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Spin-current interaction with a monodomain magnetic body: A model study
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(Received 3 February 20D0

| examined the consequence of a spin-current-induced angular momentum deposition in a monodomain
Stoner-Wohlfarth magnetic body. The magnetic dynamics of the particle are modeled using the Landau-
Lifshitz-Gilbert equation with a phenomenological damping coefficienTwo magnetic potential landscapes
are studied in detail: One uniaxial, the other uniaxial in combination with an easy-plane potential term that
could be used to model a thin-film geometry with demagnetization. Quantitative predictions are obtained for
comparison with experiments.

[. INTRODUCTION volume ofa?l,,. Assume the shape of the body is close to
isotropic, and the energy landscape experiencebig de-
Recently it has been shown, both theoreticaftyand  scribed by three termgndependent of its geometric param-
experimentall§~°that a spin-polarized current, when passingetersa and |;): an applied fieldH, a uniaxial anisotropy
through a small magnetic conductor, will deposit its spin-energy Uy with easy axis along the, direction, and an
angular momentum into the magnetic system. It causes theasy-plane anisotropy, in the e,— e, plane, withe, being
magnetic moment to precess or even switch direction. Thé&s normal direction. The magnetizatidvh is assumed to be
nature of this interaction between the spin current and theonstant in magnitude, its motion represented by a unit di-
ferromagnetic moment brings about a new set of precessiorection vectorn,=M/|M|, which at any instant of time,
dynamics, the details of which remain unexplored. In thismakes an anglé@ with the e, axis, while the plane ol and
paper, a model system is presented of a monodomain ferrg, makes an angle with e,. Coordinates ¢, ) completely
magnetic body with its dynamics determined by the Landaudescribe the motion dl in time. A spin-polarized currenkt
Lifshitz-Gilbert (LLG) equation. The spin-current-induced enters the magnetic body in thee, direction, with spin-
magnetic precession dynamics are examined, and the resufislarization factory, and the spin direction in the,—e,
obtained compared to controlled thin-film experiments. Thisplane, making an anglé with e, axis. The current exits in
study also brings quantitative insights to the potential use ofhe same direction, but with its average spin direction
spin-current injection as a method for magnetic writing.  aligned to that oM. The self-induced magnetic field of the
Centimeter-gram-seconds units are used for this workeurrent is ignored here—this is reasonable as long as the
Variables are grouped in simple forms where the only relmagnetic body is small with dimensianbelow about 1000
evant unit is the energy product. Therefore results should bA | where the spin-current effect is expected to become
readily translatable to meter-kilogram-seconds or any othefominant over the current-induced magnetic field.
engineering units. For numerical simulation a set of dimen- The potential energy foM is U=U,+ Up,+Uy, where
sionless variables are introduced to simplify discussion and), =K sir’¢ is the uniaxial anisotropy, with K
to elucidate the basic physics. Table | gives a summary of:(l/z)M Hy, whereH, is the Stoner-Wohlfarth switching
these reduced variables. field. The easy-plane anisotropy is written ad,
=K,(sirfgcose-1). The magnetic field is applied in the
easy plane ok, —e,, making an angle ofs with the easy
axis €. Thus Up=-—M-H=-MH(sindsingsiny
The ferromagnet is represented by a Stoner-Wohlfartht-cos6écosy). Defineh=H/(2K/M) andh,=K,/K,
monodomain magnetic body with magnetizatidn situated
at the origin, as shown in Fig. 1. For volume calculation _ ; i _ ; ; ;
only, the body is assumed to have a sizd pflong thee, U(6,¢)=K[sir*6+h, sing cose— 2h(sin sing siny
directions, anda in both g, and e, directions, thus with a +cosf cosy)]. (eh]

Il. MODEL DEFINITION

TABLE I. Summary for dimensionless units.

Dimensionless variable Conversion relation Normalization quantity
Magnetization m=M/Mg Saturation magetizatiohl g
Magnetic field h=H/Hy Uniaxial-anisotropy fieldH
Easy-plane anisotropy field h,=K,/K=47Mg/H Uniaxial-anisotropy fielcH, .
Effective spin current hs=(#/2e) nd/l \MsH Uniaxial-anisotropy energisH,/2
Natural time unit =0t/ (1+a?) Ferromagnetic resonance frequerey= yH,
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FIG. 1. Model geometry definition and related mathematical

symbols.

If one takes the usual thin-film situation of shape anisotropy

and lets the easy-plane anisotropy energyKqe- 277M§
thenh,=47M/H,. The torqueM experiences within unit
volume X (unit area) under potential well Eq1l) can be
written as

I'y
Im
with VU (0, ¢)=(dU/d0)e,+ (1/sinb)(dUldp)e,, wheree,
ande, are unit vectors fo and ¢ rotation, respectively.

The three terms in potential energjylead to three terms
in torquel’y . First the uniaxial anisotropy term:

2

1_

K @

(2 sind cosH)[(sing)e,—(cosep)e,].
Second the easy-plane anisotropy term:

r,
TnK

2hy[(cos@ sin 6 cosg)e,— (Cose sing sirfe)e,].
(4)
Third, the applied field term:

I's

K™ 2h[(sin¢g cosy sin#—cosh sinyr) e,
m

—(cosg cosysing)e,+ (sind cose siny)e,].
©)

Spin current also brings a torque k. We assume that

the magnetic body absorbs the angular-momentum from the

spin currenpnly in the direction perpendicular tv.2° This
causes a net torque dvi, which can be expressed in vector
form as:

I'y=sn, X (NgX Ny) =21, Khgnp X (NgX Ny, (6)
wheres=(#/2e) »J is the spin-angular momentum deposi-
tion per unit time. »=(J,—J,)/(J;+J)) is the spin-
polarization factor of the incident curredt The spin direc-
tion of the incident current is in the,— e, plane, and makes
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an angle¢ with the e, axis. ng is a unit vector whose direc-
tion is that of the initial spin direction of the current. Also we
define
h
S

B B 2e
21K 21K 21 %k

2ol |

7l

h %
as the spin-current amplitude in dimensionless units. In com-
ponent form Eq(6) becomes

ry

K 2hg{—(sin @ cose)(sin  sing sin ¢+ cosh coso)e,
m

+[(cosf)(sin¢ cosf—cose sinf sine)
+sin?6 cos'e single,+[(sin6)(sin cose

—sing sin¢g cosé) Je,}. (8)

The dynamics oM under the influence of torque

4
r=>T
=1

can be described using the Landau-Lifshitz-Gilbert equation
as

dn

dnm 1
at

+a 2

4 T

Q —') 9

Sl ©
where « is the LLG damping coefficient angi=gug/% is
the gyromagnetic ratio. In our casg=2. Here we intro-
duced a characteristic frequency ufili=yH,. Equation
(9) can be written in component form using a natural time
unit 7=Qyt/(1+ a?):

dng,
nmXW) =

0’ 0]
=21 (10
() =11 @
with
01 a sinf coso
o] cosf |’
6, o (sing+ a cos# cose)sin 6 cose
oy Pl (cosecosf—asing)cose
COSe Siny
03 + a(sinf cosy— cosh sine siny)
o] [(singcosy—cosfsingsing) |’
—a coSe siny]/sin 6
- @ COSp Sing ]
o +sing sin ¢ cosf— cose¢ sin 6
f =hg| (cosesing ,
P4 — a'sing sin¢ cosA)/sin @
| +acos¢ |
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where () =d/d (). Equation(10) can be numerically evalu-
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u
ated. It is the basis for all numerical studies discussed below. R<E> =—(2hpe ag)hs—(ths eé)ahp{ —&(1+e)A

Ill. ANALYTICAL RESULTS

In this section we discuss the analytical solutions to Eq. p

(10). For simplicity we only consider the on-axis geometry .

where both applied fieltd and the spin directiong are along

the easy-axise,. Further, we assume a small cone-angle

limit || <1. In this case Eq(10) becomes

i 6l a(1+h)+hy(sing+ a cosp)cose+ hg]

¢ .
ar - —1-hy(cosp—asing)cosp—h+hga.
11

A coordinate transformation af; = 6 cose andu,= 6 sine

could further simplify this equation set for small cone-angle

h
+(1+28)+h—jB (14)
A 1 _ 2e+1
B 8+C0§(p _28(1"’8)
COS¢p Sin
BE<#>=O (15)
8+COSZ(,D
as long as(e+1)>0. Therefore,
1dU—21h1h1h he|63. (16
RE——(‘F) ++§pa+36’0.()

C. Low-field switching threshold

motion. However, we decide to keep using the polar coordi- ] . -
nate system here, as it allows easy comparison with numeri- For [h|<1, Eq.(16) gives the on-axis stability threshold

cal results that involve large cone-angle motions.

A. Unperturbed equation of motion

In this case=0, hs=0, anda=0. For finiteh,, Eq.
(11) can be solved to give

e+1\12
¢(T)=arcta+ T) cot w,T
_[(2e+1)+cos 2w, 7]H? 15

and in implicit form simply from energy considerations:

e 86%

= - 13
(e +coSo) (13

wheree =(1+h)/h, and w,=h,\e(1+¢). An initial con-
dition of = 60y<1 ande= /2 is assumed.

This derivation is valid only fore>0, that is forh>
—1. Similar small@ orbits can be obtained far<—1 with
e(1+&)>0. We will restrict our discussion to these two

regions. Where(1+¢)<O0, the trajectory changes shape to

include large oscillations i, violating the smallp assump-

for spin-current-driven motion at the small cone-angle limit.
For spin current, instability occurs when the magnitudé of
exceeds a critical value. In this case,

hs<hgc=—(1+h+3h,)a. (17)

Placing real-life units back in, we have for the magnitude of
the critical spin-injection current:

1
n

2e

L2 2 H
W

H * H_k) '
(189

which was the same as shown in Ref. 7 but now also in-
cludes an easy-plane anisotropy i /H, . This relation is
also consistent with the results obtained by Katnel®

It is curious to notice that the easy-plane anisotrbgy
does not affect the magnetic switching thresholdhdt=1,
yet it does affect the threshold for spin-current-induced
switch. For large easy-plane anisotrdpy |~ ah,/2. This is
because a magnetic-field-driven switch can occur with
practically rotating only in the easy plane, whereas a spin-
current-induced switch has to involve significant amount of
out-of-plane precession.

It is also important to mention that E(L7) only gives a
threshold for an instability towards an increasing cone angle
in small ¢ limit. It does not guarantee that the cone angle will
increase indefinitely and a switching event will follow. For
largeh, systems the actual switching requires a spin current

@ 2
W(a [mH M)

.=

tion. This corresponds to an unperturbed orbit crossing the ., larger magnitude than dictated by H4.7), as will be

equator with periodic oscillations d¥l from e, to —e, di-
rection.

B. Average system energy

Use the constant-energy motion trajectpBgs.(12) and

discussed later using a numerical example.

D. High-field switching threshold

For [h|>h,+1, and with a large spin-curreht pushing
the moment in the opposite direction lagloes, one obtains

(13)] as a starting point, and treating the damping and spimnother threshold, either for current or for applied field, for
current as a perturbation, the average rate of energy changiee high-field forced alignment dfl with respect to applied

(dU/d7) is obtained using Eq1), with Eq. (1) for " and
¢'. The average energy variation rate thus obtained is

field. This relates to the stable small cone-anghg<€1)
solution for the unperturbed®=0, hy=0) orbit in the limit
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of e(e+1)>0 bute<—1. In this case, becaus& andh are Lok ]
in opposite directions along the easy axis, a sréghtability (a) (©)
corresponds to an energyaximum Using Eq. (16) and 03 ]
keeping track of the signs with regard to the relative align- s oot
ment of M and h, one gets the threshold fields for field-

induced switching under a large spin currégt
-1.0r

|h(i)|=@+ 1+ lh (19 10} ' 1
ac a 2 P (b)
= 0.5F 1
whereh(!) is the threshold field foM to switch from anti- = p l
parallel to parallel to arh increasing in magnitude, while oor i\“‘[f' il el Ligr iR
h{.) is the threshold field for switching dfl back from a 05} H ] =001, ~-002

parallel to antiparallel state with respecthas the value of
h is reduced. In real-life units, if one assumes a zero-field
threshold current.«27Mg, then Eq.(19) can be rewritten
as v

-1.0F

0 100 200 300 400

Ibias

FIG. 2. The precession of magnetization under the influence of a
il), (20) spin current. Uniaxial anisotropy aloné) Time dependence of
M,. (b) Time dependence dfl,. (c) A 3D portrait of the spiral
motion of the tip ofM. North pole ise, direction.

Hg;>=27r|v|s(

le

wherel i,s IS the bias current of the junction. Equatidid®)

and (20) are related to the intermediate magnetoresistancg;1at has a solution of

states observed in Fig(® of Ref. 9, as will be discussed

below using a numerical example. 0(7)= 0o exp — 7/ 71)
IV. NUMERICAL STUDIES n=1a(l+h)+h] (22

with a threshold spin current of
Numerical studies of Eq(10) are organized as follows.

First we discuss the time evolution of the magnetizatibn hse= —a(1+h). (23
This is followed by a study on the effect of spin current on ) o ) ] )
the magnetic switching, both in terms of sweeping field Given an initial state such thM is stationary and slightly

and sweeping currert;. We then discuss the speed of tited away from t_he uniaxia! d?rectioaZ at_r=Q, the tim_e-
switching under spin-current drive as it compares to the moré€pendent evolution d¥(7) is illustrated in Fig. 2 for dif-
familiar field-driven reversal process. In the end we brieflyferent values of spin curreri,. A characteristic of a spin-
discuss the device and material implications of this mechagurrent-induced switch ofM(7) is the reversal of its
nism. precession direction when it crosses the equatorial position.
We use the reduced units introduced in previous sectionghis comes from the sign change in the §pin-cgrrent—ir!duced
for our simulation. A summary of the units and their refer- torque termin Eq(6). A purely magnetic-field-driven switch
ence values are given in Table I. In most simulation result®f M(T). does not have this precession reversal. '
discussed below we set the LLG damping coefficient For finite values oh,,, as one may expect, the precession

=0.01, unless differently specified for individual cases. N general follows an elliptically distorted trajectory, with the
cone angle more spread out in the easy plane, while becom-

ing confined normal to the easy plane. An example of this
situation is shown in Fig. 3. Later we will show that a large
First consider the simple uniaxial anisotropy case Wi'[hhp(>_’]_) does not only compress the precession cone angle
h,=0. The time evolution oM under the influence of a into the easy plane, it can also introduces a steady-state pre-
uniaxial anisotropy field is one of a spiral motion traced bycession for spin currents with a magnitude slightly above the

the tip of M. The damping action causes a decrease of theyw-cone-angle stability threshol from Eq. (17).
cone angle, and the moment eventually comes to rest in the

direction parallel to the easy-axes. This is well known.
Under the influence of a spin-curreimg, M will pick up an ] o )
additional precession corresponding to the spin-angular mo- AS shown above, in the case of pure uniaxial anisotropy
mentum deposition. The balance between the damping terdfith the spin polarization aligned to that of the easy axis,

and that ofh, determines the final resting direction M, as ~ Whenhs exceedshs., M switches its orientation to become
described by aligned with the spin-polarization. This can be traced out as

an hysteresis loop iM(hg), as shown in Fig. 4. A system-

A. Time evolution of M under the influence of a spin-current

B. Spin-current induced switching

0 atic dependence of the switching fidld, on applied fieldh
;= " fla(l+h)+h] is found, following Eq.(23).
For h=0, M(hy) is always symmetric against origin.
d_€°= —(1+h)+hea 1) That does not necessarily melh(1) is symmetric. This is
dr S because the amount of net torque deposition depends sensi-
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T FIG. 4. Spin-current-driven reversal of magnetization. Uniaxial

gnisotropy only, no easy-plane anisotropy is added. The switching

spin current. Uniaxial anisotropy plus an easy-plane anisotropy o?l:r:j(eintthéct)s h%wizllsr)]ear dependence on applied easy-axis field
h,=5. The uniaxial-anisotropy-alone trace @f-0.01 is included predicted by £qle2).

for comparison. The elliptical precession is apparent here, with the

cone-angle being compressed in the direction normal to the eadyeld h is asymmetric. When the direction bfis to decrease
plane. Panels have the same definition as in Fig. 2. hse, the magnitude oh, decreases asymptotically towards

hgc=—a(1+h+3h,) from Eg. (17). It does not decrease

tively on the condition of the interface responsible for spin-below hsc however untilh<—1. Then a sudden switch oc-
current injection. This situation can be phenomenologicallycurs andhse, drops to zero. This is reasonable, sirtee
handled by introducing an effective spin polarization con-—1 is the condition for a magnetic-field induced moment

taining a sign dependence oni.e., 7— 7. in Egs.(7) and  reversal without the assistance of spin current, natutally
(18). N becomes zero. On the other hand,hifis to increase the

magnitude ofhg, as occurred on the left-side transition
shown in Fig. 5hgy’s change is not bounded thy., hence
larger field dependence in tlibroadenefswitching field is
The hysteresis loopM (hs) changes its shape upon the observed there.
introduction of a large easy-plane anisotropy. This is illus-
trated in Fig. 5. Foh,>5, before a complete reversal i,
a slopedM(hy) region is seen to develop whehg| first
exceedsh, as defined by Eq17). This region corresponds An example of the simulated high-field switching thresh-
to a steady-state precession with an oblong-shaped trajeeld behavior is shown in Fig. 7. Here a large spin current
tory. This can be seen in the time dependenc#lgfr), as  hs=6.0 is applied with its polarization along thee, direc-
shown in Fig. 6. tion. Also included is an easy-plane anisotropyhgf=190.
This large angle steady-state precession is a result of ahhe applied field is swept from-800 to 800 along the,
increase in effective damping for large cone-angle dynamicsaxis. This is a situation very similar in quantitative terms to
As one increases the easy-plane anisotropy, the precessithte experiment shown in Fig(@® of Katine et al’s paper
becomes increasingly nonlinear and complex, which chanThe M(h) behavior consists of four regions.
nels more energy into the higher frequency modes that give (1) Forh<0 in Fig. 7, the effect of both applied field and
more dissipation tdM(7) per unit time. A balance can al- the spin current is to forck! to pointto— 1, henceM points
ways be established between increased energy injection froto —¢€,.
increasinghs and the increased damping from increasing (2) Betweenh=0 andh=h: This region corresponds to
cone angle, as long as the maximum cone angle does nan unperturbed orbit involving large cone angles where
cross the equator. This is the region where a steady-state 0 ande(1+¢)<<0. In the present situation, the competi-
precession is formed. Once the precession crosses the equi@n between applied field which now favors at+ 1 direc-
tor, however, due to the sign change of the torque f&m  tion for M, and that of the spin currefstill pointing towards

FIG. 3. The precession of magnetization under the influence of

C. The effect of a strong easy-plane anisotropy

D. High-field switching threshold

(6)], the precession accelerates, and a switchindvi¢f) —e,) causes a strong steady-state precession wheh 1
results. <h,. Ash—h, a stable resting position develops fdrthat
Figure 5 also shows the dependencévifhs) hysteresis  points out of the easy plane and making an angle with the
on applied fielch. While Eq.(17) does dictate the onset bf — e, direction, results in aM, value between 0 ang 1. As
reversal(see bottom inset, Fig.)5the threshold current po- h increases in valueM increasingly tilts back towards
sition corresponding to the completion bf reversal(de- —e,, away fromh, causingM, to approach-1. It is at first

fined ashg; » shown in Fig. 3 does not follow from that of counterintuitive thaM, in this region should become closer
Eq.(17), but rather has a stronger dependendce, ias shown to —1 as the applied field is being increased. But this is
in Fig. 5. Furthermore, the dependencehgf, , on applied actually not surprising once one realizes that in this region
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h,, hey (4) When h>h{?) where finally the effect of applied
$ field takes over, antl switches direction to rest along the
direction of applied field, ant1,= + 1.
OnceM switches direction to align witlm, the stability
criteria for small cone angle, E(L6) changes sign, hence on

bl Y 1 ' its way backh(_)=|hJ/a— (1+h,/2).
—--e=038 . (+ .
Y ; The monodomain threshold}.’ can only give a rough
estimate to the high-field threshold observed in Katine
osh et al’s experiment. For a real thin-film sample such as the

one used by Katinet al., the magnetic dynamics between
h=0 andh= hgﬁ) is not even approximately monodomain in
nature. This is because in this region large cone-angle mo-
tion as well as resting positions with significant out-of-the-
plane component d¥1 is involved, which would favor spin-
wave excitation or domain formation. The fact that the
system in this parameter region seeks out an energy maxi-
FIG. 5. Spin-current induced magnetic switching hysteresis loogmum rather than a minimum, further increases the likelihood
M(hs), with a strong easy-plane anisotropy=190 (chosen to  for the film to break into complex domains or to excite spin
emulate a cobalt thin-film’'s demagnetization fieldM ). The on-  \aves. This may account for the wide plateau observed in

set posi_tion irhg for M svx{itching follows the estimate givenin Eq. Raf g A proper treatment of these is however beyond the
(17). It is not very sensitive to the change bffrom 0 to 1, as scope of this paper.

expectedsinceh<h, in this range oth). However, the beginning
portion of the switching curve is much more gently sloped. This is
due to the presence of a steady-state precession as discussed in Eheé=ffect of spin current on the M(H) switching characteristics:
text and in Fig. 6. Spin-current-induced distortion to astroids

Here we study the switching behaviorldf(H) as a func-
the behavior ofM under the influence ohg is to seek a tion of spin currenths. We focus on on-axis geometries,

resting position with energgnaximum where the relative anglé betweemg ande, is either zero or

(3) Betweerh=h, andh=h{.’=|h¢/a+(1+h,/2), fol- 7 _ _
lowing Eq. (19). In this regionM, is completely forced to  Without the presence of a spin current, #¢H) switch-
—1. ing characteristic for simultaneous easy- and hard-axis field

presence is an analytically solvable energy minimum
problem!! The resulting switching boundary forms an as-
troid shape, with the boundary curves defined by

5 -
. . B
4l h =12128 10F h =190 T
h =6.0
0.5} o=n .
3t h,= 12127498 [
g 00f E
S Vo]
h =1.2127497
: 1.0}
1F D —A
-1000 -500 0 500 1000
h
FIG. 7. Numerical result for the high-current, high-field behav-
ior. Field h is applied alonge,. Spin-current polarization is along
—e,. From origin toh=h,, the competition between applied field

0 ' 20 ' 40 ' 60 and the spin-current causes a deflected final resting angle for the
moment. Betweet=h, and point A with ha=h.=(hs/a)+(1
+h,/2) according to Eq(19), spin-current effect causes the mo-
FIG. 6. The evolution of steady-state precession and thement to seek out the energy maximum for its resting direction,
completion of M(hy) switch as the precessing moment crosseshencem,=—1. At point A, the energy term from applied field
equator upon increasiny. Initial #=7—0.01. Small deviation finally takes over, and a switching of magnetic moment frerh to
from 7 is added to shorten the initial build-up time for precession1 occurs. This switching is hysteretic—upon reversing the sweep
amplitudes. Curvegb)—(e) are progressively offset in vertical di- direction of applied field, the moment does not switch back to -1
rection. A crossover from steady-state precession and completentil point C wherehc=h;6=(hsla)f(1+%hp). The net hyster-
switching occurs within 1.2127497h,<1.212 7498. esis opening between poitsandC is sh=h,+2~h,.
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of . —h,=090 |
Lor —e—1 =100
—o—h =105
05 1 —e—4 =110
-~ osk —o—h =115 1
\§ ool | —v—h =125
A % 0.0
os} - =
Lof . -0s5}f .
25 20 -5 -10 05 00 05 10
He:m)/Hk -1OF -
FIG. 8. Uniaxial anisotropy only: effect of spin-current injection -1.0 -0.5 0.0 0.5 1.0
on the shape oM(H). The zero-current switching characteristics H /H,
reproduces the well-known “astroid” shape. For this simulation
a=0.01, thush,.=0.01. FIG. 9. Uniaxial anisotropy plus a strong in-plane anisotropy of
h,=190. The effect of spin-current injection on the shap&gH)
213 213 _ i i i in Fi i jaxi
heasy+ h23 = (24) is quite different from those shown in Fig. 8 with only uniaxial

anisotropy. In this caséi,;=0.96 as calculated from EqL7).

The effect of a spin current on the shape of the astroid is

shown in Fig. 8, for a monodomain magnetic moment with 1 1++/1— gg [1-h|"¥2 (h—1")
only a uniaxial anisotropy term. Notice that the amount of 7o~ In P) o “Ino 00"
spin current required to significantly change the shape of the p\/__8 0 N o (6—07).
astroid is within a factor of 2 of the zero-field critical current (26)

hsc. The increase in magnitude of the switching field on theThis relation is verified by numerical simulation for a spe-
left side of the astroid is interesting to observe, as this is &ific set of conditionsh,=190 anda=0.01 and 0.001, re-
region where the spin-momentum deposition completelyspectively, as shown |n Fig. 10.
changed the magnetic system’s trajectory of motion, distort- For current-driven reversal the process is somewhat dif-
ing significantly the astroid boundary. While without the ferent. Since current-driven reversal is determined by the
presence of the spin current a large cone-angle precessi@alance of damping-related dissipation and the spin-current
will develop, the spin current stabilizes the small cone-anglénduced energy gain, damping plays a much more critical
precession, and hence this region is now treatable as a pable—it determines the value of thresholt.. For the

turbation to the constant-energy trajectory. uniaxial anisotropy-only situation, E€22) gives
The introduction of an easy-plane anisotrdgydoes not
affect the zero-spin-current switching astrdiiq. (24)]. 7(8)~|hg—hg ~1In(6/6y). (27

However, it does alter the effect the spin current has on the
shape of the astroid. The evolution of the switching charac? similar scaling behavior is found numerically in the large
teristics forh,=190 is shown in Fig. 9. The amount of spin hp limit, as shown in Fig. 11. , ,

current required to affect the shape of the astroid again is To compare the situation between a field-driven reversal
around the zero-field critical curreht., as determined by @nd @ spin-driven switch, one examines the behaviar(6j
Eq. (17). The presence of a strong easy-plane amsotropf r the same amount of relative overdrive amplitude in

completely suppresses the increase of switching field magnli€!d and in spin current. Following Eq17), for a given
tude on the left side of the astroid. amount of overdrive amplitude|hg=(1+9)|hsd, 7
x(adshp) ™ YIn(6l6,), whereas for the same amount of over-

drive in field |h|=1+6, 7oc(5h,)~*2In(26/6p). Thus for a
spin-current switch with a flxed percentage of overdrive, the
The reversal oM under a spin-current-driven situation is speed is directly proportional to its threshold curredt,,

V. SWITCHING SPEED

different from that of a magnetic-field-driven case. and hence te, whereas for magnetic-field-driven switcda,
For field-driven reversal, in small damping limit&1),  doesn’t matter as long as<1.
the reversal time for magnetizatidl along its easy axis Another limit for a spin-current switch is when the current

depends primarily on the initial dynamics of the moment.is well-above the threshold. In this casgg|hg 1 In(6/6,).

For a system withe =(1+h)/h,=<0, the unperturbed orbit Thus in a large current limit, the switching time for a spin-
for small @ can be used to estimate the amount of time forinjection process is independent @f and is determined by
the cone angle to evolve from its initial valdg to 6. Inthe  the amount of spin current injected. Thus, in a large spin-

limit of h,>1, to the leading order of, it is current limit, the total amount of spins needed for a reversal
event is independent of the magnitude of the spin current.

1 0+ 6*— 6(2) To get some feelings for real materials, consider a pat-

7(0)= h \/__In fo : (29 terned cobalt film. Assume a uniaxial anisotropy field of

pNTE H,=100 Oe from the film’s in-plane shape. In the direction

Therefore the asymptotic behavior of the initial reversal-perpendicular to the film, a demagnetization field afM g
related switching time ig¢setting9~1): ~1.8Xx10* Oe~18(H, is present, thus,~ 180, similar to
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FIG. 11. The reversal process for a spin-current-driven process.
FIG. 10. Initial reversal-related switching timg for magnetic  (a) Initial reversal-time dependence on starting anggeA scaling
field-driven reversalh,=190. Here we define, as the amount of  of 7y« — 7, In 6, is demonstrated, as discussed in the téxt.The
time it takes forM to evolve fromé, to 6~m/2. (a) 7, is largely  scaling of 7, as hy approachesh,.. It is described byrox|hsg
determined by the unperturbed motion bf. Adding damping  —h|~%, with hy as described by Ed17). Upper inset shows the

changes the ringing characteristic after the initial reversal, but itime-dependent evolution &f,(7) and the definition of the initial
does not significantly alter the initial switching time. As shown in reversal timer,.

the text, an asymptotic relatior~ —log 6, is held for zero(or a
smal) a. (b) 7, scales essentially dab— 1| Y2 Again the result is
fairly robust against adding a small. The top inset shows time
dependencies oM, and the definition ofr, in our numerical
procedure.

on a definition of super-paramagnetic transition temperatures
that allows a magnetic lifetime of 1 s. Here we discuss this
with a more realistic magnetic stability requirement of 100
yr. The thermal transition lifetime of the magnetic body
the h,=190 used in the simulation for Figs. 10 and 11. The®aM be expressed ag =7, expEo/keT) with the thermal
time conversion is t%Q[1¢=O.568(ns)— with O, acpvatlon barruT:‘rE0 fqr m.orﬂelntzreversal set by the u_nlaX|aI
= (2ug/f)H,~1.76<10° s *. When driven at twice the ar_usotropy bar_ner helghE_o—ga [WMsH. 75 lS asso_mated
threshold value, for on-axis-only a magnetic—field-drivenWIth the basic magnetic attempt_ fr(_equ_ency withr L/
switch, and at an initial angle of,=10 3, the initial- ~10° Hz. If one sets the magnetic I|fet|meL?100 yr
reversal part of the switching time is abdygt=0.34 ns, ac- :_3'15_>< 10° s as criterion for super-para_magnetlc transition,
cording to data shown in Fig. 10. With the same amount of IS 9iVes a super-paramagnetic transition temperalye
current driven process will involve g~3.98 ns. andal,MsH,=85.1%gTs. From _E.q.(18),.th|s means the
threshold current for a 100 yr stability against thermal rever-
VI. MATERIALS-RELATED DEVICE CONSIDERATIONS sal has to be larger than
Equation(18) has important implications for device appli- 1/2e
cations. First of all, there is a fundamental limit on how |C>(ﬁ) @(85.1%gTy). (29
small the critical current can be if it were to be used for
switching a memory element. The limit is set by the memory
bit size required for thermal stability. This was briefly dis- Taking »=0.1 anda=0.01 as a conservative estimate of a
cussed in Ref. 7 where the numerical estimates were baségpical magnetic metal such as cobalt, and setting operating
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temperatureTs=130°C=400 K, we have the minimum numbers give a rough estimate to the relevant device dimen-
threshold current for technologically interesting applicationssions, although they should not be taken literally. For one
of 1.~140 uA. thing at such high aspect ratios it is questionable whether the

For thin-film devices in current-perpendicu|ar geometry,f”m will remain single domained for its dynamic processes.
we can estimate the amount of current density required for

magnetic switching. Assume that there are ways to neutralize VIl. SUMMARY
the demagnetizing field of the film, the threshold current . ) ]

namic properties of a magnetic moment under the influence

of a spin current. The magnetic moment is found to precess
' (29) under the torque associated with spin-current-induced angu-

lar momentum deposition. The competition between the
Wherelm can be viewed as the thickness of the magneti(}spin_current_re|ated energy gain and the LLG damping_
switching layer. The critical current density is then directly re|ated energy dissipation determines the precession process.
proportional to the film thickneds,. Again, taking cobaltas uUnder appropriate conditions, the precession will lead to a
an example where we assume a uniaxial anisotropy term ggyersal of the resting direction of the magnetic moment,
Hy=100 Oe, and a saturation magnetizatidds=1.5 causing a magnetic switch. Quantitative predictions are made
X10° emu/cm, in zero-applied field, one ha3.=4.6  for the threshold spin current for such a switch, as well as the
X 10% (A / cm?), wherel,, is in angstroms. An all-metal general dependence of the switching process on the magnetic
current-perpendicular pillar can probably take arounth0  environment experienced by the moment. The switching
16 A/cm? of current density without short-term damage. speed under spin-current injection is predicted to be compa-
This gives a reasonable working film thickness of at leastable to present-day field-driven switching processes, al-
100 A . For magnetic tunneling junctions, however, the practhough the two processes are intrinsically different and they
tical J; from materials and electrical integrity point of view follow different asymptotic scaling behaviors with regard to
is limited to about 18A / cm?. This means to directly inject the initial and drive conditions. The spin current is also pre-
spin current across a tunneling barrier into the magnetiglicted to affect the magnetic switching characteristics of the
body, the magnetic body would prefer to have softer anisotmoment, causing a distortion to the astroid-shaped switching
ropy energy produdt Mg to give a reasonable working film characteristics.
thickness of well-aboveQA . This can perhaps be done by
a careful selection of electrode material and its shape—a
low-aspect ratio Permalloy magnetic dot perhaps will work.

Combining the requirements of thermal stabilif£q. I wish to thank John Slonczewski and Roger Koch at IBM
(28)] and current-density limifEq. (29)], the lateral dimen- Research and Professor Dan Ralph at Cornell University for
sion of the magnetic body can be determined as well. Tdruitful discussions. | would also like to thank Roger Koch
have aTs=400 K, again use the parameters for cobalt as wdor help setting up the computing environment for part of
did before, and sdt,=15 A, one hasa~1500 A. These this simulation work.
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