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The figures-of-merit for reservoir computing (RC), using spintronics devices called magnetic tunnel
junctions (MTIJs), are evaluated. RC is a type of recurrent neural network (RNN). The input information is
stored in certain parts of the reservoir and computation can be performed by optimizing a linear transform
matrix for the output. While all the network characteristics should be controlled in a general RNN, such
optimization is not necessary for RC. The reservoir only has to possess a nonlinear response with memory
effect. In this paper, macromagnetic simulation is conducted for the spin dynamics in MTJs for RC. It is
determined that the MTJ system possesses the memory effect and nonlinearity required for RC. With RC
using 5—7 MTJs, high performance can be obtained, similar to an echo-state network with 20—30 nodes,
even if there are no magnetic and/or electrical interactions between the magnetizations.
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I. INTRODUCTION

The magnetization direction of ferromagnetic metallic
film is determined by the magnetic anisotropy energy,
which causes nonvolatility. This property can be used for
magnetic random access memory devices [1]. In magnetic
tunnel junction (MTJ) devices consisting of ferromagnetic
and dielectric thin films, the magnetization direction in
the ferromagnet can be detected by the change in device
resistance originating from the tunneling magnetoresis-
tance (TMR) effect [2-5]. Moreover, the magnetization
direction can be electrically controlled by the spin torque
[6-9]. Therefore, MTJ devices are suitable for construct-
ing nonvolatile high-density memory devices. In addition
to a long-term memory effect, the magnetization preces-
sional dynamics appear to possess a short-term memory
effect with nonlinear behavior. Such additional magnetiza-
tion dynamics properties may be suitable for computation
using MT]J devices.

The recurrent neural network (RNN) [10,11] is a
machine learning method. It is a mathematical model,
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which emulates the nerve system in the human brain. The
RNN concept is depicted in Fig. 1(a). The model con-
sists of three layers, input, middle (node), and output. In
the RNN, the information of the middle layer recursively
propagates in itself. The middle-layer state is determined
by the present input and past middle-layer state, i.e., the
middle layer in the RNN possesses the memory effect.
All the weight matrices for the input (Wy,), middle (W),
and output (W) should be precisely trained to obtain
the desired output. However, when the middle layer has
sufficient memory effect and nonlinearity, it is feasible to
perform computation by optimizing only the output matrix
(Wout). This type of simple RNN is called reservoir com-
puting (RC) [12—14]. In RC, as system training is simple,
it is easy to construct large-scale systems. The RC con-
cept is depicted in Fig. 1(b). It has been reported that
RC can be implemented in real physical systems, such
as atomic switches [15—18], optoelectronic architecture
[19-21], and the mechanical bodies of soft and compliant
robots [22-24]. While it is possible to perform RC with
such classical systems, RC using quantum dynamics can
show higher figures-of-merit [25]. Recently, voice recogni-
tion by RC using an MTJ [26] was reported; however, the
figures-of-merit for RC using MTJs are not quantitatively
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(a) Recurrent neural network (RNN)
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FIG. 1. Concept of (a) recurrent neural network (RNN) and (b)
reservoir computing (RC).

understood. In this paper, we report the quantitative anal-
ysis of the figures-of-merit for RC [27,28] using MTJ
devices. We employ macromagnetic simulation for the
study.

II. METHODS

A. Reservoir computing

The RC method is as follows. A Boolean-type input
sin(T) is employed. T is an integer variable that represents
time. si,(7) randomly assumes “0” or “1” in every time
step:

sin(T) =0 or 1. )

The middle-layer state is defined as a node vector x(7)
consisting of N elements:

x1(T)
x(7) = : : (2)
xy(T)

The time evolution of the node is determined from the
input at the present time and the past state of the node:

X(T+ 1) =f[x(D),sin(T+ D]. 3

Here, f is a function for time evolution. Then the
output you(7) is defined as the inner product of the

time-independent weight vector W, and the node
vector x(7):

N
You(T) =Y Wi T) = Woux(T)

i=1

x1(T)

=W---Wy) : , “4)
xnv (T)

Woue = (Wy--- Wh). Q)

The training data y.i,(7) is prepared to optimize the sys-
tem. Wy is determined for you(7), reproducing yin(7),
and is selected to minimize the mean squared error (MSE)
between you(7T) and yinin(7). The MSE is expressed as
follows:

1 L
MSE = - Y Diain (1) = your(DT
T=1

1 L
= Z Z I—_ytrain(T) - WoutX(T)]2~ (6)
T=1

Wout is optimized using L time steps. In this paper, L is

2000. A pseudoinverse matrix X! is used for optimization.

Wi)ut =X : Ytrain- (7)

The optimization of the output weight vector W, is called
learning. In this paper, a time-independent constant is
added to xy41(7) as a bias term, in addition to x;(7) to

xn (7).

B. Figures-of-merit for reservoir computing

In this paper, two types of tasks are employed for learn-
ing. One is a short-term memory (STM) task [28] for
characterizing the memory effect in the system. The train-
ing data for the short-term memory task is expressed as
follows:

Ytrain, stm (T, Tdelay) = sin(T — Tdelay)- (8)

Here, sin(7) are random pulses, which are described later. It
is feasible to obtain a finite memory effect, even if the sys-
tem is completely linear. Therefore, we need another task
to characterize the computing capability. In this paper, we
additionally employ the parity check (PC) task [28]. The
training data for the PC task requests the parity of the input
sum. PC is used for characterizing the type of nonlinearity
in the system and is expressed as follows:

Vtrain, PC(Ta Tdelay) = Sm(T B Tdelay) + Sin(T B Tdelay + 1)
+ -+ sp(D) (mod2). (€))
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After learning with the training data, the correlation
between the output and training data is evaluated using the
following equation:

C rain Ta T, > Jou 2
Cor(Tdelay)2 _ OV[)/t a ( delay) Yo t(T)] . (10)
Var[ytrain(T 5 T, delay)]Var[yout(D]

Here, Cor, Cov, and Var are the correlation, covariance,
and variance, respectively. In this paper, Cor? is evaluated
during 500 time steps, after learning with 2000 time steps.
Cor? assumes values from 0 to 1, with a larger Cor? indi-
cating better learning. Moreover, the capacity, C, is defined
as the integration of Cor?, which can be used for evaluating
the figures-of-merit for RC.

T, delay,max

Capacity: C= Z Cor(Telay)”- (11)

Tdelay: 1

T4elay, max should be sufficiently large. In our calculation,
Cor is always less than 0.01, when Tgejyy is more than 10.
Therefore, we set Tgelay, max = 30. In this paper, we define
Cstm as the capacity for short-term memory and Cpc as the
capacity for PC.

C. Magnetic tunnel junction system

Figure 2 shows the schematics of the RC simulation
using MTJs. An MTJ contains an insulating tunneling
barrier layer with two ferromagnetic layers. For ferromag-
netic layer 1 called the reference layer, the magnetization
direction is designed to be fixed. This can be done with
the exchange bias effect using antiferromagnetic materi-
als, such as PtMn and IrMn [29], or magnetic anisotropy
energy. In this study, the magnetization direction of layer 1
is fixed perpendicular to the film plane. For ferromagnetic
layer 2 called the free layer, the magnetization direction
is not fixed and can be controlled by the current [6,7]- or
voltage [8]-driven spin torque. The MTJ device resistance
reflects the magnetization direction of s;.

The spin dynamics in ferromagnetic layer 2 follows the
Landau-Lifshitz-Gilbert (LLG) equation with spin-transfer

(a)

A}r

torque [30], where a thermal fluctuation in ferromagnetic
layers [31] is not included:

P T sxs).  (2)
— —— —8§ X (§1 X $).
1+PZS1'Sz—eZ2 bas

Here, s; and s, represent the unit spin vectors for ferro-
magnetic layers-1 and -2, respectively. y¢ (<0) is the gyro
magnetic ratio. « is the Gilbert damping constant. P is
the spin polarization in the vicinity of the Fermi level in
the ferromagnetic layers. I (=Vi,/R) is the electric current,
where Vi, and R are the input voltage and device resistance
of'the MTJ, respectively. Heg is the effective magnetic field
m Sy

1
Hyy=——VU. (13)
Yo

Here, U is the magnetization energy for ferromagnetic
layer 2, which includes the external magnetic field Hey and
the magnetic anisotropy tensor Hyy;:

1 A
U = poMsA (Hext -8 + Estz * Hapi - Sz)

1 N
= EMOMSA Stz “Hapi - 82 (. Hexe = 0), (14)
) 00 0
Hau=|00 o | (15)
0 0 Hyy

Here, o, Ms, and A are the magnetic permeability in a
vacuum, saturation magnetization, and volume of the fer-
romagnetic layer 2, respectively. In the simulation, the
external magnetic field is not applied. We assume uni-
axial anisotropy perpendicular to the film plane. Here,
H,,, >0 (H,, <0) shows in-plane (perpendicular) mag-
netic anisotropy. The device resistance of the MTJ (R)
varies as a function of the relative angle between the spins

FIG.2. (a)Schematic of a RC system using the spin
dynamics in a magnetic tunnel junction (MTJ) and

Metallic electrode
Ferromagnetic layer-2

Tunnel barrier

Ferromagnetic layer-1

(b) system with multiple MTJs. In the MTJs, the spin
direction of the ferromagnetic layer 2 (s,) can be con-
trolled by the input bias voltage Vj,, whereas that of
the ferromagnetic layer 1 (s;) is fixed.

Metallic Electrode

VinIT__ J_|_|_|

Random pulse generator

034063-3



TAISHI FURUTA et al. PHYS. REV. APPLIED 10, 034063 (2018)
(a) Time step: T (b) v v v F.IG. 3. (a) Input s;(7), input
2110 2115 2120 400 F T i T bias voltage to the MTJ device
L] LTS I P PR P P s Vin, and MTJ device resistance
g as a function of time. Typical
& 05 é 300 |- 1. = 1000 O] characteristics during the learn-
3 ing and evaluation processes. We
0.0} ! H,,.= 500 Oe define the virtual nodes [x;(7)
50 7 200 B : L to xx(7)] as shown in the inset
< mfﬁ 0 0 % and the (b) MTJ device resistance
E of < > de bias voltags (mV) as a function of the static input
= T r Tt dc bias voltage. The black and
-50 | . red plots indicate the resistances
g 400f T T T T T when the values of the uniax-
K L/ ial anisotropy fields are 500 and
& 1000 Oe, respectively. V, and V;
ﬁ are voltages that render the device

®oooof T i o resistance constant.

42200 42300 42400 42500
Time (ns)

in the free and pinned layers:

R— RapRp
(Rap + Rp) + (Rap — Rp)(s1 - $2)

(16)

Rap and Rp are the resistances when s; and s, are paral-
lel and antiparallel, respectively. The time evolution of the
MT]J resistance is characterized by sequential calculation
using the fourth Runge-Kutta method. For evaluating the
STM and PC capacities, an input pulse voltage, V;,, cor-
responding to the computational input, si,(7), is applied to
the MTJs, as depicted in Fig. 3(a). Figures 2(a) and 2(b)
display the schematics of circuits with single and multiple
MTlJs, respectively. In this paper, the physical parame-
ters listed in Table I are employed. It almost follows our
previous experimental research [32].

D. Reference calculation with echo-state network

Additionally, an echo-state network [13] is introduced
for comparison with the system using MTIJs, where the
following function is employed for Eq. (3):

X(7) = tanh[WX(T — 1) + Winsin(T)]. (17)

The tanh function is used for component-wise projec-
tion. W and W, are matrices whose components are time-
independent random values from (—1) to 1. We normalize
by dividing each component of W by the spectral radius, 7,
obtained by singular value decomposition [14].

II1. RESULTS AND DISCUSSION

Figure 3(a) depicts an example of the MTJ device resis-
tance under an input voltage, Vi,. We employ a pulse
voltage with binary values of Vy (=—44 mV) and V)
(=444 mV) as Vj,. These binary values of Vj, correspond
to 0 and 1 in s;,(7), respectively, in the RC learning and

evaluation processes [Eq. (1)]. The pulse width [20 ns in
Fig. 3(a), for instance] corresponds to the discrete unit
time step 7. Because the device resistance is scalar, the
node dimension is only one. However, the number of nodes
can be increased by employing virtual nodes [15,33]. As
shown in the inset of Fig. 3(a), the virtual nodes x, to xy are
defined; these virtual nodes are further defined as a node
vector x(77).

Figure 3(b) depicts the dc bias voltage dependence of the
static MTJ device resistance. Under a dc bias voltage, the
MT]J device resistance is collected after the spin dynamics
are damped. Under a positive bias voltage, the spin-
polarized current flows from the free layer s, to the
pinned layer s;. Then the spin-transfer effect induces auto-
oscillation [34,35] in s,. The relative magnetization angle
between s; and s, increases, and an antiparallel-like mag-
netization configuration is realized. Therefore, the device
resistance increases when a positive bias voltage is applied.
Under a negative bias voltage, a parallel-like magnetiza-
tion configuration is induced, and the device resistance

TABLEI. Physical parameters’ set of ferromagnetic layer 2 for
RC with a single MTJ [Fig. 2(a)].
Parameter Value
Gilbert damping constant 0.009
(layer 2): o
Uniaxial anisotropy (layer 1000 Oe
2) Hazz

Saturation magnetization 1375 emu/cc

(layer 2): Mg

Volume (layer 2): A 23500 nm?

(122 nm x 2 nm)
Resistance in parallel: Rp 210
Resistance in antiparallel: 390 €2

Rap
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(a) Input sin, output for training yirain, stm [Eq. (8) with Tyelay = 1], and trained output y,y for evaluating the short-term

memory task, (b) Input s, output for training yain, pc, [Eq. (9) with Tgelay = 1], and trained output y,; for evaluating the parity check
task, (c) Correlation using Eq. (10); the integrated values are defined as the short-term memory capacity (Cstm), (d) Correlation using
Eq. (10); the integrated values are defined as the parity check capacity (Cpc). The input-voltage pulse width =20 ns and the number of

virtual nodes N = 50.

decreases. For the input pulse voltage in Fig. 3(a), the
binary values V| and V| are defined as voltages that render
the device resistance constant. As shown in Fig. 3(b),
Vo and V| vary as a function of the uniaxial magnetic
anisotropy H ,,;.

A. Figures-of-merit for RC using a single MTJ

In this section, we present the figures-of-merit for
RC using a single MTJ device. The uniaxial magnetic
anisotropy of the free layer s, is fixed as H,,, = 1000 Oe.
Here, the positive value of H,,, shows the magnetic
cell in MTJ is in-plane magnetized. Figure 4 shows the
simulated data for evaluating the short-term memory and
parity check capacities for a single MTJ. In Fig. 4, the
input-voltage pulse width is 20 ns and the number of

virtual nodes, N, is 50. Figure 4(a) shows the typical sim-
ulation results for an input si,(7), training data for the
short-term memory task yiin, stm(7), and trained output
vout(T) as a function of the time step. Similarly, Fig. 4(b)
shows the input s;,(7), training data for PC task yiu.in,
pc(7T), and trained output yo.,(7). Here, training data for
the short-term memory task yimin, stm(7) and PC task
Yirain» pc(T) are defined using Eqs. (8) and (9) at Tyelay = 1,
respectively. The output is calculated using the simu-
lated MT]J resistance (see Fig. 3) and Wy, using Eq. (4).
Wout 1s trivially calculated using the definitions given by
Egs. (5)H7).

Figures 4(c) and 4(d) depict the correlations [Eq. (10)]
between y,u and the training data as a function of Tielay.
We use Viain, sTm as the training data for short-term mem-
ory and yuain, pc for the parity check. Cstv and Cpc are

(a) (c) FIG. 5. Results of RC using single MTJ. (a) Short-
3F ' ™ SFT T T T T "3  term memory capacity (Csty) as a function of the
N=50 input-voltage pulse width, (b) Parity check capacity
< 2r N=10 < 2r /ﬁ" T (Cpc) as a function of the input-voltage pulse width;
% N=5 5 F N is number of virtual nodes in the MTJ, (¢) Cstm,
O T O if f T and (d) Cpc as functions of the virtual-node number,
o N=1 o I where the input-voltage pulse width is fixed to 20 ns.

(b) 3 T e @ 3T

=
g N=S e
O 1t 1 o 1} 1
0 5 A T + N=1 Ok 1 1 1 1 1
0 50 100 0 10 20 30 40 50
Pulse width (ns) Node: N
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FIG. 6. Results of RC using multiple MTJs. (a) Example of a
parameter set for multiple MTJs, when the ratio of the uniax-
ial magnetic anisotropy in each MTJ (H yzz, i/H azz, k+1) =2 and
the number of MTJs (M)=4, (b) Short-term memory capac-
ity (Cstm), and (c) parity check capacity (Cpc) as functions of
H oz, i/Hazz, k41 The input-voltage pulse width =20 ns and the
virtual nodes for each MTJ (N) = 50.

defined as the numerical integration of the correlation and
the capacity using training data for the short-term memory
and parity check, respectively.

Figure 5 shows the Csty and Cpc, respectively, as func-
tions of the input-voltage pulse width [Figs. 5(a) and 5(b)]
and the number of virtual nodes N [Figs. 5(c) and 5(d)].
From Figs. 5(a) and 5(b), both Csym and Cpc increase as
the pulse width increases. When the pulse width is greater
than 20 ns, Csty and Cpc are nearly constant because
when the pulse width is less than 20 ns, the change in the
magnetization direction is very small and the spin dynam-
ics cannot work as a reservoir. In Figs. 5(c) and 5(d), the
dependence of Csty and Cpc, respectively, on the number
of virtual nodes N, are displayed when the pulse width is
fixed at 20 ns. From Figs. 5(c) and 5(d), we find that it is
better to set the number of virtual nodes greater than 20.

TABLEII. Variation for uniaxial magnetic anisotropy for RC
with multiple MTJs [Fig. 2(b)].

Hazz, k/

Hazz, k+1 Hazz, 1 Hazz, 2 Hazz, 3 Hazz, 7
1.0 1000 Oe 1000 Oe 1000 Oe 1000 Oe
1.1 1000 Oe 909.1 Oe 826.4 Oe 564.5 Oe
1.2 1000 Oe 8333 0e 694.4 Oe 334.9 Oe
2.9 1000 Oe 3448 0e 118.9 Oe 1.7 Oe
3.0 1000 Oe 3333 0e 111.10e 1.4 Oe

B. Figures-of-merit for RC using multiple MTJs

When multiple MTJs are employed for RC, higher
figures-of-merit can be obtained. A schematic of a mul-
tiple MT]J circuit for RC is depicted in Fig. 2(b). Multiple
MT]s are placed in parallel, and an identical pulse voltage
is applied to all the MTJs. To construct nodes for RC, spa-
tial multiplexing [36] is employed. The node vector x(7)
is defined as a vector with M x N elements, where M is
the number of MTJs and N is the number of virtual nodes
in a MTJ:

x11(7) x21(T)
XI(T)= : ,X2(T)= ""’XM(T)
xiy (1) xon (T
x (1)
o (T)
— X(1) = [x1 (D) - - - x1xy (1) x21(7)
cxon (D) -+ a1 (1) -+ - xpn (D' (18)

Figure 6 shows the Csryv and Cpe with multiple MTlJs.
The uniaxial anisotropy H,,, of ferromagnetic layer 2
in each MTJ is listed in Table II. For instance, when
four MTJs and H yz;, #/H azz, k+1 = 2 are employed, the uni-
axial anisotropies of the MTJs are 1000, 500, 250, and
125 Oe, respectively, as shown in Fig. 6(a). Such variations
in the anisotropies can be obtained by voltage-controlled
magnetic anisotropy in the MTJs [37]. In this study, ther-
mal fluctuation in ferromagnetic layer 2 is not included.
For instance, thermal fluctuation energy at room temper-
ature (26 meV) is negligibly small when compared to the
magnetization energy from Eq. (14) (approximately 10 eV)
when the magnetic anisotropy energy is H,,, = 1000 Oe.
Therefore, thermal fluctuation can be comparable or less
than the magnetization energy of ferromagnetic layer 2 at
H,;, <3 Oe. In such a region, simulations assuming the
ground state are not very correct, and a random magnetic
field to reproduce the thermal fluctuation [31] should be
included in the simulation.
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(a) (c)

FIG. 7. Results of RC using multiple MTJs.
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Similar to a single MTJ, the binary values V and V;
for the input voltage are determined as shown in Fig. 3(b).
Note that V) and V| vary as a function of the uniaxial
anisotropy field, and the smallest absolute values of the
saturation voltages are employed as V) and V| for RC with
multiple MTIJs; i.e., Vy and V| are determined for the MTJ
with the smallest uniaxial magnetic anisotropy field. Fig-
ures 6(b) and 6(c) display the Csty and Cpc, respectively,
as functions of the anisotropy ratio Hay, x/Hazzjt1. In the
simulation, the input-voltage pulse width is 20 ns and the
number of virtual nodes for each MTJ is 50 for all MTJs.
The maximum value of Cgty increases as the number of
MTJs (M) increases. Because each MTJ has a different
uniaxial magnetic anisotropy field H,,,, it has a differ-
ent response speed to an external voltage/current. This
variation in the response speed increases the Csty of the
system. On the other hand, the increase in Cpc is insignif-
icant compared to that of the Csy. Note that as there is
no electric and/or magnetic interaction between the free
layers of the MTJs, the Cpc is insignificant. In Fig. 6(c),
when H oy, 1/H a7z 441 15 large, the Cpc using multiple MTJs
is less than that using a single MTJ. This is because the
input-voltage pulse width of 20 ns is the best condition
only for the parameters of a single MTJ (H ,,, = 1000 Oe,
Vl =44 l’IlV, Vo =—44 mV)

Figure 7 shows the Csty and Cpc under various con-
ditions. In Fig. 7, H 42z 4/H azz 441 1s fixed to 1.6. This is the
best condition for the Cspy with M = 7. From Fig. 7(a), the
CstM 1s maximum, around a pulse width of 20 ns. When
the pulse width is less than 20 ns, the change in the magne-
tization direction by the spin-transfer torque is too small to
perform as a reservoir. When the pulse width is greater than
20 ns, the spin dynamics are almost damped during a unit
time step, and such a condition is not preferable for RC.
From Fig. 7(b), the best conditions for the Csty and Cpe
are not identical. This is because a relatively long pulse
is required to induce nonlinearity in the spin dynamics in
multiple MTJs. Figures 7(c) and 7(d) depict the N depen-
dences of the Cstv and Cpc, respectively, when M =7,
Hazz /H azz, 1+1 = 1.6, and the pulse width =20 ns. When
N 1is greater than four, both the Csty and Cpc are nearly
constant.

C. Comparison with the echo-state network

The Cstym and Cpe, using a multiple MTJ system, are
summarized in Fig. 8(a); the pulse width =20 ns and the
virtual node number N = 50 for each MTJ. The data points
from top to bottom are the data when H,y i/Hazz, i1

FIG. 8. Plots showing Csty vs Cpc in the (a) MTJ

system and (b) echo-state network with Eq. (17). In
the MTJ system, the pulse width and virtual nodes of
each MTIJ (IV) are fixed to 20 ns and 50, respectively.

@ — T T T T T T (b) — T T T T T T T
6r Number of MTJs: M ] 6 Number of nodes: M|
4| . 4 | M=50 4

. M=5M=7 . M=30 &

& -MMj3 e N @m* 1 S T M=20 . **%

=1e —
2 b ﬁwf . 2| M=10 :
k4
w”‘
of - ot -
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12
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changes from 1.1 to 3.0. The result of the echo-state net-
work, using the tanh function, is shown in Fig. 8(b). The
data points from top to bottom are the data when the spec-
trum radius, 7, of W [see Eq. (17)] varies from 0.05 to
2.0. From Fig. 8, it can be observed that a high perfor-
mance can be obtained for RC using 5—7 MTJs, similar
to an echo-state network with 2030 nodes. In terms of
the total number of virtual nodes in the system (M x N),
35 nodes (7 x 5) of an MTJ system are comparable to
2030 nodes of an echo-state network [see Figs. 7(c) and
7(d)]. Although the Cpc increases slightly as M increases,
we can obtain a large Cpc if there are magnetic and/or
electrical interactions between the free layers in each MT]J.

IV. CONCLUSION

In this research, we demonstrate RC using the spin
dynamics in MTJs. With RC using 5-7 MTlJs, we can
obtain a high performance similar to that of an echo-state
network using tanh functions with 2030 nodes. If there
are magnetic and/or electrical interactions between the free
layers in each MT]J, higher performance can be obtained.
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