. Consider the situation when the positive half cycle
of the SAW generates tensile stress along the minor axis of the magnet and other half generates
compressive stress. Tensile stress along the minor axis will rotate the magnetization from the
easy to near hard axis (<90° rotation) for a positive magnetostrictive material like Terfenol-D
with in the first quarter of the cycle and then during the second quarter spin polarized current is
passed that generates STT torque (see the inset of the figure 2.2). Since STT torque can
deterministically write bits (either ‘0’ or °1’), utilizing the direction of current flow, the
magnetization will be guided either over the hard axis to make a complete switching or back to
original state determined by the current direction. Therefore, SAW does the heavy lifting but is
not able to complete a switching event on its own.

In order to find the temporal evolution of the magnetization vector under the different
torques mentioned, we solve the stochastic Landau-Lifshitz-Gilbert (LLG) equation under the

macrospin assumption

dm(t) dm®))_ 7]
T—Clﬁm(t)x dt J—IUOMSQ(Tss(t)+Tth(t)+rsst(t)) (21)



Here, m(t) is the normalized equation are Gilbert damping coefficient o, gyromagnetic
ratio of electron vy, saturation magnetization Ms, magnet’s volume Q and permeability of free
space po. Thermal torque tth has been modeled using the recipe discussed in Ref. (Roy,
Bandyopadhyay, and Atulasimha, 2012). For the detailed calculations and the simulation
procedure see Ref. (Biswas, Bandyopadhyay and Atulasimha, 2013). magnetization vector, Tss,
Tth, and Tsst are the torques due to shape anisotropy energy of the soft magnet (Terfenol-D),
random thermal noise at room temperature and spin-polarized currents through terminals A and
B. Other parameters involved in the above equation are Gilbert damping coefficient a,
gyromagnetic ratio of electron vy, saturation magnetization Ms, magnet’s volume € and
permeability of free space po. Thermal torque th has been modeled using the recipe discussed in
Ref. (Roy, Bandyopadhyay, and Atulasimha, 2012). For the detailed calculations and the

simulation procedure see Ref. (Biswas, Bandyopadhyay and Atulasimha, 2013).
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Fig. 2. 2 Probability of a magnet switching at room temperature in 5 nsec (half-period of the 100 MHz
SAW) as a function of the peak stress generated by the SAW. The various curves are for different spin-polarized
currents. Note that the probability of switching in the absence of spin polarized current (Is = 0 mA) remains zero
up to a peak stress of 6.1 MPa. The spin-polarized current is turned on for the latter half of the appropriate half-
cycle of the SAW (2.5 nsec) as shown in the inset (shaded region) to write the bit. (Biswas, Bandyopadhyay, and
Atulasimha, 2013).



In Fig. 2.2, the switching probability is plotted at room temperature as a function of peak
stress generated by the SAW for various spin-polarized currents. First, we determine the
maximum peak stress to be 6.1 MPa up to which then the probability remains <0.01% with
SAW alone. This ensures that no unwanted bit flip occurs during the flow of SAW. Next, we
find the value of current to be 10.5 mA in addition to SAW for which a bit switches with
>99.99% probability at room temperature with in 5 ns. A stand-alone STT would require 23 mA
current to achieve switching with probability >99.99% if one turns the current on for whole 5 ns.
The energy dissipated to switch a magnet in this hybrid scheme has three contributions: energy
dissipated in the magnet due to Gilbert damping, energy dissipated in the SAW, and the energy
dissipated by the spin-polarized STT current. The contribution from the SAW is negligible since
it is amortized over all the magnets affected by the SAW and the other contribution due to
Gilbert damping is very small compared to the overwhelming Is2Rts loss where Is is the STT
current, R is the resistance of the MTJ stack through which the current flows, and ts is the quarter
cycle time (2.5 ns) the SAW (Biswas, Bandyopadhyay and Atulasimha, 2013). With the addition
of SAW Is is reduced by a factor of 2.2 and ts is decreased by a factor of 2, hence energy

dissipation in hybrid mode switching (STT+SAW) is reduced by a factor of ~10.

2.2. Magneto-elastic memory: Switching the magnetization between two
mutually perpendicular stable orientations and extension to stable

orientations with angular separation > 90° resulting improved on-off ratio

Stress, by itself, can rotate the magnetization of a shape anisotropic nanomagnet by up to
90° with high probability as discussed in the introduction. In order to implement complete 180°

switching with stress alone, one may think of a bi-stable nano-magnet in which magnetization
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states are not separated by 180°, but by 90°, which is the maximum angle by which stress rotates
the magnetization.  These idea was first conceived by Tiercelin et al. (Tiercelin et al., 2011;
Giordano et al., 2012) where a small in-plane external magnetic field is applied along the hard
axis of an elliptical nano-manget. External magnetic field dislodges the two stable states out of
the easy axis (major axis of the ellipse) and places them such that the newly formed stable states

are now 90° apart and remain in the plane of the magnet.
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Fig. 2. 3 Use of a permanent bias field (H) applied along the minor axis of an elliptical nanomagnet to
achieve stable states that are (a) mutually perpendicular (proposed by (Tiercelin et al., 2011); (b) make an
angle > 90° (our proposal (Biswas, Bandyopadhyay and Atulasimha, 2014b)).

Fig. 2.3 (a) shows the proposed schematic of the scheme from Tiercelin et al. where a
sufficiently large magnetic field brings the two stable magnetization to upper half of the ellipse
in two adjacent quadrants literally making a 90° angle in between (Giordano et al., 2012). These
two newly stable states encode bit ‘0’ and bit ‘1’ for a memory device. Stress is applied along
one of the stable directions; in this figure it is along the direction in which bit ‘0’ is encoded. If
the nature of the stress happens to be compressive, for a nano-magnet with positive
magnetostriction the magnetization rotates towards the direction of bit ‘1’ irrespective of the

initial state of magnetization since the latter direction becomes the only energy minimum
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position for the magnet’s plane. On the other hand, a tensile stress places the magnetization
along the direction of bit ‘0’ no matter what the stored bit was due to the same argument of only
one energy minimum along bit ‘0’. The scheme, therefore, implements non-toggle switching for
non-volatile memory application. Since tensile and compressive stress deterministically write
the bits ‘0’ and ‘1’ respectively without any prior knowledge of the initial state, the above
scheme does not require any read cycle to check for the type of stored bit before a write cycle
appears. However, the scheme has a disadvantage when the stored bit is read with a magneto-
tunneling junction (MTJ) that is vertically integrated above the nanomagnet. Different
magnetization orientations in the nanomagnet result in different resistance values in an MTJ. The
change in resistances should be high enough so that bits are clearly distinguishable. This
distinguishability depends on the angular separation between the stable magnetization states of
the nano-magnet. Consider a traditional MTJ that will use the magnetostrictive magnet as the
soft magnetic layer (or free layer) and a synthetic anti-ferromagnet (SAF) as the hard magnetic
layer (or fixed layer) with a tunneling layer in between. Let us assume that the magnetization of
the fixed layer is anti-parallel to the direction that encodes bit ‘1°. Then the MTJ resistances with
the soft layer’s magnetization encoding bit ‘1 and bit ‘0 will bear a ratio
r=(1-m,c0s®)/(1-n7,) , where the ;i , i=(1,2) are respectively the spin injection/detection
efficiencies of the two magnet interfaces of the MTJ and the angular separation between the two
stable magnetization directions is ® = 90° in the MTJ’s free layer encoding the two bits. The
maximum value of this ratio (assuming 71 = 2 = 1) is infinity, but realistically the 7-s are about
0.7 at room temperature (Salis et al., 2005) and hence the ratio is ~2:1. Such a low ratio may

make it difficult to distinguish between bits ‘0’ and ‘1’ in a noisy environment when the bits are

read by measuring the MT]J resistance.
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MTJ’s resistance ratio can be improved if by some means the angle of separation between
two magnetization states can be greater than 90°. In a recent paper (Biswas, Supriyo
Bandyopadhyay and Atulasimha, 2014b), we showed that the ratio r can be improved without
sacrificing any other metric if a smaller external static field is applied to bring the stable
magnetization orientations into the upper half of ellipse (see figure 2.3 (b)) subtending an angle
greater than 90° between them. In this case, to implement non-toggle switching, we introduce
two pairs of electrodes (instead of just one) to generate stresses along two different directions in
the magnet. Figure 2.3 (b) shows the schematic of the proposed device. A smaller static
magnetic field makes the angular separation between the magnet’s stable magnetization states
© as large as 132°. Applying compressive stress along stress axis 1 will bring the magnetization
to the magnetization direction of bit ‘1’ while compressive stress in along stress axis 2 will bring
the magnetization to the direction of bit ‘0’ if magnetostriction of the nanomagnet is positive (the
opposite will happen if the magnetostriction is negative). This idea of non-volatile non-toggle
switching is recently applied to a different application like probabilistic computing other than
memory (Khasnhavis et al. 2015).

Fig. 2.4 shows the schematic of the proposed device. The PZT film has a thickness of
~100 nm and is deposited on a conducting n*-Si substrate. The elliptical nanomagnet has a major
axis a = 110 nm, minor axis b = 90 nm, and thickness d = 9 nm. These dimensions ensure that
the nanomagnet has a single magnetic domain (Cowburn et al. 1999) so that macrospin
approximation remains valid. A small magnetic field (B = 8.5 mT) is applied along the in-plane
hard axis of the magnet, which brings the magnetization stable states out of the major axis, but

retain them in the plane of the magnet (¢ = £90°). The new stable states (the two degenerate
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energy minima) are ‘i at 6 =24.09° and Wy at 0 =155.9°, where 6 is the angle subtended by the

magnetization vector with the z-axis (or major axis of the elliptical magnet). Therefore, the
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Fig. 2. 4 Schematic illustration of the system with two pairs of electrodes (AA’ and BB’) and the Terfenol-D
nanomagnet delineated on top of a PZT piezoelectric layer. If the magnetization of the Terfenol-D nanomagnet
was initially in the stable state ¥, (bit ‘0’), a voltage applied between the electrode pair AA' and ground will
switch its direction to the other stable state Wy (writing the new bit ‘1), while a voltage applied between the pair
BB’ and ground will keep it in the original stable state P, (re-writing the old bit ‘0’). Thus, either bit can be written
by activating the correct electrode pair, irrespective of what the initially stored bit was. (Biswas, Bandyopadhyay,
and Atulasimha, 2014b).

angular separation between these states is ~132°. The electrodes are delineated such that the line
joining one pair subtends an angle { =15° with the z-axis and the line joining the other pair
subtends an angle { =165°. Therefore, the axis joining one pair lies close to one stable
magnetization direction and the other lies close to the other stable magnetization direction. One
pair of electrode pads has edge dimension of 170 nm and the other has edge dimension of 70 nm.
These dimensions are needed to ensure the following: (1) the line joining the centers of each pair
of pads lies close to one of the stable magnetization orientations, (2) the spacing between the
facing edges of the pads in either pair is comparable to the pad’s edge dimension and also the

PZT film thickness, and (3) no two pads overlap (Cui et al. 2013).
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Fig. 2.5 shows the potential energy profile of the nanomagnet in the magnet’s plane (¢ =
90°) as a function of the angle 0 subtended by the magnetization vector with the major axis of
the ellipse (z-axis). When no stress is applied and the static magnetic field is absent (curve 1), the
energy minima and the stable magnetization states lie along the major axis of the ellipse (6 = 0°,
180°) and the in-plane energy barrier separating them is ~145 KT at room temperature.
Application of the static magnetic field along the minor axis (curve Il) moves the energy minima
and stable magnetization states out of the major axis to 6 = 24.09° and 155.9°, while reducing the
in-plane energy barrier separating the stable states to 49.2 KT. Therefore, the probability of
spontaneous magnetization flipping between the two stable states due to thermal noise (static
error probability) is ~ %2 per attempt (Brown, 1963), leading to memory retention time
(1/fo)e %2 = 73 years, assuming the attempt frequency f, is 1 THz (Gaunt , 1977). The new
stable states are designated as W) (which encodes the binary bit ‘0”) and Wi (which encodes the
binary bit ‘1°).

Application of sufficient compressive stress along the line joining the electrode pair AA’
makes the potential profile monostable (instead of bistable; see curve 111) and shifts the minimum
energy position to ¥’, so that the system will go to this state, regardless of whether it was
originally at state W) or P . After stress removal, the magnetization will end up in the stable
state Wi (with very high probability at room temperature) since it is the energy minimum closer
to ' and getting to W1 from ¥’ would have required transcending the energy barrier between ‘P’
and ¥, . Thus, activating the pair AA’ deterministically writes the bit ‘1°, regardless of the

initially stored bit. Similarly, activating the other pair BB’ would have written the bit ‘0’ (curve

IV of Fig. 3.3).
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Fig. 2. 5 In-plane potential energy profile (azimuthal angle ¢ = 90°) of the nanomagnet in different conditions.
Curve | shows the profile in the absence of any stress and the static magnetic field, where the energy minima are at 0
=0°, 180°. Curve Il shows the profile in the presence of an in-plane magnetic field of 8.5mT along the nanomagnet’s
minor axis where the energy minima have moved to 6 = 24.09° and at 6 = 155.9°. Curves Il and IV show the profile
when a compressive stress of 9.2 MPa is generated by imposing a potential between the electrodes AA’ and the

electrodes BB', respectively. Note that stress makes the potential profile monostable, instead of bistable. (Biswas,
Bandyopadhyay, and Atulasimha, 2014b)

In order to calculate the energy dissipated in writing a bit, as well as the probability with
which the bit is written correctly in the presence of thermal noise, authors solve the stochastic

Landau-Lifshitz-Gilbert equation given by (Biswas, Bandyopadhyay, and Atulasimha, 2014b)

dm®
dt

dm(t —
(m(t)x r;‘t()}ﬂo“'{s L (e 0+5,0+7,0) (3.1)

where Tss, Tth, and tm are the torques due to shape and stress anisotropy energy, thermal

noise and external magnetic field respectively. The expressions for the tss and tm can be written

as

16



7, ={Ea(O)sin /(1) + E,, () cos 0'(t)} - {E,, (t)sin 20'(t) + 2E,, (t) cos 20'(t) + (3/ 2) 4,£(t) Y Qsin 20 (t)} ¢

where

cos? ¢ + Ny, sin? ¢ )sin2¢'(t) - N,_, sin 2¢’(t)}

d-xx

U,
Em(t):?OMSZQ{(N
E¢2 (t)= % MSZQ(Nd—ZZ - Nd—yy)Sin 24 cosg'(t)

cos’ ¢'(t) + Ny_,, sin” ¢'(t)cos” ¢ =N, sin® ¢+ N, _, sin’ ¢'(t)sin® ¢ =N, _,, cos® ;)

d-xx d-yy

E.,(t =%M§Q(N
E,,(t) = % MZQ(N, , ~N,_,)sing/(t)sin2¢
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7, ={~-M,QBcos¢ cosg/(t)} @ {-M QB(cos S sin ¢/ (t) cos &' (1)) } (3.2)
0'(t) and @'(t) are, respectively, the instantaneous polar and azimuthal angles of the
magnetization vector in the rotated frame, B is the magnetic field, Ms is the saturation
magnetization of the magnet, Na-xx, Na-yy, and Nqg-z; are the demagnetization factors that can be
evaluated from the nanomagnet’s dimensions. We have shown that energy disspation is 718 kT
while keeping the bit error probability as low as 2 x 10, Interested readers can consult (Biswas,

Bandyopadhyay and Atulasimha, 2014b) for details.

2.3. Pure Straintronic memory: Complete 180° switching of magnetization with

stress alone

It is intuitive that a complete 180° angular separation between the ‘0’ and ‘1’ state would
result in maximum ON-OFF ratio with a magneto-tunneling junction. However, due to the
inherent shortcoming of stress of not being able to perform a complete rotation, it was a common

belief that stress would never allow a 180° switching in an elliptical nanomagnet.
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In a very recent paper (Biswas, Bandyopadhyay and Atulasimha, 2014a), we showed that
this impasse can be overcome and a complete 180° rotation can indeed be accomplished with a
voltage generated strain with a very high probability of success. Unlike the schemes in the
previous sections, the new scheme uses no magnetic field where is required for the retention of
magnetization along the major axes of the ellipse. Fig. 4.1 shows the device schematic of such a
scheme with an MT]J structure placed on top of a PZT thin film. Two pairs of electrode pads are
still in use and those are delineated on the PZT thin film such that pad pair 1 subtends an angle of
30° with major axis of the soft layer and pad pair 2 subtends and angle of 150°. In order to
perform a complete switching stress is applied by activating one pad pair (say pad pair 1) first
which rotate the magnetization to some angle (~ 60°) towards the other stable state. Then the
stress applied upon the activation of other pad pair (say pad pair 2) and removal of other stress
will rotate the magnetization by another ~60° towards the same direction. Finally, removal of
stress will guide the magnetization to the other stable state, thus a complete switching is
achieved. By altering the sequence of stress application, first activating pad pair 2 and then pad
pair 1 will result in same 180° switching too. Therefore, for the same initial state if one stress
sequence switches the magnetization by 180° in clockwise direction, other sequence switches the
magnetization in anti-clockwise direction. The PZT film with the MTJ and electrode pad pair on
top is deposited on a n+-Si substrate which is grounded. The PZT flim’s thickness ~100 nm and
electrode pad pair 1 has edge dimension of 80 nm and the pad pair 2 of 120 nm. We consider the
elliptical nanomagnet has a single magnetic domain (Cowburn, et al., 1999) with a major axis a =
110 nm, minor axis b = 90 nm, and thickness d = 6 nm. These dimensions ensure that the
nanomagnet has so that macrospin approximation remains valid. Figure 2.6 also shows the

potential energy profile of the nanomagnet in the magnet’s plane (¢ = 90°, 270°) as a function of
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the polar angle 0 subtended by the magnetization vector with the common major axis of the

elliptical hard and soft layers (z-axis). The three potential energy profiles correspond to the

/

Pad pair 1
V —

Fig. 2. 6 Schematic of memory element. (a) [Device schematic]. The PZT film has a thickness of 100 nm and
is deposited on a conducting n+-Si substrate. It is poled with an electric field in the upward direction. The ratio of
the distance between the facing edges of the electrodes to the electrode lateral dimensions is 1.67. (b) [2-
dimensional view of the device]. The fixed magnetization orientation of the top (hard) magnet is denoted by the red
arrow, and the two stable magnetization orientations of the bottom (soft) magnet are denoted by blue arrows. The
MT]J resistance is high when the soft magnet’s magnetization is aligned along ¥ and the resistance is low when the
soft magnet’s magnetization is aligned along Wo. Also shown are the orientations of the intermediate states ‘', ¥",
P', ¥". The eccentricity of the hard magnet is more than that of the soft magnet which helps to make the hard
magnet “hard” and the soft magnet “soft”.
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situations when neither electrode pair is activated, electrode pair 1 is activated, and electrode pair

2 is activated.
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Fig. 2. 8 Potential energy profiles of a Terfenol-D magnetostrictive nanomagnet of stated dimensions when the

magnetization vector is constrained to the plane of the magnet: (a) ¢ = 90°, and (b) ¢ = 270°. The three curves show
the profiles when no electrode pair is activated, electrode pair 1 is activated and electrode pair 2 is activated.

Activating electrode pair 1 creates global energy minima at ¥’ (¢ = 90°) and P’ (¢ = 270°), whereas activating pair
2, creates global minima at ¥’ (¢ = 90°) and ¥” (¢ = 270°). (Biswas, Bandyopadhyay, and Atulasimha, 2014a).

Consider the case when the magnetization of the nanomagnet is initially in the stable state
Wo (initial stored bit is ‘0”) and we wish to switch the magnetization from Wo to W1. We will first
activate electrode pair 1 that will generate a compressive uniaxial stress along the line joining
that electrode pair. This will rotate the magnetization vector to ¥’ since that corresponds to the
only accessible global energy minimum (see the energy profile corresponding to ¢ = 90° in Fig.
2.7).

The other global minimum at ¥’ is inaccessible owing to the energy barrier between Wo

and P’ (see energy profile corresponding to ¢ = 270° in Fig. 2.7; the peak of the energy barrier
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separating Wo and ¥’ is located roughly at @ = 35°). In other words, the magnetization will rotate
clockwise instead of anti-clockwise in Fig. 2.6(b).

Next, de-activating pad pair 1 and activating pair 2 causes a uniaxial compressive stress
component along the line joining pair 2 that will rotate the magnetization further in clockwise
direction towards the new global energy minimum W", which is the only accessible one. Finally,
removal of stress will drive the magnetization to W1 (writing the new bit ‘1”) since it is the only
accessible global energy minimum at that point. The other global energy minimum at Wo is
inaccessible because of the energy barrier between W and Wo. The height of this energy barrier >
20 KT at room temperature and that prevents the magnetization from migrating to Wo instead of
Y.

By applying stress i.e., by activating pad pairs in opposite sequence, first pair 2 and pair 1
will rotate the magnetization in counter-clockwise direction from Yo to Wi through the
intermediate states " first and then P’ (see the energy profile corresponding to ¢ = 270°).
Therefore, no matter in which sequences the stress is applied by activating the electrode pads a
complete flip occurs with high probability. Therefore, it is obvious that the present scheme has
the shortcoming that it will erroneously write the wrong bit every time the stored bit happens to
be the desired bit (since the stored bit is always flipped in the write step). Therefore, a write
cycle must be preceded by a read cycle to determine the stored bit. If the stored bit is the same as
the desired bit, no action is taken. Otherwise, the bit is flipped following the procedure just
described. This requires an extra read cycle, but it also saves time and energy by obviating the
write cycle whenever the stored and desired bits are the same. Since writing is both slower and

more dissipative than reading, there may be an overall gain.
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In order to check for dynamic error probability at room temperature under thermal
perturbation, 10° switching trajectories generated by solving the stochastic Landau-Lifshitz-
Gilbert equation in the manner of ref. (Biswas, Supriyo Bandyopadhyay and Atulasimha, 2014b)
(magnetization orientation 0, ¢ versus time) with initial angles picked up from a Boltzmann
distribution. All of them showed successful transition from 6 = 0° to 0 = 180° within 1.36 ns,
implying that the switching failure probability is < 107°. The write error probability can be made
even smaller if one after writing the bit, then reads it to verify if it was written correctly, re-writs
it if written incorrectly, followed by another read and so on, until the bit is verified to have been
written correctly. Alternately, one can always carry out a fixed number of write/verification
cycles. The error probability after n such cycles is 107" since it is the probability of having
written the bit incorrectly n times in a row. Because it will be an overkill to reduce the write error
probability to below the static error probability, which is the probability of spontaneous
switching of the nanomagnet due to noise, just four (n = 4) read/verification cycles will be
sufficient since the static error probability in the designed nanomagnet was 10%. The penalty
associated with the ‘repeated writing’ approach to eliminate write errors is the n-fold increase in
write time. Even if the bit was written correctly in the first attempt, one will still need three
additional idle cycles since all bits are written simultaneously in parallel. This will increase the
effective write time to 1.36 x 4 ns = 5.44 ns (again assuming that the read time is negligible
compared to the write time), resulting in a clock rate of 180 MHz. For random access memory,
this is still quite good.

The energy that dissipates in the device is due to twice of (1/2)CV? and due to Gilbert
damping. By considering the larger electrodes of lateral dimension 120 nm with the PZT

thickness 100 nm total dissipation due to CV?is 3896 kT where V is 112.5 mV. This dissipation
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due to smaller electrodes (lateral dimension 80 nm) is 1733 kT. Mean internal dissipation due to
Gilbert damping is found to be 514 kT thus making the total dissipation 6143 KT which is at
least two orders of magnitude less than what spin-transfer-torque memory STT-RAM dissipates

in a write cycle (Wang, Alzate and Khalili Amiri, 2013).

23



Chapter 3. Straintronic nanomagnetic logic devices (NML)

Since straintronic scheme of switching the magnetization in nanomagnets extremely
energy efficient, we investigate the possibilities of making straintronic logic devices. In section
3.1 we show a universal NAND logic gate for Boolean computing that relies on strain based
switching. A reconfigurable bit comparator has been proposed in section 3.2 by combining the
physics of electron transport in nano-wire spin valve, magneto-elastic switching of nanomagnets
with strain and magneto-tunneling junction (MTJ). Section 3.3 talks about a spin neuron for non-

Boolean brain inspired computing.
3.1.Boolean NAND logic devices

A universal logic gate, that possesses all essential characteristics such as concatenability,
non-linearity, isolation between input and output, gain, universal logic implementation and
scalability along with ultralow energy delay product while maintaining high switching
probability, is extremely desirable for the replacement of CMOS technology with nanomagnetic
logic. Several efforts have been attempted with dipole coupled magnets (Cowburn, R. P. and
Welland, M. E. 2000), with single MTJ (Ney et al. 2003), and with spin current (Behin-Aein et
al. 2010). Dipole coupled architectures not only tend to be error-prone in the presence of thermal
noise, (Salehi Fashami et al., 2013, Salehi Fashami, Atulasimha, Bandyopadhyay 2013), but they
are also not robust against misalignments due to fabrication imperfections (Bandyopadhyay and
Cahay, 2009). Moreover, the first two papers do not fulfill the requirement of concatenation for a
universal logic gate whereas the third paper although fulfill all the requirements does not study
error probability of the gate under room temperature. In a very recent paper Ref. (Biswas,

Atulasimha and Bandyopadhyay, 2014), we proposed an error resilient non-volatile straintronic
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universal NAND gate that fulfills all essential characteristics of a logic gate and possesses
ultralow energy delay product of 2.78x1072® J-s while maintaining bit error rate <108,

Fig. 3.1 shows the schematic of the single device that works as a logic unit. A pair of
electrodes and a MTJ are delineated on the top of a PZT thin film while the whole structure is
deposited on conducting n+-Silicon substrate. An in-plane magnetic field ensures the ~90°
separation between stable states (yo and 1) in the soft layer of the magnet as we discussed in
section 2.2 (Tiercelin et al, 2011) . Compressive stress at EE’ will rotate the magnetization to yo
while tensile stress will bring the magnetization to yi1. The magnetization of the hard layer is
implemented with SAF and permanently magnetized along s opposite to y1. Method of stress
generation is same as we have discussed in section 2.3 (Cui et al., 2013) hence not repeated here.
Let us encode bit ‘1’ with the magnetization state of y1 (high voltage state as Vo) and bit ‘0’ with
yo (low voltage state as Vo/2). Resistors and current/voltage sources ensure that the all logic
operation in the NAND gate is achieved. Fig. 3.1 shows all four operations for the gate which we
discuss below (Biswas, Atulasimha and Bandyopadhyay, 2014).

Before any gate operation a RESEST is performed by setting both inputs to Vo/4 that
leaves the gate at high voltage state V, (see Fig. 3.1). The bias voltage Vbias is turned on and set
to 2Vo/3. Hence, the potential difference applied across the thickness of the PZT film under E (or
E") is -5Vo/12. This produces 37.5 MPa tensile stress along E-E’ (compressive stress
perpendicular to it) and deterministically rotates the magnetization to the state y1 which produces
an output voltage of V,. Therefore, after every RESET operation MTJ reads bit ‘1°. Let us
discuss the other logic operations. When both the inputs are low, potential difference across the
PZT is -Vo/6 (corresponding tensile tress of 15 MPa). This stress will not change the state of

magnetization from v and the output continues to remain Vo representing bit “1°.
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Fig. 3. 1 Straintronic-MTJ based universal logic gate that satisfies all characteristics for logic (top)
Elevation view of device schematic (bottom) equivalent circuit representation of the gate (Biswas, Atulasimha,

Bandyopadhyay, 2014).

representing bit ‘1°. Subsequently inputs are applied to the gate (bits *
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When one of the inputs is high, potential difference across the PZT is lowered to + Vo/12
generating a stress (compressive) of -7.5 MPa (see figure 1.19). This stress is not high enough to
rotate the magnetization from its initial states that is high state and thus output remains high
1’ and ‘0’ correspond to
input level Vo and Vo/2 respectively). When both the inputs are high, the potential difference

becomes +Vo/3 across the thin film underneath E (or E’) resulting in a -30 MPa compressive




stress to rotate the magnetization to o . The output voltage thereby drops to Vo/2 implementing
a log logic state for bit ‘0’ (see Fig. 3.1). Thus, a NAND gate is implemented. When we turn off
all the bias voltage, there is no stress on the magnet, hence both yo and 1 are stable (Tiercelin et
al., 2011) due to the permanent bias magnetic field applied along the hard axis of the elliptical
nanomagnet. Thus, ‘0’ and ‘1’ states (yo and 1 respectively) are stable and this implementation
is non-volatile.

Finally, for these gates to be concataneble, the ‘0’ and ‘1’ states (yo and y1 magnetization states
of the MTJ respectively) should produce an output voltage of Vo/2 and V, respectively. For

more elaborate discussion please see Ref. (Biswas, Atulasimha, Bandyopadhyay, 2014).

3.2. Reconfigurable bit comparator

In this section, we propose a reconfigurable bit comparator implemented with a nanowire
spin valve whose contacts are magnetostrictive and possess bistable magnetization. Reference
and input bits are “written” into the magnetization states of the two contacts with electrically
generated strain and the spin-valve’s resistance is lowered if the bits match. Multiple
comparators can be interfaced in parallel with a magneto-tunneling junction to determine if an N-
bit input stream matches an N-bit reference stream bit by bit.

Fig. 3.2 (a) shows the schematic of an N-bit comparator fabricated on a conducting n+- Si
substrate and a piezoelectric layer. A single bit comparator block is shown in the left panel of
Fig. 6.1 (b) and consists of a nanowire “spin valve” whose two ferromagnetic contacts are two-
phase multiferroics each consisting of a magnetostrictive material deposited on a piezoelectric

layer.
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Fig. 3. 2 A straintronic-spintronic multi-bit comparator integrated with a magneto-tunneling junction whose
resistance indicates whether the input and reference bit streams match bit by bit. The MTJ unit and the comparator
unit share the same (grounded) conducting substrate although that has not been shown explicitly in the figure for
the sake of clarity. (b) [Left panel] A single bit comparator unit showing the nanowire spin valve with
magnetostrictive contacts fabricated on a piezoelectric layer. The programming and input leads are shown. [Right
panel] Uniaxial tensile stress applied along one stable orientation of the nanomagnet takes the magnetization to
that orientation while compressive stress takes the magnetization to the other orientation. (Biswas, Atulasimha
and Bandyopadhyay, 2015).

A global static magnetic field is directed along the minor axes of the magnetostrictive contacts to
make the magnetization orientation bistable. Two pairs of electrically shorted electrodes are also
delineated on the piezoelectric film, with each pair flanking a magnetostrictive contact.
Application of a potential (of appropriate sign and magnitude) between an electrode pair and the

underlying grounded n+-Si substrate selectively determines either stable state. When the
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potentials applied in both the reference and the input contacts are of same type (meaning the
identical bits are received), both contacts form parallel magnetization configuration, resulting in
a low resistive path from one contact to the other through the spin valve. When the potentials are
of different types, the magnetizations in the contacts remain perpendicular to each other
providing a high resistive path. VVoltage at the across the road resistance R for a N-bit comparator

unit will be given as

>F

V, =V, n

n=1 Rn + rn (6.1)

where R =Rl rellr2ll -+« Il fat l Fnez Il -+ - Il rvand ry is the resistance of the n-th spin

valve. Note that the voltage Vo is applied at the MTJ electrodes. There is a positive threshold
voltage Vi which, when applied at these electrodes, will generate enough compressive stress in
the soft layer of the MTJ to rotate its magnetization from the initial (“reset”) orientation to the
other stable orientation that is roughly perpendicular to the magnetization of the hard layer. This
will abruptly take the MTJ to the low-resistance state and reduce the resistance by a factor of 1=
(1 —mim2) from the initial high-resistance state. The MTJ is biased by a constant current source lo
which generates an output voltage Vout = loRmTs , Where Ruts is the MTJ resistance. If Vo > Vi,
then Vout is low; otherwise, Vout is high. However, Vo might be far away from Vi, value but the
former can be fine-tuned with a variable current source lgc as shown in Fig. 3.2 (a). We
determine the transfer characteristic of the soft magnetic layer of the MTJ at room temperature
(see Fig. 3.3). At room temperature, there will be a broadening of the threshold to Vin £ AV=2.
Therefore, to make the scheme work at room temperature, we ensure that if even one bit does not
match, the resulting Vo appearing across the resistor R is considerably less than Vi — AV=2.

This can be ensured by choosing Vi, R, l¢c and the spin valve resistances in the low- and high-
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resistance states judiciously. We designed a 16-bit reconfigurable parallel comparator satisfying

all the criteria mentioned above (Biswas, Atulasimha, Bandyopadhyay, 2015).
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Fig. 3. 3 Switching characteristic of the MTJ switch R(V ) versus V in the presence of thermal noise at room
temperature. This plot is generated by simulating 10° switching trajectories to find the thermal spread in the
switching threshold. (Biswas, Atulasimha and Bandyopadhyay, 2015).

We found that the system is robust against thermal noise at room temperature and it can operate

at ~294 MHz while dissipating at most ~19 fJ per cycle.

3.3.Non-Boolean logic devices: straintronic spin neuron

Inspired from a human brain’s capability of performing immense parallel operation with
very low energy dissipation, a neural computing architecture has been proposed recently.
‘Neurons’ are the central units of computation which are usually connected to each other and to
external stimuli through programmable synapses. However, neurons are implemented with

CMOS operational amplifiers and usually consume exorbitant amount of energy. An alternative
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is an energy efficient spin neuron implemented with nanomagnets driven by spin transfer torque
(STT) generated from spin polarized current. When the latter happens to be far more energy
efficient than CMOS based counterpart, its room temperature operation has not been properly
studied. We propose a straintronic spin neuron that will be operated with voltage generated strain
unlike the current. We show that our neuron is even more energy-efficient than STT based

neuron with better thermal stability.

Using superposition
o
Vy= Z wV +b
i=1

Ri|Ry 7 llmy[[eeellr;y[[7,[®00]l7y

where w, =
" R|IRy[nillmy|leee[ry |7, |leee|[r+1;

and b=I(R,|R, |7 ||, | sel[7; [ eoe] )
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Fig. 3. 4 Schematic of a straintronic spin-neuron implementing a step transfer function. The artificial
synapses are realized with the passive resistors ry - - - rn. (Biswas, Atulasimha and Bandyopadhyay, 2015a)

Fig. 3.4 shows the schematic of a straintronic neuron connected to other neurons through
programmable synapses (represented as resistors in Fig. 3.4) and an external bias. When the sum

of the voltages at node P exceeds a critical value (corresponding to a critical stress of soft

31



magnetic layer in the MTJ) the output voltage Vo changes abruptly. This mimic the behavior of

a neuron’s firing which is usually formalized by a step transfer function given as

O=f (Zwixi +b), (7.1)

where xi-s are the inputs to the neurons, wi-s are the weightages of the synapses, b represents an
external bias and f is some non-linear function. The inset in Fig. 3.4 shows the implementation of
above equation for our straintronic spin neuron. We show that this neuron dissipates only 8.83 aJ
energy at 0 K temperatures which is four orders of magnitude less than CMOS based neurons
and 29,445 times less than a STT-based spin neuron. We further compare the transfer
characteristic of both strain-based and STT-based neurons at 0 K and at room temperature. Fig.
3.5 shows all four different criteria. It is clearly shown that both of the neurons deviate from their
sharp transfer characteristics to a broadened transitional behavior at the critical voltage/current
value. These broadenings are inevitable since thermal noise at room temperature budges the
magnetization around its equilibrium. However, the percentage of broadening in critical value
(current) for the STT-based neuron is way higher than that (broadening in critical voltage) of the

strain-based neuron which makes the viability of the former at room temperature questionable .
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Fig. 3. 5 The transfer function (or firing behavior) for a straintronic spin neuron at 0 K. When the
voltage appearing at node P (in Figure 1) due to weighted inputs and bias is V, the resistance of the MTJ
is R(V). The low resistance is RL (b) Transfer characteristic (or firing behavior) for the straintronic spin
neuron at room temperature in the presence of thermal noise. Results are shown for positive threshold
only since no additional information can be gleaned from the negative threshold segment. Since the
simulation is terminated immediately upon completion of firing, no fluctuations in the transfer
characteristic are visible in the low-resistance state. (c) The transfer characteristic (or firing behavior) for
a STT-based current driven spin neuron at 0 K. R(1) is the resistance of the MTJ when the total current
injected into the soft layer (due to weighted inputs and bias) is | and RL is again the low resistance of the
MTJ. (d) Transfer characteristic (or firing behavior) for the current-driven spin neuron at room
temperature in the presence of thermal noise. (Biswas, Atulasimha and Bandyopadhyay, 2015a)
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Chapter 4. Experimental demonstration of all-straintronic memory
device: a complete 180° switching

In this chapter, we demonstrate a complete 180° switching scheme for a non-volatile
memory proposed in section 4. We delineate elliptical magnetostrictive Co nanomagnets on

(001) Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) 70/30 substrate.

Fig. 4. 1 Top view of the device. Two pairs of electrodes, the line joining one pair makes an angle
of 30 degree with the major axis and the other pair makes an angle of 150 degree.

Fig. 4.1 shows a schematic (top view) of this experimental setup where two pairs of metal
electrodes are also deposited on PMN-PT substrate (of dimensions 10 mm x 10 mm x 0.5 mm)
such that the line joining one pair of electrodes, AA’ makes an angle of 150° with the major axis
of the magnet and the other pair BB’ makes an angle of 30° with the same major axis. We have
deposited nanometer sized Co magnets of different dimensions using standard e-beam
lithography, metal evaporation and lift-off. We can apply a strong external magnetic field to
initialize all the domains in either direction (Wo or 1) along the major axis. Let us assume that

the magnetizations in those domains are along Yo initially. When a voltage is applied between
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one pair of electrode (say AA’) and grounded substrate, the magnetizations in majority number

of domains will rotate from easy axis to an intermediate state called ", Then we apply voltage

to the other pair BB’ and simultaneously remove the voltage from AA’, the magnetizations will

align themselves along ¥ Finally, removal of the voltage from BB’ will guide the
magnetizations towards W1. Since Co has a negative magnetostriction coefficient ((3/2)As = -34 X
10%, (Long, 2008)), a tensile stress applied along the line joining electrode pair AA’ will place
the magnetization normal to that line.

In order to fabricate the device we first poled the PMN-PT piezoelectric substrate along
the direction perpendicular to the plane using a high electric field (0.6 MV/m). Next, we applied
photoresist (SPR3012) using spin coating followed by lithography and development of the resist.
Then, 70 nm thick Au electrodes (lateral dimensions of 0.4 mm x 0.4 mm) were deposited using
electron-beam evaporation. Finally a lift-off process was performed to get rid of the resist and
metal on top of resist. Then electron beam lithography was performed to deposit Co
nanomagnets. Two layers of e-beam resist PMMA — Poly(methyl methacrylate) with different
molecular weights (495K PMMA and 950K PMMA; 2% Anisole) were spin coated at 2500 rpm
in two steps. The resists were baked at 115° Celsius for 2 minutes in each step. The sample was
then exposed under electron beam from a Hitachi SU-70 SEM with a Nabity attachment using an
accelerating voltage of 30kV and a beam current of 60 pA. Subsequently, the resists were
developed in MIBK:IPA (1:3) [(methyl isobutyl ketone: isopropyl alcohol)] solution for 90
seconds followed by cold IPA rinse. Nanomagnets (thickness of 9 nm) are then deposited using
electron beam evaporation at a base pressure of 2 x 107 torr with a Ti adhesion layer (thickness
of 4 nm). A lift off process was conducted for removing the resist and metal to get the final

device structure (see Figure 4.2).
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Fig. 4. 2 Experimental setup before application of stress. Copper tape has been used for external contact
with the bigger Au electrodes that are deposited on the PMN-PT substrate.

In order to study magnetization switching due to the application of voltage generated
stress, we at first initialize the elliptical nanomagnets along the major axis of the ellipse with an
external magnetic field of 1.5 Tesla. Following this, a vertical electrical field of 0.6 MV/m (300
Volts over a thickness of PMN-PT substrate of 0.5 mm) was sequentially applied with one pair at
first and then with the other pair while removing the field from the first pair. This should
correspond to uniaxial tensile stress of 125.8 MPa due to one electrode pad in an ideal case if we
neglect the deformation of the magnet along the direction perpendicular to the tensile stress
which would otherwise generate an additional compressive stress of 40.2 MPa in that direction.
Here, we consider that the ds; coefficient of PMN-PT is 1000 pm/V and Young’s modulus of Co
is 209 GPa. Furthermore, there may be stress concentration due to non-uniformities, cracks and
defects in the substrates. With stress concentration, some magnets might see excess stress. A

more accurate stress profile can be generated using finite element method (FEM) analysis with
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the commercially available package COMSOL. However, this is not the focal point of this thesis
and will be deferred for later discussion.

Pre-stress and post-stress magnetic force microscopy (MFM) were performed to
determine the magnetization states. MFM images show the evidences of 180° switching of

nanomagnets in multiple cases (see Fig 4.3 to Fig. 4.7).

Topography Pre-stress 200nm x 185 nm x 9 nm Post-stress
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Fig. 4. 3 Pre-stress and post-stress MFM images for dimension of 200 nm X 185 nm X 9 nm in different
location on the PMN-PT substrate. Two magnets switched by ~180° in one location (top subfigure) and one
switched in the other (bottom subfigure) by ~180°. Actual dimensions measured for the switched magnets are
198 nm X 183 nm X 9 nm & 198 nm X 191 nm X 9 nm for the top location and 198 nm X 184 nm X 9 nm for the
bottom location. White arrows indicate the switched nanomagnets after the application of stress. (Lateral
dimensions shown in figures are in nanometers).
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Fig. 4. 4 Pre-stress and post-stress MFM images for dimensions of 215 nm X 200 nm X 9 nm (top two

subfigures) and 280 nm X 265 nm X 9 nm (bottom subfigures) on the PMN-PT substrate. One magnet switched
by ~180° in one location (top subfigure) and one switched in the other (bottom subfigure) by ~170°. Actual
dimensions measured for the switched magnets are 211 nm X 203 nm X 10 nm & 279 nm X 264 nm X 9 nm for
the top and for the bottom respectively. White arrows indicate the switched nanomagnets after the application of
stress. (Lateral dimensions shown in figures are in nanometers).
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Fig. 4. 5 Pre-stress and post-stress MFM images for dimensions of 265 nm X 240 nm X 9 nm (top two

subfigures) and 265 nm X 250 nm X 9 nm (bottom subfigures) on the PMN-PT substrate. One magnet switched
by ~180° in one location (top subfigure) and two switched in the other (bottom subfigure) by ~170°. Actual
dimensions measured for the switched magnets are 264 nm x 242 nm x 9 nm for the top and 261 nm X 253 nm X

8 nm & 272 nm X 257 nm X 10 nm for the bottom respectively. White arrows indicate the switched
nanomagnets after the application of stress. (Lateral dimensions shown in figures are in nanometers).
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Fig. 4. 6 Pre-stress and post-stress MFM images for dimensions of 220 nm X 205 nm X 9 nm (top two

subfigures) and 270 nm X 255 nm X 9 nm (bottom subfigures) on the PMN-PT substrate. One magnet switched
by ~180° in one location (top subfigure) and two switched in the other (bottom subfigure) by ~150°. Actual

dimensions measured for the switched magnets are 220 nm X 205 nm X 10 nm for the top and 272 nm X 257 nm
X 8 nm for the bottom respectively. White and yellow arrows indicate the switched nanomagnets after the
application of stress. (Lateral dimensions shown in figures are in nanometers).
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Fig. 4. 7 Pre-stress and post-stress MFM images for dimensions of 280 nm X 265 nm X 9 nm (top two
subfigures) and 265 nm X 245 nm X 9 nm (bottom subfigures) on the PMN-PT substrate. Two magnet switched
in one location (top subfigure) and another magnet switched in the other (bottom subfigure) by ~120°. Actual
dimensions measured for the switched magnets 279 nm X 264 nm X 11 nm and 213 nm X 198 nm X 10. Yellow

arrows indicate the switched nanomagnets after the application of stress. (Lateral dimensions shown in figures
are in nanometers).
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Table 4. 1 Switching of nanomagnets under stress: Analysis of MFM results. The nanomagnets
listed in the table exhibit switching under the application of stress.

Dimensions (in Diff. in lateral Energy Barrier (Single domain Rotation found (in
nm) dimension (in approx.) in KT degree)
nm)

220x205x10 15 185.5 ~180
272x257x11 15 230.9 ~150
279x264x11 15 232.3 ~120
213x198x10 15 184.07 ~120
198x183x9 15 150.12 ~180
198x191x9 7 70.4 ~180
198x184x9 14 140.2 ~180
211x203x10 8 98.3 ~180
279x264%9 15 162.5 ~170
264x242x9 22 234.6 ~180
261x253%8 8 69.42 ~120
272x257x10 20 194.9 ~120

We verify our experimental results analytically for these magnets with switching
behavior using single domain approximated energy profile in the plane of the magnet. Let us
consider the nanomagnet of dimensions 264 nm x 242 nm x 9 nm that has been switched by
~180° and that also has the largest single domain in-plane energy barrier. Fig 4.8 shows the
energy profile in the plane of the magnet under different conditions of stress. If the initial
magnetization is at 6 = 0° (no stress condition), then sequentially applying a uniaxial stress
through axis 1, and then through axis 2, should rotate the magnetization to the other energy

minimum that is at 6 = 180°.
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We previously found that the value of uniaxial tensile stress
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Fig. 4. 8 Energy profile in the plane of the magnet (¢ =0) for dimension 264 nm x 242 nm X 9 nm. Stress
along axis 1 should rotate the magnetization from the initial position at 6 = 0° to 6 = ~40°. However, applying
stress (125.4 MPa) along axis 2 and at the same time removing stress from axis 1 does not rotate the
magnetization farther. Instead the magnetization rotates back to ~-40°. Finally, after removing stress from axis 2,
the magnetization settles down to the nearest energy minimum at ~0° and that is the initial magnetization state. A
micromagnetic simulation with 125.4 MPa of stress also shows that there is no 180° rotation of magnetization in
this case (see Appendix).

generated on magnets due to a single electrode is 125.4 MPa where we ignore the fact that there
is an additional compressive stress of 40.12 MPa (Poisson’s ratio of Co 1s 0.32) generated along
the axis perpendicular to the strain axis. The in-plane energy profile shown in Fig. 4.8 deals with
sequential application of uniaxial stress of 125.4 MPa along two skewed axes. From the energy
profile, it appears that the magnetization should not rotate from one stable state to another.
However, experiments show clear evidences of 180° rotations of the magnetization. Therefore,
the stress that is generated on the substrate must be much higher than 125.4 MPa either due to

the presence of a pair of electrodes (instead of just one) or due to stress concentration around the

magnet.
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However, our simulation shows if there is at least ~250 MPa of stress is generated in the
magnets, a complete 180° rotation of the magnetization is possible. In this case, the in-plane

energy profile also shows that rotation should occur, although a FEM simulation of stress is
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Fig. 4. 9 Energy profile on plane of the magnet (¢ =0) for dimension 264 nm x 242 nm x 9 nm. Stress at
axis 1 should rotate the magnetization by ~55° and the applying stress (~250 MPa) at axis 2 and simultaneously
removing stress from 1 should rotate the magnetization by another 75° to ~130°. Final after removing stress from

axis 2 magnetization settles down to the nearest energy minimum at ~180° and that is opposite to the initial
magnetization state at ~0°.

Initialized Stress at axis 1

Removal of stress Stress at axis 2

Fig. 4. 10 Magnetization dynamics at room temperature for dimension 264 nm x 242 nm x 9 nm through

micromagnetic simulation with MuMax3. Results show that a rotation by 180° should happen with the uniaxial
stress (~250 MPa) as indicated by the energy profile in Fig. 4.9.
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required to capture the real scenario when voltage is applied at the pair of electrodes. We
performed micromagnetic simulations for the magnetization switching of the nanomagnet under
the effects of stress (~250 MPa) along two skewed axes. This was carried out using an open
source simulator MuMax3 (MuMax3 (2014)). The simulation results also predict that the
magnetization should rotate by 180° with stress as indicated by the energy profile in Fig. 4.9. Fig
4.10 shows the magnetization dynamics of a 264 nm x 242 nm x 9 nm nanomagnet computed
with micromagnetic simulations. Therefore, at least 250 MPa of stress was generated in the
magnets that switched in the experiment. The additional stress most likely come from stress

concentration due to non-uniformity, defects and cracks around the magnet.

We then calculate the energy dissipation during the switching event in our experiment.
We applied 300 V along the thickness of PMN-PT substrate (0.5 mm thick) which is equivalent
to an electric field of 0.6 MV/m. In our experiment, CV? dissipation, the main contributor of
energy loss is 255 nJ per sequence where capacitance is 2 x 1000 x 8.854 x 1072 x 0.4 mm x 0.4
mm / 0.5 mm = 2.83 pF (factor 2 comes from two electrode pads). In straintronic scheme,
internal dissipation due to Gilbert damping is almost negligible compared to the CV? dissipation.
Therefore, the total dissipation a switching event is 2 x 255 nJ = 510 nJ for applying stress in
two pairs of electrodes. However, if we would have used a PMN-PT substrate of 100 nm thick,
and electrode pads of 100 nm x 100 nm, the effective capacitance would be ~ 2 x 1000 x 8.854 x
1012 x 100 nm x 100 nm / 100 nm = 1.7 fF. The required voltage for switching would reduce to
0.6 MV/m x 100 nm = 60 mV resulting in a CV2 loss of 2 x 1.7fF x (60 mV)? = 12.24 aJ (2955

KT). In contrast to the dissipation in other nanomagnetic switching mechanism such as traditional
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spin transfer torque (STT) (107 KkT) and spin-Hall STT (10* kT), this straintronic version of

switching nanomagnets proves to be more energy efficient.
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Chapter 5. Conclusion

Computing with spintronic devices has emerged as an alternative to traditional charge-
based computing over the last three decades. While computing with single spin is yet to be
realized for room temperature operation, computing with single domain nanomagnet with giant
spin is already making its way to commercialization. The question is whether moving an industry
to a completely different technology would be viable, i.e. whether the payoff can justify the
expense.. This remains to be seen. There are numerous proposals to make an energy efficient
nanomagnetic switch. Unfortunately, most of them fail to lower energy dissipation compared to
current CMOS. Although magnets come with the additional feature of non-volatility that enables
non-Von Neuman architecture without the need for memory and logic separation, it is highly
desirable that a new technology should offer some advantage in energy efficiency as well. The
most standard technique of switching nanomagnets is with spin transfer torque generated from
spin-polarized current either by a fixed magnetic layer or by the spin-Hall effect in non-magnetic
materials. The involvement of charge current in order to produce spin current often leads to high
energy dissipation. Therefore, the switching event has to occur with a voltage dropped over a
very large resistance since almost no charge current flows during the switching operation if the
resistance is very large. Straintronic devices utilize this advantage to generate strain in a
piezoelectric material with a voltage. With the strain transferred to the magnetostrictive
nanomagnet on top, switching is accomplished with very low dissipation.

In summary, we have researched various areas of the newly emerging field of “straintronics”
— computing and signal processing employing strain switched nanomagnets. We have shown that

mixed mode of switching (STT+SAW) can be more energy-efficient than switching with STT
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alone. Better on-off ratio can be achieved by introducing two pairs of electrodes instead of one
pair without sacrificing any figure of merit in a magnetoelastic memory device. A complete 180°
reversal of magnetization can be implemented with geometrical arrangements of two pairs of
electrodes on a piezoelectric substrate around the nanomagnet. An energy-efficient non-volatile
logic gate possessing all the essential characteristics of a Boolean logic gate is proposed for the
first time. We have proposed and analyzed a spintronic-straintronic reconfigurable N-bit
comparator (which uses spin properties for device functionality and strain to switch the device)
and showed that it is remarkably energy-efficient, relatively error-resilient and reasonably fast at
room temperature. A straintronic spin neuron has been proposed and analyzed. Finally, we
demonstrate complete 180° magnetization rotation in Co nanomagnets using two pairs of
electrodes generating stresses along two different axes. This particular scheme, to our
knowledge, has never been demonstrated before and is a very significant advance toward

realizing non-volatile memory with unprecedented energy efficiency.
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Appendix
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Fig. A. 1 Magnetization dynamics at room temperature for dimension 264 nm x 242 nm x 9 nm through
micromagnetic simulation with MuMax3 while applying stress of 125.4 MPa sequentially along two sked axes.

Results show that a rotation by 180° does not happen with the uniaxial stress (125.4 MPa) as indicated by the
energy profile in Fig. 4.8.
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