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Magnetization dynamics with a spin-transfer torque

Z. Li and S. Zhang
Department of Physics and Astronomy, University of Missouri-Columbia, Columbia, Missouri 65211, USA

~Received 29 September 2002; revised manuscript received 5 May 2003; published 2 July 2003!

The magnetization reversal and dynamics of a spin valve pillar, whose lateral size is 64364 nm2, are
studied by using micromagnetic simulation in the presence of spin-transfer torque. Spin torques display both
characteristics of magnetic damping~or antidamping! and of an effective magnetic field. For a steady-state
current, bothM -I 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.

DOI: 10.1103/PhysRevB.68.024404 PACS number~s!: 75.75.1a, 72.25.Ba, 75.60.Jk
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I. INTRODUCTION

Recently, there is considerable interest in the phenome
of spin-polarized current induced magnetization switchi
This phenomenon was first suggested by Berger1 and
Slonczewski,2 based on a rather general argument: for a s
tem consisting of itinerant electrons and local moments,
total angular momentum is conserved even for the sys
out of equilibrium, and thus the divergence of the spin c
rent of itinerant electrons must be accompanied by an e
and opposite change of the angular momentum of the lo
moment. This change is equivalent to a spin torque acting
the local moment. Since then, there are many theoretica3–8

and experimental efforts9–16 to understand the microscop
origins. In this paper, we do not discuss the microsco
origins and the detailed formalism of the current-induc
spin torque. Instead, we consider the consequences o
spin torque on the dynamics of the local moment of a s
valve structure.

Regardless of the detailed physics involved microsco
cally, the effect of the spin angular momentum transfer c
be captured by an additional term in the macrosco
Landau-Lifshitz-Gilbert~LLG! equation

dM

dt
52gM3He f f1

gaJ

Ms
M3~M3M̂ p!1

a

Ms
M3

dM

dt
,

~1!

whereg is the gyromagnetic ratio,M is the magnetization
vector of the free layer,M̂ p is theunit vector whose direction
is along the magnetization of the pinned layer,Ms is the
saturation magnetization,He f f is the effective magnetic field
including the external field, the anisotropy field, the e
change field, the demagnetization field, and the random t
mal field whose form will be discussed in the following se
tion. The term proportional toaJ is the novel spin torque
term, and the last term is the Gilbert damping term. It
noted thataJ has dimensions of magnetic field.

Experimental verification of the spin torque has be
carried out in magnetic nanowires,15 spin valve pillar struc-
0163-1829/2003/68~2!/024404~10!/$20.00 68 0244
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tures,10,12,13,16point-contact geometry,9,17 and magnetic tun-
nel junctions.11 The convincing observation of these expe
ments is that there exists a critical current density ab
which the magnetization can be switched back and fo
Other properties, such as thermal effects,18 also agree with
the spin-torque term in Eq.~1!. Theoretical analysis has bee
mostly confined to the case where the magnetization of
layer is uniform, i.e., the macrospin model.19,20Both analyti-
cal and numerical solutions indicate that the magnetiza
reversal becomes very complicated even for a macros
For example, the hysteresis for a fixed current density m
display a precessional mode. Miltatet al.21 made a step for-
ward in relaxing the macrospin by studying the magneti
tion reversal for an ‘‘S’’ state and a ‘‘leaf’’ state;22 these are
typical equilibrium magnetization structures of a submicr
thin film. They concluded that the effect of the current
quite different for these two structures even though they h
nearly the same magnetic energy.

The spin torque is fundamentally new from the pure p
cessional term@first term in Eq.~1!# and from the damping
term@last term in Eq.~1!#. The precession term conserves t
magnetic energy and it determines the precessional
quency of the magnetization dynamics. The damping te
makes the magnetic system relax to a local energy minim
i.e., it dissipates the energy during magnetization dynam
The spin-torque term, however, can have both effects: it
be a source of precessional motion as an effective field an
can serve as damping~or antidamping! sources. To see this
one can always decompose the spin torque in the direct
of the effective-field torque and the damping torque, and i
generally true that the spin torque contains both compone
It is this dual function of the spin torque that motivates us
study magnetization dynamics in a realistic magnetic na
structure. In this paper, we perform an extensive study on
effect of the spin torque from the LLG equation, Eq.~1!. The
paper is organized as follows. In Sec. II, the model geome
of a spin valve pillar is defined and the method for micr
magnetic simulation is outlined. Next, we calculate hyst
etic and dynamical properties in the presence of the s
torque; in particular, we analyze precessional states in de
©2003 The American Physical Society04-1
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We also present the results for a non-steady-state curre
Sec. III. Finally, we summarize what are the most interest
features of magnetization dynamics in the presence of
current-induced spin torque.

II. MICROMAGNETIC MODEL WITH THE SPIN
TORQUE

To mimic the experimental geometry performed by Kati
et al. at Cornell,12 we define our structure in Fig. 1. Th
electrical current flows perpendicular to the plane of
layer. The coordinate axes are so chosen that thex andy axes
are in the plane of the layer and thez axis is perpendicular to
it. A spin-polarized currentj enters the spin valve pillar in th
z direction and we assign the positive value of the param
aJ in Eq. ~1! for the current flowing from the thicker ferro
magnetic layer to the thinner one. The current-induced m
netic field is ignored.

Since we focus our study on magnetization dynamics
the free layer, we assume that the pinned ferromagnetic l
is held fixed at the direction of the easy axis of the free lay
i.e., in the positivex direction. The following materials pa
rameters for the free layer are used: the lateral size is
364 nm2, the thickness is 2.5 nm, the exchange const
A54310211 J/m, the uniaxial anisotropy fieldHK is 500
Oe, and the saturation magnetization 4pMs512 000 Oe.
These parameters are reasonably consistent with the ex
ments by Katineet al.12 but very different from those use
by Miltat et al.21 We note that our choice of the small lay
thickness has two advantages: the magnetization directio
the thickness direction will be uniform, i.e., a two
dimensional micromagnetics modeling is sufficiently acc
rate and the spin torque per unit volume is large for a fix
current density~since the total spin torque will be almo
independent of the free layer thickness within the applica
ity of several theoretical models!.

With above specified parameters, we begin our simula
by laterally dividing the free layer into anN3N grid. In
most cases presented in the paper, we chooseN516 so that

FIG. 1. Schematic of the pillar device with a positive spin cu
rent defined as the electrons flowing from the thinner to the thic
Co layers~opposite direction for the current flow!.
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the grid spacing isD54.0 nm. Our goal is to calculate mag
netization dynamics as the external magnetic field, the s
torque, and the damping parameter vary. The magnitud
the spin torque is proportional to the current density. He
we have chosen the unit ofaJ to be oersted. The numerica
value of aJ has been estimated:2,7 for the current densityj
5108 A/cm2, aJ in Eq. ~1! is about 1 kOe. This conversio
betweenaJ and the current density is, however, irrelevant f
us since we have written our results in terms ofaJ and thus,
we do not specify absolute values of the current density. T
Gilbert damping constanta in Eq. ~1! is not accurately
known in a spin valve system. Among many physical sour
for the damping, there is an additional contribution at t
interface. Recent studies23–25for ultrathin films show that the
damping constanta is much enhanced when a nonmagne
metal is deposited on the ferromagnetic film. For Cu/Co
layers, the damping constant is considerably larger than
of bulk value of Co. With this difficulty in choosinga, we
simply seta50.03 throughout the paper unless it is specifi
otherwise.

The effect of temperature on the dynamical behavior
addressed in our simulation by including a random therm
field in the effective magnetic field. The thermal fie
Hth,i

j (t) at each sitei is assumed to be an independent Gau
ian random function with its zero mean and no correlatio
i.e., ^Hth,i

j (t)Hth, j
h (t8)&52Gd i j djhd(t2t8), where i , j are

the cell indexes,j, h represents three Cartesian componen
G5akBT/m0gMsn, andn denotes the discretization volum
of the computational cells. By adding the thermal activatio
the Landau-Lifshitz-Gilbert equation is converted into a s
chastic differential equation with multiplicative noise. Th
integration of the stochastic Landau-Lifshitz-Gilbert equ
tion is performed by employing the stochastic Heun meth
by starting from a given initial configuration, and updatin
recursively the state of the system,M (t)→M (t1dt).26–28

The Heun scheme is a good compromise between nume
stability and computational complexity. In general, the sta
tical error of Heun scheme is made arbitrarily small by a
eraging over a sufficiently large number of stochastic traj
tories. We do not carry outdt→0 limiting procedure but we
employ a small discretization time interval, i.e., we usedt
50.3 ps throughout the paper.

III. RESULTS

Many interesting features have already been shown
simply assuming that the free layer is a macrospin. As st
ied by Sun19 and Bazaliyet al.,20 the spin-torque term in the
LLG makes the magnetization dynamics quite complicat
The complication arises from the observation of the LL
equation that the spin torque is fundamentally different fro
the effective-field term and from the damping term. The
fective field term, first term in Eq.~1!, can be derived from
the energy derivative with respect to the local magnetizat
vector, i.e.,He f f52]E„M (r )…/]M (r ), where E„M (r )… is
the magnetic energy including the exchange energy betw
the neighboring cells, the magnetostatic~dipole! energy, the
~uniaxial! anisotropy energy, and the Zeeman energy. T
damping term, which cannot be written as the energy der

r
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MAGNETIZATION DYNAMICS WITH A SPIN-TRANSFER . . . PHYSICAL REVIEW B 68, 024404 ~2003!
tive, selects the magnetization path such that the local m
netization always moves into lower-energy states, i.e.,
system is looking for an energy minimum. The spin torq
neither behaves as an effective field which conserves m
netic energy nor as the damping term which dissipates
energy during the motion of magnetization. The spin torq
can increase or decrease the magnetic energy. This lea
some interesting solutions with stable precessional states
will show that these stable precessional states persist
micromagnetic calculation in which the temperature is n
zero and nonuniform magnetization is allowed.

Another interesting effect of the spin torque is the appe
ance of anomalous hysteresis loops for certain range of
magnetic field, i.e., the magnetization along the direction
the magnetic field decreases as one increases the mag
field. To see this, let us consider the time-independent s
tion dM /dt50. Equation~1! becomes

G[M3He f f2
aJ

Ms
M3~M3M̂ p!50. ~2!

For a uniformly magnetized layer, we explicitly writeHe f f

5(Hext1HKMx /Ms)ex24pMzez and M̂ p5ex . To deter-
mine each component of the magnetization vector, we
write Eq.~2! in three component equations. After eliminatin
M y component in the equations, we obtain

MzF S Hext1
HKMx

Ms
D 2

14pMxS Hext1
HKMx

Ms
D1S aJMx

Ms
D 2G

50. ~3!

Thus, there are two possible solutions,Mz50 or

S Hext1
HKMx

Ms
D 2

14pMxS Hext1
HKMx

Ms
D1S aJMx

Ms
D 2

50.

~4!

For Mz50, we can easily verify thatMx56Ms and M y
50, i.e., the magnetization vector lies at thex axis. More
interesting solutions are those from Eq.~4! where we solve
for Mx ,

Mx5
2HextMs~HK12pMs6A4p2Ms

22aJ
2!

HK
2 14pMsHK1aJ

2
. ~5!

The other two componentsM y andMz can be determined by
placing Eq. ~5! into the component equations of Eq.~2!;
here, we only write down the out-of-plane componentMz ,

Mz56A~Ms
22Mx

2!~2HextMs2HKMx!

4pMxMs
. ~6!

The above nonzeroMz solution indicates that the spin torqu
can support a stable out-of-plane magnetization. Another
teresting point is from Eq.~5! that dMx /dHext,0, i.e., the
anomalous hysteresis loop is evident. However, these e
librium solutions based on Eq.~2! are not always stable
When we examine the stability condition,20 we find that the
above solutions are stable only for a finite range ofaJ .
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The third interesting feature is that there is a critical c
rent density, or a critical value ofaJ , above which the spin
torque can be used to switch one magnetic configuration
another, for example, to switch the magnetization from p
allel to antiparallel alignment of the two magnetic layers.
one assumes the uniform magnetization of the free layer,
critical value can be readily deduced from the stability co
dition of the magnetization atM56Msex ,2,19

~aJ!crit56a~2pMs1HK!1aHext . ~7!

The above features derived from the macrospin picture~i.e.,
uniform magnetization! show unique characteristics of th
spin-torque. To further explore the spin torque effect, o
needs to go beyond the hysteresis analysis, i.e., one sh
look at the detailed magnetization dynamics, and one m
not treat the layer as a macrospin. We now present our res
in the following sections.

A. Hysteresis loops with spin torques

Without the spin torque, the hysteresis loop is almos
perfect square with the coercive fieldHc5HK , i.e., the hys-
teresis loop behaves as a Stoner-Wohlfarth particle with
applied magnetic field parallel to the easy axis. When a s
torque is added, the hysteresis loops display three dist
features. For a small current density,uaJu,2paMs , the hys-
teresis loops are not affected by the spin torque, see Fig. 2~a!.
When the current density increases to intermediate val

FIG. 2. Hysteresis loops of the free Co layer in the prese
of the different spin torques. The damping parameter is 0.03
all figures unless specified otherwise.~a! aJ5100 Oe; ~b! aJ

5200 Oe;~c! aJ5400 Oe.
4-3
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the hysteresis loops begin to show some precessional st
those states are shaded in black, indicating that the mag
zation is never converged to a final fixed direction; instead
goes into a stable precession and we will further disc
those precessional states in later sections. With this inter
diate strength of the spin torque, the magnetization is os
lating around the easy axis. Two irreversible jumpsH2 and
H1 in Fig. 2~b! can be understood from the macrospin so
tion. Assuming 4pMs@aJ , we can deduce the field by in
sertingMx5Ms in Eq. ~4!

H25HK1
aJ

2

4pMs
, ~8!

for field swept from negative to positive values, and

H152
uaJu
a

1HK12pMs , ~9!

for field swept from positive to negative values. What doe
become if the external field sweeps throughH2? There are
two possibilities: the first is that the magnetization jumps
Mx5Ms because this is the only solution from Eq.~2! as we
have discussed after Eq.~4! ~the other solution, Eq.~5!,
would lead touMxu.Ms , and thus it is not a meaningfu
solution!. The second possibility is that the total torque is n
zero at any time, i.e.,dM /dtÞ0. In this case, there is n
more time-independent solutions@i.e., Eq. ~2! is no more
valid#. By examining the stability atMx5Ms , we find that
Mx5Ms is stable only for small spin torque, as seen in F
2~a!. For an intermediate spin torque,Mx5Ms is no more
stable and thus, the precessional states have to appea
Fig. 2~b!.

From Eqs.~8! and ~9!, the coercivityHc5(H22H1)/2
51 1

2 (uaJu/a22pMs)1aJ
2/8pMs decreases with the spi

torque and the loop shifts bydH5(H11H2)/25HK

2 1
2 (uaJu/a22pMs)1aJ

2/8pMs appears. By comparing
these quantities derived from the macrospin model w
those shown in Fig. 2, we find the agreement is excelle
this supports our point that the magnetic layer behaves
macrospin in hysteresis modeling.

When the current density is further increased such
uaJu.a(2pMs1HK), the loops become dramatically diffe
ent from those of low current densities. The loops show m
tiple jumps and the precessional solutions expand to a la
range of the magnetic field@note the scale difference in Fig
2~c!#. In addition, there is a region in the loop where t
magnetization increases with decreasing magnetic field,
when the magnetic field increases from 9900 Oe to 12
Oe, the magnetizationMx decreases from20.78 to20.99.
This unusual solution at high field is consistent with the m
rospin solution given by Eq.~5!, i.e., an anomalous hyste
esis. The solutions are stable; we have varied temperat
and confirmed that these states exist for all temperat
ranging from 0 to 300 K.
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B. Magnetization-current hysteresis loops at finite
external fields

In Fig. 3, we showM -I hysteresis loops~magnetization
as a function of the spin torque! for two different external
fields. When the external magnetic field is smaller than
anisotropy field, i.e.,uHextu,HK , the M -I loop is almost
square in shape and the critical spin torque is very close
the analytical expression given by Eq.~7!. For example, the
loop shift isdaJ56 Oe for the external field of 200 Oe, se
Fig. 3~a!. When the external field is larger than the anis
tropic field HK , interesting hysteresis features appear. O
the current densityaJ is exceedingac of Eq. ~7!, the magne-
tization enters a precessional state@Fig. 3~b!#, in contrast
with the complete reversal at the small external field@Fig.
3~a!#. Whether the magnetization makes its reversal
shown in Fig. 3~a! or it makes a precessional motion as se
in Fig. 3~b! cannot be determined by simple stability analy
near the equilibrium position atM x56Msex because both
the reversal mode which satisfies Eq.~2! and the precessiona
mode which has nonzero total torque are stable. We are
able to analytically determine which mode to take when
spin torque sweeps through the critical value. However,
have numerically identified that the magnetization will ta
the reversal model at low external fields (uHextu,HK) and
the precessional model at large external fields (uHextu
.HK). The further increase of the spin torque leads to n
stable states@labeled as point ‘‘B’’ in Fig. 3~b!#. To qualita-
tively determine the boundary valueap between the region
of the precessional states and that of the stable statesB, we
takeHK50 so that the analytical solution is possible. For t
states in regionB, Eq. ~4! remains valid. We look for the
solution of Eq.~4! with finite Mz and then inspect the stabi
ity of the solution.20 After a tedious algebra, we find an im
plicit equation forap ,

FIG. 3. M -I loops with different external fields:~a! Hext

5200 Oe;~b! Hext52000 Oe.
4-4
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Hext~2pMs2A4p2Ms
22ap

2!

52paapMsF2 cos2u1
Hext

2 2ap
2

Hext
2 1ap

2
sin2uG ,

~10!

where cosu5Mz/Ms that is related toap by

cos2u5S 1

2ap
2D Fap

22Hext
2 1~ap

21Hext
2 !A12

ap
2

~2pMs!
2G .

The value of ap from the above equation would beap
51980 Oe, which is closed to the numerical value of 20
Oe shown in Fig. 3~b!.

At very high current density, the stable statesB be-
comes unstable. A further reversible jump occurs as s
in Fig. 3~b!. These jumps at the high fields can be ag
understood by the macrospin model. From Eq.~4!, we can
identify the current in Fig. 3~b! by a152pMs and a2

5A4pMs(uHextu2HK)2(uHextu2HK)2. Notice that these
critical currentsa1 and a2 are independent of the dampin
parameters, i.e., they are from the condition that the t
torque is zero.

C. Energy dissipation and energy pumping

The new stable states, labeled asB in Fig. 3~b!, deserve
further investigation. This is because the existence of thB
state is yet another signature of the effect due to spin torq
without the spin torque, the magnetization of the final sta
state would be in the plane for any in-plane magnetic fi
and the torqueG5M3He f f equals to zero. In Fig. 4, we
show the magnetization vector pattern for theB state: there is
a significant out-of-plane component. If we calculate the
fective magnetic fieldHe f f for the B states, we find that the
effective field isnot parallel to the magnetization direction
there are angles between the two vectorsHe f f and M for
thoseB states. This would be unacceptable for the LLG wi
out the spin torque because the nonparallel configuration
tweenHe f f and M cannot be in the static stable conditio
However, in the presence of spin torque it is possible,
cause the static stable condition is zero total torque,Gtol

5M3He f f2(aJ /Ms)M3(M3M̂ p)50.
Another interesting observation is the variation of t

magnetic energy of the system. Without the spin torque,
change of the magnetic energy of the system can be e
derived from the LLG equation

FIG. 4. Magnetic moments at the point ‘‘B’’ in Fig. 3~b!, where
Hext52000 Oe,aJ53000 Oe.
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dE

dt
52

ag

11a2

1

Ms
uHe f f3M u2. ~11!

Thus, the nonparallel configuration betweenHe f f and M
would continuously dissipate the energy, i.e.,dE/dt,0, un-
til the magnetic energy of the system reaches the local m
mum, i.e.,He f f is parallel toM . When the spin torque turn
on, it is possible to compensate the loss of the energy by
gain from the spin torque,

dE

dt
52

g

11a2

1

Ms
@auHe f f3M u22aJ~aMsM̂ p2M3M̂ p!

3~He f f3M !#, ~12!

where the first term is the energy loss due to damping
the second term is the energy input~output! due to spin
torque. If the first term is less than the second, i.e.,dE/dt
.0, the magnetic energy increases. If the first term
exactly balanced with the second, the net energy loss wil
null and it is therefore possible to form a stable stateB where
uM3He f fu is nonzero butdM /dt50.

D. Precessional states

As we have shown in the preceding sections, the solu
of the LLG contains stable precessional states in which
magnetization never converges to a final state as if the
tem had no damping at all. These precessional solutions
unique properties of the magnetization dynamics driven b
spin-polarized current. Without the current, the system is
ways losing its energy due to Gilbert damping and thus
precession cannot be sustained after certain time scales,
cally in a few nanoseconds. In Fig. 5, we show two trajec
ries of magnetization vectors at the stable precessional s
for two magnetic fields but the same current. These two
jectories clearly show a large out-of-plane component
magnetization. It seems somewhat odd that these trajecto
with largeMz have rather high demagnetization energies

FIG. 5. The trajectories of two stable precessional states tha
within the shaded area of Fig. 2~c!, whereaJ5400 Oe.
4-5
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should not be surprising, however, that the spin torq
pumps the energy to the system in these situations.

A further inspection of the magnetic energy of the prec
sional states reveals interesting temporal variation of the
ergy. The system constantly gains energy via the transfe
the angular momentum of the conduction electrons~spin cur-
rents! to the local magnetization. Thus, the precessio
states are the result of competition between the Gilbert
ergy dissipation and the spin-torque energy input. The da
ing and pumping rates are not the same at a given time.
magnetic energy oscillates even for a steady-state curren
Fig. 6, we show the evolution of magnetic energy as a fu
tion of time for different damping constants. The initial sta
of the system is a ‘‘leaf state’’ without the external field a
the spin torque. Att50, we simultaneously apply an exte
nal fieldHext52000 Oe andaJ5400 Oe. For a large damp
ing constant, i.e.,a.uaJu/2pMs , the energy dissipation is
dominant. Thus, the system loses magnetic energy and e
tually sets into a local minimum energy as shown in F
6~a!. With decreasinga, for example,a50.03, the energy
dissipation by damping and energy pumping by the s
torque becomes comparable. In response to the applied
and the spin torque, the magnetic energy begins to osci
in a precessional cycle. If the damping constant further
creases, the energy oscillates around a value that incre
and eventually reaches an asymptotic value. Such a dyna
change of the magnetic energy can be explained again f
Eq. ~12!. WhenM p is parallel toHe f f , the rate of the energy
change reduces to pure damping or negative damping, i

dE

dt
52

g

11a2

1

Ms
S a2

aJ

uHe f fu
D uHe f f3M u2. ~13!

FIG. 6. Temporal evolution of the magnetic energy for thr
different damping constantsa (0.1,0.03,0.008). The external fiel
is Hext52000 Oe and spin torquesaJ5400 Oe.
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If a2aJ /uHe f fu.0, the magnetization seeks energ
minimum, otherwise, it seeks the energy maximum, i
negative damping. In general, however,M p is not parallel to
He f f and thus, Eq.~12! can be positive and negative at di
ferent times and one arrives at the precessional motion.

It is interesting to observe that the frequency of the sta
precession highly depends on the damping parameter; th
in sharp contrast with the normal precession where the
quency is determined by the effective field. The reason
rather simple: the stable precessional states described
are from the competition between the damping and s
torque, and they are not the initial precessional mot
~which is unstable! driven by the effective field. In Fig. 7, we
show the precessional frequencies as a function of dam
constanta.

To further analyze these precessional states, we h
shown in Fig. 8, the temporal evolution of three magneti
tion components when the magnetization reaches a st
precessional state. The magnetization shows significant
of-plane component (z direction! during the oscillation. The
swing of magnetization in the in-plane hard axis direction
as large as that in the easy axis direction. A noticeable
ference between low temperature and room temperatur
the difference for the out-of-plane component of magneti
tion. There are two stable precessional solutions at the g
external field and spin torque. One is the precession at
lower half plane, i.e.,Mz,0, as shown in Fig. 8~a!. Another
solution is located at the upper half plane, i.e., we sim
replaceMz by 2Mz and keep thex andy components as in
Fig. 8~a!. These are degenerated solutions and the magn
zation dynamics takes either one of the two solutions
not both at zero temperature. At room temperature, howe
the magnetization can jump between these two sta
making the out-of-plane component crossing thex-y plane;
this is known as ‘‘telegraph noise.’’ The thermally activate
transition between two precessional states originates f
the low-energy barrier—the thermal energy at room te

FIG. 7. Precessional frequenciesv as a function of damping
constanta for different Hext andaJ : Hext51000 Oe,aJ5500 Oe
~open triangle!; Hext52000 Oe, aJ5500 Oe ~open circle!; Hext

51000 Oe,aJ51000 Oe~solid circle!.
4-6
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perature cannot be ignored in this small structure, as sh
in Fig. 8~b!. While the thermal effect cannot wash out th
precessional solutions, it does alter the magnetization
namics significantly.

E. Switching speed

We have shown that there is a critical spin torque
switch the magnetization. We now address how fast
switching is. The switching speed has been analytically c
culated for a single domain sphere and a single domain
film, in the absence of the spin torque, i.e., switching by
external field. The speed depends on the damping param
The optimal damping parameter for the fastest switching
a51 for the sphere anda'0.013 for the thin film.29 Our
question is what is the optimal damping parameter for
spin torque induced switching? How fast the switching sp
compared with the field induced switching?

Let us first take a look at the influence of the spin torq
on the switching speed by a magnetic field. The initial ma
netization is at the positivex direction. A reversed magneti
field is applied in the negativex direction att50. When the
x component of the magnetization̂Mx& reaches at leas
20.95 and it stays below this value afterts , we define thists
as the switching time. We should point out that the mag
tization cannot be treated as a macrospin in this case bec
one would not expect a reversal if the magnetization is p
fectly along thex direction. Rather, a full micromagnetics
essential in determining the switching time defined here
Fig. 9, we show the dependence of the switching time
three different spin torques. The switching time is enhan

FIG. 8. Temporal evolution of the total magnetization comp
nents for a stable precessional state.~a! T50 K; ~b! T5300 K.
The magnetic field is taken as 2000 Oe and spin torqueaJ

5400 Oe that is within the shaded area of Fig. 2~c!.
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for one direction of the current and is shortened for the
posite direction. We have noticed that the optimal damp
parameter varies when the spin torque changes.

To study the switching speed due to spin torque, we m
apply a spin torque exceeding the critical spin torque. In F
10, we show the switching time after a spin torque larg
than the critical spin torque is applied. The switching time
very slow as the spin torque approaches the critical s
torque. We find that the switching time can be reasona
fitted by ts

21}5aJ2acrit . Since the critical spin torqueacrit

is proportional to the damping parameter, the applied s
torque is shifted for different damping parameters as sho
in Fig. 10.

Up till now, we have concentrated our description of t
spin torque in the limit of the steady-state current. It is, ho
ever, desirable to see the magnetization dynamics in the
of a pulsed form. Here, we should consider a simple form
the spin-torque pulse: a square pulse whose width istw , i.e.,
we will ignore the rise and fall times of the pulse; in re
devices, one should also consider these times. For su
pulsed electrical current, one would expect that whether

-

FIG. 9. Swithing speed vs damping constanta for three spin
torques aJ51100 Oe ~dashed line!, aJ50 ~solid line!, and aJ

52100 Oe~dotted line!. The external field is taken as2510 Oe.

FIG. 10. Switching speed vs spin torque~larger than the critical
spin torque! at Hext50.0 Oe for different damping constants.
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Z. LI AND S. ZHANG PHYSICAL REVIEW B 68, 024404 ~2003!
magnetization can be switched by the spin torque depend
pulse’s amplitudeand width. For a fixed pulse amplitude
larger than the critical spin torque, there is minimum pu
width needed to achieve current-driven magnetization re
sal. In Fig. 11, we show the magnetization dynamic after
pulse of aJ52500 Oe is applied att50. In the first two
panels, the durations of the pulse are just not enough to f
reverse the magnetization, i.e., the magnetization return
the initial state (̂Mx&'1.0) after one removes the curren
Just a small increase of the pulse width, see Fig. 11~c!, the
magnetization is able to fully reverse itself after the signa
taken away. Thus,tw50.775 ns is defined as the minimu
width required for the current-induced magnetization rev
sal for the pulse amplitudeaJ52500 Oe. One may notice th
oscillatory time dependence ofMx before and after the spin
current is turned off; this is not surprising since the mag
tization reversal for a nonspherical particle does not req
dMx /dt to be monotonically decreasing or increasing a
function of time.

The minimum pulse width defined above depends on
pulse amplitude. With increasing pulse amplitude, the m
mum pulse width decreases. We can construct a phase
gram of magnetization reversal by varying the pulse am
tude and repeating the procedure to determine the minim
pulse width in each case. As shown in Fig. 12, the minim
pulse width increases dramatically for the pulse amplitu
close to the critical spin torque; this phenomenon is v
similar to the classical ‘‘critical slowing down’’ in statistica
physics: when an external force approaches a critical va

FIG. 11. Time evolution of the magnetization componentMx

with three different pulsed torque widths~0.75 ns, 0.765 ns, and
0.775 ns!. The pulsed amplitude is 2500 Oe andHext50.0 Oe.
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the system slows down. In our case, we find that the reve
time is mainly spent at the beginning stage of switching.

The minimum pulse width is also affected by other p
rameters. In Fig. 13, the computed reversal/nonreve
phase diagram is plotted in terms of the damping constan
several external magnetic fields. Since the thin-film anis
ropy field is about 500 Oe, the largest external fields (Hext
<200 Oe) used in Fig. 13 cannot trigger the magnetizat
reversal itself. The increase of the minimum width for
larger damping constant is consistent with the picture that
spin torque is competing with the damping process. One
teresting feature in Fig. 13 is that the external field affects
minimum width much more significantly for large dampin
parameters than for small ones. This is due to the fact
the spin torque (aJ52500 Oe) is closer to the critical spi
torque for larger damping constant. By applying the ma
netic field, one can shift the critical spin torque to smal
values. Therefore, the minimum width is much smaller co
pared to that without the magnetic field.

F. Thermal switching

Finally, we address the problem of thermally activat
magnetization switching in the presence of the spin torq

FIG. 12. Minimum pulsed spin-torque width versus amplitu
for zero external field.

FIG. 13. Reversed/not-reversed boundaries as a function
damping parameter for different external fields:Hext50 Oe ~open
triangle!, Hext52100 Oe~full square!, andHext52200 Oe~open
circle!. The pulsed amplitude is taken as 2500 Oe.
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As the device approaches nanometer size, temperature d
magnetization reversal becomes one of the key factors
iting the device performance.30–32 We have already seen i
Fig. 8~b! that the inclusion of the thermal activation has s
nificantly altered the magnetization dynamics.

The thermally assisted magnetization reversal is conv
tionally modeled by the Ne´el-Brown formula t
5 f 0

21exp(Eb /kBT), wheret is the thermal switching time,Eb

is the energy barrier, andf 0 is the attempt frequency of th
order of 109 s21. For a macrospin, the energy barrier is sim
ply Eb5E0(12H/Hc)

b, whereHc is the coercive field,E0

is an extrapolation of the energy barrier at zero field, andb is
an adjustable parameter which has been argued to be 1
2. Let us suppose the magnetization of the free layer is
tially saturated in the positivex direction. At t50, we apply
a negative magnetic field which is close to but less than
switching fieldHc . At the same time, a spin torque is als
applied to the system. At the finite temperature, the aver
waiting time for the magnetization reversal is given by t
Arrhenius law, the switching probability decays ase2t/t. To
minimize the statistic error, we determine the relaxation ti
~average waiting time! by repeating the above procedure 8
times for each spin torque. In Fig. 14, we show the proba
ity of the free layer not being switched@12Ps

exp(t)# as a
function of the relaxation timet for a magnetic fieldHext

52438 Oe. The reversal probabilityPs
exp(t) increases with

spin torque; the positive spin torque (aJ.0) leads to a faste
thermal switching and the negative spin torque results
slower thermal reversal. The distribution of the relaxati
time can be well fitted to the Arrhenius formula function, b
now the energy barrier depends on the spin torque: the p
tive current favors lower-energy barrier. We show the fitt
relaxation time as a function of the spin torque for two d
ferent external fields in Fig. 15. The linear relation indica
the effective energy barrier is linearly dependent on the c
rent. Such results can be potentially very useful: one
control the energy barrier of a nanoscale magnetic elem
by applying a proper spin-polarized current so that sup
paramagnetic effects can be overcome.

FIG. 14. Probability of not being switched magnetization a
function of time atT5300 K for different spin torques. The soli
lines are fits to the functione2t/t.
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IV. DISCUSSIONS AND CONCLUSIONS

The spin torque in the LLG equation adds a new degree
freedom to control and manipulate magnetization dynam
The spin torque differs from the other common torques:
one due to the effective field and the another due to
dissipation~Gilbert damping!. The torque from the effective
field is a conservative torque in the sense that the magn
energy is conserved while the dissipative torque produ
energy dissipation as long as the magnetization is not st
The spin torque can play the role of the effective field~for
controlling the precession! as well as the dissipation torqu
~for relaxation of the system to the local equilibrium state!;
it is this peculiar feature making the dynamics and hystere
loops quite unusual. We now summarize our results belo

First, in our thin sample with the dimension of 64364
32.5 nm, the hysteresis loops and the dynamics behave
macrospin. For example, the magnetization of each g
never differs by more than 5° during any dynamic proces
of the magnetization reversal~except at very high magneti
fields, uHextu.4pMs , the spin-wave excitations are gene
ated; we will address the effect of extremely high field els
where!. Therefore, most of the conclusions obtained fro
the analytical work where the layer is treated as a macros
are justified in the present study. However, the nonunifo
magnetization is important when one addresses the ques
such as the reversal speed. For example, in a macro
picture, one would never switch the magnetization by a la
magnetic field or a large spin torque if the field and t
magnetization directions are exactly at the easy axis bec
there will be no initial torque in this case. If one take
the full micromagnetics into account, the magnetization
the center of the sample differs slightly from that at t
edges. Such slight nonuniformity of the magnetization
just enough to allow spin torques to reverse magnetizat
Therefore, one should be cautious in utilizing the mac
spin in addressing the detailed dynamics of magnetiza
reversals.

The second conclusion, we wish to emphasize is
unique feature of the spin torque: the new out-of-plane eq
librium states and the stable precessional states. These s
would not be stable without the spin torque since the ene

a
FIG. 15. The relaxation timet ~solid line! and the switching

probability at t550 ns ~dashed line! as a function spin torque a
T5300 K for two different external fields.
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would be damped as long as the magnetization vector is
parallel to the direction of the effective magnetic field. Th
is an analogy to the classical moving object: the object w
eventually come to rest if no power is added to the obj
because air resistance would consume all the kinetic en
of the object. Here, the spin torque is an external pow
supplied to the system. With appropriate conditions, i.e, w
proper magnetic fields and damping constants, the stable
cessional states appear, which is again analogous to
‘‘resonant’’ states of classical mechanics. We have found
these stable precessional states are indeed very stable:
exist even if there is large thermal fluctuation and they
pear to exist for a wide range of parameter space.

Next we have studied the influence of the spin torque
switching speed. We have found that the spin torque
enhance and retard the switching speed. The enhancem
large, usually a few times faster. If one wishes to have
order of magnitude increase, one should consider the
o

u-

C.

rt

pl.

Ph

Ph

ys
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torque and magnetic field applied in other directions, not
direction of the easy axis. It has been known that the h
axis application of these components can dramatically
crease the switching speed. One can easily explore the
scenario for the ultrafast switching devices by changing
rections of the spin torque. Finally, we have pointed out t
the effective energy barrier for thermally assisted rever
can be influenced by the spin torque.

In conclusion, we have shown the various dynamic b
haviors in the presence of the spin torque. We hope that
work can generate more experimental efforts to verify tho
dynamic phenomena unique to the spin torque.
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