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Voltage-induced dynamic switching in magnetic tunnel junctions (MTJs) is a writing technique for
voltage-controlled magnetoresistive random access memory (VCMRAM), which is expected to be an
ultimate nonvolatile memory with ultralow power consumption. In conventional dynamic switching, the
width of subnanosecond write voltage pulses must be precisely controlled to achieve a sufficiently low
write-error rate (WER). This very narrow tolerance of pulse width is the biggest technical difficulty in
developing VCMRAM. Heavily damped precessional switching is a writing scheme for VCMRAM with
a substantially high tolerance of pulse width, although the minimum WER has been much higher than
that of conventional dynamic switching with an optimum pulse width. In this study, we theoretically
investigate the effect of MTJ shape and the direction of the applied magnetic field on the WER of heavily
damped precessional switching. The results show that the WER in elliptical-cylinder MTJs can be several
orders of magnitude smaller than that in usual circular-cylinder MTJs when the external magnetic field
is applied parallel to the minor axis of the ellipse. The reduction in the WER is due to the fact that the
demagnetization field narrows the component of the magnetization distribution perpendicular to the plane
direction immediately before the voltage is applied.

DOI: 10.1103/PhysRevApplied.18.054069

I. INTRODUCTION

Voltage-controlled magnetoresistive random access
memory (VCMRAM) [1-14] has been attracting a great
deal of attention as a low-power nonvolatile memory. The
writing scheme of the VCMRAM is based on the voltage
control of magnetic anisotropy (VCMA) at the interface
between the MgO tunnel barrier and the free layer (FL)
made of an Fe-based alloy such as Co-Fe in a magnetic
tunnel junction (MTJ) [15—17] [see Fig. 1(a)]. When no
voltage is applied to the MTJ, the magnetization in the
FL is kept almost perpendicular to the plane direction
by perpendicular magnetic anisotropy. The perpendicular
magnetic anisotropy can be reduced by applying a voltage
pulse through the VCMA effect [ 1-5], which induces mag-
netization precession around the external magnetic field
[18]. The magnetization switches if the voltage is turned
off after half a precession period [6—14]. After the voltage
pulse, the magnetization relaxes toward the equilibrium
direction opposite to the initial direction and the switching
completes. This is the conventional precessional-switching
scheme of VCMRAM, which we refer to as dynamic
precessional switching.

*rie-matsumoto@aist.go.jp
Th-imamura@aist.go.jp

2331-7019/22/18(5)/054069(11)

054069-1

In dynamic precessional switching, the pulse width after
half a precession period must be controlled precisely to
obtain a low write-error rate (WER). For example, to
obtain a WER less than 1073, which is the highest WER
acceptable for Al image recognition [19], the pulse width
must be controlled on a subnanosecond basis [10,12,14].
From a practical point of view, however, it is difficult to
precisely control the pulse width for all memory cells in a
highly integrated circuit because of the distribution of the
precession period among the memory cells.

We have previously proposed a writing scheme based
on heavily damped precession of the magnetization, where
the WER is less sensitive to the pulse width [20-23].
Even when the voltage is applied for over half a preces-
sion period, the magnetization is kept near the opposite
direction of the initial state, so the pulse width does not
need to be controlled precisely. This prolonged tolerance
of the pulse width is caused by the fast energy dissipa-
tion through damping torque during the precession [2].
The WER demonstrated in Refs. [20,21] is on the order of
10~4, which can be used for Al image recognition. How-
ever, the WER needs to be improved further to broaden the
application areas of the VCMRAM.

In this paper, we theoretically investigate heav-
ily damped precessional switching in an elliptical-
cylinder voltage-controlled MTJ [24,25] under an external
magnetic field parallel to the minor axis of the ellipse

© 2022 American Physical Society
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(a) An elliptical-cylinder magnetic tunnel junction (MTJ), with an external magnetic field (Hey;), and the definitions of the

Cartesian coordinates (x, y,z). FL and RL denote the free layer and the reference layer, respectively. The x axis is parallel to the major
axis of the ellipse and the external field, Hey, is applied in the positive y direction, which is parallel to the minor axis of the ellipse.
(b) Top: the shape of voltage pulse: the amplitude and duration of the pulse are V), (positive value) and #,, respectively. Bottom: the

corresponding time dependence of the effective anisotropy constant K.g: at ' = 0, it takes the value Ke(gr) .When V="V, K = Ke(; "

using the macrospin model. We derive the conditions of
the anisotropy constant during the voltage pulse and the
magnitude of the external field to switch the magnetiza-
tion. We also perform numerical simulations and show that
the WER for the elliptical cylinder can be several orders of
magnitude smaller than that for the circular cylinder if the
external magnetic field is applied parallel to the minor axis
of the ellipse. Detailed analyses based on the numerical
simulations reveal that the reduction of the WER is due to
the demagnetization field narrowing the magnetization dis-
tribution perpendicular to the plane direction immediately
before the voltage is applied.

The rest of the paper is organized as follows. Section
II introduces the theoretical model. In Sec. III, we show
that the WER for the elliptical-cylinder MTJ can be several
orders of magnitude lower than that of the circular-cylinder
MT]J. Section IV presents the detailed analysis for deter-
mining the optimal conditions for the low WER. In Sec.
V, we investigate the cause of the reduction in the WER.

II. THEORETICAL MODEL

The system we consider is schematically shown in
Fig. 1(a). The lateral size of the voltage-controlled MTJ
is assumed to be so small that the magnetization dynamics
can be described by the macrospin model. The direction of
magnetization in the FL is represented by the unit vector
m = (my,m,,m;) = (sin6 cos ¢, sinf sin ¢, cos f), where
0 and ¢ are the polar and azimuthal angles, respectively.
The x axis is parallel to the major axis of the ellipse. The
external in-plane (IP) magnetic field (Hex) is applied par-
allel to the y axis, so the equilibrium azimuthal angle in
the absence of the voltage pulse is ¢© > 0. Hereafter,
the superscript “(0)” indicates the quantities at zero bias

voltage. The magnetization in the reference layer is fixed
to align in the positive z direction.
The energy density of the FL is given by [26]

1
E(my,my,m;) = Equf(Nxmi + Nymi + szg)

+ K,(1 —m?) — poMym - Hey, (1)

where the demagnetization coefficients, N, N,, and N,
are assumed to satisfy N. > N, > N,. o is the vacuum
permeability and M; is the saturation magnetization of the
FL. The index of the IP shape-anisotropy field is given by
H,EIP) = M,(N, — Ny) [27]. K, is the uniaxial anisotropy
constant. The value of K, can be controlled by applying
a bias voltage, V, through the VCMA effect, as shown in
Fig. 1(b). K.g represents the effective anisotropy constant
Ketr = K, — (1/2)jioM2(N, — N,), and K" indicates the
value of K¢ during the voltage pulse.

The magnetization dynamics are simulated using the
following Langevin equation [28]:

dm
(1 +a2>5 = —yom x {(Her + h)

+ a[m x (Hey + h)]}, 2

where ¢ is time, yy is the gyromagnetic ratio, and o is
the Gilbert-damping constant. h represents the thermal-
agitation field satisfying the following relations: (4, (?)) =
0 and (h(Dhe(?)) = [2akpT/ (YoroM$2)]8ud(t — 1),
where () represents the statistical mean, ,k = x,y,z, kg
is the Boltzmann constant, 7 is the temperature, Q2 repre-
sents the volume of the FL, and §,, is Kronecker’s delta.
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FIG. 2. (a) A typical example of a magnetization trajectory
during heavily damped precessional switching in the FL of the
elliptical-cylinder MTJ at T' = 300 K. (b) The temporal evolution
of my, my, and m..

Heg is the effective magnetic field, defined as
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The initial state of the simulation is prepared by relaxing
the magnetization from the equilibrium direction on the
upper hemisphere (m, > 0) at K. = K ;?f) for 10 ns. Then,
the magnetization dynamics are calculated while applying
the voltage pulse for a duration of #,. During the pulse, K¢
is reduced to Ké; " through the VCMA effect, as shown
in Fig. 1(b). After the pulse, the anisotropy constant rises
to the initial value of K4 = Kégf). The success or failure of
switching is determined by the sign of m, after 10 ns of
relaxation.

III. RESULTS

A. Magnetization dynamics in heavily damped
precessional switching

Figure 2(a) shows a typical example of a magnetization
trajectory during heavily damped precessional switching
in the FL of the elliptical-cylinder MTJ at 7 = 300 K.
We assume that Hey = 400 Oe, M, = 1400 kA/m, o =
0.20, Ky = 70 kJ/m?, and K" = 10 kJ/m*. The vol-
ume of the elliptical FL is assumed to be Q = wr,r,d =
123 150 nm?, where 7, (r,) is half the length of the major
(minor) axis of an ellipse with the aspect ratio (AR) Rysp =
re/ry =3, and d = 2 nm is the thickness of the FL. The
demagnetizing constants of the FL are N, = 0.005 35,
N, =0.02574, and N, = 0.968 91 [29], which give an IP

anisotropy field of H,ﬁlp) =359 Oe.

The magnetization dynamics of heavily damped preces-
sional switching in the elliptical FL are qualitatively the
same as those in the circular FL [20,21]. Starting from
the initial state on the upper hemisphere (m, > 0), the
magnetization precesses around the external magnetic field

100¢g—
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g 1073} 3
= 10741 ]
107% .
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FIG. 3. The #, dependence of the write-error rate (WER). The
red squares connected by red lines represent results for the circu-
lar FL. The blue circles connected by blue lines represent results
for the elliptical FL.

and relaxes toward the equilibrium direction in the lower
hemisphere (m. < 0). The temporal evolution of m,, m,,
and m; is shown in Fig. 2(b). It takes less than 2 ns to min-
imize m,. After m, is minimized, the magnetization does
not return to the upper hemisphere but precesses around
the energy minima on the lower hemisphere. When the
voltage is turned off at any time after 2 ns, the magnetiza-
tion relaxes toward the equilibrium direction to complete
switching.

B. Comparison of the WER between circular and
elliptical-cylinder MTJs

The WER of heavily damped precessional switching
depends strongly on the shape of the MTJ. Figure 3 shows
the WER of the elliptical-cylinder MTJ (blue) and that
of the circular-cylinder MTJ (red) reported in Ref. [20].
At t, = 10 ns, the WER of the elliptical-cylinder MT]J is
3.1 x 107, which is about 2 orders of magnitude lower
than that of the circular-cylinder MTJ (2.1 x 107%).

All of the parameters of the elliptical-cylinder MTJ
are the same as those in Fig. 2. The volume of the FL
of the circular-cylinder MTJ is the same as that of the
elliptical-cylinder MTJ, i.e., @ = wryr,d = 123150 nm?
with 7, =, = 140 nm and d = 2 nm, which is also the
same as the FL in Ref. [20]. The demagnetization coef-
ficients of the circular FL are N, = N, = 0.01325 and
N. = 0.973 50 [29] which yield H'" =0 Oe, a = 0.17,
and K é;fr " =33k /m?3. The other parameters are the same
as those of the elliptical FL.

Considering the temperature increase in some comput-
ing systems [30], we calculate the WER at £, =10 ns
and the temperature as 80 °C (7 = 353 K). In the circular-
cylinder MTJ, the WER at 7, = 10 ns is 6.1 x 107*. In
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the elliptical-cylinder MTJ, the WER at 7, = 10 ns is
1.9 x 107°. In both MTJs, the WER at 7, = 10 ns increases
but the WER is still less than 1073 [19].

We also conduct simulations adding the pulse-rise time
(t) and the pulse-fall time (#;) [31] to the parameters used
in Fig. 3. In the circular-cylinder MTJ, the WER at ¢, =
10 ns is insensitive to the introduction of ¢, = 70 ps but
it increases to 1.7 x 1072 at #. = 200 ps. In the elliptical-
cylinder MTIJ, the WER at #, = 10 ns is insensitive to the
introduction of #. = 40 ps but it increases to 1.3 x 1072
at £, = 200 ps. To ¢,, the elliptical-cylinder MTJ is more
sensitive than the circular-cylinder MTJ. To ¢, for both
the circular-cylinder MTJ and the elliptical-cylinder MTJ,
the WER is insensitive even at fr = 1 ns.

Note that, in practice, including the external IP magnetic
field, which is perpendicular to the IP shape-anisotropy
field, may be challenging on a chip. Competition between
the fields can lead to nonuniform static distribution of the
magnetization within the bit. In addition, the large size
assumed in Figs. 2 and 3 may make the switching nonuni-
form and the dynamics might be far from a single-domain
precession as considered in the model. Thus, we conduct
micromagnetic simulations and the results are described
in Appendix A. The results support the validity of our
analyses.

Even in the case of smaller size, there remain technolog-
ical challenges. The elliptical geometry is difficult to scale
to small bit dimensions and increases bit-to-bit variations
compared to the circular shape.

IV. DETAILED ANALYSES OF MAGNETIZATION
DYNAMICS

Before investigating the cause of the reduction in the
WER, we conduct detailed analyses of the magnetiza-
tion dynamics in the elliptical FL. To save computational
time, we analyze the smaller system with Q =S5 x d =
15708 nm?. Regardless of AR ranging from 1 to 15, the
area and the thickness of the FL are assumed to be S =
5027 nm? and d = 2 nm, respectively. Unless otherwise
noted, M, = 1400 kA/m, K = 200 kJ/m?, Rys, = 5, and
(Ny,N,, N;) = (0.0075,0.0745,0.9180) are assumed.

A. Equilibrium direction of magnetization at 7 = (
and V=10
The equilibrium direction of magnetization at 7 = 0 and
V=0 (m?) is obtained by minimizing £. In this sub-
section and the next, we calculate m® and analyze the
magnetization dynamics using the dimensionless energy
density, €, defined as follows [26]:

1
e(my, my,m;) = E(Nxmi + Nymi + szﬁ)

+ (1l — mﬁ) - hextmya “4)

@, €0 (b)
1_0_65 0.10
0.5 i 7
060 0.05 A et
) o R
£ 00 loss -~
: 0.00——~
—05 £0.50
[0.45 -0.05 B c

.0 . . L .
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FIG. 4. (a) The energy-density contour plot of Eq. (4) at 0 V in
¢ — m. space. m? is indicated by open circles. (b) The classifi-
cation of hext-Ke(?f) space for the calculation of m®. In the shaded
region A, |m?| > 0. In the white regions, m®) = 0. In region B,
0 <m® < 1. Inregion C,m” =1, and m¥ = 0. In regions A,
B, and C, m® has different analytical expressions.

where ¢ = g/(MOMgz)a K= Ku/(:u'OMgz); and hey = Hexi/
M;. Without loss of generality, we assume that /e > 0.
At V' =0, the dimensionless anisotropy constant is x =
k@ =K©®/(uoM?). The ¢ and m, dependence of £
at He = 2000 Oe is shown in Fig. 4(a), where m® =
m®, m®, m®) = (0,0.496,+0.869) are indicated by
open circles.

To derive the analytical expressions of m®, we divide
the hext-/ce(gf) plane into three regions, A, B, and C, as shown
in Fig. 4(b), where keg = Keff/(,quf) =« —(1/2)(N, —
N,). In region A, indicated by the shaded area, the z com-
ponent of m® is nonzero, i.., |m”| > 0. In regions B and
C, the magnetization is in the IP direction, i.e., m, = 0.
Therefore, the initial and final state of switching should be
in region A.

The lower boundary of region A is expressed as follows.
For hext = Ny - Nxa

Kefr > 0. %)

For hexy > N, — Ny,

1
Keff > Keffe = E(hext + Ny _Ny)- (6)

In region A, the equilibrium directions of the magnetiza-
tion are given by

m® =0, ()
h
) __ ext
M= O LN —N. N, =N, (8)
m® — i\/(ZK(O) +Ny - N)? = hgxt' )
: (2k©® + N, — N.)?

By substituting parameters used in Fig. 4(a) into
Egs. (7)+9), we have m® = (m§0)’m;0)’m§0)) = (0,0.496,
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+0.869), which is the same as the result of the numerical
calculation.
The boundaries of region B are given by

hew < Ny — N (10)
and
ket < 0. (11
In region B, we have
=21 = o/ N, = NP, (12)
m® = he /N, = N, (13)
m® =0, (14)

The boundaries of region C are given by

hext > ]Vy - Nx (15)
and
1

Keff < Keffe = E(hext + Ny _Ny)- (16)

In region C, we have
m® =0, (17)
m;0> =1, (18)
m® = 0. (19)

B. Magnetization dynamics at 7 = 0

The application of a bias voltage modifies the anisotropy
constants from Kégf) to Ke(; " and destabilizes the initial

state. Under the optimal conditions of Ke(g) and K;; " the
precessional motion of magnetization around the IP mag-
netic field is induced [32]. For example, in the case of
the elliptical-cylinder MTJ with R,s, = 5 and Hey, = 2000

Oe¢ (hext = 0.114), a change from Ke(?f) =200 kJ/m? to

K = 80kI/m? (from kY = 0.0812to k" = 0.0325)
induces the precession. In this case, the contour plot of €
changes from Fig. 4(a) to Fig. 5(a). Because the energy
contour (gray curve) including m© (open circles) passes
m, = 0, the magnetization can go down to the lower hemi-
sphere to switch its direction. This condition yields an
upper bound of Ke(;f_ " We label this upper bound as kef 1,
which is indicated by the dotted vertical line in Fig. 5(b).
Note that in the condition of Fig. 5(a), the heavily
damped precessional switching is induced at relatively
high @ (0.11 < o < 0.30), while dynamic precessional

switching is induced at lower o (o < 0.11). This is

because, as shown in Fig. 5(a), the equilibrium directions
of mat «{t", m{", indicated by the solid green circles
exist on both the upper and the lower hemispheres. In such
a case, the magnetization can relax to the counterpart mgV)
after half a precession period, even during the application
of the bias voltage.

In Fig. 5(b), the values of (/c;fIr " and o) that
enable heavily damped precessional switching are indi-
cated by the shaded region. The parameters are 7 =
0, K§ =200 ki/m® («{J =0.0812), Hey =2000 Oe
(hext = 0.114), and N, — N, = 0.0670(< hey). Similar to
the results for the circular MTJ reported in Refs. [20,21],
the shaded region is triangular. We label its lower bound
Ké;f“ " as Kerr1- At Ké;f“ » < Kef.L1, heavily damped preces-
sional switching cannot be induced because m{" at such

eq
Ké;frV) is only located at m, = 0.

kemu1 and kemr1 are analytically calculated in the same
way as in Refs. [20,32] and their /.y dependence is sum-
marized in Figs. 5(c) and 5(f). Figure 5(f) is an enlarged
view of the low-/.x region in Fig. 5(c). In both the lighter-
and darker-shaded regions, heavily damped precessional
switching can be induced at appropriate values of «.

For N, — Ny < hext < 2@ + N, — N,, the condition

"

on kg~ for the heavily damped precessional switching is

(G4
KeffLl < Ko =~ < Keff,Ul- (20)

Here,

ot = 5 Cho N = Ny, @1
This lower bound can be obtained as k., which yields
m; =0 in Eq. (9). kexz1 18 indicated by the solid blue
curve in Figs. 5(c) and 5(f). This curve is the same as the
boundary between regions A and C in Fig. 4(b).

The upper boundary is

hext _Ny_Nx
mO+1 2

KeffUul = (22)

where mJ(,O) is given in Eq. (8). kemy1 is indicated by the
solid green curve in Figs. 5(c) and 5(f).
For 0 < hexe < N, — Ny,

+"
Keff2 < Ko = < Keff,U2- (23)
Here,

Kefrr2 = 0. (24)
This lower bound, ks>, is indicated by the solid cyan
line in Figs. 5(c) and 5(f). This line is the same as the
boundary between regions A and B in Fig. 4(b). An exam-
ple of kefrr> is shown in Fig. 5(e), where Hey is 750 Oe
(hext = 0.0426 < N,, — N, = 0.0670).
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FIG. 5. The magnetization dynamics at 7 = 0 in the elliptical FL with aspect ratio (AR) 5 and Kég) =200 kJ/m? (/cég) = 0.0812). (a)

The energy-density contour plot of Eq. (4) in ¢ — m, space during the application of a voltage for K e(;fr " =80kJ /m3 (Ke(;; "= 0.0325)
and Hexe = 2000 O€ (hexe = 0.114 > N, — N, = 0.0670). The open circles indicate m®. m® is determined at Ke(?f) . The thick gray
dotted curve represents the contour with the same energy density as e(m®). The solid green circles indicate new equilibrium directions

(mgV)) at Ke(;; o (b) The region of heavily damped precessional switching (shaded region) in /ce(; - space for the same parameters
as (a). (c) The region of heavily damped precessional switching (lighter- and darker-shaded regions) and its boundary in /ey — Ke(;frV)

space. At given hey, dropping ke from K;?f) to Keft?; "

optimal value of «. (d) The same plot as in (a) for K e(; "=

enlarged view of (c).

The upper bound is

h2

ext

2
= 2heq O Ny + Ny [Nz —Ne = (m®) v - Ny)}

in the shaded regions can induce heavily damped precessional switching at an
15 kJ/m? ("
(e) The region of heavily damped precessional switching (shaded region) in « 4

= 0.00609) and Hey = 750 Oc (hexs = 0.0426 < N, — Ny).

4N _ space for the same parameters as (d). (f) An

1
Keff,U2 = _E(Nz - Nx) +

where N, = N, — N;. kefn is indicated by a solid red
curve in Figs. 5(c) and 5(f). An example of k.12 is shown
in Fig. 5(e).

As seen in Figs. 5(c) and 5(f), the lower (kexz2) and

upper (kefr,2) bounds of Ké;f_ " for the heavily damped pre-
cessional switching are different from kerz; and ke pi.
Note that in the darker-shaded region of Figs. 5(c) and
5(f), there exist two contours at ¢ = ¢(m"), as shown
in Fig. 5(d), where K" = 15 kI/m® (" = 0.006 09),
Hexi =750 Oe (hext = 0.0426 < N, — Ny = 0.0670). In
Fig. 5(c), the bottom gray dotted-dashed curve shows that

, (
2 [1 - (m;m)z] Ny .

(

"e(; " less than the curve is too low to induce even dynamic

switching stably, because the energy contour including

m© does not cross m, = 0 at such low /c;;fr N

C. Dependence of the WER on « and Ke(; "

We calculate the WER at Hg = 1000 Oe (fexy =
0.0568 < N, — N, = 0.0670) and 7 = 300 K, focusing on
the range of Ké;f_ " described as in Eq. (23). Figure 6(a)
shows an example of the #, dependence of the WER
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FIG. 6. The WER at 300 K and H. = 1000 Oe. (a) The ¢,
dependence of the WER at K" = 10 kJ/m® and & = 0.19.
(b) The Ke(;; " and o dependence of the WER at #, = 10 ns.
The WER is at a minimum value, [WER]min, of 3.5 x 1073 at
K =10 kJ/m? and & = 0.19.

calculated in the same way as in Fig. 3. Here, Kég "=
10 kJ/m?, @ = 0.19, and the other parameters are the same
as those in Fig. 4. The WER is kept around 3.5 x 1073 for
the range of 1.5 < #, < 10 ns due to the heavily damped
precessional switching.

Figure 6(b) shows the color map of the WER at#, = 10

ns on the Ké;frV) —«a plane. The WER at #, = 10 ns is
a minimum around the center of the trianglelike region,
similarly to in Refs. [20,21]. The minimum value of
[WER]min = 3.5 x 107 is obtained at K" = 10 kJ/m?
and o = 0.19. For example, experimentally, o has been
increased by using materials including Pt and Pd [33-37].

D. Magnetic-field dependence of minimum value of the
WER

The minimum value of the WER, [WER]yin, strongly
depends on the magnitude of the external IP magnetic field,
Hy. Because the precession period is inversely propor-
tional to Heyx, the disturbance due to the thermal-agitation
field during precession increases as Hey decreases. As Heyt
approaches 0, the WER approaches unity. Meanwhile, the
energy barrier between the equilibrium directions on the
upper and lower hemispheres decreases as Hey increases.
Above a certain critical value of H.y, the WER increases
as Hy increases and approaches unity. Therefore, there is
an optimal value of Hey at which the WER is minimized.

To determine the optimal value of H., we calcu-
late the H.x; dependence of [WER], for various values
of aspect ratio (R,sp) ranging from 1 (circle) to 15 as
shown in Fig. 7(a). For the circular MTJ (red open cir-
cles), [WER]pin 1s minimized around Hey = 1000 Oe,
where Hex/H™ 2 0.3 [21]. Here, H™ = 2K /110 M. As
Rysp increases, the minimum [WER],;, decreases and the
H(Opt)

optimal value of Hex (Hy

) increases.

(@ (b)

100 — : : : 100

c 107" / < 10"

= £

AR R 10
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107 X:f;/

TE R, =2 Ry =10
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500 1000 1500 2000
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FIG. 7. The external in-plane magnetic field dependence of
[WER]min for various aspect ratio (R,sp) from 1 (circle) to

15: (a) at K =200 kJ/m* (0.3HFT ~ 900 Oe); (b) at K =
300 kJ/m? (0.3H™ &~ 1300 Oe).

To investigate the effect of the inverse-bias method
[38—40], we conduct similar calculations for a large
anisotropy constant Ké?f) =300 kJ/m?, as shown in
Fig. 7(b). For each Ry, the minimum [WER]ny, in
Fig. 7(b) is lower than that in Fig. 7(a). Also in Fig. 7(b),
as R, increases, the minimum [WER]y,;, decreases and
H™ increases.

From the results shown in Figs. 7(a) (0.3H,fff ~ 900 Oe)

and 7(b) (0.3HS™ ~ 1300 Oe), note that H'-" ~ 0.3HST

ext
for low Rasp(< 2), where My (N, —Ny) < 0.3H", and
0.3H < HP < My(N, — Ny) for high Ry (= 5), where
M,(N, — Ny) g 0.3H,§ﬁ. The IP demagnetization fields for

Rup = 2,5,10,and 15 are H." = 516 Oe, 1178 Oe, 1691
Oe, and 2014 Oe, respectively. These results indicate that
the increase of the IP demagnetization field causes the
reduction in the WER for high Ryp.

The dependence of [WER],i, on the angles (¢y) of
Hey 1s also calculated for Ry, = 5, Ke(g) =200 kJ/m?, and
H = 1000 Oe. Here, the definition of ¢y is the same
as that of the ¢ illustrated in Fig. 1(a). In the minor-axis
direction, ¢y = 90°, [WER]yin = 3.5 x 1073, as plotted
in Fig. 7(a). At ¢y = 92°, [WER]pin reaches [WER]in =
2.9 x 1072, which is higher than [WER] i, = 2.1 x 1072
for Ragp = 1 (circle), Ky = 200 kJ/m?, and Hey = 1000
Oe.

V. EFFECT OF IP DEMAGNETIZATION FIELD
ON THE WER

To analyze the effect of the IP demagnetization field on
the WER, we compare the m, dependence of the energy
density [Eq. (1)] at m, = 0, K| )y = 200 kJ/m?, and Hey, =
1000 Oe between the circular FL [Fig. 8(a)] and the ellipti-
cal FL with R,s, = 5 [Fig. 8(b)]. The other parameters are
the same as in Fig. 6. The energy-barrier height indicated
by the two-headed arrow in Fig. 8(b) is higher than that in
Fig. 8(a). The value of the energy-barrier height is given
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FIG. 8. (a) The m, dependence of the energy density [Eq. (1)]

at m, = 0 for the circular FL. (b) The same plot for the ellipti-
cal FL with R,q, = 5. (c) The distribution of the magnetization
unit vector in the circular FL with ¢ = 0.16 immediately before
application of the voltage pulse, m®”, at T =300 K and V' = 0.
10 trials are conducted and each blue dot corresponds to m after
each trial. Among the blue dots, the distribution of m©” that will
result in a write error after voltage application and subsequent
relaxation for 10 ns is highlighted as red dots. (d) The same plot
for the elliptical FL with Rys, = 5 and a = 0.19. In all panels,
Kl(?c)ﬁ =200 kJ/m3, and H.,; = 1000 Oe. The other parameters
are the same as in Fig. 6.

in Table I. In the elliptical FL, the energy-barrier height
is enhanced by the demagnetization energy. This enhance-
ment is similar to the enhancement from increasing Kl(?gﬁ
Therefore, the stability of m before the application of V is
expected to increase as R,g, increases.

Using the parameters in Figs. 8(a) and 8(b), the distribu-
tion of the initial states (m®) at 7 = 300 K is compared
between the circular FL [Fig. 8(c)] and the elliptical FL
with R,, = 5 [Fig. 8(d)]. The initial states are obtained by

TABLE 1.

relaxing the magnetization from m® with m(%) > 0 for 10
ns. The relaxation is conducted 103 times. m?” after each
simulation is plotted by the blue dots in Figs. 5(c) and 5(d).
The standard deviation of the distribution in the m, and ¢
directions (the standard deviation of m{?", §,, and the stan-
dard deviation of ¢©, §4) are also listed in Table 1. In the
elliptical FL, the standard deviation of m? is smaller than
that in the circular FL, whereas the standard deviation of
¢ is not. Note that @ = 0.16 in Fig. 8(c) and @ = 0.19 in
Fig. 8(d) because each « yields [WER] iy at Hexe = 1000
Oe in Fig. 7(a).

To clarify the cause of the write error in the heav-
ily damped precessional switching, we plot m®”, which
results in the write error as shown by the red dots in
Figs. 8(c) and 8(d). The number of red dots and the cor-
responding standard deviation of m?”" and ¢©” (3, and §,)
are also listed in Table 1. In both the circular FL and the
elliptical FL, the 8, of the red dots is larger than that of
the blue dots, while §, of the red dots is smaller than that
of the blue dots. This indicates that the cause of the write
error is &, rather than d4 in the heavily damped precessional
switching.

In the elliptical FL under external in-plane Hey, which
is parallel to the minor axis of the ellipse, the error in
the heavily damped precessional switching is reduced by
the suppression of §,. §, is reduced by the energy bar-
rier, which is enhanced by the demagnetization energy.
Note that in the dynamic precessional switching, where the
WER is sensitive to £,, large 84 also leads to a high WER,
because large 3, yields the large distribution of optimal #,
among all of the trials [6—14,32,41].

It is expected that, in practice, the energy barrier can be
enhanced more noticeably in smaller FLs. This is because,
in larger FLs, the energy barrier is decreased by subvol-
ume activation effects. Thus, we perform simulations for
the smaller FLs with S = 2527 nm? and show the results
in Appendix B. There, it is confirmed that the H.y depen-
dence in the case of S = 25?7 nm? is qualitatively the
same as that in the case of § = 5027 nm? shown in Fig. 7.

VI. CONCLUSIONS

We theoretically investigate heavily damped pre-
cessional switching in a perpendicularly magnetized

A comparison between the circular free layer and the elliptical free layer with R,g, = 5 in terms of the energy-barrier

height in Figs. 8(a) and 8(b) and the number and distribution of the blue and red dots in Figs. 8(c) and 8(d).

Ryp =5
ellipse,
Geometry of free layer Circle, o = 0.16, error/all a =0.16, all R.sp = S ellipse, @ = 0.19, error/all
Barrier height (kJ/m?) 84.5 160 160
Number of dots 2318 (red dots)/10° (blue dots) 10° 350 (red dots)/10° (blue dots)
Standard deviation of m(®’ 0.01173/0.009 67 0.005 59 0.007 44/0.005 59
Standard deviation of ¢ 0.0697/0.0734 0.1031 0.0987/0.1031
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elliptical-cylinder voltage-controlled MTJ. We derive ana-
lytical expressions of the conditions of the parameters
for heavily damped precessional switching. The simula-
tions using the Langevin equation show that the WER
in the elliptical FL can be several orders of magnitude
lower than that in the circular FL. From the distribution of
the initial magnetization state immediately before a volt-
age is applied, it is revealed that the error in the heavily
damped precessional switching is reduced by the suppres-
sion of the distribution in the z direction (§,) and §, is
reduced by the energy barrier, which is enhanced by the
demagnetization energy. The results provide a guide to
designing high-density VCMRAM for write-error-tolerant
applications such as Al image recognition.
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APPENDIX A: MICROMAGNETIC SIMULATIONS

We conduct the micromagnetic simulations by using the
MuMax3 software package [42] and confirm the K(*" —
o space diagram as shown in Fig. 9. Here, an exchange
stiffness constant (4ey) of 2 x 107! J/m, a cell size of
2 nm x 2 nm, K, = 1252.549 kJ/m?, and T =0 K are
assumed. The other parameters are the same as those in

1.0
0.9
0.8+
0.7
0.6
S 05F
04}
0.3
0.2
0.1
0.0

—o— elliptical FL
—e— circular FL

1100

10150
KV (kd/md)

FIG. 9. The K e(; " _w space diagram obtained by the micro-
magnetic simulations at 0 K with a cell size of 2 nm x 2 nm
and an exchange stiffness constant (4e) of 2 x 107! J/m. K, =
1252.549 kJ/m? is assumed and the other parameters are the
same as those in Fig. 3. The solid black circles on black curves
are boundaries for the circular FL (redrawn from Ref. [20]). The
open blue circles on blue curves are boundaries for the ellipti-
cal FL. The heavily damped precessional switching occurs in the
gray and cyan areas.

—O—circle
107"¢ —=—R,,=2 [
£ —®—R,,=5
.—g Raep =10
% Ragp =15
1072} ' -
0 2000 4000 6000

H, (Oe)

FIG. 10. The external in-plane magnetic field (H.y) depen-
dence of [WER]y;, for various R, from 1 (circle) to 15. Here,

K = 600 kI/m? (0.3HF™ ~ 1800 Oe) and M, = 2000 kA/m.

Fig. 3. In the circular FL, the region of heavily damped
precessional switching (the area in gray) is quite narrow
because of the multimagnetic domains nucleated during
application of the voltage [20]. In the elliptical FL, the
region of heavily damped precessional switching (the area
in cyan) is wider than that in the circular FL. The area
in cyan qualitatively agree well with Fig. 5(e) which is
analyzed in the macrospin model.

APPENDIX B: THE WER IN SMALLER
JUNCTIONS

Figure 10 shows the dependence of [WER]y, on the
external in-plane magnetic field (H.) in the case of a
smaller junction area, S = 25%7 nm?. Simulations are con-
ducted in the same way as in Fig. 7. Here, M; = 2000
kA/m, K =600 ki/m’, @ =S x d =3927 nm®, and
d = 2 nm. Regardless of R,, ranging from 1 to 15, S and
d are the same.

Qualitatively, Fig. 10 exhibits the same (H.x) depen-
dence as in Fig. 7. In the elliptical FLs, [WER],i, at
optimal Hey (H, op t)) is smaller than that in the circular FL.

ext

[1] M. Weisheit, S. Féhler, A. Marty, Y. Souche, C. Poinsignon,
and D. Givord, Electric field-induced modification of mag-
netism in thin-film ferromagnets, Science 315, 349 (2007).

[2] T. Maruyama, Y. Shiota, T. Nozaki, K. Ohta, N. Toda, M.
Mizuguchi, A. A. Tulapurkar, T. Shinjo, M. Shiraishi, S.
Mizukami, Y. Ando, and Y. Suzuki, Large voltage-induced
magnetic anisotropy change in a few atomic layers of iron,
Nat. Nanotechnol. 4, 158 (2009).

[3] C.-G. Duan, J. P. Velev, R. F. Sabirianov, Z. Zhu, J. Chu,
S. S. Jaswal, and E. Y. Tsymbal, Surface Magnetoelectric

054069-9


https://doi.org/10.1126/science.1136629
https://doi.org/10.1038/nnano.2008.406

MATSUMOTO, YUASA, and IMAMURA

PHYS. REV. APPLIED 18, 054069 (2022)

(4]

(]

(6]

(7]

(8]

(9]

[10]

[11]

[13]

[15]

Effect in Ferromagnetic Metal Films, Phys. Rev. Lett. 101,
137201 (2008).

K. Nakamura, R. Shimabukuro, Y. Fujiwara, T. Akiyama,
T. Ito, and A. J. Freeman, Giant Modification of the Mag-
netocrystalline Anisotropy in Transition-Metal Monolayers
by an External Electric Field, Phys. Rev. Lett. 102, 187201
(2009).

M. Tsujikawa, T. Oda, Finite Electric Field Effects in
the Large Perpendicular Magnetic Anisotropy Surface
Pt/Fe/Pt(001): A First-Principles Study, Phys. Rev. Lett.
102, 247203 (2009).

M. Endo, S. Kanai, S. Ikeda, F. Matsukura, and H.
Ohno, Electric-field effects on thickness dependent mag-
netic anisotropy of sputtered MgO/CoggFeq0B,o/Ta struc-
tures, Appl. Phys. Lett. 96, 212503 (2010).

Y. Shiota, T. Nozaki, F. Bonell, S. Murakami, T. Shinjo, and
Y. Suzuki, Induction of coherent magnetization switching
in a few atomic layers of FeCo using voltage pulses, Nat.
Mater. 11, 39 (2012).

Y. Shiota, S. Miwa, T. Nozaki, F. Bonell, N. Mizuochi,
T. Shinjo, H. Kubota, S. Yuasa, and Y. Suzuki, Pulse
voltage-induced dynamic magnetization switching in mag-
netic tunneling junctions with high resistance-area product,
Appl. Phys. Lett. 101, 102406 (2012).

S. Kanai, M. Yamanouchi, S. Ikeda, Y. Nakatani, F. Mat-
sukura, and H. Ohno, Electric field-induced magnetiza-
tion reversal in a perpendicular-anisotropy CoFeB-MgO
magnetic tunnel junction, Appl. Phys. Lett. 101, 122403
(2012).

Y. Shiota, T. Nozaki, S. Tamaru, K. Yakushiji, H. Kub-
ota, A. Fukushima, S. Yuasa, and Y. Suzuki, Evaluation
of write error rate for voltage-driven dynamic magneti-
zation switching in magnetic tunnel junctions with per-
pendicular magnetization, Appl. Phys. Express 9, 013001
(2016).

C. Grezes, F. Ebrahimi, J. G. Alzate, X. Cai, J. A. Katine,
J. Langer, B. Ocker, P. Khalili Amiri, and K. L. Wang,
Ultra-low switching energy and scaling in electric-field-
controlled nanoscale magnetic tunnel junctions with high
resistance-area product, Appl. Phys. Lett. 108, 012403
(2016).

Y. Shiota, T. Nozaki, S. Tamaru, K. Yakushiji, H. Kubota,
A. Fukushima, S. Yuasa, and Y. Suzuki, Reduction in write
error rate of voltage-driven dynamic magnetization switch-
ing by improving thermal stability factor, Appl. Phys. Lett.
111, 022408 (2017).

T. Yamamoto, T. Nozaki, Y. Shiota, H. Imamura, S.
Tamaru, K. Yakushiji, H. Kubota, A. Fukushima, Y. Suzuki,
and S. Yuasa, Thermally Induced Precession-Orbit Tran-
sition of Magnetization in Voltage-Driven Magnetization
Switching, Phys. Rev. Appl. 10, 024004 (2018).

T. Yamamoto, T. Nozaki, H. Imamura, Y. Shiota, S.
Tamaru, K. Yakushiji, H. Kubota, A. Fukushima, Y. Suzuki,
and S. Yuasa, Improvement of write error rate in voltage-
driven magnetization switching, J. Phys. D: Appl. Phys. 52,
164001 (2019).

S. Yuasa, T. Nagahama, A. Fukushima, Y. Suzuki, and
K. Ando, Giant room-temperature magnetoresistance in
single-crystal Fe/MgO/Fe magnetic tunnel junctions, Nat.
Mater. 3, 868 (2004).

[16] S. S. P. Parkin, C. Kaiser, A. Panchula, P. M. Rice, B.
Hughes, M. Samant, and S.-H. Yang, Giant tunnelling mag-
netoresistance at room temperature with MgO (100) tunnel
barriers, Nat. Mater. 3, 862 (2004).

[17] D. D. Djayaprawira, K. Tsunekawa, M. Nagai, H. Mae-
hara, S. Yamagata, N. Watanabe, S. Yuasa, Y. Suzuki,
and K. Ando, 230% room-temperature magnetoresistance
in CoFeB/MgO/CoFeB magnetic tunnel junctions, Appl.
Phys. Lett. 86, 092502 (2005).

[18] C. S. Davies, K. H. Prabhakara, M. D. Davydova, K.
A. Zvezdin, T. B. Shapaeva, S. Wang, A. K. Zvezdin,
A. Kirilyuk, Th. Rasing, and A. V. Kimel, Anomalously
Damped Heat-Assisted Route for Precessional Magneti-
zation Reversal in an Iron Garnet, Phys. Rev. Lett. 122,
027202 (2019).

[19] Y. Jye Yeoh, H. Tamukoh, O. Nomura, H. Arai, H. Ima-
mura, and T. Morie, in The 69th JSAP Spring Meeting
2022, 22a-E102—4 (The Japan Society of Applied Physics
(JSAP), Kanagawa, 2022).

[20] R. Matsumoto, T. Sato, and H. Imamura, Voltage-induced
switching with long tolerance of voltage-pulse duration in a
perpendicularly magnetized free layer, Appl. Phys. Express
12, 053003 (2019).

[21] R. Matsumoto and H. Imamura, Methods for reducing write
error rate in voltage-induced switching having prolonged
tolerance of voltage-pulse duration, AIP Adv. 9, 125123
(2019).

[22] R. Matsumoto and H. Imamura, Low-Power Switching of
Magnetization Using Enhanced Magnetic Anisotropy with
Application of a Short Voltage Pulse, Phys. Rev. Appl. 14,
021003(R) (2020).

[23] R.-A. One, H. Béa, S. Mican, M. Joldos, P. Brandao Veiga,
B. Dieny, L. D. Buda-Prejbeanu, and C. Tiusan, Route
towards efficient magnetization reversal driven by volt-
age control of magnetic anisotropy, Sci. Rep. 11, 8801
(2021).

[24] J. Deng, G. Liang, and G. Gupta, Ultrafast and low-energy
switching in voltage-controlled elliptical pMTJ, Sci. Rep.
7, 16562 (2017).

[25] V. P. K. Miriyala, X. Fong, and G. Liang, Influence of
size and shape on the performance of VCMA-based MTlJs,
IEEE Trans. Electron Devices 66, 944 (2019).

[26] M. D. Stiles and J. Miltat, in Spin Dynamics in Confined
Magnetic Structures III, Topics in Applied Physics, Vol.
101, edited by Burkard Hillebrands and André Thiaville
(Springer, Berlin, 2006), p. 225.

[27] R. Matsumoto and H. Imamura, Critical current density of
a spin-torque oscillator with an in-plane magnetized free
layer and an out-of-plane magnetized polarizer, AIP Adv.
6, 125033 (2016).

[28] W. Fuller Brown, Jr., Thermal fluctuations of a single-
domain particle, Phys. Rev. 130, 1677 (1963).

[29] M. Beleggia, M. De Graef, Y. T. Millev, D. A. Goode, and
G. Rowlands, Demagnetization factors for elliptic cylin-
ders, J. Phys. D: Appl. Phys. 38, 3333 (2005).

[30] E. Chen, D. Apalkov, Z. Diao, A. Driskill-Smith, D. Druist,
D. Lottis, V. Nikitin, X. Tang, S. Watts, S. Wang, S. A.
Wolf, A. W. Ghosh, J. W. Lu, S. J. Poon, M. Stan, W. H.
Butler, S. Gupta, C. K. A. Mewes, T. Mewes, and P. B.
Visscher, Advances and future prospects of spin-transfer

054069-10


https://doi.org/10.1103/PhysRevLett.101.137201
https://doi.org/10.1103/PhysRevLett.102.187201
https://doi.org/10.1103/PhysRevLett.102.247203
https://doi.org/10.1063/1.3429592
https://doi.org/10.1038/nmat3172
https://doi.org/10.1063/1.4751035
https://doi.org/10.1063/1.4753816
https://doi.org/10.7567/APEX.9.013001
https://doi.org/10.1063/1.4939446
https://doi.org/10.1063/1.4990680
https://doi.org/10.1103/PhysRevApplied.10.024004
https://doi.org/10.1088/1361-6463/ab03c2
https://doi.org/10.1038/nmat1257
https://doi.org/10.1038/nmat1256
https://doi.org/10.1063/1.1871344
https://doi.org/10.1103/PhysRevLett.122.027202
https://doi.org/10.7567/1882-0786/ab1349
https://doi.org/10.1063/1.5128154
https://doi.org/10.1103/PhysRevApplied.14.021003
https://doi.org/10.1038/s41598-021-88408-z
https://doi.org/10.1038/s41598-017-16292-7
https://doi.org/10.1109/TED.2018.2889112
https://doi.org/10.1063/1.4972263
https://doi.org/10.1103/PhysRev.130.1677
https://doi.org/10.1088/0022-3727/38/18/001

PRECESSIONAL SWITCHING...

PHYS. REV. APPLIED 18, 054069 (2022)

[31]

[32]

(33]

[34]

[35]

[36]

torque random access memory, IEEE Trans. Magn. 46,
1873 (2010).

T. Yamamoto, T. Nozaki, H. Imamura, Y. Shiota, T. Ikeura,
S. Tamaru, K. Yakushiji, H. Kubota, A. Fukushima, Y.
Suzuki, and S. Yuasa, Write-Error Reduction of Voltage-
Torque-Driven Magnetization Switching by a Controlled
Voltage Pulse, Phys. Rev. Appl. 11, 014013 (2019).

R. Matsumoto, T. Nozaki, S. Yuasa, and H. Imamura,
Voltage-Induced Precessional Switching at Zero-Bias Mag-
netic Field in a Conically Magnetized Free Layer, Phys.
Rev. Appl. 9, 014026 (2018).

A. Barman, S. Wang, O. Hellwig, A. Berger, E. E. Fuller-
ton, and H. Schmidt, Ultrafast magnetization dynamics in
high perpendicular anisotropy [Co/Pt],, multilayers, J. Appl.
Phys. 101, 09D102 (2007).

G. Malinowski, K. C. Kuiper, R. Lavrijsen, H. J. M.
Swagten, and B. Koopmans, Magnetization dynamics and
Gilbert damping in ultrathin CoggFes; By films with out-of-
plane anisotropy, Appl. Phys. Lett. 94, 102501 (2009).

S. Mizukami, E. P. Sajitha, D. Watanabe, F. Wu, T.
Miyazaki, H. Naganuma, M. Oogane, and Y. Ando, Gilbert
damping in perpendicularly magnetized Pt/Co/Pt films
investigated by all-optical pump-probe technique, Appl.
Phys. Lett. 96, 152502 (2010).

A. S. Silva, S. P. S4, S. A. Bunyaev, C. Garcia, I. J. Sola, G.
N. Kakazei, H. Crespo, and D. Navas, Dynamical behaviour

[37]

[38]

[40]

054069-11

of ultrathin [CoFeB (#cores)/Pd] films with perpendicular
magnetic anisotropy, Sci. Rep. 11, 43 (2021).

Z. Bai, L. Shen, G. Han, and Y. Ping Feng, Data stor-
age: Review of Heusler compounds, SPIN 02, 1230006
(2012).

H. Noguchi, K. Ikegami, K. Abe, S. Fujita, Y. Shiota, T.
Nozaki, S. Yuasa, and Y. Suzuki, in 2016 IEEE Inter-
national Electron Devices Meeting (IEDM) (IEEE, San
Francisco, CA, USA, 2016), p. 27.5.1.

T. Ikeura, T. Nozaki, Y. Shiota, T. Yamamoto, H. Imamura,
H. Kubota, A. Fukushima, Y. Suzuki, and S. Yuasa, Reduc-
tion in the write error rate of voltage-induced dynamic
magnetization switching using the reverse bias method,
Jpn. J. Appl. Phys. 57, 040311 (2018).

T. Yamamoto, T. Nozaki, H. Imamura, S. Tamaru, K.
Yakushiji, H. Kubota, A. Fukushima, Y. Suzuki, and S.
Yuasa, Voltage-Driven Magnetization Switching Using
Inverse-Bias Schemes, Phys. Rev. Appl. 13, 014045
(2020).

R. Matsumoto and H. Imamura, Write Error Rate in Bias-
Magnetic-Field-Free Voltage-Induced Switching in a Con-
ically Magnetized Free Layer, Phys. Rev. Appl. 17, 034063
(2022).

A. Vansteenkiste, J. Leliaert, M. Dvornik, M. Helsen, F.
Garcia-Sanchez, and B. Van Waeyenberge, The design and
verification of MuMax3, AIP Adv. 4, 107133 (2014).


https://doi.org/10.1109/TMAG.2010.2042041
https://doi.org/10.1103/PhysRevApplied.11.014013
https://doi.org/10.1103/PhysRevApplied.9.014026
https://doi.org/10.1063/1.2709502
https://doi.org/10.1063/1.3093816
https://doi.org/10.1063/1.3396983
https://doi.org/10.1038/s41598-020-79632-0
https://doi.org/10.1142/S201032471230006X
https://doi.org/10.1109/IEDM.2016.7838494
https://doi.org/10.7567/JJAP.57.040311
https://doi.org/10.1103/PhysRevApplied.13.014045
https://doi.org/10.1103/PhysRevApplied.17.034063
https://doi.org/10.1063/1.4899186

	I. INTRODUCTION
	II. THEORETICAL MODEL
	III. RESULTS
	A. Magnetization dynamics in heavily damped precessional switching
	B. Comparison of the WER between circular and elliptical-cylinder MTJs

	IV. DETAILED ANALYSES OF MAGNETIZATION DYNAMICS
	A. Equilibrium direction of magnetization at T=0 and V =0
	B. Magnetization dynamics at T=0
	C. Dependence of the WER on  and Keff(+V)
	D. Magnetic-field dependence of minimum value of the WER

	V. EFFECT OF IP DEMAGNETIZATION FIELD ON THE WER
	VI. CONCLUSIONS
	ACKNOWLEDGMENTS
	A. APPENDIX A: MICROMAGNETIC SIMULATIONS
	B. APPENDIX B: THE WER IN SMALLER JUNCTIONS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


