wo 2012/134570 A1 || NN OO0 O 0RO R

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(43) International Publication Date

(10) International Publication Number

WO 2012/134570 A1

4 October 2012 (04.10.2012) WIPOIPCT
(51) International Patent Classification: (72) Inventors; and
HO1L 27/115 (2006.01) HO1L 21/8247 (2006.01) (75) Inventors/Applicants (for US only): NIKONOV, Dmitri
. .. ) E. [US/US]; 17032 Tassajara Circle, Morgan Hill, Califor-
(21) International Application Number: PCTIUSI01 1066791 nia 95037 (US). YOUNG, Ian A. [US/US]; 3181 NW
114th Terrace, Portland, Oregon 97229 (US).
(22) International Filing D"‘te:n December 2011 (1212011 (9 Agents: VINCENT, Lester J. et al; BLAKELY SOKO-
ecember 2011 (22.12.2011) LOFF TAYLOR & ZAFMAN, 1279 Oakmead Parkway,
(25) Filing Language: English Sunnyvale, California 94085 (US).
(26) Publication Language: English (81) Designated States (unless otherwise indicated, for every
L. kind of national protection available). AE, AG, AL, AM,
(30) Priority Data: AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
(71) Applicant (for all designated States except US): INTEL DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,

CORPORATION [US/US]; 2200 Mission College
Boulevard, MS: RNB-4-150, Santa Clara, California 95052

(US).

HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

[Continued on next page]

(54) Title: THREE-DIMENSIONAL MAGNETIC CIRCUITS INCLUDING MAGNETIC CONNECTORS

(57) Abstract: A device including at least
two spintronic devices and a method of

3 .‘.u.‘.

B making the same. A magnetic connector
extends between the two spintronic
devices to conduct a magnetization

116 160 between the two. The magnetic connector
; T may further be disposed to conduct current
- to switch a magnetization of one of the
two spintronic devices.
117
R ¥ le 42
k4 ¥
C C
Fig. 1a
110 PRIOR ART



WO 2012/134570 A1 WK 00N T 0O 0 AR

(84) Designated States (unless otherwise indicated, for every SE, SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CL CM,
kind of regional protection available). ARIPO (BW, GH, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ, .
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, Kz, MD, Y'ublished:
RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, — with international search report (Art. 21(3))
DE, DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT,
LT, LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS,




10

15

20

25

30

WO 2012/134570 PCT/US2011/066791

THREE-DIMENSIONAL MAGNETIC CIRCUITS INCLUDING MAGNETIC
CONNECTORS

BACKGROUND

Magnetic circuits that include ferromagnetic (FM) wires have allowed the fabrication of
spintronic devices, that is, devices that are adapted to make use of an interaction between a
current of spin-polarized electrons and a magnetic field to fulfill their prescribed functions, such
as for example, the function of serving as non-volatile memory devices or as reconfiguration
logic devices. The internal computational state in magnetic devices is encoded by the
magnetization direction, such that, even where power is removed from the magnetic circuit in
question, the magnetization direction may remain, potentially for tens of years. Spintronic
devices have been known to be formed including metal layers of an integrated circuit as their
electrodes.

In order to provide a three-dimensional configuration of logic devices, the prior art still
uses CMOS structures built up on a semiconductor device layer supported by a wafer, and bonds
different such wafers together to achieve the three-dimensional structure. However, wafer-

bonding is an expensive process, and offers only a limited number of bonded connections.

BRIEF DESCRIPTION OF THE DRAWINGS

Some embodiments of the invention may be better understood by referring to the following
description and accompanying drawings that are used to illustrate embodiments of the invention.
In the drawings:

Fig. la is a top plan view of a prior art spin torque majority gate (STMG) device, with the
insulation layers and non-magnetic layers having been removed;

Figs. 1b and 1c are cross sectional views of the device of Fig. 1a;

Fig. 2a is a top plan view similar to Fig. la of a prior art circuit including two laterally
magnetically coupled STMG devices;

Fig. 2b is a cross-sectional view along lines B-B of Fig. 2a;

Figs. 3a-3d are a top plan view of a common free FM layer of Figs. la-1c in the process of
undergoing a switch in magnetization direction as rendered by simulation;

Fig. 4a is a top plan view similar to Fig. la of a first embodiment of a magnetization

circuit;
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Figs. 4b-4d are cross-sectional views of the circuit of Fig. 4a;

Fig. Sa is a top plan view similar to Fig. 1a of a second embodiment of a magnetization
circuit;

Figs. 5b-5d are cross-sectional views of the circuit of Fig. 5a;

Figs. 6a-6f are cross-sectional views of a magnetic connector and respective common free
FM layers in the process of undergoing a switch in magnetization direction as rendered by
simulation;

Fig. 7 is a cross-sectional view of a magnetic connector and a common free FM layer
attached thereto depicting a minimum allowable distance as between adjacent magnetic circuit
lines;

Fig. 8 is a flowchart showing a method according to embodiments; and

Fig. 9 is a system incorporating a spintronic device according to embodiments.

DETAILED DESCRIPTION

In the following description, numerous specific details are set forth. However, it is
understood that embodiments of the invention may be practiced without these specific details. In
other instances, well-known circuits, structures and techniques have not been shown in detail in
order not to obscure an understanding of this description.

In the instant description, reference is made to the accompanying drawings that show, by
way of illustration, specific embodiments in which the claimed subject matter may be practiced.
These embodiments are described in sufficient detail to enable those skilled in the art to practice
the subject matter. It is to be understood that the various embodiments, although different, are
not necessarily mutually exclusive. For example, a particular feature, structure, or characteristic
described herein, in connection with one embodiment, may be implemented within other
embodiments without departing from the spirit and scope of the claimed subject matter. In
addition, it is to be understood that the location or arrangement of individual elements within
each disclosed embodiment may be modified without departing from the spirit and scope of the
claimed subject matter. The following detailed description is, therefore, not to be taken in a
limiting sense, and the scope of the subject matter is defined only by the appended claims,
appropriately interpreted, along with the full range of equivalents to which the appended claims
are entitled. In the drawings, like numerals refer to the same or similar elements or functionality
throughout the several views, and that elements depicted therein are not necessarily to scale with

one another, rather individual elements may be enlarged or reduced in order to more easily
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comprehend the elements in the context of the present description.

Spintronic devices formed between metal layers of an integrated circuit are known, and an
example of the same is shown in Figs. 1a-1b in the form of a spin torque device. It is noted that
although embodiments as described and depicted herein pertain to a spin torque device, and in
particular to a spin torque majority gate (STMG) as will be described, embodiments are by no
means so limited, but rather include within their scope the use of any spintronic device, whether
a logic device, a memory device or a spin oscillator, or other spintronic devices, as would be
recognized by one skilled in the art.

Referring now to Figs. la-1c, the spin torque device shown, known as an STMG 100 of
Figs. 1a, 1b and lc, has three input pillars (or nanopillars) 110, 110° and 110°’, and one output
pillar 120 electrically isolated from each other, each pillar including its own fixed FM layer 115,
115°, 115" and 116, respectively, and its own pinning anti-FM layer 107, 107°, 107° and 108,
respectively (Figs. 1a and 1b). Fig. 1b is a cross section of Fig. 1a along lines B-B, and Fig. ¢ is
a cross-section of lines C-C along lines C-C. Nanopillars 110 and 110, 110°* and 120 are
disposed on a free cross-shaped common FM layer 113 coextensive with a non-magnetic (NM)
layer 117. The layers including the fixed FM layer, the anti-FM layer, the NM layer and the
common free FM layer will be called the magnetic stack 112 hereinafter. Magnetic stack 112 is
sandwiched between a common clectrode 140, and four electrodes 145, 145° 145’ and 146, one
for each respective pillar. A current at each of the inputs exerts spin torque on the magnetization
of the common free layer 113 and attempts to switch it (that is, switch its magnetization
direction). The magnetization of the common free layer 113 is switched by spin torque to a state
determined by the majority (at least 2 of the 3) input pillars. The device is shown with
perpendicular magnetization of the FM layers. Thus, as seen in Fig. 1b, the stable equilibrium
states of the device corresponding to logical “0” and “1” are magnetization directions up and
down, that is, out of the plane or into the plane of the IC. A STMG is predicated on the well-
known principle that a spin-polarized electrical current can apply a torque to a ferromagnet
through direct transfer of spin angular momentum. Thus, a magnetic multilayer structure may
convert energy for example from a direct electrical current into switching a magnetization
direction of a device.

The FM layers 113 and 115 may include any FM material, such as, for example, cobalt, a
cobalt-iron alloy, or nickel-iron alloy, a cobalt-nickel alloy, or iron-platinum alloy. The FM
layers 113 and 115 can be a multi-layer combination of several alloys. The non-magnetization
layer 117 may for example include a non-magnetic metal such as copper. Alternatively, the non-

magnetization layer 117 may for example include a dielectric/non-magnetic material, such as
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aluminum oxide (Al,O3) or magnesium oxide (MgO). A pinning anti-ferromagnetic layer (AFM
layer) 107 is disposed such that the fixed FM layer is sandwiched between it and the non-
magnetization layer. The role of the pinning AFM layer is to prevent the fixed FM layers from
undergoing rotation as a result of spin transfer torque. The AFM layer may comprise any
exchange material such as, for example, iron-manganese alloy or a platinum-manganese alloy.
The electrodes may be made of any non-magnetic conductive material for example, such as
copper or gold. For example, the free FM layer may include a layer of Co having a thickness
ranging from about 2 to about 4 nm; the non-magnetization layer may include a layer of MgO
having a thickness ranging from about 0.8 to about 1.2 nm; the fixed FM layer may include a
layer of Co having a thickness ranging from about 2 to about 4 nm; and the pinning layer may
include a layer of PtMn having a thickness from about 10 to about 30 nm, embodiments of
course not being so limited. Transmission of electrons by way of direct current by virtue of a
voltage applied across material stack 112 drives the electrons through the fixed FM layer 115
toward the non-magnetization layer, applying a torque to the free FM layer 113. Magnetization
of the free FM layer is switched by spin torque determined by the current passed through the
material stack 112.

Referring first to Figs. 2a-2b, a top plan view and cross-sectional views of a prior art
magnetic circuit is shown including two STMG devices with the insulation layers not being
shown for the sake of simplicity, the two STMG devices having been magnetically coupled by
way of a lateral extension of a free FM layer common as between the two STMG devices. Fig.
2b is a cross-section of Fig. 2a along line B-B. In the shown example, a first STMG device
200(1) is connected by way of free common FM layer 213(i)/(ii) to a second STMG device
200(ii), the two devices 200(i) and 200(ii) being disposed between the same two metal lines.
The STMG devices 200(i) and 200(ii) are similar to STMG device 100 of Figs. 1a-1c described
previously. Thus, like reference numerals as between Figs. 1a-1c on the one hand, and Figs. 2a-
2b on the other hand, are meant to refer to like components for each STMG device, and will
therefore not be described further. Thus, reference numerals 110, 110°, 110’7, 107, 108, 112,
113,115, 116, 117, 120, 140, 145> and 146 refer to parts in Figs. la-1¢ of STMG device 100
that are respectively structurally similar to parts in Figs. 2a-2b referred to as 210, 210°(1),
210°°(1), 207°°(1), 208(1), 212(1), 213(1), 215°°(1), 216(1) 217, 220(1) 240(i), 245°°(1) and 246(i)
for STMG device 200(i). In addition, references numerals 110°, 110°°, 107°, 112, 113, 115°,
117, 120, 140, 145’ refer to parts in Figs. la-1c of STMG device 100 that are respectively
structurally similar to parts in Figs 2a-2b referred to as 210°(ii), 210°’(ii), 207°(i1), 213(ii),
215°(ii), 217(ii), 220(ii), 240(ii), 245°(ii) for STMG device 200(ii). Here, the magnetization of
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the free common FM layer 213(i) of STMG 200(i) is coupled to the free common FM layer
213(ii) of STMG 200(ii) by way of a lateral extension of one free common FM layer into another
as shown. Thus, an output magnetization of STMG device 200(i) is outputted to STMG device
200(ii) as an input thereof. As a result, STMG device 200(ii) is missing an input nanopillar
(which would have been input nanopillar 210(ii)). As shown, STMG device 200(i) and 200(ii)
are between the same two metal layers, in this exemplary case between metal layers M3 and M4
for example. The prior art circuit of Figs. 2a-2b thus concatenates two STMG devices laterally.

Referring to Figs. 3a-3d, simulation results are shown in the form of successive images
depicting the common free FM layer 113 of Figs. la and 1b in top plan view. The simulation
results were obtained for a common free FM layer 20 nm wide, 5 nm thick (the width dimension
being shown as “w” in Fig. 3a), and the thickness dimension extended into the page, and a
current of 10mA at each of the input nanopillars. The snapshots in successive ones of Figs. 3a-d
were taken at time instants separated by 0.2 ns. As seen in Figs. 3a, the magnetization direction
in the free FM layer 113 points down in the top and left arm, and down in the bottom and right
arm, a domain wall 160 existing between the two magnetization directions. By virtue of the
current inputs, the domain wall 160 moves such that the downward magnetization eventually
completely takes over the right arm of the free FM layer, as seen in Figs. 3b-3d.

Embodiments will now be described in relation to a first embodiment as depicted in Figs.
4a-4d, where a magnetic connector passively connects two STMG devices, and a second
embodiment as depicted in Figs. 5a-5d, where a magnetic connector actively connects two
STMG devices. The magnetic connector may include a pillar of a FM material connecting two
planar FM layers on different metallization layers. The magnetic connector may cross through a
metal line or metallization layer (for example, copper), although it does not need to be
necessarily isolated from the metal line, since it shares a common potential with the same, and
the non-magnetic material of the metal line will not affect magnetization in the connector. A
purpose of the magnetic connector is to pass the signal or magnetization, that is, the wave of the
magnetization direction, from a first spintronic device between a first two metal lines to a second
spintronic device between a second two metal lines different from the first two metal lines to
achieve a three-dimensional concatenation of spintronic devices. Although embodiments as
depicted show the connector directing a magnetization output of a first spintronic device to a
second logic device including metal lines disposed at a lower level than metal lines of the first
spintronic device, embodiments are not so limited, and include within their scope the use of a
connector between spintronic devices where the magnetization output from a lower metal level

device is conducted to a higher level device. According to some embodiments, the magnetic
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connector could for example have an aspect ratio (i.e. connector height h divided by connector
width w — see for example Figs. 6a-6f) in a range from about 1/20 to about 1/10, although
embodiments encompass magnetic connectors having other aspect ratios depending on
application needs.

The embodiments of Figs. 4a-4d and of Figs. 5a-5d may include nanopillars having similar
material layers for example to the nanopillar shown in Figs 1a-1c and described above. In Figs.
4a-4d and Sa-5d, voltage directions for the nanopillars are shown by respective arrows marked
V+ and V- and stable magnetization directions are shown by arrows within the FM layers. It is
noted that current will flow in a direction opposite to that of the arrows for the voltages.

Referring first to Figs. 4a-4d, a top plan view and cross-sectional views of a first
embodiment of a circuit 400 of a microelectronic device are shown including two STMG devices
with the insulation layers not being shown for the sake of simplicity. Figs. 4b, 4c and 4d are
cross sections of Fig. 4a along lines B-B, C-C and D-D, respectively, with Fig. 4c omitting the
bottom spintronic device and Fig. 4d omitting the top spintronic device as will become apparent
as the description progresses. In the shown embodiment, a first STMG device 400(1) is
connected by way of a connector 430 (shown in broken lines in Fig. 4a to convey that it lies at a
different metal level on circuit 400) to a second STMG device 400(ii) in a passive configuration
as will be explained later. The STMG devices 400(i) and 400(ii) are similar to STMG device
100 of Figs. la-1c described previously. Thus, like reference numerals as between Figs. la-1c
on the one hand, and Figs. 4a-4d on the other hand, are meant to refer to like components for
each STMG device, and will therefore not be described further. Thus, reference numerals 107,
107°,107°°, 108, 110, 110°, 110°°, 112, 113, 115, 115°, 115°, 116, 117, 120, 140, 145, 145°,
145°’, 146 refer to parts in Figs. 1a-1b that are respectively structurally similar to parts in Figs.
4a-4d referred to as 407(i), 407°(1), 407°°(1), 408(1), 410(1), 410°(1), 410°°(1), 412(1), 413(1i),
415(1), 415°(1), 415°°(1), 416(1), 417(1), 420(1), 440(1), 445(1), 445°(1), 445°°(1) and 446(i) for
STMG device 400(i). In addition, reference numerals 107, 107°, 107°°, 108, 110°, 110°, 112,
113, 115, 115,115, 116, 117, 120, 140, 145, 145, 145°°, 146 refer to parts in Figs. 1a-1b that
are respectively structurally similar to parts in Figs. 4a-4d referred to as 407(ii), 407°(ii),

407 (ii), 408(ii), 410°(ii), 410°°(ii), 412(ii), 413(ii), 415(ii), 415°(i1), 415°(ii), 416(ii), 417(ii),
420(i1), 440(i1), 445(i1), 445°(ii), 445’ (i1) and 446(ii) for STMG device 400(ii). A structural
difference between the STMG device of Figs. 1a-1c on the one hand, and STMG device 400(ii)
of Figs. 4a-4d on the other hand, is the absence from STMG device 400(ii) of an input nanopillar
at one of the ends of the cross-shaped common non-magnetic layer 413(ii). Connector 430

extends between STMG device 400(i) and STMG device 400(ii) as shown, STMG device 400(ii)
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being disposed at a different metal level on circuit 400 of the device as compared with STMG
device 400(i). Thus, as shown, STMG device 400(i) may for example use as its electrodes metal
lines or metallization layers corresponding to M3 and M4, while STMG device 400(ii) may for
example use as its electrodes metal lines or metallization layers M2 and M3 as shown. As best
seen in Fig. 4b, the magnetic connector 430 extends from common free FM layer 413(i) down to
common free FM layer 413(ii) at a location corresponding to an absent input nanopillar of
STMG device 400 (ii) as shown. Connector 430 in this way is adapted to provide a
magnetization output of the STMG device 400(i) to be used as a magnetization input to the
STMG device 400(ii) as shown, in this passive configuration of the two concatenated STMG
devices. It is noted that the embodiment of Figs. 4a-4d advantageously not only minimizes wire
length by not requiring an extension of a free FM layer as shown for example in the prior art
configuration of Figs. 2a-2b, but also disposes the second spintronic device directly below the
first spintronic device, in this way allowing the fabrication of denser magnetic circuits.
Referring next to a second embodiment as depicted in Figs. 5a-5d, a top plan view and a
cross-sectional view of a second embodiment of a circuit 500 of a microelectronic device are
shown including two STMG devices with the insulating layers not being shown for the sake of
simplicity. In the top plan view of Fig. 5a, the input nanopillar 510°°(ii) is further hidden from
view by input nanopillar 510°(i). Figs. 5b, 5c and 5d are a cross sections of Fig. 5a along lines
B-B, C-C (for the lower STMG device only) and D-D respectively, with Fig. 5¢c omitting the
bottom device and Fig. 5d omitting the top device as will become apparent as the instant
description progresses. In the shown embodiment, a first STMG device 500(i) is connected by
way of a connector 530 (shown in broken lines in Fig. 5a to convey that it lies at a different
metal level on circuit 500) to a second STMG device 500(ii) in an active configuration as will be
explained later. The STMG devices 510(i) and 510(ii) are similar to STMG device 100 of Figs.
la-1c described previously. Thus, like reference numerals as between Figs. 1a-1c on the one
hand, and Figs. 5a-5d on the other hand, are meant to refer to like components for each STMG
device, and will therefore not be described further. Thus, reference numerals 107, 1077, 107,
108, 110, 110°, 110°°, 112, 113, 115, 115°, 115”°, 116, 117, 140, 145, 145°, 145”°, 146 refer to
parts in Figs. 1a-1b that are respectively structurally similar to parts in Figs. 5a-5d referred to as
507(1), 507°(1), 507°°(1), 508(1), 510(1), 510°(1), 510°°(1), S12(1), 513(1), 515(1), 515°(1), 515°°(1),
516(1), 517(i), 540(1), 545(i), 545°(1), 545°°(i) and 546(i) for STMG device 500(i). In addition,
reference numerals 107, 107°, 107°’, 108, 110°, 110°°, 112, 113, 115, 115>, 115, 116, 117, 120,
140, 145, 145°, 145°°, 146 refer to parts in Figs. l1a-1b that are respectively structurally similar to
parts in Figs. 5a-5d referred to as 507(ii), 507°(i1), 507°°(ii), S08(ii), 510°(ii), 510°°(ii), 512(ii),
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S13(ii), 515(i1), 515°(ii), 515°°(ii), S16(ii), S17(ii), 520(ii), 540(ii), 545(ii), 545°(ii), 545°°(ii) and
546(ii) for STMG device 500(ii). A structural difference between the STMG device 100 of Figs.
la-1c on the one hand, and STMG device 500(i) of Figs. 5a-5d on the other hand, is the absence
from STMG device 500(i) of an output nanopillar at one of the ends of the cross-shaped common
non-magnetic layer 513(ii). A structural difference between the STMG device 100 of Figs. la-
Ic on the one hand, and STMG device 500(ii) of Figs. Sa-5d on the other hand, is the absence
from STMG device 500(ii) of an input nanopillar at one of the ends of the cross-shaped common
non-magnetic layer 513(ii) (similar to STMG device 400(ii) of Figs. 4a-4d. Connector 530
extends between STMG device 500(i) and STMG device 500(ii) from a location of a missing
output nanopillar on STMG device 500(i) to a location of a missing input nanopillar on STMG
device 500(ii), STMG device 500(ii) being disposed at a different metal level on circuit 500 of
the device as compared with STMG device 500(i). Thus, as shown, STMG device 500(i) may
for example use as its electrodes metal lines or metallization layers corresponding to M3 and
M4, while STMG device 500(ii) may for example use as its electrodes metal lines or
metallization layers M2 and M3 as shown. As best seen in Fig. 5b, the magnetic connector 530
extends from common free FM layer 513(i) down to non-magnetic layer 517(ii). Connector 530
in this way is adapted to provide not only a magnetization output of the STMG device 500(i) to
be used as a magnetization input to the STMG device 500(ii) (similar to Figs. 4a-4d), but also to
pass current through it as an output of the STMG device 500(1) to switch magnetization of the
common free layer 513(ii) of STMG device 500(ii), the magnetic connector 530 in this way
additionally serving as a fixed layer in a nanopillar (made up of the connector itself) of the
STMG device 500(ii), in this active configuration of the concatenated STMG devices.

In the above-described embodiments, the shown device has nanopillars with square-shaped
cross-sections. In practice, the square-shaped cross-sections may be rounded at their corners by
virtue of lithography constraints as would be recognized by a person skilled in the art. However,
STMG devices used in embodiments could exist that have nanopillars with other cross-sectional
configurations, such as, for example, ellipses or circles. In addition, as previously mentioned,
embodiments are by no means limited to a STMG, or even to the use of spin logic devices, but
rather include within their scope the use of a connector to connect any two or more spintronic
devices, whether spin logic devices, spin memory devices or spin oscillators by way of example.
In addition, the particular embodiments described represent devices with perpendicular
magnetization of the free FM layers, although embodiments are not so limited, and include
within their scope the use of any configuration of a spintronic device as would be recognized by

a skilled person. Furthermore, although embodiments are described as being disposed between
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successive metal lines or metallization layers of a microelectronic device, embodiments are not
so limited, and include within their scope the provision of spintronic devices connected by a
magnetic connector that spans across more than one metal line.

Referring now to Figs. 6a-6f, an operation of a magnetic connector was verified using
simulation, in particular using a simulation based on the Object Oriented Micromagnetic
Framework (OOMMEF) modeling program from NIST. OOMMF refers generally to a project in
the Mathematical and Computational Sciences Division (MCSD) of the Information Technology
Laboratory (ITL) and the National Institute of Standards and Technology (NIST) in cooperation
with the Micromagnetic Modeling Activity Group (pMAG), aimed at developing portable,
extensible public domain programs and tools for micromagnetics.

Figs. 6a-6f show successive snapshots for switching magnetization in a magnetic
connector, similar for example to connectors 430 Figs. 4a-4d, where the respective spintronic
devices are concatenated in a passive configuration. Thus, as seen in Figs. 6a, a connector 630
conducts magnetization from the common free FM layer 613(i) of a first spin logic device to the
common free FM layer 613(ii) of a second spin logic device. The simulation shows: (a) the
initial magnetization state of the connector with magnetization pointing up over the whole
connector as shown by the upward pointing arrows, (b) spin torque from current entering at the
top left contact and passing through the connector, driving the direction of magnetization to point
down; and (c) downward magnetization setting in at the bottom left wire. In the simulation (see
Fig. 6a), the connector height h was about 30 nm, the connector width was about 30 nm (for a
square-shaped cross-section), the top and bottom wires (common free FM layers) had a thickness
t of about 5 nm, noting that the top and bottom layers in the simulation were of course extending
at ends thereof beyond the constraints shown on the drawing page. The applied current was
SmA applied at the top left of the wire, and sample images were taken at time instants separated
by 0.2 ns.

Referring next to Fig. 7, an important necessary condition for the operation of a device as
described above is that magnetic crosstalk between connectors and planar wires does not disturb
their operation. Fig. 7 depicts two adjacent magnetic circuits in a typical arrangement with
typical measurements according to an embodiment. Fig. 7 thus depicts a first spintronic device
700a of a first magnetic circuit, only a portion of which is shown, having a magnetic connector
730 with a height h, a thickness a, the magnetic connector being attached at one end thereof of a
common free FM layer 713(a), and being disposed near a second spintronic device 700b of a
second magnetic circuit, only a free common FM layer 713b of which is shown. It has been

found that minimum distance d between a center of connector 730 and center of metal line
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713(b) that would be allowed to avoid cross talk could be twice a height of the magnetic
connectos. A maximum value of stray magnetic field H between the two dipole moments (as
defined by the center points noted above) using a connector 730 having a height h of about 100
nm, a width a of about 10 nm, with a saturation magnetization M; of about 10°A/m and a d of

about 2 times % using Equation (1) below:
H ~ (M, a’ hy/d® ~ (M; a>)/4 b’ Eq. (1)

yields an H value of about 2.5x10° A/m or about 30 Oe. A conclusion from the estimate above is
that stray fields are in the order of about 30 Oe, while it has been found that the coercive field,
that is, the threshold for disturbing magnetization is of the order of 100 Oe. Therefore, cross-talk
by virtue of the magnetic connector may be insignificant for the d value noted above.

Referring next to Fig. 8, a method embodiment is depicted in flowchart format. A method
embodiment 600 at block 810 includes providing a first spintronic device, and at block 820
includes providing a second spintronic device. At block 830, a method embodiment includes
providing a magnetic connector disposed between the first spintronic device and the second
spintronic device and adapted to conduct a magnetization therebetween.

Referring to Fig. 9, there is illustrated one of many possible systems 900 in which
embodiments of the present invention may be used. In one embodiment, the electronic
arrangement 1000 may include an integrated circuit 910 including a circuit such as the circuits
400 or 500 shown in Figs. 4a-4d or 5a-5d, respectively. Arrangement 1000 may further include
a microprocessor, a transceiver chip, or a sensor chip. In an alternate embodiment, the electronic
arrangement 1000 may include an application specific IC (ASIC). Integrated circuits found in
chipsets (e.g., graphics, sound, and control chipsets) may also be packaged in accordance with
embodiments of this invention.

For the embodiment depicted by Fig. 9, the system 900 may also include a main memory
1002, a graphics processor 1004, a mass storage device 1006, and/or an input/output module
1008 coupled to each other by way of a bus 1010, as shown. Examples of the memory 1002
include but are not limited to static random access memory (SRAM) and dynamic random access
memory (DRAM). Examples of the mass storage device 1006 include but are not limited to a
hard disk drive, a compact disk drive (CD), a digital versatile disk drive (DVD), and so forth.
Examples of the input/output module 1008 include but are not limited to a keyboard, cursor
control arrangements, a display, a network interface, and so forth. Examples of the bus 1010

include but are not limited to a peripheral control interface (PCI) bus, and Industry Standard
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Architecture (ISA) bus, and so forth. In various embodiments, the system 90 may be a wireless
mobile phone, a personal digital assistant, a pocket PC, a tablet PC, a notebook PC, a desktop
computer, a set-top box, a media-center PC, a DVD player, and a server.

Advantageously, according to embodiments, magnetic logic circuits may be formed in
several layers on a chip, and the magnetization direction and sometimes current may be
transferred from one layer to another layer by way of a magnetic connector. To achieve the
above, fixed FM layers and common free FM layers may be separated by a tunneling barrier.
Input pillars to conduct current and to change magnetization connector a spin transfer torque
effect may thus be created. Such circuits may be formed in different layers of metallization of a
device. The ends of such connectors may serve as input to circuits or as fixed FM layers.
Embodiments allow an increase in the density of logic circuits on chip without decreasing the
minimal feature size, and further allow the provision of non-volatile logic circuits using different
layers of spintronic devices. Thus, a three-dimensional integration of circuits may be achieved
with connections between various layers, allowing the possibility of exploring a wealth of
architectures, such as, for example, three-dimensional cellular nonlinear networks.

Prior art devices based on CMOS would involve stacking multiple wafers each including
CMOS logic devices on a device layer of a semiconductor substrate, the stacking allowing one to
achieve a three-dimensional integration of logic devices. However, wafer bonding is expensive,
involves only a limited opportunity for stacking, and in addition appreciably extends the length
of wires, in this way tending to have deleterious effects on device performance. Prior art devices
including spintronic devices further allow a lateral magnetic coupling of devices from one
spintronic device to another spintronic device by extending a free FM layer of one device to
serve as a free FM layer of another device. However, such a lateral extension of the free FM
layer is still not optimal in terms of wire length minimization, as compared with embodiments,
for example as depicted in Figs. 4a-4d and Sa-5d, where the provision of a connector between
successive metal lines allow a further optimization of wire length, since it shortens the length of
wire necessary to concatenate two spintronic devices (thus allowing the free FM layer of the first
spintronic device to be as short as possible by placing the spintronic devices as short a distance
as possible from one another). To the extent that, especially for magnetic circuits, propagation
delay is even more dependent on wire length, a minimization of wire length such as the one
brought about by embodiments becomes even more significant, in particular when a large
number of spintronic devices are integrated as they usually are in a given circuit. . In addition,
the embodiment of Figs. 4a-4d advantageously highlights the possibility of minimizing space as

between connected spintronic devices even further, by placing the second spintronic device 400

11
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(i1) directly below the first spintronic device 400 (i) as shown.

The foregoing description is intended to be illustrative and not limiting. Variations will
occur to those of skill in the art. Those variations are intended to be included in the various

embodiments of the invention, which are limited only by the scope of the following claims.

12
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What is claimed is:

1. A circuit including:
a first spintronic device;
a second spintronic device;
a magnetic connector disposed between the first spintronic device and the second

spintronic device and adapted to conduct a magnetization therebetween.

2. The circuit of claim 1, wherein:

the first spintronic device has a first common free FM layer;

the second spintronic device has a second common free FM layer;

the magnetic connector is connected at one end thereof to the first common free FM layer
and at another end thereof to the second common free FM layer to conduct a magnetization
output of the first spintronic device to the second spintronic device from the first common free

FM layer to the second common free FM layer.

3. The circuit of claim 1, wherein:

the first spintronic device has a first common free FM layer;

the second spintronic device has a second common free FM layer and a non-
magnetization layer disposed on the second common free FM layer;

the magnetic connector is connected at one end thereof to the first common free FM layer
and at another end thereof to the non-magnetization layer to conduct a magnetization output of
the first spintronic device to the second spintronic device as a fixed layer of the second
spintronic device, and further to conduct current between the first spintronic device and the

second spintronic device.

4. The circuit of claim 1, wherein the first spintronic device has a first magnetization stack
and the second spintronic device has a second magnetization stack, and wherein the magnetic
connector extends between respective magnetization stacks of the first spintronic device and the

second spintronic device.
5. The circuit of claim 4, wherein the circuit includes an integrated circuit comprising:

a substrate; and

a plurality of metallization layers on the substrate;

13
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wherein:
the first spintronic device includes a first two of the plurality of metallization layers;
the first magnetization stack is disposed between the first two of the plurality of
metallization layers;
the second spintronic device includes a second two of the plurality of metallization
layers; and
the second magnetization stack is disposed between the second two of the plurality of

metallization layers.

6. The circuit of claim 5, wherein each of the first magnetization stack and second
magnetization stack includes:

a common free FM layer;

a common non-magnetization layer over the common free FM layer;

a plurality of nanopillars on the common non-magnetization layer, each of the nanopillars

including:
a fixed FM layer disposed on the common non-magnetization layer; and
a pinning layer disposed on the fixed FM layer.

7. The circuit of claim 6, wherein:

some of the plurality of nanopillars include input nanopillars; and

at least one of the first magnetization stack and the second magnetization stack further
includes an output nanopillar;

the magnetic connector extends from the first spintronic device to the second spintronic

device at a location closest to one of the second input nanopillars.

8. The circuit of claim 7, wherein:

the first magnetization stack includes a first output nanopillar;

the second magnetization stack includes a second output nanopillar; and

the magnetic connector extends from the first spintronic device at a location closest to the
first output nanopillar to the second spintronic device at a location closest to one of the input

nanopillars of the second spintronic device.

9. The circuit of claim 6, wherein the magnetic connector is connected at one end thereof to

the common free FM layer of the first spintronic device and at another end thereof to the

14
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common free FM layer of the second spintronic device to conduct a magnetization output of the

first spintronic device to the second spintronic device.

10.  The circuit of claim 6, wherein the magnetic connector is connected at one end thereof to
the common free FM layer of the first spintronic device and at another end thereof to the
common non-magnetization layer of the second spintronic device to conduct a magnetization
output of the first spintronic device to the second spintronic device as a fixed layer of the second
spintronic device, and further to conduct current between the first spintronic device and the

second spintronic device.

11. A method of making a circuit comprising;:
providing a first spintronic device;
providing a second spintronic device;
providing a magnetic connector disposed between the first spintronic device and the

second spintronic device and adapted to conduct a magnetization therebetween.

12. The method of claim 11, wherein:

the first spintronic device has a first common free FM layer;

the second spintronic device has a second common free FM layer;

the magnetic connector is connected at one end thereof to the first common free FM layer
and at another end thereof to the second common free FM layer to conduct a magnetization
output of the first spintronic device to the second spintronic device from the first common free

FM layer to the second common free FM layer.

13. The method of claim 11, wherein:

the first spintronic device has a first common free FM layer;

the second spintronic device has a second common free FM layer and a non-
magnetization layer disposed on the second common free FM layer;

the magnetic connector is connected at one end thereof to the first common free FM layer
and at another end thereof to the non-magnetization layer to conduct a magnetization output of
the first spintronic device to the second spintronic device as a fixed layer of the second
spintronic device, and further to conduct current between the first spintronic device and the

second spintronic device.
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14. The method of claim 11, wherein the first spintronic device has a first magnetization
stack and the second spintronic device has a second magnetization stack, and wherein the
magnetic connector extends between respective magnetization stacks of the first spintronic

device and the second spintronic device.

15. The method of claim 14, wherein the circuit includes an integrated circuit comprising;:
a substrate; and
a plurality of metallization layers on the substrate; and
wherein:
the first spintronic device includes a first two of the plurality of metallization layers;
the first magnetization stack is disposed between the first two of the plurality of
metallization layers;
the second spintronic device includes a second two of the plurality of metallization
layers; and
the second magnetization stack is disposed between the second two of the plurality of

metallization layers.

16. The method of claim 15, wherein each of the first magnetization stack and second
magnetization stack includes:
a common free FM layer;
a common non-magnetization layer over the common free FM layer;
a plurality of nanopillars on the common non-magnetization layer, each of the nanopillars
including:
a fixed FM layer disposed on the common non-magnetization layer; and

a pinning layer disposed on the fixed FM layer.

17. The method of claim 16, wherein:

some of the plurality of nanopillars include input nanopillars; and

at least one of the first magnetization stack and the second magnetization stack further
includes an output nanopillar;

the magnetic connector extends from the first spintronic device to the second spintronic

device at a location closest to one of the second input nanopillars.

18. The method of claim 17, wherein:

16
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the first magnetization stack includes a first output nanopillar;

the second magnetization stack includes a second output nanopillar; and

the magnetic connector extends from the first spintronic device at a location closest to the
first output nanopillar to the second spintronic device at a location closest to one of the input

nanopillars of the second spintronic device.

19.  The method of claim 16, wherein the magnetic connector is connected at one end thereof
to the common free FM layer of the first spintronic device and at another end thereof to the
common free FM layer of the second spintronic device to conduct a magnetization output of the

first spintronic device to the second spintronic device.

20.  The method of claim 16, wherein the magnetic connector is connected at one end thereof
to the common free FM layer of the first spintronic device and at another end thereof to the
common non-magnetization layer of the second spintronic device to conduct a magnetization
output of the first spintronic device to the second spintronic device as a fixed layer of the second
spintronic device, and further to conduct current between the first spintronic device and the

second spintronic device.

21. A system comprising:
an integrated circuit including a circuit having:
a first spintronic device;
a second spintronic device;
a magnetic connector disposed between the first spintronic device and the second
spintronic device and adapted to conduct a magnetization therebetween; and

a graphics processor coupled to the integrated circuit.

22. The system of claim 21, wherein:

the first spintronic device has a first common free FM layer;

the second spintronic device has a second common free FM layer;

the magnetic connector is connected at one end thereof to the first common free FM layer
and at another end thereof to the second common free FM layer to conduct a magnetization
output of the first spintronic device to the second spintronic device from the first common free

FM layer to the second common free FM layer.
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23. The system of claim 21, wherein:

the first spintronic device has a first common free FM layer;

the second spintronic device has a second common free FM layer and a non-
magnetization layer disposed on the second common free FM layer;

the magnetic connector is connected at one end thereof to the first common free FM layer
and at another end thereof to the non-magnetization layer to conduct a magnetization output of
the first spintronic device to the second spintronic device as a fixed layer of the second
spintronic device, and further to conduct current between the first spintronic device and the

second spintronic device.

24, The system of claim 21, wherein the first spintronic device has a first magnetization stack
and the second spintronic device has a second magnetization stack, and wherein the magnetic
connector extends between respective magnetization stacks of the first spintronic device and the

second spintronic device.

25. The system of claim 24, wherein the integrated circuit includes:
a substrate; and
a plurality of metallization layers on the substrate; and
wherein:
the first spintronic device includes a first two of the plurality of metallization layers;
the first magnetization stack is disposed between the first two of the plurality of
metallization layers;
the second spintronic device includes a second two of the plurality of metallization
layers; and
the second magnetization stack is disposed between the second two of the plurality of

metallization layers.

26. The system of claim 25, wherein each of the first magnetization stack and second
magnetization stack includes:

a common free FM layer;

a common non-magnetization layer over the common free FM layer;

a plurality of nanopillars on the common non-magnetization layer, each of the nanopillars
including:

a fixed FM layer disposed on the common non-magnetization layer; and

18
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a pinning layer disposed on the fixed FM layer.

27. The system of claim 26, wherein:

some of the plurality of nanopillars include input nanopillars; and

at least one of the first magnetization stack and the second magnetization stack further
includes an output nanopillar;

the magnetic connector extends from the first spintronic device to the second spintronic

device at a location closest to one of the second input nanopillars.

28.  The system of claim 27, wherein:

the first magnetization stack includes a first output nanopillar;

the second magnetization stack includes a second output nanopillar; and

the magnetic connector extends from the first spintronic device at a location closest to the
first output nanopillar to the second spintronic device at a location closest to one of the input

nanopillars of the second spintronic device.

29.  The system of claim 26, wherein the magnetic connector is connected at one end thereof
to the common free FM layer of the first spintronic device and at another end thereof to the
common free FM layer of the second spintronic device to conduct a magnetization output of the

first spintronic device to the second spintronic device.

30. The system of claim 26, wherein the magnetic connector is connected at one end thereof
to the common free FM layer of the first spintronic device and at another end thereof to the
common non-magnetization layer of the second spintronic device to conduct a magnetization
output of the first spintronic device to the second spintronic device as a fixed layer of the second
spintronic device, and further to conduct current between the first spintronic device and the

second spintronic device.
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