
COMPUTING MULTI-MAGNET BASED DEVICES AND METHODS FOR SOLUTION OF
OPTIMIZATION PROBLEMS ECHNICAL FIELD 1000I1The present disclosure relates
to devices that are utilized for solving computational problems. The
present disclosure is particularly applicable to solving optimization
problems. KGROUND 100021Transistor based devices used in microprocessors
are commonly used to solve computational problems. As computational
problems vary in size and complexity, scalability of such devices is a
major concern. For example, non-deterministic polynomial complete problems
(NP complete problems) are very difficult to solve. Providing solutions to
such problems that involves today's technology, involves an exponential
growth of computational steps and execution as the size and complexity of
the problem grows. 100031Conventional hardware arrangements for providing
computational solutions have been implemented with complementary
metal-oxide semiconductor (CMOS) technology, Particularly, CMOS technology
is used for constructing integrated circuits, such as microprocessors that
employ transistors. CMOS systems have only linear improvements in speed and
high power requirements. Thus, in handling complex problems, the linear
nature of CMOS systems require multi-million core servers, which result in
high power usage. To that end, CMOS systems are severely limited in
scalability and power efficiency. 



100041A software based computational method, such as the simulated
annealing (SA) method, is another known approach to solving complex
computational or optimization problems. However, the SA method, like other
software based methods, have numerous inefficiencies associated with, for
example, translating the software language to the Boolean based computing
employed in existing technology, In  addition, these software based methods
are limited to existing known hardware, such as CMOS technology. [00051It
is generally known that the scaling of transistor based devices used in
microprocessors have many limitations, such as power dissipation, OFF state
leakage, difficulty in miniaturizing metal interconnects, etc. In like
manner, it is generally known that software based methods for providing
computational solutions are limited due to their inefficiencies and
reliance on hardware that have their own limitations. 100061A need
therefore exists for hardware architecture that has the scalability to
provide solutions to algorithms that have exponentially increasing
complexity, and a method for implementing such hardware architectures.
SUMMARY 100071An aspect, of the p:resent disclosure is a device for solving
computational problems, such as a device having multi-magnets having final
relaxed states that are based on magnitude and polarity of a voltage or
current applied to the magnets. 



[00081Another aspect of the present disclosure is a method of magnetizing
magnets of a device and relaxing the magnets to a state that is based on a
magnitude and polarity of voltage or current applied to the magnets.
100091Additional aspects and other features of the present disclosure will
be set forth in the description which follows and in part will be apparent
to those having ordinary skill in the art upon examination of the following
or may be learned from the practice of the present disclosure. The
advantages of the present disclosure may be realized and obtained as
particularly pointed out in the appended claims, 100101According to the
present disclosure, some technical effects may be achieved in part by a
device including a first magnet; a second magnet; and an interconnect
between and interconnecting the first and second magnets, the interconnect
configured to allow the first and second magnets to communicate a voltage
or current applied to the first and second magnets and conducted by the
interconnect.  00I flIn aspects of the present disclosure the first and
second magnets are mmomagnets. In further aspects the first and second
magnets communicate via spin polarized currents, spin waves, or a domain
wall, and the first and second magnets have superposition states that are
achievable by magnetizing the first and second magnets, and magnetization
of the first and second magnets is applied along respective neutral axes of
the first and second magnets by a pulsing agent. In other aspects the
pulsing anent is an external magnetic field, a spin transfer torque effect,
or a voltage induced rotation or magnetization. Other aspects include the
first arid second magnets have relaxed states that are achievable after
magnetization of the first and second magnets. In further aspects the
relaxed states of the first and second magnets are achieved with a known
probability and based on a polarity and magnitude of the voltage or current
applied to the first and second magnets. In other aspects the relaxed
states are ferromagnetic ordering if the voltage or current applied to the
first and second magnets has a negative polarity, and the relaxed states
are anti-ferromagnetic ordering if the voltage or current applied to the
first and second magnets has a positive polarity. In yet further aspects,
the communications between the first and second magnets are tunable based
on the magnitude and polarity of the voltage or current applied to the
first and second magnets. 100121Another aspect of the present disclosure is
a method comprising electrically coupling a first magnet and a second
magnet by an interconnect; applying a voltage or current to the first and
second magnets and configuring the interconnect to allow the first and
second magnets to communicate in response to the voltage or current. 



[00131Aspects of the present disclosure include comprising magnetizing the
first and second magnets to a superposition state along respective neutral
axes of the first and second magnets, and relaxing the first and second
magnets to a state that is based on the polarity and magnitude of the
voltage or current applied to the first and second magnets. In additional
aspects magnetizing the first and second magnets by subjecting the first
and second magnets to an external magnetic field, a spin transfer torque,
or a voltage induced rotation. In further aspects magnetizing the first and
second magnets communicate via spin polarized currents, spin waves, or a
domain wall, all of which  are generated by the voltage or current applied
to the first and second magnets. In other aspects magnetizing the first and
second magnets have relaxed states that are achievable with a known
probability after magnetization of the first and second magnets,
100141Additional aspects of the present disclosure include applying a
voltage or current having a negative polarity and relaxing the first and
second magnets to a ferromagnetic ordering. Yet further aspects of the
present disclosure include applying a voltage or current having a positive
pobrity and relaxing the first and second magnets to an anti-ferromagnetic
ordering. [0015]Another aspect of the present disclosure is a method
including: arranging a plurality of magnets in a circuit architectural
configuration with an interconnect electrically coupling each pair of
magnets; for each pair of magnets: applying a voltage or current to the two
magnets; and magnetizing the two magnets to a superposition state along
respective neutral axes of the two magnets. [0016]Additional aspects and
technical effects of the present disclosure will become readily apparent to
those skilled in the art from the following detailed description wherein
embodiments of the present disclosure are described simply by way of
illustration of the best mode contemplated to catty out the present
disclosure. As will be realized, the present disclosure is capable of other
and different embodiments, and its several details are capable of
modifications in various obvious respects, all without departing from the
present disclosure. Accordingly, the drawings and description are to be
regarded as illustrative in nature, and not as restrictive. BRIEF
DESCRIPTION OF THE DRAWINGS 



100171The present disclosure is illustrated by way of example, and not by
way of limitation, in the figures of the accompanying drawing and in which
like reference numerals refer to similar elements and in which: 100181FIGS.
IA and 1.3 schematically illustrate a multi-magnet device, in accordance
with an exemplary embodiment;  10019!FIGS. 2A and 2B schematically
illustrate a multi-magnet device, accordance with another exemplary
embodiment; and 100201 configu embed:it FIGS. 3A through 3D schematically
illustrate final relaxed state of a multi-magnet device, in accordance with
an exemplary  100211FIGS. 4A through 4C schematically illustrate circuit 



configurations of a plurality of multi-magnet devices, in accordance with
an exemplary embodiment. DETAILED DESCRIPTION 100221In the following
description, for the purposes of explanation, numerous specific details are
set forth in order to provide a thorough understanding of exemplary
embodiments. It should be apparent, however, that exemplary embodiments may
be practiced without these specific details or with an equivalent
arrangement. In other instances, well-known structures and devices are
shown in block diagram form in order to avoid unnecessarily obscuring
exemplary embodiments. In addition, unless otherwise indicated, all numbers
expressing quantities, ratios, and numerical properties of ingredients,
reaction conditions, and so forth used in the specification and claims are
to be understood as being modified in all instances by the term 'about."
100231The present disclosure addresses and solves the current problem of
inadequate scatability for computational hardware architecture attendant
upon providing solutions to algorithms having exponentially increasing
complexity. In accordance ;vitt: embodiments of the present disclosure,
multi-magnet devices having interacting nanomagnets are configured for
solving computational algorithms, for example, complex optimization
problems. The multi-magnet devices have eharactetisties which provide
natural mapping to the optimization problem of interest. The magnets are
capable of achieving final relaxed states that are determined by the
magnitudes and polarity of voltages and cutrents that are applied to the
magnets during a magnetization phase. The final relaxed states may be
achievable with a known probability. For example, final relaxed states for
magnets of various configurations  may be predictable to certain degrees of
probability, such that the percentage of particular occurrences may be
known. In controlling the final relaxed states, the interactions between
the magnets are tunable to provide increased scalability in solving complex
problems. Therefore, size and power efficiency of the hardware are great
improvements over existing hardware, such as transistors and software based
methods. 100241Embodiments of the present disclosure include a device
including a first magnet, a second magnet, and an interconnect configured
to allow the first and second magnets to communicate via spin polarized
currents, spin waves, or a domain wall generated by a voltage or current
applied to the first and second magnet and conducted by the interconnect.
[00251Still other aspects, features, and technical effects will be readily
apparent 



to those skilled in this art from the following detailed description,
wherein preferred embodiments are shown and described, simply by way of
illustration of the best mode contemplated. The disclosure is capable of
other and different embodiments, and its several details are capable of
modifications in various obvious respects. Accordingly, the drawings and
description are to be regarded as illustrative in nature, and not as
restrictive, (9026]A multi-magnetic device 100 in accordance with an
exemplary embodiment of the present disclosure is depicted in FIGS. IA and
1B. As illustrated in Fla IA, the multi-magnetic device includes in-plane
magnets 101, an interconnect 103 that electrically couples the magnets WI,
and a terminal 105. The interconnect 103 may electrically couple adjacent
pairs and non-adjacent pairs of magnets 101. The magnets 101 are capable of
communicating and interacting with one another via spin currents, spin
waves, or a domain wall generated in the interconnect 103 by voltages or
currents. The magnets 101 may be nanomaptets and made of, for example,
nickel-iron (NiFe) or cobalt-iron-boron (CoFeB). Adverting to FIG. I B, a
multi-magnet device 100', in accordance with another exemplary embodiment,
is depicted having perpendicular magnetic anisotropy (PMA) magnets 107, the
interconnect 103, and terminal 105. The magnets 107 may be nanomagnets and
made  of, for example, C en, iron-platinum Teret), and
cobalt-chromium-platinum (CoCrPt 100271The interconnect 103 may be made of,
for example, silicon (Si), copper (Cu), aluminum (Al), silver (Ag),
Graphene, etc. When the interconnect 103 is formed of Si or Graphene, a
tunnel barrier (not shown) may be placed between the magnets 101. The
tunnel barrier may have a thickness of I to 20 ran and may be formed of
magnesium oxide (MgO). aluminum oxide (Al203), or silicon oxide (5102).
100281By applying a voltage or current to the magnets 101 or 107, spin
currents, spin waves, or a domain wall are generated in the interconnect
103 and conducted along the interconnect 103, thereby allowing the magnets
101 or 107 to communicate and interact with each other. Each of magnets 101
or 107 is capable of affecting, equally or unequally, the other magnet 101
or 107, respectively, based on spin transfer torque effect. However, the
interaction between the magnets 101 or 107 need not be large enough to
switch either of the magnets. As discussed in greater detail below,
following a magnetization of the magnets 101 or 407, a final relaxed state
of the magnets 101 or 107 can be achieved and determined by the magnitude
and polarity of the voltages or currents applied to the magnets 101 or 107
during magnetization. The final relaxed state of the magnets 101 and/or 107
may be achievable with a known probability. 100291Magnets 101 and magnets
107, illustrated in FIG. IA and FIG_ 111, respectively, can have a
thicknesses between I and 20 rianorneters (nut). In addition, 



each of magnets 101 and magnets 107 can have a surface area of 100 run- to
micrometer 2 (p2). Voltages applied to magnets 101 or magnets 107 can range
from 10 millivolts (Of) to 2 volts (V). As the final state of the magnets
can be determined by the magnitude and polarity of the currents applied to
the magnets 101, currents applied to magnets 101 or magnets 107 can range
from 5 micro-amps (pA) to 10 milIliamps (rtA). 100301FIGS. 2A and 2B
illustrate exemplary embodiments of devices 100 and 100', respectively,
having multiple magnets and the directions along which the magnets can be
magnetized. Adverting to FIG. 2A, the device 100 includes in-plane  magnets
201 and an interconnect 203. A superposition state of the magnets 204 can
be achieved by a pulsing agent. For example, the pulsing agent may include
an external magnetic field, a spin transfer torque effect, or a voltage
induced rotation of magnetization via multi-fermic materials or strain
inducted rotation of magnetization. The magnetization of in-plane magnets
201 is put along a neutral direction, or axis, as indicated by the letter
A, for each of the magnets 201, 100311FIG. 28 depicts the device 100'
having magnets 205 and an interconnect 203. Like the in-plane magnets 201,
the superposition state of the magnets 205 can be achieved by a pulsed
agent, such as an external magnetic field, a spin transfer torque effect,
or a voltage induced rotation of magnetization via multi-Mrroic materials
or strain inducted rotation of magnetization. The magnetization of in-plane
magnets 205 is put along a neutral direction A for each of the magnets 205,
[00321To achieve the superposition state of the magnets 201 or PMA magnets
205, the strength of the external magnetic field may be 10 to 10,000
oersteds (00). The superposition state of the magnets 201 or PMA magnets
20.5 is achieved by the spin transfer torque having a current of 5 p.A to
10 mA. To achieve the superposition state of the magnets 201 or PMA magnets
205, the voltage induced rotation may have a voltage of 5 inV to 10 V. The
external magnetic field, spin transfer torque, and voltage reduced
rotation, may all have a pulsing period of 00 picosecond (ps) to 10
millisecond (ms). Following achievement of the superposition state of the
magnets 201 or PIMA magnets 205 by any of the pulsing methods, the magnets
201 or PIMA magnets 205 relax to determined states after a period of 10 ps
to 10 ins. 



[00331Upon amoval of the pulsing agents, the magnetization of magnets 201
or 205 relax to a. state determined by the polarity and magnitude of
voltages or currents, applied to the magnets 201 or 205, Various relaxed
states of the in-plane or PMA magnets can be achieved. The final relaxed
state of the magnets 201 and/or 205 may be achievable with a known
probability. By controlling the voltage or current applied to the magnets
201 or 205, the device 100 can be tuned and scaled to match the complexity
of a computational problem to be solved. That is, the interactions between
the magnets 201 or 205 are tunable and thus can be customized for
particular  applications and problems. FIGS. 3A through 3D illustrate
various final (relaxed) states of magnets, in accordance with exemplary
embodiments. For negative polarity, the preferred state of the magnets is a
ferromagnetic configuration, in which the magnetization of both magnets is
parallel to one another, as indicated by the arrows (either solid or
dashed) for both magnets pointing in the same directions. Adverting to FIG.
3A, a parallel configuration, having ferromagnetic ordering, of two
in-plane magnets 301 is depicted. The final state illustrated in FIG. 3A is
achieved by a negative polarity of voltages (V c 0) or the direction of
currents, as indicated by the small arrows FIG. 311, depicts a parallel
configuration, again indicated by arrows pointing the same directions,
having ferromagnetic ordering, of two PlvIA magnets 303. The final state
depicted in FIG. 31) is achieved by a negative polarity of voltages or the
direction of currents, as indicated by the small arrows. 100341For positive
polarity, the preferred state of the magnets is an ant- ferromagnetic
configuration, in which the magnetization of the magnets is anti-parallel
to one another, as indicated by arrows for the two magnets pointing in
opposite directions. Adverting to Fla 3C, an anti-parallel configuration,
having anti-ferromagnetic ordering, of two in-plane magnets 305 is
depicted. The final state illustrated in FIG. 3C is achieved by a positive
polarity of voltages or the direction of currents, as indicated by the
small arrows. FIG, 3D depicts an anti-parallel configuration having
anti-ferromagnetic ordering of two PIAA magnets 307. The final state shown
in FIG. 3D is achieved by a positive polarity of voltages (V 0) or the
direction of currents, as indicated by the small arrows. 100351The
described magnets, in-plane or PMA, may be formed in a multitude of
arrangments. FIGS, 4A to 4C illustrate three examples of different types of
magnet arrangements according to exemplary embodiments. The arrangements
depicted in FIGS. 4A to 4C can be in-plane or MIA magnets. Adverting to
FIG. 4A, magnets 401 and interconnects 403 are formed in an array
architecture. FIG 4B depicts magnets 405 and interconnects 407 arranged in
a cross bar architecture. FIG. 4C illustrates magnets 409 and interconnects
411 arranged in a triangular architecture.  100361Although the description
of the devices 100 and 100' has been directed to solving complex
optimization problems, the disclosure also applies to devices that augment
or replace transistor-based devices and can be used to solve computational
problems having any level of complexity. The natural tendencies and
characteristics of the devices 100 and 100' allow the devices 100 and 100'
to solve computational problems faster and more efficiently than
conventional devices, such as transistors based devices. The devices 100
and 100' can be used to complement conventional devices or can be used as a
total replacement for conventional devices. 



[00371The embodiments of the present disclosure can achieve several
technical effects including the scalability to provide solutions to
algorithms that have exponentially increasing complexity. The present
disclosure enjoys industrial applicability in solving complex optimization
problems, such as non-deterministic polynomial complete problems, [0038)In
the preceding description,present disclosure is described with reference to
specifically exemplary embodiments thereof, It will, however, be evident
that various modifications and changes may be made thereto without
departing front the broader spirit and scope of the present disclosure, as
set forth in the claims. The specification and drawings are, accordingly,
to be regarded as illustrative and not as restrictive. It is understood
that the present disclosure is capable of using various other combinations
and embodiments and is capable of any changes or modifications within the
scope of the inventive concept as expressed herein,  WHAT IS CLAIMED IS: I.
A device comprising: a first ma a second magnet; and an interconnect
between and interconnecting the first and second magnets, the interconnect
configured to allow the first and second magnets to communicate via a
voltage or current applied to the first and second magnets and conducted by
the interconnect.    2. The device according to claim 1, wherein the lust
and secondroragnets. 



3. The device according to claimrst and second magnets have superposi ion
states that are achievable by magnetizing the first and second magnets, and
wherein magnetization of the first and second magnets is applied along
respective neutral axes of the first and second magnets by a pulsing agent.
4. The device accoclaim 3, wherein the first and second magnets communicate
via spin polarized concerns, spin waves, or a domain wall, and the pulsing
agent is in ex makmetic field, a spin transfer torque effect, or a voltage
induced rotation of magnetization.    5. The device according to claim 3,
wherein the first and second magnets have relaxed states that are
achievable after magnetization of the first and second magnets.     6, The
device according to elaiin 5, wherein the relaxed states of the first and
second magnets are achieved with a known probability and based on a
polarity and magnitude of the voltage or current applied to the first and
second     7. The device according to claim5, wherein the relaxed states
are ferromagnetic rde `r the voltage or current applied to the first and
second magnets has a negative polarity, and the relaxed states are
anti-ferromagnetic ordering if the voltage or current applied to the first
and second magnets has a positive polarity.     8. The device according to
claimni-ations between the first and second magnets are tunable based on
the ma,polarity of the voltage or current applied to the first and second
magnets. 



9. A method comprising: electrically coupling a first magnet and a second
magnet by an interconnect; applying a voltage or current to the first and
second magnets; and configuring he interconnect to allow the first and
second magnets to communicate in response to the voltage or current,
10method according to claim 9, further comprising magnetizing the first and
second magnets to a superposition state along respective neutral axes of
the first and second magnets, and relaxing the first and second magnets to
a state that is based on the polarity and magnitude of the voltage or
current applied to the first and second magnets.      I I. The method
according to claim 10, comprising magnetizing the first and second magnets
- by subjecting the first and second magnets to an external magnetic field,
a spin transfer torque, or a voltage induced rotation.     12. The method
according to claim 10, wherein the first and second magnets communicate via
spin polarized currents, spin waves, or a domain wall, all of which are
generated by the voltage or current applied to the first and second
magnets. 13. The method according to claim 10, wherein the first and second
magnets have relaxed are achievable with a known probability after maof the
first and second magnet     14. The method according to claim 10,
comprising applying a voltage or current having a negative polarity and
relaxing the first and second magnets to a ferromagnetic ordering. 



15. The method according to claim 10, comprising applying a voltage or
current having a positive polarity and relaxing the first and second
magnets to an anti-ferromagnetic ordering.     16. A method comprising:
arranging a plurality of magnets in a circuit architectural configuration
with an interconnect electrically coupling each pair of magnets; for each
pair of magnets: applying a voltage or current to the two magnet and
magnetizing the two magnets to a superposition state along respective
neutral axes of the two magnets.     17. The method according to c16,
comprising magnetizing each pair of magnets by applying an external
magnetic field, a spin transfer torque effect, or a voltage induced
rotation of magnetization.     18. The method according to claim 16,
further comprising relaxing each pair of magnets to a final state based on
the polarity and magnitude of the voltage or current applied to the pair of
magnets, the final state for at least one pair of magnets being achievable
with a known probability.     19. The method according to claim 18, c
mprish elaxing each pair of magnets to a final state of a ferromagnetic
ordering by applying a voltage or current having a negative polarity, 



20, The ethod according to claim 18, comprising relaxing each pair or
magnets to a final state of an anti-ferromagnetic ordering by applying a
voltage or current having a positive polarity. 


