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Spin-transfer effects in nanoscale magnetic tunnel junctions
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We report measurements of magnetic switching and steady-state magnetic precession driven by
spin-polarized currents in nanoscale magnetic tunnel junctions with low-resistascg, wm?,

barriers. The current densities required for magnetic switching are similar to values for all-metallic
spin-valve devices. In the tunnel junctions, spin-transfer-driven switching can occur at voltages that
are high enough to quench the tunnel magnetoresistance, demonstrating that the current remains
spin polarized at these voltages.2004 American Institute of Physidg®Ol: 10.1063/1.1781769

The transfer of spin angular momentum from a spin-that the free layer experiences a dipole fiéld from the
polarized current to a nanoscale ferromagfetcan revers- fixed layer.
ibly switch the orientation of the magnet's moment can Figure Xa) shows the 300 K tunneling magnetoresis-
excite the magnet into microwave-frequency precession.tance(TMR) of a MTJ with size~40x 130 nnf. The TMR
This spin-transfer effect has the potential to provide a scalof 7% is in the range observed previousll{ for very thin AIO
able means of writing information in magnetic random ac-tunnel barriers with low specific resistant@ this instance
cess memorieMRAM )>* that would be nonvolatile, dense, 3.3 um? The reduction of the TMR from the larger values
and high speed. Until recentlyspin-transfer switching has that can be obtained with thicker barriers can be attributed, at
been fully demonstrated only in all-metallic systems fabri-least in part, to the presence of leakage channels penetrating
cated fromF/normal metalF multilayers. Such samples the ultrathin barrier. The free layer in this sample is a single
have low resistances~10 1), much less than optimal val- Superparamagnetic particle. At room temperature, the single
ues (>1 kQ) for MRAM circuits. One approach to reach domain free layer, due to its small area and thickness,
higher resistance is to use magnetic tunnel junctidJ) switche§ nqnhysteretically dug to thermal act'ivaﬁiwhen
devices. This poses considerable challenges, since to achieli¢ device is cycled through its minor loop, i.e., when an

spin-transfer switching the devices must be able to withstangXternal fieldH is applied along the major axis of the nano-
high current densitieé~107 A/cm?) without exceeding the Magnet and varied about the vallé=H,=325 Oe [Fig.
breakdown voltage of the barrier. 1(b)]. Near this bias field, a small dc current can be used to

Here, we discuss measurements of magnetic switching‘anipmate the free layer reversibly between orientations
and spin-transfer-driven precession in MTJs with ultrathin araIIeI(P_) and antmgralletA_P) to j[he fixed layer. In Fig.
barriers, having specific resistancéRA) in the range 1(c), we display the differential resistanc®//dl versusl at
1-4Q um? We observe reproducible spin-transfer switch-ree \leue Vr‘?lluesf dﬂH EZB;‘ Z3O7th0e, the;wov\llz;\]yerere-
ing between parallel and antiparallel magnetic alignments oEqaén? o ’tr\:\l |fe ?r B eb ¢ ey aé? -dAPenl'

the electrodes, as revealed by changes in the zero-bias deviEéa €, e free layer moves between knan algn-

resistanceAR. AR as large as 160 have been achieved fient asl is ramped from 0.t9 0.1 mA. This trace_is r_10isy
with a MTJ having a resistance of 176Din the antiparallel because the free layer exhibits telegraph-type switching be-

state. With different MTJ devices, we have also been able t ween theP a’?d AP state_s m_thls c_ur_rent range. We note that
. . : . e area of this MTJ device is sufficiently small that current-
excite steady-state precessional magnetic modes using dc
e . - . nduced vortex states do not océur.
currents, similar to dynamical behavior observed in metal o
spin valved When cooled t_o 77 K_, fthe thermal eX(_:ltanns are re-
y ) . ... duced and the device exhibits both magnetic hyste7ra$|d
Our devices were prepared by first sputtering a thin-film
multilayer onto a thermally oxidized silicon wafer. The lay-

an increased zero bias resistafiEgs. 2a) and 2b)]. In the
ers for our first set of devices consisted of:

minor magnetoresistance lodpig. 2b)], the transition of
Py 4/Cu 80/Ta 10/ CoFeB 8/Al 0.66x)/CoFeB 2/Cu 5/ the free layer fromP to AP alignment is not abrupt but
Pt 30 (thickness in nm Here, Py is Ni;Fe, CoFeB is

extends over a range ¢f. We tentatively attribute this be-

> havior to Neél coupling between the magnetic electrodes
Cogs €682, and Cx represents a 300 K thermal _OX|dat|on that can stabilize intermediate magnetic orientations.
of the aluminum layex27 Torr 9. Electron-beam lithogra- At a fixedH, the current can be used to switch the device
phy, photolithography, and ion millirigvere used to pattern reproducibly between th@® and AP orientations at 77 K
the layers into elliptical nanopillars to provide shape aniso-[Fig' 2c)]. The resistance change at zero bisR=40 Q, is
tropy. Both the thinne(“free”) and thicker(“fixed”) mag- equal to the change betwe@nhand AP states driven bl
netic electrodes were patterned as illustrated in Figl, 50 \yhen measured at the sarkiethat was applied during the
spin transfer loop. ThAR induced byH and theAR induced
¥Electronic mail: gdfo@cornell.edu by | are the same when measured at the same field, which
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FIG. 1. (a) TMR major loop at room temperature for device(b) TMR a
minor loop for the free layer of device 1 at room temperature, with the fixed 5 £l 21760
layer aligned withH. The free layer is superparamagnetic, so there is no % r gmso
hysteresis(c) Current loops at room temperature for device 1. At 367 Oe, 1300 2
; - S 1600
an applied current can shift the free layer between the patdldd O¢ and 200 600 .l
antiparallel(307 Og orientations. e H (Oe) |
-0.4 -0.2 0 0.2 0.4
Current (mA)

indicates the equivalent change from one magnetic state s 2 (@ TMR major loop at 77 K for device b) TMR minor loop for
the free layer of device 1 at 77 K, with the fixed layer aligned viith(c)
Current-resistance loop at 77 K for device 1, with-Hg. (d) Current—
resistance loop at 77 K for device 2, with~ Hgy. Arrows at —0.40 mA and
0.38 mA mark the switching currents. Inset: TMR minor loop for the free
layer of device 2 at 77 K, with the fixed layer aligned with

the other. The switching from AP t® alignment atl=
—-0.46 mA is fairly abrupt, while the transition frol to AP
occurs gradually nedr=0.58 mA, behavior that mirrors the
field sweeps in Fig. @).

In Fig. 2d), we show the magnetoresistance minor loop

and the current—resistance loop at 77 K for a different
(1400 emu/crf). We note that the Co devices studied in Ref.
13 were larger than the MTJs discussed here, and they were
measured at room temperature rather than 77 K, but we do
to the presence of fewer shunting channels through the banot expect these differences to alfieiby more than a factor
rier. By applying bias loops repeatedly to higher maximumof 2. For Co spin-valve devices, the average valud.ofias
values, we determined the critical biases for current-induced.6x 10" A/cm?X t/nm. In the MTJ samples, we find,
=(0.5-0.8 X 10’ A/cm?xt/nm. This may be due, in part,

higher-resistance MTJ of smaller aréa-25x 112 nnf).
This device had AR=180(), TMR=11%, and RA
=3.5Q um? at 77 K. We attribute the higher TMR arRIA

switching in both bias directiongindicated by arrows

When the applied bias current does not reach the criticalo a difference in the polarization of the current flowing be-
biases indicated, then the resistance returns to the initial stateieen the two ferromagnetic layers in the two different types
resistance at zero bias. In general, it is known that MTJ®f devices, which is not independently known. We have also
exhibit a gradual decrease of TMR with increasing voltageconsidered whether self-heating by high bias levels might
(V), the rate of which depends on barrier quality, thicknesseducel. in the MTJs. We will discuss the temperature de-
and materidf* and the mechanism of which is not com- pendence of; elsewhere, but the strong changes that we see

pletely understood. In Fig. (@), current-induced switching
occurs at a sufficiently larg¥ that the TMR is effectively
guenched, so that the switching is not apparent whtik

polarization in order to provide spin-transfer torque, this ob-

in cooling from 300 K to 77 K indicate that self-heating is

not a dominant effect. Therefore, we conclude that the spin-
transfer efficiency of the current in the MTJs is at least com-
reduced to lower values. Since a current must maintain a spiparable to that in spin-valve nanopillars.

We have also observed at room temperature the excita-

servation demonstrates that the absence of TMR at high bid®n of steady-state magnetic precession induced by spin
transfer, in MTJs that were more heavily shunted, most likely
rather the lack of a dependence of junction resistance to that part by sidewall redeposition during the ion-milling pro-
cess. These devices therefore had lower valugR(65 (1),

The critical current density, for spin-transfer switching RA(~1 Q um?), and TMR(2.3%), but still showed strongly
of a nanomagnet in the absence of a net external magnetiias dependant magnetoresistance. This suggests that the
dominant contribution to the magnetoresistance is still TMR
as opposed to magnetoresistance of the shunting channels.
The free layer was 2-nm-thick Py, patterned into an ellipse
efficiency factor. This does not include thermal fluctuation~95x 195 nnt. The counter electrode was a bilayer consist-
ing of Co 2 nm/Py 1.5 nnfwith Co at the AlQ interfaceg
coupled to an antiferromagnetic IrMn layer. When the device
CoFeB free layers in MTJs to previous measurements of Cavas biased at a value ¢f to set the layers antiparallgFig.
3(a)], negative currentelectrons flowing from the fixed to

the free layer excited the free layer into oscillation in the
Downloaded 20 Oct 2006 to 128.84.231.88. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

does not represent the absence of spin polarizatidn lt
polarization.

field"'*%is predicted to bd,= aeM{Hy +27M]/h7, where
M is the magnetizatiort, is the thicknessHy is the aniso-

tropy field, « is the Gilbert damping parameter, amds an

effects which act to reduck from the zerof value!***we
find it interesting to compare the valueslfwe measure for

layers in metal spin valves$® since the magnetizatioiM) of
CoFeB, (1180 emu/cr) is comparable to Co
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407 junction is zero, demonstrating that the absence of TMR at
N30 high bias does not mean that the junction current is unpolar-
0 5 ized. These findings are encouraging for the prospect of prac-
2 4o tical MTJ spin-transfer-switched MRAM and nano-oscillator

ol device technology.
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FIG. 3. Spectra of microwave signals generated by dc currents atHixXed
device 3 when(a) the two magnetic electrodes have been oriented AP at
=0 and(b) the two layers have been orientBdat | =0.
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