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COLOSSAL MAGNETORESISTANCE FOR MAGNETIC READ OUT

TECHNICAL FIELD
Embodiments described herein generally relate to the field of electronic devices and,

more particularly, colossal magnetoresistance for magnetic read out utilizing Heusler alloys.

BACKGROUND

With electronics approaching the nanometer scale, a scalable spintronic logic device
that operates via spin-orbit transduction combined with magneto-electric switching has been
developed as a technology to move beyond Complementary Metal Oxide Semiconductor
(CMOS) computing. The Magneto-Electric Spin Orbit (MESO) logic enables the continued
scaling of logic device to smaller scales. Spintronic logic can enable energy and computational
efficiency by utilizing a new state variable for computation.

Present magnetic memory in the form of Spin Transfer Torque Magnetic Random
Access Memory (STT-MRAM) technology utilizes magnetic tunnel junctions (MTJ) for
switching and detection of the magnetic state. An MTJ consists of two ferromagnetic (FM)
layers and a tunneling barrier (for example magnesium oxide, MgO) between the FM layers.
The magnetic memory is read by the change of resistance for different relative magnetizations of
FM layers, which is referred to as tunneling magnetoresistance (TMR).

However, this process and structure can create process problems including difficulty of
control of the MgO thicknesses and uniformity; potential breakdown of the MgO layer, TMR
degradation occurring after many switching cycles; and unfavorable scaling requirements.
BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments described herein are illustrated by way of example, and not by way of
limitation, in the figures of the accompanying drawings in which like reference numerals refer to
similar elements.

Figure 1 is an illustration of a giant magneto-resistance spin valve with colossal
magneto-resistance material according to an embodiment;

Figure 2 is an illustration of a spin logic device with stacking of magnets below the
spin channel according to an embodiment;

Figure 3 is an illustration of an operating mechanism for a ferroelectric metal-insulator
transition Jahn-Teller device according to an embodiment;

Figure 4A, 4B, and 4C are illustrations of a strain induced metal-insulator transition
non-volatile gate include Jahn-Teller materials according to an embodiment;

Figure SA and 5B are illustrations of MTJ resistance with MTJ diameter;



10

15

20

25

30

WO 2018/236366 PCT/US2017/038472

Figure 6 is an illustration of an example of magnetoresistance for colossal
magnetoresistive material for use in a device according to an embodiment;

Figure 7 is an illustration of spin torque switching utilizing certain materials for a spin
logic device according to an embodiment;

Figure 8 is an illustration of the effect of use of high Hx and low M; alloys on energy
and delay of spin logic devices according to an embodiment;

Figure 9 is an illustration of energy and delay for spin logic devices according to an
embodiment;

Figure 10 is an illustration of a system on chip including spin logic devices according
to an embodiment;

Figure 11 is an illustration of a computing system including spin logic devices
according to an embodiment; and

Figure 12 is an illustration of typical elements of a Heusler alloy.

DETAILED DESCRIPTION

Embodiments described herein are generally directed to colossal magneto-resistance for
magnetic read out utilizing Heusler alloys.
For the purposes of this description:

“(Giant magnetoresistance” or “GMR” refers to quantum mechanical magnetoresistance
in thin-film structures composed of alternating ferromagnetic and non-magnetic conductive
layers, providing significant change in electrical resistance depending on whether the magnetism
of adjacent ferromagnetic layers are in parallel or antiparallel alignment.

“Colossal magnetoresistance” or “CMR?” refers to a property of a materials that enables
such materials to dramatically change their electrical resistance in the presence of a magnetic
field. CMR materials include manganese-based perovskite oxides, Perovskite being
a calcium titanium oxide mineral composed of calcium titanate (CaTiOs).

“Heusler alloy” refers to ferromagnetic metal alloy based on a Heusler phase. A
Heusler phase is an intermetallic with particular composition with particular composition and
face-centered cubic crystal structure, and which are ferromagnetic as a result of the double-
exchange mechanism between neighboring magnetic ions. A Heusler alloy in general is
composed of metals that in their pure state are not ferromagnetic. As used herein, a Heusler
alloy includes a full Heusler alloy (ferromagnetic metal alloy of the form X»>YZ), a half Heusler
alloy (of the form XYZ), and an inverse Heusler alloy (of the form XYZX). An example of a

Heusler alloy is Mn3GeGa. Figure 12 is an illustration of typical elements of a Heusler alloy.
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“Jahn-Teller material” is a material with a geometric distortion of a non-linear
molecular system, thereby reducing symmetry and energy. The Jahn-Teller effect is a geometric
distortion in non-linear molecular systems that reduces the symmetry of the molecule or crystal.
The reduced symmetry removes the degeneracy and reduces the energy of the molecule or the
crystal. Jahn-Teller complexes include materials such as metal organic complexes, correlated
oxide materials, and more recently fullerene based molecules. The effect can also be observed in
tetrahedral complexes.

“Magneto-electric spin orbit logic device” or “MESO logic device” refers to a logic
device that operates via spin-orbit transduction combined with magneto-electric switching, the
MESO logic device utilizing magnetic state (or spin state) for logical operation. MESO devices
may also be referred to in general as spin orbit logic (SOL) devices or spintronic devices.

STT-MRAM (Spin Transfer Torque — Magnetic Random Access Memory) utilizes spin
transfer torque, spin transfer torque being the effect in which the orientation of a magnetic layer
in a magnetic tunnel junction (MTJ) may be modified using a spin-polarized current.

A magnetic tunnel junction in general includes a first magnetic layer (a fixed magnetic
layer) and a second layer (a free magnetic layer) of ferromagnetic (FM) material separated by a
dielectric tunnel barrier, the dielectric tunnel layer being an ultrathin layer of insulator that
allows electrons to tunnel through upon application of a bias voltage. The magnetic tunnel
junction is a microelectronic element that may be a part of an integrated circuit including other
types of microelectronic elements. The tunneling barrier commonly is magnesium oxide (MgO).
When a bias is applied to the MTJ, electrons that are spin polarized by the magnetic layers may
traverse the dielectric barrier through a tunneling process, wherein resistance to the tunneling is
referred to as tunnel magnetoresistance (TMR). In operation, the MTJ device provides a low
magnetoresistance when the magnetic moment of the free layer is parallel to the magnetic
moment of the fixed layer and a high magnetoresistance when the magnetic moment of the free
layer is oriented anti-parallel to the magnetic moment of the fixed layer. The tunneling current
depends on the relative orientation of the magnetization of the two ferromagnetic layers, which
may be changed by an applied magnetic field.

However, issues regarding the conventional MTJ technology include the following:

(1) Difficulty of control of the MgO thicknesses and uniformity to ensure the correct
resistance and TMR;

(2) Potential breakdown of the MgO layer even at a modest bias voltage (such as 0.6
V)

(3) TMR degradation occurring after many switching cycles; and
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(4) Unfavorable scaling requirements for RA product, which affects the spin efficiency
and TMR.

In some embodiments, issues regarding conventional STT-MRAM technology are
addressed by the implementation of GMR (Giant Magnetoresistance) switching devices in
combination with CMR (Colossal Magnetoresistance) material.

In some embodiments, an MTJ comprises:

(a) A magnetic free layer and a magnetic fixed layer formed with CoFe (Cobalt Ferrite)
in combination with magnetic Ru (Ruthenium) that is templated utilizing Mo (Molybdenum).

(b) Molybdenum is formed preferably in FCC <110> orientation and Ruthenium is
formed in bet (body-centered-tetragonal) elongated or compressed tetragonal phase.

(c) The fixed layer may also be formed via combination of CoFe (Cobalt Ferrite)
magnetic layer with Mo/Ru magnetic layers.

(d) A full stack for the MTJ comprises of:

Bottom Electrode/Mo/Ru/CoFe/MgO/CoFe/Ru/Mo/Top Electrode, for example in more
detail of the structure

Ta/Ru/Ta/IrMn/Mo/Ru/CoFe(Fixedlayer)/MgO/CoFe(Freelayer)/Ru/Mo/Ru

In some embodiments, the magnetic properties of the MTJ can be further enhanced via
use of magnetic super lattices:

Ta/Ru/Ta/IrMn/Mo/Ru/CoFe/[Mo/Ru/]nCoFe/(Fixedlayer)/MgO/CoFe(Free
layer)//[Mo/Ru/]n/CoFe/Ru

Figure 1 is an illustration of a giant magneto-resistance spin valve with colossal
magneto-resistance material according to an embodiment. In some embodiments, a spin valve
100 includes a bottom electrode 105; a first ferromagnetic fixed layer 110; a GMR layer 115
typically comprising a non-magnetic metal, e.g. copper; ferromagnetic free layer 120, which may
include Mn3GeGa with effective anisotropy field Hx > 7T (Hx = anisotropy field); a CMR layer
125, which may include 10 mOhm per centimeter, such as LaCaMnO (Lanthanum Calcium
Manganese Oxide); a second ferromagnetic fixed layer 130; and a second electrode 135. In
some embodiments, the spin valve is a portion of an integrated circuit including other
microelectronic elements.

In some embodiments, the free layer 120 may include layers of TaN (Tantalum Nitride);
IrMn; (Iridium Manganese); a second TaN layer; and a Mn3GeGa (Manganese Germanium
Gallium) layer. In some embodiments, Jahn-Teller materials are applied in computing and
sensing operations.

In some embodiments, a structure for spin logic device/lateral spin valve includes the

following:
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(I) Magnetic contacts are formed with Jahn-Teller Magnetic Elements:

(1) Magnetic contacts are formed with high anisotropy (Hk) and low magnetic
saturation (M) materials comprising of bet-Jahn-Teller materials.

(II) Engineered interface between the bet-Ru alloy and the spin channel:

(1) An engineered interface (such as, for example, Ag FCC) between the bct-Ru and
the spin channel is formed utilizing atomistic crystalline matched layers. This component serves
at least the following purposes:

(a) Provides a high mechanical barrier to stop or inhibit the inter-diffusion of the
magnetic species with the spin channel.

(b) A template with the correct crystal orientation provides atomistic matching of
the interfaces of the magnet with the channel.

(c) Maintains high spin injection at the interface.

(IIT) Electric contact to the magnets is formed with an engineered interface:

A second Mo interfacial layer is introduced for two purposes:

(a) Forming the electrical contact to the magnets. (b)Providing a template with the
correct crystal orientation to seed the formation of the bct-Ru alloy.

(IV) An inverted structure for the spin logic is provided, the inverted structure provides
the following:

(1) The inverted structure allows for placement of the magnetic contacts below the
spin channel, wherein may be formed with an in-situ processing method. This processing
method allows the following:

(a) The fabrication of bct-Ru alloy and the matching layer via the use of an in-situ
processing flow.

(b) The templating of bct-Ru for an appropriate crystal structure.

(c) Easier formation of oxide insulation between the spin channels belonging to
separate devices.

Figure 2 is an illustration of a spin logic device with stacking of magnets below the
spin channel according to an embodiment. In some embodiments, The spin logic device, shown
as lateral (non-local) spin valve, includes the following:

(a) A first copper (back end metal) layer 205;

(b) A Mo FCC <110> template 210;

(c) bet-Ru/Mo magnetic elements 215;

(d) Ag (FCC) (Silver) connections 220;

(e) A spin channel 220 shown as a copper, wherein a spin channel can be a channel
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consisting of one or more of Copper, Silver, Aluminum, or Graphene or other 2D material (2D
materials being crystalline materials consisting of a single layer of atoms);

(f) A via 235 surrounded by oxide layer 230; and

(g) A second copper layer 240.

In some embodiments, a structure for an FE-MIT (Ferroelectric Metal-Insulator
Transition) memory element includes the following:

(a) A ferroelectric material stack to provide fixed charge concentration to set up a
remnant electric field across a dielectric material;

(b) A dielectric capacitor comprised of Jahn-Teller distortion sensitive material; and

(c) Jahn-Teller distortion material in the dielectric capacitor, which responds to the
attractive/repulsive force to cause a change in conductivity.

In some embodiments, structures using JT-AFM (Jahn-Teller Anti-Ferromagnetic)

memory element include the following:

(a) Structures are of a SHE-MT]J (Spin Hall Effect Magnetic Tunnel Junction) formed
by a JT-AFM (Exohedral Cso-based metallofullerenes, CsCso) switched with Spin-Hall Effect; or

(b) A magnetic tunnel junction formed with free layers comprising of JT-AFM
(CsCeo); or

(c) A magnetic tunnel junction formed with a pinned layer comprising of JT-AFM
(CsCe0).

Figure 3 is an illustration of an operating mechanism for a ferroelectric metal-
insulator transition Jahn-Teller device according to an embodiment. In some embodiments, a
strain inducted metal-insulator transition utilizing Jahn-Teller materials include a stack
including:

(a) Ta (Tantalum) 305;

(b) Ru (Ruthenium) 310;

(c) Ta31s;

(d) A ferroelectric pinned layer 320;

(e) Fix ferroelectric material 325;

(f) MIT-JTM (Metal-Insulator Transition Jahn-Teller Material) 330,

(g) HfO, (Hafnium Oxide) 335;

(h) Ta 340; and

(i) Ru 345.

In some embodiments, the MIT-JTM layer is:

Rb2CsCso, RbxCs3-xCeo.

In some embodiments, the MIT-JTM layer is:
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NdNiO3, 1.a0.9Sr0.1MnO3, (Nd1xPrx)0.55r0. 5SMbO3.

Figure 4A, 4B, and 4C are illustrations of a strain induced metal-insulator transition
non-volatile gate include Jahn-Teller materials according to an embodiment. In some
embodiments, a gate includes Jahn-Teller materials, thereby generating a strain induced metal-
insulator non-volatile gate. As illustrated in Figure 4, the gate includes metal 410 and an MIT
(Metal-Insulator Transition) 430 including piezoelectric/ferroelectric materials 420. In some
embodiments, the cross-section of the junction may be as illustrated in Figure 4B or 4C, which
illustrate the strain induced metal-insulator transition.

Figure SA and 5B are illustrations of magnetic tunnel junction resistance with
magnetic tunnel junction diameter. The voltage drive required to the magnetic tunnel junction
increases with the reduction in diameter, thereby leading to a loss of polarization. Figures SA
and 5B illustrate the unfavorable scaling requirements for RA products with conventional
construction of MTJ devices.

Figure 6 is an illustration of an example of magnetoresistance for colossal
magnetoresistive material for use in a device according to an embodiment. As illustrated in
Figure 6, the magnetoresistance for the opposed (anti-parallel) state (610) providing the indicated
resistance of RO = 1.35 MQ (megaohms) versus the parallel state (620) providing RH = 1.06 KQ
(kiloohms).

Figure 7 is an illustration of spin torque switching utilizing certain materials for a spin
logic device according to an embodiment. The improvement in switching dynamics for a
nanomagnet with reduced magnetic anisotropy (compared to 106 MA/m for CoFe) and improved
Hx (10 kOe (kilo Oersteds) compared to 1 kOe) is illustrated in Figure 7. As illustrated in Figure
7, the switching time in nanoseconds for a spin current of a certain amount is significantly
reduced in an embodiment incorporating a stack with Heusler alloys 710, with values in the
range of Ms = 0.800 MA/cm? and Hi = 10,000 Oe, in comparison with materials with nominal
PMA 720. In some implementations, a stack may have greater Hx values, with Hi reaching
60.000 Oe.

Figure 8 is an illustration of the effect of use of high anisotropy and low magnetic
saturation alloys on energy and delay of spin logic devices according to an embodiment. In
some embodiments, materials with Hx and low M; are implemented in spin logic devices to
improve energy-delay, i.e., to reduce energy at a constant delay or reduce delay at a constant
energy. In some embodiments, the improvement in energy-delay arises from the ability to
implement high Hk and low M; magnetic materials using Jahn-Teller distortion in magnetic

materials. In the illustration provided in Figure 8, M = 1IMA/cm? and Hi = 2300 Oe.
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Figure 9 is an illustration of energy and delay for spin logic devices according to an
embodiment. As illustrated in Figure 9, devices with high Hk and low Ms alloys (PMA
Improved Anisotropy) are compared to conventional material approaches for spin logic devices,
with the improved anisotropy devices providing significantly improved energy delay in
comparison with the conventional devices, as well as providing an improvement in energy delay
in comparison with a 20 cm CMOS device.

Figure 10 is an illustration of a system on chip including spin logic devices according
to an embodiment. In some embodiments, an integrated circuit such as a system on chip (SoC)
1000 includes one or more active components 1080 within the elements, including one or more
spin logic devices 1085, a spin logic device including a stack including a plurality of layers, the
stack including a ferromagnetic fixed layer and a ferromagnetic free layer, a giant
magnetoresistance layer between the ferromagnetic fixed layer and the first ferromagnetic free
layer, and a colossal magnetoresistance material layer adjacent to the ferromagnetic free layer;
and a spin channel coupled with the stack.

In some embodiments, the SoC 1000 may further include, but is not limited to, the
following:

(a) A central processing unit (CPU) or other processing element 1010 for the
processing of data.

(b) A graphics processing unit (GPU) 1020 to create images for output to a display.

(c) Memory 1030, where memory may include random access memory (RAM) or other
dynamic storage device or element as a main memory for storing information and instructions to
be executed by the CPU 1010 and the GPU 1020. Main memory may include, but is not limited
to, dynamic random access memory (DRAM). Memory 1030 may further include a non-volatile
memory, such as flash memory, and a read only memory (ROM) or other static storage device
for storing static information and instructions for the CPU 1010 and GPU 1020.

(d) A Northbridge 1040 to handle communications between the CPU and other
component of the SoC. In some embodiments, the SoC 1000 may further include a Southbridge
1050 to handle I/O functions.

(e) A transmitter, receiver, or both 1060 for the transmission and reception of data via
wireless communications, and one or more antennas for transmission or reception of wireless
communication. Wireless communication includes, but is not limited to, Wi-Fi, Bluetooth™,
near field communication, and other wireless communication standards. The one or more
antennas include one or more dipole, monopole, or other antennas.

(f) One or more interfaces 1070, including USB (Universal Serial Bus), Firewire,

Ethernet, or other interfaces.
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Figure 11 is an illustration of a computing system including spin logic devices
according to an embodiment. In this illustration, certain standard and well-known components
that are not germane to the present description are not shown, and certain elements shown as
separate elements may be combined.

In some embodiments, a computing system 1100 may include a processing means such
as one or more processors 1110 coupled to one or more buses or interconnects, shown in general
as bus 1105. The processors 1110 may comprise one or more physical processors and one or
more logical processors. In some embodiments, the processors may include one or more
general-purpose processors or special-purpose processors.

The bus 1105 is a communication means for transmission of data. The bus 1105 is
illustrated as a single bus for simplicity, but may represent multiple different interconnects or
buses and the component connections to such interconnects or buses may vary. The bus 1105
shown in Figure 11 is an abstraction that represents any one or more separate physical buses,
point-to-point connections, or both connected by appropriate bridges, adapters, or controllers.

In some embodiments, the computing system 1100 further comprises a random access
memory (RAM) or other dynamic storage device or element as a main memory 1115 for storing
information and instructions to be executed by the processors 1110. Main memory 1115 may
include, but is not limited to, dynamic random access memory (DRAM). In some embodiments,
the main memory 1115 includes one or more memory devices having multiple memory dies,
including stacked memory, the memory dies including multiple partitions.

The computing system 1100 also may comprise a non-volatile memory 1120; a storage
device such as a solid-state drive (SSD) 1130; and a read only memory (ROM) 1135 or other
static storage device for storing static information and instructions for the processors 1110.

In some embodiments, the computing system 1100 includes one or more transmitters or
receivers 1140 coupled to the bus 1105. In some embodiments, the computing system 1100 may
include one or more antennae 1144, such as dipole or monopole antennae, for the transmission
and reception of data via wireless communication using a wireless transmitter, receiver, or both,
and one or more ports 1142 for the transmission and reception of data via wired
communications. Wireless communication includes, but is not limited to, Wi-Fi, Bluetooth™,
near field communication, and other wireless communication standards.

In some embodiments, computing system 1100 includes one or more input devices 1150
for the input of data, including hard and soft buttons, a mouse or other pointing device, a
keyboard, voice command system, or gesture recognition system.

In some embodiments, computing system 1100 includes an output display 1155, where

the output display 1155 may include a liquid crystal display (LCD), projection device, or any
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other display technology, for displaying information or content to a user. In some environments,
the output display 1155 may include a touch-screen that is also utilized as at least a part of an
input device 1150. Output display 1155 may further include audio output, including one or more
speakers, audio output jacks, or other audio, and other output to the user.

The computing system 1100 may also comprise a battery or other power source 1160,
which may include a solar cell, a fuel cell, a charged capacitor, near field inductive coupling, or
other system or device for providing or generating power in the computing system 1100. The
power provided by the power source 1160 may be distributed as required to elements of the
computing system 1100,

In some embodiments, one or more components of the computing system 1100, such as
the processors 1110, include MESO devices in accordance with one or more embodiments
described herein.

In various implementations, the computing system 1100 may be a laptop, a netbook, a
notebook, an Ultrabook™, a smartphone, a tablet, a personal digital assistant (PDA), an ultra-
mobile PC, a mobile phone, a desktop computer, a server, a printer, a scanner, a monitor, a set-
top box, an entertainment control unit, a digital camera, a portable music player, or a digital
video recorder. In further implementations, the computing system 1100 may be any other
electronic device that processes data.

In some embodiments, a spin logic device includes a magnetic tunnel junction including
a stack with a plurality of layers, the layers of the stack including the following: a first
ferromagnetic fixed layer and a first ferromagnetic free layer, and a colossal magnetoresistance
material layer between the first ferromagnetic fixed layer and the first ferromagnetic free layer.

In some embodiments, the layers of the stack further include a second fixed
ferromagnetic layer; and a giant magnetoresistance layer between the second ferromagnetic fixed
layer and the first ferromagnetic free layer.

In some embodiments, the device further includes a spin channel coupled with the stack.
In some embodiments, the stack is fabricated below the spin channel. In some embodiments, the
spin channel is composed of one or more of Copper (Co), Silver (Ag), Aluminum (Al),
Graphene, or other 2D material.

In some embodiments, the colossal magnetoresistance material layer includes a Jahn-
Teller material.

In some embodiments, one or more of the first ferromagnetic free layer and the first
ferromagnetic fixed layer are formed with Cobalt Ferrite (CoFe) in combination with magnetic
Ruthenium (Ru).

In some embodiments, the Ruthenium is templated with Molybdenum (Mo).

10
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In some embodiments, the Molybdenum is formed in FCC <110> orientation.

In some embodiments, the Ruthenium is formed in bct (body-centered-tetragonal )
elongated or compressed tetragonal phase.

In some embodiments, the stack of the magnetic tunnel junction further includes an
engineering between the Ruthenium and the spin channel.

In some embodiments, an integrated circuit includes a plurality of microelectronic
elements including one or more active components; wherein the one or more active components
include a magnetic tunnel junction, the magnetic tunnel junction including a stack with a
plurality of layers, the layers of the stack including the following: a first ferromagnetic fixed
layer and a first ferromagnetic free layer; a colossal magnetoresistance material layer between
the first ferromagnetic fixed layer and the first ferromagnetic free layer; a second fixed
ferromagnetic layer; and a giant magnetoresistance layer between the second ferromagnetic fixed
layer and the first ferromagnetic free layer.

In some embodiments, the integrated circuit further includes a spin channel coupled
with the stack, wherein the stack is fabricated below the spin channel.

In some embodiments, the first ferromagnetic fixed layer and a first ferromagnetic free
layer are formed with Cobalt Ferrite (CoFe) in combination with magnetic Ruthenium (Ru).

In some embodiments, the Ruthenium is templated with Molybdenum (Mo).

In some embodiments, the stack further includes a tunneling barrier of MgO
(Magnesium Oxide), and the layers of the stack between a bottom electrode and a top electrode
are: Mo/Ru/CoFe/MgO/CoFe/Ru/Mo.

In some embodiments, the colossal magnetoresistance material layer includes a Jahn-
Teller material.

In some embodiments, the first ferromagnetic free layer includes the following layers: a
first Tantalum Nitride (TaN) layer; an Iridium Manganese (IrMn3) layer; a second TaN layer;
and a Manganese Germanium Gallium (Mn3GeGa) layer.

In some embodiments, a computing system includes a processor; a memory to store data
for the processor; and a transmitter or receiver and antenna for transmitting or receiving data,
wherein at least one element of the computing system includes a spin logic, the spin logic device
including a magnetic tunnel junction including a stack with a plurality of layers, the layers of the
stack including the following: a first ferromagnetic fixed layer and a first ferromagnetic free
layer, and a colossal magnetoresistance material layer between the first ferromagnetic fixed layer
and the first ferromagnetic free layer.

In some embodiments, the layers of the stack of the magnetic tunnel junction further

11
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include: a second fixed ferromagnetic layer; and a giant magnetoresistance layer between the
second ferromagnetic fixed layer and the first ferromagnetic free layer.

In some embodiments, the computing system further includes a spin channel coupled
with the stack. In some embodiments, the stack is fabricated below the spin channel.

In some embodiments, the colossal magnetoresistance material layer includes a Jahn-
Teller material.

In the description above, for the purposes of explanation, numerous specific details are
set forth in order to provide a thorough understanding of the described embodiments. It will be
apparent, however, to one skilled in the art that embodiments may be practiced without some of
these specific details. In other instances, well-known structures and devices are shown in block
diagram form. There may be intermediate structure between illustrated components. The
components described or illustrated herein may have additional inputs or outputs that are not
illustrated or described.

Various embodiments may include various processes. These processes may be
performed by hardware components or may be embodied in computer program or machine-
executable instructions, which may be used to cause a general-purpose or special-purpose
processor or logic circuits programmed with the instructions to perform the processes.
Alternatively, the processes may be performed by a combination of hardware and software.

Portions of various embodiments may be provided as a computer program product,
which may include a computer-readable medium having stored thereon computer program
instructions, which may be used to program a computer (or other electronic devices) for
execution by one or more processors to perform a process according to certain embodiments.
The computer-readable medium may include, but is not limited to, magnetic disks, optical disks,
read-only memory (ROM), random access memory (RAM), erasable programmable read-only
memory (EPROM)), electrically-erasable programmable read-only memory (EEPROM),
magnetic or optical cards, flash memory, or other type of computer-readable medium suitable for
storing electronic instructions. Moreover, embodiments may also be downloaded as a computer
program product, wherein the program may be transferred from a remote computer to a
requesting computer.

Many of the methods are described in their most basic form, but processes can be added
to or deleted from any of the methods and information can be added or subtracted from any of
the described messages without departing from the basic scope of the present embodiments. Tt
will be apparent to those skilled in the art that many further modifications and adaptations can be

made. The particular embodiments are not provided to limit the concept but to illustrate it. The
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scope of the embodiments is not to be determined by the specific examples provided above but
only by the claims below.

If it is said that an element “A” is coupled to or with element “B,” element A may be
directly coupled to element B or be indirectly coupled through, for example, element C. When
the specification or claims state that a component, feature, structure, process, or characteristic A
“causes” a component, feature, structure, process, or characteristic B, it means that “A” is at least
a partial cause of “B” but that there may also be at least one other component, feature, structure,
process, or characteristic that assists in causing “B.” If the specification indicates that a
component, feature, structure, process, or characteristic “may”, “might”, or “could” be included,
that particular component, feature, structure, process, or characteristic is not required to be
included. If the specification or claim refers to “a” or “an” element, this does not mean there is

only one of the described elements.

An embodiment is an implementation or example. Reference in the specification to “an

29 EEIN3

embodiment,” “one embodiment,” “some embodiments,” or “other embodiments” means that a
particular feature, structure, or characteristic described in connection with the embodiments is
included in at least some embodiments, but not necessarily all embodiments. The various

i

appearances of “an embodiment,” “one embodiment,” or “some embodiments” are not
necessarily all referring to the same embodiments. It should be appreciated that in the foregoing
description of exemplary embodiments, various features are sometimes grouped together in a
single embodiment, figure, or description thereof for the purpose of streamlining the disclosure
and aiding in the understanding of one or more of the various novel aspects. This method of
disclosure, however, is not to be interpreted as reflecting an intention that the claimed
embodiments requires more features than are expressly recited in each claim. Rather, as the
following claims reflect, novel aspects lie in less than all features of a single foregoing disclosed

embodiment. Thus, the claims are hereby expressly incorporated into this description, with each

claim standing on its own as a separate embodiment.
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CLAIMS
What is claimed is:

1. A spin logic device comprising:
a magnetic tunnel junction including a stack with a plurality of layers, the layers of the
stack including the following:
a first ferromagnetic fixed layer and a first ferromagnetic free layer, and
a colossal magnetoresistance material layer between the first ferromagnetic fixed

layer and the first ferromagnetic free layer.

2. The device of claim 1, wherein the layers of the stack further include:
a second fixed ferromagnetic layer; and
a glant magnetoresistance layer between the second ferromagnetic fixed layer and the

first ferromagnetic free layer.

3. The device of claim 1, further comprising:

a spin channel coupled with the stack.
4. The device of claim 3, wherein the stack is fabricated below the spin channel.

5. The device of claim 3, wherein the spin channel is composed of one or more of Copper

(Co), Silver (Ag), Aluminum (Al), Graphene, or other 2D material.

6. The device of claim 1, wherein the colossal magnetoresistance material layer includes a

Jahn-Teller material.

7. The device of claim 1, wherein one or more of the first ferromagnetic free layer and the
first ferromagnetic fixed layer are formed with Cobalt Ferrite (CoFe) in combination with

magnetic Ruthenium (Ru).

8. The device of claim 7, wherein the Ruthenium is templated with Molybdenum (Mo).
9. The device of claim 8, wherein the Molybdenum is formed in FCC <110> orientation.
10. The device of claim 8, wherein the Ruthenium is formed in bct (body-centered-

tetragonal) elongated or compressed tetragonal phase.

11. The device of claim 7, wherein the stack of the magnetic tunnel junction further includes

an engineering between the Ruthenium and the spin channel.

14
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12.  Anintegrated circuit comprising:
a plurality of microelectronic elements including one or more active components;
wherein the one or more active components include a magnetic tunnel junction, the
magnetic tunnel junction including a stack with a plurality of layers, the layers of the stack
5  including the following:
a first ferromagnetic fixed layer and a first ferromagnetic free layer;
a colossal magnetoresistance material layer between the first ferromagnetic fixed
layer and the first ferromagnetic free layer;
a second fixed ferromagnetic layer; and
10 a giant magnetoresistance layer between the second ferromagnetic fixed layer and

the first ferromagnetic free layer.

13. The integrated circuit of claim 12, further comprising:
a spin channel coupled with the stack, wherein the stack is fabricated below the spin

channel.

15 14 The integrated circuit of claim 12, wherein the first ferromagnetic fixed layer and a first
ferromagnetic free layer are formed with Cobalt Ferrite (CoFe) in combination with magnetic

Ruthenium (Ru).

15.  The integrated circuit of claim 14, wherein the Ruthenium is templated with

Molybdenum (Mo).

20 16.  The integrated circuit of claim 15, wherein the stack further includes a tunneling barrier
of MgO (Magnesium Oxide), and wherein the layers of the stack between a bottom electrode and

a top electrode are:

Mo/Ru/CoFe/MgO/CoFe/Ru/Mo.

17. The integrated circuit of claim 12, wherein the colossal magnetoresistance material layer

25  includes a Jahn-Teller material.

18. The integrated circuit of claim 12, wherein the first ferromagnetic free layer includes the
following layers:
a first Tantalum Nitride (TaN) layer;
an Iridium Manganese (IrMn3) layer;
30 a second TaN layer; and

a Manganese Germanium Gallium (Mn3GeGa) layer.

15



WO 2018/236366 PCT/US2017/038472

19. A computing system comprising:
a processor;
a memory to store data for the processor; and
a transmitter or receiver and antenna for transmitting or receiving data;
5 wherein at least one element of the computing system includes a spin logic, the spin logic
device including:
a magnetic tunnel junction including a stack with a plurality of layers, the layers
of the stack including the following:
a first ferromagnetic fixed layer and a first ferromagnetic free layer, and
10 a colossal magnetoresistance material layer between the first

ferromagnetic fixed layer and the first ferromagnetic free layer.

20.  The computing system of claim 19, wherein the layers of the stack of the magnetic tunnel
junction further include:
a second fixed ferromagnetic layer; and
15 a giant magnetoresistance layer between the second ferromagnetic fixed layer and the

first ferromagnetic free layer.

21. The computing system of claim 19, further comprising:

a spin channel coupled with the stack.

22. The computing system of claim 21, wherein the stack is fabricated below the spin
20  channel.
23. The computing system of claim 19, wherein the colossal magnetoresistance material

layer includes a Jahn-Teller material.
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