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The responses of the electrical current and the current-induced spin transfer(fol§Ui&) to an ac bias in
addition to a dc bias in a magnetic tunnel junction are investigated by means of the time-dependent nonequi-
librium Green function technique. The time-averaged curfgmie-averaged CIST)Tis formulated in the form
of a summation of dc curreritic CISTT) multiplied by the product of Bessel functions with the energy levels
shifted bym# wy. The tunneling current can be viewed to occur between the photonic sidebands of the two
ferromagnets. The electrons can pass through the barrier easily under high frequencies but difficultly under low
frequencies. The tunnel magnetoresistance almost does not vary with an ac field. It is found that the spin
transfer torque, still being proportional to the electrical current under an ac bias, can be changed by varying
frequency. Low frequencies could yield a rapid decrease of the spin transfer torque, while a large ac signal
leads to a decrease of both the electrical current and the spin torque. If only an ac bias is present, the spin
transfer torque is sharply enhanced at the particular amplitude and frequency of the ac bias. A nearly linear
relation between such an amplitude and frequency is observed.

DOI: 10.1103/PhysRevB.68.224413 PACS nunider73.40.Gk, 73.40.Rw, 75.70.Cn

I. INTRODUCTION have given evidence of this effect in the Cu/Co multilayers,
nickel nanowire$, manganite junction point contact mag-

The spin-polarized electrical transport in magneticnetic multilayer device§,bulk manganese oxidéstunnel
multilayer structures has received much attention both exjunctions? Co/Cu/Co spin valve device$ etc. A thermally
perimentally and theoretically in the past several yéarse  activated switching of magnetic domains in a Co/Cu/Co spin
yield of this extensive investigation promises fascinating im-valve is also confirmed. N _
plications for applications in information technology. For in-  To deal with the spin transfer effect, it is useful to intro-
stance, people may make use of the different resistive stat€&/C€ concepts such as the spin current and the spin torque to

corresponding to parallel and antiparallel magnetizations of€Scribe the coupling between the conduction electrons and
different layers as memory elements in magnetic randomthe magnetic moments of ferromagnetic materials. Those

access memorigdIRAM). It is now known that the antipar- were first proposed by SlonczewSkbased on a quantum-

mechanical model. Then, this interaction is derived from the

[ i i rs lead to a . . . ) : i
allel alignments of the moments in magnetic laye s-d coupling and manifests itself in magnetic multilayeos

_h|ghgr electrical reS|stanc_e than the parallf-zl alignments, IVBulk ferromagnet$? It also gives a contribution as a current-
Ing rise to a so-ca_lled giant magnetorgsstaﬁ@MR) O" " induced force on a domain wall or an interaction between
tunnel mggne.toresstancérMR) d_ePe“d'”g on different spin waves and itinerant electrchdhe concepts are also
magnetic junction systems. The origin of these phenomena sed to deal with a variety of structures such as
widely .believed to be mair?Iy caused by the ?p'n‘qepe”de%rromagnet—normal—metal—ferromagnet (FM-NM-FM)
scatterings of the conduction electrons. As is p0|ntedzout,junctions}4,15 ferromagnet-superconductor-ferromagnet
when the junction bias is increased, the phenomenon is siggnctions!® and a FM-NM-FM trilayer contacting a normal-
nificantly reduced. Generally Speaking, the resistive state Cafhetal lead or a superconductor |e"éd? and so on. Apart

be changed by applying an external magnetic field, becauseom the quantum-mechanical method, the scattering matrix
the latter could lead to variations of the traversing paths ofnethod is improved to cover this isstiet”'® Heide et al.

the conduction electrons. However, it is now accepted thatlerived a set of coupled Landau-Lifshitz equations for the
not only the electrical current is strongly affected by a mag-ferromagnetic layers by considering the nonequilibrium ex-
netic state, but also the electrical current can conversely corchange interaction between layé?Zhanget al. dealt with

trol the magnetic state of the magnetic junctions. This effecthe dynamic spin transfer torque and thermally assisted mag-
is predicted by Slonczewskiand Berget in magnetic  netization reversal by means of the Landau-Lifshitz-Gilbert
multilayer systems by noting that a spin-polarized electricakequatio®?! in which a term describing the spin transfer
current can transfer local spin angular momenta of incidentorque is introduced. The nonequilibrium Green function is
electrons to the scattering ferromagnet, thereby exerting also applied to this question to consider the spin-flip scatter-
torque on the magnetic moments and therefore changing thiag effect on the current-induced spin transfer torfue.
magnetic state. When the current is large enough, the mag- So far, the electrical current, the spin transfer effect, and
netization of the ferromagnetic layer can be switched. As d@he spin current in magnetic multilayer systems are exten-
result, the spin transfer effect may provide a mechanism fosively studied under a dc bias voltage, and the investigation
a current-controlled magnetic memory element. Experimentsnder an ac bias is still sparse. Whether an ac bias voltage
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applied to the magnetic tunnel junctions could induce some
unusual propertietsee, e.g., Ref. 23s still not clear. In this Hr=2 [(gqr(t)— oM 2€0S0)C},Cqo— Mosin e Cq, 1,
paper, we shall show the effect of an ac bias on the electrical a7 %)
current and the spin transfer torque in a magnetic tunnel
junction. Since the switching of magnetic domains depends
on the magnitude and the directions of the spin transfer
torque, wh|le.the .d|rect|on of the_spm transfe.r _torqu.e is re- Ho= 2 [T.‘Zé{ al”cqo,JrTrkrg *C;U/aku],
lated to the direction of the electrical current, it is of interest kqoo'
to anticipate that the response of the system under an ac bias
is different from that under a dc bias. We have found that the
spin transfer torque is sharply enhanced by applying an agherea,, andcy, are annihilation operators of conduction
electrical field with a particular amplitude and frequency. electrons with momenturk and spino (= =1) in the left
The rest of this paper is organized as follows. In Sec. I, eand right ferromagnets, respectively. When the time-

model is proposed, and the necessary formalism under an a@ependent bias voltage is applied, the single-particle energies
bias is established. In Sec. Ill, the tunneling current under ain the left and right ferromagnetsgtR(t), become
ac eIe::FrlgaI f|§Id is (tjenv?d f;md studledd. In Sec. IIV, tthetime-dependerﬁ‘:"zs ek, (=g () —0My, g (t)=2d
cTe e s vanler loraue under an s Secical 4y() e\t 3,0 “SVicosad: My~ guaf2. el
v ' ' ‘=eqrT AR(t), Ag(t)=eVgcoswt, M=gughr/2, where

' Vo is the applied dc biasp (t) and Ag(t) are from the
applied ac biasg is the Landefactor, ug is the Bohr mag-
neton,h gy is the magnitude of the molecular field of the
A. Model left (right) ferromagnet,sEL(qR) is the single-particle disper-

Let us consider a magnetic tunnel junction in which twosion of the left(right) FM eIectrode,T,‘(’g' denotes the spin
ferromagnetgFM) which are stretched to infinity are sepa- and momentum dependent tunneling amplitude through the
rated by a thin insulatorl§j. The molecular field in the left insulating barrier. Note that the spin-flip scattering is in-
ferromagnet is assumed to align along #exis, whichis in  ¢jyded inH; wheno' = o= — 0. It is this term that violates
t_he junction plane, while the orientation qf the molecular,o spin conservation in the tunneling process.
field in the right ferromagnet deviates thexis by an angle
0, which is along thez’ axis (such that the frame'oZz’

IIl. MODEL AND FORMALISM

deviatesxozby an angleg). The tunnel current flows along B. Green functions of uncoupled leads
the x axis, which is perpendicular to the junction plane. The
Hamiltonian reads First let us write down the lesser Green function and the
H=H. +HotH 1) retarded (advancedl Green function for the isolated leads
LR which will be used subsequently. The single-particle energies
with of the isolated leads for spin up and down are splitting, i.e.,
erd=g —oM(0==*1, corresponding t9, |). Following
H=> ¢ (hala ., the standarq procedure, it is not difficult to obtain the lesser
- % ol 1) BB Green function for the left FM lead
i (sf0e ek eVt 0 »
gEL(Lt/): . L _ o L0 Vo) (t—t' e_lft,dtlAL(tl)
0 if (e} %) ek V0 t=t)
.. L0 ’
eV, eV, \[if (eg)e ki eV t-t) 0 _ ,
:Z Jm —L>Jn(—L> T o ' eflwo(mtfnt ), (3)
m,n wq [O2) 0 ifL(skiO)e_l(ekl_eVO)(t_t )

wheref| (x) is the Fermi function of the left uncoupled leakl,(eV, /w) is themth order of the Bessel function. Throughout
this paperi=1 is assumed. Similarly, we can write down the lesser Green function for the right lead. The retarded and
advanced Green functions have the form of

o0 ’
eV eV . ) e:rl(,skT —eVy)(t—t') 0
gA(tt)=Fio(xt7t') >, Jm< “)Jn( “)e*""o(mt”” w0 N 4
@ mn wqo (O] 0 eil(skl —eVy)(t—t')
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where a=L,R. A further evaluation will gnake use of the whereG‘”’ St )_|<Cq (t")ae,(t)). By using the non-
7 o o'

double time Fourier transform as follot: eqU|I|br|um Green function techniq#&?® we can get

qu(t t') to the first order:

F(El,Ez): f,wdtlf,xdtzF(tl,tZ)eXF{i(Eltl_ Eztz)]

(5) Gig(tt') = f dts[ggr(t,t) QT gi (t1,t)
The above equations will be invoked in the following analy- ,
sis. +g§R(t,t1)QTgﬁL(t1,t )1 8
wheregy, , ggr. 9k . @ndggR are retarded, advanced, lesser
lll. TUNNELING ELECTRICAL CURRENT UNDER Green function of the left and the right ferromagnets, respec-
AN ac BIAS tively. Then, substituting E¢8) into Eq.(6), and making the

In this section, we shall investigate the tunneling electri-double-time Fourier transform of Green functions, we have

cal current in FMF-FM junctions under an ac electrical field.
Following the method in Refs. 24 and 25, the tunneling cur- t)— . 2 dEJ( [fL(En)

rent can be expressed as ——
2e —fr(E")]JA(E',E",0)codl wqt), C)
()= "ReX, Tr,[QGL(t], (6) i ’
kq where
where()=TR,
; 3. eV, ] eV, ] eVr ] eVr
_T1T2 () onwom’wo n’wo'
T T,
. ) ) . E"=E—- mwo+eVO, E'=E—n’ o,
with the elementsT; (i=1,...,4) of thetunneling matrix

which are assumed to be independenk ahdq for the sake
of simplicity,?® which is reasonable in the assumption of a
wide-band limit(WBL),?*?**and the element$, and T,
describe the effect of spin-flip scatterings,

[=m+m’'—n—n’,

A(E'E",0)=Tr,[QDR(E"QD (E")],

and
6 0
COSE SII’]E DL(R)T 0
R: D —
0 0 |’ L(R) 0 D
sinz  cosz LR
2 2

with Dy (ry1()(8) =D (r(e£xMy(z) the density of states
Tr, stands for the trace of the matrix taking over the spin(DOS) of the conduction electrons with spin up and down in
space, and3k<q(t,t’) is the lesser Green function in spin the left (right) ferromagnet. In Eq(9), the real part of the
space defined as current is taken. The time average of the electrical current

I(t) can be defined ad (t))=(1/T,) fTOE,ZduL(t) with T,

e e o | (7)  thetime interval between which the phy3|cal guantity is mea-
Gig ~(L,t") Gy~ (t,t) sured. Thus, the time-averaged tunneling current is given by

Gy ~(tt) Giy=(tt)
, g b
Gk<q(t1t)

(M = > I 4 Vo—Mwg/e,n’ wele), 1=0
Iaver <|(t)> mnn'n’ mn mnm' n’ mn et To 0 ° (10

0, [#0

where

L) =3 M ac(Vo—Mag/e,n’ wole),
Idc(eVO—mwo,n’wo)z(we/h)f dE[f (E")—fr(E")I"\(E',E"){1+P,(E")[P1(E")cos6+ P5(E")sin 6]},

D (TE—T5)—D_ (T5—T3)
Dy (T5+T2)+D (T5+T)’

1=
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_ Dg;—Dgy . ——V,=0001V ]
2 DRT+DRi, ST V_=0.01V o ©=0.0016V,V,=0.01V /
A g s V_=0.1V ] ;
_ 2(DyT4T,+Dy T3Ty) { T2 i
3= ’ 4 1 '
DL (T2+T3)+Dy (T3+T3) s 2% o i
< 5] 0 o~ 3 4 |
an d S’ time( IOAns) 3 ,‘
I'\(E",E")=[Dg(E")+Dg (E)][DL;(E")(T{+T3) NV T il
+DLi(E”)(T§+T421)]- O-e--dfeenst W T L

It can be seen that the average ac tunneling current in ¢
magnetic tunnel junction is modulated via Bessel functions. time(10™ns)

This result is quite similar to Eq3.3) in Ref. 31 in which

the superconductor tunnel junctions are investigated. By FIG. 1. (Color onling Time dependence of the tunneling cur-
analogy’ the time dependence of the wave function for everwnt, where the effect.ive masses of the |eft and the I’Ight ferromag'
electron state is modulated w(eVL(R)/wO)eiinwot_ Each nets are take_n as unlty, the molecular fields are_ assumed to be 0.9
single-particle level is modulated in terms of a probability €V the Fermi energy is taken as 1.295 eV which are taken from
Jn(eVL(R)/wO) and is displaced in energy byhw,. These Ref. 33 for Fe, and'1=T4=0.0iL eV,T2=T3=_O, the other Earam-
displacements in energy contributing to the amplitude of thet€S ¢ assumed as=1, Vo="~0.1V, ©,=0.003 eV, §=/3

average tunneling current are equivalent to that dc voltage%rlOI the temperature is at 100 K.

(Vo—mwg/e) applied across the junction with a probability temperature T=0) ands, whereP, ,P,, andP; are similar

J(ma'). In Eq. (10), an explicit relation between the_ tim_e- to the formulas as given before, tap-= P5/P, and
averaged ac tunneling current and the dc current is given,
wherel =0 gives a nontrivial result. This result implies that _ 2 2 12 2., 12
only the elastic transmission through the tunnel barrier con-GO (mef20)[(Ti+ T2)Dyy +(Ts+ T2)DL ) (Dri + Dry)-
tributes to the average current, and the net number of phoas a consequencéy(T=0,0) =G4.(0,0,6)V, can be used
tons absorbed from the ac field must be zZ&&o, every as a scale to measure the ac current.
term in the summation of E¢(10) describes the tunneling  The time evolution of the tunnel electrical currelt)
process that the electrons tunnel from the excited statep response to an ac field is depicted in Fig. 1, whege
eVy— mw absorbedn photons of the left ferromagnetto the —_g.1 v andw,=0.003 eV. As can be seen, when the dc
excited states’ wg absorbech’ photons of the right one. In  pias is positive, the current can be negative. When the ac
this way, the summation is taken over all the excited states afjgnal is small(e.g.,V,.=0.001 V), the current varies with
the left and the right ferromagnets. The ac field gives a cortime in a cosine manner, which appears to be proportional to
rection to the transition raté, by adding the product of the ac bias. In this case, the current response is similar to the
Bessel functions, i.eJ(m;”'), which describes the probabil- dc case, i.e., the larger the bias, the larger the current. How-
ity of electron population in the excited states. The tunnelinggver, when the ac signal is stronger, things become different.
current can be viewed as what happens between the photoni®ere appear some resonant peaks, which can be regarded as
sidebands of the two ferromagnets. being result from the photon-assisted tunneling, and the tun-
Next, let us present the numerical results of the time-nel current is still periodic with time. The inset of Fig. 1
dependent electric current. Before going on, we shall firsshows the case at,.=0.01 V but with a lower frequency
give some presumptions. A parabolic dispersion for bandor a comparison. It is found that the peaks split into several
electrons is assumed, on which is based that the DOS gfeaks in one period of time, suggesting that the external
conduction electrons are calculated. The Fermi energy antiequency can change the oscillating frequency of the tunnel
the molecular field will be taken &&;=1.295 eV andh;|  current.
=1|h,|=0.90 eV, which are given in Ref. 33 for Fe. We note  The frequency dependence of the averaged tunneling cur-
that the elements of the coupling matfix andT5 mean the  rentis shown in Fig. 2. Small oscillations of the current with
strength of spin-flip scatterings which were discussed irfrequency can be seen, which are caused by the summation
Refs. 22 and 30. In order to focus our attention on the effecof the mth currentl (mf‘n,) with differentm, n, m’, andn’
of an ac bias, we shall not consider the effect of spin-flipowing to 1()' ) oscillating with the frequency and having
scatterings here for brevity and simplicity. So we take  many peaks. The peaks of theh current correspond to the
=T5=0, andT,=T,=0.01 eV. In additionVg=0 is as-  yoyghs of the f+1)th current. Furthermore, when the ac
sumed, thenV =V,c. Under this assumption,|3t®  signalis smalle.g.,V,.=0.01 V), the current first increases
=3 nJn(€Vac/ o)l go(Vo—Mwg /e, 0), wheredy(eVac/w)  with small oscillations, and then the current almost does not
is the mth Bessel function. When the ac bias is ab-vary with the frequency like a pure resistance because the
sent, we get Gu(Vo=0T=0,0)=0l4./dVo=GCGo[1  pure resistance should not vary with the frequency in the
+ PZ\/P21+ P32 cos@—6;)] (Ref. 30 at zero dc bias, zero common sense. However, it can be observed that a large ac
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is dominant. This case shows that the current can pass easily
through the barrier under higher frequencies. It is the char-
acter of a capacitance in the usual sense.

Let us define TMR=(Jp—Jap)/Jap by using the real part
of the current. We have investigated the response of TMR to

/ an ac bias. It is found that TMR almost does not alter with
4 V. and frequencyw,, with the varying range about in
0.01%-0.1%. To understand this result, we would like to
remark that TMR is mainly contributed by the spin-
dependent scatterings. When electrons from one ferromagnet
enter into another whose magnetization deviates an angle to
the first one, spin up and down electrons bear different po-
tentials. While the ac field provides the same modulation of
quasiparticle levels of the spin up and spin down electrons
shifted byn# wg, leading to a change of the magnitude of the
current, it affects less spin-dependent scatterings. If we im-
pose a time-dependent magnetic field on both electrodes, it is

FIG. 2. (Color online The frequency dependence of the time- conceivable that TMR would be remarkably influenced by
averaged tunneling current. The remaining parameters are assum8dch an ac magnetic field. Work towards this direction is now
to be the same as those in Fig. 1. in progress.

00 05 10 15 20 25 30
o, (meV)

signal leads to a small averaged current, also as those ex-
pressed in Fig. 3. The reason for this feature is that an ac bias
is imposed on an dc bias, while the summation current de-
creases with increasing ac bias. A lafgg, means a large As is known, the relative orientation of magnetizations on
argument of Bessel function, thus leading to a strong moduboth electrodes can affect considerably the magnitude of the
lation to the current, which makes the current approach zereelectrical current flowing through the magnetic tunnel junc-
If V.. is fixed, a largerw, gives a larger averaged current, tions, and meanwhile, the spin-polarized electrical current
suggesting that the current flows easily in this system undetan also switch the direction of magnetization of electrodes.
a higher frequency. This character is consistent with the clasFhis latter effect comes from an indirect interaction between
sical feature of systems that metallic leads are separated fgrromagnets, which is caused by the so-coined current-
an insulator. Here, we can consider two limiting cases. Wheinduced spin-transfer torqu€ISTT).>* The physical mean-
wo— 0, the argument of the Bessel functisg=eV,./wq ing of the CISTT can be understood as follows. When the
—, then J2(xg)~(2/mxg)coS[xg—(m/2)m— w/4]—0,  electrons in the first ferromagnet tunnel through the barrier
which suggests that the current cannot pass easily througtnd enter into the right ferromagnet, the incoming polarized
the system. WheN,.— 0 and the frequency becomes larger, electrons will precess, eventually to align with the magneti-
the argument of the Bessel functiog—0, thenJ,,.o(Xs zation direction at an angle in the second ferromagnet. In

—0)~0 andJy(0)~1, which suggests that thte=0 term  this process, there should be a difference of spin angular
momenta between the incoming and outgoing spins in the

second ferromagnet. The missing spin angular momentum

must be absorbed by the local moments, thereby generating a
torque which exerts on the moments of the second ferromag-

netic layer. This kind of torque reflects actually the spin an-

IV. CURRENT-INDUCED SPIN TRANSFER TORQUE
UNDER AN ac BIAS

Iaver /Idc ( 0)

2,20.0005¢V gular momentum transfer from the first ferromagnet to the
----- ®,=0.001eV second by the polarized current. In Ref. 22, we have dis-
el cussed the CISTT by means of the nonequilibrium Green
L function technique under a dc bias. By generalizing our treat-

VZC(V)

0.2

ment, we now consider the case under a simultaneous appli
cation of both ac and dc biases. The CISTT is related not
only to the available energy levels of both ferromagnets, but
also to the direction of the current. In the ac case, the avail-
able energy levels of ferromagnets will be shifted by absorb-
ing or emitting photons. The tunneling can be viewed as
occuring between the photonic sidebands of the left and right
ferromagnets, and the magnitude of the current can be tuned.
The ac field can change the current directions by frequency

FIG. 3. (Color onling The time-averaged tunneling current as a 2wg. It may be expected that the ac field may impose con-

function of the amplitude of the ac bia¥,.. The remaining pa-

rameters are assumed to be the same as those in Fig. 1.

siderable effect on the CISTT. The total spin of the right
ferromagnet can be expressedas
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h ‘ PR s J are Pauli matrices, an@(t,t’) is the lesser Green function
s=5 kE CiuCrn(R™ X0 0 (R™7x,), (1) in spin space defined as above. By using the nonequilibrium
r Green function techniq@é (a similar framework employed
in Ref. 22, we can get the torque to the first order of the

0. . . . . .
whereo is the Pauli matrices ang,,, is spin states, which Green function

is written down in thexyz coordinate frame while the spins
sg are quantized in the'y’z’ frame, and the rotation matrix <y e ZJ r < ot
R is the same as before. Since Cral(t.") dtal G (t,t) TRgR(Ly, )R

SR~ eSLRX (S XSR), (12 +gEL(t’tl)TRggR(tl’t,)RT]' (14

whereg,, , gir. Ol » andg;R are retarded, advanced, lesser
heGreen function of the isolated left and the right ferromag-
nets, respectively. After some algebra, we obtain the Fourier
transform of the CISTT

wheres,_ g are unit vectorss,=S/s; and#s represents the

respective total spin momenta per unit area of t

ferromagnets$,we know that the direction of the spin transfer

torques is just along thex’ direction in thex'y’z’ coordi-

nate frame. From Eq11) we obtain L

N w)=272 > dEJ(m
mnm' n’

h
KO=3 kz (¢f,CkoC0SH— acl Cy,sSing)
X[fL(E")—fr(E")]T(E",E")

= SRy 0COSO—Sr»SIN G,

wheresg, o andsg, o arex’ andz’ components of the total X[P1(E")sinf—P3(E")cosf] (o +1wp),
spins in thex'y’z" coordinate frame in which the spis&  \;here
are quantized. So the CISTT can be obtaffied

T'(E',E")=[Dg(E')+Dg (E")][D(E")(Ti+T3)

RX(t+) — < U T
T (t) cosé Requ TrU[qu(t,t)O'lT ] + DLL(E”)(Tg_’_TAzl)]
0 Here we may note that the direction of the spin torque is
+sing ReE TrU[qu(t,t)aJT], (13) related not only to whether the applied dc bias is positive or
kq negativé®>’®%(namely, the direction of the electrical cur-

where rent in a steady statebut also to the frequency of the exter-
nal ac bias and the Bessel function’s order. The time average
o [0 1) o (1 0 of CISTT may be defined a&r®=(1/T,) fﬁ%f),zdtTRX(t).
1= y 03—
1 0 0 -1 Then, we get

T fdEJ(m’n”’)[fL(E")—fR(E')]r(E',E")P(E",a), =0
Tszfer:<TRX>: mnnn’ (15)

0, [#0

where I=m+m’'—n—-n’, E’, E’, J™"), P(E".6) +Dgr(E)IDL(Es)+Dy (Er)]P1(Ef)sind with Py(Ey)

=[P,(E")sin §—P5(E")cosd], andI'(E’,E") are defined as =[D(Ef)—D (Ef)]1/[D1(Ef)+ Dy (Ef)].

above. First, in order to observe the effect of an ac bias on the
The ¢ dependence of the spin-transfer torque is similar t°ISTT, we present/,. dependence of the time-dependent

thatin Refs. 3, 15, 17 and 18. In a colinear cage 0 or)  SPin-transfer torque at different frequeney in Fig. 4. It is

and without spin-flip scatterings, the CISTT disappears, eve een that the amplitude and oscillating frequency of the

L orque are modulated. As the direction of the spin-transfer
though an ac bias is present. &t w/2, the CISTT tends to torque is related to the direction of the electrical current, it is

a maximum in the presence of no-flip of spftisn this case, changed continuously with the ac current. Note that in Fig. 4,
g, Vac, andV, can affect the maximum of the torques. In g gc voltage is applied simultaneously with an ac bias. When
the following discussions, we suppose tiat=T,, T,=T3  v__is small, the oscillating amplitude becomes large, and
=0, Vg=0 andV =V,.. We shall usery(T=0,0)=Gj.  whenV,, becomes larger, the torque is strongly suppressed.
(0,00)-Vy as a scale, wherGgC(O,O,e):ewT"{[DRT(Ef) Besides, one may see that a larggrgives a small oscillat-
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0.4

X0/, (0)
S

0.0 TV Wn s
T , T T " T " y , T . FIG. 4. Time-dependent spin-transfer torque
6 as a function ofV,. under different frequencies,
/ _ —4 - _
where t=15X10"% ns, Vo=-0.05V, and the
4 other parameters are assumed to be the same as
S those in Fig. 1.
<
= 2
P
o
04
0.00 0.05 0.10 0.15 0.I20 0.'25 0.30

V, (V)

ing frequency of the torque with,.. The frequency @) .
dependence of the time-dependent CISTT at different ampli- (7 )= > IR (Vo= wole,magle), (16)
tudes of the ac bias is shown in Fig. 5. It is seen that the mnm n’
torque oscillates with the external frequency, and it appearghere the subscripdc represents the quantity under only a
that the signal of the CISTT is strong in some regimevgf  dc bias. It is clear that the Bessel function modulates the
and is almost vanishing in other regimes. This feature beamplitude of the torque. From E@l2) one may see that a
comes more evident at a largé,.. large dc current generates a large torque. In the case under an
The time-averaged spin torqge™) is more interesting. ac bias, the electrical current might have the similar charac-
In Fig. 6, theV,. dependence of the time-averaged CISTT ister. Since the tunneling is viewed as taking place between the
plotted under different frequencies of the ac bias. One maynodulated levels of ferromagnets, the modulations lead to
find that the time-averaged CISTT increases slowly withdifferent transmissions, thus enabling the spin-transfer torque
small V,., and then decreases rapidly with small oscilla-to exhibit various features. This character also manifests it-
tions. The CISTT approaches zero whép, becomes larger.  self in Fig. 7, in which the time-averaged spin-transfer torque
As shown above, it seems that a large amplitude of the aas a function of the external frequeney for differentV, is
bias field may suppress the spin-transfer torque. Whgris ~ shown. It can be found that small frequencies affect the time-
decreasing,{ ")/ 74-(0) approaches asymptotically to a averaged CISTT dramatically, manifested explicitly by an
single curve for different frequencw,. At a given wy,  approximately linear relation between the CISTT and small
(7™ 74¢(0) has a maximum at a specifi,.. In this case, qg. In comparison to Fig. 2, it may be concluded that
the time-averaged CISTT7%) (note that we useR, to (7RX(t)) is proportional to the time-averaged electrical cur-
denote it in figures hereafterin the simultaneous presence rent, say(l¢(t)), and the CISTT can be still induced by the
of an ac bias and a dc bias, can be expressed by that unde¢ €lectrical current. Note that E(L2) was proposed under

only a dc bias:
1.4

81 1.2-

1.0

0.8

0.6+

TRXavex/ 1:dc(o)

O/, (0)

0.4+

,=0.001eV
024 ©,=0.002eV

_1 T T 0.0 v T T T T
0.000 0.001 0.002 0.003 0.0 0.1 0.2 0.3 0.4 0.5

®,(eV) V.. (V)
FIG. 5. (Color online Time-dependent spin-transfer torque as a  FIG. 6. (Color online V,. dependence of the time-averaged
function of frequency wy under different V.., where Vo= spin transfer torque under different frequenaigs where the other

—0.1V, and the other parameters are the same as those in Fig. parameters are the same as those in Fig. 1.
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more sharp. These peaks can be regarded as the evidence of
Ly the photon-assisted enhancements of the CISTT. In Fig. 6,
v the averaged spin transfer torque increases slightly with in-
creasingV,., and tends to a maximum, then decreases rap-
idly. If the dc bias disappears slowly, the spin transfer torque
tends to zero whelv,. tends to zero, while the situation in

Fig. 6 is not. This reveals that the CISTT exhibits different
behaviors under different biases. Our results show that an ac

044 e ) )
T g bias could enhance the CISTT at particular values of the
Y s e amplitude and frequency.
0.000 0.001 0.002 0.003
,(eV)
FIG. 7. (Color online Time-averaged spin transfer torque as a V. DISCUSSION AND SUMMARY

function of w for differentV,., where the other parameters are the

same as those in Fig. 1. We have presented the calculation of the response of the

electrical tunnel current and the current-induced spin transfer

an dc bias Under a small ac signal, the torque almost doegorque to ac and dc biases in AIMFM tunnel junctions by
not vary in higher frequencies, which is saturated with themeans of the time-dependent nonequilibrium Green function
magnitude larger than that under only a dc bias. technique. In general, when a spin-polarized current is in-
In above, we have applied simultaneously both the dc angected into a ferromagnet, the polarized electrons may expe-
ac biases to the tunnel junction. In the presence of only an aidence the fields such as the external field, the anisotropy
bias, the time-averaged CISTT as a functionvgf is given field, the dipolar-dipolar interaction, and the demagnetization
in Fig. 8. It is seen that the time-averaged spin transfefield,'***leading to the precession of the polarized electrons
torque first increases sharply and then decreases rapidly wiground these fields. To conserve the spin angular momentum,
increasingV,.. In other words, the CISTT takes its larger the magnetization also precesses around the polarized direc-
values in a narrow regime o&f,.. The higher the external tion of the injected electrons, giving rise to a spin transfer
frequencyw,, the larger the maximum of the torque. This is Which is quite different from a magnetic field induced by the
because the spin transfer torque is related to the subtractigitirrent. The ways to realize the switching of magnetization
of two Fermi functions, and the latter is very small whencan be either by a magnetic field, or by a magnetic field
only an ac bias is present. The principal contribution to thehduced by the current, or by the spin transfer effécthe
result comes from a narrow regime 8. The inset of Fig. ~ Way through the mechanism of spin transfer offers a conve-
8 gives a plot ofV?_ versusw,, whereV®. is the specific Nient and fast choice to switch magnetization, which could
value of the amplitude of the ac bias at which the peaks oP€ observed from other works and our present study.
the torque appear. It is to note thal_ is almost proportional 1N summary, we have investigated the spin-dependent tun-
to the frequencyw,. Compared to Fig. 6, where the dc and N€ling in the presence of an ac bias applied to a IFfFM

ac biases are present simultaneously, the peaks in Fig. 8 ag¥Stem by considering the ac tunneling current and the ac
CISTT. We have formulated the time-averaged curfémte-

averaged CISTYin the form of a summation of dc current

20 il 02000016V : (dc CISTT) multiplied by products of Bessel functions with
/\ ——o0m00002ev ] the energy levels shifted by wg. The tunneling current
16- [ om0V o sy can be viewed as what happens between the photonic side-
] /f \ ‘gg il bands of the two ferromagnets. Our calculation shows that
< 124 I % L low-frequency ac field suppresses the current, and the elec-
= 7o s trons may tunnel more easily through the barrier under a
PQE g f R g RRERE high-frequency ac field, similar in character to the response
e f ‘., 0, (10°6V) for a capacitance to an ac field in a classical case. It is found

‘:’ b ‘*‘**»%# that the TMR almost does not vary with an ac bias, which
H . \NM suggests that the ac electric field contributes less to the spin-
;!LK\“““ dependent scatterings. The current-induced spin transfer
01 . : : g=! torque under an ac bias has also been investigated. It has
0.00 0.05 0.10 been shown that an ac bias may overall suppress the spin
transfer torque, but in a narrow regime of the ac bias, the
CISTT is greatly enhanced, characterized by a sharp peak
FIG. 8. (Color online Time-averaged spin transfer torque versus Which can be viewed as the photon-assisted enhancement. It
V. for different frequencies when only the ac bias is pres#ft ( has been found that the particular amplitude of the ac bias at
=0). The inset is the particular amplitud®®., at which the which the CISTT shows a peak has a linear relation with the

CISTT is peaked, versus frequenay,. The parameters are the frequency of the ac bias approximately. As a consequence,
same as those in Fig. 1. people could adjust the proper values of the amplitude and

V.V
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