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Abstract—In exascale computing, a huge amount of data is
processed in real-time. Conventional CMOS-based computing
paradigms follow the read, compute, and write back mechanism,
which consumes significant power and time to compute and store
data. in situ computation - where data are processed within
the memory system - is considered a platform for exascale
computation. A spin transfer torque perpendicular magnetic
tunnel junction (PMTJ) is a nonvolatile memory device with
several potential advantages (fast read/write, high endurance,
and CMOS compatibility) to become a next generation mem-
ory solution. PMTJ offers the possibility of constructing both
standalone and embedded RAM as well as MTJ-based VLSI
computing. The double magnetic tunnel junction (DMT)J) is an
emerging device composed of two serially connected PMT]Js.
In this paper, a DMTJ-based multi-bit memory cell that also
provides a nonvolatile logic compute capability is presented. The
multi-level cell provides both a high speed read/write multi-bit
memory cell and a nonvolatile AND, OR, and NOT logic gate
that computes and stores input data in real-time with a delay of
70 ns in a 32 nm CMOS technology node.

Index Terms—STT, MT], ir situ computing, SOT, memristor,
PMTJ, MRAM, MLC

I. INTRODUCTION

any integrated systems have become data centric, where

huge amounts of data are collected and processed in
real-time. In data centric architectures, data motion is greatly
decreased by integrating the computational process within
the storage system at different levels of the memory and
storage hierarchy. This capability for in situ computation can
be achieved by exploiting an emerging memory technology
that exhibits two modes of operation within the same platform,
memory and compute.

The classical von Neumann separation between memory
and computing expends significant energy and space. These
systems are volatile and leak significant current. Non-volatile
memory (NVM) technologies have been proposed to replace
CMOS memory within different parts of the memory hierar-
chy. Some of these NVM solutions support in-memory com-
puting, such as memristor-based logic [1]-[3] and spintronic-
based compute-in-memory [4]-[7]. Memristors exhibit a low
endurance rate (up to 1010 cycles [8]) as compared to the high
endurance characteristics of spintronic systems (10! write cy-
cles [9]). This higher endurance makes spintronic memristors
an effective solution for in-memory compute applications.
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Magnetic random access memory (MRAM) is a spintronic
NVM considered a potential universal solution at all memory
levels [10]. This breadth is supported by the development of
multiple magnetic memory technologies, serving each level of
the memory hierarchy [10]. Most MRAM solutions are based
on a perpendicular MTJ (PMTJ) with spin transfer torque
(STT). This technology has attracted considerable attention
due to the high endurance rate, fast switching, CMOS com-
patibility, simple device structure, and ability to scale to sub-
10 nm dimensions [11]. STT MRAM, however, requires a
high critical current density to switch a device. Consequently,
the memory cell is scaled to satisfy both density and power
demands. These PMTJ devices, however, suffer from aging
and low endurance. Hence, a multi-level cell is proposed here
to further increase memory density. A double magnetic tunnel
junction (DMT]J) is a multi-level STT PMTJ cell composed of
two serially connected PMTJ devices, and exhibits four stable
resistance states.

In this paper, the DMT]J structure is combined with CMOS
to provide a hybrid multi-bit memory cell and a nonvolatile
logic element. This logic element is based on the state diagram
and physical operation of the DMTJ device. The contribution
described in this paper is due to two aspects. First, a write
circuit for the DMTJ-based STT PMTJ is proposed. Second, a
nonvolatile AND, OR, and NOT logic gate based on the multi-
level MTJ is presented. The paper is organized as follows. In
Section II, the structure and physical model of the DMTJ are
described. The proposed write circuit for a DMTJ-based multi-
bit memory cell is presented in Section III. The operating
mechanism of a DMTJ as a nonvolatile AND, OR, and
NOT gate is presented in Section IV. Simulation results are
presented in Section V. The paper is concluded in Section VI.

II. MULTI-LEVEL STT-MRAM CELL

An STT PMTJ multi-level cell is non-volatile [12] and
exhibits a fast read/write time. The simple cell structure
requires only two additional mask steps to integrate the STT
storage elements into a logic compatible CMOS process [13].
A compact model capturing the static and dynamic behavior
of a perpendicular magnetic anisotropy MTJ, including the
influence of the device dimensions and temperature on the
perpendicular magnetic anisotropy of a PMT]J, is used here
[14], [15].

A DMT]J is a multi-level STT PMT]J cell composed of two
serially connected PMTJ devices. The two PMTIJs share the
same characteristics but have different diameters, as shown
in Figure 1. Each PMTIJ exhibits two stable resistance states,
parallel (0) and antiparallel (1), whereas the DMTJ exhibits
four different resistance states, represented as Rop, Roi1, Rio,
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and R;y;. The MSB represents the state of the large PMTJ
(PMTJ2), and the LSB represents the state of the small PMTJ
(PMTIJ1). In the Ry; state, PMTJ2 operates in the parallel
state, and PMTJ1 operates in the antiparallel state. Since
PMT]J2 has a larger diameter than PMTJ1, PMTJ2 exhibits a
lower resistance than PMTJ1. Consequently, PMTIJ2 requires
a greater current than PMTJ1 to switch between the parallel
and antiparallel states.

PMTJ 1

Free layer

State “1”

State “0”

(a) (b) (©)

Fig. 1: Multi-level STT MRAM cell composed of two serially
connected PMTIs, (a) two PMT]Js connected in series modeled
as a variable resistance based on the state of operation, (b) state
”0” when the magnetization state of the free and reference
layer is in parallel, and (c) state ”1” when the magnetization
state is in the antiparallel state.

PMT) 2

The resistance-current characteristic of a DMTJ based on
two serially connected STT PMTJs is shown in Figure 2,
indicating the four resistance states of the DMTJ and the
critical current at which each PMT]J switches. The performance
and reliability of a DMT]J cell are sensitive to CMOS and MTJ
device variations and thermal induced randomness. To avoid
a read failure (an overlapping distribution of resistances), the
size of each PMTJ within the DMT] is critical. The distribution
density of the four resistance states in a DMTJ, shown in
Figure 3, is based on Monte Carlo simulations of process and
temperature variations within a DMTJ device.
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Fig. 2: AP-P transition and P-AP transition of a DMTJ. The
vertical axis is the resistance of the DMT]J at 0 volts, and the
horizontal axis describes the current to switch a DMT]J

A state flow diagram of a DMTJ is shown in Figure 4,
where +1» and —I.,, are, respectively, the current to switch
the PMTJ2 between the parallel and antiparallel state, and
I, is the current to switch PMTJ1 between the parallel and
antiparallel state. I, is larger than /.. In the following section,
a multi-bit hybrid MTJ/CMOS memory and logic cell is
proposed. The circuit requires a two step write scheme.

III. DMTJ STT PMTIJ AS A MULTI-BIT MEMORY CELL

To employ a DMTJ as a multi-bit memory cell, the cell
should supply bidirectional current and exhibit two different
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Fig. 3: Monte Carlo simulation of the four state resistance dis-
tributions of a DMTJ with process and temperature variations.

Fig. 4: State flow diagram of a DMTJ with two serially
connected PMT]Js. The device provides four resistance states
and switches between states based on the applied current.

current levels. A circuit commonly known as an H-bridge [16]
(see Figure 5(a)) was modified to achieve the write capability
of the DMTIJ. When switch Sy is closed, the current supplied
to the DMT]J is in the opposite direction than when switch S}
is closed. The H-bridge has been previously adopted to switch
an STT-based MT]J, while in this paper, an H-bridge circuit is
modified to switch a DMT]J, as discussed later in this section.

Based on the current resistance state, a DMT]J transitions to
another state in one step except for the transition between the
Ro1 and R resistance states, as illustrated in the state diagram
of a DMTJ shown in Figure 4. A reset step is initially required,
followed by a write step. Since a sense step is not used before
the write operation, a one step process writes the Rop or Ry
state by applying, respectively, a high positive current pulse or
a negative current pulse. The two step write process consists of
a reset step and a write step to produce the other two resistance
states of the DMT]J. The write and logic operations of a DMTJ
are described in the following subsections.

A notation is used to represent the current supplied to a
DMT]J, as follows: Iypo represents +1I., Io; represents —+I.1,
I1o represents —1I.1, and Ij| represents —I». The MSB is the
direction of the current, positive if zero and negative if one,
and the LSB represents the current magnitude, where zero is
less current and one is more current. A hybrid CMOS/MT]J
multi-bit memory circuit is illustrated in Figure 5(b) where
I} and Iy represent, respectively, the MSB and LSB of each
current notation. As an example, if Iy is the applied circuit,
Iy =0 and I; = 0. Hence, the top left CMOS network operates
with the bottom right CMOS network. En_W enables the write
operation, and En_S enables the sense operation.

Each switch of the write circuit shown in Figure 5(a)
utilizes a CMOS network to source the critical current to
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switch a DMTJ. The right side of the branch includes only
one transistor; therefore, if I} = 1, two CMOS transistors are
connected in series with the DMTJ. These transistors are small,
providing low current to the DMTJ, sufficient to switch the
small PMTIJ. If both I; =1 and Iy = 1, both sides of the
CMOS network produce a large current. Note that the left side
transistors within the CMOS network are larger than the right
side transistors to source this larger current. The size of the
CMOS networks is critically dependent on the four resistance
states within the DMTJ and the critical current to switch the
PMT]Js within the DMT]J.

(a)

Fig. 5: Multi-bit DMTJ memory cell, (a) H-bridge circuit
for bidirectional current supply. Switches Sy and S; control
the direction of the current within the DMTJ. (b) Proposed
hybrid CMOS/DMTIJ memory cell, where En_W enables the
write operation, En_S enables the sense operation, and /y and
I} controls, respectively, the magnitude and direction of the
current supplied to the DMT]J.

IV. DMTIJ STT PMTJ As AND, OR, AND NOT LogGIC
GATE

A DMT]J operates as a non-volatile logic cell in addition to
a multi-bit memory cell. The behavior of a DMTJ operating
as a nonvolatile logic element is illustrated in the state flow
diagram shown in Figure 4. The DMTJ is treated as a state
machine with two one bit inputs and four states. The two one
bit inputs, I; and Iy, refer, respectively, to the direction and
magnitude of the supplied current. The four states refer to the
four resistance states of a DMTJ. The truth table of a DMTJ,
as a state machine, is listed in Table I. S; and So represent,
respectively, the present state of the large PMTJ and small
PMT]J, and S/1 and Sé) represent, respectively, the future state
of the large PMTJ and small PMT]J.

The boolean representation of the future state bits, .SJO and
SJ], in terms of the current state of a DMTJ and input current
bits, illustrated in Figure 6, is, respectively,

So=1 (1

(@)

A DMT] transitions into a non-volatile state once a current
is applied. The future memory state of a DMTJ is represented
by §0 and S/l, where Sé) and S’1 are, respectively, the future state
of the small PMTJ and large PMTJ. Based on (1), Sé) cannot

S/l =ILilo+S1ly+ S11;.

Table I: Truth table of a DMTIJ as a state machine

St Soln ]S ]S,

0 [0 0 [0 [0 0

0 (0[O0 [T [0]0

0 [0 [T 0[O0 1

0 [0 [T [ T[T 1

0 [T [0 0[O0 0

0 [T [0 [T [0]0

0 [T [T 001

0 [T [T [ T[T 1

T T0O[0 [0 070

T T 0[O0 [T 10

T 01T [0 T 1

T [0 [T [ 111

T 1[0 [0 070

T [T [0 [T 110

T [T [ 1[0 11

T 1T [T [ 111
S1SgN\ 00 01 11 10§\ 00 01 11 10
o/o|of1]1 oo|o|of1io
otjo|of1]1 o1{o|0f1io0
1110011 12{0f1f281)
1000011} 10(0f1|181]

(a) (b)

Fig. 6: Karnaugh map of the future state bits of a DMT]J, (a)
Sy, and (b) S}

represent a logical operation of the input bits. However, as
described by (2), S’1 is the logical computation of the input
bits which can produce a logic family through the following
relationship: When S; =0, S,1 = I11y; hence, the future memory
state of the large PMTJ is the AND operation between the two
input bits, /1 and Ip. When §; =1, S/l =hLhly+ 1+ 1. S/1 is
therefore the OR output of /; and Ip.

Accordingly, a DMT]J operates as an AND gate when the
device is initially reset to the state where S| = 0, such as Ry
or Ro;. The input to the AND gate is I; and Iy, and the output
is stored in the large PMTIJ. To operate a DMTJ as an AND
gate, the DMT]J is reset to the Rqg state since only one pulse
is required to set the PMTJs into this state.

To configure a DMTJ as an OR gate, the DMT]J device is
initially reset to the state where S; =1 such as Rj; or Rjg. The
output of the OR operation is stored within the large PMT]J.
The R; state is chosen as a reset state when a DMTJ behaves
as an OR gate since the Rj; state can be written by the one
pulse write scheme.

The DMTJ can be realized as a NOT gate by storing the
input signal within a DMT]J; hence, the output of the NOT gate
can be achieved by a CMOS inverter. To operate the DMTJ
as a NOT gate, the device is initially reset to the Rj; state,
followed by a calculate state where the input is applied to the
I, node, and I is set to zero. Based on (2), where S =1 and
Ip=0, 5/1 =1I;. An inverter is hence connected at the output of
PMT]J1 to produce an inverted version of the input data signal.

The primary advantage of the proposed system lies in the
ability to perform a logical operation and store the result
concurrently as a non-volatile memory state. The proposed
logical operation of a DMT]J is supported by the same memory
system without requiring any additional circuitry. The oper-
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Fig. 7: Simulation of a DMTJ behaving as a nonvolatile DMTJ logic gate, (a) AND gate, and (b) OR gate. Enable is the

are the inputs, Zy and Z; are, respectively, the perpendicular magnetization of the small PMTJ and

large PMT]J, Sp and S; are, respectively, the corresponding state of the small PMTJ and large PMTJ, and Rpy7; is the change

in the resistance of the DMTJ

ational mechanism and simulation of a DMTJ behaving as
a multi-bit memory cell and a nonvolatile logic element are
described in the following section.

V. OPERATIONAL MECHANISM AND SIMULATION
RESULTS

In the proposed work, a DMTI is treated as a state machine,
where the next state of a DMT]J is based on the input current
and the present state of the DMTJ. The input current is
based on the input bits, and the output is stored within the
DMTIJ in a nonvolatile state. The operation of a DMTJ as
a memory element and a nonvolatile logic element is based
on a macrospin model of a DMTJ composed of two serially
connected STT PMTJs with a diameter of, respectively, 30 nm
and 40 nm. A 32 nm predictive technology model is used to
characterize the CMOS transistors [17]. The CMOS transistors
are sized to provide sufficient current to switch each PMTJ
based on inputs /1 and Ip. The size of the CMOS transistors
and the diameter of the two PMT]Js are critical since the greater
the size of a PMTJ, the lower the resistance and the larger
critical current required to switch the DMTJ cell.

The proposed DMTJ-based two bit memory cell and non-
volatile logic is illustrated in Figure 5(b) where the write
operation is controlled by the enable write signal Eny. Eny
supports two modes of operation. When Eny = 1, the circuit
operates in the write mode and current is produced. When
Eny =0, the circuit operates in the hold mode with no supply
current, hence the DMTJ is set in a stable state. The pulse
width of the write and hold time signals is carefully chosen.
Limitations of the write and hold time are governed by the
influence of the spin transfer torque on the PMTJ. The wider
the pulse of the supply current, the less critical current required
to switch the PMTJ. Any limitations on the write pulse width
are due to the worst case write scenario (the write signal only
switches the smaller PMTJ, not the larger PMTJ). The width
of the minimum write pulse is chosen to switch the smaller
PMT]J, while the width of the maximum write pulse is set to
not switch the larger PMT]J.

The direction and magnitude of the supplied current are, re-
spectively, controlled by /; and Iy. Zy and Z; are, respectively,
the orientation of the perpendicular magnetization of PMTJ1
and PMTIJ2 within the DMT]J. The pinned ferromagnetic layer

of the DMT]J is magnetized in the positive z direction (pointing
up). As an example, if Zp=1, then PMTIJ1 is in the parallel
state with Sp=0. A minimum and maximum write pulse of,
respectively, 25 ns and 35 ns is required to write a state within
a DMTIJ. A minimum hold time of 10 ns is required once each
write state is set to ensure the device remains in a stable state.

Operating a DMTJ as a non-volatile logic element is
achieved in two steps. A reset state is initially written into
the DMT]J based on the logical operation, the Ry state for
an AND operation and the Rj; state for an OR operation.
This step is followed by the calculate state, where the logical
operation is computed in real-time, and the non-volatile state
is stored within the DMTJ. A waveform of a DMTJ-based
AND gate and OR gate is shown, respectively, in Figures 7(a)
and 7(b).

A critical current of approximately 100 pA and 140 uA
is required to switch, respectively, the smaller and larger STT
PMTIs. Significant development has recently been achieved to
decrease the critical current required to switch an STT PMT].
These approaches primarily use 1) low damping materials
for the thick free layers [18], and 2) new composites (such
as MgO.N,_,) as a tunnel barrier to overcome inter-layer
diffusion [19]. These developments in STT PMTJ memory
are producing higher switching speeds, greater endurance, and
lower critical currents.

VI. CONCLUSIONS

In this work, the DMT]J is proposed as a multi-bit mem-
ory element and as a nonvolatile logic element. A hybrid
CMOS/DMTI circuit supports nonvolatile logic operations. In
the proposed work, the DMT]J is treated as a state machine,
where the next state of a DMTJ is based on the input current
and the present state of the DMTJ. The DMTJ is reset to
an initial state followed by a calculate state. The output of
the logical operation is stored as a nonvolatile state within
the DMTJ. The DMT]J behaves as a nonvolatile AND, OR,
and NOT logic gate with a delay of 70 ns for a 32 nm CMOS
technology node. The multi-bit memory cell exhibits an access
time of 35 ns with a one step write scheme to write either the
Rgo state or Ry state, and 70 ns for a two step write scheme
to write either the Ry state or Rjq state.
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