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SEMICONDUCTOR CIRCUITS AND
DEVICES BASED ON LOW-ENERGY
CONSUMPTION SEMICONDUCTOR
STRUCTURES EXHIBITING MULTI-VALUED
MAGNETOELECTRIC SPIN HALL EFFECT

CROSS-REFERENCE TO RELATED
APPLICATION

This patent document 1s timely filed on Jun. 12, 2017 to
claim priorities to and benefits of U.S. Provisional Patent
Application No. 62/348,803 entitled “SEMICONDUCTOR
CIRCUITS AND DEVICES BASED ON LOW-ENERGY
CONSUMPTION SEMICONDUCTOR STRUCTURES
EXHIBITING MULTI-VALUED MAGNETOELECTRIC
SPIN HALL EFFECT” and filed Jun. 10, 2016 since Jun. 10,
2017, the 1-year date from Jun. 10, 2016 falls on a Saturday.
The entire content of the alforementioned patent application
1s incorporated by reference as part of the disclosure of this
patent document.

TECHNICAL FIELD

This patent document relates to semiconductor devices
exhibiting multi-valued states for performing logic opera-
tions or storing data.

BACKGROUND

Existing circuits tend to use binary-state circuits, espe-
cially for commercial devices or systems. For example,
many semiconductor circuits and devices for digital logic
operations are based on binary-state logic circuits as basic
building blocks to construct various logic operation circuits
by coupling or linking binary-state logic circuit building
blocks 1in certain ways. In this regard, most CMOS tech-
nologies have been tailored for binary states and operate
with binary switches to achieve desired logic operations.
Although logic operations can also be achieved based on
multi-valued states, various existing implementations of
multi-valued logic circuits tend to be constructed by using
binary-state logic circuit building blocks. In addition, vari-
ous non-volatile semiconductor memory devices are con-
structed to exhibit two logic states for representing store data
bits and this use of two logic states may limit information
encoding.

SUMMARY

This patent document provides implementations and
examples of magnetic semiconductor structures that exhibit
more than two magnetic states as multi-valued state building,
blocks for constructing logic circuits and memory devices.
The examples for implementing the multi-valued magnetic
semiconductor structures include a ferromagnetic layer
exhibiting a switchable magnetization 1n more than two
different directions and a metal layer exhibiting a Spin Hall
cllect that are coupled to one another to construct low-
energy consumption semiconductor structures exhibiting
multi-valued states.

For logic circuitry based on such implementations, since
the magnetic semiconductor structures exhibit native multi-
valued states due to their structures and are used as the
starting building blocks for logic operations, a logic circuit
based on such implementations no longer need to couple
different binary-state logic circuit building blocks together
to first construct a multi-valued logic circuit as a multi-
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valued logic circuit building block to form desired multi-
valued logic circuits. Hence, one of advantages of using
multi-valued magnetic semiconductor structures based on
the disclosed technology 1n this document 1s the reduction of
circuitry elements and complexity 1n logic circuits as com-
pared to some binary-state circuits and this can further lead
to the energy reduction of logic circuits using the disclosed
multi-valued magnetic semiconductor structures. The multi-
valued magnetic semiconductor structures based on the
disclosed technology can also be implemented in ways that
enable information encoding and processing based on the
mult1 logic values that may be diflicult and ineflicient to
achieve by using binary logics, or allow elimination or
reduction of unnecessary conversion from natural multi-
valued parameters 1nto binary representation in many appli-
cations.

Memory devices using the disclosed multi-valued mag-
netic semiconductor structures can also be designed with
certain technical advantages, 111c1ud111g,, e.g., energy e Ticient
memory devices with a better noise margin.

In one aspect, the disclosed technology can be imple-
mented to construct a semiconductor device having a multi-
layer structure forming a magnetoelectric or multiferroic
system to include a ferromagnetic, magnetostrictive layer
that exhibits a biaxial magnetic anisotropy and an underly-
ing metal structure that exhibits a spin Hall etfect to provide
a conversion between electrical energy and magnetic energy
with more than two distinctive magnetic states.

In another aspect, the disclosed technology can be imple-
mented to construct a semiconductor device that includes a
multi-state circuit that exhibits four different magnetic
states. This multi-state circuit includes a multi-layer struc-
ture that includes a ferroelectric material layer that exhibits
a piezoelectric eflect and 1s operable to produce a strain 1n
response to an electrical control signal applied to the ferro-
clectric material layer, a ferromagnetic material layer
stacked with the ferroelectric material layer in a way to
expose the ferromagnetic material to the strain produced by
the ferroelectric material layer, and a spin Hall metal layer
stacked with the ferroelectric material layer and the ferro-
magnetic material layer. The ferromagnetic material layer
exhibits a biaxial magnetic anisotropy along two difierent
magnetization axes that are stabilized by the strain from the
terroelectric material layer so that the ferromagnetic layer
exhibits four different magnetization states based on two
different magnetization directions in each of the two difler-
ent magnetization axes. The spin Hall metal layer 1s con-
figured to exhibit (1) a spin Hall effect in response to a
charge current tflowing in the spin Hall metal layer to
produce a spin polarized current to tlow into the ferromag-
netic material layer along a direction perpendicular to the
ferromagnetic material layer, and (2) an mnverse spin Hall
ellect 1n response to a sensing current flowing through the
ferromagnetic material layer and the spin Hall metal layer
along a sensing current direction perpendicular to the fer-
romagnetic material layer and the spin Hall metal layer to
produce a readout current along the spin Hall metal layer
representing one of the four different magnetization states of
the {ferroelectric maternial layer. The multi-state circuit
includes (1) a ferroelectric driver circuit that produces the
clectrical control signal applied to the ferroelectric material
layer, (2) a charge current source circuit coupled to the spin
Hall metal layer to generate the charge current flowing 1n the
spin Hall metal layer, and (3) a sensing current source circuit
coupled to produce the sensing current flowing through the
terromagnetic material layer to produce the readout current
along the spin Hall metal layer.
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In another aspect, the disclosed technology can be 1mple-
mented to provide a method for operating a magnetic
structure to produce different magnetic states from a ferro-
magnetic material layer exhibiting a biaxial magnetic anisot-
ropy along two different magnetization axes so that the
ferromagnetic layer exhibits four different magnetization
states based on two different magnetization directions 1in
cach of the two diflerent magnetization axes. This method
includes coupling a ferroelectric material layer to the ferro-
magnetic material layer in a way to expose the ferromag-
netic material to a strain produced by the {ferroelectric

material layer to enhance the two difl

erent magnetization
axes as distinctive axes; coupling a spin Hall metal layer
adjacent to the ferromagnetic material layer to respond to a
charge current flowing in the spin Hall metal layer to
produce a spin polarized current to flow into the ferromag-
netic maternial layer along a direction perpendicular to the
ferromagnetic material; and controlling an electrical control
signal applied to the ferroelectric material layer to control
the strain applied to the ferromagnetic material and the
charge current flowing in the spin Hall metal layer to set the
terroelectric material layer in one of the four different
magnetization states. In some 1implementations, this method
may further include applying a sensing current flowing
through the ferromagnetic material layer and the spin Hall
metal layer along a sensing current direction perpendicular
to the ferromagnetic material layer and the spin Hall metal
layer to produce, via an inverse spin Hall effect 1in the spin
Hall metal layer, a readout current along the spin Hall metal
layer representing the one of the four different magnetization
states of the ferroelectric material layer.

In another aspect, the disclosed technology can be imple-
mented to provide a method for data storage 1n a multi-layer
structure that includes a ferroelectric material layer that
exhibits a piezoelectric efl

ect and 1s operable to produce a
strain 1n response to an electrical control signal applied to
the ferroelectric matenial layer, a ferromagnetic material
layer stacked with the ferroelectric material layer 1n a way
to expose the ferromagnetic material to the strain produced
by the ferroelectric material layer to produce a magneto-
strictive response, the ferromagnetic matenal layer exhibit-
ing a biaxial magnetic anisotropy along two different mag-
netization axes so that the ferromagnetic layer exhibits four
different magnetization states based on two different mag-
netization directions in each of the two diflerent magneti-
zation axes and a spin Hall metal layer stacked with the
terroelectric material layer and the ferromagnetic material
layer and configured to exhibit a spin Hall effect in response
to a current flowing 1n the spin hall metal layer. This method
includes applying a charge current in the spin Hall metal
layer and an electrical control signal to the ferroelectric
material layer to set a magnetization direction of the ferro-
magnetic material layer to be 1n a selected magnetization
state of the four diflerent magnetization states of the ferro-
magnetic material layer to store a data bit represented by the
selected magnetization state. In some implementations, this
method may further include applying, 1n a readout operation,
a read current to flow through the ferromagnetic material
layer to indicate which one of the four different magnetiza-
tion states that the ferromagnetic material layer i1s 1 to
readout a data bit represented by the magnetization state.
In yet another aspect, the disclosed technology can be
implemented to construct a device to include different
quaternary unit cells, where each quaternary unit cell is
structured to include a monolithically constructed multi-
layer structure that includes different layers in a stack to
exhibit four different native logic states and i1s program-
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4

mable to switch from one native logic state to another. The
different quaternary unit cells are coupled relative to one
another to collectively perform logic operations based on the
four different native logic states in each quaternary unit cell.

The above and other aspects, and their implementations

and examples, are described 1n detail 1n the drawings, the
description and the claims.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 shows a cross section view of an exemplary
multi-valued semiconductor device with a magnetoelectric
multiferroic configuration.

FIG. 2 shows an exemplary circuit configuration that
controls a magnetoelectric multiferroic structure to operate
as a multi-valued device.

FIG. 3 shows an example of a truth table showing a
relationship among input control signals, magnetization
direction and readout currents.

FIG. 4 shows a simplified 3D diagram showing an exem-
plary multi-valued multiferroic device with indications of
source currents and readout currents.

FIG. 5 shows an exemplary flow chart for operating a
multi-valued multiferroic device.

FIG. 6 shows evaluations of a related quaternary logic
architecture suggested 1n this patent document and CMOS
based logic architecture.

FIGS. 7A and 7B show an exemplary illustration of
quaternary data encoding for a multi-valued multiferroic
device.

FIGS. 8A to 8E show examples of logic operators by
using native multi-valued semiconductor devices based on
the disclosed technology as building blocks.

FIGS. 9 to 13 illustrate examples of simplified 3D dia-
grams and cross-sectional views of intrinsic 4-state magnetic
structures and their corresponding inverter structures.

FIG. 14 shows an exemplary equipment for providing a
multi-valued multiferroic device.

FIG. 15 shows reflection high-energy electron diffraction
(RHEED) 1mages which demonstrate depositions of layers
in a multi-valued multiferroic device.

FIG. 16 shows measured anisotropic magnetoresistance
data due to an applied voltage to the ferroelectric material
layer driving the piezo-strain to move the magnetization of
the ferromagnetic material layer.

FIG. 17A to 17C show various data on characteristics of
a multi-valued multiferroic device.

FIG. 18 shows calculation of an energy dissipation of a
magnetoelectric switching 1n a multi-valued multiferroic
device

FIG. 19 shows an exemplary big data application showing,
memory arrays with multi-valued multiferroic device.

DETAILED DESCRIPTION

This patent document provides implementations and
examples of circuits and devices based on low-energy con-
sumption semiconductor structures exhibiting multi-valued
states. The specific examples for implementing the disclosed
technology use a multi-layer magnetic structure that exhibits
more than two distinctive states as native multi-valued states
and 1s operable to switch between such different states. The
disclosed technology can be used in various applications,
including, e.g., logic circuits and devices and memory
circuits and devices.

As specific examples shown 1 FIGS. 1 and 9 through 13,

multi-valued magnetic structures (or multi-valued multifer-
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roic structures) can be constructed based on the spin Hall
ellect and piezoelectric or magnetoelectric eflect. In those
examples, a magnetostrictive ferromagnetic 1s deposited
onto a ferroelectric or piezoelectric layer and the resultant
structure forms a magnetoelectric or magnetoelectric mul-
tiferroic structure (or a composite multiferroic).

Magnetoelectric multiferroic composites are attractive
materials for various electrically and magnetically cross-
coupled devices. The multiferroic component processes both
clectric and magnetic orders and this coupling enables
control of magnetization polarization with electric field. One
example of an implementation of the disclosed technology
can use magnetoelectric multiferroic materials to construct a
current-based device with more than two digital states, e.g.,
four distinct digital states. One of the functions of the
multiferroic component 1s its ability to transduce electrical
energy 1nto magnetic energy and vice versa (magnetic
energy into electrical energy). The multifunctional proper-
ties of multiferroics enable the design of novel electronic
devices for various sensing, transduction, memory and logic
applications.

The disclosed multi-valued magnetic structures can be
used to implement various circuit configurations that address
certain technical limitations 1n various semiconductor
devices based on binary circuits. Most commercial circuits
and devices based on complementary metal oxide semicon-
ductor (CMOS) technology implement a binary logic. Lim-
ited by the two logic states in binary circuits, such CMOS
circuits connect or couple different binary logic circuits
together to perform more complex logic operations. Inher-
ently, such CMOS circuits require different logic gates,
circuit connections and switches and tend to introduce
delays, increase power consumptions and increase the cir-

cuit size and complexity due to the presence ol gates,
connections and switches.

Multi-valued states with more than two states can be
achieved 1n a single integrated circuit element disclosed 1n
this patent document that 1s formed from monolithically
integrated semiconductor layers to exhibit multiple native
magnetic states without extra logic gates or other connecting,
switches. Therefore, the disclosed technology can be imple-
mented to reduce the number of logic gates, circuit connec-
tions, or switches in logic circuitry to reduce the overall
circuit complexity, to reduce overall circuit size and foot-
print, to reduce delays and the power consumption in
comparison with binary-based logic circuitry for complex
logic operations. Accordingly, the disclosed technology can
be advantageously used in various computation intensive
applications, such as 1mage processing, big data analytics,
many-valued decision diagrams, artificial neural networks
and others. Among other advantages and benefits, the multi-
valued logic allows compact data and functional represen-
tation, and 1s more eflicient than the binary logic. At this
time, multi-valued logic circuitry has not been successiully
used 1n practical applications in part because since existing,
CMOS technologies are based on binary logic and certain
attempts for developing multi-valued logic circuitry are
based on binary logic circuits as basic building blocks, e.g.,
using different binary CMOS units and binary switches to
construct a multi-valued logic circuit. This configuration
using multiple CMOS units and binary switches requires
multiple conversions between the intrinsic binary logic and
the multi-valued logic. Accordingly, the multi-valued
CMOS based logic demands increased power consumption
and have complicated structures for communication, com-
putation, and data representation. The new approach dis-
closed 1n this patent document provides improvements from
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the existing performance of the multi-valued CMOS based
logic 1n terms of energy reduction and simplified configu-
ration.

The disclosed technology can be implemented to provide
a native or intrinsic multi-valued multiferroic device and can
be used to build a powerful architecture with the potential to
achieve significant energy savings in comparison to the
CMOS based implementation due to the reduction in the
number of elements and connections. The disclosed tech
nology can be used to, among other applications, resolve this
issue by creating an intrinsically multi-valued device ele-
ment without relying on binary logics and associated com-
puting framework that harness pull potentials of the device,
and allows data representation, communication and compu-
tation in the multi-valued domain. Energy improvements in
performance of logic structures harnessing this quaternary
device are estimated to be greater than a factor of 100 when
compared to end-of-roadmap CMOS logic structures. Imple-
mentations of the disclosed technology can be configured in
ways that achieve at least signficant reduction 1n energy
consumption (e.g., 100 times). The potentials of the sug-
gested device can make significant impacts to the semicon-
ductor industry, and can transform the existing computing
paradigms that are solely based on binary logic. Targeted
applications can range from microprocessors, memories to
custom data-centric chips that require data inference and
processing capabilities to be built-in with memory.

FIG. 1 shows a cross section view of an exemplary
multi-valued semiconductor device with a magnetoelectric
multiferroic structure that exhibits native multi-valued states
of four different magnetization states based on a ferromag-
netic, magnetostrictive layer that exhibits a biaxial magnetic
anisotropy and an underlying metal structure that exhibits a
spin Hall effect to provide a conversion between electrical
energy and magnetic energy.

As an example, the multi-valued states are implemented
with the magnetoelectric multiferroic structure having more
than two magnetization directions and the rotation among
the four magnetization directions are controlled via the
piezoelectric ellect and the spin Hall effect. As shown in
FIG. 1, the magnetoelectric multiferroic structure includes a
terroelectric matenal layer 120, a spin Hall metal layer 130,
and a ferromagnetic material layer 140. For example, the
multi-valued device sits on a ferroelectric or piezoelectric
film or substrate which provides the strain to the magneto-
strictive layer when a voltage 1s applied across the ferro-
clectric via the piezoelectric effect and due to magnetostric-
tion causes the magnetization of the magnetostrictive layer
to rotate. In the disclosed technology, a magnetoelectric
multiferroic element enables the system responsive to an
clectric field which makes it an energy eflicient system. The
magnetoelectric multiferroic element includes materials that
exhibit both magnetic and electric aspects. The magnetic
properties of the magnetoelectric multiferroic materials can
be controlled by applying an electric field whose value 1s not
significant as compared to the switching 1n the conventional
semiconductor circuit and devices. Accordingly, the mag-
netoelectric multiferroic element enables the design of novel
clectronic devices {for wvarious sensing, transduction,
memory and logic applications. In particular, artificial (or
composite) multiferroics exhibit the largest transduction
coellicients at room temperature. Composite multiferroics
are typically bilayers formed of a ferromagnetic material
with large magnetostriction coeflicients and a piezoelectric
material with large piezoelectric coeflicients (these are typi-
cally ferroelectric as well, but not necessarily required to
be). The magnetoelectric multiferroic structure 1s arranged
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between the bottom electrode 110 and the top electrode 150.
The top electrode 150 operates as a passivation layer to
protect the magnetoelectric multiferroic structure from
unnecessary oxidation. The bottom electrode 110 operates to
provide the contact with the spin Hall metal layer 130 to
apply the electric field to the ferroelectric material layer 140
and drive the piezoelectric strain. In some implementations,
the top electrode 150 may be formed by various electrically

conductive materials, including metallic materials such as
Pt, Cu, T1, Au, or Al. The multi-valued multiferroic device
shown 1n FIG. 1 1s one example only and can be modified
in various manners, for example, to have different arrange-
ments of the layers, include different materials, or include
layers with different thickness. In some implementations, the
thickness of respective materials may be dependent on the
spin diffusion length (or eflective spin diffusion length) o
the elemental layer (or bilayer). In certain applications, the
thicknesses range may be from 5 to 20 nm, although other
implementations are also possible.

The ferroelectric material layer 120 1s configured to
exhibit a desired piezoelectric eflect and generate a piezo-
clectric strain 1n response to an electrical control signal
applied to the ferroelectric matenal layer 120. FIG. 2 shows
exemplary configuration that controls the magnetoelectric
multiferroic structure to operate as a multi-valued device. In
FIG. 2, CK1 210 1s coupled with the multi-value unit cell
200 to supply an electrical signal to the multi-value unit cell
200, which causes the ferroelectric material layer 120 to
generate the piezoelectric strain. As will be further described
later, the piezoelectric strain generated by the ferroelectric
material layer 120 operates to manipulate the switching of
the magnetization of the ferromagnetic material layer 140
along with the spin torque charges generated by the spin Hall
metal layer 130. Using the piezoelectric strain produced in
the ferroelectric material layer 120 makes it possible to
decrease the critical switching current required to switch the
magnetization of the device. Also, it allows a smaller
programming current required for a write operation. Various
suitable materials are selected for the ferroelectric materal
layer 120 to have a desired piezoelectric eflect. Table 1
below shows the list of possible materials and their piezo-
electric coetlicients, d33 and d31. The materials can be used
in single form or various combination among the materials
can be made for the ferroelectric material layer 120.

TABLE 1
Material d33 (pC/N) d31 (pC/N)
LiINbO; 27
AIN 6
PMN-PT 2500 —-1000
Li1Ta0O, 16
Quartz 2.3
BaTiO3 190 —80
PZN-PT 2500 —-1500
Zn0O 5.9
Sr1103
PZT 60-130 -320
PIN-PMN-PT 900-1200
BFO 60
(Ko.5Nag g)NbO; 80
NBT-BT (Nag¢Big 5) 64

TiO;—BaTiO,

List of piezoelectric materials and their piezoelectric coeflicients

The spin Hall metal layer 130 i1s arranged with the
terroelectric material layer 120 1n direct or indirect contact
with the {ferroelectric material layer 120 and operates
together with the ferroelectric material layer 120 to collec-
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tively trigger the switching of the magnetization i the
ferromagnetic material layer 140. A challenge for realizing
a Tour-state device 1s that, when switched, the magnetization
can rotate by £90° and whether 1t rotates 90° to the left or
90° to the rnight 1s not deterministic. The spin Hall metal
layer 130 1s configured to exhibit a spin Hall effect which
generates spin torque charges 1n response to a charge current
(I, . 1 FIG. 1) applied to the spin Hall metal layer 130.
Referring to FIG. 2, CK2 220 1s coupled to the multi-valued
unit cell 200 to provide the charge current I, _ to the spin
Hall metal layer 130. The spin Hall metal layer 130 can be
arranged adjacent to the ferromagnetic material layer 140 or
in direct contact with the ferromagnetic material layer 140 to
allow the spin torque current generated via a spin Hall eflect
under the charge current to enter the ferromagnetic material
layer 140. The spin Hall metal layer 130 has a suitable
thickness 1n terms of the conversion efliciency between the
charge current and the spin torque current. In some 1mple-
mentations, the spin Hall metal layer has a thickness, ¢.g., 6
to 9 nm thick. In some implementations, the spin Hall metal
layer 130 may be itentionally lithographically aligned to
form an angle with respect to the magnetic anisotropy
directions of the ferromagnetic material layer 140 to create
the spin Hall torque to bias the 90° switching leit or right.
The angle formed between the spin Hall metal layer 130 and
the magnetic anisotropy directions of the ferromagnetic
matenial layer 140 can change depending on materials
configuration. Examples of possible matenals for the spin
Hall metal layer 130 includes at least one of Pt, Ta, W,
Bi1,Se,, Au or Bi, or metals doped with large spin-orbit-
coupled impurities.

In the disclosed technology, the magnetization of the
ferromagnetic material layer 140 1s manipulated based on
both the spin torque current obtained via the spin Hall effect
and the piezoelectric strain via the piezoelectric eflect. By
using the both of the spin Hall effect and the piezoelectric
strain, the manipulation of the magnetization can be more
accurate and precise while achieving energy reduction 1n
operating as the multi-valued device. For example, the
piezoelectric strain obtained from the ferroelectric material
layer 120 make the magnetization of the ferromagnetic
materal layer to rotate without the need for a separate circuit
for providing switching currents. In rotating among possible
magnetization directions, the spin torque current obtained
from the spin Hall metal layer 130 allows the control of the
rotation to be done 1n a deterministic manner. In addition,
since the current applied through the spin Hall channel 1s to
generate just a bias and not to switch the magnet, the
contribution to the energy dissipation per switch from the
spin Hall bias 1s not significant. The spin Hall metal layer
130 may be used for the writing operation as well as part of
the read operation. For the writing operation, a current 1s
sourced through the spin Hall metal layer 130 as a voltage
1s applied across the piezoelectric or ferroelectric. The
current creates the spin torque current to bias the 90°
switching leit or right.

The ferromagnetic material layer 140 1s configured to
have more than two magnetization states that are rotatable
by the spin torque charges generated via the spin Hall effect.
In the present implementation, as an example of the multi-
valued multiferroic device, the ferromagnetic material layer
140 has four different magnetization states and the magne-
tostrictive ferromagnet has an in-plane biaxial magnetic
anisotropy meaning every 90° 1s a preferred orientation of
the magnetization, with energy barriers preventing the mag-
netization from moving between these biaxial states. How-
ever, other implementations are also possible regarding the
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magnetization directions. For example, the four magnetiza-
tion directions may be all in-plane or can be configured 1n a
combination of the m-plane and out-of-plane directions (for
example, 2 m-plane and 2 out-of-plane). Some 1implemen-
tations of the disclosed technology can use the ferromag-
netic matenal layer 140 with ferromagnetic materials having
two magnetization axes that are already defined and two
additional magnetization axes that are created 1n response to
an external strain. Some other implementations of the dis-
closed technology can use a magnetoelectric or multiferroic
system with biaxial magnetic amisotropy either intrinsically
present or induced by strain on the ferromagnetic, magne-
tostrictive layer. In this regard, high-quality, ferromagnetic
magnetostrictive films are formed on high piezoelectric
coellicient matenals.

Table 2 below shows the list of possible materials for the
ferromagnetic material layer 140 and their magnetorestric-
tion coetlicients. The materials can be used 1n single form or
various combination among the materials can be made for
the ferroelectric material layer 140. In some tests and
prototypes for the multi-valued multiferroic device, the
Fe, Ga_(x 1s i the range of 0.17 to 0.19 in the structures
ivestigated, but high magnetostrictive coeflicients exist
beyond this range) on PMN-PT ((1-x)PbMg, ,.Nb, ,,O;-(X)
Pb110,) and Fe,_,Ga_ on BaTliO, systems achieved the
desired properties, but many other variations can be made to
configure the ferromagnetic material layer 140.

TABLE 2
Magnetostriction
Material coeflicient As (ue)
NI -34
Co —-62
Fe -7
Coysbess 63
Co56Ni5q 25
NiggFes, 1
Gagheg 250
(GaoFeg)gsBo 70
CogolesoBog 50
CoFeSiB 45
TbisFeq- 1753
(Tb3oDy70)Fe; o 1200
Fe;0, 40
CoFe50, —-110
(MnZn)Fe-,0, -3
NiFe>0, —-17
Y,Fe;0 5 1

List of ferromagnets and their magnetostriction coeflicients

The disclosed technology proposes the integration of an
energy ellicient composite multiferroic or magnetoelectric
structure that 1s capable of having four stable (non-volatile)
magnetization states. With the magnetoelectric multiferroic
structure, the suggested multi-valued device exhibits the
magnetoelectric eflect and the spin Hall effect that deter-
minmistically put the magnetization into any of these four
states. To guarantee that a desired state 1s reached by the
writing operation, the device requires two synchronous
voltage and current pulses. For example, the spin Hall
current (I,. _1n FIG. 1) flowing in the spin Hall metal layer
130 and the voltage (V,,. in FIG. 1) applied between the
spin Hall metal layer 130 and the bottom electrode 110

operate as control signals for the writing operation to write
one ol the four data bits of the multi-valued multiferroic
device.

FIG. 3 shows an exemplary truth table showing a rela-
tionship among 1nput control signals, output magnetization
direction and readout currents. The truth table can vary
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depending on material choices and configuration of the
device and the table 1n FIG. 3 1s only one example and other
implementations are possible. In some implementations, the
input control signals are illustrated as four different combi-
nations of the spin Hall currents (I, . 1n FIG. 1) and the
voltages (V,,~ 1n FIG. 1) to exhibit four different states of
the multi-valued multiferroic device. During the writing
operation, the control signals may be maintained to have one
fixed value or changed to different values. If the control
signals change during the operation, the writing operations
1s performed such that the spin Hall currents and/or the
voltages are switched between different values at the pre-
determined operation timings. To do this, a timing circuit
may be added to provide proper gaps. As the result of the
writing operation with the input control signals, the ferro-
magnetic material layer 140 has a particular magnetization
direction among four different directions. The particular
state of the multi-valued multiferroic device 1s read out by
measuring the readout current obtained via the mverse spin
Hall current eflect, 1.¢., the inverse spin Hall current. Refer-
ring to FIG. 2, CK230 1s coupled to the multi-valued unit
cell 200 to provide the input control signal and CK4 240 1s
coupled to the multi-value unit cell 200 to readout the
inverse spin Hall current flowing 1n the spin Hall metal layer
130.

The operation of the device comes from manipulating the
magnetization of the ferromagnetic matenial layer 140
through piezoelectric strain from the underlying ferroelec-
tric material layer 120 and from a small bias current to
generate the spin Hall torque on the ferromagnetic material
layer 140 that can flow through the spin Hall metal layer
130. The multi-valued multiferroic device enables determin-
istic and non-volatile switching between all four possible
magnetization directions (for example, 0, 90°, 180°, and
2°70°) utilizing the spin Hall metal layer 130 to which a bias
current 1s applied, providing a spin torque via the spin Hall
cllect. The state of the device 1s read out (any of the 4 states)
using the same spin Hall metal layer 130 via the inverse spin
Hall effect (this readout 1s via the imnverse spin Hall current).
At the interface between the ferromagnetic material layer
140 and the spin Hall metal layer 130, spin polarized
clectrons that enter the spin Hall metal layer will generate a
horizontal current generated 1n the spin Hall metal layer 130
via the inverse spin Hall effect, which 1s referred to the
inverse spin Hall current. The multi-valued multiferroic
device employs a magnetoelectric multiferroic material that
exhibits a spin Hall effect layer and an inverse spin Hall
cllect layer. The magnitude of the inverse spin Hall current
(2 strengths) and 1ts sign depend on the direction of mag-
netization of the magnetostrictive ferromagnetic layer. As
one example, the truth table of FIG. 3 shows four possible
read out currents 31, I, —I, =31, which corresponds to the
respective magnetization directions. This writing and read-
ing operations make 1t possible to operate the suggested
device as the multi-valued logic and/or memory device with
four different states. In some 1implementations, the input to
the multi-valued multiferroic device 1s a current and a
voltage, and the output of the multi-valued multiferroic
device 1s a current that can have multiple values (e.g., for
quaternary logic: 4 values by combining polarity and mag-
nitude) depending on the configuration of the magnetic layer
of the magnetoelectric or multiferroic.

FIG. 4 shows a simplified 3D diagram showing an exem-
plary multi-valued multiferroic device with indications of
source currents and readout currents. In the exemplary
device of FIG. 4, the spin Hall metal layer 130, the ferro-
magnetic material layer 140, and the top electrode 150 are
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configured as the Pt layer, the FeGa layer, and the Al layer,
respectively. The spin Hall metal layer 130 layer 1s patterned
into a cross bar like structure, with the bar defined by contact
nodes (1) and (2) 1n FIG. 4. In FIG. 4, the spin Hall metal
bar 1s inclined at a 18.5° angle with respect to the magnetic
anisotropy directions of the magnetostrictive ferromagnet.
Contact node (3) and the bottom electrode (not shown) are
configured to apply a voltage to the ferroelectric material
layer 120 (e.g., PMN-PT) to drive magnetoelectric switch-
ing. The source current tlows vertically through the device
using contact nodes (3) and (4). Contact nodes (1) and (2)
are used for sourcing the spin Hall current to enable deter-
ministic magnetization switching and measurement of the
state of the device through the inverse spin Hall effect when
the readout source current 1s applied. The suggested multi-
valued multiferroic device 1s a current-based readout device,
as the horizontal current flowing through contact nodes (1)
and (2) will be modulated 1n amplitude and sign (current
inversion 1s possible and necessary 1n our logic system) with
the appropriate choices of magnetization direction (write
operation).

In the examples shown in FIGS. 1, 2, 3 and 4, the
multi-layer magnetic structure 1in FIG. 1 exhibits a quater-
nary umt cell architecture with four different magnetic states
that can be reprogrammable and controlled by a combination
of a ferroelectric driver circuit that produces the electrical
control signal applied to the ferroelectric material layer and
a charge current source circuit coupled to the spin Hall metal
layer to generate the charge current flowing in the spin Hall
metal layer. The specific magnetic state of this quaternary
unit cell architecture can be sensed or measured by operating,
a sensing current source circuit that 1s coupled to produce the
sensing current tlowing through the ferromagnetic material
layer to produce the readout current along the spin Hall
metal layer. This aspect of using a single multi-layer mag-
netic structure such as the example shown FIG. 1 to achieve
4 different logic states can provide unique advantages in
complex logic operation circuits by using this quaternary
unit cell architecture 1n several areas including circuit foot-
print, circuit complexity, processing speed and energy con-
sumption. The presence of the ferroelectric driver circuit, the
charge current source circuit and a sensing current source
circuit may require certain footprint on a chip for each
quaternary unit cell. However, versatile logic operations that
can be performed by such a quaternary unit cell and 1ts
performance and 1ts processing speed and the low-energy
consumption enables significant advantages to be gained
when building complex logic operations circuits by using
two or more such quaternary unit cells since the number of
the quaternary umt cells, the circuit connections and needed
switches for complex logic operations circuits can be sig-
nificantly reduced when compared to complex logic opera-
tions circuits with the same or similary functionality by
using binary logic gates.

FIG. 5 shows an exemplary flow chart for operating a
multi-valued multiferroic device. As discussed, the multi-
valued structure 1s provided to include the ferroelectric
matenal layer, the spin Hall metal layer, and the ferromag-
netic material layer. At step 510, the ferromagnetic material
layer 1s coupled to the ferromagnetic material layer to
expose the ferromagnetic material to a strain produced by
the ferroelectric material layer to enhance the two diflerent
magnetization axes. The strain 1s produced by applying the
clectric charge to the ferroelectric material layer. At step
520, the spin Hall metal layer i1s coupled to the ferromag-
netic material layer to respond to the charge current flowing,
in the spin Hall metal layer. In response to the charge
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current, the spin Hall metal layer produces the spin polarized
current that flows 1nto the ferromagnetic material layer along
a direction perpendicular to the ferromagnetic material layer.
At step 530, the control signals are controlled to control the
strain applied to the ferromagnetic material and the charge
current flowing in the spin Hall metal layer to set the
ferromagnetic material layer in one of the four different
magnetization directions. The exemplary control signals
mputted to the multi-valued multiferroic device are
described with regard to FIG. 3.

The disclosed technology 1n this patent document is 1n
part based on the recognition that achieving energy reduc-
tion by a significant factor (e.g., at least 100x) 1n comparison
to end-of-roadmap binary CMOS devices can be diflicult to
achieve by remaining with a conventional binary architec-
ture and the recognition that 1s also diflicult to achieve such
reduction 1n power consumption with a charge-based circuit
or device. In recognition of those challenges, the disclosed
technology proposes combining two very distinct 1deas by
creating a magnetoelectric multiferroic (non-charge based)
device, which 1s specifically designed to function in a
multi-valued (4-state, quaternary) architecture. In some
implementations, the suggested technology proposes merg-
ing multi-valued logic with the spin-based device technol-
0gy.

FIG. 6 shows evaluations of a related quaternary logic
architecture suggested 1n this patent document and CMOS
based logic architecture. In FIG. 6, the adders constructed
using the suggested magnetoelectric spin Hall device or
MESH device show performance improvements in compari-
son with the conventional CMOS adders. From the table, 1t
1s estimated that the suggested multi-valued multiferroic
device can achieve more than 100x1n energy improvements
over the CMOS based architecture at the same performance
level. For example, the evaluations i FIG. 6 suggest a
63xdensity 1mprovement, 884xpower improvement, and
3xperformance improvement for a 32-bit full adder versus a
CMOS equivalent. In FIG. 6, background data for the 32 bat
adder 1s simplified and adapted. As already discussed in the
beginning part of this document, the energy reduction
obtained 1n the suggested device 1s the results of several
aspects including the unique approach to create an intrinsi-
cally multi-valued structure having multi-valued states. The
capability of exhibiting multi-valued states enables to reduce
the number of unit cells needed to configure a logic appli-
cation, simplify interconnection requirements, and provides
lower complexity 1n computation and communication.

The multi-valued multiferroic device suggested in this
patent document can be used in various application includ-
ing logic and/or memory systems. The intrinsic properties of
the multi-valued multiferroic device that exhibit multi-
valued states allows to represent multi-valued logics without
binary switches. Using the physical functional elements as
the building blocks realizes the complex logic-arithmetic in
a single step natively and thus are more sophisticated than
switches. The suggested new device along with the novel
computing framework can enable merged logic-memory
tabric that can (1) merge computation with memory leading
to a distributed architecture with a lesser degree of local-
1ization for execution and memory units, reducing computa-
tion and communication requirements; and (11) potentially
surmount the memory-wall problem that impacts CMOS
processors. Beyond microprocessors and memory replace-
ments, application drivers for such technology will include
complex processing and data intensive applications.

Contrary to CMOS, where binary switches are used 1n a
Boolean computing framework, the suggested multi-valued
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multiferroic devices are used in multi-valued computing
framework where data representation, communication and
computation are all in multi-valued domain. The unique
features of the computing framework are (1) the Interference
Functions: formalism for multi-valued logic 1mplementa-
tions, which are analogous to Boolean functions 1in multi-
valued domain, (1) implementations of multi-valued logic
using the novel magnetoelectric device. The combination of
the ultra-low power multi-valued multiferroic device and
supportive computing framework offers at least 100Xenergy
improvement over end-of-roadmap CMOS. Interference
Functions (IF) are key enablers for the implementation of
multi-valued logic using these novel multi-valued devices.
They are a set of new principles that allow implementation
of multi-valued logic using signal superposition technique.
These functions are generic and can be used with any
physical element that exhibit controllable multi-valued char-
acteristics. Contrary to conventional binary CMOS and

Majority based logic design approaches that implements
core {AND, OR, NOT} operators and majority functions, IF
provide formalism to implement functionally complete set
of {Min, Max, Threshold, Literal, Cyclic} operators for
realizing any multi-valued logic.

As already discussed with regard to FIG. 3, the multi-
valued multiferroic device can be configured to have four
different readout currents (31, I, —I, —3I) and can be used to
provide a quaternary data representation (radix-4) for com-
plex logic operations.

FIGS. 7A and 7B further show an exemplary illustration
of quaternary data encoding for a multi-valued multiferroic
device with four different native states. To represent data in
radix-r number system, IF requires r/2 distinct amplitude
values 1f r 1s even, and (r+1)/2 amplitude values 1f r 1s odd,
in conjunction with 2 phases or switching polarities. For
quaternary data representation (radix-4), two amplitude lev-
els (A, 3A) in conjunction with switching polarities (+, —)
are used to get four different combinations. Quaternary data
representation ufilizing symmetric I-V characteristics 1s
shown 1n FIG. 7A. Each combination 1s assigned to a logic
value as shown 1n the Table 1n FIG. 7B. Alternative com-
binations for amplitude and polarity may also be used. In
contrast to IF, conventional charge-based digital computa-
fional systems are capable of using only the presence/
absence of charge for one-dimensional binary information
representation.

Multi-valued operators are designed using multi-valued
devices. To implement multi-valued operators, descriptions
on IFs are followed. In Equation below, a logical state X 1s
represented using amplitude (a) and polarity dependent
parameter (k) as:

X=ak

k= or +— or —

~ The Interference Function I of n input states X Xy, . .
X__; can be defined as follows:

Xn_— 1)= D+X (T
+ﬂn— 1 kﬁ.__ 1 :ﬂl},k},

The result of this Interference Function 1s a logical state
Y, whose amplitude 1s a, and polarity dependent parameter
1S ky In general for n inputs, 1f the amplitude of any input
X 1s a=w;A, where w; represents a weight in multiples ot
umt—amphtude A, then the Interference Function result
encodes the following information:
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jfﬂ_l) = ‘ijh‘ — ‘Zwmk_‘

{+;

The output polarity encodes the weighted majority deci-
sion of all the input polarities, and the amplitude represents
the weighted difference of the number of inputs that are
out-of-phase with respect to each other. Thus the Interfer-
ence Function 1s much more than a simple Majority, and it
results 1n a signal that encodes all the necessary information
about the inputs in a compressed manner. Below are details
of multi-valued operator implementation using IF. Respec-
tive schematic based implementations are shown in FIGS.
8A to 8E. In FIG. 8A to 8E, the square blocks represent
multi-value unit cells with the multiferroic structure and
operate as input, output, and intermediate cells to provide
corresponding logic operators.

(L, :IA(/{{/_D,XI,, cee

= I*(Xo, X1, ...

{ﬂ' 1f Zw Ae”™ > Zw Ae”

else

, Xne1) =

it Zw > Z—wk

else

FIG. 8A shows a physical implementation of an upper
threshold operator configured with multi-value unit cells and
its truth table. The operator of FIG. 8A 1s configured with the
two-input multi-value cells (X, Y), the intermediate multi-
value cells (1.2, Y), and the output multi-value cell to realize
multi-valued threshold functions. The intermediate multi-
value cell L2 generate waves corresponding to logic 2. In
these operations, when one 1nput 1s above or below the other
input in terms of logic value, a constant output 1s selected.
The Upper Threshold operator (X},r_l) 1s defined as:

f_lz{ral, when x = y Y

else ?‘I? yE{O? ]‘?"‘ p

For radix-r it 1s expressed 1n terms of Interference Func-
tfion as:

X =11 SX, Y, L)),

where (r—1) represents either r—1 copies of interference
output at I1 or amplification; X, Y are logical inputs X, y
respectively; and L, is corresponds to logic level r/2.
Interference Function I1 produces a positive output signal/
wave when (x2y), and generates a negative signal/phase
otherwise. The Lower Threshold operator (F_I},X) 1S opposite
of upper Threshold, and 1s defined as

1 r—1, if x=<y
‘ "’“:{ 0, |

The Interference Function to express Lower Threshold
operation 1s:

else

U X=1(r-DI K=Y L, ).

FIG. 8B shows an exemplary physical implementation of
a truncated difference operator configured with multi-value
unit cells and its truth table. The operator of FIG. 8B 1is
configured with the two-input multi-value cells (X, Y), the
intermediate multi-value cell (1LO), and the output multi-
value cell to realize multi-valued truncated difference func-
tions. The truncated difference operator of FIG. 8B 1s used
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to select the difference between two inputs when a condition
1s safisfied. The notation 1s X2y, and the operation 1s defined
as:

B _{x—y, when x > y
rEYE 0, else

-

x, ve{O, 1, ... , r—1}.

This can be expressed with Interference Function as

XEY=IX,~Y,Lo),

The difference operation 1s performed at the junction of
incoming signals. In order to achieve the correct output, the
resultant signal’s amplitude after interference needs to be
truncated to 3A, if 1t 1s greater than 3A. This truncation can
be achieved by configuring multi-state devices, or by
designing the spin wave bus and ME cells to accommodate
this requirement or through external electrical circuits.

FIG. 8C shows an exemplary physical configuration of a
minimum operator configured with multi-value unit cells
and its truth table. The operatior of FIG. 8C 1s configured
with three input multi-value cells (X, X, Y), two interme-
diate multi-value cells (1.0, L.O) and the output multi-value
cell. The Min operator (x-y) 1n multi-valued logic 1s analo-
gous to the Boolean AND operator. It 1s defined as follows:

. _{ X, X<y
Y= .I—(.I—y)?

, r—1}

else

x, yel0, 1, ...

The functional representation 1n terms of Interference
Function 1s:

Min(X, P)=XZ(X=N=I[X ~(X=1).0]

The same assumption for truncation and amplification
applies for Min operator implementations. The Max opera-
tor 1s complement of Min operator, and 1s analogous to

Boolean OR.

X>y

+ —{ *
rTrE .x—l—(.x—y),

, r—1}

else

x, ve{0, 1, ...

The functional representation in terms of Interference
Function 1s

MHX(X, ?)=X+(fEX)=I[X:(fEX) :Er—l ] >

where L. _, 1s a reference wave corresponding to logic

value r—1.
The cyclic operator can be also configured with mulii-
value cells. This 1s analogous to Boolean XOR, and 1s

defined as

xDy=(x+__,v)mods,

x,ye{0,1, ... ., ~1}.

Here, ‘+add’ represents arithmetic addition of logic
inputs. To implement this function, we define a new operator
called Carry operator (denoted by “+carry’):
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1, f x+,yy>r—-1

Tearr —
r Y {O, else

x, yel0, 1, ... , r—1}

The Carry operator 1s implemented using Min operator as
follows:

'

X+

carry

The output of I(X, Y, L) represents (x+add y)-r—1, if
x+add y>r—1; and O otherwise. Therefore, a non-zero output
i1s obtained only when x+_, ,y>r—1. The Min operation of
this output with L, provides the binary Carry output. The
Cyclic operator 1s then implemented as:

P=Min[I(X, 7,L,).F.].

XPY=IA,B L, (X+ 1, 1) ~(X+ ., D]

Here, ' (X+ ,,Y) implements the Lower Threshold
operation, whose output 1s r—1 1f x+add y ddr—1, and O
otherwise. FIG. 8D shows an exemplary physical imple-
mentation configurations of a carry operator and 1ts truth
table. FIG. 8E shows an exemplary physical implementation
configuration of a mod-sum operator and its truth table. In
FIGS. 8D and 8E, the intermediate multi-value cells (1.0, L1,
I.2) generate waves corresponding to logic 0, 1, and 2,
respectively. The operators shown in FIGS. 8A to 8E are
only exemplary configurations of possible operators config-
ured with multi-valued multiferroic device. The operators of
FIGS. 8A to 8E can be structured in different manners from
those shown 1n FIGS. 8A to 8E and other operators realizing
different logic functions can also be configured using multi-
valued multiferroic device.

The native or intrinsic 4-state magnetic structure shown in
FIG. 1 for building the logic circuits in FIGS. 8A-8E and
other devices and systems 1s one examples of various native
or intrinsic 4-state magnetic structures. Such native or
intrinsic 4-state magnetic structures include a ferroelectric
material layer that exhibits a piezoelectric effect and 1s
operable to produce a strain in response to an electrical
control signal applied to the ferroelectric material layer, a
ferromagnetic material layer stacked with the ferroelectric
material layer 1n a way to expose the ferromagnetic material
to the strain produced by the ferroelectric material layer, and
a spin Hall metal layer stacked with the ferroelectric mate-
rial layer and the ferromagnetic material layer. The ferro-
magnetic material layer exhibits a biaxial magnetic anisot-
ropy along two different magnetization axes that are
stabilized by the strain from the ferroelectric material layer
so that the ferromagnetic layer exhibits four different mag-
netization states based on two different magnetization direc-
tions 1n each of the two different magnetization axes. The
spin Hall metal layer 1s configured to exhibat (1) a spin Hall
effect in response to a charge current flowing in the spin Hall
metal layer to produce a spin polarized current to flow 1nto
the ferromagnetic material layer along a direction perpen-
dicular to the ferromagnetic material layer, and (2) an
inverse spin Hall effect in response to a sensing current
flowing through the ferromagnetic material layer and the
spin Hall metal layer along a sensing current direction
perpendicular to the ferromagnetic material layer and the
spin Hall metal layer to produce a readout current along the
spin Hall metal layer representing one of the four different
magnetization states of the ferroelectric material layer. In
applications, the native or intrinsic 4-state magnetic struc-
ture can be coupled to other control circuits to form a 4-state
circuit, e.g., (1) a ferroelectric driver circuit that produces
the electrical control signal applied to the ferroelectric
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matenal layer, (2) a charge current source circuit coupled to
the spin Hall metal layer to generate the charge current
flowing 1n the spin Hall metal layer, and (3) a sensing current
source circuit coupled to produce the sensing current flow-
ing through the ferromagnetic material layer to produce the
readout current along the spin Hall metal layer.

FIGS. 9 to 13 illustrate additional examples of intrinsic
4-state magnetic structures. FIGS. 9, 10 and 12 are 3D
diagrams of exemplary 4-state magnetic structures. FIG. 11
1s a cross-sectional view of FIGS. 9 and 10 and FIG. 13 1s
a cross-sectional view of FIG. 12. In the examples of FIGS.
9 to 13, the 4-state magnetic structures have different
arrangement of layers from that of FIG. 1, for example, the
location of the spin Hall metal layer. The examples of FIGS.
9 to 13 include a 4-state magnetic structure on the left side
and a corresponding inverter structure on the right side. Each
of the 4-state magnetic structure and the corresponding
inverter structure includes a multi-valued multiferroic struc-
ture having a bottom contact layer (e.g., Pt), a ferroelectric
layer, a ferromagnetic layer (e.g., FeGa), and a top contact
layer (e.g., Pt). In the exemplary designs of FIGS. 9 to 13,
the Pt layer 1s arranged on both top and bottom of each
multi-valued unit. At the bottom, the Pt layer 1s configured
as two separate electrodes, one of which V., 1s applied to
provide a strain to the ferroelectric layer and the other of
which the inverse spin Hall current, 1.e., I__, ., flows. At
the top, 1, . 1s applied to the Pt layer to cause a spin Hall
cllect. In the example of FIGS. 9 and 10, the Cu layer 1s
included between the Pt layer at the bottom and the FeGa
layer. In the example of FIG. 12, the Cu layer 1s omitted.

In the examples of FIGS. 9 to 13, V., 1s the voltage
applied to generate a stress in the piezoelectric layer. This
causes a rotating of the easy axis in the piezomagnetic
material through strain-induced anisotropy, with two pre-
terred directions (along or opposite to the new easy axis).
The angle of rotation of the easy axis 1s determined by the
strength of the applied electric field, I, . .. Thus, the voltage
applied V_ results 1n a change 1n the magnetic polarization
of the ferromagnetic material, and vice versa. The source
current I flows vertically through the stack structure
and produces the readout current. The truth tables corre-
sponding to the respective multi-valued multiferroic struc-
tures are provided adjacent to the multi-valued stack struc-
tures.

Various logic applications with the multi-valued multifer-
roic configuration have been discussed. The multi-valued
multiferroic configuration 1s also capable of storing data.
Referring back to FIG. 2, the multi-value unit cell 200
includes a memory control circuit that controls the readout
control circuit CK3 230, 1n a readout operation, to produce
the sourcing current flowing through the ferromagnetic
material layer to produce the readout current along the spin
Hall metal layer that indicates which one of the four different
magnetization states that the ferromagnetic material layer 1s
in for a stored data bit. The memory control circuit is
coupled to CK1 for the piezoelectric effect and CK2 for the
spin-Hall effect, 1n a writing operation, to control the charge
current 1n the spin Hall metal layer and the electrical control
signal applied to the ferroelectric maternial layer 1n setting a
magnetization direction of the ferromagnetic material layer
to be 1n a selected magnetization state of the four diflerent
magnetization states ol the ferromagnetic material layer to
store a data bit represented by the selected magnetization
state.

FIGS. 14 to 18 illustrate an exemplary equipment for
providing a multi-valued multiferroic device and various
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roic device. To provide the suggested multi-valued multi-
terroic device, a UHV deposition chamber 1s utilized, which
1s equipped with a heater to heat substrates to the desired
growth temperatures. Examples of suitable deposition tech-
niques meeting these requirements are, among others,
Molecular Beam Epitaxy (MBE), Sputtering and Pulsed
Laser deposition (PLD). As an example, FIG. 14 shows an
MBE technique to demonstrate the deposition of the layers
of the multi-valued multiferroic structure. The layers of the
multi-valued multiferroic device can be deposited in many
other, for example, less sophisticated, vacuum deposition
systems as well. Post deposition of the layers can be
achieved 1n various ways. For example, the deposited layers
can be defined into the device architecture and involves
using cleanroom fabrication techniques.

FIGS. 15 to 18 show various representations that are
obtained as results of simulations, tests, or calculations to
demonstrate properties and characteristics of the multi-
valued multiferroic device.

FIG. 15 shows reflection high-energy electron difiraction
(RHEED) images which demonstrate the successtul depo-
sition of some of the layers used 1n the multi-valued mul-
tiferroic device. The RHEED 1mages 1n FI1G. 15 are taken at
the end of the growth of each layer in the 6 nm
Fe0.83Ga0.17/<1 nm Fe/350 nm BaTi103/GdScO3 substrate
stack. The azimuths are indicated in the 1images. The 1images
reveal that each layer 1s deposited epitaxially and 1s single
crystalline.

FIG. 16 shows measured anisotropic magnetoresistance
data due to an applied voltage to the ferroelectric material
layer driving the piezo-strain to move the magnetization of
the ferromagnetic material layer.

FIG. 17A to 17C show various data on characteristics of
the multi-valued multiferroic device. For example, FIG. 17A
shows measured anisotropic magnetoresistance loop (left
axis-red curve) versus electric field at B=0 and ferroelectric
polarization (right axis-blue curve) versus electric field for
our composite multiferroic structure (FeGa/PMN-PT). FIG.
17B shows a cross sectional TEM image of FeGa on
PMN-PT looking down the [001] PMN-PT zone axis. FIG.
17C shows a map of the element signatures across the
thickness of the heterostructures obtained by EDX. T1 1s a
capping layer. Scale bars are 60 nm.

FIG. 18 shows calculation of the energy dissipation of the
magnetoelectric switching 1n the multi-valued multiferroic
device as 1t 1s scaled to device dimensions. The calculation
estimates that the dissipation 1s ~3 al at device dimensions
of 44x110x75 nm3, while still preserving thermal stability.
This 1llustrates the low energy consumption of the device at
scale.

FIG. 19 shows an exemplary big data application showing,
memory arrays with multi-valued multiferroic device for
pattern storage, search, and etc. A merged logic-memory
fabric using non-volatile multi-valued magnetic structures
are proposed, which can (1) merge computation with
memory leading to a distributed architecture with a lesser
degree of localization for execution and memory units,
reducing computation and communication requirements;
and (11) potentially surmount the memory-wall problem that
impacts CMOS processors. The proposed devices exhibit
intrinsic non-volatile multi-state characteristics. In this fab-
ric, we utilize the stable states at different resistances to
encode multiple logic levels (FIG. 7). Computation 1is
through summation of read-out currents. To meet IF’s imple-
mentation requirements, these devices can be customized
and cascaded to achieve signal amplification and/or trunca-
tion. The same device can be used to achieve signal inver-
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sion. FIGS. 8A to 13 show implementation of core multi-
valued logical constructs using this fabric.

Application drivers will include complex processing and
data intensive applications. New capabilities such as merged
logic-memory computing can address large data storage
tused with parallel instantaneous search: e.g., it could enable
a unique parallel platform for Internet information access.
Obtaining match and relative information of stored data, and
their manipulation are key for any big-data architecture. The
proposed multi-valued device and logical constructs 1n the
merged logic-memory fabric will allow necessary parallel
instanteneous search, comparisons, and inference opera-
tions. The 1dea 1s illustrated 1n FIG. 19; a large memory 1s
segmented 1n small blocks with each block having indi-
vidual computational units. While storing information, the
computational units will allow localized processing, and
fascilitate storage ol mmcoming data along with results of
logical implications and arithmetic operation with respect to
previously stored data. During the data retrieval process, the
distributed unmits along with pre-formatted storage will allow
cllicient data search and match.

While this patent document contains many specifics, these
should not be construed as limitations on the scope of any
invention or of what may be claimed, but rather as descrip-
tions of features that may be specific to particular embodi-
ments ol particular iventions. Certain features that are
described 1n this patent document 1n the context of separate
embodiments can also be implemented in combination 1n a
single embodiment. Conversely, various features that are
described in the context of a single embodiment can also be
implemented in multiple embodiments separately or in any
suitable subcombination. Moreover, although features may
be described above as acting 1n certain combinations and
even 1mtially claimed as such, one or more features from a
claimed combination can in some cases be excised from the
combination, and the claimed combination may be directed
to a subcombination or varnation ol a subcombination.
Moreover, the separation of various system components 1n
the embodiments described 1n this patent document should
not be understood as requiring such separation in all
embodiments.

Only a few implementations and examples are described
and other implementations, enhancements and variations
can be made based on what 1s described and 1llustrated 1n
this patent document.

What 1s claimed 1s what 1s described or 1llustrated, includ-
ng:

1. A semiconductor device, comprising:

a multi-layer structure including a ferromagnetic, magne-
tostrictive layer that exhibits a biaxial magnetic anisot-
ropy and an underlying structure that exhibits a spin
Hall effect to provide a conversion between electrical
energy and magnetic energy with more than two dis-
tinctive magnetic states, the underlying structure
including:

(1) a piezoelectric material structure to exert a stress to
the ferromagnetic, magnetostrictive layer to cause
different magnetization directions in the ferromag-
netic, magnetostrictive layer to be distinctive from
one another and to represent the more than two
distinctive magnetic states; and

(11) a spin Hall metal layer that exhibits the spin Hall

cllect to inject a spin polarized current into the
ferromagnetic, magnetostrictive layer to cause the
ferromagnetic, magnetostrictive layer to be in one of
the different magnetization directions 1n the ferro-
magnetic, magnetostrictive layer.
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2. The device as in claim 1, wherein:

the multi-layer structure includes a multiferroic structure
comprising a piezoelectric material structure disposed
below the ferromagnetic, magnetostrictive layer.

3. The device as 1 claim 2, wherein the multi-layer

structure includes Fe and Ga.

4. The device as 1 claim 3, wherein the multi-layer
structure includes Fe,_ Ga,, on BaTiO,,.

5. The device as 1n claim 1, further comprising a device
circuitry coupled to the piezoelectric material structure to
apply a piezoelectric control signal in controlling the exerted
stress and to apply a charge current in the spin Hall metal
layer to set the ferromagnetic, magnetostrictive layer 1n a
specific magnetic state of the more than two distinctive
magnetic states, wherein the device circuitry i1s further
operable to supply a sensing current flowing through the
ferromagnetic, magnetostrictive layer to produce a readout
current along the spin Hall metal layer that indicates the
specific magnetic state of the more than two distinctive
magnetic states.

6. A semiconductor device, comprising:

a multi-state circuit that exhibits four different magnetic

states and includes a multi-layer structure that includes:

a ferroelectric material layer that exhibits a piezoelectric
ellect and 1s operable to produce a strain in response to

an electrical control signal applied to the ferroelectric
matenal layer;

a ferromagnetic matenal layer stacked with the ferroelec-
tric material layer 1n a way to expose the ferromagnetic
material to the strain produced by the ferroelectric
material layer, the ferromagnetic maternal layer exhib-
iting a biaxial magnetic anisotropy along two different
magnetization axes that are stabilized by the strain from
the ferroelectric material layer so that the ferromagnetic
layer exhibits four different magnetization states based
on two different magnetization directions 1n each of the
two different magnetization axes; and

a spin Hall metal layer stacked with the ferroelectric
material layer and the ferromagnetic material layer and
configured to exhibit (1) a spin Hall eflect in response
to a charge current flowing in the spin Hall metal layer
to produce a spin polarized current to flow into the
ferromagnetic material layer along a direction perpen-
dicular to the ferromagnetic material layer, and (2) an
inverse spin Hall effect in response to a sensing current
flowing through the ferromagnetic material layer and
the spin Hall metal layer along a sensing current
direction perpendicular to the ferromagnetic material
layer and the spin Hall metal layer to produce a readout
current along the spin Hall metal layer representing one
of the four different magnetization states of the ferro-
clectric material layer, and

wherein the multi-state circuit includes (1) a ferroelectric
driver circuit that produces the electrical control signal
applied to the ferroelectric material layer, (2) a charge
current source circuit coupled to the spin Hall metal
layer to generate the charge current flowing 1n the spin
Hall metal layer, and (3) a sensing current source circuit
coupled to produce the sensing current flowing through
the ferromagnetic material layer to produce the readout
current along the spin Hall metal layer.

7. The device as 1 claim 6, wherein the spin Hall metal
layer 1s between the ferroelectric material layer and the
ferromagnetic material layer.

8. The device as in claim 6, wherein the ferroelectric
material layer and the ferromagnetic material layer are
placed next to each other.
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9. The device as 1n claim 8, wherein the spin Hall metal
layer 1s next to the ferromagnetic material layer.

10. The device as 1n claim 6, wherein the ferromagnetic
matenal layer includes Fe and Ga.

11. The device as 1n claim 6, wherein the ferroelectric
material layer includes PMN-PT ((1-x)PbMg, ,sNb, ,.O;-(x)
PbT10,).

12. The device as 1n claim 6, wherein the spin Hall metal
layer includes Pt, Ta, W, B1,Se,, or an Au—B:1 alloy.

13. The device as 1n claim 6, wherein

the multi-layer structure 1s structured so that the spin Hall

metal layer 1s formed over the ferroelectric material
layer and the ferromagnetic material layer 1s formed
over the spin Hall metal layer, and

the multi-layer structure further includes an electrically

conductive layer formed over the ferromagnetic mate-
rial layer.

14. The device as 1n claim 6, wherein

the multi-layer structure 1s structured so that the spin Hall

metal layer 1s formed over the ferromagnetic material
layer formed over the ferroelectric material layer.

15. The device as 1n claim 6, comprising different multi-
state circuits that each exhibit four different magnetic states
and are coupled to collectively perform logic operations.

16. The device as 1n claim 6, wherein:

the multi-state circuit 1s a memory circuit that stores data

based on the four different magnetization states of the
ferromagnetic layer,

the multi-state circuit includes a memory control circuit

that controls the sensing current source circuit, in a
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readout operation, to produce the sensing current flow-
ing through the ferromagnetic material layer to produce
the readout current along the spin Hall metal layer that
indicates which one of the four different magnetization
states that the ferromagnetic material layer 1s 1n for a
stored data bit, and

the memory control circuit 1s coupled to the ferroelectric

driver circuit and the charge current source circuit, 1n a
writing operation, to control the charge current in the
spin Hall metal layer and the electrical control signal
applied to the ferroelectric matenial layer 1n setting a
magnetization direction of the ferromagnetic material
layer to be 1n a selected magnetization state of the four
different magnetization states of the ferromagnetic
material layer to store a data bit represented by the
selected magnetization state.

17. The device as 1n claim 6, wherein the two different
magnetization axes provides four different magnetization
directions that are in-plane or in combination of the in-plane
or out-oi-plane.

18. The device as 1n claim 6, wherein the ferroelectric
driver circuit and the charge current source circuit collec-
tively operate to switch a magnetization state of the four
different magnetization states.

19. The device as 1n claim 6, wherein the readout current
has a selected value of four diflerent values corresponding to
the four diflerent magnetization states, the four different
values being different combinations of the charge current
and the electrical control signal.
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