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Efficiency of Spin-Transfer-Torque Switching and Thermal-Stability Factor in a Spin-Valve
Nanopillar with First- and Second-Order Uniaxial Magnetic Anisotropies
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The efficiency of spin-transfer-torque (STT) switching and the thermal-stability factor are important
figures of merit in STT-based magnetoresistive random-access memory. We derive analytical expressions
of the STT-switching efficiency and the thermal-stability factor for a perpendicularly magnetized spin-
valve nanopillar with the first- and the second-order uniaxial magnetic anisotropy. It is shown that the
STT-switching efficiency is maximized when the effective first-order anisotropy constant (K, ¢¢) is equal
to the second-order anisotropy constant (K,,). It is also shown that the thermal-stability factor is most
(least) sensitive to a variation of the applied current when K,, = —0.41 (0.70) K| ef-
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I. INTRODUCTION

Spin-transfer-torque (STT) switching has been attracting
a great deal of attention due to its potential application
to STT-based magnetoresistive random-access memory
(STT MRAM) [I-11]. The basic structure of memory
cells in STT MRAM is a spin-valve nanopillar (SVNP),
where a nonmagnetic spacer layer is sandwiched between
two ferromagnetic layers, called a free layer (FL) and a
reference layer (RL), as shown in Fig. 1(a). Usually, the
magnetization of the FL is perpendicularly or conically
magnetized, and the magnetization of the RL is perpen-
dicularly magnetized.

In STT MRAM, the magnetization of the FL is switched
by STT once the applied current (/) exceeds the threshold
level, called the switching current (/) [13,14]. The data
retention time of the FL in a SVNP is characterized by the
thermal-stability factor in the absence of current, A, which
is defined by the energy barrier height normalized by the
thermal energy at room temperature. The STT-switching
efficiency given by k = Ay/I, is an important figure of
merit in STT MRAM [15], and a considerable amount of
effort has been devoted to enhance «.

Even when [ is lower than /I, thermal agitation induces
magnetization switching with a certain probability. Such
thermally activated switching is the origin of read disturb-
ance; i.e., the accidental switching of the magnetization
during the readout operation. The read disturbance is one of
the most serious issues for high-density STT MRAM
because the difference between the read and write currents
should be decreased for a smaller lateral size of a SVNP
[16,17]. Starting from the Fokker-Planck equation, the
probability of thermally activated switching (Py,) is
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derived as Py, = 1 —exp[—frexp(—A)], where f is the
attempt frequency, 7 is the current pulse width, and A is the
thermal-stability factor [18]. Since Py, depends strongly on
A, it is important to study the current dependence of A to
control Pg,.

Most studies of STT switching in perpendicularly
magnetized STT MRAM are based on the assumption
that the magnetic anisotropy of the FL is expressed by the
effective first-order anisotropy constant (K, .¢r) by neglect-
ing the higher-order magnetic anisotropies. However,
recent experimental studies observed the large second-
order uniaxial magnetic anisotropy constant (K,;) in a
Co-Fe-B thin film, which is commonly used as a FL. in STT
MRAMs [19-21]. A subsequent theoretical study pointed
out that K, can enhance « for the case of |[K 5/ K, efr| < 1
[22]. The experimental results also showed that the FL can
be conically magnetized within a certain range of film
thickness [19-21]. The switching properties of the STT
MRAM with conically magnetized FL. (CFL) [23] was
theoretically studied by the present authors [14,24].
However, « and A of the perpendicularly magnetized FL
(PFL) with K, are not fully understood. In this paper, the
analytical expressions of ¥ and A for PFL with K, are
derived. It is shown that x is a function of rg = K 5/ K e
k is larger than that for PFL without K, for a positive rg
and takes a maximum value at rx = 1. It is also shown that
A is well approximated as Ag(1 — I/1,)", and 7 is also a
function of rg. The value of 5 for the whole range of rg
is obtained.

II. MODEL

The system we consider is schematically illustrated in
Fig. 1(a). The lateral size of a SVNP is assumed to be so
small that the magnetization switching can be described
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FIG. 1. (a) Schematic cross section of a spin-valve nanopillar
and definitions of current polarity and Cartesian coordinates
(x,y,2). (b) Phase diagram of magnetic film with the uniaxial
anisotropy constants K, . and K, (redrawn from Ref. [12]).
The cone-state region is represented by shade, and the
perpendicular state with K,, = 0 is indicated by the thick solid
line. Metastable regions are hatched. (c) Schematic illustration of
0 dependence of ®(0)V of the CFL. It has a minimum at § = 6,
in 0° < 6 < 90°, and a maximum at = 6,, in 0; <0 <90°. Ais
defined by the energy barrier height normalized by the thermal
energy, kzT. (d) I/1, dependence of 0,, (the solid lines) and 6,
(the dotted lines). For all panels, K ,; . = 1.00 Merg/cm?®. From
top to bottom, K, = K,j o, 0, and —K,; o, respectively.

by the macrospin model. The single-domain-type magneti-
zation switching takes place up to D ~ §,,, where D is the
diameter of a FL and §,, is the domain-wall width [25]. For
example, in a Co-Fe-B-based FL, 9,, ~ 30 nm. Directions
of the magnetization in the FL and the RL are represented
by the unit vectors m and p, respectively. The vector p is
fixed to the positive z direction. The positive current, / > 0,
is defined as electrons flowing from the FL to the RL. We
assume / > 0 and analyze the switching of m from m, > 0.
Since the system has uniaxial symmetry around the
z axis, the equations of motion of m are given by the
following Landau-Lifshitz-Gilbert (LLG) equation [26]:

do y 0@

a = "M, 06 M

N )

0—=—"——". 2
SN T M, 00 @)
Here, 6 and ¢ are the polar and azimuthal angles of m.
The second-order terms pertaining to a and a; are
neglected. ¢ is the time and y is the gyromagnetic ratio.

a and M, are the Gilbert damping constant and the
saturation magnetization in the FL. The magnetic energy,
g1, and the effective potential, @, are defined as

91 = Ky i $in* 0 + Ky sin* 6, (3)

a;In(1 + P*cos 0)

(D:gL"i_Ms; P2

; (4)

where K, . is defined as K, o = K,; — 27M?, where
K, 1is the first-order anisotropy constant. a; is the
coefficient of the STT, with a; = AIP/(2]|e|M,V), where
P is the spin polarization, e is the electron charge, V is the
volume of the FL, and 7 is the Dirac constant.

Equation (1) shows that the polar angle 6 yields a
dynamics in the effective potential @ and can be obtained
separately from the azimuthal angle ¢. The fixed points are
expressed by the minima of @, and the switching current is
determined by the condition for disappearance of the
minimum point. Therefore, we analyze the effective poten-
tial @ instead of the LLG equation. In order to obtain the
analytical expression, the STT term in @ is approximated as

In(1 + P? 0
Msﬂ—n( + 5 cos ) :Msﬂcosé, (5)
a P a

where the spin polarization P is assumed to satisfy P?/2 < 1
because the typical value of P is about 0.5. Thus, the effective
potential is expressed as

@ = K, o 5in* 0 + K, sin* 0 + M 9 cos 6. (6)
' a

In Eq. (6), the fieldlike torque is neglected because its effect
on the switching current and the switching probability is
much smaller than that of the STT. The detailed discussion
on the effect of the fieldlike torque will be given in the
Appendix.

III. RESULTS AND DISCUSSIONS

A. Phase diagram

The equilibrium direction of m is determined by min-
imizing ¢;(@). The phase diagram of the equilibrium
direction is shown in Fig. 1(b). The cone state is stable
in the region satisfying K| . <0 and 2K, > —K | o,
shown as a shaded area. The in-plane state is stabilized if
K1 eir < 0and 2K, < =K,y ofr. The perpendicular state is
stable (metastable) in the region where K, . >0 and
Kip 2 =Ky etr, excluding Kyjerp = Kip =0 (Kyperr > 0
and K, < —K | ). Since the switching properties of the
PFL with K,, = 0 (the thick solid line) and the CFL (the
shaded region) are already known, the present analysis
concentrates on the PFL with K.
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B. Conically magnetized free layer

Before showing the detailed analysis, let us briefly
review the « and the A of the CFL [24] and the PFL with
K,, =0 [13,15,27]. The 6 dependence of the effective
potential, ®(0)V, of the CFL is schematically shown in
Fig. 1(c). A is defined as the energy barrier height,
[®(6,,) — D(0,)]V, normalized by the thermal energy,
kgT. kg is the Boltzmann constant and 7 is the temperature.
0, is the polar angle where ® is minimized in the range
0°<0<90° and 6, is the polar angle where @ is
maximized in the range ; < 6 < 90°. The thermal-stability
factor at 1 = 0 is given by

2
Ku],eff

() (Kt eit + Ko + 355)V
Ay = . ()
kT

The switching current is obtained by requiring that
0,=296,, as

I(C)_ 8 aV|e| (Kul,eff+2Ku2)3

SW — ’ 8
3v6 hP K. (8)
which is the same as that obtained from the LLG equation
in Ref. [14].

From Egs. (7) and (8), the switching efficiency is
obtained as

(0) = 43‘/6h7PL Kt etr (9)

32 ale|kgT K,

which is a monotonic increasing function of K,, since
K, 1er <O for the CFL. The thermal-stability factor at
finite / is given by

A (©)
iA
A©) = 703 [A2/3 — A% — 2 (A3 — A, (10)

where A, = £(©) £ /&2 — 1, &l0) = 1/15). In Ref. [24],
it is shown that Eq. (10) is well approximated as
Ag)c)(l -1 /15@))’7 The exponent 7 is obtained as

. (d ALY 83

which is also obtained from the numerical fit of Eq. (10).

C. Perpendicularly magnetized free layer without
second-order uniaxial magnetic anisotropy

For the PFL, the thermal-stability factor at I =0 is
given by

(p0)  KyietV
A = 12
0 kT (12)

and the switching current [13] is

() _ 4aV|e
o hP

Kul,eff' (13)

From Eqgs. (12) and (13), the switching efficiency is
obtained as

(o) _LAP 1

= 14

dale| kgT’ (14)
which is independent of K, .. Comparing Eq. (9) to
Eq. (14), one can see that (¢ > k(PO if K,5/K o >
—27/22(= —1.23). The thermal-stability factor at finite
I is given by [27]

AP0 = AP (1= 1/18) ). (15)

It should be noted that the exponent of the current
dependence of A/A, for the PFL with K,, =0 (y =2)
and CFL (7 = 1.53) is independent of the values of K, ¢
and K,,. It is interesting to analyze how these different
values of the exponent—i.e., 1.53 and 2—are related to
each other.

D. Perpendicularly magnetized free layer with
second-order uniaxial magnetic anisotropy

Let us analyze the switching efficiency and the thermal-
stability factor of a PFL with a finite K,,. Since we do not
analyze either the cone state or the in-plane magnetized
state, the effective first-order anisotropy constant is
assumed to be positive; i.e., K,j o >0 and K, > 0 or
Ko > 0and K, < 0. Since the calculation procedure is
similar to that presented in Ref. [24], we simply list the
results without derivation.

The polar angle of the equilibrium direction is
obtained as

4

’

p {cos‘1 (%/3— pX"/3) for r > 1 and 1> 12"

] pu—
0 otherwise

(16)

where X = (3/2)(=9¢ ++/12p° +81¢%), p = —(K 1 e+
2Ku2>/(2Ku2)’ and q = aIMS/(4aKu2). For rg > 1/4, 61

. . . 0
increases with an increase of I once I exceeds Igfv >, as

shown in the top panel of Fig. 1(d). Otherwise, 6, is zero, as
shown in the middle and bottom panels of Fig. 1(d).

The polar angle where @ is maximized in the range 6; <
6 <90° is given by
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cos™! (@— a)pX‘l/3) for ry > 0

0, =
cos™! (%/3 - pX‘1/3)

. (17)
for ry <0

where @ = (=1 4 i/3)/2. 6,, is a monotonically decreas-
ing function of /, as shown in Fig. 1(d). Especially at I = 0,
0,, is expressed as

5 for rg > —1/2
0, = - , 18
sin~! —%KI‘Q‘L;‘“ for ry < —1/2 (18)
where rg = —1/2 is the boundary of the metastable state

shown in Fig. 1(b). The thermal-stability factor at / = 0 is
given by [g..(0,,) — 9.(0)]/(kgT) as

(KIIIAC2‘+K142)V fOr rK > _1/2
T Z
Ay = - (19)
0 KoV
—m for rg < —1/2

The switching current is obtained by requiring ®(6,,)—
®(0,) =0, as

;o IE\CX,) for rp > 1/4
T for re <174

where 1§$2 and 1§§°> are defined in Egs. (8) and (13),
respectively.

The boundary of ry = 1/4 in Eq. (20) can be intuitively
understood from the viewpoint of the competition
between the STT and the damping torque. Equation (1)
is expressed as

(20)

%zysinQ(a,—kaHg/ sin@), (21)
where Hy = —(1/M,)(0g;/00) and Hy/ sin@ = =2 cos
(K1t + 2K ,p8in>0)/M,. Once a; exceeds the coeffi-
cient of the damping torque—that is, aHy/ sin —the
magnetization switches. The function Hy/ sin @ takes its
minimum value at

. 1 Kot 4K
p sin~! —“‘g}éi 2 for rg > 1/4

0 for rp < 1/4

(22)

This boundary of rg = 1/4 in Eq. (22) is the origin of the
boundary in Eq. (20). It should be noted that, for
rg > 1/4, the oscillating state with a finite cone angle
of 0, is stabilized by the STT if 1LY <1 < I'¢).

From Egs. (19) and (20), the switching efficiency
normalized by «(P?) is obtained as

iclic PO)
' o2 o 71;
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FIG. 2. (a) rx dependence of the normalized switching effi-
ciency, k/x?%. (b) Color map of the normalized switching
efficiency, x/xP?, on the K, ctf — Ko plane. The value of
x/kPY that is less (more) than unity is represented by the blue
(red) tones. The semicircle with an arrow head represents the
trajectory corresponding to rg = —oco — oo. The dotted line
represents the condition for maximizing x/xP9, ie., ry = 1.
(c) Classification of the I — rg space for the calculation of A. In
the shaded region, the magnetization is switched. In the regions
A, B, C, D, and E, A takes different analytical expressions.
(d) The rg dependence of exponent 7 of the current dependence
of A/A, obtained by a numerical fit.

WO for rg > 1/4
K
o = L for —1/2<rg<1/4. (23)
- for rg < —1/2

4ryg

In Fig. 2(a), the normalized switching efficiency, x/x(P?),
of the PFL given in Eq. (23) is plotted as a function of rg.
It should be noted that x/x(P*) is larger than unity for a
positive rx and takes a maximum value of /2 at rg = 1.
The limiting values are as follows: lim,K_,_ooK/K(PO) =0,
and lim,__x/k(P? = 3./3/4 = 1.30.

Figure 2(b) shows a color map of x/ k(P9 on the K uleff =
K,, plane. The results of the CFL are also plotted in
Fig. 2(b) for convenience. The value of x/x(P) that is less
(more) than unity is represented by the blue (red) tones.
Starting from a certain point with K, .y = 0 and K, <O,
which corresponds to rg = —oo, and moving along the
semicircle, the normalized switching efficiency increases
from O with an increase of rx and takes a maximum value
of v/2 at ry = 1. Then it deceases with an increase of rg to
the limiting value of 3v/3/4 = 1.30, as shown in Fig. 2(a).
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In order to calculate the thermal-stability factor, the
I — rx plane is divided into six regions, as shown in
Fig. 2(c). The switched region is shaded. The normalized
thermal-stability factor, A/A, in the regions A, B, C, D,
and E is obtained as follows. In region A, rx > 1/4 and

1> 1%,

T e
Eie ] o

where & = I/1,, and

A:\/g(\/g?—-ug)”. (25)

In region B, r¢ > 1/4 and T < 127,

A—l 1+2rK 45 1+2rK 1+2rK
AO_ l—l—rK 3 6rK rg
o o*AN\[E o @A

<(Ga+ ) [%‘H‘T]}' 20

In region C, 0 < rg < 1/4,

A 1 3¢ (w?X'/3
—=1- 26— —wpX~'/3
A, 1+ rg { $75 ( 3 PP

1 2xl/3 2
—|—§(1+2r,()<w 3 —pr‘1/3> } (27)

In region D, —1/2 < rg <0,

1/3
A . 1 [2§_§(XT_I)X_1/3>

Ay 141k 2
1 +2rg) (X3 2
LUt 2re) 5 k) <—3 —px—l/3> } (28)

In region E, ry < —1/2,

= pX_1/3)2:| : (29)

The curves representing A/A, are well fitted to the
function of (1 — 1/I,)". The obtained exponent 7 is plotted
in Fig. 2(d) as a function of rg. 5 takes the minimum value
of 1.40 at rgy = 0.70 and the maximum value of 2.57 at
rx = —0.41. As aresult, the thermal-stability factor, A, and
therefore the switching probability, Pg,, are most (least)

sensitive to the variation of applied current at ry = —0.41
(0.70). From Egs. (24) and (29), the limiting values of 7 are
obtained as lim,, 7 = 1.53 and lim,_,_n = 2.

IV. CONCLUSION

In summary, the analytical expression of the STT-switch-
ing efficiency and the thermal-stability factor are derived for
a perpendicularly magnetized SVNP with a second-order
uniaxial magnetic anisotropy. The switching efficiency is
maximized at K, . = K. The maximum value is V2
times larger than that without K,,. Fitting the obtained
thermal-stability factor to the function of Ag(1 — I/1,)", the
exponent 7 is calculated for the whole range of rg’s. The
exponent 7 takes its minimum value of 1.40 at rx = 0.70 and
its maximum value of 2.57 at rxy = —0.41; i.e., the switching
probability is most (least) sensitive to a variation of the
applied current at rxy = —0.41 (0.70).
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APPENDIX: EFFECT OF FIELDLIKE TORQUE

In this appendix, the effect of fieldlike torque (FLT) on
the switching current is considered. In the presence of FLT,
the LLG equation is given by the same Eqs. (1) and (2)
except that g; is given by [26]

gr = Kul,eff Sin20+KM2 Sin49—be1 COS 6, (Al)
where b; is the coefficient of the FLT, which is conven-
tionally expressed as b; = fa;. p is typically approximately
0.1 in current-perpendicular-to-plane giant-magnetoresist-
ance SVNPs [28,29], and, typically, 0.2-0.3 in MgO-based
magnetic tunnel junctions [30,31]. The LLG equation
including FLT is expressed as

de
—_— = y(al - (lbl) Sin9 + YC{HQ,

dr (A2)

d
siné?d—i5 = —yHy + yb; sin 0,

(A3)
where Hy/sin@ = =2cos 0(K 1 ot + 2K 2 sin* 0) /M. In
Eq. (A2), which determines the switching current and the
switching probability, the magnitude of the FLT is much
smaller than that of the STT because ab; <« a;. From
Eq. (A2), the switching current is obtained as

L l_laﬁléﬁv) for rg > 1/4 (A4
swoT M
]jaﬂlgg,o) for rgy < 1/4

The effect of FLT on the switching current is negligible
because aff is much smaller than unity.
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