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Magnetization dynamics with a spin-transfer torque
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The magnetization reversal and dynamics of a spin valve pillar, whose lateral size< 84647, are
studied by using micromagnetic simulation in the presence of spin-transfer torque. Spin torques display both
characteristics of magnetic dampiigr antidamping and of an effective magnetic field. For a steady-state
current, botiM -1 andM-H hysteresis loops show unique features, including multiple jumps, unusual plateaus,
and precessional states. These states originate from the competition between the energy dissipation due to
Gilbert damping and the energy accumulation due to the spin torque supplied by the spin current. The magnetic
energy oscillates as a function of time even for a steady-state current. For a pulsed current, the minimum width
and amplitude of the spin torque for achieving current-driven magnetization reversal are quantitatively deter-
mined. The spin torque also shows very interesting thermal activation that is fundamentally different from an
ordinary damping effect.
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. INTRODUCTION turest®121318ngint-contact geometyt’ and magnetic tun-
nel junctionst! The convincing observation of these experi-
Recently, there is considerable interest in the phenomenoments is that there exists a critical current density above
of spin-polarized current induced magnetization switchingwhich the magnetization can be switched back and forth.
This phenomenon was first suggested by Bérgend  Other properties, such as thermal effétalso agree with
Slonczewskf, based on a rather general argument: for a systhe spin-torque term in Eql). Theoretical analysis has been
tem consisting of itinerant electrons and local moments, thenostly confined to the case where the magnetization of the
total angular momentum is conserved even for the systerfayer is uniform, i.e., the macrospin modéf°Both analyti-
out of equilibrium, and thus the divergence of the spin cur-cal and numerical solutions indicate that the magnetization
rent of itinerant electrons must be accompanied by an equakversal becomes very complicated even for a macrospin.
and opposite change of the angular momentum of the locator example, the hysteresis for a fixed current density may
moment. This change is equivalent to a spin torque acting odisplay a precessional mode. Miltet al?* made a step for-
the local moment. Since then, there are many theorétital ward in relaxing the macrospin by studying the magnetiza-
and experimental effor{s!® to understand the Microscopic tion reversal for an S state and a “leaf” statez'2 these are
origins. In this paper, we do not discuss the microscopiaypical equilibrium magnetization structures of a submicron
origins and the detailed formalism of the current-inducedthin film. They concluded that the effect of the current is
spin torque. Instead, we consider the consequences of thgiite different for these two structures even though they have
spin torque on the dynamics of the local moment of a spimearly the same magnetic energy.
valve structure. The spin torque is fundamentally new from the pure pre-
Regardless of the detailed physics involved microscopicessional ternifirst term in Eq.(1)] and from the damping
cally, the effect of the spin angular momentum transfer canerm[last term in Eq(1)]. The precession term conserves the
be captured by an additional term in the macroscopignagnetic energy and it determines the precessional fre-
Landau-Lifshitz-GilbertLLG) equation quency of the magnetization dynamics. The damping term
makes the magnetic system relax to a local energy minimum,
i.e., it dissipates the energy during magnetization dynamics.
dt’ The spin-torque term, however, can have both effects: it can
(1)  be asource of precessional motion as an effective field and it
) . . o can serve as dampin@r antidamping sources. To see this,
where vy is the gyromagnetic ratiayl is the magnetization gne can always decompose the spin torque in the directions
vector of the free layeM , is theunit vector whose direction  of the effective-field torque and the damping torque, and it is
is along the magnetization of the pinned laykty is the  generally true that the spin torque contains both components.
saturation magnetizatioli.¢s is the effective magnetic field It is this dual function of the spin torque that motivates us to
including the external field, the anisotropy field, the ex-study magnetization dynamics in a realistic magnetic nano-
change field, the demagnetization field, and the random thestructure. In this paper, we perform an extensive study on the
mal field whose form will be discussed in the following sec- effect of the spin torque from the LLG equation, Et).. The
tion. The term proportional t@; is the novel spin torque paper is organized as follows. In Sec. Il, the model geometry
term, and the last term is the Gilbert damping term. It isof a spin valve pillar is defined and the method for micro-
noted thata; has dimensions of magnetic field. magnetic simulation is outlined. Next, we calculate hyster-
Experimental verification of the spin torque has beenetic and dynamical properties in the presence of the spin
carried out in magnetic nanowirésspin valve pillar struc-  torque; in particular, we analyze precessional states in detail.

dM

M X Ho i+ ZEMX (MY + —M X
dt Y eff MS p Ms
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the grid spacing i® =4.0 nm. Our goal is to calculate mag-
netization dynamics as the external magnetic field, the spin
torque, and the damping parameter vary. The magnitude of
the spin torque is proportional to the current density. Here,
My we have chosen the unit af; to be oersted. The numerical
— value ofa; has been estimatéed: for the current density
o z =10° Alcm?, a; in Eq. (1) is about 1 kOe. This conversion
[ betweera; and the current density is, however, irrelevant for
- Y us since we have written our results in termsagfand thus,
Cu X we do not specify absolute values of the current density. The
T - Gilbert damping constantr in Eq. (1) is not accurately
Co y 2.5mm el & known in a spin valve system. Among many physical sources
.o 64nm___ [s""64nm for the damping, there is an additional contribution at the
J Cu interface. Recent studigs?*for ultrathin films show that the
damping constand is much enhanced when a nonmagnetic

metal is deposited on the ferromagnetic film. For Cu/Co bi-
FIG. 1. Schematic of the pillar device with a positive spin cur- layers, the damping constant is considerably larger than that
rent defined as the electrons flowing from the thinner to the thickebf bulk value of Co. With this difficulty in choosing, we
Co layers(opposite direction for the current flow simply seta=0.03 throughout the paper unless it is specified
otherwise.
We also present the results for a non-steady-state current in The effect of temperature on the dynamical behavior is
Sec. lll. Finally, we summarize what are the most interestingaddressed in our simulation by including a random thermal
features of magnetization dynamics in the presence of thield in the effective magnetic field. The thermal field

current-induced spin torque. H&, i (t) at each sité is assumed to be an independent Gauss-
ian random function with its zero mean and no correlation,

Il. MICROMAGNETIC MODEL WITH THE SPIN Le., (Hi, i(DH{, (1)) =2G8; 8;,0(t—t"), wherei,j are
TORQUE the cell indexes¢, » represents three Cartesian components,

G=akgT/ungyMgv, andv denotes the discretization volume

To mimic the experimental geometry performed by Katineof the computational cells. By adding the thermal activation,
et al. at Comnell;* we define our structure in Fig. 1. The the Landau-Lifshitz-Gilbert equation is converted into a sto-
electrical current flows perpendicular to the plane of thechastic differential equation with multiplicative noise. The
layer. The coordinate axes are so chosen that tirely axes  integration of the stochastic Landau-Lifshitz-Gilbert equa-
are in the plane of the layer and thexis is perpendicular to  tjon is performed by employing the stochastic Heun method,
it. A spin-polarized currententers the spin valve pillar in the py starting from a given initial configuration, and updating
z direction and we assign the positive value of the parameteyecursively the state of the systemd,(t)— M (t+ 8t).25-28
a; in Eq. (1) for the current flowing from the thicker ferro- The Heun scheme is a good compromise between numerical
magnetic layer to the thinner one. The current-induced magstability and computational complexity. In general, the statis-
netic field is ignored. tical error of Heun scheme is made arbitrarily small by av-

Since we focus our study on magnetization dynamics okraging over a sufficiently large number of stochastic trajec-

the free layer, we assume that the pinned ferromagnetic laygpries. We do not carry out— 0 limiting procedure but we
is held fixed at the direction of the easy axis of the free Iayeremp|oy a small discretization time interval, i.e., we uste

i.e., in the positivex direction. The following materials pa- —0.3 ps throughout the paper.
rameters for the free layer are used: the lateral size is 64
X 64 nnt, the thickness is 2.5 nm, the exchange constant
A=4x10 " J/m, the uniaxial anisotropy fielt, is 500
Oe, and the saturation magnetizationrM =12 000 Oe. Many interesting features have already been shown by
These parameters are reasonably consistent with the expesimply assuming that the free layer is a macrospin. As stud-
ments by Katineet al1? but very different from those used ied by Sur® and Bazaliyet al,?’ the spin-torque term in the
by Miltat et al?* We note that our choice of the small layer LLG makes the magnetization dynamics quite complicated.
thickness has two advantages: the magnetization direction ifhe complication arises from the observation of the LLG
the thickness direction will be uniform, i.e., a two- equation that the spin torque is fundamentally different from
dimensional micromagnetics modeling is sufficiently accu-the effective-field term and from the damping term. The ef-
rate and the spin torque per unit volume is large for a fixedective field term, first term in Eq.1), can be derived from
current density(since the total spin torque will be almost the energy derivative with respect to the local magnetization
independent of the free layer thickness within the applicabilvector, i.e.,Hqtt=—dEM(r))/dM(r), where E(M(r)) is
ity of several theoretical models the magnetic energy including the exchange energy between
With above specified parameters, we begin our simulatiothe neighboring cells, the magnetostdtiipole) energy, the
by laterally dividing the free layer into aNlXN grid. In  (uniaxia) anisotropy energy, and the Zeeman energy. The
most cases presented in the paper, we chdbsd6 so that damping term, which cannot be written as the energy deriva-

IIl. RESULTS
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tive, selects the magnetization path such that the local mag- 1.0] ()
netization always moves into lower-energy states, i.e., the 05
system is looking for an energy minimum. The spin torque '
neither behaves as an effective field which conserves mag- 0.0
netic energy nor as the damping term which dissipates the ~ -0.51 5 _100 (Oe)
energy during the motion of magnetization. The spin torque R
can increase or decrease the magnetic energy. This leads to -3000 1500 s 1500 3000
some interesting solutions with stable precessional states. We , , ,
will show that these stable precessional states persist in a < 1.0 (b)
micromagnetic calculation in which the temperature is non- -% 0.5
zero and nonuniform magnetization is allowed. Nl
Another interesting effect of the spin torque is the appear- @ ™ e H
ance of anomalous hysteresis loops for certain range of the 3 -0-51 a,=200 (Oe)
magnetic field, i.e., the magnetization along the direction of = -1.0
t_he magnetic fi_eld decreases_ as one _increases the magnetic -3000 1500 0 1500 3000
field. To see this, let us consider the time-independent solu-
tion dM/dt=0. Equation(1) becomes 1.04 (¢)
a, A 0.5
FEMxHeff—M—Mx(Mpr)=0. 2 0.0
. . ) - . -0.54
For a uniformly magnetized layer, we explicitly writde a =400 (Oe)
— (Hexet HeM, /M e~ 47M,e, and M =e,. To deter- 0] , ,
mine each component of the magnetization vector, we first -8000 0 8000 16000
write Eq.(2) in three component equations. After eliminating External Field (Oe)

M, component in the equations, we obtain ) .
FIG. 2. Hysteresis loops of the free Co layer in the presence

HcM, H«M, azM, 2 of the different spin torques. The damping parameter is 0.03 for
M, (Hexﬁ-M— +477Mx(Hext+M— + M } all figures unless specified otherwis&) a;=100 Oe; (b) a,
s s s =200 Oe;(c) a;=400 Oe.
=0. (3
) ) The third interesting feature is that there is a critical cur-
Thus, there are two possible solutios,=0 or rent density, or a critical value &f;, above which the spin
HoM.| 2 HoM YRE torque can be used to switch one magnetic configuration to
(H + &) +47M (H IR, St S VRN et R another, for example, to switch the magnetization from par-
ext X ext . . .
Ms Mg Mg allel to antiparallel alignment of the two magnetic layers. If

one assumes the uniform magnetization of the free layer, the
critical value can be readily deduced from the stability con-

For M,=0, we can easily verify thaM,==+Mg and M, dition of the magnetization a¥l — = M 6, 219

=0, i.e., the magnetization vector lies at theaxis. More
interesting solutions are those from H¢) where we solve

for My, (ay)crit= *a(2mMs+Hy) + aHey. (7)
The above features derived from the macrospin pictuee,
_ A2 12 _ A2
— HexMs(Hi+ 27M = v Mg aJ)_ (5) uniform magnetizationshow unique characteristics of the
g Hﬁ+47-rMSHK+ a§ spin-torque. To further explore the spin torque effect, one

] needs to go beyond the hysteresis analysis, i.e., one should
The other two componentd, andM, can be determined by ook at the detailed magnetization dynamics, and one must
placing Eq.(5) into the component equations of E(®);  not treat the layer as a macrospin. We now present our results

here, we only write down the out-of-plane componht, in the following sections.
22y — _
=+ (M5~ M3 (= HexMs—HiM,) A. Hysteresis loops with spin torques
M,==* . (6)
ATM M4

Without the spin torque, the hysteresis loop is almost a
The above nonzeri, solution indicates that the spin torque perfect square with the coercive figtL.=Hy, i.e., the hys-
can support a stable out-of-plane magnetization. Another interesis loop behaves as a Stoner-Wohlfarth particle with the
teresting point is from Eq(5) thatdM, /dH.,;<0, i.e., the applied magnetic field parallel to the easy axis. When a spin
anomalous hysteresis loop is evident. However, these equierque is added, the hysteresis loops display three distinct
librium solutions based on Ed2) are not always stable. features. For a small current densiy;| <2mwaMg, the hys-
When we examine the stability conditihwe find that the  teresis loops are not affected by the spin torque, see Fy. 2
above solutions are stable only for a finite rangeapf When the current density increases to intermediate values,
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the hysteresis loops begin to show some precessional states;
those states are shaded in black, indicating that the magneti- ' H, ,=200(Oe)
zation is never converged to a final fixed direction; instead, it 0.54
goes into a stable precession and we will further discuss 0.0
those precessional states in later sections. With this interme- '
diate strength of the spin torque, the magnetization is oscil- -0.5-
lating around the easy axis. Two irreversible juntps and g 10l (@)
+ i ; ; = 1Y
H™ in Fig. 2(b) can be understood from the macrospin solu- = ,
tion. Assuming 4rM¢>a;, we can deduce the field by in- N -2 0 2 4 6 8 10
sertingM,=Mq in Eq. (4) @
2 1.0
) =
Ho = Hyt —2 8 **
=Hict g ® o
_ _ N -0.5
for field swept from negative to positive values, and
-1.04
ay -2 0 2 4 6 8 10
+_ J )
H"=——"+H¢+27Ms, ©) Spin torque a, (10° Oe)

FIG. 3. M-I loops with different external fields(a) Hgy;
for field swept from positive to negative values. What does it=200 Oe;(b) H,=2000 Oe.
become if the external field sweeps through? There are

two possibilities: the first is that the magnetization jumps to B. Magnetization-current hysteresis loops at finite
M, =M, because this is the only solution from Eg) as we external fields
have discussed after E¢4) (the other solution, Eq(5), In Fig. 3, we showM-I hysteresis loopgmagnetization

would lead to|M,|>Mjs, and thus it is not a meaningful as a function of the spin torquédor two different external
solution. The second possibility is that the total torque is notfields. When the external magnetic field is smaller than the
zero at any time, i.edM/dt#0. In this case, there is no anisotropy field, i.e.|Hq.<Hk, the M-I loop is almost
more time-independent solutiorige., Eq.(2) is no more  square in shape and the critical spin torque is very close to
valid]. By examining the stability aM,=Mg, we find that  the analytical expression given by Eg). For example, the
M, =My is stable only for small spin torque, as seen in Fig.loop shift is a;=6 Oe for the external field of 200 Oe, see
2(a). For an intermediate spin torqud,=Mg is no more  Fig. 3a). When the external field is larger than the aniso-
stable and thus, the precessional states have to appear, $espic field Hy , interesting hysteresis features appear. Once
Fig. 2b). the current densitg, is exceeding, of Eq. (7), the magne-

From Egs.(8) and(9), the coercivityH,=(H™—H")/2  tization enters a precessional stafdg. 3b)], in contrast
=+3(la))/a—27Mg) +a3/87M, decreases with the spin with the complete reversal at the small external figfty.
torque and the loop shifts byH=(H"+H")/2=Hy 3(a)]. Whether the magnetization makes its reversal as
—i(lay|/la—2wMg) +a5/8mM, appears. By comparing shown in Fig. 3a) or it makes a precessional motion as seen
these quantities derived from the macrospin model within Fig. 3(b) cannot be determined by simple stability analysis
those shown in Fig. 2, we find the agreement is excellentnear the equilibrium position &1,=*+Mge, because both
this supports our point that the magnetic layer behaves asthe reversal mode which satisfies E2). and the precessional
macrospin in hysteresis modeling. mode which has nonzero total torque are stable. We are un-

When the current density is further increased such thatible to analytically determine which mode to take when the
|a;|>a(2mM ¢+ Hy), the loops become dramatically differ- spin torque sweeps through the critical value. However, we
ent from those of low current densities. The loops show mulhave numerically identified that the magnetization will take
tiple jumps and the precessional solutions expand to a largéae reversal model at low external fielddH¢,{<Hk) and
range of the magnetic fielghote the scale difference in Fig. the precessional model at large external fieldslg({
2(c)]. In addition, there is a region in the loop where the >Hy). The further increase of the spin torque leads to new
magnetization increases with decreasing magnetic field, e.gstable stateflabeled as point B” in Fig. 3(b)]. To qualita-
when the magnetic field increases from 9900 Oe to 12 40@vely determine the boundary valug, between the region
Oe, the magnetizatioM, decreases from-0.78 to —0.99.  of the precessional states and that of the stable sBtes
This unusual solution at high field is consistent with the mactakeH, =0 so that the analytical solution is possible. For the
rospin solution given by EqJ5), i.e., an anomalous hyster- states in regiorB, Eq. (4) remains valid. We look for the
esis. The solutions are stable; we have varied temperaturaslution of Eq.(4) with finite M, and then inspect the stabil-
and confirmed that these states exist for all temperatureity of the solution?® After a tedious algebra, we find an im-
ranging from 0 to 300 K. plicit equation fora,,
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H_ ~6000 (Oe)

FIG. 4. Magnetic moments at the poinB*in Fig. 3(b), where e
Hexe= 2000 Oe,a;=3000 Oe. P ol

Hex(2mMs— \/4772M§—ag) . : ) 0.5

thaxt_ a2
p .
= 271'OfapMs 2 cogo+ ﬁ Sha2h FIG. 5. The trajectories of two stable precessional states that are
ext™ Ap within the shaded area of Fig(Q, wherea;=400 Oe.
(10)
where co9=M,/Mq that is related t@, by dE ay 1
o i Gi= " Tz o Herr XM (11)
1 2 t 1+« s
a
00520:(—2 a—Ha,t(ah+HL,) \/1- ——|. o
2a; (2mMs) Thus, the nonparallel configuration betwekh and M

. e s, o e s couion v e, Y08 IO Gt roy Ty
=1980 Oe, which is closed to the numerical value of 2010 ="'~ gH S argl)llel oM \3/Vhen foaches e loca M
Oe shown in Fig. &). 1€, Herf ISP . p q

At very high current density, the stable statBsbe- on, it is possible to compensate the loss of the energy by the

comes unstable. A further reversible jump occurs as seef@!" from the spin torque,

in Fig. 3b). These jumps at the high fields can be again

understood by the macrospin model. From E4), we can dE y 1 . .
identify the current in Fig. @) by a;=27M and a, —:——2—[a|Heff><M|2—aJ(aMsMp—M><Mp)
= V47M([Hexd —Hy) — ([Hex] —Hy)?. Notice that these dt 1+a® Ms

critical currentsa; anda, are independent of the damping X (Hgg X M)] (12)
parameters, i.e., they are from the condition that the total eff '

torque is zero.

where the first term is the energy loss due to damping and
the second term is the energy inpl@utpu) due to spin
torque. If the first term is less than the second, id&/dt

The new stable states, labeled&n Fig. 3b), deserve >0, the magnetic energy increases. If the first term is
further investigation. This is because the existence offthe exactly balanced with the second, the net energy loss will be

state is yet another signature of the effect due to spin torquejull and it is therefore possible to form a stable stighere
without the spin torque, the magnetization of the final stablem x H,,,| is nonzero budM/dt=0.

state would be in the plane for any in-plane magnetic fiel
and the torqud’=M X Hg¢; equals to zero. In Fig. 4, we .
show the magnetization vector pattern for Bistate: there is D. Precessional states

a significant out-of-plane component. If we calculate the ef-  Ag we have shown in the preceding sections, the solution
fective magnetic fieldd.( for the B states, we find that the of the LLG contains stable precessional states in which the
effective field isnot parallel to the magnetization direction, magnetization never converges to a final state as if the sys-
there are angles between the two vectBitg; andM for  tem had no damping at all. These precessional solutions are
thoseB states. This would be unacceptable for the LLG W'th'unique properties of the magnetization dynamics driven by a
out the spin torque because the nonparallel configuration begpin-polarized current. Without the current, the system is al-
tween Heff and M cannot be in the static stable condition. Ways |Osing its energy due to Gilbert damp|ng and thus the
However, in the presence of spin torque it is possible, beprecession cannot be sustained after certain time scales, typi-
cause the static stable condition is zero total tordg;  cally in a few nanoseconds. In Fig. 5, we show two trajecto-
=MXHgt—(a;/Mg)M X (MXM)=0. ries of magnetization vectors at the stable precessional states
Another interesting observation is the variation of thefor two magnetic fields but the same current. These two tra-
magnetic energy of the system. Without the spin torque, thgectories clearly show a large out-of-plane component of
change of the magnetic energy of the system can be easilpagnetization. It seems somewhat odd that these trajectories
derived from the LLG equation with large M, have rather high demagnetization energies. It

C. Energy dissipation and energy pumping
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-2.34] 01 40
o=t —A—3a =500 (Oe), H_ =1 (kOe)
% -2.36- — 351 —0—a =500 (Oe), H =2 (kOs)
= » —&— a3 =1000(Qe), H =1 (kOe)
‘© -2.38; © 304
5 -2.40 @ g 257
z g
i S 204
-2.340 %
£ 154
-2-344-J\N\N\N\N\N E
_ ] .g’ 10
2.348 (b) «=0.03 2 5
_— ‘ ‘ @ )
P o
‘DOE, -2.28 O T T T T T T
(= 230 (c) 0.00 0.01 0.02 0.03 0.04 005 0.06 0.07
) ' Damping constant o
g -2.321 . . . .
w FIG. 7. Precessional frequenciesas a function of damping
-2.341 =0.008 constanta for different H,,; anda;: Hq=1000 Oe,a;=500 Oe

00 05 10 15 20 25 30 (open trianglg Hqy=2000 Oe, a;=500 Oe (open circlg; Hey;

Time (ns) =1000 Oe,a;= 1000 Oe(solid circle.

FIG. 6. Temporal evolution of the magnetic energy for three If a—a;/|Hq|>0, the magnetization seeks energy
different damping constants (0.1,0.03,0.008). The external field minimum, otherwise, it seeks the energy maximum, i.e.,
is Hex=2000 Oe and spin torques =400 Oe. negative damping. In general, howevk,, is not parallel to

Hess and thus, Eq(12) can be positive and negative at dif-
should not be surprising, however, that the spin torquderent times and one arrives at the precessional motion.
pumps the energy to the system in these situations. It is interesting to observe that the frequency of the stable

A further inspection of the magnetic energy of the precesprecession highly depends on the damping parameter; this is
sional states reveals interesting temporal variation of the erin sharp contrast with the normal precession where the fre-
ergy. The system constantly gains energy via the transfer ajuency is determined by the effective field. The reason is
the angular momentum of the conduction electr@psn cur-  rather simple: the stable precessional states described here
rentg to the local magnetization. Thus, the precessionabre from the competition between the damping and spin
states are the result of competition between the Gilbert ertorque, and they are not the initial precessional motion
ergy dissipation and the spin-torque energy input. The dampwhich is unstabledriven by the effective field. In Fig. 7, we
ing and pumping rates are not the same at a given time. Thehow the precessional frequencies as a function of damping
magnetic energy oscillates even for a steady-state current. konstanta.

Fig. 6, we show the evolution of magnetic energy as a func- To further analyze these precessional states, we have
tion of time for different damping constants. The initial state shown in Fig. 8, the temporal evolution of three magnetiza-
of the system is a “leaf state” without the external field andtion components when the magnetization reaches a stable
the spin torque. At=0, we simultaneously apply an exter- precessional state. The magnetization shows significant out-
nal fieldHg,=2000 Oe and ;=400 Oe. For a large damp- of-plane componentz(direction during the oscillation. The
ing constant, i.e.o>|a;|/27Mg, the energy dissipation is swing of magnetization in the in-plane hard axis direction is
dominant. Thus, the system loses magnetic energy and eveas large as that in the easy axis direction. A noticeable dif-
tually sets into a local minimum energy as shown in Fig.ference between low temperature and room temperature is
6(a). With decreasingy, for example,a=0.03, the energy the difference for the out-of-plane component of magnetiza-
dissipation by damping and energy pumping by the spirtion. There are two stable precessional solutions at the given
torque becomes comparable. In response to the applied fiekkternal field and spin torque. One is the precession at the
and the spin torque, the magnetic energy begins to oscillatewer half plane, i.e.M,<0, as shown in Fig. &). Another
in a precessional cycle. If the damping constant further desolution is located at the upper half plane, i.e., we simply
creases, the energy oscillates around a value that increaseplaceM, by —M, and keep thex andy components as in
and eventually reaches an asymptotic value. Such a dynamidg. 8@). These are degenerated solutions and the magneti-
change of the magnetic energy can be explained again fromation dynamics takes either one of the two solutions but
Eqg.(12). WhenM,, is parallel toH,¢¢, the rate of the energy not both at zero temperature. At room temperature, however,
change reduces to pure damping or negative damping, i.e.the magnetization can jump between these two states,
making the out-of-plane component crossing Xhg plane;

a this is known as “telegraph noise.” The thermally activated

o _J)|He”><|v||2_ (13  transition between two precessional states originates from

dE vy 1
[Hefd the low-energy barrier—the thermal energy at room tem-

dt__l-i-azM_s
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(a) T=0.0K (b) T=300.0 K 1.00
1.04
0.5 i
= —~ 0.751
= 0.0 g
-0.54 g
-1.04 = 0.501
(=]
£
1.0 I
0.5 (/;J 0.251 ---- a=+100 (Oe
s> 0.0 a=0
05 —--—- a=-100 (Oe)
_1 0 0-00 v T ¥ T T T ¥
: i | 0.00 0.05 0.10 0.15 0.20
10 Damping constant o
0.5 - FIG. 9. Swithing speed vs damping constanfor three spin
s" 0.0 L] torquesa;=+100 Oe (dashed ling a;=0 (solid line), and a,
.05 = —100 Oe(dotted ling. The external field is taken as510 Oe.
10 : — 1] : : for one direction of the current and is shortened for the op-
0.0 0.3 0.6 0.0 0.3 0.6

posite direction. We have noticed that the optimal damping
Time (ns) Time (ns) parameter varies when the spin torque changes.

To study the switching speed due to spin torque, we must
apply a spin torque exceeding the critical spin torque. In Fig.
10, we show the switching time after a spin torque larger
than the critical spin torque is applied. The switching time is
very slow as the spin torque approaches the critical spin
. L torque. We find that the switching time can be reasonably
perature cannot be ignored in this small structure, as showp 1 : . .
O . itted byt "« =aj—ac,; . Since the critical spin torque,;,
in Fig. 8b). While the thermal effect cannot wash out the is broportional to the damping parameter. the apolied spin
precessional solutions, it does alter the magnetization dy: prop : . ping par ’ PP P

. L torque is shifted for different damping parameters as shown
namics significantly. in Fig. 10
Up till now, we have concentrated our description of the
E. Switching speed spin torque in the limit of the steady-state current. It is, how-
We have shown that there is a critical spin torque to€Ven desirable to see the magnetization dynamics in the case

switch the magnetization. We now address how fast th@f @ pulsed form. Here, we should consider a simple form of
switching is. The switching speed has been analytically calthe Spin-torque pulse: a square pulse whose width js.e.,
culated for a single domain sphere and a single domain thie Wil ignore the rise and fall times of the pulse; in real
film, in the absence of the spin torque, i.e., switching by thedevices, one should also consider these times. For such a
external field. The speed depends on the damping paramet@rl.ﬂsed electrical current, one would expect that whether the
The optimal damping parameter for the fastest switching is
a=1 for the sphere and~0.013 for the thin film?® Our

FIG. 8. Temporal evolution of the total magnetization compo-
nents for a stable precessional sta®. T=0 K; (b) T=300 K.
The magnetic field is taken as 2000 Oe and spin torqye
=400 Oe that is within the shaded area of Fi()2

o]
question is what is the optimal damping parameter for the 0604 o
spin torque induced switching? How fast the switching speed A
compared with the field induced switching? 0.454

Let us first take a look at the influence of the spin torque
on the switching speed by a magnetic field. The initial mag-
netization is at the positive direction. A reversed magnetic
field is applied in the negativedirection att=0. When the
x component of the magnetizatiofM,) reaches at least 0.154
—0.95 and it stays below this value after we define thigg
as the switching time. We should point out that the magne- 0.00- H,=0.0 (Oe)
tization cannot be treated as a macrospin in this case because
one would not expect a reversal if the magnetization is per- 0.00 0.25 0.50 0.75 1.00
fectly along thex direction. Rather, a full micromagnetics is Spin torque a, (10° Oe)
essential in determining the switching time defined here. In
Fig. 9, we show the dependence of the switching time for FIG. 10. Switching speed vs spin torq(iarger than the critical
three different spin torques. The switching time is enhancedpin torque at H.,,=0.0 Oe for different damping constants.

0.30+

14, (ns)”
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[ e VN VA A = 10__¢ =0.03, H_ =0 (Oe)
05 z g :<\5
x : =]
s 0.04 (a) = ] %
0.5 = : 5 1
-1.04 0.75 ns i 1. Q%
' ' ' 2 ] o) Reversed
3
N ! N ! N Q. %O\O
1.0 :
. 5—""‘/"\/\/\/\/\/"\"’”"— g 0000 -
. ; ‘£ 019 Not reversed 00—
s 0.0 : (b) = ]
0.5 s 0 5 10 15 20
-1.04 0.765ns pulsed spin torque amplitude (10°Ce)
. . FIG. 12. Minimum pulsed spin-torque width versus amplitude
1.0 for zero external field.
0.51 the system slows down. In our case, we find that the reversal
=< 0.0 time is mainly spent at the beginning stage of switching.
5] T The minimum pulse width is also affected by other pa-
e 0.775 s rameters. In Fig. 13, the computed reversal/nonreversal
-1.0- ’ phase diagram is plotted in terms of the damping constant for

several external magnetic fields. Since the thin-film anisot-
ropy field is about 500 Oe, the largest external fielHs,
=200 Oe) used in Fig. 13 cannot trigger the magnetization
reversal itself. The increase of the minimum width for a
larger damping constant is consistent with the picture that the
spin torque is competing with the damping process. One in-
teresting feature in Fig. 13 is that the external field affects the

magnetization can be switched by the spin torque depends dHi”imum width much more significa_ntlly for large damping
pulse’s amplitudeand width. For a fixed pulse amplitude parameters than for small ones. This is due to the fact that

larger than the critical spin torque, there is minimum pulselN€ SPIN torque &,=2500 Oe) is closer to the critical spin

width needed to achieve current-driven magnetization reverPrdue for larger damping constant. By applying the mag-

sal. In Fig. 11, we show the magnetization dynamic after thé]etic field, one can shift the critical spin torque to smaller

pulse ofa,=2500 Oe is applied at=0. In the first two values. Therefo_re, the minimum v.vidt.h is much smaller com-
panels, the durations of the pulse are just not enough to fullfp@red to that without the magnetic field.

reverse the magnetization, i.e., the magnetization returns to
the initial state (M,)~1.0) after one removes the current.
Just a small increase of the pulse width, see Figc)lthe Finally, we address the problem of thermally activated
magnetization is able to fully reverse itself after the signal ismagnetization switching in the presence of the spin torque.
taken away. Thust,,=0.775 ns is defined as the minimum

0.5 1.0 1.5
Time (ns)

FIG. 11. Time evolution of the magnetization componé&ht

with three different pulsed torque width§.75 ns, 0.765 ns, and
0.775 ng. The pulsed amplitude is 2500 Oe aHd,,= 0.0 Oe.

F. Thermal switching

width required for the current-induced magnetization rever- — He=0 (00) o
sal for the pulse amplitude;= 2500 Oe. One may notice the 2 1.51 / He=100(Ce)
oscillatory time dependence ™, before and after the spin F 4 /’
current is turned off; this is not surprising since the magne- ES Reversed /& 0
tization reversal for a nonspherical particle does not require = 1.01 A/»IS e
dM, /dt to be monotonically decreasing or increasing as a 3 A/A(“;,A’://o/‘f He,=-200 (Oe)
function of time. 2 gﬁw

The minimum pulse width defined above depends on the § 054
pulse amplitude. With increasing pulse amplitude, the mini- E
mum pulse width decreases. We can construct a phase dia- E Not reversed 2,=2500 (Oe)
gram of magnetization reversal by varying the pulse ampli- 0'00_001 0.05 0.10 0.15

tude and repeating the procedure to determine the minimum
pulse width in each case. As shown in Fig. 12, the minimum
pulse width increases dramatically for the pulse amplitude FiG. 13. Reversed/not-reversed boundaries as a function of
close to the critical spin torque; this phenomenon is verydamping parameter for different external fieltt,=0 Oe (open
similar to the classical “critical slowing down” in statistical triangle, He,= — 100 Oe(full square, andH,,= — 200 Oe(open
physics: when an external force approaches a critical valueircle). The pulsed amplitude is taken as 2500 Oe.

Damping constant o
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1.00 1.00
H, =438 (Oe)
T=300 K 10004
0.75- r075 o
_ —. 1004 =
g 0.50 2 F050 &
a’ v 2
- 104
L0.25
0251 ¢ a-00
0 a=+25(0e)
4 2=25(0e) \ 1 o Ak N\ 0.00
0.00-+ : -0.1 0.0 0.1 0.2
1 10 100 1000

Spin torque a, (10° Oe)
Time (ns)

. . . - FIG. 15. The relaxation time (solid line) and the switching
FI_G' 14. _Probablﬂty of not bel_ng SW'tCh?d magnetization as aprobability att=50 ns(dashed ling as a function spin torque at
function of time atT=300 K for different spin torques. The solid +_ 340 K for two different external fields.

lines are fits to the functioe ™"

_ _ _ IV. DISCUSSIONS AND CONCLUSIONS
As the device approaches nanometer size, temperature driven

magnetization reversal becomes one of the key factors lim- The spin torque in the LLG equation adds a new degree of
iting the device performanc8-32We have already seen in freedom to control and manipulate magnetization dynamics.

Fig. 8(b) that the inclusion of the thermal activation has sig- 1"€ SPin torque differs from the other common torques: the
nificantly altered the magnetization dynamics. one due to the effective field and the another due to the

The thermally assisted magnetization reversal is conve dissipation(Gilbert Qamping. The forque from the effective .
nfield is a conservative torque in the sense that the magnetic

tionally modeled by the RNa-Brown formula 7 : . LT
-1 / h is the th | switching ti energy is conserved while the dissipative torque produces
=g "expEy/kgT), wherer is the thermal switching timés,, energy dissipation as long as the magnetization is not static.

is the energy EJarrier, ant is the attempt frequency of the g gpin torque can play the role of the effective fiéior
order of 18 s™*. For a macrospin, the energy barrier is sim- controlling the precessioras well as the dissipation torque
ply Ex=Eq(1—H/H)”, whereH, is the coercive fieldEy  (for relaxation of the system to the local equilibrium states

is an extrapolation of the energy barrier at zero field, Ansl it is this peculiar feature making the dynamics and hysteresis
an adjustable parameter which has been argued to be 1.5 @ops quite unusual. We now summarize our results below.
2. Let us suppose the magnetization of the free layer is ini- First, in our thin sample with the dimension of 664
tially saturated in the positive direction. Att=0, we apply  X2.5 nm, the hysteresis loops and the dynamics behave as a
a negative magnetic field which is close to but less than thenacrospin. For example, the magnetization of each grid
switching fieldH.. At the same time, a spin torque is also never differs by more than 5° during any dynamic processes
applied to the system. At the finite temperature, the averagef the magnetization reverséxcept at very high magnetic
waiting time for the magnetization reversal is given by thefields, [He,{>47M;, the spin-wave excitations are gener-
Arrhenius |aW, the Switching probab”":y decays @.gtlf. To ated; we will address the effect of eXtremely hlgh fleld else-
minimize the statistic error, we determine the relaxation timeVhere. Therefore, most of the conclusions obtained from
(average waiting timeby repeating the above procedure goothe analytical work where the layer is treated as a macrospin

times for each spin torque. In Fig. 14, we show the probabil&r€ justified in the present study. However, the nonuniform
ity of the free layer not being switchdd — PS*®(t)] as a magnetization is important when one addresses the questions
S

function of the relaxation time for a magnetic fieldH sych as the reversal speeq. For examplg, N & macrospin
= e eXPrey ext — picture, one would never switch the magnetization by a large
= —438 Oe. The reversal probabili§j;""(t) increases with magnetic field or a large spin torque if the field and the
spin torque; the positive spin torqua,(>0) leads to a faster magnetization directions are exactly at the easy axis because
thermal switching and the negative spin torque results ifhere will be no initial torque in this case. If one takes
slower thermal reversal. The distribution of the rE|aX3ti0nthe full micromagnetics into account, the magnetization at
time can be well fitted to the Arrhenius formula function, butthe center of the sample differs slightly from that at the
now the energy barrier depends on the spin torque: the posgdges. Such slight nonuniformity of the magnetization is
tive current favors lower-energy barrier. We show the fittedjust enough to allow spin torques to reverse magnetization.
relaxation time as a function of the spin torque for two dif- Therefore, one should be cautious in utilizing the macro-
ferent external fields in Fig. 15. The linear relation indicatesspin in addressing the detailed dynamics of magnetization
the effective energy barrier is linearly dependent on the curreversals.

rent. Such results can be potentially very useful: one can The second conclusion, we wish to emphasize is the
control the energy barrier of a nanoscale magnetic elemeninique feature of the spin torque: the new out-of-plane equi-
by applying a proper spin-polarized current so that superlibrium states and the stable precessional states. These states
paramagnetic effects can be overcome. would not be stable without the spin torque since the energy
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would be damped as long as the magnetization vector is ndbrque and magnetic field applied in other directions, not the
parallel to the direction of the effective magnetic field. Thisdirection of the easy axis. It has been known that the hard
is an analogy to the classical moving object: the object willaxis application of these components can dramatically in-
eventually come to rest if no power is added to the objectrease the switching speed. One can easily explore the best
because air resistance would consume all the kinetic energdcenario for the ultrafast switching devices by changing di-
of the object. Here, the spin torque is an external powefections of the spin torque. Finally, we have pointed out that
supplied to the system. With appropriate conditions, i.e, withthe effective energy barrier for thermally assisted reversal
proper magnetic fields and damping constants, the stable prgan be influenced by the spin torque.

cessional states appear, which is again analogous to the |n conclusion, we have shown the various dynamic be-
“resonant” states of classical mechanics. We have found thaggyiors in the presence of the spin torque. We hope that this
these stable precessional states are indeed very stable: thg¥rk can generate more experimental efforts to verify those

exist even if there is |arge thermal fluctuation and they ap'dynamic phenomena unique to the Spin torque_
pear to exist for a wide range of parameter space.

Next we have studied the influence of the spin torque on
switching speed. We have found that the spin torque can
enhance and retard the switching speed. The enhancement is
large, usually a few times faster. If one wishes to have an This work was supported by NSKGrant No. ECS-
order of magnitude increase, one should consider the spif223568 and INSIC.
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