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External-Field-Robust Stochastic Magnetic Tunnel Junctions Using a Free Layer
with Synthetic Antiferromagnetic Coupling
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The stochastic magnetic tunnel junction (MTJ), the resistance of which fluctuates in time between low
and high states under thermal fluctuation, is expected to serve as a key element in probabilistic computers.
For reliable operation and versatile application, one needs to address the challenge that the relaxation time
in each state should be virtually independent of external magnetic fields in the range of, for example,
several mT. In this research, we fabricate in-plane easy-axis elliptical stochastic MTJs with a synthetic
antiferromagnetic (SAF) free layer and examine the robustness of their properties against external fields
while comparing them with stochastic MTJs with a conventional single ferromagnetic structure. We show
that the MTJ with a SAF free layer shows more robust relaxation times against fields applied along the
easy- and hard-axis directions. The results are reproduced with a macrospin simulation, from which design
guidelines for robust stochastic MTJs targeting probabilistic computers are discussed.
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I. INTRODUCTION

Stochastic spintronic devices, in which thermal fluctu-
ations randomly switch the magnetization configuration,
are a promising building block for unconventional com-
puting schemes that utilize stochasticity [1—13]. Among
the devices, stochastic magnetic tunnel junctions (MTJs)
attract significant attention because of their high compati-
bility with magnetic random-access memory technology.
Accordingly, a number of experimental and theoretical
studies have been carried out to characterize and enhance
the performance of stochastic MTJs [14-28]. In particular,
a theoretical study revealed that in-plane easy-axis MTJs
with sizable negative perpendicular anisotropy are favor-
able for achieving a fast operation, i.e., a short relaxation
time, which is necessary to enhance the computation speed
of the probabilistic computer [22,23], and short relaxation
times down to a few nanoseconds have been demonstrated
[23,24].
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For practical applications, whether unintentionally or
through deliberate attacks, finite external magnetic fields
applied to the devices are anticipated to compromise the
integrity of operation, requiring investigation into the crit-
ical properties of the stochastic MTJs that produce robust-
ness against such external magnetic fields. The geometric
mean relaxation time, an essential index of the stochas-
tic MTJ, is, in principle, insensitive to magnetic fields
[23,24], resulting in the fact that the time-averaged prop-
erty, another important index representing the sigmoidlike
response of the time-averaged resistance to external input,
has been reported to vary from the fixed-0 state to the
fixed-1 state with applied magnetic fields in the range of
a few mT [15,18,23,26].

Here, we show an external-field-robust stochastic MTJ
employing a synthetic antiferromagnetic (SAF) free layer.
The SAF structure is expected to be robust against external
fields due to the compensated magnetization. We mea-
sure the magnetic field dependence of the relaxation time
of stochastic MTJs with the SAF free layer and com-
pare it with MTJs with a conventional single ferromag-
netic (SF) free layer [23]. Furthermore, we perform an
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analytical calculation based on the magnetostatic energy
as well as a numerical calculation for the dynamic pro-
cess using the Landau-Lifshitz-Gilbert (LLG) equation.
From these calculations, we show design guidelines for
stochastic MTJs using a SAF free layer for field-robust
probabilistic computers.

II. EXPERIMENT

In this section, we describe the device structures, fab-
rication methods, and measurement results. We show the
variation of the relaxation time against in-plane external
magnetic fields in the direction of the major (easy) axis
(H) and minor (hard) axis (H,) of the elliptical MTJs and
compare the robustness of the SF and SAF structures. We
note that we do not examine the effect of a perpendicular
external field because it is negligibly small compared with
the effective perpendicular anisotropy field (~—1 T) of our
devices.

A. Experimental setup

The stack structures investigated here are shown in
Fig. 1(a); these are deposited by dc and rf magnetron sput-
tering on a thermally oxidized Si substrate. The stack for
the SAF structure is Ta(5 nm)/Pt-Mn(20 nm)/Co(2 nm)/
Ru(0.85 nm)/Co-Fe-B(2.2 nm)/MgO(1.1 nm)/Co-Fe-B
(1.8 nm)/Ru(0.74 nm)/Co-Fe-B(2.1 nm)/Ta(5 nm)/
Ru(5 nm). The 1.8-nm-thick and 2.1-nm-thick Co-Fe-B
layers are antiferromagnetically coupled with Ru(0.74 nm)
through the Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction, forming a SAF free layer. Note that the
thickness of the upper Co-Fe-B layer is 0.3 nm thicker
than the lower one, considering a magnetically inac-
tive “dead layer” at the interface with the adjacent
Ta [29]. As a reference, we also prepare a con-
ventional stochastic MTJ [23], where the SAF free
layer is replaced with a single Co-Fe-B(2.1 nm) layer.
Figure 1(b) shows a magnetization curve (M-H, curve)
of a blanket film comprising the SAF free layer
[buffer/Co-Fe-B(1.8 nm)/Ru(0.74 nm)/Co-Fe-B(2.1 nm)/
cap] measured with a vibrating sample magnetome-
ter, where the sample is annealed under the conditions
described below. From the saturation field shown by the
dashed line, the effective magnetic field, woHrkxy, of
the RKKY interaction is determined to be about 150 mT
(o 1s the permeability of vacuum). The stacks are pro-
cessed into elliptical MTJs by electron-beam lithography
and Ar-ion milling, followed by annealing at 300 °C for
2 h under an external field, puoH,, of 1.2 T to fix the mag-
netization direction of the reference layer. The geometric
average of the diameters and aspect ratio of the measured
MTIs are designed to be 40—-100 nm and 1.5-2.5, respec-
tively. Figure 1(c) shows a scanning electron microscopy
image of a typical MTJ with a size and aspect ratio of
67 x 103 nm? and 1.5, respectively. The ellipse’s major

(minor) axis is defined as the x (y) direction. Figure 1(d)
shows an R-H, curve, showing superparamagnetic behav-
ior with zero coercive fields. The resistance area product,
RA, is determined to be 17 Qum?, and the typical tunnel
magnetoresistance ratio is 71%.

The random-telegraph-noise (RTN) signal under exter-
nal magnetic fields is measured by an electrical circuit, as
shown in Fig. 2(a). Figure 2(b) shows a RTN signal of
a typical MTJ with a SAF free layer at uoH, =15 mT
and source voltage of /'=200 mV. The transmitted volt-
age representing the magnetization configuration fluctuates
between high and low levels, corresponding to the antipar-
allel (AP) and parallel (P) configurations of the MTJ.
As in our previous works [22,23], we define the event
time, fevent, @S the sum of the dwell time, Tgwey, and
transition time, Tyans, and the relaxation time, t, as the
expectation value of the event time, fevent, given by the
Néel-Arrhenius law, T = tgexpA, where 7 is the attempt
time and A is the thermal stability factor. Figure 2(d)
shows the normalized number, N, of magnetization rever-
sals from P-to-AP (left) and AP-to-P (right) configurations
as a function of f.,.,:. TO obtain reliable statistics, we mea-
sure the RTN for a sufficiently long duration containing
more than 20 000 reversals; 4 ms for the case of Fig. 2(b).
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FIG. 1. (a) Stack structure of a MTJ with SF free layer and
SAF free layer. Numbers in parentheses are nominal thicknesses
in nm. (b) Magnetization as a function of easy-axis- (x) direction
magnetic field, H,, for a blanket film with SAF free layer. (c)
Scanning electron microscope image of a MTJ and definitions of
the x and y directions. (d) Resistance of a MTJ with SAF free
layer as a function of H,.
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FIG. 2.

(a) Electrical circuit for RTN measurements. At the oscilloscope serially connected to the high-frequency amplifier, the

signal is collected with 1.3 GS/s, which is well above the inverse of the relaxation time. (b) RTN signal 7 of MTJ with SAF free
layer measured at an easy-axis magnetic field of puoH, =15 mT. (c) Number of V. (d) Histogram of the normalized number, N, of

magnetization reversals as a function of event time, Zeyent-

The obtained histogram shows a clear exponential distribu-
tion, N (fevent) X €XP(—Zevent/T), from which the expectation
value of the event time, namely, the relaxation time,r, is
derived.

B. Easy-axis-field (H,) dependence

First, we show the relaxation time of the P (AP) state,
Tpap), versus the in-plane easy-axis (major elliptical axis)
magnetic field, H,/, in Fig. 3(a). H,' is the net applied mag-
netic field in the x direction, where a shift field from the
reference layer is subtracted. The red (blue) plot shows
the results for the SAF (SF) structure. The two struc-
tures show comparable relaxation times on the order of
10 ns. Also, as expected, the SAF free layer is less sen-
sitive to the magnetic field than the SF free layer. Note
that the range of measured fields for the SF structure is
much narrower than that for the SAF structure because
the SF free layer is fixed to either of two configurations
at magnetic fields above £1 mT. In addition, because of
the slight difference in volume between the upper and
lower free layers, the relaxation time of the SAF struc-
ture appears to saturate with increasing magnetic field, as
shown later in Fig. 5(b) (Sec. III). The ratio of the relax-
ation times of the AP and P states (tap/Tp) against the
easy-axis magnetic field is shown in Fig. 3(b). We fit an
exponential function, T xx exp(4H,), to the data and obtain
coefficient 4 [slope on the log scale, as shown in Fig. 3(b)]
to be (1.81+£0.10) and (0.30£0.03) mT~! for the SF
and SAF free layers, respectively, indicating an improve-
ment of about 6 times by employing the SAF structure.
We note that the residual external magnetic field depen-
dence for the SAF free layer is likely to arise from a small
uncompensated magnetic moment, as discussed in the next
section. Figure 3(c) shows the averaged relaxation time,
which is defined as 7,, = /TpTap as a function of poH,/,
where taking the geometric mean instead of the arithmetic
mean gives the relaxation time determined by the energy
barrier unperturbed by H, [22-24]. Unlike tap/Tp, Tay
shows no apparent variation with the magnetic field, i.e.,
the relaxation time itself is insensitive to the external field,
which is in agreement with our previous report [23]. We
also note that the arithmetic mean of the relaxation time,

(tp+ TAp)/2, slightly increases with |H,'|, as shown in a
previous paper [30].

C. Hard-axis-field (H,) dependence

Next, we study 7,, against H,. Figures 4(a) and 4(b)
show 7,y versus H, for MTJs with SF and SAF free layers
over the poH, range of +10 and 4130 mT, respectively.
The same color code as that in Fig. 3 is used. Note also that
the MTlJs used for Figs. 3 and 4 are different. In Fig. 4(a),
Ty Of the SF free layer varies over 8 orders of magnitude
(from 10 ns to 1 s), whereas that of the SAF free layer
varies only by about 2 orders of magnitude (from 100 ns
to 10 us), indicating the 10° times higher robustness of the
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FIG. 3. (a) Relaxation time, tp (T ap), of the P (AP) state; (b)

ratio of relaxation times, Tap/Tp; and (c) averaged relaxation
time, T,y, as a function of the x-direction net magnetic field,
H,'. Blue and red plots correspond to SF and SAF free layers,
respectively.
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FIG. 4. Average relaxation time, 7,, as a function of y- 20 B

direction magnetic field, uoH,, in the range of (a) 15 mT and
(b) 130 mT. Blue and red plots denote SF free layer and SAF
free layer, respectively.

SAF free layer against /, compared with the case of H,.
Furthermore, in Fig. 4(b), we find that, over a wider range,
the overall trend of 7,, versus H, is distinct between the
two structures: the SF free layer shows only one promi-
nent peak at uoH, = —5 mT, whereas the SAF free layer
shows two prominent peaks at pof, ~£70 mT and one
more small peak at puof, =0 mT. In the SF free layer,
there are no peaks at o[/, | > 15 mT, since magnetization
is fixed in the y direction in this range.

III. CALCULATION

In Sec. II, we experimentally show that the SAF free
layer has robust properties against magnetic fields in the
x and y directions. However, even for the SAF free layer,
much smaller but finite variations of the properties under
H, and H, are observed. In addition, the SF and SAF free
layers are shown to have distinct 7,, versus H, trends. In
this section, the magnetostatic and dynamic magnetization-
reversal properties of the SAF-free-layer MTJs are inves-
tigated using a macrospin model with analytical formulas
and numerical simulations, respectively.

A. Static process

For the elliptical SAF free layer with in-plane magneti-
zation shown in Fig. 5(a), the total energy can be expressed
by Eq. (1) by considering the magnetic anisotropy energy,
the coupling energy of the RKKY interaction, and the Zee-
man energy. Note that we assume a quasi-static process

0, ! . . . .
-30 -20 -10 0 10 20 30

FIG. 5. (a) Schematic of SAF free layer used in macrospin
simulations. Thermal stability factors Ap and Axp of the
SAF free layer versus H, in the range of 30 mT (b)
and +3 mT (c) for different ratios of the volumes of
two ferromagnetic layers. Following parameters are used:
Ms=18 T, V=Vi+V=2x10"%* m3, poHgi=10 mT,
woHrkky= 150 mT. Black and red curves show analytical
expressions of Eq. (2) for SF free layer and Eq. (5) for SAF free
layer with the same volumes, respectively.

with magnetizations confined in the film plane as

1 . 1 .
E= 3 sH in1 V1 sin’e; + EMSHK,in,Z ¥ sin’e,
MgsHgrxxy (Vi + V2)
+ ) cos(@1 — ¢2)
— M, -HV; — M, -H/V>, (D)

where Mg is the spontaneous magnetization, H iy, is the
in-plane anisotropy field of layer i (1, lower free layer; 2,
upper free layer), V; is the volume, M; is the magnetiza-
tion vector, H is the external magnetic field vector, and ¢;
is the azimuthal angle from the long axis. We derive the
thermal stability factor, A = E/kgT, under magnetic fields
by calculating the energy difference, £, between minima
and saddle points from Eq. (1), where k3 is the Boltzmann
constant and 7 is the temperature.
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1. Easy-axis-field (H,) dependence

First, we describe A of the SF free layer under the easy-
axis magnetic field, H,. Assuming that magnetization of
the reference layer beneath the tunneling barrier is fixed
to the —x direction, A for a transition from P to AP states
(Ap) and from AP to P states (A ap) quadratically vary with
H, as

MgHg iV H
A = ——1- . 2
P(AP) 2, T ( +) HK,in) )

The black curves in Figs. 5(b) and 5(c) show A of
the SF free layer given from Eq. (2), where A without
external perturbation (Ag) is set to be 3.5, Ms=1.8 T,
poHg in=10 mT, and ¥'=2.0 x 1072* m>. Ap and Ap
vary by more than 3 times in the magnetic field range of
43 mT. The ratio and geometric mean of the relaxation
times of the AP and P states can be derived from Eq. (3a)
by using the Néel-Arrhenius law, Tpap)= ToeXp(Apap)),

as
TAP ZMSV
— = ¢ Hx 5 3a
o XP( 5T ) (3a)
Ap + Aap

Tav = A/ TPTAP = Tp €XP ( ) =T eXp(AO)-

(3b)

2

Equation (3a) indicates an exponential increase of T ap/Tp
with H,, which is in agreement with the experimental
results shown in Fig. 3(b).

Next, we examine the change in A of the SAF free layer
under H, to clarify the mechanism of the robustness to the
easy-axis magnetic field, H,, shown in Figs. 3(a) and 3(b),
and to obtain insights into the factors governing the robust-
ness. We assume A¢g=3.5, Ms=1.8 T, noHg in=10 mT,
and V=2 x 1072* m?, which are the same values as those
used to calculate the SF free layer. poHgrggy 1S set to be
150 mT, according to our experimental result shown in
Fig. 1(b). Figures 5(b) and 5(c) show A of the SAF free
layer in the range of £30 and 43 mT, respectively, calcu-
lated with Eq. (1) for different ratios between the upper and
lower magnetic layers. Note that V,/V; # 1 corresponds to
the situation where the magnetic moments are not fully
compensated. The sum of the upper and lower volumes,
V14 V,, defined as the total volume, V, is kept constant for
all V,/V ratios. For the fully compensated case (red sym-
bols), Ap= Anp, i.€., Tp= Tap, Over the whole H, range
shown in Fig. 5(b), whereas for the uncompensated case
(blue and green symbols), Ap intersects with Axp at H, =0
as in the SF free layer, which is consistent with our exper-
imental results, suggesting that the fabricated SAF free
layer has an uncompensated moment. There is no apparent
variation in Ap and Aap of the SAF free layer with fully

compensated magnetic moments in the small-H, range, as
shown in Fig. 5(c). Note that, even for the compensated
case, Ap= Ap only when H, satisfies the condition

|Hy| < Hsp = (Hrkky — Hk in) A, “)
Hrkky + Hk in

where only (¢, ¢2)=(0, 7) and (w, 0) are the stable
points, and the magnetizations in the free layer reverse
while maintaining antiferromagnetic coupling. When |H, |
exceeds this threshold field, Hgg, the spin-flop state (¢,
¢2) =(£p, F¢) becomes stable, where ¢ is a positive
angle determined by Eq. (1), resulting in Ap 7 Aap [31,
32]. In the H, range satisfying Eq. (4), A(=Ap= Aap) is
described as

MsV
A= > H? +

B MgHg inV
2kpT(Hrrxy — Hg in)

2kpT ~°

®)

where Hgrgxy > 2Hg in is assumed. The coefficient of
H.? indicates that the increase of Hrgky decreases the
effect of H, on A, leading to the robustness against H,.
Because Hrkky > Hk,in is satisfied in typical in-plane
SAF free layers, the contribution of the anisotropy field
to the robustness is negligible. We also note that Fig. 5(c)
shows virtually constant A for the SAF free layer within
wolHy| <3 mT, which is also consistent with the result
shown in Fig. 3(c), supporting the fact that our experimen-
tal condition satisfies Eq. (4).

To summarize, in the SF free layer, the thermal stability,
Ap(apy, significantly varies with H,, as described in Eq. (2),
because the magnetic moment is directly affected by the
Zeeman energy. On the other hand, the ideal SAF free layer
with V,/V1=1 is not affected by a Zeeman energy below
Hgp, resulting in 7p=1tp. Also, even for the nonideal
SAF free layer with V,/V) #1, the behavior against the
external field is much mitigated because the robustness of
A is determined by the net magnetic moment. The strength
of the RKKY interaction also affects the robustness of A
under H,, as described in Eq. (5), since it prevents the
canting of the saddle points at which the antiferromagnetic
coupling of the magnetic moments is partially broken.

2. Hard-axis-field (H,) dependence

Next, we study A of the SF and SAF free layers under
H,, which is found to show qualitatively different tenden-
cies, as shown in Fig. 4. A of the SF free layer under H,, is
described as

MV

A=_S57
2kpTHk jin

(Hgin — |H, ). (6)

Equation (6) represents that A of the SF free layer should
show a single peak at /1, = 0 and decrease as |H, | increases
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with a quadratic relationship, which agrees well with the
experimental results shown in Fig. 4.

We then numerically calculate A of the SAF free layer
under H, from Eq. (1), as in the calculation of H, depen-
dence. The gray plots in Figs. 6(a) and 6(b) show the calcu-
lated H, dependence of A for V,/V1=1.0 and 1.5, respec-
tively, where the same parameters as those used in the cal-
culation of A under H, are assumed. For V,/V;=1.0, i.e.,
the fully compensated structure, the two prominent peaks
are reproduced at uoH, ==£75 mT [Fig. 6(a)]. Further-
more, for V,/V1=1.5, i.e., the uncompensated structure,
the experimentally observed small peak at poH, =0 mT
is also reproduced [Fig. 6(b)]. This fact indicates that the
small peak is caused by the uncompensated moment; in
other words, the uncompensated SAF free layer behaves
like a ferrimagnet with a finite magnetic moment, resulting
in a small peak at /1, =0, as in the case of the SF free layer.

T
VyVy =15

()

Antiferromagnetic mode
M, U M,
Scissoring moc}/’e

M, P il

| #.(deq)

_1§QI 80 -90 920 180180 —90 0 920

1 (deg)

1 (deg)

FIG. 6. Thermal stability factor versus y-direction magnetic
field, H,,, for the volume ratio of V>/V;=1.0 (a) and V>/V=1.5
(b), where V14 7,=2.0 x 1072* m>. Gray plot shows the numer-
ical calculations, and red and blue curves show the analytical
results using Egs. (7a) and (7b). Parameters for the simula-
tions are the same as those used for Fig. 5. (c) Two types
of magnetization-reversal mode: “antiferromagnetic mode,” in
which antiferromagnetic coupling is maintained, and “scissor-
ing mode,” in which magnetization reverses by breaking anti-
ferromagnetic coupling. (d)~f) Magnetic energy landscape at
woH, =40, 75, and 110 mT, respectively. Horizontal axis is the
angle of the lower layer, and vertical axis is the angle of the upper
layer in the SAF free layer.

We further investigate the H, dependence of A for the
fully uncompensated SAF free layer shown in Fig. 6(a),
considering two different magnetization-reversal modes
depicted in Fig. 6(c). Figures 6(d)—6(f) show the contour
plots of the energy landscape as functions of the lower
and upper free-layer angles (¢, ¢2) [see Fig. 5(a) for
the definition] at uof, =40, 75, and 110 mT, respec-
tively, calculated with the same parameters as those used
for Fig. 6(a). Under H,, the stable directions of magne-
tizations cant towards the y direction with ¢ =7 — ¢,
which is also derived by solving E with ¢; and ¢,
using Eq. (1). Upon increasing H,, the switching mode
transits from an antiferromagnetic mode to a scissor-
ing mode, shown in Fig. 6(c), where magnetization
switches while maintaining (breaking) antiferromagnetic
coupling for the former (latter). This transition takes place
at woH, = poHrkky/2 =75 mT, as shown in Fig. 6(a).
Below this critical field, the RKKY coupling energy is
larger than the Zeeman energy, and the magnetic moments
follow the trajectory shown by the red arrow in Fig. 6(d),
i.e., the antiferromagnetic mode, where A is analytically
expressed as

MgV 2

A = MSHK,in Vv
2kpT(Hrkxy + Hk in) '

2kpT

(7a)

The red curve in Fig. 6(a) represents Eq. (7a). Above
the critical field, on the other hand, the RKKY coupling
energy is smaller than the Zeeman energy, and the mag-
netic moments follow the trajectory shown by the blue
arrow in Fig. 6(f), i.e., the scissoring mode, where A is
analytically expressed as

MgV

A= H, Hyin) — |H, |1
2kBT(HRKKY+HK,in)[( Ry + Hin) = 1Hy ]

(7b)

The blue curves in Fig. 6(a) represent Eq. (7b). By consid-
ering these differences in the magnetization-reversal path,
the H, dependence of A can be expressed as shown in
Fig. 6(b). Equations (7a) and (7b) indicate that the impact
of H, on A can be reduced by increasing Hrgky, as with
the case of the H, dependences, since Hrxky, which works
to maintain the antiparallel state, prevents the canting of
the stable directions of magnetic moments towards (¢,
m—¢) under H,.

B. Dynamic process

Finally, we calculate the magnetization dynamics of
the SF and SAF free layers to discuss their robustness
considering the out-of-plane degrees of freedom of the
magnetization, as well as the dynamic process to switch
the magnetization configuration, which is not taken into
account in the quasi-static calculation described above.
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The dynamics of the two antiferromagnetically coupled
magnetizations are described by the LLG equation as

aM; [M; x (H; + Hg,)] + M; !
— == i X (H; i al\— X—,
dt Vo b, My~ dt

(8)

where « is the damping constant, y is the gyromag-
netic ratio, H; is the effective field vector (= —dE/0M,)
of free layer i [=1 (lower free layer) or 2 (upper
free layer)], and Hy; is the thermal field vector
defined by (Hy;) = 0 and ((Hun)?) = 20k T/ oy MsV; At,
where At is the time step of the numerical calcula-
tion [33]. To simulate the SAF free layer depicted in
Fig. 5(a), we include the perpendicular and in-plane
magnetic anisotropies by considering interfacial mag-
netic anisotropy and the shape magnetic anisotropy.
We set Vi =V,=1.0x10"2* m’, poH = —-0.80T,
MoHﬁg = —18T, poHgn1 = noHg inp = 10 mT, and
woHrkxy= 150 mT. Note that the effective perpendicular
anisotropy fields of the lower and upper layers have dif-
ferent values, considering the interfacial anisotropy for the
lower layer. As a reference, we simulate the magnetiza-
tion dynamics of the SF free layer with the same geometry,
where we set V'=2.0 x 1072* m?, which is the same as the
total volume of the SAF free layer; poH, ff — _1.3T;and
woHg in = 10 mT. The damping constant and spontaneous
magnetization are set to be 0.005 and 1.8 T, respectively,
for all the ferromagnetic layers. All LLG simulations are
conducted by using the Runge Kutta method with a time
step of Ar=200 fs, which is sufficiently small that the
simulation result can be converged.

The calculated t versus H, results are shown in Fig. 7.
The relaxation time, 7, of the SF free layer (blue sym-
bols) changes by more than 3 times for both the P and
AP states under puoH, ==41.5 mT, whereas, for the SAF
free layer (red symbols), there are no apparent variations
in 7, which is consistent with the explanation given in
Sec. III A. Additionally, their relaxation times differ by
2 times, despite having the same thermal stability fac-
tor, which is not expected from the calculation based on
the static process. This difference can be attributed to the
following two factors related to the dynamic process, espe-
cially the variation of the attempt time [22]: (1) the effect
of the perpendicular anisotropy and (2) the effective field
of the RKKY coupling. Concerning (1), the perpendicular
anisotropy of interacting stochastic nanomagnets with an
in-plane easy axis is presumed to affect the attempt time, as
reported for the noninteracting geometry that the attempt
time is a power function with negative exponents § as
|H:T|# [22]. Concerning (2), the force maintaining a stable
state, i.e., the effective field of the RKKY coupling, is most
likely to cause a reduction in the frequency of attempts
to overcome the energy barrier, leading to an increase of
the attempt time. The calculation of the dynamic process

SAF SF
[n] [ |
30nst- i
o o (o)
o
< 20 ns - .
& ]
10 nst+ i
[ | [n]
0 S L L L L L L
-2 —1 0 1 2
toH, (MT)

FIG. 7. Relaxation time, tp (tap), of P (AP) state against the
x-direction magnetic field shown by open (closed) symbols. Blue
and red plots show the SF and SAF free layers, respectively.

confirms the robustness of the relaxation time against mag-
netic fields in the SAF free layer similar to the calculation
of the static process. We also find a difference in the relax-
ation time between SF and SAF free layers, which is not
accessible in the calculation of the static process.

IV. DISCUSSION

In Sec. 11, we experimentally show that the relaxation
time of the SAF free layer is much more robust than that of
the SF free layer from the magnetic field dependence of the
relaxation time against both x and y directions. In Sec. III,
we theoretically study the external magnetic field depen-
dences of A by calculating the quasi-static and dynamic
processes. In this section, we discuss the strategy to real-
ize external-field-robust stochastic MTJs using a SAF free
layer based on these experimental and calculation results.

First, we discuss the impact of the uncompensated
moment on the SAF structure. As shown in Figs. 3 and
4, in the case of the SAF structure with the uncompen-
sated moment, /1, varies with T,p/7p and H, varies with
Tav. Because these characteristics are not preferable for
applications, compensation of the magnetic moments is the
most critical factor. Accordingly, one needs to carefully
consider the effects of the dead layer at the interface with
the adjacent layer, the shape of the pillar of the junction,
and the edge damage of each layer after the fabrication
process [34-37]. In this regard, the measurement of the
RTN of MTlJs against H, at around H, =0 can serve as
a sensitive tool, as shown in Fig. 4.

Next, we discuss the requirements to achieve high
robustness, assuming that a fully compensated SAF struc-
ture can be fabricated. In the SAF with Vi=7V),, the
coefficients of H,*> and H,? of A in Egs. (5), (7a), and
(7b) indicate that the robustness to magnetic fields can be
improved by decreasing the magnetic moment and/or by
increasing the RKKY coupling. To obtain a design crite-
rion for probabilistic computing applications, we set the
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acceptable variation of the thermal stability factor, §A,
to suppress the variation of t to be less than about 10%
under an external magnetic field of several mT, assum-
ing a general magnetic shielding technique for industrial
use [3841]. This condition corresponds to A of 0.1
in the case of Vi=V>=1.0x 1072* m?, My=1.8 T, and
woHk in=10 mT (A =3.5). Also, comparing the coeffi-
cients of the H, and H, terms in Egs. (5) and (7a), we
find that A is always more sensitive to H, than to H,.
Then, from Eq. (5), the required poHrgxy is derived to
be >360 mT for A < 0.1 in the H, range of about 10 mT.
While this is about twice as large as the value obtained in
our experiment, we note that the required Hgrggy linearly
decreases with a reduction of the magnetic moment. We
also note that, as can be understood from Egs. (5) and (7a),
Hyykky does not affect A itself at around zero field. There-
fore, the material and thickness of the nonmagnetic layer
between the two free layers is a critical factor in designing
robust stochastic MTJs with the SAF free layer.

V. CONCLUSION

Here, we fabricate stochastic magnetic tunnel junctions
with a synthetic antiferromagnetic free layer and inves-
tigate their relaxation times as a function of external
magnetic fields. Much more robust relaxation times are
experimentally confirmed in the synthetic antiferromag-
netic free layer than that of a single ferromagnetic free
layer under in-plane magnetic fields with both easy- (x)
and hard- (y) axis directions. We calculate the variation of
the thermal stability factor with external magnetic fields H,
and H, by macrospin simulation. We find that, in the case
of the fully compensated synthetic antiferromagnetic free
layers, the thermal stability factors for parallel and antipar-
allel configurations are equivalent over a range where the
RKKY interaction is larger than external field H,. The
dependence on H, is different from that of the single fer-
romagnetic free layer, and we reproduce this tendency by
considering the magnetization-reversal mechanism. These
calculation results reveal that the magnetic field robustness
can be improved by decreasing the magnetic moment of
each free layer and increasing the RKKY interaction. This
work experimentally and analytically clarifies the exter-
nal magnetic field robustness of stochastic magnetic tunnel
junctions with a synthetic antiferromagnetic free layer
and provides design guidelines for probabilistic computing
applications.
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