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In the context of neuromorphic computation, spintronic memristors are investigated for their use as synaptic
weights. In this paper, we propose and experimentally demonstrate a resistive synaptic device based on ten
magnetic tunnel junctions (MTJs) connected in a serial configuration. Our device exhibits multiple resistance
levels, that supports its use as a synaptic element. It allows for two operating knobs: external magnetic field
and voltage pulses (Spin-Transfer Torque). Moreover, it can be operated in different ways. When varying
continuously the amplitude of the voltage pulse and/or the magnetic field, eleven resistance states can be
reached. In contrast, if the initial state of the chain is reset between every step, a very large number of levels
are reached. Ideally, a total of 2N resistance levels could be accessible. This coincides well with the desired
analog-like behavior in ideal memristors. Since this device consists of a scalable number of N MTJs, and
MTJ technology is continuously optimized and improved, the proposed memristor shows promise as a scalable
synapse solution for neuromorphic hardware implementations.

PACS numbers: Valid PACS appear here

I. INTRODUCTION

Neural networks and deep learning1 algorithms, due to
their largely parallelized structures, have shown promise
in efficient implementations of data-intensive applica-
tions, such as image/speech recognition and classifica-
tion. Neural networks consist of a large number of pro-
cessing elements which represent the neurons. They are
highly interconnected. Each interconnection is weighted
through a memory element that represents the synapse.
The performance and energy efficiency of neural net-
work architectures largely depends on the number and
physical implementation of neurons and synapses. Since
synaptic weights should be stored and updated, they
are most commonly implemented using memory devices.
Additionally, the number of resistance levels of a synap-
tic weight is also an important factor of performance.

Many systems initially developed for nonvolatile
memory technologies could be exploited as synaptic
devices. These include: resistive devices such as re-
sistive RAM (RRAM)2 and phase change memory
(PCM)3, FET-based devices4, or ferroelectric devices5.
Magnetic materials are also interesting candidates due
to their inherent non-volatility and the possibility to
read and write them with a Magnetic Tunnel Junction
(MTJ). Moreover, they benefit from reliability and large
endurance at sub-100nm sizes.6,7
So far, the main concept of MTJ-based memristor uses
the position of a magnetic domain wall to encode the
synaptic weight8–11. This position is converted into a re-
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sistance via the Tunnel Magnetoresistance (TMR) effect.
In principle, they could be used in an analog manner
by moving continuously the domain wall along the strip.
However, the random pinning sites caused by roughness
prevent this possibility at the nanoscale. For control-
lable resistance levels, pinning sites have to be designed
carefully12,13.

Another concept of MTJ-based memristor is the Com-
pound Spintronic Synapse14 that consists of several
MTJs stacked on top of each other. This approach is
expected to be very compact but the number of levels is
limited by a challenging fabrication process.

Here, we propose and demonstrate experimentally a con-
cept of multi-level resistor that can be used to implement
a synaptic element. It is based on a chain of Magnetic
Tunnel Junctions and takes advantage of the develop-
ment of standard Spin-Transfer-Torque Magnetic Ran-
dom Access Memory (STT-MRAM). To write the mag-
netic states, two effects can be used: switching via an
external magnetic field or switching via Spin Transfer
Torque. In the later, the magnetic moment carried by
the spin-polarized current is transferred to the magneti-
zation of the ferromagnetic free layer, allowing for mag-
netization reversal.

The paper is organized as follows. Section II presents the
proposed structure and the experimental demonstration
of its synaptic function. More specifically, we present
the multiple resistance levels of the device along with
its well-defined controllability and tunability. Section III
elaborates on the number of accessible resistance states
of the device based on modeling.
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II. EXPERIMENTAL RESULTS

The spintronic memristor proposed here consists of multi-
ple magnetic tunnel junctions (MTJ) connected in series
in a head-to-head and tail-to-tail configuration, as shown
in Fig. 1(a). The pillars are dual-MgO top-pinned MTJs
and have a diameter of 100 nm.We refer to Liu et al.15
for more details on the sample, i.e. the MTJ stack. The
devices were fabricated in imec’s 300mm pilot line with
standard fab-compatible processes. In the following, the
experimental results are explained, demonstrating the de-
vice characteristics when driven by magnetic field and/or
spin-transfer torque (STT).

A. Hysteresis loop and irreversible switching by spin-transfer
torque

The hysteresis curve of a series of 10 MTJs is displayed
in Fig. 1(b). The loop is off-centered by ∼ −7mT
and shows 10 intermediate steps switching parallel-to-
antiparallel (P2AP) and antiparallel-to-parallel (AP2P).
This demonstrates the consecutive switching of the 10
MTJs. The chain is divided into two subpopulations
of MTJs: when the chain is biased with positive volt-
age, subpopulation (1) is positively biased (blue pillars
in Fig. 1(a)) while subpopulation (2) is negatively biased
(green pillars). It follows that subpopulation (1) switches
from parallel (P) to anti-parallel (AP) while subpopula-
tion (2) switches from AP to P when driving the chain
with positive voltage pulses. The spin-torque driven case
is shown in Fig. 1(c) at an external magnetic field of 0
mT. Firstly, the chain is saturated to the parallel state
by applying a negative magnetic field. Then, by apply-
ing positive voltage pulses of increasing amplitude, the
resistance of the chain changes from state 1© to state 2©
in a step-like transition. This corresponds to the P2AP
switching of subpopulation (1). In a second phase, the
applied voltage pulses are negative. Therefore, subpopu-
lation (2) can switch from P2AP as well, reaching state
3©. In the ideal case however, it is expected that subpop-
ulation (1) would switch back from AP to P with nega-
tive voltage pulses, preventing the transition to state 3©.
However here, the P2AP and AP2P transitions of the
MTJs are not symmetrical. At an external field of 0 mT,
the P2AP transition of the MTJs is favored, allowing the
transition from state 2© to state 3©. To switch back to
state 1© or 2©, it is required to change the value of the
external magnetic field.

B. Switching by magnetic field and bipolar voltage pulses

The hysteresis loop of a second MTJ chain is shown in
Fig. 2(a). Also here, step-like transitions are observed,
switching the MTJs consecutively. The offset field is
∼ −18 mT. For the spin-torque driven reversal, bipo-
lar voltage pulses are used to target both subpopulations
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FIG. 1. (a) Device schematics consisting of 10 MTJs in series.
(b) Step-like reversal driven by magnetic field. (c) Multilevel
STT-driven P2AP transition with unipolar voltage pulses at
zero external magnetic field.

of MTJs at once. These bipolar pulses enable switch-
ing of subpopulation (1) in the first half of the period,
where the voltage amplitude is positive. Switching of the
subpopulation (2) is enabled in the second half of the pe-
riod, corresponding to a negative voltage amplitude. In
Fig. 2(b), the AP2P transition is driven by bipolar volt-
age pulses of increasing amplitude at an external mag-
netic field of −28.12 mT. Similarly, the P2AP transition
is shown in Fig. 2(c) at an external field of −8.14 mT.
The voltage shown on the x-axis of Fig. 2(b)-(c) is the
peak-to-peak amplitude of the bipolar pulses.
The external assist fields for STT-driven reversal are in-
dicated by the blue and red vertical lines in Fig. 2(a),
they are well below the coercive field. Therefore, they
don’t drive the change in resistance when only a field is
applied but act as selectors for the STT-driven reversal,
either P2AP or AP2P. These assist fields were chosen af-
ter performing the scans shown in Figs. 2(d)(e). They
represent the STT-driven reversal of the chain at differ-
ent field values. The field is varied between -51.8 mT
and 37 mT in steps of 0.74 mT. For every experiment,
the chain is first saturated in the anti-parallel (Fig. 2(d))
or parallel (Fig. 2(e)) state.
To better understand the behavior of the MTJ chain, we
describe here in detail the observations of Figs. 2(d)(e)
for four different field values.

1. -51.8 mT : From the hysteresis curve, it is clear
that the chain will be in the P-state at this field
value. Indeed, the chain has a low resistance at
-51.8 mT, bottom-left of Fig. 2(d)(e). When ap-
plying bipolar pulses of increasing amplitude, the
chain remains in the low-resistive state.

2. -28.12 mT :
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(a) After being saturated in the AP-state (Fig.
2(d)), the chain remains in this state at this
field value (vertical blue line in (a) and (d)).
The bipolar voltage pulses of increasing am-
plitude switch the chain to the P-state in a
step-like way. This is the case of Fig. 2(b).

(b) On the contrary, if the chain is first saturated
in the P-state, no switching is observed (ver-
tical blue line in Fig. 2(e)).

3. -18.13 mT : At the offset field or fields close to the
offset field, both the P2AP and AP2P transitions
are possible, leading to an unpredictable sequence
of increasing and decreasing resistance steps (fig-
ures not shown). At this field value, the full AP
(P) state cannot not be reached starting from the
P (AP) state.

4. -8.14 mT :

(a) Similar to bullet 2.(a), now starting from P-
state. This is the case of Fig. 2(c).

(b) Similar to bullet 2.(b), now saturated in the
AP-state, no switching is observed (vertical
red line in Fig. 2(d)).

5. 33.37 mT : Similar to bullet 1, the chain remains
in the AP-state (bottom-right of Figs. 2(d)(e)).

In the experiments of Figs. 2(b) and (c), the magnetic
field is fixed while the amplitude of the voltage pulses is
steadily increased. Oppositely, we can set the amplitude
of the voltage pulses while increasing the field value.
In the experiment shown in Fig. 3(a), we perform a
field sweep while adding a bipolar voltage pulse of
10V peak-to-peak at every field step (red curve in
the figure). These voltage pulses provoke switching
despite a magnetic field well below the coercive value.
Therefore, the hysteresis loop is expected to become
narrower when increasing the amplitude of the voltage
pulses. In contrast, the black curve of Fig. 3(a) displays
the conventional hysteresis loop. This experiment was
performed a dozen times. The histogram of the accessed
resistance states during these repeated measurements is
shown in Fig. 3(b).

In these experiments, we observe a maximum of 10
switching events (i.e. 11 resistance levels) in one sweep.
Therefore, we can conclude that the MTJ switching
occurs sequentially.

C. Towards analog-like behavior

The chains measured in this study have a resistance
range of ∼1000 Ω. It corresponds to the difference
between a state where all the MTJs are parallel and a
state where all the MTJs are anti-parallel. As explained
in section III, due to the variability between the MTJs,
a maximum of 210 resistance levels could be accessible.
In the experiment that follows, the measurements are
independent of the history of the chain’s resistance. This
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FIG. 2. (a) Step-like reversal driven by magnetic field. Multi-
level STT-driven AP2P (b) and P2AP transitions (c) at a spe-
cific external magnetic field. Similar multilevel STT-driven
AP2P (d) and P2AP (e) transitions scanned at different field
values.

6200

6400

6600

6800

7000

7200

R
e

s
is

ta
n

c
e

 (  )

-60 -40 -20 0 20 40

62
00

64
00

66
00

68
00

70
00

72
00

Field (mT)

Field only

Field + pulse

R
e

s
is

ta
n

c
e

 (
  

)

2010 300
Count (a.u.)

(a) (b)

FIG. 3. (a) Conventional hysteresis loop (black) and hystere-
sis loop with added voltage pulse at every field step (red). (b)
Histograms presenting the possible resistance levels, obtained
by performing the red loop a dozen times.

is in contrast with the experiments of Figs. 2 and 3.
Firstly, the chain is saturated to the P state. Secondly,
an external field of a chosen value is set. Then, a single
bipolar pulse of 10V peak-to-peak is applied to the
chain. Lastly, the resistance of the chain is measured.
These four steps are performed 100 times at every chosen
field value. The results of these experiments for all the
field values between −44.4 mT and 44.4 mT, in steps
of 0.74 mT, are shown in Fig. 4(a). The achievable
resistance levels span almost the entire resistance range.
The resistance levels achievable for four specific field
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values are displayed in 4(b). This shows how the external
magnetic field affects the total resistance.

In contrast to the previous experiment where 11
levels could be obtained in one sweep, here, a large
number of levels can be accessed. This could be due to
the resetting of the chain state between every step.
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FIG. 4. (a) Possible resistance levels covering the entire re-
sistance range. (b) Obtained resistance levels when choosing
four specific field values.

D. Setting the resistance level

The device allows for setting a resistance within a preset
tolerance. In Fig. 5(a), a simple algorithm is presented
based on both field and voltage pulses. In the top-right,
three parameters are defined. MR is the total range
within which the resistance can be set. It is equal to the
difference between the P and the AP resistance values
of the chain. ∆R defines the difference between the
measured resistance and the preset targeted resistance.
Finally, ∆H is the value by which the magnetic field
is adjusted. It is defined as a function of the former
two parameters and a preset maximum change in field
∆Hmax.

The algorithm starts by an initiation step. The
chain is saturated to the P or AP state and the maxi-
mum allowed field change is defined. Additionally, the
tolerance and the target resistance, Rtarget, are set. In
the next step, the resistance of the chain is measured,
after which it is compared to the preset tolerance. If
the resistance is not within the preset tolerance, the
magnetic field is adjusted by ∆H. After this, the
loop starting from "Measure ∆R" is repeated until the
resistance is within the preset tolerance. A "Wait" step
is added to verify that the reached resistance is stable.

If it is not stable, the loop is restarted. Similarly to the
experiment in Fig. 3, the algorithm was tested by using
only a magnetic field (black curve) or adding bipolar
voltage pulses of fixed amplitude at every field step (red
curve). Both methods are compared in Fig. 5(b). The
target resistance and the preset tolerances are presented
by the solid and dashed horizontal lines, respectively.
The algorithm either starts from the AP state (circles)
or the P state (squares). Starting from the bottom-left
of the figure (P-state), the red curve requires smaller
magnetic field and reaches the target in less iterations
than the black curve. This is in agreement with Fig. 3.
A similar result is obtained when starting from the
top-right (AP-state). The algorithm was tested 342
times, half of which starting from the P state, the
other half from the AP state. The success rate was
more than 99 % for the pulsed algorithm and more
than 96 % for the field-only algorithm. After testing
the algorithm, it is concluded that the probability of
reaching a targeted value, depends on the target value
itself, as well as on the initial state, and on the chosen
algorithm, i.e. with/without pulses. In Fig. 5(b), the
black curve starting from AP is a rare case where the
targeted resistance is not reached within the preset
tolerance. The impact of the bipolar voltage pulse may
be described as a "reshuffle" of the MTJ states, allowing
for a wider variety of resistance states in comparison to
field only.

This experiment shows the possibility to reach a
specific resistance within a small tolerance window.
This property is essential for a programmable synaptic
element in a neuromorphic circuit. The fact that a
magnetic field is required can be considered as a draw-
back for exploitation. Indeed, the implementation of a
magnetic field is difficult. However, depending on the
application, it may be required to program the synaptic
weights only once, and to use them in the "reading
mode" afterwards, i.e. for computation. Nevertheless,
we propose a magnetic-field-free implementation in the
following section.

E. Possible magnetic field-free implementation

If a head-to-tail configuration (i.e. MTJ connected in se-
ries with identical biasing polarities) were implemented,
no external field would be required. The bipolar volt-
age pulses could be replaced by unipolar voltage pulses.
Positive voltage pulses would generate AP2P reversals,
increasing the overall resistance, while negative pulses
would allow the reverse (P2AP) transition. The initial
global saturation would be performed by sole voltages.
Zhang et al.14,16 proposed such a head-to-tail configura-
tion by suggesting to stack MTJs on top of each other.
Unfortunately, the fabrication of stacked MTJs is ex-
tremely challenging with the present STT-MRAM tech-
nologies owing to the stringent roughness requirements
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of the ∼ 1 nm thick tunnel oxide. As a result, a practi-
cal implementation of a head-to-tail configuration would
require a conductive via to connect the top electrode of
a given MTJ to the bottom electrode of the next MTJ
in the chain. One drawback of this head-to-tail configu-
ration is thus a substantial increase in device area.
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III. MODELING

Experimentally, different resistance levels can be accessed
depending on the operating mode. When sweeping grad-
ually the voltage as in Fig. 2 or the magnetic field as in
Fig. 3, a limited number of levels are reached. On the
other hand, when the initial state of the chain is reset
between every iteration, one can access a large number
of resistance values as shown in Fig. 4.
Each MTJ can be in two possible states (AP or P). There-
fore, for a chain of N MTJs there are 2N possible com-
binations. If the MTJs are perfectly identical, the to-
tal series resistance is only determined by the number
of MTJs in the AP state (or, equivalently, the number
of MTJs in the P state). Therefore, for perfectly iden-
tical MTJs, only N + 1 resistance values are accessible.

However, due to the inherent variability, more resistance
values can be reached in reality. To model this, we first
write the resistance of each MTJ as

R(s) = RP,i + ∆Ri.si (1)

where i is the MTJ number and s is the MTJ state (s = 0
for the P state and s = 1 for the AP state).
Then, we assume normal distributions for RP and for
∆R and we run simulations by drawing random numbers
that follow these distributions. The results are shown
in Fig. 6. Histograms are plotted as a function of the
normalized resistance

Rnormalized =
1

〈∆R〉

N∑
i=1

∆Ri, (2)

where 〈.〉 denotes the expected value.
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FIG. 6. Histograms of the resistance states for a chain of 10
MTJs and a standard deviation (a) σ = 0.0001, (b) σ = 0.1,
(c) σ = 0.5.

A chain of MTJs with a small variability, like in Fig. 6(a),
can be used in a neuromorphic circuit that requires well-
separated levels. This is the case when the synaptic
weight is converted to a digital signal. On the other hand,
a quasi-continuous resistance variation can be preferred
in analog implementations. This can be achieved easily
with the large variability inherent to sub-100nm MTJs,
as illustrated in Fig. 6(c).
Another way to obtain an analog-like memristor is by
increasing the number of MTJs. Our simulations show
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that, with 20 MTJs, a standard deviation σ = 0.1 is
enough to have a continuous resistance variation. This is
shown in Fig. 7.
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IV. CONCLUSIONS

In conclusion, we have shown that a chain of MTJs can
act like a non-volatile programmable resistor with a mul-
titude of resistance levels. This behavior is highly desired
for neuromorphic computing as it can emulate a synapse.
In comparison to alternatives such as RRAM and PCM,
our approach takes advantage of a mature technology,
that is scalable, reliable and has a large endurance.
We have demonstrated that the resistance can be con-
trolled with a combination of magnetic field and voltage.
Depending on the operating mode, it is possible to ob-
tain either a sequence of well-separated states or a quasi-
continuum of resistance levels. The former is preferred
for digital hardware optimized for machine learning al-
gorithms17–19 while the latter mode is favored when the
resistance levels do not need to be read out by an external
digital circuit, which can be the case for Hebbian learning
methods4,20–23. Therefore, we have demonstrated that a
chain of electrically connected MTJs can be used for a
wide range of approaches to neuromorphic computing.
One of the most important features is the large number
of resistance states that can be obtained with only 10
MTJs. With a large variability, the number of states
scales with 2N where N is the number of MTJs.
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