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SPIN TRANSFER TORQUE MAGNETIC
MEMORY DEVICE

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims foreign priority to European
patent application EP 12195545.4 filed on Dec. 4, 2012, the
content of which is incorporated by reference in its entirety.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The disclosed technology relates generally to
memory devices, and more particularly to a spin transfer
torque (STT) magnetic memory device, a method of manu-
facturing a spin transfer torque (STT) magnetic memory
device and a method of operating a spin transfer torque (STT)
magnetic memory device.

[0004] 2. Description of the Related Technology

[0005] Spin transfer torque (STT) magnetic memory
devices, sometimes referred to as spin transfer torque random
access memory or spin torque transfer random access
memory (STT-RAM) devices, refer to a category of nonvola-
tile memory devices that utilize a change in electrical resis-
tance across a memory cell that can be induced through pas-
sage of spin-polarized current. WO2011075257A1, for
example, describes a spin transfer torque magnetic memory
device comprising a source of spin-polarized electrons and a
magnetic material having a magnetization direction repre-
senting a state value of a memory bit. Some STT magnetic
devices include a source of spin-polarized electrons formed
of a magnetization layer, sometimes called a fixed layer,
through which spin-unpolarized electrons can pass. The STT
magnetic devices also include a magnetic material, some-
times called a free layer having the magnetization direction
that can change in response to spin-polarized current, thereby
changing the state value of the memory bit. The source of
spin-polarized electrons (e.g., the fixed layer) and the mag-
netic material (e.g.., the free layer) are electrically arranged
such that the magnetization direction of the magnetic material
can be changed/switched from one direction to another (e.g.,
flipped) through transfer of spin momentum of the spin-po-
larized electrons in the magnetization direction. The chang-
ing/switching of the magnetization direction can be achieved
by passage of sufficient flux of spin-polarized electrons origi-
nating from the source (e.g., the fixed layer), which subse-
quently pass through the magnetic layer (e.g., the free layer).
The efficiency of changing/switching of the magnetization
direction of the magnetic layer can depend on, among other
things, the flux of spin-polarized electrons passing through,
for example, the magnetic layer, as described in
W02011075257A1. Under some circumstances, as much as
about half of the spin-polarized electrons can be reflected,
resulting in a relatively large resistance across the fixed layer.
Therefore, there is a need for more efficient STT magnetic
memory device.

SUMMARY OF CERTAIN INVENTIVE ASPECTS

[0006] According to a first aspect a spin transfer torque
magnetic memory device is disclosed.

[0007] The spin transfer torque magnetic memory device
comprises a first layered structure and a second layered struc-
ture, the layered structures comprising alternating layers of
topological insulator layers and insulator layers and a mag-
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netic material, for having a direction of magnetization repre-
senting a value of the device, sandwiched in between the first
layered structure and the second layered structure, such that
each topological insulator layer of the first and the second
layered structure is in direct contact with the magnet material.
[0008] According to different embodiments the spin trans-
fer torque magnetic memory device further comprises a first
electrical contact to the first layered structure and a second
electrical contact to the second layered structure for applying
a voltage between the first layered structure and second lay-
ered structure.

[0009] According to different embodiments the first and
second electrical contact comprise a plurality of respectively
first and second topological electrical contacts, each respec-
tively first and second topological electrical contact being
isolated from the respectively other first and second contacts
and connected to a topological insulator layer of respectively
the first and second layered structure.

[0010] According to different embodiments the first lay-
ered structure and the second layered structure and the mag-
netic material are electrically arranged with respect to each
other such that the direction of magnetization of the magnetic
material is controllable through transfer of spin of spin-po-
larized electrons by torque caused by the spin of spin-polar-
ized electrons on the direction of magnetization, a current of
the spin-polarized electrons being generated along the sur-
face of the topological insulator layers by applying the volt-
age between the first layered structure and second layered
structure.

[0011] According to different embodiments the spin of the
spin-polarized electrons is directed orthogonal to the direc-
tion of the current of the spin-polarized electrons.

[0012] According to different embodiments the spin trans-
fer torque magnetic memory device further comprises a volt-
age application means for applying a voltage across the first
layered structure and second layered structure for controlling
of the direction of magnetization of the magnetic material
related to the voltage applied.

[0013] According to different embodiments the controlla-
bility of the direction of magnetization of the magnetic mate-
rial is related to the voltage applied between the first layered
structure and second layered structure.

[0014] According to different embodiments the magnetic
material is a ferromagnet. According to more preferred
embodiments the magnetic material is a soft magnetic mate-
rial. According to different embodiments the magnetic mate-
rial comprises graphone also known as semi hydrogenated
graphene sheet. According to more preferred embodiments of
the current disclosure, the thickness of the topological insu-
lator layer is limited such as to further increase the current
density of the spin-polarized electrons.

[0015] According to different embodiments the topological
insulator layers comprise any one of or combinations of
Bi,Se;, Bi,Te;, Sb,Te;.

[0016] According to embodiments of the current disclo-
sure, the insulating layers are for example, but not limited to,
AL, O; or Si0,.

[0017] According to different embodiments the spin trans-
fer torque magnetic memory device further comprises a read-
ing arrangement for determining the value of the device based
on the direction of magnetization of the magnetic element.
According to different embodiments the value may be a digi-
tal value or an analogue value.
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[0018] According to another inventive aspect a method for
manufacturing a spin transfer torque magnetic memory
device is disclosed.

[0019] The method comprises providing a layered struc-
ture, the layered structure comprising alternating layers of
topological insulator layers and insulator layers; replacing
part of the topological insulator layers and the insulator layers
of'the layered structure by a magnetic material, thereby defin-
ing a first layered structure positioned at one side of the
magnetic material and having an interface with the magnetic
material and defining a second layered structure in the layered
structure positioned at the other side of the magnetic material
and opposite to the first layered structure and having an inter-
face with the magnetic material and providing a first electrical
contact to the topological insulator layers of the first layered
structure and a second electrical contact to the topological
insulator layers of the second layered structure.

[0020] According to different embodiments of the method
for manufacturing a spin transfer torque magnetic memory
device, replacing part of the topological insulator layers and
the insulator layers of the layered structure by a magnetic
material comprises removing part of the topological insulator
layers and the insulator layers of the layered structure thereby
leaving a cavity and filling the cavity with the magnetic mate-
rial.

[0021] According to another inventive aspect a method for
operating a spin transfer torque magnetic memory device is
disclosed.

[0022] The operating method comprises providing a first
layered structure and a second layered structure, the layered
structure comprising alternating layers of topological insula-
tor layers and insulator layers and providing a magnetic mate-
rial sandwiched in between the first layered structure and the
second layered structure, the magnetic material having a con-
trollable magnetization oriented an arbitrary initial state and
applying a voltage between the first layered structure and the
second layered structure, thereby generating a current of spin-
polarized electrons along the surface of topological insulator
layers wherein the spin of the spin-polarized electrons being
directed orthogonal to the current of the spin-polarized elec-
trons ; the spin-polarized electrons exerting thereby a spin
torque to the magnetization of a magnetic layer, thereby con-
trolling the direction of the magnetization of the magnetic
material to a second state being towards the direction of the
spin of the spin-polarized electrons and determining the sec-
ond state of the direction of the magnetization of the magnetic
material in response to the applied voltage and determining a
value based on the determined second state of the direction of
the magnetization.

[0023] According to embodiments of a method for operat-
ing a spin transfer torque magnetic memory device applying
a voltage between the first layered structure and the second
layered structure comprises applying an independent voltage
between each of the topological insulator layers of the first
layered structure and the topological insulator layers of the
second layered structure.

[0024] According to embodiments of a method for operat-
ing a spin transfer torque magnetic memory device the arbi-
trary initial state of the direction of the magnetization of the
magnetic material is anti-parallel to spin of the spin-polarized
electrons and wherein the second state of the direction of the
magnetization of the magnetic material is parallel to the spin
of the spin-polarized electrons.
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[0025] According to embodiments of a method for operat-
ing a spin transfer torque magnetic memory device, determin-
ing the value may comprise determining a digital value or
determining an analogue value.

[0026] According to another aspect the use of a topological
insulator for a spin transfer torque magnetic memory device is
disclosed.

[0027] According to embodiments, the use of a topological
insulator in a spin transfer torque magnetic memory com-
prises controlling the direction of magnetization of a mag-
netic material of the magnetic memory, the direction of mag-
netization representing the value of a bit of the magnetic
memory, by applying an electric field along the surface of the
topological insulator such that a current of spin-polarized
electrons is generated along the surface of the topological
insulator, wherein the topological insulator and the magnetic
material are arranged with respect to each other such that the
direction of magnetization of the magnetic material is con-
trollable through transfer of spin of the spin-polarized elec-
trons by torque caused by the spin of the spin-polarized elec-
trons on the direction of magnetization.

[0028] It is an advantage of embodiments of the current
disclosure that due to the layered structure the total surface
area which can provide the current of spin-polarized electrons
for the spin transfer torque magnetic memory device can be
increased, leading to an improved control of the direction of
the magnetization of the magnetic material.

[0029] It is an advantage of embodiments of the current
disclosure that a better transfer of spin torque can be provided
due to the better magnetic properties of the ferromagnetic
material of the spin transfer torque magnetic memory device.
Without wanting to be bound by any theory it is thought that
the improved STT is related to the spin related aspects of
ferromagnetism.

[0030] It is an advantage of embodiments of the current
disclosure that magnetization of the direction of magnetiza-
tion in soft magnetic materials can be relatively easy con-
trolled with respect to, for example, hard magnetic materials.
[0031] It is an advantage of embodiments of the current
disclosure that the interaction between the current of spin-
polarized electrons and the direction of magnetization of the
magnetic material can be improved as the magnetic material
of the spin transfer torque magnetic memory device is rela-
tively thin.

[0032] It is an advantage of embodiments of the current
disclosure that there is no requirement of using a hard mag-
netic material to spin-polarize incoming electrons as used in
prior art spin transfer torque magnetic memory device. The
use of hard magnetic material has the disadvantage that cur-
rent is spin filtered due to the fact that part of the spin electrons
are reflected. The reflection of electrons having the wrong
spin polarization results in a larger resistance when compared
to this claim.

[0033] It is an advantage of embodiments of the current
disclosure that the current of spin polarized electrons is quasi
dissipationless due to the absence of backscattering (which is
present when using a hard magnetic material).

[0034] It is an advantage of embodiments of the current
disclosure that a spin transfer torque memory device is pro-
posed having a cost-effective and simple fabrication scheme.
[0035] It is an advantage of embodiments of the current
disclosure that a wide range of applications are possible for
both digital as well as analogue applications, such as for
example signal image processing.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0036] The disclosure will be further elucidated by means
of the following description and the appended figures.
[0037] FIG. 1 shows a schematic three dimensional (3D)
view of a spin transfer torque magnetic memory device
according to some embodiments.

[0038] FIGS. 2 and 3 are schematic side views illustrating a
spin transfer torque magnetic memory according to different
embodiments.

[0039] FIG. 4 is a schematic three dimensional (3D) view
illustrating a spin transfer torque magnetic memory device
and a method of operating such a device according to some
embodiments.

[0040] FIG. 5 shows a schematic side view illustrating a
spin transfer torque magnetic memory device and a method of
operating such a device according to some embodiments.
[0041] FIGS. 6a-6¢ show top views of illustrating a spin
transfer torque magnetic memory device and a method for
operating such a device according to some embodiments.
[0042] FIGS. 7a-7c¢ show top views illustrating a spin trans-
fer torque magnetic memory device and a method for oper-
ating such a device according to some embodiments.

[0043] FIG. 8 is a schematic presentation illustrating an
application of a spin transfer torque magnetic memory device
according to some embodiments.

DETAILED DESCRIPTION OF CERTAIN
ILLUSTRATIVE EMBODIMENTS

[0044] Inthe following detailed description, numerous spe-
cific details are set forth in order to provide a thorough under-
standing of the disclosure and how it may be practiced in
particular embodiments. However, it will be understood that
the present disclosure may be practiced without these specific
details. In other instances, well-known methods, procedures
and techniques have not been described in detail, so as not to
obscure the present disclosure. While the present disclosure
will be described with respect to particular embodiments and
with reference to certain drawings, the disclosure is not lim-
ited hereto. The drawings included and described herein are
schematic and are not limiting the scope of the disclosure. It
is also noted that in the drawings, the size of some elements
may be exaggerated and, therefore, not drawn to scale for
illustrative purposes.

[0045] The present disclosure will be described with
respect to particular embodiments and with reference to cer-
tain drawings but the disclosure is not limited thereto but only
by the claims. The drawings described are only schematic and
are non-limiting. In the drawings, the size of some of the
elements may be exaggerated and not drawn on scale for
illustrative purposes. The dimensions and the relative dimen-
sions do not necessarily correspond to actual reductions to
practice of the disclosure.

[0046] Furthermore, the terms first, second, third and the
like in the description and in the claims, are used for distin-
guishing between similar elements and not necessarily for
describing a sequential or chronological order. The terms are
interchangeable under appropriate circumstances and the
embodiments of the disclosure can operate in other sequences
than described or illustrated herein.

[0047] Moreover, the terms top, bottom, over, under and the
like in the description and the claims are used for descriptive
purposes and not necessarily for describing relative positions.
It is to be understood that the terms so used are interchange-

Jun. 12,2014

able under appropriate circumstances and that the embodi-
ments of the disclosure described herein are capable of opera-
tion in other orientations than described or illustrated herein.
[0048] The term “comprising”, used in the claims, should
not be interpreted as being restricted to the means listed
thereafter; it does not exclude other elements or steps. It needs
to be interpreted as specifying the presence of the stated
features, integers, steps or components as referred to, but does
not preclude the presence or addition of one or more other
features, integers, steps or components, or groups thereof.
Thus, the scope of the expression “a device comprising means
A and B” should not be limited to devices consisting only of
components A and B.

[0049] Whereas reference is made to a (X,y,z) coordinate
system, it should be appreciated by a person skilled in the art
this is only for illustrative purpose and coordinates can be
interchanged.

[0050] As used herein, a topological insulator refers to a
material that can be semiconducting or insulating in the bulk,
while having a conducting (e.g., metallic) surface/interface.
The conducting surface/interface can have a Dirac cone
energy dispersion relation. That is, a topological insulator is a
material that can behave as an insulator in its interior, while
permitting movement of charges on its surface/interface.
Examples of topological insulators include materials com-
prising bismuth telluride or bismuth selenide.

[0051] The magnetization of a magnetized material refers
to the local value of its magnetic moment per unit volume,
usually denoted M, measured in amperes per meter (A/m) in
SI units.

[0052] It has been found that under certain configurations
of the spin transfer torque magnetic memory devices
described herein, the current of spin-polarized electrons can
be created in a more efficient way as a current of spin-polar-
ized electrons is generated along the surface of the topologi-
cal insulator by applying an electric field along the surface of
the topological insulator due to the relation between the elec-
trons’ motion and the spin.

[0053] Moreover, it has been found that the transport of the
electrons along the surface of the topological insulator is
subject to less energy dissipation. As a result, the topological
insulators can further reduce the overall impedance of the
resulting memory device and, can further reduce Joule heat-
ing of the memory device, thereby reducing the overall
energy needed to operate the memory.

[0054] In various embodiments described herein, the
source of spin-polarized electrons comprises a topological
insulator provided such that by applying an electric field
along the surface of the topological insulator the current of
spin-polarized electrons is generated along the surface of the
topological insulator.

[0055] FIG. 1 shows a schematic three dimensional (3D)
view illustrating a spin transfer torque (STT) magnetic
memory device according to some embodiments.

[0056] The spin transfer torque magnetic memory device 1
comprises a first layered structure 6 and a second layered
structure 7 with a magnetic material 2 sandwiched in
between. Each of the first 6 and second 7 layered structures
comprises alternating layers of topological insulator layers 4
and insulator layers 5.

[0057] Still referring to FIG. 1, the magnetic material 2 can
have an arbitrary initial state of magnetization M,,,,, i.e. a
vector quantity having an arbitrary initial direction and an
initial magnitude. For example, the direction of the magneti-
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zation M,,,,, of the magnetic material 2 can extend in a direc-
tion parallel to the plane of the surface of the magnetic
memory device 1. In the illustrated embodiment of FIG. 1, the
direction of the magnetization M, of the magnetic material
2 extends parallel to the (x,z)-surface and parallel to z-direc-
tion (i.e. parallel to planes formed by interfaces 61, 71 formed
between the layered structures 6,7 and the magnetic material
2). The direction of the magnetization M,,,,, of the magnetic
material 2 is however not limited to this direction, but can
extend in other directions (for instance orthogonal or under an
angle to the interfaces 6,7 between the layered structures 6,7
and the magnetic material 2) in the (x,z)-surface.

[0058] In the illustrated embodiment of FIG. 1, the first
layered structure 6, the second layered structure 7 and the
magnetic material 2 are arranged such that each of the topo-
logical insulator layers 4 of the first layered structure 6 and
each of the second layered structure 7 are in contact with the
magnetic material 2. As used herein, structures in contact
with each other are in direct physical contact. That is, in the
illustrated embodiment of FIG. 1, a physical contact exists
between the topological insulator layers 4 of the first layered
structure 6 and the second layered structure 7 and the mag-
netic material 2. There is thus a first interface 61 formed
between the first layered structure 6 and the magnetic mate-
rial 2 and a second interface 71 formed between second
layered structure 7 and the magnetic material 2. In addition, in
some embodiments, the insulator layers 5 are in direct contact
with the magnetic material 2. Thus, the first interface 61 is
formed between the first layered structure 6 and the magnetic
material 2, where the first interface 61 extends parallel to the
(v,z) plane, and the second interface 71 is formed between the
magnetic material 2 and the second layered structure 7, where
the second interface 71 extends parallel to the first interface
61 (and thus also parallel to the (y,z) plane).

[0059] In some embodiments, the magnetic material 2 is
formed of an electrically conductive material and is electri-
cally connected to the first 6 and second 7 layered structures.
[0060] In some embodiments, the magnetic material 2
comprises or is formed of a soft ferromagnetic material such
as for example iron, cobalt, Nickel, Heusler alloys, and fer-
romagnetic oxides, among others. As used herein, a soft mag-
netic material is a magnetic material which can be relatively
easily magnetized and demagnetized, and has a coercivity
below about 5 Oe.

[0061] In some embodiments, the magnetic material 2
comprises or is formed of graphone (also known as semi
hydrogenated graphene).

[0062] FIGS. 1 to 8 show that the magnetic material 2 is
substantially beam shaped. However, the magnetic material 2
can have any shape and/or dimension deemed appropriate by
the person skilled in the art for the envisaged configuration.

[0063] Still referring to FIG. 1, in some embodiments, the
first and second layered structures 6, 7 of the magnetic
memory device 1 comprise the same layers of topological
insulators 4 and layers of insulators 5. The magnetic memory
of FIG. 1 can be fabricated using any number of suitable
methods. In one implementation, the first and second layered
structures 6, 7 may be formed by first forming a common
layered structure and thereafter removing a middle portion of
the common layered structure. At one side of the middle part
a first layered structure 6 may then be defined. At the another
side of the middle part a second layered structure 7 may then
be defined. The common layered structure may be formed by,
for example, growing alternating layers of topological insu-
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lators 4 and layers of insulators 5, using deposition techniques
such as epitaxial growth techniques, MBE, ALD, CVD or
sputtering, among others. Subsequently, a portion of the com-
mon layered structure may be removed by using etching
techniques such that both the topological insulators 4 and
layers of insulators 5 are removed. A cavity is thereby created
which may be filled again in a subsequent process with the
magnetic material 2.

[0064] It is an advantage of certain embodiments that a
number of layers may be used for a spin transfer torque
magnetic memory device thereby enabling the current to
penetrate the bulk of the soft magnetic material. The number
of'layers (or number of topological insulator layers 4) of the
spin transfer torque magnetic memory device may be chosen
in function of the thickness of the magnetic material 2, the
thickness of the topological insulator layers 4 and the thick-
ness of the insulator layers 5.

[0065] The topological insulator layers 4 may be formed of
materials comprising Bi,Se;, Bi, Te;, Sb,Te;, a-Sn, all Heu-
sler and half-Heusler compounds classified as topological
insulators, pyrochlore oxides of the type A,B,O,, and
Ge,Sb,Te, among others.

[0066] The insulator layers 5 may be formed of materials
comprising Si0,, Al,O;, GeO,, and HfO,, among others. An
example of a layered structure may be formed of, for
example, alternating layers formed of Al,O; and Bi, Te; lay-
ers or alternating layers formed of HfO, and Bi,Se, layers.

[0067] Insomeembodiments, the thickness ofthe topologi-
cal insulator layers 4 is limited so as to further increase the
current density of the spin-polarized electrons. However, the
thickness of the topologic insulator layers 4 should not be too
limited so as not decrease the topological insulator effect
requiring sufficient bulk material. The thickness of the topo-
logical insulator layers 4 can be, for example, in the range
between about 1 nm and about 10 nm.

[0068] The thickness of the insulator layers 5 can vary, so
long as the different topological insulator layers 4 are isolated
from each other. In some embodiments, the thickness of the
insulator layers 5 can be minimized to be, for example, in a
range between about 2 nm to about 10 nm.

[0069] For example a layered structure of at least six layers
of'unit cells, for instance in case of Bi,Se; five to six quintuple
atom layers, of the topological insulator layers may be pro-
vided, at least when the topological insulator primarily com-
prises Bi,Se;, to be sufficiently thick. The material of the
topological insulator is however not limited to Bi,Se; but the
topological insulator may comprise any one of or combina-
tions of Bi,Se;, Bi, Te,, Sb,Te; or any other material known
to the person skilled deemed appropriate.

[0070] Also, electrical contacts can be provided to the spin
transfer torque magnetic memory device 1. In the following,
different implementations of providing the electrical contacts
are described.

[0071] Referring to FIG. 2, according to some embodi-
ments, a common first electrical contact 21 may be provided
at the (outer) side of the first layered structure 6 thereby
electrically contacting all the topological insulators 4 and
layers of insulators 5 of the first layered structure 6 together.
In addition, a common second electrical contact 22 may be
provided at the (outer) side of the second layered structure 7
thereby electrically contacting all the topological insulators 4
and layers of insulators 5 of the second layered structure 7
together.
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[0072] Referring to FIG. 3, according to other embodi-
ments, the topological insulator layers 4 of the first layered
structure 6 may be contacted separately. In this configuration,
different electrical contacts 211 are provided at the (outer)
side of the topological insulator layers 4 of the first layered
structure 6. The different electrical contacts 211 are thus
(electrically and physically) isolated from each other. In addi-
tion, the topological insulator layers 4 of the second layered
structure 7 may be contacted separately. In this configuration,
different electrical contacts 221 are provided at the (outer)
side of the topological insulator layers 4 of the second layered
structure 7. The different electrical contacts 221 are thus
(electrically and physically) isolated from each other.

[0073] In some embodiments, it can be advantageous to
provide different electrical contacts to the topological insu-
lator layers 4 separately such that each topological insulator
layer 4 can be operated separately. In these embodiments, the
spin transfer torque magnetic memory may be used for logic
and/or analog applications. An example will be elaborated
further in FIG. 8.

[0074] FIGS. 4 and 5 show schematic 3D and 2D represen-
tations, respectively, of a spin transfer torque magnetic
memory 1 in operation according to some embodiments of
the present disclosure.

[0075] By applying an electric field/a voltage 30 between
the first 6 and the second 7 layered structures, a current
(arrows 60, 70 I) of spin-polarized electrons is generated
along the surface of the topological insulator layers 4. The
first layered structure 6 and the second layered structure 7 and
the magnetic material 2 are electrically arranged with respect
to each other such that the direction of magnetization (arrow
82 M) of the magnetic material 2 is controllable through
transfer of spin of spin-polarized electrons by torque caused
by the spin (arrows 61,71 s) of spin-polarized electrons in the
direction of magnetization (arrow 82 M), a current (arrows
60,70 I) of the spin-polarized electrons being generated along
the surface of the topological insulator layers 4 by applying
the voltage 30 between the first layered structure 6 and second
layered structure 7.

[0076] In the illustrated embodiments of FIGS. 4 and 5, the
spin (arrows 61, 71 s) of the spin-polarized electrons is
directed orthogonal to the direction of the current (arrows 60,
70 1) of the spin-polarized electrons.

[0077] The controllability of the direction of magnetization
(arrow 82 M) of the magnetic material 2 is dependent on the
voltage 30 which is applied between the first 6 and the second
7 layered structures. The operating voltage 30 is dependent on
the materials used, the band offset of the materials used, and
the perpendicular anisotropy of the material, among others.
[0078] In some embodiments, the direction of magnetiza-
tion (arrow 82 M) ofthe magnetic material 2 represents a state
value of the memory device. For example, depending on the
direction of magnetization (arrow 82 M) of the magnetic
material 2, the state value, which may be a bit value, can
represent logical 0 (zero) or logical 1 (one). In other embodi-
ments, the state value may represent an analog value.

[0079] Referring to FIGS. 6a to 6c¢ and FIGS. 7a to 7ec,
schematic representations of a method of operating a spin
transfer torque magnetic memory device 1 are illustrated,
according to some embodiments, for example for writing a bit
representing logical O (zero) or logical 1 (one). In particular,
these embodiments illustrate the use of a topological insulator
4 in a spintransfer torque magnetic memory 1 for writing a bit
representing logical O (zero) (FIGS. 6a-6¢) and for writing a
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bit representing logical 1 (one) (FIGS. 7a-7¢). InFIGS. 6a-6¢
and FIGS. 7a-7¢, arrows 61,71 s represent the general spin of
the spin-polarized electrons, arrows 60, 70 I represent the
current density and arrow 82 M represents the magnetization
of the magnetic material 2. M,,;, represents the initial arbi-
trary magnetization state of the magnetic material 2, i.e. the
magnetization state prior to applying a voltage between the
first 6 and the second 7 layered structures. When a voltage is
applied between the first 6 and the second 7 layered struc-
tures, the direction of magnetization M can be changed (e.g.,
flipped) in response to the current of spin polarized electrons
inducing a torque. M, ,, represents the final magnetization
state of the magnetic material 2 after applying the voltage. It
is seen that the direction of magnetization may thus vary from
an arbitrary initial direction M,,,,, towards a final direction
M,,..; which may be, for example, a direction of magnetiza-
tion M or a direction of magnetization in parallel with the spin
s of the spin polarized electrons). The transfer of spin of the
spin-polarized electrons by torque is exemplified by the
change in the direction of the magnetization M.

[0080] The change in direction of the current density I can
be achieved by for example accordingly applying a different
electric field having substantially opposing, or even oppos-
ing, directions along the surface of the topological insulator 4
as shown schematically in FIGS. 7a to 7¢. In FIG. 7a, a
voltage is applied between the second 7 layered structure and
the first 6 layered structure such that a current of spin polar-
ized electrons is induced in the direction as shown by arrows
60, 70 1. The spin, arrows 61,71 s, of the spin polarized
electrons is directed orthogonal to the direction of the current,
i.e. in this example spin down. The initial magnetization M, ,,
is in a direction antiparallel to the spin s. Due to the voltage
applied a spin torque is induced as such controlling the direc-
tion of magnetization. Depending on the voltage applied
(magnitude), the direction of magnetization will change
towards a direction M, ,, parallel to the spin s.

[0081] FIG. 8 shows a schematic example of a possible
application with a spin transfer torque magnetic memory
device according to embodiments of the invention. A spin
transfer torque magnetic memory device is represented with a
layered structure comprising 6 topological insulator layers 4.
Each of the topological insulator layers 4 has an electrical
contact for applying a voltage such that a current of spin
polarized electrons may be induced ad the surface of each of
the topological insulator layers 6. A schematic image 100 is
shown with in this example 6 different cells. Each cell may for
example represent a pixel, black or white (i.e digital O or 1).
Or even more general, each cell may for example represent a
pixel with a random value (i.e. analogue). The spin transfer
torque magnetic memory device comprises as many topologi-
cal insulators as there are pixels in the image as such enabling
the use of the STT magnetic memory device as a signal
processing system. Each ofthe pixels d11, d12,d13,d21, d22,
d23 is connected to each of the topological insulator layers 4.
Depending on the value of the pixel, a voltage (corresponding
to the value of the pixel/cell) V11, V12, V13, V21, V22, V23
is applied to the corresponding topological layer. Each of the
voltages V11,V12,V13,V21,V22, V23 will induce a current
111, 112, 113, 121, 122, 123 of spin polarized electrons at the
surface of the corresponding topological layer 4. The current
111, 112, 113, 121, 122, 123 of spin polarized electrons will
thereby control the direction of magnetization of the mag-
netic material 2 and for each of the voltages VI, V12, V13,
V21, V22, V23 a corresponding direction of magnetization
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M11, M12, M13, M21, M22, M23 will be induced (due to
spin torque). Each of the direction of magnetization M11,
M12, M13, M21, M22, M23 achieved after applying the
voltage V11, V12,V13,V21,V22,V23 may be read out using
a reading element. As such the spin transter torque magnetic
memory device may be used as a signal processing system.
[0082] Although this invention has been described in terms
of certain embodiments, other embodiments that are apparent
to those of ordinary skill in the art, including embodiments
that do not provide all of the features and advantages set forth
herein, are also within the scope of this invention. Moreover,
the various embodiments described above can be combined to
provide further embodiments. In addition, certain features
shown in the context of one embodiment can be incorporated
into other embodiments as well. Accordingly, the scope of the
present invention is defined only by reference to the appended
claims.

What is claimed is:

1. A spin transfer torque magnetic memory device com-

prising:

a first layered structure stacked in a vertical direction and
comprising alternating topological insulator layers and
insulator layers;

a second layered structure stacked in the vertical direction
and comprising alternating topological insulator layers
and insulator layers; and

a magnetic material interposing the first and second lay-
ered structures in a horizontal direction such that the
magnetic material is in contact with a first side surface of
the first layered structure and in contact with a first side
surface of the second layered structure,

wherein the magnetic material has a magnetization direc-
tion that represents a state value.

2. The memory device of claim 1, further comprising:

a first electrical contact formed on a second side surface of
the first layered structure; and

a second electrical contact formed on a second side surface
of'the second layered structure,

wherein the first and second electrical contacts are config-
ured to develop an electric field across the first and
second layered structures in response to a voltage
applied between the first and second electrical contacts.

3. The memory device of claim 2,

wherein the first electrical contact comprises a plurality of
first topological electrical contacts formed on side sur-
faces of topological insulator layers of the first layered
structure, wherein each first topological electrical con-
tact is isolated from other first topological electrical
contacts, and

wherein the second electrical contact comprises a plurality
of'second topological electrical contacts formed on side
surfaces of topological insulators of the second layer
structure, wherein each second topological electrical
contact is isolated from other second topological elec-
trical contacts.

4. The memory device of claim 2,

wherein the first and second electrical contacts are config-
ured to induce a flow of spin-polarized electrons through
the magnetic material in response to the voltage,

wherein the magnetization direction of the magnetic mate-
rial is configured to change in response to transfer of spin
of spin-polarized electrons by torque of the spin of spin-
polarized electrons in the direction of magnetization,
and

wherein the topological insulators of the first and second
layered structures are configured to carry a current of the
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spin-polarized electrons generated along the surface of
the topological insulator layers in response to the volt-
age.

5. The memory device of claim 4, wherein the spin of the
spin-polarized electrons is directed in a direction orthogonal
to a direction of flow of the current of the spin-polarized
electrons.

6. The memory device of claim 4, further comprising:

a voltage source configured to apply the voltage across the
first layered structure and across the second layered
structure for changing the magnetization direction ofthe
magnetic material in response to the voltage.

7. The memory device of claim 1, wherein the magnetic

material comprises a soft magnetic material.

8. The memory device of claim 7, wherein the magnetic
material has a coercivity below about 5 Oe.

9. The memory device of claim 1, wherein the magnetic
material comprises graphone.

10. The memory device of claim 1, wherein the topological
insulators comprise a conducting surface and a bulk that is
insulating or semiconducting.

11. The memory device of claim 10, wherein the topologi-
cal insulator layers comprise at least one of Bi,Se;, Bi,Te,
and Sb,Te,.

12. A method of fabricating a spin transfer torque magnetic
memory device, the method comprising:

providing a layered structure, the layered structure com-
prising alternating layers of topological insulator layers
and insulator layers stacked in a vertical direction;

removing a portion of the layered structure to horizontally
separate the layered structure into a first layered struc-
ture and a second layered structure; and

replacing the portion of the layered structure with a mag-
netic material horizontally interposing the first and sec-
ond layered structures such that the magnetic material
contacts a first side surface of the first layered structure
and further contacts a first sidewall surface of the second
layered structure.

13. The method of claim 12, further comprising:

forming a first electrical contact on a second side of the first
layered structure; and

forming a second electrical contact on a second side of the
second layered structure.

14. The method claim 12, wherein removing and replacing

the portion of the layered structure comprises:

removing a portion of at least one topological insulator
layer and further removing a portion of at least one
insulator layer to form a cavity interposing the first lay-
ered structure and the second layered structure; and

filling the cavity with the magnetic material.

15. The method of claim 12,

wherein forming the first electrical contact comprises
forming a plurality first topological electrical contacts
formed on side surfaces of topological insulator layers
of the first layered structure, wherein each first topologi-
cal electrical contact is isolated from other first topologi-
cal electrical contacts, and

wherein forming the second electrical contact comprises
forming a plurality of second topological electrical con-
tacts formed on side surfaces of topological insulators of
the second layer structure, wherein each second topo-
logical electrical contact is isolated from other second
topological electrical contacts.
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16. A method for operating a spin transfer torque magnetic
memory device, the method comprising:

providing a first layered structure stacked in a vertical
direction and comprising alternating topological insula-
tor layers and insulator layers;

providing a second layered structure stacked in the vertical
direction and comprising alternating topological insula-
tor layers and insulator layers;

providing a magnetic material interposing the first and
second layered structures in a horizontal direction,
wherein the magnetic material is configured to have a
magnetization direction that can change in response to a
current flowing through the magnetic material; and

applying a voltage across the first layered structure and
across the second layered structure, thereby generating a
current of spin-polarized electrons along the surface of
topological insulator layers,

wherein the spin of the spin-polarized electrons are
directed in a direction orthogonal to a direction of flow
of the current of the spin-polarized electrons,

wherein the spin-polarized electrons induce a spin torque
transfer to the magnetization of a magnetic layer,
thereby changing the magnetization direction of the
magnetic material from a first magnetization direction to
a second magnetization direction, the second magneti-
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zation direction being closer towards the direction of the
spin of the spin-polarized electrons.

17. The method of claim 16, further comprising:

determining the second direction; and

determining a state value of the memory based on the

determined second magnetization direction.

18. The method of claim 17, wherein applying the voltage
across the first layered structure and the second layered struc-
ture comprises applying an independent voltage between
each of the topological insulator layers of the first layered
structure and between the topological insulator layers of the
second layered structure.

19. The method of claim 18, wherein the first magnetiza-
tion direction of the magnetic material is anti-parallel to spin
of'the spin-polarized electrons, and wherein the second mag-
netization direction of the magnetic material is parallel to the
spin of the spin-polarized electrons.

20. The method of claim 19, wherein determining the state
value comprises determining a digital state value.

21. The memory device of claim 1, wherein the magnetic
material is configured to have a magnetization direction that
changes in response to a current flowing through the magnetic
material.



