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Abstract—A non-volatile spintronic programmable logic (SPL), based on a 3-teriminal magnetic tunnel junction (MTJ), is
presented and simulated using a compact device model. The SPL structure is compatible with CMOS technology and can
be fabricated in the back end of line (BEOL). The proposed SPL exploits gate-voltage-modulated spin Hall effect (V-SHE)
switching, which combines the voltage-controlled magnetic anisotropy (VCMA) effect and SHE, as a parallel configuration
method. The VCMA modulates the coercivity of the MTJ, reducing the critical current for the SHE to change the state of the
MTJs. This allows the SPL to achieve 100 times faster configuration speed due to the parallel configuration, and 32% area
reduction because of minimized transistors in the write circuit, compared to programmable logic based on conventional
spin-transfer torque memory (STT-RAM).
Index Terms—Spin electronics, gate-voltage-modulated spin torque switching, magnetic tunnel junction (MTJ), perpendicular magnetic
anisotropy (PMA), spin Hall effect (SHE), tunneling magnetoresistance (TMR), voltage-controlled magnetic anisotropy (VCMA).

I. INTRODUCTION
Conventional static random access memory (SRAM) technology has been widely used as cache memory in modern microprocessors, and as the memory element in look-up tables (LUTs)
in programmable logic circuits. SRAM has a number of advantages such as fast access time (<1 ns) and unlimited endurance
(>1015 ) [Kuon 2007]. However, at present nanometer-scaled CMOS
technology-based SRAM cells have become a power-hungry component in embedded systems, especially in terms of static power
dissipation, due to the fact that the leakage current has exponentially
increased by continued shrinking of transistors. To alleviate this issue,
the implementation of non-volatile memory into systems has been
proposed by many researchers, completely eliminating standby power
consumption [Liauw 2012, Masui 2003, Suzuki 2012].
A magnetic tunnel junction (MTJ) device, which has discrete
two resistance states, is considered a strong candidate to realize
non-volatile embedded systems because of its compatibility with conventional CMOS processes, extremely high endurance (>1015 ) [Ikeda
2010, Kanai 2014]. Its density and write energy are scalable, and it
can be used with different types of switching mechanisms utilizing
spin transfer torque (STT) [Huai 2004], Oersted fields [Tehrani 2003],
spin Hall effect (SHE) [Liu 2012], or voltage-controlled magnetic
anisotropy (VCMA) [Shiota 2012].
An STT-MTJ-based 6-input non-volatile lookup table (NV-LUT)
has been proposed by Suzuki [2012]. The LUT circuit is implemented
compactly by replacing SRAM cells with STT-MTJs. In the LUT, a
few of the STT-MTJs have a shared write-control transistor, especially
for switching from low to high resistance, to reduce the area further. However, even with the shared transistor, the current controlled
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STT-MTJ requires high current (>100 μA) compared to a voltagecontrolled MTJ, which in turn limits the scaling down of the access
transistor (typically >10F 2 ).
A VCMA-based MTJ, on the other hand, exploits magnetoelectric effects, significantly reducing the need for currents to switch
the device. In addition to reduced switching energy, the use of electric field for writing provides an advantage in terms of enhanced
bit density (∼6F 2 ) and fast switching (<1 ns) via precessional
(i.e., resonant) switching. This type of switching, however, has
a non-deterministic feature, where the state of the bit is always
reversed regardless of its initial state for a given pulse duration.
Therefore, the state of the MTJ needs to be read before writing
[Lee 2014].
In this paper, we propose a spintronic programmable logic (SPL)
concept, based on a 3-terminal MTJ device that combines both SHE
(from spin polarized electrons due to a current) and the VCMA effect
(i.e., voltage control), which we refer to as gate-voltage-modulated
SHE switching (V-SHE). The SPL can be configured to perform
not only any arbitrary combinational logic function but also any
sequential logic function. Due to the V-SHE switching, which is deterministic, the SPL is able to configure its MTJ devices in a parallel
manner, achieving 1ns configuration time and low switching energy
(28 fJ/bit). Compared to the conventional 6-input STT-MTJ-based
LUT, which writes in a serial manner, the configuration time of the
SPL is significantly reduced up to 100 times. In terms of area, the
proposed SPL achieves 61% and 32% area reductions compared to
SRAM and an STT-MTJ-based LUTs, respectively, when used in the
form of a 6-input LUT structure.
This paper is organized as follows. Section II presents a brief
overview of a 3-terminal MTJ compact model and introduces the gatevoltage modulated SHE switching mechanism. Section III describes
an architecture of the SPL and shows its logic function. The performance of the SPL is discussed in Section IV, before concluding with
Section V.
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Fig. 1. Schematic of the 3-terminal MTJ on the heavy metal layer with
spin-orbit interaction (i.e., tungsten, W) for the SHE effect. A charge
current Im transfers the spin torque via a polarized (in-plane) spin current. The fixed symmetry-breaking in-plane magnetic field is needed
to set the direction of the SHE-based switching in the perpendicularly
magnetized MTJ.

II. COMPACT MODEL OF THREE-TERMINAL
MAGNETIC TUNNEL JUNCTION
Three types of torques (VCMA, STT, SHE) are implemented into a
macrospin Verilog-A-based 3-terminal MTJ compact model. In the
case of VCMA-induced switching, an electric field modulates the
perpendicular magnetic anisotropy (PMA) of a ferromagnetic film
and is modeled by a voltage-dependent effective field. STT and SHE
are similar in that both generate spin currents resulting in (anti-)
damping-like spin torques. STT relies on spin polarization created via
interactions of electrons with a pinned layer and the subsequent transfer of said electrons into the free layer (with the charge current flowing
through the pinned layer and then tunneling through the MgO and then
into the free layer) where due to the polarization of the charge current,
a spin current is also produced. The SHE on the other hand, generates
a spin current at the interface between the free layer and heavy metal
in the presence of an in-pane charge current passing through the heavy
metal thin film (no charge current passes through the MTJ) or topological insulator. Field-like spin torques were not considered in the
present study.
Fig. 1 shows the 3-terminal MTJ structure where the
CoFeB/MgO/CoFeB-based MTJ is placed on top of the heavy
metal with spin-orbit interaction, giving rise to a sizeable spin Hall
effect (hereafter, the HMS layer). Since the MgO thickness is 1.5 nm,
which produces a relatively large RA (>103  · μm2 ), the STT
effect is negligible. To deterministically switch a perpendicularly
magnetized MTJ by using the SHE effect, an in-plane magnetic field
is necessary to break the symmetry with respect to spin torque [Liu
2012]. This in-plane field can be generated by an additional pinned
layer, which can be fabricated as part of the magnetic tunnel junction.
The Spectre circuit simulator with the 3-terminal compact
model extracts the charge current (Im ) flowing through the
HMS layer and calculates spin current by using the following equation [Manipatruni 2013]: Is = AMJT /A H M S θ S H E (1 −
sech(t H M S /λs f )Im , where AMJT and A H M S are the cross-sectional
areas of the MTJ and the HMS layer, respectively, θ S H E is the spin
Hall angle, t H M S is the thickness of the HMS layer, and λs f is the
spin flip length. The compact model uses the obtained spin current
(Is ) as one of the variables in the Landau–Lifshitz–Gilbert equation
to predict the dynamics of the free layer magnetic moment at a given
magnetic field and electric bias condition.

Fig. 2. Simulation results of pure SHE switching and gate-voltagemodulated SHE switching in the presence of external in-plane magnetic
field. If Im is larger than the absolute value of the critical current, it
switches the MTJ state from AP to P as well as from P to AP (strong
SHE). Below the critical current, switching does not occur (weak SHE).
Even though Im is less than the critical current, switching occurs by
applying a 1 ns pulse on top of the MTJ due to the VCMA effect, which
reduces the energy barrier of the MTJ (VCMA + SHE).

Although the voltage-dependent perpendicular magnetic
anisotropy K i (V ) may in general have a nonlinear dependence on the
applied voltage, we modeled the linearized form of the dependence
observed in most experiments to data. K i (V ) = K i (V = 0) − ξ V /d,
where ξ (units of fJ/V-m) is the linear VCMA magnetoelectric
coefficient, V is the applied voltage across the MTJ, and d is the
MgO thickness [Khalili Amiri 2015].
Fig. 2 shows simulation results for a 3-terminal MTJ with a critical
current for SHE switching of 90 μA in the absence of any voltage applied across the MTJ structure and in the presence of 100 Oe
in-plane magnetic field. When the amplitude of the charge current
flowing through the HMS layer is larger than the critical current with
2 ns duration, Im is able to switch the MTJ both from high resistance state (denoted as AP) to low resistance state (denoted as P)
and from P to AP by changing the current direction. However, it is
possible to modulate the critical current for the SHE effect via the
VCMA mechanism by applying a voltage across the MTJ. By varying
the perpendicular magnetic anisotropy of the free layer, the critical
current therefore becomes a function of the applied voltage across
the device. This enables local gating of switching in structures where
multiple MTJs are placed on top of a single HMS layer. As shown in
Fig. 3, applying 0.76 V across the MTJ reduces the critical current
from 90 μA to 20 μA, resulting in a wide bias window to control the
switching current. This allows selective switching of MTJs using a
voltage, under the bias condition of a moderate fixed charge current
(58 μA) flowing through the HMS layer.

III. SPINTRONIC PROGRAMMABLE LOGIC (SPL)
We employed 65 nm CMOS technology with a 3-terminal MTJ
compact model to design and evaluate the SPL in the Cadence circuit
design environment. Fig. 4 shows the proposed 2-input SPL, which
consists of three major parts: a write circuit, a selection tree, and a
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Fig. 3. Switching probability as a function of current (Im ) amplitude
and applied voltage (VMJT ). The switching probability for each condition was extracted from 1,000 attempts based on the 3-terminal MTJ
compact model simulation. As the applied voltage (VMJT ) increases,
less current (Im ) is necessary to switch the MTJ state.

Fig. 5. Write and logic operation of the proposed 2-input SPL. The
MTJ2 and MTJ3 are switched from AP to P due to the 2 ns duration
of the charge current Im ≈58 μA with 0.44 V pulse on BL2 and BL3.
During the logic operation, MTJs are consecutively selected based on
two inputs, A and B, and an OUT, which corresponds with the stored
data in MTJs, is available at the rising edge of CLK. After power off and
on, the same logic function is realized due to the non-volatile nature of
MTJs.

noteworthy that the same logic operation can be resumed after returning from the standby mode (power off) due to non-volatile MTJs,
thus achieving zero standby power and instant-on recovery without
necessitating a data fetch from external memory.

IV. PERFORMANCE
Fig. 4. Schematic of the proposed 2-input spintronic programmable
logic (SPL). The truth table of a 2-input function is stored into 4 Data
MTJs (MJT1∼MJT4). In the write mode, M1 and M2 turn on to generate
current Im for SHE and VMJT is applied for the VCMA effect through
BLs. In the logic operation mode, one of the Data MTJs is selected
based on the input signal A and B. The state of the selected MTJ is
detected by a current conveyer, generating a stable logic value “high”
(AP) or “low” (P).

current conveyer. The write circuit is used to configure the data MTJs
(MJT1∼MJT4). For instance, to configure the XOR logic function a
58 μA charge current (Im ), provided by the write circuit (M1, M2),
flows through the HMS layer to generate the SHE and a ∼0.5 V pulse
(VMJT ) is simultaneously applied on the BL2 and the BL3, changing MTJ2 and MTJ3 from AP to P via the gate-voltage-modulated
SHE switching, hence realizing a parallel write configuration. The
write (configuration) operation is followed by two logic operations
separated by the standby mode (power off) as shown in Fig. 5.
The selection tree is used for the logic operation to choose one of
the current paths, selecting an MTJ associated with the input bits of A
and B. The current conveyers, composed of two transistors (M4, M5)
and two AP state MTJs (MTJ5, MTJ6), increase the sensing margin
by using the feedback loop. The detailed operation is described in
Section IV.
Based on the configuration of MJT1∼MJT4, the SPL can perform
any type of combinational and sequential logic functions by combining a flip-flop. One can increase the number of inputs of the SPL by
adding more MTJs, realizing more sophisticated logic functions. It is

A. Sensing Margin
The sensing margin is limited by intrinsic characteristics of the
MTJs (in particular the tunnel magnetoresistance, TMR), as well as
by circuit design parameters and the sensing scheme used. Previous
works have shown that 0.18 V sensing margin can be achieved based
on 1T-1MTJ topology with 200% TMR and a 65 nm technology [Song
2011]. In the proposed circuit, as shown in Fig. 4, the sensing margin is defined by the voltage difference between the REF node and
the SENS node. To maximize the sensing margin, a modified version
of the current conveyer circuit is implemented into the SPL [Koike
2011]. Based on an achieved TMR of 100%, the SPL achieves a 0.8 V
sensing margin in this work.
The logic operation based on the current conveyer circuit is as follows: the R_Enable rises up to 1.0 V and pre-charges the REF node
and the SENS node at a certain voltage level, which slightly turns M4
and M5 on. Simultaneously, both REF and SENS nodes become virtually shorted by turning M3 on, as shown in Fig. 6. Once M3 is turned
off, the potential of the REF node and SENS node are determined
by the strength of the pull-up and pull-down paths. If the selected
MTJ has AP, which is higher than Rr e f , the SENS node is discharged
much faster than the REF node. The reduced potential of the SENS
node leads M5 to the subthreshold region, discharging the REF node
slowly. These events are continuously repeated through the feedback
loop until the circuit clearly distinguishes the state of MTJs; AP and
P cause “high” and “low” on PREOUT, respectively, as shown in
Fig. 6.
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Fig. 6. Simulation of the sensing margin during the logic operation.
Because of the current conveyer (M4, M5), a 0.81 V sensing margin is
achieved. To execute logic operation, M3 is turned on by INITIAL for
0.5 ns, causing the equipotential between REF and SENS node. After
turning M3 off, the potential of the SENS node is determined by the
state of the selected MTJ; AP makes SENS node “low”, and P makes it
“high”.
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Fig. 8. Area comparison of different types of LUT. The proposed
SPL is the most area-efficient structure compared to both SRAM and
STT-RAM-based LUTs. As the number of inputs increases, the area
efficiency of the proposed SPL also improves.

The 2-input SPL can achieve 35% and 28% area reduction compared to SRAM and STT-RAM-based 2-input programmable logic,
respectively. This is obtained by replacing a 6-transistor SRAM cell
with an MTJ and using the minimum size of transistors for the write
circuit. For these reasons, as the number of inputs increase, the proposed SPL can have more of an advantage in terms of area as shown
in Fig. 8.

V. CONCLUSION
In this letter, we have presented an SPL architecture based on 3terminal MTJs, with combined SHE and VCMA operation for logic
applications, where the logic function is determined by the configuration of the MTJ states. The configuration step can be executed
in a parallel manner via the gate-voltage-modulated spin Hall effect
switching, achieving high speed (×100) and reducing the area for the
write circuit (up to 61%). The SPL performs data processing with
GHz clock speed and achieves zero static power.
Fig. 7. An applied voltage VMJT induces the VCMA effect, causing a
modulation of the critical current for spin Hall effect switching. In this
structure, write energy and time require 28.7 fJ/bit and 2 ns, respectively. The amount of dynamic power for the logic operation is below
20 μW. The SPL consumes zero power during sleep mode (power-off
mode).

B. Power Consumption and Area
The configuration energy depends on various factors: the PMA
(K i = 1.005 × 10−3 J/m2 ), VCMA coefficient (ξ = 37 fJ/Vm), saturation magnetization (M S = 1.2 × 106 A/m), spin Hall angle
(θ S H E = 0.3), and parasitic loading of the circuit. Based on the above
assumptions with the compact model simulation, the switching energy
of an MTJ via gate-voltage-modulated SHE switching was extracted
and found to be 28.7 fJ/bit, as shown in Fig. 7.
For dynamic logic operation, the circuit consumes below 20 μW
with 1 GHz speed, which is similar to that of the conventional SRAMbased LUT. However, it can achieve zero power consumption during
sleep mode due to the non-volatility of MTJs. The total power dissipation is thus determined by the duty cycle, i.e., the ratio of sleep mode
to active mode.
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