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Field dependence of magnetization reversal by spin transfer
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We describe and analyze the effect of an applied fiélg,{) on the current-driven magnetization reversal
in pillar-shaped Co/Cu/Co trilayers. Depending on the magnitude. gf;, we observe two different types of
transitions between the parali@) and antiparalle{AP) magnetic configurations of the the Co layersHlf,,
is smaller than some threshold value, the transitions between P and AP are relatively sharp and irreversible. For
H.ppi €xceeding this threshold value, the transitions are progressive and reversible. We show that this behavior
can be precisely accounted for by introducing the current-induced torque of the spin transfer models into a
Landau-Lifshitz-Gilbert equation to determine the stability or instability of the P and AP states. This analysis
also provides a good description for the field dependence of the critical currents.
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[. INTRODUCTION will analyze our experimental results on Co/Cu/Co pillars
(that were partially published elsewh&and show the ex-

In 1996, Slonczewskiand Berget predicted that the istence of two different field regimes. If the applied field
magnetization of a magnetic layer can be reversed by injecloes not exceed some threshold value, there is an irreversible
tion of a spin polarized current and spin transfer to the layerand relatively sharp transition between the paral®gland
Magnetization reversal without application of an externalantiparallel(AP) magnetic configurations of the Co layers. In
magnetic field would be of considerable interest to switchd second regime, for fields above this threshold value, the
magnetic microdevices, so that these theoretical prediction&ansition between P and AP is progressive and reversible.
prompted extensive experimental studies of the effect of spifVe will explain that this behavior can be well accounted for
polarized currents on magnetic nanostructdrééThe most by introducing the current-induced torque of the spin transfer

quantitative results have been obtained on multilayerednodels in a Landau-Lifshitz-Gilbert equation to study the
pillars,*~typically Co/Cu/Co trilayers, in which the mag- Stability of the P and AP states. It will also be shown that the

netic moment of a thin Co layer is reversed by the spin-€Xistence of these different regimes of the field dependence
polarized current injected from a thicker Co layer. Theseof the critical currents cannot be explained in a model de-
experiments have confirmed some of the main features pr@Cflblng the effect of the current as an effective exchangelike
dicted by the theory(|) the effects induced by Opp03|te cur- mteractlon between the magnetlc moments of the cobalt
rents are opposite: if the current of a given sign favors théayers®® A second important issue—the dependence of the
parallel(P) magnetic configuration of the trilayer, the current critical currents on the layer thicknesses—will be discussed
of the opposite sign favors the antiparal(@lP) configura- in a further publication.
tion; (ii) the current densities needed to switch such magnetic In Sec. I, we describe the results we obtain in experi-
configuration are of the order of magnitude predicted byments where the current varies at constant magnetic field.
theory, i.e., 16 A/cm?. On the other hand, the experimental These experiments give clear evidence of two different re-
data have not yet established clearly the variation of the critigimes. In Sec. lll, we present our theoretical analysis of the
cal currents with the layer thickness, nor has the effect of agtability of the P and AP configurations and we interpret the
applied magnetic field been fully understood. experimental results of Sec. Il. In Sec. 1V, devoted to a dif-
From the theoretical point of view, several models haveferent experimental approach for the study the magnetization
been developed. In most of theéri?°the calculation of the reversal by spin transfer, we present and discuss experiments
current-induced torque is based on Slonczewski's Coﬁmpt in which the field varies at constant current. The field depen-
spin transfer involving the transverse components of the curdence of the critical currents is analyzed in Sec. V and we
rent spin polarization. Another approach, proposed bysummarize our conclusions in Sec. VI.
Heide?® involves the longitudinal components of the polar-
ization and the effect of the current is expressed by an effec- Il RESISTANCE vs CURRENT AT CONSTANT APPLIED
tive exchange-like interaction between the magnetic mo- MAGNETIC FIELD
ments of the two magnetic layers. The second theoretical
issue, after calculating the torque, is the description of the Our experiments have been performed on pillar-shaped
reversal process induced by the torque in the presence @o0l(15 nm/Cu(10 nm/Co22.5 nm trilayers. The submi-
applied and anisotropy fields and, in particular, the determicronic (200< 600 nnt) pillars are fabricated bg-beam li-
nation of the critical current§?1-22 thography. Details on the fabrication have been described
Here we focus on the influence of an applied fielg,, elsewheré. The trilayer exhibits CPP-GMR effects, with a
on the magnetization reversal induced by a spin current. Wdifference of about 1 § between the resistances in the P
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FIG. 1. Resistance vs dc current in sample 1Hgg,= 0 (black FIG. 2. Resistance vs dc current in sample 2 kbg,,=0
andH = 125 Oe(gray). (black), H,pp=+500 Oe (gray), and Hp,=+5000 Oe (dotted
line).

and AP configurations. This change of resista(@#IR ef-
fect) has been used to determine the changes of the magnefldis is seen in Fig. 1 by comparing the critical currents val-
configuration of the trilayer. ues obtained foH ;=0 andH,p,= 1125 Oe. We, how-
For all the experimental data we present, the initial magever, emphasize that, in this example, the shiftl g7,
netic configuratior(prior to the injection of a dc currenis a  induced by the applied field, is larger than thatl §F "
parallel (P) magnetic configuration of the system with the  The R(l) curve for H app= 1500 Oe (shown in Fig.
magnetic moments of the Co layers along the positive direcg) jllustrates the different behavior we observe when the
tion of an axis parallel to the long side of the rectangularapplied fields are highemwhich we callregime B. Starting
pillar. The magnetic fielH ., is applied along the positive from =0 in a P configurationon the Rx(l) curvel, a
direction of the same axighus stabilizing this initial P mag- large enough negative current still induces a transition from
netic configuration We record the variation of the pillar P to AP, but now this transition is very progressive and re-
resistanceR) as the dc current) is increased or decreased. versible. TheR(l) curve departs from th&®g(l) curve at
The results we report here are obtained at 3@h¢ critical  |P-AP= _ 25 ma (jPAP= 2 08x 107 Alcm?), reaches fi-

start — start —

currents are smaller at room temperajuhe our definition, a nally Rup(l) at |P71AP: —45mA (] P—aAP; —-3.75
en en *

positive dc current corresponds to the electron flow from the, 17 Alcm?) and, for higher negative values of the current

thick Co layer to the thin one. the resistance continues to follow tHRsp(1) curve. On

In.Fig. 1, we present the variation of the resistaﬁtzasla the way back(towards positive values of the currgnt
function of the dc currenitfor H,,,=0 and 125 Oe. Starting R(1) departs fromR,p(1) at IAP=P=[PAP= _ 45 mA and

from a P configuratiorffor | =0) and increasing the current reaches finallyRe(1) at I1°%P=IP-AP=_25 mA. If the

start end
to positive values, we observe only a progressive and revers- k end :
) . : . , Same type of experiment is done at even higher values of the
ible small increase of the resistariRewhich can be ascribed

. ; . applied field, the transition is similarly progressive and re-
to some heating of the samplihis has been also seen in all . . . . .
. 911 .. versible, but occurs in a higher negative current range. Fi-

other experiments on pillar when the current density

reaches the range of 1@/cm?). In contrast, when the cur- n_a_lly, f(_)r very large applied _f'eldl'qapp': 2000 Qe), the tran-
rent is negative and at a critical valty~*?, an irreversible  SUon IS Out of our experimental current range, and the
9 & recorded curve is simpliRe(1).

jump of the resistanceAR~1 m(}) is clearly seen, which
corresponds to a transition from the P to the AP configura-

tions and therefore indicates the reversal of the magnetic Ill. CALCULATION OF THE CRITICAL CURRENTS
moment of the thin Co layer. The trilayer then remains in this IN THE PRESENCE OF AN EXTERNAL FIELD

high resistan_qe stafhe Ryp(1) curvel unFi] the curren'ltj Is In order to study the stability or instability of a RP)
swept to positive values, where, at the critical curight ®, configuration in the presence of a dc current, we will study
the resistance drops back to tRg(1) curve. Ina smallrange  he motion of the magnetic moment of the thin cobalt layer
of applied magnetic fieldthat we shall note aggime A, sing a Landau-Lifshitz-GilbefLLG) equation in which
this type of hysteretid(l) curve is the fingerprint of the e jntroduce a current-induced torque of the form predicted
magnetization reversal by spin '”!eCt'Z’ﬁ-PHAP by Slonczewskt. This approach is certainly less quantita-

If the applied magnetic field is zerdc ""=—15mA  tjely precise than those based on micromagnetics simula-
(corresponding to the current densityc “"=-1.25  tions with non-uniform magnetizatidi but, as we will see,
x10" Alem?) and 1877P=+14mA (&7 P=+1.17 it can nevertheless account for most of the qualitative fea-
x 10" Alcm?). With a positive applied field, which stabilizes tures of the experimental results.

the P configuration|l %" increases andly” " decreases. ~ Our notation is summarized in Fig. 3. We denote the unit
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Z terms of Eq.(1) (during a period of this elliptical preces-
H,, sion), and derived the stability or instability of the configu-
oy L — ration from the sign of the calculated work. This method can
N, Tlappl be applied only when the motion generated by the applied,
O — anisotropy and demagnetizing field, is a periodic precession,
ﬁx =f; X i.e., for Happ<<Hgan (Whenm, is close to— Gy around the AP

configuration and for H,o,7> —Hga, (When i, is close to
FIG. 3. Notation for the calculation of Sec. lifa; andh, are  + 0, around the P configurationOur present calculation is
unit vectors along the magnetization of the thick and thin magnetianore general and holds for any value of the applied field as
layers respectively; there is an uniaxial magnetic anisotropy fieldong as it is smaller than the demagnetizing field. As a con-
Ha, along thex axis (long side of the rectangular layers in our sequence, we will show that thegime Bof our experimen-
experiments m,; and the applied field .,y are in the positive g results is expected in a field range where the approach of
direction of thex axis. Katine et al” and SuA' cannot be applied.

_ . ) Projecting the LLG equations onto the three axeg and
vectors along the magnetic moments of the thick and thin C(i we obtain the following equations for the componemis
layers ash; andim,, respectively. We suppose that there is ., andm. of "
an uniaxial magnetic anisotropy in the layer plane along the ”’ ‘ 2
x axis (the long side of the rectangular layers in our experi- My = yoHgm,m, + am,m,— am,m,+ GF’(AP)j(m§+ mg),
mentg and that, is fixed in the positive direction of this

axis. We notdl,=m;, the unit_vector along thr axis, andd, My, = — YoHerM, — yoH gm,my+ am,i, — am,m,

the unit vector along the axis perpendicular to the layers. FAP);

The magnetic fieldH 5, as in our experiments, is applied -G JmyMy, (4)
along thex axis. The stability conditions for the P or AP ) ] ] ]
configurations are obtained by studying the motionfiof M, = YoHenMy + amym, — am,m,— G"APjmm, .

when the angl&9_ betweernh, ar_1d0X is close to either O ofr. When the angle betweenr, andi, =, is small(or close
The LLG equation can be written as to ), by keeping only the terms of first order in, andm,
and also neglecting the termsadrt (the Gilbert coefficient is

ddn'sz =~ YoM X [Hegly—Hy(M,.0,) 0] a small number Eq. (4) can be written as
dmz mX: i 1!
+afy X —=— G P, x (X y), (1) o . .

dt my=F (a@yoHer+ Gi)my+[ — Yo(Hert Hg) + aGjIm,,

where
Hetr=Happ Han- 2 mz:('YOHeﬁ_Gj)my+[_a?’o(iHeﬁ+Hd)Ian]mZa

Hq=4mM, describes the anisotropy induced by the demagWhere* (5) means+ (—) when the configuration is close
netizing field,H 4, is the in-plane uniaxial anisotropy, or —  © P, and— (+) when the configuration is close to AP. Also,

depend whether the configuration is close to P or AP,aaisd ~ G 1S G or G*". The general solutions fan, andm, are of
the Gilbert damping coefficient. The last term in Eg) is  the form
?nedcontnbutmn from the spin torqdd,is the current density Aexp(k;t) + B expkst). ®)
The condition for the instability of a given magnetic configu-
3) ration (P or AP is related to the sign of the real part lof

andk,: a positive sign means that the amplitude of the mo-
tion of M, increases with time and that the configuration is
unstablek; andk, are the solutions of the quadratic equa-
tion which, after dropping the terms of second ordetjris
written as

2uePE

GPAP) =
t,Mge

The coefficientPg is a coefficient of transverse spin polar-
ization and takes different value®( or PA") depending on
whethenh, is close to either the P or the AP configuration,
is the thickness of the thin Co layer aiM; is the Co mag-
netization.

At this point, it could be noted that an analytical approach k*= 2k
based on equations similar to Ed) has already been used
by Katine et al.” and SuR to derive the critical currents. =0. 7
However, these authors have considered a particular case
only. They first solved the LLG equation without the Gilbert  The solution of Eq(7) and the expressions féy andk,
and current-induced terms and derived the motion equatioare detailed in Appendix A. Here, we focus on the results
for the small periodic elliptical precession 6f, aroundd,  corresponding to our experiments, i.e., wheg,, is positive
(or —0,) generated by only the field terms of Ed). They  and thus favors the orientation i, (thin layep in the di-
then calculated the work of the Gilbert and current-inducedection parallel tdi, =, (thick laye). The results for nega-

Hg

270(Heﬁi > )iGJ + G224 YgHen(Her= Ha)
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FIG. 4. Critical currents vs applied fieldchematic representatiprThe line 1, derived from Eq8) = Eq. (10), separates the regions
where the P configuration is staliove the lingand unstablébelow). The line 2, derived from Eq9) in regime Aand Eq.(11) in regime
B, separates the regions where the AP configuration is sthblew the ling and unstablgabove. The dotted curve in the zonea?Hy is
a guide for the eye in the cross over regime betwegime AandB. In regime A the stability regions of P and AP overlap between the
curves 1 and 2, which leads to the hysteretic behavior shown in it@etnd (B), see discussion in the text. lregime B the P and AP
configurations are both unstable in the region between curves 1 and 2, which leads to the progressive and reversible transition shown in inset
(), see text.

tive values ofH,,, are presented in Appendix B. It turns out that, in regimé, the P and AP configurations are
The overall behavior foH,,,>0 can be separated into both stable between the negative and positive threshold cur-
three different regimes, which we will now discuss sepa-ents of the two preceding equations. In the diagram of Fig.

rately. They are also schematically depicted in Fig. 4. 4, this corresponds to the overlap of the stability regions of
the P and AP configurations between lines 1 and 2 in Zone

Thus, starting from a P configuration at zero current and
going down to negative values of the current, the P configu-

This low field regimeA is for H,,, between zero and a ration becomes unstable at a current for which the AP con-
few tens of Oe belowH ,, [if one estimatesy®H,4 from the  figuration is stable, and the system can switch directly from P
value ofa derived from FMR(Ref. 23]. The P configuration to AP. This occurs at the critical current densjfy:
becomes unstable when the sign of the real paky andk,

A. Hgpp>0 and H,,—H > a’Hyg

is positive, that is, for o ayg Hy
PoAP= oF Happrt Hant - |- )
. a@yo Hyq . . . . .
] <- P Happr-Hant > In Fig. 4 and in the insetéa) or (B) of Fig. 4, this corre-

sponds to the pointdl, (at zero field or M (nonzero field.
When the current returns to zero and becomes positive, the
AP configuration becomes unstable, and it can switch di-
rectly to a stable P configuration at the critical current den-
sity j2P~P [pointsNg and N in Fig. 4 and in the insetéx)
and(B) of Fig. 4]:

whereas the AP configuration is unstable for
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avo C. Happ>0 and H ypp—H 4@ a’Hyg

d
GAP ~Happrt-Han ™ 2 ©) The condition for an unstable P configuration is the same
as in caséA or B. On the other hand, whefiis close to,
Such a hysteretic behavior, with direct transitions between khere is no simple analytical solution of E) if Happi IS in
and AP, corresponds to our experimental observations at low zone of width~ a?H4 aroundH ,, (see Fig. 4. The dotted
field (see Fig. 1 A similar behavior and similar equations line in Fig. 4 is what is qualitatively expected for the varia-
for the critical currents are obtained in the approach of Kation of the critical current of the AP configuration in the
tine et al.” and Surf! crossover zone.

The insets of Fig. 4 summarize the expeck{d) varia-
tions. The insetda) and (B) represent the expecteg(l)
variations in theregime A The hysteretic behavior is com-

The condition of instability of the P configuratidposi-  parable to what is observed experimentally at low figlidy.
tive signs ofk, andk) is similar to the one derived for the 1). In Egs.(8), (9) for H,,,=0, the asymmetry between the
caseA, i.e., critical currents of the R-AP and AP-P transitions in inset

(a), comes from the difference betwe&Y and GA". When
Happi iNcreases both transitions are shifted to the left, as rep-
: resented in inseiB). The larger shift we observe f¢£~ " in
Fig. 1 is probably due to the deviations from E§) when
On the other hand, the condition for an unstable AP configuene approaches the crossover region betwegimes Aand

FAP—P__
Je =+

B. Happ>0 and H gpp—H o> a’Hy

aYo

Hgy
GP 2

)<= 2

ration has changed and becomes B. The inset(y) represents th&(l) curve expected in the
regime B The slope corresponds to the progressive and re-

_ Yo Hq\ 1¥? versible transition betwee® andR in Fig. 4. This behavior
)= = gap| (Happ— Han)( Happ— Hant = } corresponds to what is observed experimentally at high field

in Fig. 2. Such a behavior cannot be predicted by
Now there is a current range where none of the P and ARalculation§?* assuming that the motion @, is a periodic
configurations is stabléas this can be shown straightfor- precession, which is obviously not the casedgime B
wardly by comparing the two preceding treshold currents for In order to extend our approach to a more quantitative
(Happ|—Han)>a2Hd andH4>H,,). Starting from a P con- level, we have also calculated the critical currents in both
figuration at zero current and sweeping the current to negaregimes predicted by Eq$8)—(11). The parameter we use
tive values, the P configuration becomes unstable at the critare t,=2.5 nm, PP=0.07 andP”P=0.41 (derived in the
cal current density?_ A [point Q in Fig. 4 and in the inset model of Fertetal® from CPP-GMR data on Co/Cu

(y) of Fig. 4]: multilayer$*?9, «=0.007 (Ref. 23, Hy=1.79 T andH,,
=150 Oe, which is approximately the field of the crossover
pAP ayg Hy betweenregimes Aand B in our experimentsthis value is
Jstart =~ Gp Happrt Hant R (10 also close to the value dfl 5, derived from the numerical

calculations of Cheret al?® for rectangular prisms

However, the AP configuration is not stable at this current For sample 2, imegime Aand in zero applied magnetic
density. Taking into account the condition for the stability field, we obtainj> "= —4.9x10" Alcm? (experimentally,
around 6=, the AP configuration is reached only at the —1.6x 10" Alcm?) and  jA"7P=40.8x10" Alcm?
critical current density £.4*” [point Rin Fig. 4 and in inset  (exp.,+1.17x 107 Alem?). For H ,,= 500 Oe in the regime
(y) of Fig. 4]: B, we obtain j5A"=-51x10" Alcm? (exp.—2.08
X107 Alcm?) and j5.*P=—33%x 10" Alcm? (exp., —3.75

x 10" Alcm?). This shows that the expressions of the spin

transfer model predict the right order of magnitude for the

(11 critical currents in both thé\ and B regimes The stronger

discrepancy foj 5. /*" may be due to the difficulty to deter-

When the current is swept back, the AP configuration be-_. . . :
comes unstable at the same critical current derisiée Eq. mine precisely the point where ti(1) curve merges Into
(11), and pointR in Fig. 4 and in insety) of Fig. 4 the Ryp(l) curve (see Fig. 2 and to the probable underesti-

P Yo
JepndAP: - W[(Happl_ Han)(HappI_ Hant Hd)]llz-

mate ofj5 P
jAP—P_ jP—AP (12) Finally, it is interesti_ng to see W_hat are the conditions for
start end the occurrence of the instabilities if the effect of the current
The P configuration is reached only for is described by an effective interaction energy of the form
Ei=—gjMm;.Mm,, as in the model proposed by Heitfe.
jaP P=jE AP (13)  Thisinteraction can be expressed by an effective fieddt,

which adds toH 40, in the first term of the LLG equation
which is the pointQ in Fig. 4 and in insety) of Fig. 4. We  [see Eq.(1)]. Following the same approach as above to de-
therefore expect @rogressiveand reversibletransition be- termine the stabilityor instability) of the P and AP configu-
tween P and AP. During the progressive transition, the sysrations, one can find only a hysteretic behavior with direct
tem is in a state of maintained precession. transitions for
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FIG. 5. Resistance vs applied magnetic field in sample 2 for FIG. 6. Field dependence of the critical current for the instabil-
T ; i P—AP

— 50 mA (black, —40 mA (gray), and—30 mA (light gray). For 1ty of the P configuration j€ " in regime Aandj5_ 2 in regime

clarity, the curves have been shifted vertically to have the same higR)- The symbols represent the experimental data for sample 2. The
field baselineR(H) for I =+50 mA is shown in the inset. dotted line, from Eq(15), is the expected variation in spin transfer
models based on torques of Slonczewski type. The dashed line,

P_AP_ from Eq.(14), is the expected variation for an exchangelike current-
Je =~ vo(Happit Han/g induced interactiorfRef. 20.

AP AP at high field. As Hp, decreases from 5600 Oe to a small
le = Yo(Han=Happ)/9- (14 value close to the anisotropy field, the progressaed re-

In other words, this approach does not predict the existenc¥ersiplé increase oR corresponds to the progressive cross-
of a regime with nonhysteretic and reversible reversal, whic/PVer from P to AP betweeSandT. It, however, turns out the
is in clear contradiction with the observations at high field.n0ise in theR(H) curves at small field in Fig. 5 does not
Furthermore(as we will also show laterthe field depen- @llow us to determine precisely the fieldy at which the
dence of the critical currents expected from Ety) is not ~ Point T is reached. Whei,,; becomes negative, the mo-
consistent with the experimental variation. However we canentm; of the thick Co layer is reversed. But, at low field

not rule out some mixing of a small exchange like interaction("egime A in the presence of a large negative current, the P
into a predominant Slonczewski-like term. configuration is unstable and the AP one is stable, so that

there is an immediate reversal of, restoring the AP con-
figuration. This explains why there is practically no discon-
tinuity of the R(H4,) curves in the region of their maxi-
mum.

In Fig. 5, we present the variation of the resistafReof Quantitative values ojfsgr’ﬁp for a given applied field can
a pillar as a function of the applied fieldHg,,) for several be extracted from theR(H,,,) curves, for example,
values of the dc currentsl € +50, —30, —40, and—50  jE-AP(5600 O¢=—50 mA. We will make use of these data
mA). in the discussion of the field dependence of the critical cur-

TheR(H4pp) curve forl = +50 mAis flat, i.e., there isno  rent of the transition from P to AP in the next section. On the
GMR. This means that a large positive current is able tother hand, as discussed above, the value of the Hgld
maintain the P configuration of the Co magnetic momentsannot be precisely derived from our experiments, so that
throughout our experimental field range. This can be coijZ;P(HappD cannot be reliably estimated and its field de-
pared with what occurs when there is a strong ferromagnetigendence will not be discussed.
interlayer coupling.

In negative currents, on the other hand, ®R€Hap) v FIELD DEPENDENCE OF THE CRITICAL CURRENTS
curves exhibit a bell-shaped profile, which mimics the GMR
of an antiferromagnetically coupled trilayer. In addition the The experimental values of the critical current character-
width of the bell-shape®(H ;) curves broadens when the izing the instability of the P configuration in one of our
current increases, in the same way the GMR curves broadegamples are plotted as a function of the applied field in Fig.
when the strength of the AF coupling increases. The variaé. This includes the critical curreff " derived from the
tion of Rwith H can be related to what is expected when oneexperiments of Sec. ffor clarity, as the field range of these
moves on the horizontal line ST of the diagram of Fig. 4.experiments is very narrow compared to the scale of Fig. 6,
Starting from high field al = —50 mA, for example, the only the value at zero field has been plojtadd the critical
upturn from the baseline at abddt,,= +5600 Oe indicates  currentj g+~ of regime Btaken from theR(H,,,) data of
the beginning of the progressive transition from P to AP atFig. 5. It can be seen that all the experimental points are
pointSin Fig. 4 (in theregime Bof the diagram, as expected approximately on the same straight line.

IV. RESISTANCE vs APPLIED MAGNETIC FIELD
AT CONSTANT dc CURRENT
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According to Eq.(8) for jE " of regime Aand Eq.(10) A straightforward numerical estimate shows that, for

for j52F of regime B Happ> 0 and even for current densities largely exceeding the
experimental rangd is negative. Consequently,
- . - Happi
JE AP_JsPtartAP_]cP AP( appI: O) + H+‘|)'|pd/2} ) Hd )
an (15) ki=—GPj—ayy HappI+Han+7 +iy(—4),

The variation withH ,,, calculated withHy=1.79 T and H
Han=150 Oe(see Sec. lllis represented as a dotted line on ko= —GPj — ayo| Happrt Hart 7" —iJ(=A). (A2)
Fig. 6. The agreement between the slopes of the experimen-

tal and calculated lines is rather satisfactory. In contrast the o o _
experimental variation is in strong disagreement with the The ellipsoidal magnetization precession around xhe
dashed line expected from E(L4) when the effect of the axis is related to the imaginary part &kf andk,. On the

current is described by an effective interacfibm ;- fh,. other hand, the stability of the P state depends on the sign of
the real part ofk; andk,. For j<—(ayo/GP)(Happrt Han
VI. CONCLUSIONS +Hy/2), the real parts df; andk, are positive, exgt) and

expkst) increase with time, which means that the P state is
The following main conclusions can be derived from ourunstable.
experimental results and their analysis. The same approach can be applied to discuss the stability
(1) The experimental results for magnetization reversal byof the AP configuration, but the problem is more complex.
spin transfer in the presence of an external magnetic fieldhe determinant is now
show the existence of two qualitatively different regimes: a
low field regime A with direct and irreversible transitions

between the P and AP configurations of the trilayer, and a A=—2ay,G""j| —Happrt Hant 7d

high field regime Bwith progressive and reversible transi-

tions. The stage of progressive transitiorrégime Bis sup- + 'yg(Hapm— Han (—Happrt Hant Hg).  (A3)
posed to be a state with current-maintained precession and

spin wave emissiofrl! For Hpp>0 andH 4~ Happ> a?Hg, the first term inA can

(2) The existence of theegimes AandB can be theoreti- be neglected and = yO(Happ, Han (—Happrt Hant Hg) is
cally explained by a calculation in which Slonczewski’'s spinnegative. Thus,
torque is introduced in a LLG equation to study the stability
of the P and AP configurations. Our experimental results can AP:
be accounted for in the schematic diagram of Fig. 4. ki=G™j—ayo| - HamoPLHan+
(3) The field dependence of the critical currents can be
reasonably well accounted for by the expressions derived by Hy
including the spin torque of Slonczewski into the LLG equa- k,=GAPj — CWO( —Happrt Hant >~
tion. In contrast there is a strong discrepancy between the 2
experimental field dependence and what is expected wh
the effect of the current is expressed by an effective ex
changelike interaction.

9 i JTal,

+iV]Al. (A%)

*he real parts ok, andk, are positive and the AP configu-
ration is unstable for

aYo E
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APPENDIX A: INSTABILITY CONDITIONS ko=G"Pj — ayo| —Happrt Han+ +VA.  (A6)

When the trilayer is close to the P configuratighclose

to zerg, the determinant of Eq(7) is With VAS ayo(—Happrt Hant Hal2), the AP state is un-

stable ifk, or k, is positive. This leads to the condition for
the instability of the AP state

A= Za’)/oGpj Happ|+ Han+

_d
2
- 'yg(HappI"' Han)(HappI+ Han+ Hd)- (Al) ] - GAP \/(Happl an)(Hd_ Happl+ Han)- (A7)
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APPENDIX B: EXTENSION TO NEGATIVE APPLIED Case(a), regime B(Happ<0, |Happl —Has>@?Hy): pro-
FIELDS gressive and reversible transitions are expected between the

. . . . critical currents
The calculations in the body of the article and in Appen-

dix A have been limited to the situation where both the mag- poAP AP QY0 d

netization of the thick layer and the applied field were in the Jstat =Jend =~ G_p |Happl| +Hant BNk

same positive direction of theaxis (as in our experiments

Now we suppose we reverse the applied field and we look jgn—*dAP:jgg;P

for the extension of the diagram to the left of Fig. 4. We will

consider two situations. Yo
(a) In a negative field, the magnetization of the thick layer - WMHappJ —Han) (Happ Hant Ha) 12

is reversedh; = — 0, (this is the situation when the applied

field exceeds the coercive field of the thick layer (B2)
(b) The magnetization of the thick layer is still positive  Case(b), regime A(Hgpp<O, Han—|HappJ>012Hd)i di-

my, = +0, (this occurs if, for example, this magnetization is rect and irreversible transitions are expected at

pinned by an antiferromagnetic layer, or this describes also

the situation for an applied field smaller than the coercive poAP_ _ XY0

field of the thick laye. ¢ GP
Calculations similar to those for positive fields lead to the

following equations for the critical lines in the extension of .

the diagram of Fig. 4. In casé) the expressions of the J

critical currents are simply obtained from those fdg,

Hgy
2

- ayo Hyq
ép P:+W(_Happl+Han+7
Case(b), regime B(H pp<0, |H appl = Has> @?Hy): progres-

>0 by replacingH app by |Happl - . i - iy
; _ s 21y qi.  Sive and reversible transitions are expected between the criti-
Case(a), regime A(Happ<0,Han—[Happl>a*Hy): di cal currents

rect and irreversible transitions between P and AP are ex-

pected at the critical currents jPAP_ jAP P
start end

. (B3)

PoAP_ %Yo Hd Yo

¢ T GP <|Happl|+Han+7 :+?[(|Happi_Han)(|HappI|_Han+Hd)]l/2,

. AP aYo Hgy AP ayo Hy

J?P P:+W(_|HappJ+Han+7 . (B1) J?P P:+W _HappI+Han+7 . (B4)
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