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1. 

SPIN CURRENT GENERATION WITH 
NANO-OSCILLATOR 

GOVERNMENT INTEREST 

This invention was made with government Support under 
HR0011-13-3-0002 awarded by DARPA. The government 
has certain rights in the invention. 

TECHNICAL FIELD 

The disclosure relates to spin pumping to generate spin 
current in a spin-based system. 

BACKGROUND 

In spin-based systems, a spin-polarized current is used to 
set magnetization states of magnetoresistive devices. For 
example, through the spin-transfer torque (STT) effect, spin 
of electrons in a spin-polarized current can apply torque to a 
magnetic moment of a free layer in a magnetoresistive device 
(e.g. a magnetic tunnelingjunction (MTJ), a giant magnetore 
sistive (GMR) device). Electrons are spin polarized by the 
fixed layer of the magnetoresistive device. Depending on the 
electron flow direction and relative orientation of spin of 
electrons and the magnetization of the free layer, magnetiza 
tion of the free layer can be set to be parallel or anti-parallel to 
the magnetization of the fixed layer. 
One way to generate the spin-polarized current for setting 

magnetization states of magnetoresistive devices is through 
spin pumping. In spin pumping, a device injects a spin-polar 
ized current into a spin channel, and the spin-polarized cur 
rent drifts through the spin channel to one or more magne 
toresistive devices, and sets the magnetization states of the 
one or more magnetoresistive devices. 

SUMMARY 

The disclosure describes example techniques for spin 
pumping to generate a spin-polarized current with a spin 
transfer torque (STT) nano-oscillator to set magnetization 
states of one or more magnetoresistive devices. The nano 
oscillator is a type of a magnetoresistive device with a mag 
netic layer whose magnetization state oscillates around a 
specific axis (determined by the effective magnetic field) in 
response to a current flowing through the nano-oscillator. The 
oscillation of the magnetic layer of the nano-oscillator 
induces a spin-polarized current in a spin channel through 
spin pumping. A drift force causes the spin-polarized current 
to flow through the spin channel to one or more magnetore 
sistive devices coupled to the spin channel, and the spin 
polarized current sets the magnetization state of the magne 
toresistive devices. 

In some examples, the spin pumping injects the spin-po 
larized current directly into the spin channel, which reduces 
or eliminates the loss of spin current caused by the impedance 
mismatch between the magnet and the spin channel, as com 
pared other spin injection methods like lateral spin valve 
devices. Moreover, the nano-oscillator, as described in this 
disclosure, may be scalable and tunable allowing for wider 
application as compared some other techniques that rely on a 
coplanar waveguide, with limited Scalability, for spin pump 
ing. 

In one example, the disclosure describes a device including 
a spin channel to transport a spin current, and a nano-oscilla 
tor having a magnetization state that, in response to an input 
Voltage or current, oscillates between a first state and a second 
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2 
state and induces the spin current within the spin channel. The 
device also includes a magnetoresistive device that receives 
the spin current from the nano-oscillator, the magnetoresis 
tive device having a magnetization state that is set by the 
received spin current. 

In one example, the disclosure describes a method for 
generating a spin current and setting a magnetization State of 
a magnetoresistive device. The method includes applying an 
input Voltage or current to a nano-oscillator to oscillate a 
magnetization state of the nano-oscillator between a first state 
and a second state and induce a spin current in a spin channel 
coupled to the nano-oscillator. The method further includes 
setting, in response to the spin current, a magnetization state 
of a magnetoresistive device coupled to the spin channel. 

In one example, the disclosure describes a logic device 
including a spin channel to transport a spin current, and a 
nano-oscillator having a magnetization state that, in response 
to an input Voltage or current, oscillates between a first state 
and a second state and induces the spin current within the spin 
channel. The logic device also includes a magnetoresistive 
device that receives the spin current from the nano-oscillator, 
the magnetoresistive device having a magnetization state that 
is set based at least in part on the received spin current, and a 
controller configured to measure the resistivity of the mag 
netoresistive device and output a Voltage or current. 

In some examples, the disclosure describes a method for 
generating and amplifying a spin current. The method 
includes applying an input Voltage or current to a nano-oscil 
lator to oscillate a magnetization state of the nano-oscillator 
between a first state and a second state and induce a spin 
current in a spin channel coupled to the nano-oscillator, 
applying a gate Voltage or current to the spin-channel to 
amplify an input current received by the spin channel with the 
spin current, and outputting the amplified current. 
The details of one or more embodiments of the invention 

are set forth in the accompanying drawings and the descrip 
tion below. Other features, objects, and advantages of the 
invention will be apparent from the description and drawings, 
and from the claims. 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 is a block diagram illustrating an example of a spin 
logic device in accordance with one or more aspects of the 
present disclosure. 

FIG. 2 is block diagrams illustrating an example of a mag 
netoresistive device. 

FIGS. 3A-3C are block diagrams illustrating an example of 
a nano-oscillator in accordance with one or more aspects of 
the present disclosure. 

FIG. 4 is a block diagram illustrating an example of a spin 
logic device in accordance with one or more aspects of the 
present disclosure. 

FIG. 5 is a block diagram illustrating an example of a spin 
logic device in accordance with one or more aspects of the 
present disclosure. 

FIG. 6 is a block diagram illustrating an example of a spin 
logic device in accordance with one or more aspects of the 
present disclosure. 

FIGS. 7A-7B are block diagrams illustrating an example of 
a spin logic device in accordance with one or more aspects of 
the present disclosure. 

FIG. 8 is a flowchart illustrating operation of an example 
spin-based logic device in accordance with one or more 
aspects of the present disclosure. 
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FIG. 9 is a flowchart illustrating operation of an example 
spin-based logic device in accordance with one or more 
aspects of the present disclosure. 

DETAILED DESCRIPTION 

In spintronic systems, an input device sets the magnetiza 
tion state of one or more output magnetoresistive devices. In 
Some examples, the magnetization state represents a digital 
bit value (e.g., a parallel state or low resistance state repre 
sents a digital Zero and an anti-parallel state of a high resis 
tance state represents a digital one, or Vice-versa). The digital 
value represented by the magnetization state of the magne 
toresistive devices may be considered as an output, and in this 
sense, the magnetoresistive devices may be considered as 
output devices. 

Spin pumping is one example way in which an input device 
sets the magnetization state of the one or more magnetoresis 
tive devices. In spin pumping, the input device is coupled to a 
spin channel, and the one or more magnetoresistive devices 
are also coupled to the spin channel. The input device injects 
(or outputs) a spin-polarized current into the spin channel, 
and the one or more magnetoresistive devices receive the 
spin-polarized current. The spin-polarized current sets the 
magnetization state of the magnetoresistive devices based on 
the spin state of the electrons of the spin-polarized current. 
For instance, if the spin state of the electrons is a first (e.g., up) 
spin state, then the spin-polarized current sets the magnetiza 
tion state of the magnetoresistive devices to a first (e.g., up) 
state, and if the spin State of the electrons is a second (e.g., 
down) spin state, then the spin-polarized current sets the 
magnetization state of the magnetoresistive devices to a sec 
ond (e.g., down) state. 
As described in more detail below, in the techniques 

described this disclosure, the input device that generates the 
spin-polarized current may be a type of a magnetoresistive 
device referred to as a Spin Transfer Torque (STT) nano 
oscillator. The nano-oscillator may include a single magnetic 
layer, which may include a plurality of magnetic Sub-layers. 
The nano-oscillator may include two magnetic layers that 
sandwich a non-magnetic layer (e.g., an insulator layer), 
where the magnetic direction of one of the magnetic layers is 
fixed (referred to as the fixed layer), and the magnetic direc 
tion of the other magnetic layer can be set (referred to as the 
free layer). One of the characteristics of the nano-oscillator 
may be that, in response to application of a Voltage or current, 
the magnetic direction of the free layer oscillates perma 
nently. The oscillation axis can be set utilizing the magnetic 
anisotropy or local magnetic field. The frequency of the oscil 
lation may be tuned based on the amplitude of the voltage or 
current applied to the nano-oscillator. 
The magnetic direction of the fixed layer of the nano 

oscillator may be fixed to a first (e.g., up) direction. When the 
direction of the free layer of the nano-oscillator is set to the 
first (e.g., up) direction, the magnetization state of the nano 
oscillator may be considered as being in a parallel state. When 
the direction of the free layer of the nano-oscillator is set to 
the second (e.g., down) direction, the magnetization state of 
the nano-oscillator may be considered as being in an anti 
parallel state. Accordingly, in response to application of a 
Voltage or current, the nano-oscillator may oscillate some 
where between the parallel and anti-parallel states. 
When oscillating, the nano-oscillator generates a spin-po 

larized current in the spin channel that flows through the spin 
channel to one or more magnetoresistive devices. The spin 
polarized current sets the magnetization states of the one or 
more magnetoresistive devices, as described above. Similar 
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4 
to the nano-oscillator, these one or more magnetoresistive 
devices may include a fixed magnetic layer and a free mag 
netic layer that Sandwich an insulator (e.g., nonmagnetic) 
layer. However, the direction of the free layer of these mag 
netoresistive devices may not oscillate in response to appli 
cation of a Voltage or current. 

Setting the magnetization state of one or magnetoresistive 
devices may be useful for various applications. As one 
example, the magnetization states of the magnetoresistive 
device may indicate a digital value, and the one or more 
magnetoresistive devices may be formed to function as logi 
cal gates (e.g., NOT gates, AND gates, OR gates, etc.). For 
purposes of illustration, the description is described with 
respect to the one or more magnetoresistive devices forming 
logical gates, but the spin pumping techniques utilizing a 
nano-oscillator, as described in this disclosure, are not limited 
to logical gates. 

FIG. 1 is a block diagram illustrating an example of a spin 
logic device in accordance with one or more aspects of the 
present disclosure. Spin logic device 100 may include at least 
one input device 105, at least one output magnetoresistive 
device 115, and spin channel 112. Input device 105 may 
include a Spin Transfer Torque (STT) nano-oscillator 105. In 
the techniques described in this disclosure, input device 105 
may generate a spin current in spin channel 112 through a 
process known as spin pumping. In some examples, the mag 
netization state of output magnetoresistive device 115 may 
indicate a logical value (e.g., 0 or 1) and the magnetization 
state may be set based on the spin current generated by nano 
oscillator 105. 

Nano-oscillator 105 and magnetoresistive device 115 are 
coupled to spin channel 112, all of which are described in 
more detail below. In some examples, the impedance, or 
resistivity, of input device 105 may be very different than the 
impedance of spin channel 112. As a result, there is an imped 
ance mismatch at the boundary between input device 105 and 
spin channel 112. 

In the techniques described in this disclosure, nano-oscil 
lator 105 may be type of a magnetoresistive device with the 
characteristic that the magnetization state of nano-oscillator 
105 oscillates between states in response to a current flowing 
through nano-oscillator 105. The oscillation of the magneti 
zation state of nano-oscillator 105 induces a spin current in 
spin channel 112, and the spin current in spin channel 112 sets 
a magnetization state of magnetoresistive device 115. 

In the techniques described in this disclosure, when nano 
oscillator 105 is used to generate the spin current, the spin 
pumping effect induces a spin-current directly into spin chan 
nel 112. Because the spin current is induced due to the oscil 
lation of the magnetization state of nano-oscillator 105, the 
spin current does not interact with the boundary between 
nano-oscillator 105 and spin channel 112. Accordingly, even 
if there is an impedance mismatch at the boundary, the cre 
ation of the spin current is not affected. Therefore, there may 
be relative high efficiency in the amount of spin-polarized 
current injected into spin channel 112. 

For instance, in other spin-based logic devices that do not 
use nano-oscillator 105 and instead rely on a non-oscillating 
input device, the impedance mismatch between the non-os 
cillating input device and spin channel 112 makes it difficult 
to generate a sufficient amount of spin current in the spin 
channel. For instance, if a non-oscillating input device is used 
to generate the spin-polarized current that sets the magneti 
Zation state for the one or more output magnetoresistive 
devices, then an impedance mismatch between Such a non 
oscillating input device and the spin channel inhibits the 
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amount of spin-polarized current that is injected into and that 
flows through the spin channel. 

Furthermore, a spin-polarized current generated from a 
non-oscillating input device flows through the spin channel to 
the output magnetoresistive devices due to diffusion. How 
ever, there may not be practical ways to control the direction 
in which the spin-polarized current diffuses meaning that 
there is a chance that an output magnetoresistive device does 
not receive the spin-polarized current. Also, the diffusion is 
comparatively slow, and the amount of time it takes the spin 
polarized current to diffuse to the output magnetoresistive 
device may be too long for high speed spintronic systems. 
The spin-polarized current generated by nano-oscillator 

105 flows to the magnetoresistive device 115 due to both drift 
and diffusion forces rather than diffusion alone. The drift 
force may allow the spin-polarized current to set the magne 
tization states of the magnetoresistive devices 115 faster than 
the diffusion, making the spin-polarized current generated by 
nano-oscillator 105 to be better suited for high speed spin 
tronic systems. 

In addition to minimizing the negative effects of imped 
ance mismatch and achieving the benefits of using drift force 
rather than diffusion, generating the spin current using nano 
oscillator 105 may also provide for scalability in generating 
the spin current. For instance, the size of the nano-oscillator 
105 can be scaled for system designs allowing for relatively 
small sized nano-oscillator 105 to efficiently induce spin cur 
rent in the spin channel 112 for setting magnetization state of 
output magnetoresistive device 115. 

For example, some other spin pumping techniques use a 
microwave based coplanar waveguide to excite magnetiza 
tion dynamics in a magnetoresistive device (i.e., a microwave 
flowing through the coplanar waveguide induces magnetiza 
tion dynamics in the magnetoresistive element and injects a 
spin current in a spin channel). Microwave based coplanar 
waveguide spin pumping techniques (e.g., waveguide-based 
spin logic devices) may address the negative effects of imped 
ance mismatch and diffusion. However, microwave based 
coplanar waveguide devices require a large area, and increas 
ing the amount of spin current requires increasing the length 
of the waveguide. Thus, waveguide-based spin logic devices 
require additional devices (e.g., coplanar waveguide), which 
requires significantly more total area. Waveguide-based spin 
logic devices also require an external magnetic field to tune 
the frequency of the spin pumping current. Further, 
waveguides do not excite magnetization dynamics efficiently 
(i.e., do no set magnetization states efficiently), thus 
waveguide-based spin logic devices are not very energy effi 
cient. 
The disclosure describes a spin pumping device using 

nano-oscillator 105, where the spin current induced in spin 
channel 112 is due to the oscillation of the magnetization state 
of nano-oscillator 105. Nano-oscillator 105 may require less 
power and area than waveguide based spin pumping devices. 
Accordingly, the described spin pumping spin logic device 
may be more energy efficient than waveguide based devices. 
The described device may also occupy less chip space than 
waveguide based spin logic devices, thus allowing more logic 
devices on the same sized chip. Furthermore, as described 
above, the described device may not be impacted by the 
impedance mismatch and may utilize the drift force for set 
ting magnetization state of output magnetoresistive device 
115. 
As illustrated, nano-oscillator 105 and output magnetore 

sistive device 115 may be coupled to spin channel 112. Spin 
channel 112 carries a spin current from the at least one nano 
oscillator 105 to the at least one output magnetoresistive 
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6 
device 115. In some examples, spin channel 112 may include 
Tantalum (Ta), Tungsten (W), or other materials with strong a 
spin-orbit coupling. In other examples, spin channel 112 may 
include a topological insulator Such as Bi-Ses or BiTes. 

In some examples, nano-oscillator 105 is a type of a mag 
netoresistive device. Nano-oscillator 105 may include a 
single magnetic layer, which may include a plurality of mag 
netic Sub-layers. In some examples, nano-oscillator 105 may 
include a plurality of layers, including fixed magnetic layer 
106, non-magnetic layer 108, and free magnetic layer 110. 
Fixed layer 106 and free layer 110 may each be considered a 
different side of nano-oscillator 105. Nano-oscillator 105 
may include a Spin Current Spin Valve (SCSV). In some 
examples, an SCSV may include magnetoresistive device 
with thinner layers than traditional magnetoresistive devices, 
as described in FIGS 3A-3C. 

Fixed layer 106 may include a ferromagnetic material (e.g., 
CoFeB). As described below and illustrated in FIGS. 3A-3C, 
in some examples, fixed layer 106 may include a plurality of 
sub-layers. Free layer 110 may include a ferromagnetic mate 
rial (e.g., CoFeB). As described and illustrated in FIG. 3C, in 
some examples, free layer 110 may include a plurality of 
Sub-layers, which may be exchange coupled. 

Non-magnetic layer 108 may be sandwiched between fixed 
layer 106 and free layer 110. In some examples, non-mag 
netic layer 108 may include insulating materials such as mag 
nesium oxide (MgO). Non-magnetic layer 108 may be thin 
enough (approximately 1.0 nanometers) that electrons may 
tunnel from fixed layer 106 to free layer 110, or vice versa. In 
Some examples, non-magnetic layer 108 may include a tun 
neling layer (e.g., in an MTJ). In some examples, non-mag 
netic layer 108 may include a spacer layer (e.g., in a GMR). 

Either side of nano-oscillator 105 may be coupled to 
another device or component. As illustrated in FIG.1, in some 
examples, a first side (e.g., fixed layer 106) may be coupled to 
Voltage source (V) 101 and a second side (e.g., free layer 
110) may be coupled to spin channel 112. 

Fixed layer 106 and free layer 110 may include a magne 
tization direction. The magnetization direction of fixed layer 
106 may be fixed so that the magnetization direction of fixed 
layer 106 does not change. The magnetization direction of 
free layer 110 may be changeable, as described below. 

Nano-oscillator 105 may include an operation state, such 
as a parallel (P) magnetization state or an anti-parallel (AP) 
magnetization state. The operation state of nano-oscillator 
105 may depend upon the magnetization direction of fixed 
layer 106 and free layer 110. 
The magnetization orientation of fixed layer 106 and free 

layer 110 may be in-plane or perpendicular. In examples with 
in-plane orientation, the magnetization direction of fixed 
layer 106 and the magnetization of free layer 110 are in the 
plane of spin channel 112. In examples of perpendicular 
orientation, also known as out-of-plane, the magnetization 
direction of fixed layer 106 and the magnetization of free 
layer 110 are normal to the plane of spin channel 112. 

In some examples, output magnetoresistive device 115 
may include a plurality of layers including fixed layer 116. 
non-magnetic layer 118, and free layer 120. In some 
examples, output magnetoresistive device 115 may be similar 
to nano-oscillator 105. For instance, fixed layer 116 corre 
sponds to fixed layer 106, non-magnetic layer 118 corre 
sponds to non-magnetic layer 108, and free layer 120 corre 
sponds to free layer 110. However, the magnetization state of 
output magnetoresistive device 115 may not oscillate in the 
manner that the magnetization state of nano-oscillator 105 
oscillates. 
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In the techniques described in this disclosure, the magne 
tization state of output magnetoresistive device 115 repre 
sents a digital value (e.g., 0 or 1). For example, the impedance 
(also referred to as the resistance) of output magnetoresistive 
device 115 indicates whether the layers of output magnetore 
sistive device 115 are aligned parallel (P) or anti-parallel 
(AP). In some examples, if the impedance measurement indi 
cates high impedance, output magnetoresistive device 115 
may be aligned anti-parallel, and if the impedance measure 
ment indicates low impedance, output magnetoresistive 
device 115 may be aligned parallel. The high impedance of 
output magnetoresistive device 115 may correspond to a digi 
tal high, and the low impedance of output magnetoresistive 
device 115 may correspond to a digital low, or vice-versa. In 
other words, when the magnetization state of output magne 
toresistive device 115 is parallel (i.e., the magnetization 
directions of fixed layer 116 and free layer 120 is the same), 
the impedance of output magnetoresistive device 115 may be 
low. When the magnetization state of output magnetoresistive 
device 115 is anti-parallel (i.e., the magnetization directions 
offixed layer 116 and freelayer 120 are opposite), the imped 
ance of output magnetoresistive device 115 may be high. Low 
impedance of magnetoresistive device 115 may correspond to 
a digital low and high impedance of magnetoresistive device 
115 may correspond to a digital high, or Vice-versa. 

In operation, the magnetization state of nano-oscillator 105 
and the direction of free layer 110 may be set based upon an 
input voltage V 101 and its corresponding current 102 (e.g., 
a direct (DC) current, I). The input Voltage causes a current 
to flow into nano-oscillator 105. The current may excite mag 
netization dynamics in nano-oscillator 105, such that the 
magnetization direction of free layer 110 precesses (or oscil 
lates). The oscillation of free layer 110 causes nano-oscillator 
105 to oscillate. Since the resistance of nano-oscillator 105 is 
a function of its magnetization state, the resistance of nano 
oscillator 105 oscillates as the magnetization direction of free 
layer 106 oscillates. 

In some examples, spin pumping may occur after only a 
few precessions of the magnetization dynamics. After Suffi 
cient precessions of the magnetization dynamics, spin pump 
ing may cause a spin current to be injected directly into spin 
channel 112. The Inverse Spin-Hall Effect (ISHE) may sepa 
rate, based on the spin orbit, the spin up polarized electrons 
from the spin down polarized electrons, causing the spin up 
electrons and spin down electrons to scatter in different direc 
tions. The drift force may then drive the spin current toward 
output magnetoresistive device 115. In some examples, the 
direction of the spin current in spin channel 112 may depend 
on the direction of the DC current, and reversing the direction 
of the DC current may reverse the direction of the spin cur 
rent. 

In some examples, nano-oscillator 105 includes an SCSV 
where free layer 110 is thinner than the free layer in tradi 
tional magnetoresistive resistive devices. As the thickness of 
free layer 110 decreases, the magnitude (also called the abso 
lute value) of the output Voltage at output magnetoresistive 
device 115 exhibits an asymmetric or nonreciprocal behavior 
for spin currents with a magnetic field having opposite signs 
but identical absolute value. In other words, two spin currents 
having identical frequencies but traveling in opposite direc 
tions (i.e., traveling through oppositely polarized magnetic 
fields, e.g., 400 Oe and -400 Oe) will produce output voltages 
that are different in sign and magnitude. In some examples, 
when the spin current frequency is approximately 2 GHZ, and 
the spin current travels through a 400 Oe magnetic field, the 
output voltage may be approximately -30 uV; but, when the 
spin current frequency is approximately 2 GHZ, and the spin 
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8 
current travels through a -400 Oe magnetic field, the output 
Voltage may be approximately +10 uV. This asymmetric 
behavior increases with decreasing film thickness. 

In the illustrated example of FIG. 1, the spin current with a 
first spin state (e.g., spinup) polarization flows to the right of 
nano-oscillator 105 while the spin current with a second spin 
state (e.g., spin down) polarization flows to the left of nano 
oscillator 105; in some examples, the spin current may flow 
left when polarized as spin up and flow right when polarized 
as spin down. In the illustrated example, the vertical arrows 
are the same length throughout spin channel 112, illustrating 
the fact that the spin current does not diffuse. 
As the spin current flows towards through spin channel 112 

it may be absorbed by output magnetoresistive device 115. In 
Some examples, when the spin current is absorbed by output 
magnetoresistive device 115, the magnetization direction of 
free layer 120 changes. As a result, the magnetization state of 
output magnetoresistive device 115 may change from P to AP 
(or vice versa). In some examples, if the spin state of the spin 
current is a first spin state (e.g., spin down or spinup), then the 
spin-polarized current sets the magnetization State of output 
magnetoresistive device 115 to a first state (e.g., parallel or 
anti-parallel), and if the spin State of the electrons is a second 
spin state, then the spin-polarized current sets the magnetiza 
tion state of output magnetoresistive device 115 to a second 
State. 
The magnetization state of output magnetoresistive device 

115 may be determined by reading the impedance of output 
magnetoresistive device 115. In some examples, reading the 
impedance of output magnetoresistive device 115 may 
include applying a known Voltage and current to output mag 
netoresistive device 115 and measuring the resistance of out 
put magnetoresistive device 115. For example, if the imped 
ance measurement indicates high impedance, output 
magnetoresistive device 115 may be aligned anti-parallel, 
and if the impedance measurement indicates low impedance, 
output magnetoresistive device 115 may be aligned parallel, 
or Vice-versa. The high impedance of output magnetoresistive 
device 115 may correspond to a digital high and the low 
impedance of output magnetoresistive device 115 may cor 
respond to a digital low, or Vice-versa. 

In some examples, where nano-oscillator 105 includes a 
SCSV, the output voltage from output magnetoresistive 
device 115 may exhibit a nonreciprocal behavior. In these 
examples, reducing the thickness of free layer 110 may allow 
logic device 100 to output voltages that are different in direc 
tion and magnitude by maintaining the magnitude of the DC 
current but simply changing the direction of the DC current. 

In some examples, the magnetization state of output mag 
netoresistive device 115 may be set based on voltage-con 
trolled magnetic anisotropy (VCMA), strain induced magne 
tization Switching, and/or exchange biasing magnetization 
Switching. For example, a gate Voltage (and hence an electric 
field) may be applied to output magnetoresistive device 115. 
VCMA may originate from spin-dependent screening of an 
electric field which leads to changes in the Surface magneti 
Zation and the Surface magnetocrystalline anisotropy. In some 
examples, the use of VCMA may reduce the amount of spin 
current required to change the magnetization direction of free 
layer 120, thus reducing the current and Voltage necessary to 
cause precession in nano-oscillator 105. Reducing the Voltage 
and current applied to nano-oscillator 105 may improve the 
energy efficiency of logic device 100. In some examples, the 
gate Voltage may also be utilized as a clock signal to synchro 
nize the logic circuit in multi-state logic circuits. 

In operation, spin logic device 100 may include three 
phases: 1) a read phase, 2) a write phase, and 3) a standby 
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phase. During the read phase, spin logic device 100 may 
determine the magnetization state of output magnetoresistive 
device 115. In some examples, determining the magnetiza 
tion state of output magnet 105 may include applying a 
known Voltage and current to output magnetoresistive device 
115 and calculating the resistance of the output magnetore 
sistive device 115. 

In some examples, the write phase may include several 
Sub-steps. First, input Voltage 101 may be applied to nano 
oscillator 105. The current 102 (e.g., a direct (DC) current) 
corresponding to the input voltage 101 may flow into fixed 
layer 106 of nano-oscillator 105. The current may excite 
magnetization dynamics and magnetization precession in 
free layer 110. After Sufficient precessions, spin pumping 
may occur Such that the spin pumping may inject a spin 
current in spin channel 112. Then, the drift force may drive 
the spin current through the spin channel 112. Output mag 
netoresistive device 115 may absorb (e.g., receive) the spin 
current which may cause the magnetization state of output 
magnetoresistive device 115 to change. The write phase ends 
when input voltage 101 is removed from nano-oscillator 105 
Such that the spin current can no longer flow through the spin 
channel. 

Spin logic device 100 resides in the standby phase when it 
is not in the read phase or the write phase. In the standby 
phase, input voltage 101 is removed and free layer 110 of 
nano-oscillator 105 returns to its preset magnetization direc 
tion. Spin logic device 100 then remains in the standby phase 
until executing either the read phase or write phase. 
As illustrated in FIG. 1 and described in more detail, spin 

logic device 100 comprises a NOT gate. However, other 
examples may include different logical structures, such as 
AND, OR, NAND, NOR, etc. As illustrated by the NOT gate 
in FIG. 1, when input voltage 101 is applied to the nano 
oscillator (also denoted by V-1), the input voltage 101 and 
corresponding input current 102 excites the magnetization 
dynamics in nano-oscillator 105. Thus, spin pumping occurs 
when nano-oscillator 105 starts precessing and the magneti 
Zation dynamics injects a spin current into spin channel 112. 
The spin current drifts toward the output magnetoresistive 
device 115 and output magnetoresistive device 115 absorbs 
the spin current. As a result, the magnetization state of output 
magnetoresistive device 115 changes from anti-parallel to 
parallel. Thus, output magnetoresistive device 115 has a low 
resistance and output voltage 104 indicates a logical 0 (also 
denoted by V-0). 
When input voltage 101 is removed from nano-oscillator 

105 (denoted as V=0), current does not flow to nano-oscil 
lator 105 and the magnetization dynamics in nano-oscillator 
105 are not excited. Spin pumping does not occur, nano 
oscillator 105 does not precess, and no the spin current is not 
generated. As a result, the magnetization state of output mag 
netoresistive device 115 does not change (i.e., it remains in 
the anti-parallel state). Thus, output magnetoresistive device 
115 has a high resistance and output voltage 104 indicates a 
logical 1 (denoted by V-1). 
The described spin pumping spin logic device may include 

several advantages over current state of the art devices. One 
possible advantage relates to the size of nano-oscillator 105. 
Conventional magnetoresistive devices used in memory 
applications require a minimum thickness of the individual 
layers (typically, the minimum thickness is approximately 10 
nanometers). In contrast, in Some examples, the layers of 
nano-oscillator 105 can be much thinner than traditional mag 
netoresistive devices because nano-oscillator 105 is not used 
as memory. Spin-based logic device 100 may also occupy less 
area than a waveguide-based logic device. This may allow 
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10 
more logic devices 100 to be placed on the same sized chip. 
Further, spin pumping occurs more easily because nano-os 
cillator 105 only requires a few short pulses of current to 
excite magnetization dynamics and cause the magnetization 
direction to oscillate. As a result, nano-oscillator 105 may 
require less energy than coplanar waveguide based logic 
devices, such that logic device 100 may be more energy 
efficient than waveguide based devices. In addition, the use of 
spin pumping makes it so that the direction of the spin current 
can be controlled by directly injecting the spin current into 
spin channel 112. Thus, spin pumping spin logic device 100 
may utilize the asymmetry of the spin current spin valve 
(SCSV). 

FIG. 2 is block diagrams illustrating an example of a mag 
netoresistive device. Magnetoresistive device 205 may 
include a giant magnetoresistance (GMR) device, a magnetic 
tunnel junction (MTJ) device, tunneling magentoresistance 
(TMR) device, or the like. Magnetoresistive device 205 
includes a plurality of layers, including fixed layer 206, non 
magnetic layer 208, free layer 210, and spin channel 212, as 
substantially described with reference to FIG. 1 (elements 
105, 106, 108, 110, and 112 respectively). Magnetoresistive 
device 205 includes a magnetization state that is set based on 
the magnetization directions offixed layer 206 and free layer 
210. The magnetization state of magnetoresistive device 205 
may be an anti-parallel configuration or a parallel configura 
tion. 

Magnetoresistive devices are often used in memory/stor 
age devices such as magnetoresistive random access memory 
(MRAM). In storage devices, fixed layer 206 and free layer 
210 typically have a minimum thickness between three 
nanometers and ten nanometers. Thinner layers may improve 
the energy required to Switch the magnetization direction of 
free layer 210; however, thinner layers may be detrimental to 
the nonvolatile storage capabilities of magnetoresistive 
device 205. Nano-oscillators 105 (described above) and 305 
(described below) are used for spin pumping. As a result, spin 
pumping nano-oscillators 105 and 305 can be made much 
thinner that traditional magnetoresistive device 205. For 
example, rather than utilizing magnetoresistive device 205 
for generating the spin current, the techniques described in 
this disclosure utilize spin pumping nano-oscillators that are 
Smaller in size, and provide better spin pumping effect as 
described above. 

FIGS. 3A-3C are block diagrams illustrating an example of 
a nano-oscillator in accordance with one or more aspects of 
the present disclosure. Nano-oscillator 305 may include a 
spin pumping effect, which may be used to generate (e.g., 
induce) a spin current in a spin channel (e.g., element 112 in 
FIG. 1). Nano-oscillator 305 may include a plurality of layers 
substantially similar to nano-oscillator 105 as described in 
FIG. 1. For instance, nano-oscillator 305 may include a fixed 
layer 306, non-magnetic layer 308, and free layer 310 (ele 
ments 105, 106, 108, and 110 respectively). FIGS. 3A-3C 
illustrate electrode 322 on top of fixed layer 306. In some 
examples, fixed layer 306 and free layer 310 may each be 
considered a different side of magnetoresistive device 305. As 
such, fixed layer 306 and free layer 310 may be thinner than 
the corresponding layers in conventional magnetoresistive 
devices. By reducing the thickness of nano-oscillator 305, 
nano-oscillator 305 may be used for spin pumping. Spin 
pumping nano-oscillator 305 may be smaller and more 
energy efficient than other spin pumping methods (e.g., 
waveguide based devices). 

Fixed layer 306 may include a ferromagnetic material (e.g., 
CoFeB) having a magnetization direction. As illustrated in 
FIGS. 3A-3C, in some examples, fixed layer 306 may include 
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a plurality of Sub-layers. In some examples, the Sub-layers 
may form a Synthetic Antiferromagnetic Structure (SAF). 
As illustrated in FIGS. 3A-3C, fixed layer 306 may include 

an anti-ferromagnetic Sub-layer 306A, pinning Sub-layer 
306B, polarizer sub-layer 306C, and reference ferromagnetic 
sub-layer 306.D. As shown in FIGS. 3A-3C, fixed layer 306 
includes four sub-layers; however, fixed layer 306 may 
include more or fewer sub-layers. As illustrated in FIGS. 
3A-3C, the approximate thickness of each layer is given in 
nanometers. 

In some examples, anti-ferromagnetic Sub-layer 306A may 
include an antiferromagnetic layer or synthetic antiferromag 
netic material such as Platinum Manganese (PtMn), Iridium 
Manganese (IrNm), or materials with similar properties. 
Anti-ferromagnetic sub-layer 306A may include a thickness 
of approximately 10 nanometers, as illustrated in FIGS. 
3A-3C 

Pinning sub-layer 306B may include a magnetic material 
such as Iron Cobalt (CoFe), Cobalt (Co), Cobalt (Co)/Pal 
lidium (Pd) multilayer, or materials with similar properties. 
In some examples, as illustrated in FIG. 3A, pinning Sub 
layer 306B may include a thickness of approximately 2.3 
nanometers. 

Polarizer sub-layer 306C may include Tantalum (Ta), 
Ruthenium (Ru), or materials with similar properties. As 
illustrated in FIGS. 3A-3C, in some examples, the thickness 
of electrode sub-layer 306C may include a thickness of 
approximately 0.8 nanometers. 

Reference ferromagnetic sub-layer 306D may include a 
ferromagnetic material such a Cobalt Iron Boron (CoFeB) or 
materials with similar properties. As illustrated in FIGS. 
3A-3C, in some examples, sub-layer 306D may include a 
thickness of approximately 1.2 nanometers to approximately 
2.2 nanometers. 
As illustrated in FIG. 3C, free layer 310 may include a 

plurality of Sub-layers. In some examples, the plurality of 
sub-layers may include a ferromagnetic layer 310A and aYIG 
layer 310B. The plurality of sub-layers may include HS-AOS 
switchable layer (e.g., switchable based on helicity) and 
another magnetic layer (e.g., CoFeB, CoFe, etc.) that directly 
contacts with non-magnetic layer 308. In some examples, the 
thickness of free layer 310 may be approximately 0.8 nanom 
eters to approximately 6.0 nanometers. In some examples, the 
thickness of free layer 310 may be approximately 0.8 nanom 
eters to approximately 3.4 nanometers. Sub-layer 310A may 
include a thickness of approximately 0.8 nanometers to 
approximately 1.4 nanometers, and sub-layer 310B may 
include a thickness of approximately 2.0 nanometers. The 
combined thickness of sub-layers 310A and 310B may 
approximately 3.4 nanometers. In some examples, the com 
bined thickness of sub-layers 310A and 310B may be 
approximately 6.0 nanometers. As illustrated in FIG.3C, free 
layer 310 includes two sub-layers; however, free layer 310 
may include additional Sub-layers. 

Nano-oscillator 305 may include a magnetization state that 
is determined by the magnetization directions of fixed layer 
306 and free layer 310, as described in FIG. 1. In the tech 
niques described in this disclosure, the magnetization state of 
nano-oscillator 305 changes or oscillates between states in 
order to induce a spin current in spin channel 312. 
The magnetization orientation of fixed layer 306 and free 

layer 310 may be in-plane or perpendicular. As illustrated in 
FIG. 3A, in examples with in-plane orientation, the magne 
tization direction of fixed layer 306 and the magnetization of 
free layer 310 are in the plane of conductive channel 312. As 
illustrated in FIGS. 3B and 3C, in examples of perpendicular 
orientation, also known as out-of-plane, the magnetization 
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12 
direction of fixed layer 306 and the magnetization of free 
layer 310 are normal to the plane of conductive channel 312. 

In some examples, as illustrated in FIG.3C, fixed layer 310 
may also be coupled to another electrode 324. Applying a 
Voltage or current to electrode 324 may assist in changing the 
magnetization orientation of free layer 310 from perpendicu 
lar to in-plane, which may assist in exciting magnetization 
dynamics in free layer 310 and generating a spin current in 
spin channel 312. 

FIG. 4 is a block diagram illustrating an example of a spin 
logic device in accordance with one or more aspects of the 
present disclosure. In some examples, spin logic device 400 
may include a plurality of nano-oscillators 405A, 405B (col 
lectively, “nano-oscillators 405), spin channel 412, and at 
least one output magnetoresistive device 415, as described in 
FIG. 1 (elements 105,112, and 115 respectively). Each nano 
oscillator 405 may include a plurality of layers and sub-layers 
as described in FIGS. 3A-3C (e.g., fixed layer 406, tunneling 
layer 408, and free layer 410). Each nano-oscillator 405 may 
be a spin pump and may induce a spin current in spin channel 
412. Output magnetoresistive device 415 may include a plu 
rality of layers as described in FIG. 2. In the illustrated 
example of FIG. 4, spin logic device 400 includes two input 
nano-oscillators 405A and 405B (collectively, nano-oscilla 
tors 405) and a single output magnetoresistive device 415, 
which includes fixed layer 416, tunneling layer 418, and free 
layer 420. In the illustrated example, a first nano-oscillator 
405A may be initialized in a first magnetization state (e.g., 
parallel) and a second nano-oscillator 405B may be initial 
ized in a second magnetization state (e.g., anti-parallel). In 
Some examples of a two input logic device, nano-oscillators 
405 may have the same initial magnetization state. In some 
examples, spin logic device 400 may include three or more 
input nano-oscillators 405. In these examples, each nano 
oscillator 405 may be initialized to the same initial magneti 
Zation state (e.g., all are parallel oranti-parallel) or at least one 
nano-oscillator 405 may be initialized to a first magnetization 
state while at least one nano-oscillator 405 may be initialized 
to a second magnetization state. 

In operation, each of the at least one nano-oscillators 405 
may be used as a separate spin pump to generate a spin current 
as described in FIG.1. An input voltage 401 or input current 
402 may be applied to one side of the at least one nano 
oscillator 405, causing nano-oscillator 405 to excite magne 
tization dynamics in free layer 410. When the magnetization 
dynamics are excited, free layer 410 oscillates between mag 
netization states and a spin current may be generated in spin 
channel 412. The spin current may flow through spin channel 
412 and may be absorbed (e.g., received) by output magne 
toresistive device 415 as described in FIG.1. As a result, the 
magnetization state of output magnetoresistive device 415 
may switch from a first magnetization state to a second mag 
netization state. In the illustrated example, whether the mag 
netization state of output magnetoresistive device 415 
changes may depend on the operation of nano-oscillators 
405A and 405B. 

In some examples, spin logic device 400 may include a 
controller 430. Controller 430 may apply a known voltage 
and current to output magnetoresistive device 415 to deter 
mine the resistivity or impedance of output magnetoresistive 
device 415. The resistivity of output magnetoresistive device 
415 may correspond to a digital value. For example, when the 
magnetization state of output magnetoresistive device 115 is 
parallel (i.e., the magnetization directions of fixed layer 116 
and free layer 120 is the same), the impedance of output 
magnetoresistive device 115 may be low. When the magne 
tization state of output magnetoresistive device 115 is anti 
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parallel (i.e., the magnetization directions of fixed layer 116 
and free layer 120 are opposite), the impedance of output 
magnetoresistive device 115 may be high. In some examples, 
when the magnetization state is parallel the impedance may 
be high and when the magnetization state is anti-parallel the 
impedance may below. Low impedance of magnetoresistive 
device 115 may correspond to a digital low and high imped 
ance of magnetoresistive device 115 may correspond to a 
digital high, or Vice-versa. Thus, controller 430 may outputan 
output Voltage V 404 that represents a digital value based 
on the measured impedance of output magnetoresistive 
device 415. 
As illustrated in FIG. 4, in operation, V 404 may be a 

function of V 401 and V 401, which are given the same 
reference numeral to indicate that they may be similar, as well 
as the initial magnetization configuration of the layers 410 
and 420. As illustrated, V, and V output respective cur 
rents I, and I 402. Assuming that all the fixed layers (406 
and 416) are toward right and free layer 410 and 420 point 
toward left and right, respectively. In this case, magnetoresis 
tive devices 405A and 405B are in antiparallel state (high 
resistive state) and device 415 (output) is in parallel state (low 
resistive state). Application of either of input voltages 401 
injects spin current into the channel 412 and may switch 
magnetoresistive device 415 into high resistive state. The 
Boolean logic may be represented by the following equation 
(for the configuration given in FIG. 4): 

W. W., 1+2 

which is an OR gate. 
The following table shows the relationships between V is 

V, and V for the example gate illustrated in FIG. 4: 

V, 1 V2 Vout 

1 1 1 
1 O 1 
O 1 1 
O O O 

When the V and V are at State Zero, the output Voltage 
V is preserved at low resistive state. 

In other words, when the V is a logical high (V-1), the 
magnetization dynamics in nano-oscillator 405A are excited 
and the magnetization state of nano-oscillator 405A begins to 
oscillate. The oscillation produces a spin current in spin chan 
nel 412 that flows from nano-oscillator 405A to output mag 
netoresistive device 415. Likewise, if V is a logical high 
(V-1), the magnetization dynamics in nano-oscillator 
405B are excited and the magnetization state of nano-oscil 
lator 405B begins to oscillate. The oscillation produces a spin 
current in spin channel 412 that flows from nano-oscillator 
405B to output magnetoresistive device 415. Output magne 
toresistive device 415 absorbs the spin current from either of 
nano-oscillators 405A and 405B. The current density from 
either of oscillator is large enough to switch the free layer of 
device 415. As a result, the magnetization State of magnetore 
sistive device 415 may change such that V for spin logic 
device 400 is a logical high state (V-1). 
By combining the NOT gate in FIG. 1 and the gate shown 

here (OR), it is possible to implement any Boolean expres 
Sion. For example, the techniques described in this disclosure 
may be extendable for different types of logic gates such as 
AND gates, NAND gates, XOR gates, etc. 
One of the advantages of the magnetoresistive based logic 

is its reconfigurability. The initial magnetization state of the 
individual free layers 410 of devices 405A and B as well as 
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the output free layer 420 can be independently defined before 
logic operation. This phase is usually called as logic program 
ming and sometimes these devices are named as field pro 
grammable logic devices (FPLD). For example, by putting 
the output free layer 420 of the magnetoresistive device 415 
into antiparallel state similar to free layer 410 of the input 
devices 405A and 405B, the output state is not affected by the 
inputs. 

FIG. 5 is a block diagram illustrating an example of a spin 
logic device in accordance with one or more aspects of the 
present disclosure. In some examples, spin logic device 500 
may include at least one nano-oscillator 505 and a plurality of 
output magnets 515. Nano-oscillator 505 and output magne 
toresistive device 515 may include a plurality of layers as 
described in FIG.1. In the illustrated example of FIG. 5, spin 
logic device 500 includes one nano-oscillator 505 and two 
output magnetoresistive devices 515A and 515B (collec 
tively, magnetoresistive devices 515) that each include fixed 
layer 516, tunneling layer 518, and free layer 520. By apply 
ing an input voltage 501 (V) or input current 502 (I) to 
nano-oscillator 505, which includes fixed layer 506, tunnel 
ing layer 508, and free layer 510, the magnetization state of 
nano-oscillator 505 may oscillate between magnetization 
states (e.g., parallel and anti-parallel states). This oscillation 
of the magnetization states induces a spin current in spin 
channel 512 that drifts through spin channel 512 due to the 
drift force, rather than traveling through spin channel 512 due 
to diffusion. If the spin current is polarized spinup electrons, 
the spinup current may flow one direction. If the spin current 
is polarized with spin down electrons, the spin down current 
may flow in another direction. Thus, nano-oscillator 505 may 
selectively change the magnetization state of output magne 
toresistive device 515A or 515B, depending on the direction 
of the spin current. 

In some examples, spin logic device 500 includes at least 
one controller 530. Controller 530 may apply a known volt 
age and current to each output magnetoresistive device 515 
and determine the resistivity or impedance of each output 
magnetoresistive device, as described with reference to FIG. 
4 (e.g., based on the outputs V. 504 and V. 504). Based 
on the measured resistivity, controller 530 may output a digi 
tal value that corresponds to the resistivity of magnetoresis 
tive device 515. The illustrated example includes separate 
controllers for each output magnetoresistive device 515; 
however, a single controller 530 may determine the resistivity 
two or more output magnetoresistive devices 515 and output 
digital values that correspond to the measured resistivity of 
each of the respective output magnetoresistive devices 515. 

FIG. 6 is a block diagram illustrating an example of a spin 
logic device in accordance with one or more aspects of the 
present disclosure. In some examples, spin logic device 600 
may include at least one nano-oscillator 605, spin channel 
612, and at least one output magnetoresistive device 615, as 
described above. FIG. 6 illustrates three nano-oscillators 605 
each including fixed layer 606, tunneling layer 608, and free 
layer 610, with electrode 603 coupled to fixed layer 606. In 
the illustrated example of FIG. 6, spin logic device 600 
includes a plurality of nano-oscillators connected in series, 
thus spin logic device 600 acts as a majority gate. While three 
nano-oscillators 605 are shown in the illustrated example of 
FIG. 6, in general, a majority gate may include any number of 
nano-oscillators 605 So long as there are at least two nano 
oscillators 605. In a majority gate, the output value returns a 
true if and only if more than 50% of the inputs are true. In the 
illustrated example, spin current in spin channel 612 may 
cause the magnetization state of output magnetoresistive 
device 615 to change based on the magnetization states of the 
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nano-oscillators 605. In some examples, when the input volt 
age 601 (V) and corresponding current 602 (I) excites 
magnetization dynamics in a majority of the plurality of 
nano-oscillators, the excited nano-oscillators may generate 
Sufficient spin current in spin channel 612 to cause output 
magnetoresistive device 615 to change magnetization states 
(e.g., from AP to Por Vice versa). As illustrated, magnetore 
sistive device 615 includes fixed layer 616, tunneling layer 
618, and free layer 620. Electrode 622 is coupled to fixed 
layer 616. 

FIGS. 7A and 7B are block diagrams illustrating an 
example of a nano-oscillator in accordance with one or more 
aspects of the present disclosure. In some examples, nano 
oscillator 705 includes a Spin Current Spin Valve (SCSV). 
SCSV 700 may include a plurality of layers substantially as 
described in FIG. 3C. For instance, fixed layer 706 (MO 
corresponds with fixed layer 306, non-magnetic layer 708 
corresponds with non-magnetic layer 308, and free layers 
710A and 710B (M. M., respectively) together corre 
spond with free layer 310. Fixed layer 706 and free layer 710 
may include a plurality of sub-layers, as described in FIG.3C. 
In the illustrated example, the magnetization orientation of 
fixed layer 706 and free layer 710 is shown in the perpendicu 
lar orientation. As also illustrated, voltage source 701 (V) 
outputs current 702 (I). 

In operation, nano-oscillator 705 may operate in a similar 
as described in FIG. 1. In some examples, SCSV 700 may 
include a Voltage or exchange bias controlled gate between 
nano-oscillator 705 and an output magnetoresistive device. A 
gate voltage V. 704 may be applied to the spin channel 712, 
causing free layer 710 to transition from perpendicular ori 
entation to in-plane orientation. Input current I may be 
applied to fixed layer 706 causing precession of the magne 
tization direction of free layer 710. As free layer 710 pre 
cesses, spin current may be injected directly into spin channel 
712. The drift and diffusion forces may cause the spin current 
to flow through spin channel 712, which may change the 
magnetization state of an output magnetoresistive device (not 
shown). 

In some examples, SCSV 700 may act as a NOT or PASS 
gate with a gate control and device configuration is in Such a 
way that may be easily used in cascaded devices Such as a ring 
oscillator. For example, as given in FIG. 7A, magnetoresistive 
device 705 may perform oscillations only when V is 
present. If V =0, the input current I in spin channel 712 may 
be absorbed by freelayer 710B such that I–0. When V=1, data 

free layer 710B may oscillate such that II. In some 
examples, a gate voltage V may be applied to magnetore 
sistive device 705, which may bring the magnetization M 
from out-of-plane into the plane direction. Thus, free layer 
710B may begin spin pumping and may inject a spin current 
into the channel 712 Such that I may be greater than I. In 
this example configuration, SCSV device 700 may provide 
gain on the input current (I), where a voltage V is applied 
to spin channel 712, as illustrated. 

In some examples, an SCSV device 700 may be used as a 
ring oscillator. One condition for a ring oscillator is having a 
gate with a gain above one. By applying a gate voltage V 
magnetoresistive device 705, SCSV 700 may amplify I such 
that I, is greater than I. In some examples, if V is not 
present, SCSV 700 does not amplify the signal. Instead, 
SCSV 700 acts as a nano-oscillator of the above examples and 
out 1. 
FIG. 8 is a flowchart illustrating operation 800 of an 

example spin-based logic device in accordance with one or 
more aspects of the present disclosure. For purposes of illus 
tration only, the method of FIG. 8 will be explained with 
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reference to the example spin logic device described in FIG. 
1; however, the method may apply to other examples. 

In some examples, spin logic device 100 may include nano 
oscillator 105, spin channel 112, and output magnetoresistive 
device 115. Nano-oscillator 105 may receive an input voltage 
or current (802). For example, an external source may apply 
an input voltage or current to nano-oscillator 105. The input 
Voltage or current may excite magnetization dynamics in 
nano-oscillator 105 causing the magnetization state of nano 
oscillator 105 to oscillate (e.g., AP to P, or P to AP). 

After sufficient oscillations, nano-oscillator 105 may begin 
spin pumping (804). Spin pumping induces a spin current in 
spin channel 112. In other words, a spin-current is induced by 
nano-oscillator 105. In some examples, the voltage or current 
applied to nano-oscillator 105 may be removed once the spin 
current is induced in spin channel 112; however, the tech 
niques described in this disclosure are not so limited. The spin 
current may flow through spin channel 112 due to diffusion. 

Output magnetoresistive device 115 may absorb or receive 
the spin current from spin channel 112 (806). As a result, the 
magnetization state of output magnetoresistive device 115 
may change from AP to P, or vice versa (808). 
The magnetization state of output magnetoresistive device 

115 may be determined (810). The magnetization state may 
be determined by applying a known Voltage and current to 
output magnetoresistive device 115 and measuring the resis 
tance of output magnetoresistive device 115. 

FIG. 9 is a flowchart illustrating operation 900 of an 
example spin-based logic device in accordance with one or 
more aspects of the present disclosure. For purposes of illus 
tration only, the method of FIG. 9 will be explained with 
reference to the example spin logic device described in FIGS. 
7A and 7B; however, the method may apply to other 
examples. 
As described above with reference to FIGS. 7A and 7B, 

nano-oscillator 705 may receive an input voltage or current 
(902). The input voltage or current may excite magnetization 
dynamics in nano-oscillator 705 causing the magnetization 
state of nano-oscillator 705 to oscillate (e.g., AP to P. or P to 
AP). After sufficient oscillations, nano-oscillator 705 may 
begin spin pumping (904). 
A gate voltage (V) may be applied to spin channel 712 

causing free layer 710 to transition from a perpendicular 
orientation to an in-plane orientation. As described above in 
FIGS. 7A and 7B, when the gate voltage is applied, the 
current through the spin channel is amplified such that I is 
greater than I (906). In some examples, the I current may 
be an input into a stage of a ring oscillator. 
An output magnetoresistive device may absorb or receive 

the amplified spin current from spin channel 712 (908). For 
example, the output magnetoresistive device may be part of a 
ring oscillator. As a result, the magnetization state of the 
output magnetoresistive device may change from AP to P, or 
vice versa (910). The magnetization state of the output mag 
netoresistive device may be determined (912). The magneti 
Zation state may be determined by applying a known Voltage 
and current to the output magnetoresistive device and mea 
Suring the resistance of the output magnetoresistive device. 

In some examples, such as those described with respect to 
FIGS. 7A, 7B, and 9, an output magnetoresistive device may 
not be necessary in every example. For instance, the I. 
current, which is generated from the I current and the 
induced spin current (which causes I to be greater than I). 
may be an input current into additional circuitry and is not 
necessarily limited to being absorbed by an output magne 
toresistive device. However, in some examples, the I cur 
rent may be absorbed by an output magnetoresistive device, 

data 
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and because the I current is greater than the I current, the 
magnetization state of the output magnetoresistive device 
may be set faster. 

Various embodiments of the invention have been 
described. These and other embodiments are within the scope 
of the following claims. 
What is claimed is: 
1. A device comprising: 
a spin channel to transport a spin current; 
a nano-oscillator having a magnetization state that, in 

response to a DC input voltage or current, oscillates 
between a first state and a second state and induces the 
spin current within the spin channel; and 

a magnetoresistive device that receives the spin current 
from the nano-oscillator, the magnetoresistive device 
having a magnetization state that is set to a parallel or 
anti-parallel state by the received spin current. 

2. The device of claim 1, wherein the nano-oscillator com 
prises an input magnetoresistive device, the input magnetore 
sistive device comprising one of 

a single magnetic layer; or 
multiple layers including a fixed magnetic layer, a free 

magnetic layer, and a non-magnetic layer. 
3. The device of claim 2, wherein the thickness of the single 

magnetic layer or the free magnetic layer is between approxi 
mately 0.8 nanometers and approximately 6.0 nanometers. 

4. The device of claim 1, wherein the magnetoresistive 
device receives the spin current from the spin channel in part 
by the drift of the spin current through the spin channel to the 
magnetoresistive device. 

5. The device of claim 1, wherein the device further com 
prises a NOT gate. 

6. The device of claim 1, wherein the nano-oscillator com 
prises a first nano-oscillator, the spin current comprises a first 
spin current, and the DC input Voltage or current comprises a 
first input voltage or current, and wherein the device further 
comprises: 

a second nano-oscillator having a magnetization state that, 
in response to a second input Voltage or current, oscil 
lates between a first state and a second state and induces 
a second spin current within the spin channel, 

wherein the magnetoresistive device receives the second 
spin current from the second nano-oscillator by diffu 
sion of the second spin current through the spin channel, 
wherein the magnetization state of the magnetoresistive 
device is set by the received first spin current and second 
spin current. 

7. The device of claim 1, wherein a resistivity of the mag 
netoresistive device indicates the magnetization state of the 
magnetoresistive device and corresponds to a digital output 
value of the magnetoresistive device. 

8. The device of claim 1, wherein the oscillation of the 
nano-oscillator between the first state and the second state is 
further based on one or more of Voltage-controlled magnetic 
anisotropy (VCMA), Strain induced magnetization Switch 
ing, or exchange biasing magnetization Switching. 

9. A method comprising: 
applying a DC input Voltage or current to a nano-oscillator 

to oscillate a magnetization state of the nano-oscillator 
between a first state and a second state and induce a spin 
current in a spin channel coupled to the nano-oscillator; 
and 

setting, in response to the spin current, a magnetization 
state of a magnetoresistive device coupled to the spin 
channel, wherein the magnetization state of the magne 
toresistive device is set to one of a parallel or anti 
parallel state by the received spin current. 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

18 
10. The method of claim 9, wherein receiving an input 

Voltage or current further comprises exciting magnetization 
dynamics in the nano-oscillator, wherein the oscillation of the 
nano-oscillator between the first state and the second state 
induces the spin current, wherein the spin current drifts 
through the spin channel from the nano-oscillator to the mag 
netoresistive device. 

11. The method of claim 10, wherein the exciting magne 
tization dynamics is further based on one or more of Voltage 
controlled magnetic anisotropy (VCMA), strain induced 
magnetization Switching, or exchange biasing magnetization 
Switching. 

12. The method of claim 9, further comprising determining 
the magnetization State of the magnetoresistive device. 

13. The method of claim 9, wherein applying an input 
Voltage or current comprises applying a first input Voltage or 
current, the nano-oscillator comprises a first nano-oscillator, 
and the spin current comprises a first spin current, the method 
further comprising: 

applying a second input Voltage or current to a second 
nano-oscillator to oscillate a magnetization state of the 
second nano-oscillator between a first state and a second 
state and induce a second spin current in the spin channel 
coupled to the second nano-oscillator; and 

setting, in response to the first spin current and second spin 
current, a magnetization State of a magnetoresistive 
device coupled to the spin channel. 

14. The method of claim 9, further comprising: 
applying a gate Voltage or current to the spin-channel to 

amplify an input current received by the spin channel 
with the spin current; and 

outputting the amplified current. 
15. A logic device comprising: 
a spin channel to transport a spin current; 
a nano-oscillator having a magnetization state that, in 

response to a DC input voltage or current, oscillates 
between a first state and a second state and induces the 
spin current within the spin channel; 

a magnetoresistive device that receives the spin current 
from the nano-oscillator, the magnetoresistive device 
having a magnetization state that is set to a parallel or 
anti-parallel state based at least in part on the received 
spin current; and 

a controller configured to measure a resistivity of the mag 
netoresistive device and output a Voltage or current. 

16. The logic device of claim 15, wherein the nano-oscil 
lator comprises an input magnetoresistive device comprising 
one of: 

a single magnetic layer, or 
multiple layers including a fixed magnetic layer, a free 

magnetic layer, and a non-magnetic layer. 
17. The logic device of claim 16, wherein the thickness of 

the single magnetic layer or the free magnetic layer is 
between approximately 0.8 nanometers and approximately 
6.0 nanometers. 

18. The logic device of claim 15, wherein the magnetore 
sistive device receives the spin current from the spin channel 
in part by the drift of the spin current through the spin channel 
to the magnetoresistive device. 

19. The logic device of claim 15, wherein the nano-oscil 
lator comprises a first nano-oscillator, the spin current com 
prises a first spin current, and the input voltage or current 
comprises a first input voltage or current, and wherein the 
device further comprises: 

a second nano-oscillator having a magnetization state that, 
in response to a second input Voltage or current, oscil 
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lates between a first state and a second state and induces 
a second spin current within the spin channel, 

wherein the magnetoresistive device receives the second 
spin current from the second nano-oscillator by diffu 
sion of the second spin current through the spin channel, 5 
wherein the magnetization state of the magnetoresistive 
device is set based at least in part on the received first 
spin current and second spin current. 

20. The logic device of claim 15, wherein the resistivity of 
the magnetoresistive device indicates the magnetization state 10 
of the magnetoresistive device, wherein the controller outputs 
a digital value that corresponds to the resistivity of the mag 
netoresistive device. 
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