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Abstract—The domain wall-magnetic tunnel junction (DW-

MTJ) is a versatile device that can simultaneously store data and 

perform computations. These three-terminal devices are 

promising for digital logic due to their nonvolatility, low-energy 

operation, and radiation hardness. Here, we augment the DW-

MTJ logic gate with voltage controlled magnetic anisotropy 

(VCMA) to improve the reliability of logical concatenation in the 

presence of realistic process variations. VCMA creates potential 

wells that allow for reliable and repeatable localization of domain 

walls. The DW-MTJ logic gate supports different fanouts, allowing 

for multiple inputs and outputs for a single device without 

affecting area. We simulate a systolic array of DW-MTJ Multiply-

Accumulate (MAC) with 4-bit and 8-bit precision, which uses the 

nonvolatility of DW-MTJ logic gates to enable fine-grained 

pipelining and high parallelism. The DW-MTJ systolic array 

provides comparable throughput and efficiency to state-of-the-art 

CMOS systolic arrays while being radiation-hard. These results 

improve the feasibility of using domain wall-based processors, 

especially for extreme-environment applications such as space. 

 
Index Terms—Domain Wall, Magnetic Tunnel Junction, 

VCMA, Logic, In-Memory Computing, Magnetism, Spintronics 

I. INTRODUCTION 

HERE is a pressing need for new computational methods 

arising from the demand for faster and more efficient 

processing of data, which is currently hindered by the 

bottlenecks of the von Neumann architecture. Even with 

continuous improvements in transistor technology, processors 

are fundamentally limited by the speed and energy costs of 

accessing data, leading to an energy-inefficient architecture [1]. 

Using non-volatile memory as logic devices presents new 

opportunities to improve digital computation, potentially 

enabling low-voltage operation, near-zero static power 

dissipation, and more reliable operation compared to CMOS 

logic. Efficiency and reliability are important for deploying 

data- or processing-intensive workloads, such as artificial 

intelligence and machine learning algorithms, to edge or remote 

computing systems that have a limited power budget. 

Spintronic devices provide non-volatile data storage, low 

read and write energy, high write endurance, and back-end-of-

the-line compatibility with a CMOS fabrication process [2]. As 
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a result of these properties, spintronics has emerged as a unique 

platform for dense data storage, digital and analog in-memory 

computing, neuromorphic computing, normally-off computing, 

and new, efficient implementations of digital logic [3-9]. On the 

reliability side, non-volatile logic gates enable rapid recovery 

from transient power losses. Additionally, because spintronic 

devices encode information in collective magnetization states 

rather than discrete charge, they are more resilient to the effects 

of ionizing and non-ionizing radiation. These advantages make 

spintronic computing particularly attractive for edge computing 

in space and defense applications [10-13]. 

 Many spintronic architectures have been proposed for 

accelerating digital logic operations. These include logic 

circuits that use a mixture of CMOS and magnetic tunnel 

junction (MTJ) devices, spin wave majority gates, and devices 

based on magnetic domain walls (DWs) [14-21]. A practical 

magnetics-based digital processor for edge computing should 

be: (1) all-spintronic, with no accessory CMOS inside each 

logic gate, (2) all-electrical, requiring no external magnetic 

fields or optical excitation to read and write, (3) cascadable to 

form large circuits, having current-in/current-out or voltage-

in/voltage-out operation without needing to convert data 

between logic gates. 

The three-terminal domain wall-magnetic tunnel junction 

(DW-MTJ) logic gate fulfills these key requirements, while 

compactly implementing each logic gate (e.g. inverter, NAND) 

within a single nano-device [20]. In this device, a logical bit is 

encoded in the position of a DW along a ferromagnetic track, 

which forms the free layer of an MTJ. The logic state is read 

out and transmitted to the next logic gate through the MTJ. In 

our previous work, DW-MTJ prototypes have been 

experimentally shown to operate with both spin-transfer torque 

(STT) and spin-orbit torque (SOT) current input, to function as 

logical inverters with fanout > 1, to have electrically 

controllable operation with < 10% cycling variation, and to be  

cascadable to build circuits [22, 23]. More complex DW-MTJ 

circuits were benchmarked using micromagnetic simulations 

and compact device models [20, 24, 25]. Nevertheless, 

challenges remain for the reliability of DW-MTJ logic 

operations. Prior modeling has relied on DW inertia to sustain 
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the DW motion across a perfectly smooth magnetic track after 

the cessation of an applied current. However, in realistic tracks 

fabricated in scaled process nodes, this inertial motion can be 

rapidly halted by edge roughness or local material defects. 

Furthermore, the energy and performance of DW-MTJ logic 

has not been evaluated for modern edge computing workloads 

such as machine learning. 

In this paper, we demonstrate that voltage-controlled 

magnetic anisotropy (VCMA) ensures reliable DW-MTJ logic 

concatenation along magnetic tracks with realistic roughness. 

We show using micromagnetic simulations that VCMA can 

electrically pin the DW at set locations, enabling deterministic 

and robust switching. We also demonstrate how to implement 

different logic functions and fanouts with minimal changes to 

device geometry. These device-level results are used to 

benchmark the energy and performance of a systolic array of 

DW-MTJ Multiply-Accumulate (MAC) units, a highly parallel 

spatial architecture that computes matrix multiplications. The 

non-volatility of DW-MTJ logic enables pipelined processing 

inside the MAC units, greatly increasing parallelism and 

enabling the processing throughput of DW-MTJ systolic array 

to approach that of state-of-the-art CMOS systolic arrays, 

despite the much slower switching speed of a DW-MTJ logic 

gate. We discuss the scaling requirements on spintronic devices 

and material properties to enable reliable operation and energy-

efficient extreme edge computing.  

II. DW-MTJ DEVICE DESIGN 

The structure and operation of the three-terminal DW-MTJ 

device is shown in Fig. 1. The DW is the transition region 

between two oppositely magnetized domains in a ferromagnetic 

wire, part of which also forms the free layer of an overlying 

MTJ. The ‘1’ and ‘0’ states are encoded by the MTJ resistance, 

which depends on the position of the DW and the MTJ’s fixed 

layer orientation. In Fig. 1(a), the DW is on the left and the MTJ 

is in a high resistance state, resulting in a low output current 

when a voltage is applied from CLK to OUT to read the device, 

interpreted as a ‘0’. The two resistance states of the MTJ are 

anti-parallel (AP) RAP and parallel (P) RP, and the tunnel 

magnetoresistance is defined as TMR = (RAP −  RP) / RP. 

To write the device, current is pulsed through the IN terminal 

while CLK is grounded. If the current is sufficiently large, the 

DW moves in the same direction as the electron flow, to the 

right side of the device as shown in Fig. 1(b). This results in a 

high output current when a voltage is applied from CLK to 

OUT, interpreted as a ‘1’. The DW moves due to a combination 

of the spin transfer torque (STT) exerted by the spin-polarized 

current through the magnetic track and by the spin orbit torque 

(SOT) caused by current flow in the underlying heavy metal 

layer. The SOT effect is dominant due to the lower resistivity 

of the heavy metal which contains most of the current. 

DW-MTJ logic gates are concatenated by connecting the 

OUT terminal of one device to the IN terminal of another as 

shown in Fig. 1(d). To transmit a stored bit from Device 1 to 

Device 2, a voltage pulse is applied to the CLK terminal of 

Device 1 and current flows through its OUT terminal. The 

magnitude of this current depends on Device 1’s DW position. 

If the current exceeds Device 2’s threshold, its DW moves from 

left to right. Concurrently, current also flows from the CLK to 

the IN terminal of Device 1 to reset its DW to the left, causing 

a current to flow from the OUT to CLK terminal of Device 0. 

This voltage pulse is therefore called the read-reset (RR) pulse. 

The current does not affect the magnetic state of Device 0. The 

RR scheme is desirable because by not being required to hold a 

state, the logic gate can be immediately re-used to process 

another operation [20, 22]. This enables fine-grained pipelining 

and parallel computation as will be described in Section VI. 

The current that is transmitted to Device 2 corresponds to the 

output bit that was stored in Device 1 until the moment that the 

DW passes under the MTJ. After this point, Device 1 has been 

reset and its output current may no longer transmit the correct 

information.  Earlier versions of the DW-MTJ gate used a very 

short current pulse to transmit the output bit to Device 2 before 

Device 1 was reset and relied on DW inertia to settle the DWs 

in both devices to their correct positions after the end of the 

current pulse [24, 25]. On a smooth ferromagnetic track, a DW 

can be modeled as a massive particle where it continues to move 

after current is turned off, as shown by micromagnetic 

simulations [26]. However, in a realistic magnetic track, DWs 

can be easily pinned by local defects or edge roughness, 

bringing the inertial motion to a premature halt, and causing bit 

errors. To overcome this challenge and make DW-MTJ logic 

more feasible for implementation, VCMA terminals, labeled as 

VCMA, are introduced in Fig. 1(a-c) to pull the DW to one of 

two locations on either side of the OUT terminal. To ensure 

non-volatility, the VCMA voltage is applied whenever the RR 

pulse is not applied to the device, as discussed in Section III.  

Variable gate fanout is important for implementing practical 

logic circuits. For all fanouts and logic gate types (buffer, 

inverter, NAND), we use a fixed magnetic wire width equal to 

the minimum feature size (F = 15 nm) and a wire length of 17F 

= 255 nm. This keeps the threshold current and device footprint 

 

Figure 1: DW-MTJ logical buffer. (a) Side-view of the device when 

the DW is on the left and the MTJ is in a high resistance state. 

Orange/blue are oppositely magnetized regions. Electron flow 

direction during a write is indicated. (b) After a write, the DW is 

on the right and the MTJ is in a low resistance state. (c) Top-down 

view of the logic device with varying fanouts. For a fanout of 0.5, 

the MTJ length LMTJ is set to the minimum feature size F = 15 nm. 

For a fanout of 1, LMTJ is set to 3F = 45 nm. For a fanout of 2, LMTJ 

is set to 9F = 135 nm. (d) Side-view of a 1×3 chain of DW-MTJ 

buffers. Device 1 is being read-reset and Device 2 is being written.  
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constant for all devices. The only parameter that is varied with 

fanout is the length of the MTJ (LMTJ) shown in Fig. 1(c), which 

is set to F for fanout of 0.5, 3F for a fanout of 1, and 9F for 

fanout of 2. A fanout of 0.5 means that the output goes to one 

of the two input ports of a logic gate such as NAND, thus 

requiring less current per device. A fanout of 2 means one 

device is concatenated to two devices at its output, thus 

requiring greater current flow to supply data to both devices.  

Table I shows the parameters used for micromagnetic 

modeling of the device. Edge roughness is modeled by 

randomly removing ferromagnetic material from the edges of 

the track at a granularity of 1 nm, which is close to the 

experimentally observed length scale of roughness in 

ferromagnetic nanowires [27]. Random anisotropy variations in 

the magnetic grains within the track were also modeled.  

III. VCMA-BASED DW-MTJ CONCATENATION 

The VCMA effect changes the magnetic anisotropy of the 

ferromagnetic wire due to an applied electric field at the 

insulator-CoFeB interface. This field changes the occupancy of 

the 3d orbitals in Fe [28], which modifies the perpendicular 

magnetic anisotropy (PMA) of the ferromagnetic free layer. An 

applied voltage VB on the VCMA contacts in Fig. 1(a) reduces 

the PMA under these contacts, creating potential wells that 

confine the DW and keep the state of the logic gate stable. The 

difference between the local minimum in PMA and the largest 

PMA in the track is denoted as ∆Ku. A larger VB increases ΔKu. 

Details of the calculation of the PMA change due to VCMA can 

be found in Section I of the SI. 

Fig. 2(a) shows the effect of VCMA with three different 

values of VB applied to the VCMA terminals. The resulting ∆Ku 

are 0 kJ/m3, 15 kJ/m3, and 25 kJ/m3 for VB of 0 V, 1.5 V, and 

2.5 V respectively. These ∆Ku values show the energy wells 

that are formed whenever there is an applied VCMA voltage to 

the ferromagnetic track. In addition to this, Fig. 2(b) shows that 

the induced energy wells can attract the DW towards the 

VCMA terminals. The vertical dashed lines in Fig. 2(b) show 

the sequential application of VCMA, RR, and VCMA voltage 

pulses which modulate the DW position. The horizontal dashed 

lines show the lateral extent of the MTJ (105 – 150 nm) and the 

VCMA contacts (30 – 45 nm and 210 – 225 nm).  

When there is no attractive potential for the DW (VB = 0 V), 

the final position of the DW can be highly variable due to the 

stochastic effects of edge roughness, thermal noise, and timing 

imprecision in the RR pulse. If the DW is insufficiently driven 

by the RR pulse so that its final position is under or at the edges 

of the MTJ, the wrong logical bit can be transmitted to the next 

device. To reliably move the DW far to the right of the MTJ, 

VCMA is applied whenever RR is not applied. Stabilization of 

the DW to the correct position is ensured so long as the RR 

pulse moves it past the midpoint of the MTJ, so that it is 

attracted to the correct potential well as shown in Fig. 2(a). This 

makes the concatenation of logic more robust to process 

variations and noise.  

IV. SINGLE INPUT/OUTPUT LOGIC 

Reliable logical concatenation of DW-MTJ devices is 

verified using the micromagnetic simulation software MuMax3 

with parameters from Table I [29]. The circuit shown in Fig. 

1(d) is used to demonstrate the concatenation of devices with a 

single input, a single output, and fanout of 1. The Thevenin 

resistance of the three concatenated DW-MTJ devices is 

calculated using a SPICE simulation, which is then used to 

compute the current density through the logic device. The 

amplitude of the RR pulse (VCLK) was chosen so that DWs are 

propagated at close to their threshold current density, which is 

the minimum current density that reliably propagates the DW 

past the midpoint of the MTJ using our RR/VCMA scheme. For 

the parameters in Table I, the threshold current and threshold 

current density are simulated to be 2.1 μA and 7×1010 A/m2, 

 

Figure 2: (a) Distribution of perpendicular magnetic anisotropy 

along the ferromagnetic free layer with three different voltages 

applied to the VCMA terminals. The collection of charges on the 

edges of the ferromagnet are not displayed. (b) Simulated DW 

position vs time for three voltage values when the TMR of the 

simulated logic devices is 115%. 

(a) (b)
VCMA VCMARR

TABLE II 

BUFFER CONFIGURATIONS & ENERGIES 

Initial DW1 Initial MTJ0 Initial MTJ1 Reset Energy (fJ) 

Right P P 2.2 
Right AP P 1.9 

Left P AP 1.9 

Left AP AP 1.6 

 

TABLE I 
PARAMETERS USED IN THE MODEL 

Parameter Value 

Gilbert damping α 0.05 

Saturation magnetization MS 8  105 A/m 

Exchange stiffness Aex 1.3  10-11 J/m 

Uniaxial anisotropy constant KS(0) 5  105 J/m3 

Spin polarization P 0.7 

Temperature T 0 K 
VCMA coefficient ξ 10 pJ/Vm 

Clock voltage VCLK 0.04 V 

Clock pulse time tRR 2 ns 
Device rest time trest 4 ns 

Track length Lwire 255 nm 

Track width W 15 nm 
Ferromagnet thickness tFL 3 nm 

Ferromagnet resistivity ρFL 500 µΩ⸱cm 

Heavy metal thickness tHM 7 nm 

Heavy metal resistivity ρHM 40 µΩ⸱cm 

Insulator dielectric constant kINS 7 

Dielectric thickness tD 20 nm 
MTJ RA product 0.675 Ω*µm2 

MTJ parallel resistance (Fanout (FO) 0.5) RP 3 kΩ 

MTJ length LMTJ FO 0.5: LMTJ = 15 nm 
FO 1: LMTJ = 45 nm 

FO 2: LMTJ = 135 nm 

MTJ width WMTJ 15 nm 
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respectively, which are consistent with experiments on SOT-

driven DW motion in CoFeB with PMA [23].  

Fig. 3(a) shows the DW position vs. time for Device 1 when 

Device 1 is being reset and its state is transmitted to Device 2, 

for the three-device circuit in Fig. 1(d). The colored curves on 

the plot show 25 independent simulations with random grain 

anisotropy and varied edge roughness on the ferromagnetic 

track to emulate device-to-device variations. Fig. 3(b) shows 

the DW position in Device 2 during the same voltage pulse. 

Device 2’s DW is driven by the current that goes through the 

OUT of Device 1 into the IN of Device 2 (CLK grounded), 

which is shown in Fig. 3(c). This result shows the successful 

transfer of a ‘1’ bit from Device 1 to Device 2, which is robust 

to device-to-device variations. Section II in the SI shows 

simulation results at 300 K, which additionally show the logic 

gate’s robustness to thermal noise.  

Fig. 1(d) represents one of eight possible initial 

configurations for a single-input gate with a fanout of 1. There 

are two possible starting positions for Device 1’s DW; two 

fixed layer orientations for Device 1, which decides whether the 

device acts as an inverter or a buffer; and two MTJ resistances 

for Device 0, which can affect the current through Device 1. 

Table II shows the reset energy due to the RR pulse for the four 

configurations where Device 1 is a buffer. Due to differences in 

the dynamics of the DW position and the Thevenin resistance 

of the circuit, some initial configurations can be more prone to 

errors compared to others. Supplementary Fig S4 shows that the 

other seven configurations possible with a fanout of 1 are also 

robust to device-to-device variations.  

Fig. 4(a-b) shows the functionality of the logic devices by 

testing the correctness with 25 random simulations of each of 

the eight configurations of the buffer/inverter, for a total of 200 

tests per data point. Each device was simulated with random 

variations in edge roughness and grain anisotropy on the 

ferromagnetic track, with a maximum anisotropy variation of 

7.5 kJ/m3. The correctness is the fraction of the 200 tests that 

yielded the correct logical result. Fig. 4(a) shows that correct 

circuit operation strongly depends on TMR. When the TMR of 

the MTJs is less than 55%, there is a steep drop-off in 

correctness: the difference between RP and RAP is too small, 

which reduces the difference between a ‘high’ and a ‘low’ 

current seen by Device 2. The reduced difference makes it more 

likely that the DW in Device 2 will erroneously move in 

response to a ‘low’ current.  

There is a TMR range of 75% - 115% where there are no 

errors. Surprisingly, for TMR > 115% there is a reduction in 

correctness over the eight configurations, which can be 

explained as follows. When Device 1 transmits a ‘1’ to Device 

2, the 2 ns pulse that is sent to Device 2 has a portion that has 

high current (Device 1 in P state) and low current (Device 1 in 

AP state), as shown in Fig. 3(c). In general, both portions 

contribute to the DW motion in that device, though the DW 

velocity is faster during the high-current portion, as shown in 

Fig. 3(b). With high TMR, the MTJ draws very little current in 

its AP state. As a result, the DW is moved very little by the low-

current portion of the pulse and may fail to pass the midpoint of 

the MTJ. This can cause a logical ‘1’ in Device 1 to be 

incorrectly passed to Device 2 as a ‘0’. This affects two of the 

eight logical configurations tested in Fig. 4, leading to the 

expected 75% correctness at higher TMR. While high TMR is 

often considered ideal for MTJs used as memory devices, here 

an optimal TMR is a function of the circuit design and cannot 

be treated as an independent figure of merit. The range of TMR 

for 100% correctness is wide enough to be achievable with 

today’s MTJ processes.  

The ∆Ku that is induced by VCMA also affects the logic 

function correctness even when a TMR of 115% is set to ensure 

optimal correctness, shown in Fig. 4(b). The logic is 100% 

correct for ∆Ku > 25 - 30 kJ/m3, which corresponds to 

VB = 2.5 - 3 V. These results show that adding VCMA to the 

DW-MTJ devices results in reliable and robust concatenation 

into circuits, and that both TMR and VCMA can be optimized 

to ensure 100% correctness of the circuit operation. At 300 K, 

the VCMA coefficient 𝜉 is reduced by 25%. To keep the same 

functionality, VB is increased to 3.25 - 4 V to achieve the same 

∆Ku of 25 - 30 kJ/m3 [30]. 

V. MULTIPLE INPUT/OUTPUT LOGIC 

To obtain logic gates with different fanouts, we modify only 

the length of the output MTJ, which modulates the MTJ 

resistance. This avoids the need to adjust the supply voltage, the 

DW threshold current, or the layout area of logic gates with 

different fanout. Table III shows the reset energy for three 

different fanouts (0.5, 1, and 2) with a range due to different 

initial device configurations. 

 

Figure 4: (a) Correctness for all 8 possible configurations of the 3-

device circuit vs. TMR. Yellow highlights the range with 100% 

correctness. (b) Correctness vs. ∆Ku when the TMR = 115%. 

(b)(a)

 

Figure 3: Simulation of the three-device circuit in Fig. 1(d) with 

TMR = 115%. DW position vs. time of (a) Device 1 during its reset 

pulse and (b) simultaneous DW position vs. time of Device 2. (c) 

Output current density from Device 1 being pulsed to Device 2.  

(c)

(a)

(b)

VCMA VCMARR
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The logical function of a two-input logic gate depends on 

whether the two input devices have a fanout of 1 or 0.5. If each 

input has a fanout of 1, a logical OR/NOR is realized because 

only one input current needs to be high to propagate the DW. If 

each input device has a fanout of 0.5, a logical AND/NAND is 

realized because both currents must be high to move the DW. 

Schematics of these logic devices are shown in Fig. S5 in the 

SI. Fig. 5(a-b) shows an AND/NAND gate when the two buffer 

devices connected to its IN terminal are ‘1’ and ‘0’, which fails 

to propagate the DW to the opposite side. If both inputs had a 

logical ‘1’, their combined current is large enough to propagate 

the DW to the other side of the track, as shown in Fig. 5(c-d). 

To obtain a fanout of 2, the MTJ length is increased to double 

the output current. Calculations showing how this is achieved, 

accounting for series resistances in the circuit, are shown in 

Section IV of the SI. To ensure a fixed logic gate area and 

reliable concatenation of the DW-MTJ gates, we do not further 

increase the MTJ length to increase fanout. Instead, we use a 

cascade of fanout-2 buffers to obtain larger fanouts. More 

details on design choices related to fanout can be found in 

Section IV of the SI.  

VI. PIPELINED DW-MTJ MATRIX MULTIPLICATION 

The dual functionality of a DW-MTJ as a logic gate and as a 

non-volatile memory element allows the device to efficiently 

implement a form of sequential logic that greatly increases data 

parallelism compared to the conventional combinatorial logic 

used in CMOS processors. Fig. 6 shows how DW-MTJ logic 

gates are connected to form a full adder. Because data is passed 

between gates only during clock pulses, buffers are used to keep 

the data aligned in time. A logic gate cannot simultaneously 

receive and transmit data, To avoid interference, it also cannot 

receive data while its output gate is being reset. Therefore, at 

any moment, each gate operates in one of three modes: receive, 

transmit, or standby. Gates that are aligned in their logical depth 

operate in the same mode, shown by the colored bands in Fig. 

6. A three-phase clock (Φ1, Φ2, and Φ3) switches each band of 

gates from one operational mode to the next. Each mode lasts 

for one phase of the clock period (4 ns). All gates cycle through 

all three modes within a full clock period (12 ns).  

In the transmit mode, an RR pulse (tRR = 2 ns) is applied to 

the CLK terminal to reset the device and transmit its state to the 

next device, then a VCMA pulse (trest = 2 ns) is applied to pin 

the DW on the left side. In the receive mode, the DW is driven 

by the RR pulse applied to its input device, then a VCMA pulse 

is applied to pin the DW on the left or right. In the standby 

mode, the DW is kept stationary for 4 ns using VCMA. 

Each DW-MTJ logic gate receives and processes a new set 

of inputs on every clock cycle. This allows a single logic circuit 

to concurrently process many independent operations that are 

pipelined through the stages of computation on each clock 

cycle. The data buffering that is needed for pipelining is 

implemented by the DW-MTJ logic gates themselves, and the 

size of the pipeline stage is a window of logical depth three as 

shown in Fig. 6. This fine-grained pipelining allows concurrent 

computation on much more data than standard instruction-level 

pipelining. It enables high throughput while only fitting a few 

sequential operations into a clock cycle, which compensates for 

the relatively slow switching speed of a DW-MTJ gate 

compared to CMOS. Pipelining at this granularity is possible in 

TABLE III 
FANOUT ENERGIES 

Fanout Reset Energy (fJ) 

0.5 1.2-1.8 

1 1.6-2.2  

2 2.4-3.6 

 

  

Figure 5: (a) Simulated DW position vs time for an AND/NAND 

device when the input currents are ‘10’ and the TMR of the logic 

devices is 115%. (b) Input currents going into an AND/NAND 

device showing a logical ‘1’ input current (blue), logical ‘0’ input 

current (orange), and the total current being pulsed into the device 

(black). (c) Simulated DW position vs time for an AND/NAND 

device when the input currents are ‘11’. (d) Input currents going 

into an AND/NAND device showing the two separate logical ‘1’ 

input currents (blue, orange) and the total current (black). 

(b)(a)

(d)(c)

10
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A:1

B:0

VCMA VCMARR

Total

Total
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Figure 6: Illustration of pipelined logic in a DW-MTJ full adder. 

Data moves through the circuit one logical stage at a time, and 

gates in the same stage are driven by the same signal from a three-

phase clock. Data is pipelined through each set of three stages, 

which takes one clock cycle to traverse. DW-MTJs serve both as 

logic gates and as storage elements for pipelining. 

Φ1 Φ2 Φ3 Φ1 Φ2 Φ3
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CMOS but is impractical due to the area and power 

consumption of the many pipeline registers required [31, 32]. 

However, it comes at no cost in a DW-MTJ processor.  

A disadvantage of fine-grained pipelining is that the cost of 

flushing the pipeline upon an interrupt is high, because a large 

amount of data is stored by the DW-MTJ gates in the pipeline. 

This makes the logic scheme a poor fit for general-purpose 

computing where pipeline flushes are common (e.g. due to 

branch mispredictions). However, fine-grained pipelining is 

beneficial for processing data in large blocks, where pipeline 

flushes are extremely rare. As a notable example, DW-MTJ 

logic is well suited to specialized accelerators for matrix vector 

multiplication (MVM), which are growing in importance due to 

the growth of machine learning workloads [33]. The building 

block of these accelerators is the MAC operation: D=A×B+C. 

We focus on MACs where A, B, C, and D are multi-bit integers. 

Integer MACs are the main computational primitive for deep 

neural network inference, with a typical resolution of 8 bits 

[34], though inference at lower precision (e.g. 4 bits) is popular 

for low-power applications [35].  

Fig. 7(a) shows a 4-bit DW-MTJ MAC unit. The circuit 

consists of a 4-bit multiplier to compute A×B, and the product 

is passed to an 8-bit ripple carry adder which adds this result to 

the operand C. An array multiplier is used, with the same logical 

structure as a CMOS implementation. To enable fine-grained 

pipelining, DW-MTJ buffers are inserted into the circuit as 

needed to ensure that the operands arrive at the correct gates at 

the correct times. We choose a pipelined array multiplier, rather 

than a bit serial multiplier, to ensure that a full MAC is 

completed on every clock cycle. In a given cycle, one bit of one 

MAC output is available at every output bit position (e.g. D8 of 

MAC 1, D7 of MAC 2, …, D0 of MAC 9). This format allows 

the output terminal “D” of one MAC to be directly connected 

to the input terminal “C” of another MAC. The 4-bit multiplier 

has 13 pipeline stages and processes 13 MACs in parallel. Data 

is buffered by one full clock cycle using a buffer chain, which 

is a linear chain of three buffers or a tree of buffers with depth 

three, depending on the needed fanout (1 to 8). The AND chain 

is the same as the buffer chain but has an AND gate as a head.  

Fig. 7(b) and (c) show how MAC units can be concatenated 

to process MVMs: Wx⃗. To maximize parallelism, we use a 

systolic array architecture to process neural network inference, 

where the matrix W is usually fixed [36]. The MAC unit stores 

the fixed operand, which is an element of W. Inputs are 

broadcast horizontally across the array while partial sums are 

accumulated vertically, and processing is pipelined at the MAC 

level. In the DW-MTJ systolic array, we leverage a second level 

of fine-grained pipelining within the MAC units themselves. 

This greatly increases the MVM throughput over a DW-MTJ 

processor without fine-grained pipelining.  

The DW-MTJ pipelined systolic array operation is shown in 

Fig. 7(c), illustrated using 4-bit MACs. The first element of the 

vector, x1 (4 bits), arrives on the top left MAC unit which stores 

W11 (4 bits). The product W11x1 (8 bits) is passed downward to 

the “C” input port of the next MAC unit. This unit computes 

W21x2, with a 2-cycle delay relative to the first MAC unit, then 

performs the addition W11x1 + W21x2 (9 bits). Fine-grained 

pipelining allows this addition to begin on the less significant 

bits while the more significant bits of W11x1 and W21x2 are still 

being computed by their respective multipliers. This partial sum 

is again passed downward, so that the output of the bottom 

MAC unit on the column is the dot product ∑ Wi1xi. To support 

a sum of 256 elements, we extend the ripple carry adder inside 

each 4-bit MAC unit to 16 bits. For a 256×256 systolic array 

with 8-bit MACs, we extend the array multiplier to a precision 

of 8 bits and the ripple carry adder to a precision of 24 bits. Each 

MAC unit also passes the input xi to the right. Thus, each 

column computes an independent dot product, with a 1-cycle 

delay between columns, to implement an MVM.  

VII. PERFORMANCE, ENERGY, AND AREA 

We evaluate a 256×256, 8-bit DW-MTJ systolic array to 

match the size and precision of the systolic array in the Google 

TPUv1 [37]. We also evaluate a 4-bit systolic array of the same 

size for low-energy inference applications. Both systolic arrays 

complete a new MVM on every clock cycle. 

The peak throughput of the TPUv1 is 92 TOPS 

(TeraOperations/s), while that of the DW-MTJ systolic array is 

10.9 TOPS when operated at 0K using the parameters in Table 

I. Operation at 300 K reduces the threshold current density for 

DW motion and increases the DW susceptibility, which enables 

a reduction in both the amplitude and length of the RR pulse. 

This improves the throughput to 14.5 TOPS: see Section III in 

SI for details. Though the DW-MTJ throughput is lower by ~6×, 

fine-grained pipelining allows the DW-MTJ system to make up 

for a much larger speed deficit at the logic gate level. The DW-

MTJ gate delay (4 ns) is ~4000× larger than that of a CMOS 

logic gate (~1 ps) at a similar 15 nm process node [38].  

 

 

Figure 7: (a) DW-MTJ MAC unit with 4-bit multiply, 8-bit 

accumulate. (b) Symbol for a 4-bit MAC and 8-bit MAC unit. The 

4-bit MAC unit has a 16-bit adder and the 8-bit MAC has a 24-

bit adder to support the accumulation of 256 products. (c) Systolic 

array processing of MVM using 4-bit MAC units. 
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The energy to concatenate two logic gates is the sum of the 

energy to propagate the DWs using the RR pulse and the energy 

to stabilize the DWs using VCMA. The former, called the reset 

energy, is shown in Fig. 8(a). Higher TMR increases the MTJ’s 

AP resistance, which reduces the current and the energy. A 

TMR of 115% yields the optimal correctness for the assumed 

device parameters. Fig. 8(b) shows the energy to supply the 

VCMA pulse vs. the depth of the PMA potential well, ∆Ku. For 

optimal correctness, we use ∆Ku = 25 kJ/m3, which is obtained 

at VB = 2.5 V (VB = 3.25 V at 300 K). The energy in Fig. 8(b) 

is the CV2 energy of charging the VCMA capacitors (purple 

dielectric in Fig. 1(a)) and the metal lines used to supply the 

VCMA pulses from its generation circuit. For the metal line 

capacitance, we assumed a compact layout where many gates 

that are aligned in their clock phase are arranged in a column. 

Devices in a column share a set of clocking and VCMA lines. 

The gates are separated by 100 nm to avoid coupling through 

their stray magnetic fields. For a typical 14 nm process, this 

separation leads to a metal line capacitance per device of 40 aF 

for the two VCMA electrodes and 20 aF for the CLK electrode 

[39]. At a feature size of F = 15 nm, every DW-MTJ logic gate 

has the same footprint of ~181.5F2, which includes the distance 

between adjacent gates to avoid lateral coupling [40]. This is 

~2× smaller than a typical CMOS NAND gate [38]. 

We developed a simulator to model the functionality and 

energy of arbitrary digital logic circuits constructed from DW-

MTJ gates. Circuit-level energy consumption is based on gate-

level energies found from micromagnetic simulations, 

accounting for energy differences due to device state (P vs AP) 

and fanout. Fig. 8(c) shows the energy per 8-bit MAC of a 

256×256 DW-MTJ systolic array, using the device parameters 

in Table I. At TMR = 115%, the systolic array’s efficiency is 

5.4 pJ/MAC, or 0.37 TOPS/W (0.87 TOPS/W at 300 K). This 

is comparable to state-of-the-art digital CMOS accelerators for 

neural network inference [33, 41]. Fig. 8(d) shows the energy 

per 4-bit MAC. At TMR = 115%, the energy efficiency is 1.3 

TOPS/W (2.2 TOPS/W at 300K). 

Fig. 8(e-f) project how the DW-MTJ systolic array’s 

efficiency scales with the threshold current density Jth for DW 

motion. A 10× reduction in Jth relative to the simulated device 

improves the efficiency to 1.4 pJ/MAC (1.4 TOPS/W) and 400 

fJ/MAC (5 TOPS/W) for an 8-bit MAC and 4-bit MAC, 

respectively, at 0K. At these low current densities for DW 

propagation, the efficiency is limited by the VCMA energy for 

DW pinning. At 300K, the efficiency in this limit is 2.4 pJ/MAC 

(0.83 TOPS/W) and 660 fJ/MAC (3.0 TOPS/W) for an 8-bit 

MAC and 4-bit MAC respectively. Reduction in the DW 

threshold current density below 1010 A/m2 can be accomplished 

by optimization of the SOT device geometry and current 

injection mechanism, as well as through tighter control of edge 

roughness and defects in the thin ferromagnetic strip [42].  

VIII. CONCLUSION 

We have demonstrated the ability to perform reliable and 

robust concatenation of logic using the three-terminal DW-MTJ 

device with the assistance of VCMA. This work shows that 

TMR and VCMA can be optimized to ensure 100% correctness 

of logic circuit operations, using values that are accessible with 

current MTJ fabrication processes. Different logic gate types 

and fanouts can be implemented with no change to the device 

footprint. Additionally, we evaluated DW-MTJ systolic arrays 

for computing MVMs with 4-bit and 8-bit MAC precision. The 

resulting energy per MAC operation is on par with state-of-the-

art CMOS accelerators for neural network inference, while 

providing a high throughput (14.5 TOPS at 8-bit, 300K) despite 

the slower switching speed of DW-MTJ devices. These results 

show that non-volatile spintronic logic devices can be used to 

effectively accelerate edge computing applications while 

offering robustness under extreme environments. 
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I. VCMA CALCULATION METHODS 

nder the voltage-controlled magnetic anisotropy (VCMA) 

effect, an applied electric field at the insulator-ferromagnet 

interface changes the perpendicular magnetic anisotropy 

(PMA) of the ferromagnetic free layer. The effect of the field 

on PMA is given by:  

Ks(VB) =  Ks(0)- 
ξE

tFM

(1) 

where Ks(VB) is the PMA at an applied voltage VB, Ks(0) is 

the PMA when there is no applied voltage to the ferromagnetic 

free layer, E is the electric field being applied to the DW wire, 
ξ is the VCMA coefficient, and tFM is the thickness of the 

ferromagnetic track where all the parameters used in the 

calculation are shown in Table I [1, 2]. 

To study the effect of VCMA on the DW-MTJ device, an 

analytical model is constructed that calculates the effective 

electric field at the insulator free layer interface when a voltage 

VB is applied. As stated in the text, the Jacobi Method [3] was 

used to calculate the electric potential across the device and the 

gradient of this was taken in order to find the electric field. 

Using (1), the resulting perpendicular magnetic anisotropy 

when VB = 2.5 V can be expressed as a 14th order polynomial,  

Ks(V) =  ∑ anxn
14

n=0
(1) 

 

a0 = 5×105 a1 = 4.1×100 a2 = -2.8×100 a3 = -2.3×10-3 

a4 = 8.7×10-4 a5 = 3.5×10-7 a6 = -5.3×10-7 a7 = -9.6×10-12 

a8 = 9.8×10-11 a9 = -1.4×10-15 a10 = -7.6×10-15 a11 = 1.0×10-19 

a12 = 2.7×10-19 a13 = -1.9×10-24 a14 = -3.6×10-24  

where x is the position on the ferromagnetic track. This 

polynomial was integrated with the Mumax3 script allowing for 

modifications to anisotropy regions on the ferromagnetic wire 

whenever there is no current pulsing through the device. 

We note that Equation (1) and ξ are valid only up to a 

maximum electric field of ~100 mV/nm or ∆Ku = 325 kJ/m3 

[4], but as we later show, VCMA can guarantee correctness at 

much smaller fields. 

II. TEMPERATURE SIMULATIONS  

Fig. S1 shows a read-reset operation when simulated at room 

temperature with thermal noise with the three-device 

configuration in Fig. 1(d) where both device 0 and device 1 

MTJs are parallel and the starting DW position is on the right 

side of the track. Fig. S2 shows a read-reset operation when the 

three-device configuration is set to Fig. S3(c). These two 

configurations were chosen because they are the most prone to 

errors, due to the amplitude of the output current density from 

device 1. The configuration used in Fig. S1 will have the lowest 

amount of current density that should propagate the DW to the 

opposite side for the concatenated device. The configuration 

used in Fig. S2 is prone to errors because it will be the highest 

amount of current density that will not propagate the DW to the 

other side for the concatenated device. 

In order to conduct these simulations at room temperature, 

modifications to the pulse time and input voltage were required. 

At 300 K, DW propagation is easier because it is more 

susceptible to current. Therefore, the threshold current of the 

device is lowered, allowing for the voltage of the RR pulse to 

be reduced. The time of this pulse can also be reduced because 

the DW’s velocity is greater at room temperature. Thus, the 

input voltage (VCLK) and RR pulse time (tRR) are reduced to 27.5 

mV and 1 ns. Fig. S3 shows logical 1 and 0 operations when the 

fanout of the device is 0.5. The DW motion also becomes more 

susceptible to thermal noise at room temperature, but our results 

show that this added perturbation can be suppressed by the 

pinning effect of the VCMA-induced anisotropy potentials. We 

focused on the most error-prone configurations, rather than 

checking the correctness of every configuration, as there is a 

large computational overhead when conducting these 

simulations at room temperature. 

III. TEMPERATURE PERFORMANCE AND ENERGY 

Due to simulations at room temperature causing parameters 

to be modified, the performance and energy of the systolic array 

will change. Since the pulse time is reduced to 1 ns at room 

temperature (see SI Section II), one phase of the clock period 

will reduce from 4 ns to 3 ns allowing for a full clock period of 

9 ns. This reduction to the clock cycle allows for 14.5 TOPS for 

the systolic array which is a ~1.3× increase compared to the 0 K 
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simulations. Furthermore, at room temperature, the systolic 

array’s efficiency is reduced to 3.3 pJ per 8-bit MAC (0.6 

TOPS/W) and 918 fJ per 4-bit MAC (2.2 TOPS/W). This is a 

~1.6× reduction in efficiency compared to the simulations 

conducted at 0 K.  

IV. DEVICE FANOUTS 

A unique feature of the DW-MTJ logic gates is that the 

footprint for the devices stays constant no matter the fanout. 

However, the current resulting from the RR pulse needs to vary 

depending on the fanout of the device. To obtain this feature, 

the length of the MTJ is varied with lengths of 15 nm, 45 nm, 

and 135 nm for a fanout of 0.5, 1, and 2 respectively while the 

width of the device is 15 nm to obtain an output current from 

the RR pulse of 0.5J, J, and 2J. Thus, the current density is 

modeled based on the resistance and the Thevenin model into 

an equation expressed as 

J =  Jx

R0

R0 +  R1

(2) 

where J is resulting current from the RR pulse going to the 

concatenated device, Jx is the effective applied current, R0 is the 

effective resistance of device 0, and R1 is the effective 

resistance of device 1. These quantities are given by the 

equations below. 

Jx = VCLK

W(tFL + tHM)

Rth

(3) 

R0,1 =  RMTJ0,1
+

ρFL
Lwire

W*tFL
*ρHM

Lwire

W*tHM

ρFL
Lwire

W*tFL
+ ρHM

Lwire

W*tHM

(4) 

RMTJ0,1
=  RP,MTJ0,1

 or TMR* RP,MTJ0,1
+ RP,MTJ0,1

(5) 

RP,MTJ0,1
=  

RP

3FO
, if FO >

1

2
, else 3 kΩ (6) 

All the parameters from the presented equations are shown 

in Table I in the main text. 

To achieve large fanouts (>2), we use a cascade of buffers 

with a fanout of 2, as described in the main text. Fanouts >2 can 

be achieved by increasing the MTJ length, but the circuit design 

becomes more challenging since the total length of the logic 

devices must be increased: e.g. a fanout of 4 requires device 

length of 27F (1.335 μm). Additionally, if the device length is 

too long, VCMA could no longer be used effectively, since VB 

applied to the VCMA terminals would cause little to no change 

in PMA in the middle of the wire. For reliable control of DW 

position, the VCMA contacts for DW pinning must be located 

near the ends of the wire. Otherwise, if the VCMA contacts are 

too close to the central MTJ, there is a chance for the RR pulse 

to drive the DW to the ends of the wire and annihilate it. If a 

longer device were used to provide large fanout, the DW would 

need to propagate a longer distance between VCMA contacts. 

A longer device would therefore require pulses with higher 

amplitude or duration for reliable logic concatenation, which 

increases energy and adds complexity to the circuit design. 

Alternatively, a larger device fanout could be achieved by 

increasing the width of the wire to reduce the MTJ resistance. 

 

Figure S1: Simulation results for the three-device circuit at room 

temperature with TMR = 115%. DW position vs. time of (a) 

Device 1 during its reset pulse and (b) simultaneous DW position 

vs. time of Device 2. (c) Output current density from Device 1 

being pulsed to Device 2. 
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Figure S2: Simulation results for the three-device circuit at room 

temperature with TMR = 115%. DW position vs. time of (a) 

Device 1 during its reset pulse and (b) simultaneous DW position 

vs. time of Device 2. (c) Output current density from Device 1 

being pulsed to Device 2. 
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Figure S3: (a) Simulated DW position vs time at room temperature 

for an AND/NAND device when the input currents are ‘10’ and 

the TMR of the logic devices is 115%. (b) Input currents going into 

an AND/NAND device showing a logical ‘1’ input current (blue), 

logical ‘0’ input current (orange), and the total current being 

pulsed into the device (black). (c) Simulated DW position vs time 

for an AND/NAND device when the input currents are ‘11’. (d) 

Input currents going into an AND/NAND device showing the two 

separate logical ‘1’ input currents (blue, orange) and the total 

current (black). 
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We avoid this because this could also change the DW’s 

threshold current and its magnetic shape anisotropy energy. As 

another alternative, a larger range of device fanouts could be 

accessed by adding current-limiting resistors to the OUT pin of 

the device, but this introduces additional area and variability to 

the circuit. 
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