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ABSTRACT

We study the timescale of random telegraph noise (RTN) of nanomagnets in stochastic
magnetic tunnel junctions (MTJs). From analytical and numerical calculations based on the
Landau-Lifshitz-Gilbert and the Fokker-Planck equations, we reveal mechanisms governing the
relaxation time of perpendicular easy-axis MTJs (p-MTJs) and in-plane easy-axis MTJs (i-MTJs),
showing that i-MTlJs can be made to have faster RTN. Superparamagnetic i-MTJs with small in-
plane anisotropy and sizable perpendicular effective anisotropy show relaxation times down to 8
ns at negligible bias current, which is more than five-orders-of-magnitude shorter than that of
typical stochastic p-MTJs and about 100-times faster than the shortest time of i-MTJs reported so
far. The findings give a new insight and foundation in developing stochastic MTJs for high-

performance probabilistic computers.



Unraveling the physical mechanisms underlying probabilistic behavior has grown
increasingly important as stochastic physical systems are being recognized as a useful ingredient
for unconventional computing [1,2]. Thermally-stable magnetic tunnel junctions (MTJs) have
been established as a critical building block for low-power, non-volatile integrated circuits.
Recently, thermally-unstable MTJs on the opposite extreme, showing a stochastic magnetization
configuration, or random telegraph noise (RTN), have also started to gather attention as a key
enabler for probabilistic computers initially envisioned by Feynman [2-13]. Here, the fluctuation
timescale, or the Néel relaxation time, of the MTJs is a crucial factor for determining performance,
where a shorter relaxation time yields a faster time-to-solution and higher precision. A proof-of-
concept of integer factorization was demonstrated using a rudimentary system with perpendicular-
anisotropy MTJs (p-MTJs) whose typical relaxation time is in the millisecond range [2].
Meanwhile, in in-plane easy-axis MTJs (i-MTJs), relaxation times down to sub-microsecond have
been reported [4,9,14-17], several orders of magnitude shorter than that of p-MTJs [2,18].
Importantly, while vigorous efforts have been dedicated to the long-term retention property of
nonvolatile MTJs [19-27], the physical mechanism governing the relaxation time of stochastic
MTIs has not been well studied. Accordingly, the present understanding cannot account for the
largely different relaxation times in the two systems with different easy-axis directions, and thus
is unable to present effective approaches to reduce the relaxation time of stochastic MTJs. Here,
we introduce free energy for qualitative description of the stochasticity and find that faster
precession caused by the sizable perpendicular anisotropy of i-MTJ enables to achieve shorter
relaxation time. We experimentally investigate the RTN of i-MTJs which show a short relaxation
time down to 8 ns at negligible bias current. We also perform numerical calculations and clarify
the mechanism that is responsible for the shorter relaxation time of i-MTJs than that of p-MT]Js.
In a joint publication article [28], we thoroughly describe the formalism and mechanism of the
relaxation time of stochastic nanomagnets with perpendicular and in-plane easy axes.

A stack structure consisting of Ta (5 nm)/ PtMn (20 nm)/ Co (2.6 nm)/ Ru (0.9 nm)/ CoFeB



(2.4 nm)/ MgO/ CoFeB (ftee)/ Ta (5 nm)/ Ru (5 nm) is deposited on a thermally oxidized Si
substrate by dc/rf magnetron sputtering at room temperature (Fig. 1(a)). The bottom CoFeB layer
is a reference layer with an in-plane magnetic easy axis, and shows antiferromagnetic coupling
with the Co layer that is pinned by PtMn. The free layer CoFeB with thickness #..= 2.1 nm also
possesses an in-plane easy axis. The effective perpendicular anisotropy field 1Hx"" is determined
to be -0.46 T (o is the permeability in free space and minus sign indicates an in-plane easy axis)
from magnetization curve measurements using vibrating sample magnetometry (VSM). The stack
is processed into elliptical MTJs with electron-beam lithography, reactive-ion etching, and Ar-ion
milling. Then, co-planar waveguide made of Cr (5 nm)/ Au (100 nm) is formed by Ar-ion milling.
The samples are annealed at 300°C for two hours in vacuum with an external magnetic field toHi,
of 1.2 T parallel to the in-plane easy axis (long axis) to provide the exchange bias. The resistance
area product R4 is determined to be 3242 Qum? from the area determined by the scanning electron
microscope (SEM) image and junction resistance of 113 reference MTJs with different
dimensions. Tunnel magnetoresistance (TMR) ratio is 110+£12%. Figure 1(b) shows a SEM image
of the elliptical MTJ having the device size and aspect ratio of 104 nm %X 149 nm and 1.4,
respectively. In this paper, we show the results of three MTJ devices (A, B, and C) with the same
design. All experiments are conducted under a magnetic field H;, parallel to the easy axis of the
MTlJs. Figure 1(c) shows the R-Hj, curve of the MTJ devices A-C with schematics of expected
energy potential. Differences in resistance (~20%) and shift field (Hs (~3 mT) between them
reflect the deviation of the fabricated MTJ dimension. A superparamagnetic behavior with zero
coercivity is observed, indicating event time 7 is well below the measurement time (~1 second)
for all devices.

Figure 2(a) shows the circuit configuration for the RTN measurement down to sub-
nanosecond event times. A small dc voltage Vi = 0.1 V, corresponding to the current and current

density of 19 uA and 0.31x10° A/cm?, is applied to the MTJ. The applied current is negligibly



small compared to the critical current (~8%), suggesting spin-transfer torque does not play major
roles, as is experimentally supported by the fact that V4. with the opposite polarity does not exhibit
any change in the following measurement. High-frequency transmitted signal is monitored by a
high-speed oscilloscope. A bias tee with cut-on frequency >100 kHz is used to shunt the dc
component of the voltage applied to the oscilloscope/amplifier. Figure 2(b)-(d) shows the typical
time-resolved RTN signal with (Hin = -8.6 mT, -7.9 mT, and -7.4 mT, respectively. Due to the
TMR effect, the high-frequency transmission coefficient I'(R) = 2Z,/(Z, + R) and resultant
transmission voltage V(R) = Vy3.I'(R)Ay change with the magnetic configuration [29], where
Zq is the characteristic impedance of the circuit 50 QQ, and Ay the gain of the inverter amplifier
—201log 15. The difference of RTN signal for parallel (P) and antiparallel (AP) configurations is
calculated to be Vr(Rap) —Vp(Rp) =9.4mV , using the resistances under P and AP
configurations ( Rp and Rup ), respectively, for device A. This value agrees with the
experimentally obtained RTN signal amplitude ~ 9 mV shown in Figs. 2(b)-(d), indicating that
180° switching between P and AP states takes place. As indicated in Fig. 2(c), we measure each
event time feent by measuring the time between subsequent magnetization switching events.
Figure 2(e) shows an example of the histogram of #even determined from RTN measurements over
4 ms. The number of the event time N shows a typical exponential distribution N =
771 exp(—teyent/T), indicating the switching event follows a Poisson process. The expectation
values of event time (= relaxation time) t is determined by fitting an exponential function to the
experimental result shown in the solid lines in Fig. 2(e).

As shown in Figs. 2(b)-(d), 7p and 7,p change with H;, due to a modulation of the
energy potential. At poH;, =—-7.9mT, tp = Tpp as shown in Figs. 2(c), which is also consistent
with the center of the R — H;, curve (Fig. 1(c)). Figures 2(f) and 2(g) are the RTN of the devices
B and C taken at H;, with 7p = T,p, respectively. Difference in the H;, originates from
different uncompensated stray fields Hg from the reference layer due to the deviation of
fabricated MTJ dimensions. Figure 3 summarizes Tp and 7,p as a function of Hj, for devices
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A-C. We define the averaged relaxation time as T,ye = \/TpTap. The lowest T,y is 8 ns, which
is five orders shorter than that of typical p-MTJs [2,18], and more than 100 times shorter than the
shortest value ever demonstrated in i-MTJs (980 ns) [17].

Now we analyze the obtained results from a relation of the relaxation time with H;,. Magnetic
energy density f(6,¢) per magnetic moment Ms) under perpendicular uniaxial magnetic

anisotropy, in-plane uniaxial magnetic anisotropy, and H;, is expressed as
; 1 eff ;.2 1 in2 ia2
f(0,9) = —Hj, sin6 cos ¢ + EHK sin“ 6 + EHK,in sin“ @ sin“ ¢, (1)

where (6, ¢), Hgin, Ms,and V are polar and azimuthal angles of the free layer magnetization,
in-plane anisotropy field, spontaneous magnetization, and volume of the free layer, respectively.
We define 6 = 0 as the perpendicular (+2z) direction, and (8, @) = (1/2,0) as the long axis
(+x) direction. In general, the in-plane energy barrier Epap) from P to AP (AP to P) process is

known to be given by

2
[HK,in + (_){Hin - HS}]
Epap) = 2Hy o MV. (2)

In the Néel-Arrhenius law, the relaxation time of the P and AP states are Tpapy =
To exp(Ep(Ap) /kBT), where 7o, kg, and T are the attempt time, Boltzmann constant, and

temperature, respectively [30]. On the logarithmic scale,
MgV
InTp(ap) ~ 2haT [+(=)2{H;n — Hs} + Hg in] + In 7, (3)

YsY [+2H;,] governs the slope and the rest determines the
2kgT g P

at |Hj, — Hg| < Hg ipn. The term of

offset. Fitting Eq. (3) to the data at tp = T4p for device A shown in Fig. 3, we obtain MsV =
(1.340.1)x 10> Tm® from the slope +MgV /kgT, which corresponds to about 60% of the value
of Mstseed = (2.340.2)x10% Tm?®, where the areal magnetic moment Mstfe. is determined from
the VSM measurements and 4 from the R4 divided by junction resistance of device A. The

reasonable agreement indicates that the studied system can be approximated by a single-domain



model although the switching is driven with an activation volume slightly smaller than the entire
volume of the free layer.

In the following section, we theoretically study the relaxation time of the p- and i-MTlJs, and
discuss the mechanism which yields the fast relaxation time in i-MTJs [28]. First, we compare
the relaxation time of the two configurations with a macrospin model using the Landau-Lifshitz-
Gilbert (LLG) equation,

dm

dm
o7 = “YHom X (Vf + hr(®) + am x T @

where m = (sinf cos¢,sinfsing,cosf), t, y, hr(t), and a are the normalized
magnetization vector, time, gyromagnetic ratio, random thermal field vector, and damping
constant, respectively. f(6,¢) isdefined in Eq. (1). We define the initial magnetization direction
of p-MTJs (i-MTJs)at 6 =0 & m, =1 ((6,¢9) = (1/2,0) & m, = 1).

For the p-MTlJs, Fig. 4(a) illustrates the direction of each torque in Eq. (4). Importantly,
thermal fluctuations are isotropic and its polar component is the only driving force to induce
magnetization switching among the torques. We numerically calculate the time evolution of

magnetization using Eq. (4) with @ =0.02 and poHg"

=10 mT, corresponding to the thermal
stability factor A = MgHEV /2kgT = 3.8 at T'= 300 K for a magnet with the thickness and
diameter of 1 nm and 60 nm, respectively. As shown in Fig. 4(b), magnetization dynamics are
dominated by the precession towards azimuthal direction resulting from the anisotropy field, and
the thermal field towards polar direction changes precession radius. Figure 4(c) shows z
component m, of the magnetization vs. time, showing an event time on the order of
microseconds. Averaging 10,000 event time, we obtain the relaxation time for this configuration
to be 0.80 ps.

For i-MTlJs, Fig. 4(f) illustrates the direction of torques in Eq. (4) at ¢ = 0. In i-MTJs with
a thermal fluctuation field, once the magnetization acquires an out-of-plane component (i, > 0),

the perpendicular component of magnetic anisotropy generates a strong torque @~y poHg! cos @



unlike p-MTJs. With an increase of ¢, the magnetization returns to the plane (68 = m/2) due to
the torque from Hy jp, O~yuoH k.in Sin 0 sin 2¢, while conserving the potential energy, resulting
in magnetization precession with an elliptic trajectory about the energy minimum. Figures 4(g)
and 4(h) show the calculated magnetization trajectory with poHgin = 10 mT (A4 =
MgHy inV/2kgT = 3.8), poHE™ = —460 mT, and a =0.02. As shown in Fig. 4(g), the
magnetization precesses along elliptic orbits, changing its radius by thermal fluctuation. Figure
4(h) shows x component m, of the magnetization vs. time, showing an event time on the order
of tens of nanoseconds. The relaxation time obtained from 10,000 switching events is 20 ns, which
is in good agreement with the experimentally observed relaxation times (Fig. 3). It is noteworthy
that despite the same A4 of 3.8 between the p- and i-MTJs, the numerically calculated relaxation
times are different by a factor of 40.

Figures 4(d) and 4(i) show the contour map of the potential energy density f (8, )MsV for
p- and i-MTJs, respectively. Black and gray lines show the contour spacing of 1kgT and 20kgT,
respectively. Potential energy is indicated by color as well, whose scale is shown in Figs. 4(e) and
4(j). In p-MT]Js [Figs. 4(d),(e)], the potential landscape is simply composed of two energy valleys
separated by barrier energy at the equator 8 = m/2, where the energy takes the maximum value
in all directions (6,¢). On the contrary, in i-MTJs [Figs. 4(i),(j)], two energy valleys are
surrounded by high energy regions due to a relatively large |HgT| and are connected at two
saddle points (6, @) = (1t/2,+m/2) on the equator at which energy is 3.8ks7. Accordingly, the
magnetization is confined in the relatively low energy region at the vicinity of the in-plane
direction as shown in Fig. 4(g).

In a joint publication article [28], we investigate the mechanism of thermally activated
switching numerically and analytically based on the LLG equation above and the Fokker-Planck
(FP) equation, which describes the time evolution of the probability density P(¢, €, @) to take

magnetization direction (6, ¢). The analytical investigation reveals that the decay time that non-



equilibrium P(¢, 6, @) relaxes to equilibrium (Boltzmann) distribution is shorter for a larger
gradient of potential landscape |Vf| = |[m X Vf|; in other words, faster intrinsic precessional

frequency induces shorter relaxation time. In i-MTJs, the precession frequency at the bottom of

the energy valley is given by yuo(—H ,‘ffffH K,in)o.s rad/s, which is much faster than that of p-
MTIJs yuoHg in rad/s. In i-MTJs, because the gradient of potential landscape is larger than p-
MTIJs and finite at anywhere except for two saddle points, the magnetization always feels non-
zero torque m X Vf that drives the switching in addition to the diffusion of the probability
density, which is visualized as the rapid spread of P(z, 6, ¢) from original energy valley to the
other using numerical simulation with the FP equation. This is in contrast to the case of p-MTJs,
where magnetization feels zero torque at the vicinity of the energy barrier because Vf = 0, and
the switching takes place only by the probability density diffusion through the random walk. This
difference reasonably accounts for the different timescales in t for the i-MTJs and p-MTJs even
with the same A4.

In thermally stable MTJs, their year-long t is not easily accessed with experiments and
numerical simulations. Due to this limitation, the most effective way to increase (decrease) T has
been believed to increase (decrease) A by increasing (decreasing) the energy barrier, considering
the Néel-Arrhenius law T = 7, exp(4), assuming a constant 7, = 1 ns. A theoretical study was
performed on the basis of this understanding and 4 = 0 is assumed for analytical and numerical
calculations [31]. In this Letter and the joint publication article [28], we directly access T by
measuring RTN of stochastic MTJs and perform analytical and numerical calculations while
assuming a finite A4, reaching the following understandings. The difference in the dynamics
indicates that 7y significantly changes with the magnetic anisotropy configuration because 7,
is determined by the intrinsic precessional frequency. Accordingly, in p-MTJs, the reduction of 4
is not an efficient approach to reduce t due to the increase of 7, with a decrease of 4, and there

is a lower limit of T which is determined by « and MsV. In i-MTJs, on the other hand, 7, is



always smaller than that in p-MTJs for the same 4, and can be reduced by a few orders of
magnitude with changing the perpendicular effective anisotropy field, which does not have any
contribution to A. These findings as well as the experimental results in this paper pave an effective
way to control relaxation time.

In conclusion, we have investigated the relaxation time of the magnetization in stochastic in-
plane easy-axis magnetic tunnel junctions (i-MTJs). From measurements on the random telegraph
noise, we have obtained relaxation times down to 8 ns at negligibly small bias current, which is
five orders of magnitude shorter than that of typical perpendicular MTJs (p-MTJs), and more than
100 times shorter than that reported for the i-MTJs so far. Numerical simulation reproduced the
trend that i-MTJs have faster precession and shorter relaxation time than those with the p-MTJs
even with the same thermal stability factor. Due to the difference of potential landscape formed
by relatively large effective perpendicular anisotropy field, the probability density much more
rapidly transits to the other potential valley in i-MTJs. The experimental results and model in the
joint publication article [28] give a compass for designing stochastic MTJs with shorter relaxation

time and benefits for probabilistic computer with faster operation time and higher precision.

During the preparation of this manuscript, we have learned that a similar manuscript is
recently posted in arXiv [32], where auto-correlation time of junction resistance of an i-MTJ down

to 2 ns was shown under a relatively large 7.0x10° A/cm?.
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FIGURE CAPTIONS

FIG. 1. Device design and basic device properties. (a) Schematic of stack structure. (b)
Scanning microscope image of elliptic magnetic tunnel junction (MTJ). (c) Junction resistance R

versus in-plane external magnetic field zoH;, parallel to the easy axis of the MTJ.

FIG. 2. Random telegraph noise (RTN) measurements. (a) Circuit configuration of RTN
measurements. (b)-(d) Measured RTN signals for (b) Hin = -8.9 mT, (¢) mHin = -7.9 mT, (d)
HoHin = -7.4 mT with device A. (e) Histogram of the event time teyent for P and AP states,
analyzed at tHin = -7.9 mT collected by monitoring RTN signal for 4 ms. (f),(g) Measured RTN

signals for device B and C, respectively.

FIG.3. In-plane magnetic field toH;» dependence of relaxation time for P and AP configurations,

7> and 7ap, respectively.

FIG. 4. Thermally activated magnetization switching for (a)-(e) p-MTJs and (f)-(j) i-MTJs with

the same thermal stability factor 4 = 3.8. For p-MTJs, perpendicular effective anisotropy field

LoH ™ =10 mT, and for i-MT]Js, in-plane effective anisotropy field zHxn = 10 mT, and zoHx"™

=-0.46 T are used to serve the same A4 in both configurations. (a)(f) Schematics of direction of
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the torque. (b),(c),(g),(h) Magnetization dynamics simulated by LLG equation (Eq. (2)).

Magnetization trajectories with duration of (b) 2 ps and (g) 50 ns are plotted. (d),(i) Potential

energy landscapes described by Eq. (1). (e),(j) Schematics of the thermally activated

magnetization switching between potential valley over energy barrier. White arrow in

(d),(e),(1),(j) indicates the energy from bottom of the potential valley and barrier between potential

valleys. Yellow arrow in (i),(j) indicates the energy from bottom of the potential valley and

perpendicular direction (m. = 1).
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