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Adjustable spin torque in magnetic tunnel junctions with two fixed layers
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We have fabricated nanoscale magnetic tunnel junctidisls) with an additional fixed magnetic

layer added above the magnetic free layer of a standard MTJ structure. This acts as a second source
of spin-polarized electrons that, depending on the relative alignment of the two fixed layers, either
augments or diminishes the net spin torque exerted on the free layer. The compound structure allows
a quantitative comparison of spin torque from tunneling electrons and from electrons passing
through metallic spacer layers, as well as analysis of Joule self-heating effects. This has significance
for current-switched magnetic random access memory, where spin torque is exploited and, for
magnetic sensing, where it is detrimental.
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Recent demonstratioh$ of magnetic random access raphy and ion milling into elliptically shaped~35
memory (MRAM) have shown that magnetic memory may X 90 nm CPP nanopillars with Cu top contacts. The 4 nm of
compete with silicon based memory in some applications. Py above the AlQserves as the magnetic free layer and the
order to scale cell size and decrease write currents, futurgvo CoFe layers are both magnetic fixed layers in our stud-
generations of MRAM may use spin transfer as the writeies. Since the tunnel barrier limits the conductance, the resis-
mechanisn?:* A key to spin-transfer-switched MRAM is the tance state reflects whether the bottom fixed laggnm
use of magnetic tunnel junctiorMTJs) (Refs. 5 and Bto  CoFe and the free layer are aligned parali@ low resis-
obtain an impedance match to complementary metal-oxidéance or antiparallel(AP, high resistande The role of the
semiconductofCMOS) technology. Initial demonstrations of top fixed layer (5 nm CoF¢ is to provide an additional
spin transfer in MTJs indicate critical current densities simi-source of spin-polarized electrons to the free layer. When the
lar to those observed in current perpendicular to the planevo fixed layers are antialigned with respect to one another
(CPB spin valves but with higher bias voltages~0.5 V). [Fig. 1(a)], the spin currents from both fixed layers exert
This poses questions regarding self-heating effects and tHerque in the same direction. When the fixed layers are
possible degradation and breakdown of the ultrathin insulataligned[Fig. 1(b)], the spin-polarized electrons from the two
ing barrier layer. Therefore, it is beneficial to boost the magfixed layers exert torque in opposite directions, resulting in a
nitude of spin torque to enable switching at lower currentmuch smaller net torque.
and voltage levels. In contrast, for magnetic sensing, spin- After setting the alignment of the two fixed magnetic
transfer torques introduce noise and instabliftyn this let-  layers, we characterize the properties of the free layer nano-
ter, we adapt a proposa| from Ber&go demonstrate that magnet by simultaneously measuring differential resistance
adding a copper spacer and a third magnetic fixed layetdV/dl) and dc resistanceRy) while sweeping magnetic
above the MTJ structure can, depending on the relative orifield (H) at a fixed current biadl), as well as sweepinpat
entation of the two fixed layers, either increase-by0% or  fixed H. Measurements were made &t77 K since the
nearly cancel the net spin-torque acting on the free magnetigmall free layer is not thermally stable at room temperature.
layer. We analyze results by considering the effects of théigures 2a) and 2b) show representative sweepstbfindl.
spin torque and of the substantial Joule heating that occurs ihhis sample has a tunnel magnetoresistaii®é¢R) of 6.6%
tunnel junction devices at switching current levels. This in-at 77 K, and 4.3% at room temperature. From these data,
vestigation provides fundamental insight into the nature of
spin torques in MTJs and spin valves by allowing a direct
comparison, in the same device, of the magnitude of the
spin-torque exerted by tunnel currents and by electrons tha
transport spin through the copper spacer layer.

The multilayers for our samples were prepared on a ther-
mally oxidized Si wafer in a dc magnetron sputtering cham-
ber with a base pressure ob3L0°8 Torr. The layers con-
sisted of (in nm): Py 4/Cu 20/Ta 5/Cu 20/Ta 20/CoFe
8/AlO0,~0.7-0.8/Py 4/Cu 6/CoFe 5/Cu 5/Pt 30, where Py
is Nig,Fe g and CoFe is CgFe s The AIO, layer is formed @)
from the room-temperature thermal oxidation of a 0.65 nm
layer of Al with an oxygen dose of 27 Torr s. The multilay- FIG. 1. Electron energy diagram for antialigned fixed lay@¥sand aligned

ers were pattemed by a combination of electron-beam |ithogﬁxed layers(b) for a net electron current flowing from left to right. Arrows
on the electrons indicate the direction of the spin current due to each fixed
layer. Inset(a) and (b): Diagrams of how the fixed-layer magnetic configu-
dElectronic mail: gdfo@cornell.edu ration affects the net dipole field of the free layer.
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5 1780 [Ga)— s 1800 [(p) nonuniform dipole fields from the fixed Iaye]réln our heat-
g 1730 3 1700 ing analysis, we will assume t_hlS\iQ0 andE, haveT depen-
3 1880 L_te= © 00 dences approximately proportional to thi€T) and[M(T)]?,
200 350 02 -01 0 04 02 respectively, whereM(T) is the magnetization we measure
H (Oe) 220 Current (MA) ] with superconducting quantum interference device magne-
ggg [(C) Py P 300 [(@)p *| tometry for a superlattice of 4 nm Py layers with Cu.
3 7601 13 280 To account for Joule heating, we model the device as a
9;38j APIP 12 260 one-dimensional inhomogeneous wire with local heating at
T 7001 P :I 2401 & o o the tunnel junction and a thermal conductivity dominated by
égg ‘ _ AP 220 u*” T EE conduction electrons and obeying the Weidemann—Franz law.
80— 5or01 0 0102 -02-01 0 0.1 02 By integrating the heat flow equation, we estimate that the
Current (mA) Current (mA) ;
Current (mA) temperature at the free layer is:
FIG. 2. (@ S fH for antialigned fixed | d without d — 2 . a2
(a) weep O or antialigned fixea layers measured without ac T— \“Tbath+ BIZ’ (2)

current bias and-2 uA of ac sense currentb) Sweep ofl for antialigned
fixed layers measured at a constait278 Oe. Squared) are for increas- where B is a parameter that depends on material specific

ing | and circleq®) are for decreasing Phase diagrams for alignéc) and . .
antialigned(d) fixed layers, constructed by sweepikbat fixed | and by factors and device geometry. Using Eq#) and (2), we

sweepingl at fixed H for each magnetic configuration. States are repre-Make independent fits to tt&,,, data for P-AP switching and
sented by alignment between the bottom fixed layer and the free layer; eithdor AP-P switching using3 andl,, as fitting parameters.
parallel (P) or antiparallel(AP). For H sweeps, P to AP transitions are Beginning with the aligned fixed layer phase diagram
marked by filled squared) while AP to P is marked with filled diamonds [Fig 2(c)], we were able to obtain good fits to the P-AP and

(#). For | sweeps, P to AP transitions are marked by open squaigs . . . .
while AP to P is marked with open diamonds ). Lines represent fits to AP-P data with the mdependently determined heatlng param-

Egs. (1) and (2). All measurements shown were made at 77 K. Inset: Cal-€ters, Bp_ap= (4.4+0.3 X 10° K?/mA? [in terms of power
culatedT of the free layer as function df density (Ref. 18, 0.65+0.14 K um?/uW] and Bap.p

=(4.7£0.3 X10° K2/mA? (0.71+0.14 B um?/ uW). The

which are typical of a number of samples studied, we conSimilarity of these independent parameters demonstrates that
struct a free-layer phase diagram for the two magnetic a”gnthe model accounts consistently for heating. The inset in Fig.
ments of the fixed layers, shown in Fig¢cRand Zd). These  2(c) shows T(l) as calculated from Eq(2) and g=4.7
phase diagrams demonstrate that both spin torque and Joutel0® K?/mA?. From the fits, we also extract values of
heating play important roles in the thermally activated!cop-ap=—2.8+1.0 MA andl;,ap.p=1.4£0.2 mA for the
switching of these samples. When fixed layers are aligne@ligned-fixed-layers case, correspondingrte0 critical cur-
[Fig. 2(c)], the observation of a phase diagram that is nearlyent densities normalized by the free-layer thickness of
symmetric about=0 suggests immediately that spin-torque (Jo/t)p-ap=(-2.8+1.0 X 10" A/ (cn?nm) and (J;o/t)ap-p
effects are weak and heating is dominant for this configura=(1.4+0.2 X 10" A/ (cn? nm). The same values measured
tion. The power dissipated in MTJs at similar current densiin a metallic spin valve with a Py free layéat T=4.2 K are
ties has previously been observed to cause substanti@l./t)p.ap=~6.6X10° A/(cn?nm) and (J/t)ap.p~-3.3
heating'® in contrast to metallic spin-valve nanopillars x 10° A/ (cn? nm). We conclude that the cancellation of the
where heating effects are small. torques from the two fixed layers reduces the net torque by a

To model the effects of spin torque and heating on thefactor of ~4. Since the sign of the residual spin torque is
switching behavior, we begin with the Sharrock fornflla reversed from that seen in normal MTJshere 4 favors
for the coercive fielH,, in a thermal activation picture. We AP in our convention, the spin torque exerted by electrons
then modify the energy-activation barrier by the factortransported though the copper spacer layer is slightly stron-
(1-1/1;,) to account for the effects of spin-transfer ger than the torque from the tunneling electrons in these
torque, predicted theoreticalf** and observed devices.

experimentally***>*® in spin-valve nanopillars well below With 8 obtained from the aligned fixed layer data, we fit
the T=0 critical currentl; .. We obtain, to the H,, data taken with antialigned fixed layefFig.

2(d)], to determind; op_ap and |l oap.p, €mploying the same
[Hsw— Haipl device parameters as in the aligned case, except that here

T |1 H.,=110 Oe, instead of 130 Oe, as explained above. We
:HCO(T)<1— \/L(l-—> ( Tm )) (1) obtain (Ref. 19 I epAp=0.2940.01 mA and l¢ap.p
’ EL(T) 751N 2

=-0.28+0.01 mA, and therefore(J;,/t)p.Ap=(2.9£0.6

whereHg;, is the external field needed to cancel the average® 10° A/(c? nm) and (Je,o/ ) ap-p=(~2.8+0.6
dipole field acting on the free laye , is the magnitude of < 10° A/(cm?nm). We have previously noted that
the T=0 coercive field,r, is the measurement time per step (Jc/t)p.ap=6.6X10° A/ (cm?nm)  and  (Jo/t)ap.p=~-3.3

(in our case, 1) 7,=10°° s is the attempt tim& andE, is < 10° A/(cn?nm), and therefore(J; o/t)p.ap decreases by
the activation barrietHy,=742 Oe when the two fixed lay- 60%, and(J.o/t)ap.p decreases by 15% relative to the single
ers are parallel and 272 Oe when they are antiparallel, afixed-layer case. This corresponds to a 20—130% increase in
determined from the midpoint of the free-layer's minor loop the strength of the torque.

[e.g., Fig. 2a)]. From fits toH, as a function ofT near SlonczewsKi* has predicted the spin-torque per unit area
77 K, we determind,=0.49 eV andH.,=130 Oe when the Ns, exerted by the current in a spin vafdend alsoNynel
fixed layers are aligned, whilel.,=110 Oe when they are from the tunnel current in a MT3J. The spin-valve result is
antiparallel. We attribute this difference to variations in re-Ng,=(%/€)gs((P, #)J sin §, where P is the polarization in-

versal modes for the free layer under the influence of theluced in a current passing through either of the ferromag-
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netic layersJ is the current densityy is the angle between if MTJs with much higher TMR and sufficiently lo®RA can

the magnetizations of the electrodes, apdP, 6)=[-4+(1 be engineered, then the possibility is open for much lower
+P)3(3+cosh)/(4P¥?)]L. For the tunnel caseNyme  critical current densities. This is encouraging for the future
=(%1€)Gtunnel Prunnes ©)J Sin 8, where Py.he IS the polariza-  development of spin-transfer-switched MRAM.

tion of the tunnel current, assumed the same for currents

from either electrode, and gynne=(1/2)Pynnef (1
+ P2 1neCOSH). Due to the short spin relaxation lengthRy,
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