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In this paper, we discuss the concept and prototype fabrication of reconfigurable and non-volatile

vertical magnetic logic gates. These gates consist of two input layers and a RESET layer. The RESET

layer allows the structure to be used as either an AND or an OR gate, depending on its magnetization

state. To prove this concept, the gates were fabricated using a multi-layered patterned magnetic

media, in which three magnetic layers are stacked and exchange-decoupled via non-magnetic

interlayers. We demonstrate the functionality of these logic gates by conducting atomic force

microscopy and magnetic force microscopy (MFM) analysis of the multi-layered patterned magnetic

media. The logic gates operation mechanism and fabrication feasibility are both validated by the

MFM imaging results. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4873297]

I. INTRODUCTION

Today, like never before, the electronics industry is

looking for an alternative to semiconductor technology. This

is because current semiconductor technologies are approach-

ing fundamental limitations.1 The most promising alternative

to current technologies is magnetic logic devices or some

hybrid of magnetic and semiconductor technology, which

would take the best of the two technologies. There are a

number of key advantages to using magnetic devices:

Fundamentally lower energy consumption, non-volatility,

radiation hardness, ultra-high scalability,2,3 and relatively

high data rates. In this paper, we present an experimental

study on magnetic logic gates/cells that can be used to con-

struct purely magnetic devices or be integrated with current

semiconductor technologies.

The idea of magnetic logic devices is not new. In the

1950s-1960s, research groups were already working on

all-magnetic logic computing. At that time, their main

advantage over transistors was that they were practically in-

destructible when compared to vacuum tubes. These devices

were relatively large because they consisted of magnetic fer-

rite elements interconnected with copper wires. The logic

state of the device was determined by the direction of mag-

netization, clockwise or counterclockwise. Due to the rapid

advancements of integrated circuits, they were never able to

keep up with transistor technologies.4,5 Around the same

time, other research groups proposed all-magnetic logic

using magnetic thin films. Their research focused on domain

tips (DOT) logic devices. In these devices, the domain tips

were propagated through low coercivity force channels that

were fabricated in magnetic films with high coercivity.

There were three important properties that were utilized to

create these devices: (1) Direction of domain tip propagation

was dependent on the direction of the applied field, (2) the

interactions between domain tips, and (3) domain tip speed

of propagation.6–8 This research can thus be considered a

precursor to the domain wall logic that is being explored

today.

Recently, there has been a renewed interest in magnetic

logic computing. Current developments include work on mag-

netic domain wall logic,9 combinations of magnetic and semi-

conductor logic,10 and magnetic quantum-dot cellular

automata.11–13 These technologies are mainly based on longi-

tudinal magnetic thin films. Nonetheless, not all research has

been focused on longitudinal media. Some recent research on

nanomagnetic logic implemented perpendicular magnetic thin

films. One group successfully created a 1-bit full adder using

perpendicular multi-layered magnetic media. The group used

a focused ion beam of gallium atoms to partially irradiate the

media to locally adjust its anisotropy. This created a nuclea-

tion center that was used to propagate the signal through the

magnetic logic device.14,15 Another group was able to fabri-

cate stacked magnetic layers to generate a magnetic ratchet

for logic applications.16 They made use of antiferromagneti-

cally coupled magnetic layers to shift a soliton from one layer

to another. We propose a magnetic logic structure that relies

on both perpendicular media and exchanged-decoupled mag-

netic layers. This way, each magnetic layer can be changed in-

dependently and not be affected by the other layers in the

stack. Furthermore, since we adopted perpendicular magnetic

media, we are able to make a stacked gate that is relatively

smaller, hence gaining a crucial advantage over other similar

technologies that use longitudinal media.

II. CONCEPT

Using Boolean algebra, it is possible to prove that any

logic operation can be created with the three basic logic func-

tions: NOT, AND, and OR.17 It has been shown that the magnetic

NOT gate can be created by two antiferromagnetically coupled
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cells being fabricated, therefore, it will not be discussed in

this paper.8 The logic gates/cells that will be discussed in this

paper will consist of two inputs and a RESET. The purpose

of the RESET is to determine if the gate will either be an AND

gate or an OR gate. When the RESET is set to “0,” the gate

will work as an AND gate, and when the RESET is set to “1,”

it will function as an OR Gate. The truth table for such gates

can be seen in Table I.

In order to implement the logic gates that are discussed

above, we designed a three-layer magnetic media to demon-

strate the logic operations. There are at least a couple of pos-

sible ways that this media could be used; both ways have

advantages and disadvantages. One possibility is to fabricate

it as a homogeneous media, such as that used in conventional

perpendicular magnetic recording disks.18 The main advant-

age of this is the low fabrication cost. Existing magnetic re-

cording media fabrication facilities can be used for this type

of media. The other possibility is to use a patterned media to

implement these gates. In this case, each logic gate would be

physically separated from its neighboring cells. Thus, the

possibility of magnetic fields from one device affecting the

state of another device is minimized. Also, another advantage

of this fabrication method is that the devices can be packed

more densely together than in the continuous media, allowing

for a greater number of devices per unit area. In order to create

the patterned media, some type of lithography will be neces-

sary, such as x-ray lithography, e-beam lithography, imprint

lithography, or ion-beam lithography. In this paper, our focus

will be on the design and fabrication of the patterned media

that can be used for such logic gates.

As described above each of the magnetic layers will act

as either an input layer or a RESET layer for the vertical

logic gate. The logic operations will be carried out by the

interactions between the magnetic fields that are created by

each of the layers, as seen in Figs. 1(a) and 1(b). Each of the

layers needs to be magnetically “hard” so that the field cre-

ated by one layer does not affect the magnetization of the

other two layers. In order to be able to selectively change

each layer/input individually without altering the state of the

others layers, each layer must have a unique coercivity.

Hence, the media is designed with a gradient of coercivity

values (HC). The bottom layer (“Input 2”) will have the low-

est coercivity and the top layer (“Reset”) will have the high-

est coercivity, such that: HC input2 < HC input1 < HC reset.

The “Reset” layer must have the highest value of coercivity

so that its magnetization direction will not be changed when

an input field is applied to the gate. The other important

property of each layer is its magnetic moment. In order to

distinguish the magnetic state of each layer during the read-

back process, the magnetic media must be fabricated such

that: minput2 > 2minput1 > 4mreset, where m is the total mag-

netic moment of each layer.

Each of the magnetic layers will be designed to have per-

pendicular anisotropy, so they can be analogous to transistors.

When the magnetization of the layer is in the “Up” direction,

this will correspond to a binary “1” and when the magnetiza-

tion is in the “Down” direction, this will correspond to a bi-

nary “0.” The magnetization direction of the top RESET layer

will determine if the stack will act as either an AND gate (Fig.

1(a)) or an OR gate (Fig. 1(b)), “0” and “1,” respectively. For

this study, the stacks will be fabricated to be square stacks

that are 120 nm on a side and separated by 225 nm.

The main focus of this study is the theory and fabrica-

tion of 3D magnetic logic gate, but we will briefly describe

methods for reading and writing to the inputs and reset layer.

As will be shown in Sec. IV, the output of the logic gate can

be read with an magnetic force microscopy (MFM) probe.

Another method would be to utilize the read/write heads of a

hard disk drive to polarize each layer in a certain direction

and then read the net magnetization of the stack to determine

the output of the logic operation. In addition, a patterned

array of nanomagnets or magnetic quantum-dot cellular

automata can also be implemented to transfer inputs and out-

puts between the gates.19 The latter method would be the

most useful, because it would allow our magnetic logic gates

to be integrated into existing semiconductor technologies.

The inputs of the gates will be set by the effect of spin-

torque transfer, in which a spin-polarized current is applied

to set the direction of magnetization for each layer.20 The

output can be read using giant/tunneling magneto-resistive

(TMR/GMR) sensors. The resistance of the output will

TABLE I. Truth table for the reconfigurable AND/OR gate.

GATE STATE RESET Input 1 Input 2 Output

AND 1 0 0 0 0

2 0 0 1 0

3 0 1 0 0

4 0 1 1 1

OR 5 1 0 0 0

6 1 0 1 1

7 1 1 0 1

8 1 1 1 1

FIG. 1. (a) AND and (b) OR gates of the three-layer reconfigurable magnetic

logic gate. The direction of the magnetization determines if the bits is a 1 or

a 0. “Up”¼ 1 and “Down”¼ 0.
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change depending on the net magnetization of the 3 mag-

netic layers of the stack.21 The effects of MTJ have been

extensively studied by a number of different groups.22–26

Recently, there has been a study, by Tanaka et al., into the

possibility of using microwaves to selectively switch the

magnetization in a three-layered stacked magnetic struc-

ture.27 Through micromagnetic simulations, they were able

to show that it is possible to individually switch the polariza-

tion of each layer. Although this research was conducted for

uses in magnetic recording, it can be utilized to selectively

switch each of the layers in our logic gates. These are just a

few feasible methods that can be exploited to read and write

information to the input and RESET layers.

III. FABRICATION

Many different compositions were tested in order to

optimize the media for this particular application. Following

this evaluation, we optimized a composition that provided

the necessary magnetic properties for the logic gates to func-

tion properly. Co/Pt and Co/Pd multilayers were chosen for

the magnetic layers. This is because it is possible to fine tune

the values of coercivity and magnetic moment of these mate-

rials. It has been shown that these properties can be con-

trolled by the deposition parameters, thickness of each layer,

and the number of bi-layers that make up each magnetic

layer.28 The following is the selected composition:

Substrate/Ti(1.5 nm)/Pt(5 nm)/[Co(0.4 nm)/Pt(0.55 nm)]

� 14/Pt(1.5 nm)/Ti(1.5 nm)/Pd(1.5 nm)/ [Co(0.25 nm/

Pd(0.55 nm)]� 7/ Pd(4.5 nm)/[Co(0.25 nm)/Pd(0.55 nm)]

� 3/Pd(3 nm)/Ti(4 nm).

A number of processes were used to fabricate the media

for this experiment: (1) The magnetic media was sputter de-

posited onto a Si substrate, (2) Hydrogen silsesquioxane

(HSQ) was spin coated and then baked onto the top of the

media, (3) E-Beam lithography to generate the patterns onto

the HSQ, (4) development of the patterns, (5) inductively

coupled plasma (ICP) etching of the oxidized Ti layer, (6)

Ar-Ion milling of the media to transfer the patterns into the

continuous media. A SEM image of the 120 nm diameter

patterns can be seen in Figure 2. A more in-depth description

of each of these processes is published elsewhere.29 For this

work, the coercivity of each patterned magnetic layer was

estimated through MFM analysis. This is done by applying a

range of magnetic fields to the media and then testing it after

each exposure with MFM. Using this method, we were able

to determine that the “Input 2” layer has a coercivity value

2.5 kOe, the “Input 1” layer is �5.0 kOe, and the “Reset”

layer is �6.0 kOe.

IV. MAGNETIC FORCE MICROSCOPY (MFM) STUDY

Since the focus of this paper is only the logic gate itself

and not the input/output channels we will analyze the gates

using MFM imaging. Although this is not how the gates will

work in a device, the MFM study will give us insight on how

the gates will perform once they are implemented at the

device-level. The two properties that need to be taken into

account for the MFM probe are the magnetic field strength

and coercivity of the magnetic tip. The magnetic field

strength of the tip should be high enough to differentiate the

signals from the 3-layers logic cell, but not too high to switch

their magnetization. The magnetic tip coercivity should be

high enough such that the magnetic field emanating from the

nanomagnetic cells would not switch the magnetization of

the probe and cause difficulties in data interpretation. For

this study, we used a PSENSTMMFM-UHC probe with tip

coercivity of �1 T. The probe was magnetized by the manu-

facturer with �3 T along the tip central axis. For all the

images that were taken, the magnetization direction of the

probe was out of the apex of the tip (Figure 3(a)). Both

atomic force microscopy (AFM) (Figure 3(b)) and MFM

images were taken of the media. To make the analysis easier,

we will only focus on the pattern on the left, in the SEM

image in Figure 2.

In order to view all eight of the possible states of this

media with MFM, the two input layers needed to be random-

ized. To do this, the media was exposed to an oscillating and

decaying magnetic field that started at 0.75 T and ended at

0.3 T. In order for the media to manifest the 8 possible inpu-

t/reset combinations, the “Input 2” layer was polarized in the

“Up” or “1” direction by exposing the media to a field of

0.3 T in the out-of-plane direction. The resulting MFM

image can be seen in Figure 4(b). In Figure 4(c), each of the

four possible states are highlighted in a different color and

numbered, so they can easily be differentiated from each

other.

FIG. 2. A SEM image of 120 nm diameter patterns.

FIG. 3. (a) Illustration of the direction of the magnetization of the probe

with respect to the media. (b) An AFM image of the patterns that were used

for the MFM study. The bits are 120 nm in diameter with different areal

densities.
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After this, the “Input 2” layer was magnetized in the

“Down” or “0” direction by exposing the media to a field of

�0.3 T into the plane of the media. The resulting MFM

image can be seen in Figure 5(b). As before, in Figure 5(c), a

color coded and numbered image of the each of the 4 input

combinations can be seen. Both images were taken in the

same location, over 120 nm diameter patterns, with the same

probe, with the height and phase scales the same. So, from

these results, we can see that it is possible to fabricate a

reconfigurable logic gate that has two inputs and one

RESET, which allows the gate to work as an AND gate or an

OR gate. From these two images, we are able to observe all 8

of the possible magnetic states from this media. We were

able to verify that states 3 and 6 were distinct states by cross

sectional analysis. The reason there is only one instance of

each state is attributed to the complexity of achieving such

states with our method of magnetizing the sample.

V. CONCLUSION

In conclusion, we were able to fabricate and test a verti-

cal magnetic logic gate that can be reconfigured to act as ei-

ther an AND or and OR gate. The output of these gates depends

on the states of the two input layers and the one RESET

layer. In order to build the gates with a gradient of coercivity

values and magnetization, Co/Pd and Co/Pt multilayers were

used. By varying the thickness and number of Co/Pd and

Co/Pt pairs in each layer, we were able to precisely control

the coercivity values and magnetic moment. We then used

MFM to analyze the logic operations of the patterned media

and to determine that all 8 magnetic states were observable

in this media.
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