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Point-contact studies of current-controlled domain switching
In magnetic multilayers
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We present measurements demonstrating current-induced magnetic domain switching, and also
other magnetic excitations, in point-contact devices containing alternating ferromagffesind

noble metalN) layers, for perpendicular currents10’ Alcm?. For F/N/F trilayers in which one F

layer is much thinner than the other, we can controllably switch the magnetic moments in the two
F layers parallel with a current bias of one sign, and switch them antiparallel with a reversed current.
For thicker magnetic films, and for thin films in the presence of a saturating magnetic field, we
observe nonhysteretic current-induced changes in resistance, which can be understood as
current-induced spin-wave excitations. These observations are in agreement with a model of
current-induced magnetic reorientations caused by local exchange forces between conduction
electrons and the magnetic moments. 28600 American Institute of Physics.
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All ferromagnetic data storage and magnetic sensing dean angled to S,. Due to exchange, electrons will be scat-
vices currently in use operate through the application of aered differently by the layer depending on the relative spin
magnetic field to reorient magnetic elements within the deorientations. In the limiting case of 100% spin filtering by
vice. Several recent theoretical papers however, have preghe magnetic layer, which is predicted to be essentially cor-
dicted that it may be possible for magnetic elements inrect for interfaces such as Cu/@bthe components of the
multilayer devices to instead be manipulated by a mechaelectron wave function having spin aligned with the mo-
nism, called “spin transfer,” based on the local exchangements(spin-up will be fully transmitted through the layer,
interaction between electrons and magnetic moments ratherhile spin-down components will be completely reflected.
than by a magnetic fielti:> This mechanism has been pre-
dicted to excite spin waves within the lay&rsor even cause
full domain reversaf. Previous experimental studies have

i ) i Fq
seen current-induced changes in the resistance of Cu/Co
multilayers"® and granular alloy$,nickel nanowire$, and .
manganite junction$,but the nature of the excitations has _:0 /s‘
not been clear. We have performed current-perpendicular-to- ’ —)/__)¢
the-plane(CPP transport measurements on ferromagnetic/ Q(_é
nonmagnetic/ferromagneti¢/N/F) trilayer devices using a [/ (@
point-contact geometry, and have observed current-induced p ———7 y
domain switching and spin-wave excitatich$he observa- N R /7
tions provide strong evidence that the spin-transfer effect, % / /" y
governed by local exchange, is the dominant interaction in /s‘ /sz 1 %
these devices. Very recently, these results have been con- & (_/ *—@ B>
firmed and extended in studies of F/N/F trilayer devices in a / /] @(_ /
pillar geometry~ 100 nm in diameter, for which switching ’@’ ‘/ avi
occurs at significantly lower current densittes. Etectric Current Electric Current

The U”de”y'”g mechanism Qf spin transfer is the SPINE G, 1. Schematic of spin-transfer mod@l) A current spin polarized at an
dEpendent scattering of conductlon eIeptrons tha.t occurs atat'ﬂgle 0 to the moment directi0|§§1 of a thin ferromagnetic layeF, will
normal metal/ferromagnet interfaéeFirst, consider the exert a torque(proportional to sing) on the layer moments, due to the

simple case of a spin-polarized current incident on a Sing|§pin-dependent scattering of the conduction electrons at the interface. The
. . . . . ., direction of the torque is so as to align the moments with the current polar-
ferromagnetic layer, with the direction of current perpendicu ization. When a second, thicker lay€p is added the effect is asymmetric

lar to the |aye"[|:ig- 1(@]. we assume that th_e layer i.S Un'i' with the current.(b) Electrons flowing from layeiF, to layer F;, and
formly magnetized parallel to the interfaces, in the directioninitially polarized along the moment directid exert an aligning torgue on
S,, while spins of the incident electrons are spin polarized af;, as in(a. If the current is reverseft), spins antialigned witt$, will be
reflected from theN—F, interface and return t&, exerting a torqueppo-
siteto that in(b); thus an antialigned configuration of the moments is stable,
3E|ectronic mail: ebms@cornell.edu and an aligned configuration unstable.
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Calculating the net flow of angular momentum into and away + Current
from the magnetic layer, it is easy to see that any component
of angular momentum perpendicularé@(msin ) carried by

the incident electrons must be deposited in the magnetic
layer? This results in a torque, proportional to the current,
that acts to align the moment with the polarization of the
incident current. The torque is still present even if the inci-
dent current is not 100% spin polarized, or if the magnetic
layer is not a perfect filter.

When a second layer is added, the spin-transfer effect
generates an asymmetry with respect to the direction of cur-
rent. Figure 1b) shows a F/N/F trilayer, with normal metal
leads; we assumghere, as well as in the experiment itself
that one of the magnetic laye(&, in the figure is thick
enough so that the magnetic moments are insensitive to the
exchange torque as compared with the other, thinner layer
(F4). In the case of right-going currelleft-going electron
flow) shown in Fig. 1b), electrons will emerge first frork,

polarized alongS,, whereS, is the local moment direction
of the thick layer. When they impinge upén , they exert a _

a 0 2
torque which, as described above, tends to agmvith the Current (mA)

spin polarization direction of the currefite., S,), so that a FIG. 2. (4 Devi hematiah) Co/Cu/Co il i the thin laver
parallel configuration of the two layers is stable. If the cur-F'C; 2 (& Device schematidb) Co/Cu/Co trilayer, with the thin layef,

. . . having thickness=4 nm. The current-induced domain reversal agrees in
rent is reversedFig. 1(c)], the electrons are now polarized magnitude with the field-induced domain reversal seen in magnetoresistance

first a|0ng§1_ They then scatter off of,, which transmits measurementf, inse}. (c) Py (=Permalloy/Cu/Co trilayer demonstrating
stable switching up to room temperature. The 300 K curves have been

the po.rtion Of_ the. eleCt.rO_n wave aligned wih, and reflects  ghifted down by 2.8) to fit in the figure. The fractional change in resistance
a portion which is antialigned. These reflected electrons reAR/R decreases with temperature in a manner similar to other CPP magne-

turn to layerF,, where, due to the sifi symmetry of the toresistance studies of multilayefs.
spin-transfer effect, they exert a torqappositein direction

to that depicted in Fig. (b). For this sign of current, then, is seen in the differential resistance as the current is swept,

spin transfer causes, to rotateawayfrom S, so that anti-  \yhich corresponds to a hysteretic change in the dc resistance
parallel alignment is stable and parallel alignment unstableg the device. This observation can be understood as a
This instability may take the form of a dynamical precessioncrrent-controlled switching between two stable states for a
(spin-wavg, or a switching of the moment to a stable anti- gomain in the thin Co layer near the point contact. As the
parallel orientation. _ o current is swept to a sufficiently large positive vallie.

In order to induce a magnetic excitation the torque mustinick curve in Fig. 2b)], spin-transfer effects will switch the
overcome exchange, anisotropy, and damping effects, whicfhin-layer moments near the point contact into a stable con-
in spin-transfer theory requires high current densitfesn figuration antiparallel to the thick-layer moments. This is
the order of 16-10° Alen?. To achieve this, we employ @ consistent with our observation that the resistance jumpsto a

point-contact geometijfFig. 2@)]. First, a bowl-shaped hole, higher value. As the current is reductin curve in Fig.
5-10 nm in diameter at its narrowest point, is etched in a

suspended insulating silicon nitride membrane, using a tech-
nique described elsewheleA nonmagnetic metajusually 6or
Cu) is evaporated onto the bowl side of the hole, and then the
trilayer is evaporated on the other side of the device. Current

-
L

dV/dl (Ohms)

T

Co/CuiCo Trilayer

densities on the order of 1@/cm? are achieved in this ge- @ 40Ft=10 nm |
ometry with the application of a few milliamps of current £ |H=3miyes (@
bias, without damage or irreversible alteration of the devices. ‘_3 -2 1 ? 1, 2
Both dc and differential resistance measurements are per- § 16 Single Cu/Co
formed on the device, with a lock-in amplifier used for the e Interface

latter. In what follows, positive current is defined as elec- 14}

trons flowing from the thin ferromagnetic layer into the thick H=0T (b)

layer. _ . . L I S a—
Figures 2b) and 3a) show the differential resistance as Current (mA)

a function of current bias at 4.2 K, for trilayers composed in

the ordert nm Co/4 nm Cu/100 nm Co. whetés the thick- FIG. 3. (a) Data as in Fig. 2, but for=10 nm andH=3 T, and(b) for a
! single Cu/Co interface. A hysteretic domain reversal is no longer seen;

ness (_)f the thinner ferromagr_1eti<_: layérn in Fig. Z(a)] FOr  instead, features corresponding to spin-wave excitations are present, for only
the thinner Co layerg =4 nm in Fig. Zb)], a hysteresis loop one sign of current bias.
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2(b)], the thin-layer domain remains in this stable state untii  The presence of such excitations in the devices which
a sufficient negative curreht_ is reached, where the oppo- also demonstrate hystere$iig. 2b)] helps to confirm this
site spin-transfer torques switch the moments back into anderstanding of the thick-layer excitations. In these cases
configuration aligned with the thick-layer moments. the features, located at higher bias than the hysteretic jumps,
Our identification of the hysteresis as domain switchingare usually dips in the differential resistance. This is consis-
is supported by zero current-bias magnetoresistance metent with a spin-wave excitation in the thicker layer at this
surement$Fig. 2b), insef. Here a field parallel to the layers higher current, as such an excitation would necessitate a de-
has been applied; as the field is swept, domains in each laygration from the antiparallel alignment of the layers brought
near the point-contact region flip between antiparallel andcibout by the lower switching current, and therefore would
parallel configurations, due to the differing coercive fields ofresult in a lower dc resistance. The magnitude of the change
the two layers. The change in resistance measured heme dc resistance corresponding to the feature in F{g) &
agrees with the measured resistance change caused by #@out one third of the change corresponding to the hysteretic
current-induced switching. jump, indicating that the thick-layer moments near the point-
The hysteresis did not persist to room temperature focontact region have not fully reversed, but instead may be in
the Co/Cu/Co trilayers measured. Howevem, & 4 nm some state intermediate between full alignment and anti-
permalloy/4 nm Cu/100 nm Co device made in the samalignment with the thin-layer moments, e.g., a precessional
fashion, the switching remained stable at zero current bias ugtate?%1*
to 300 K [Fig. 2(c)]. The fractional change in resistance, To summarize, we have performed CPP transport mea-
AR/R, whereAR is the difference in resistance between thesurements on F/N/F trilayers, using a point-contact geometry
two stable magnetic states at zero current bias, Rngh  to generate current densities above Acm?. For thinner
keeping with the convential definition of the giant magne-magnetic layers, moments in the two ferromagnetic layers
toresistance ratjois the resistance of the parallel-moment can be forced into an antiparallel alignment with a current
state, is shown in the inset to Fig(c2 This ratio decreased pulse of one sign, and aligned parallel with a current pulse of
with temperature in a manner agreeing qualitatively withthe opposite sign. The sign of the switching agrees with spin-
CPP multilayer measuremerttsThe reason why the switch- transfer theory, in which exchange is the dominant interac-
ing effect is not stable at room temperature in most devices ifon between the flowing electrons and the magnetic mo-
likely that intralayer coupling of the flipped domain to the ments. This switching can be stable at room temperature,
rest of the thin film makes the reversed orientation unstabléndicating that new kinds of nonvolatile magnetic memory
to thermal fluctuations; similar current-induced switchingdevices could be made employing the effect. The switching
studies in Co/Cu/Co nanopillafsn which the magnetic re- disappears both at fields above the saturation field and if the
gions are isolated domains, are all stable at room temperdhin ferromagnetic layer is made thicker; instead, nonhyster-
ture. etic features appear which are consistent with spin-wave ex-
The hysteresis disappears for magnetic fiettlssompa-  citations induced by spin transfer.
rable to the fields which align the layers in the magnetore-
sistance measurements. What remains are nonhysteretic fea- W€ acknowledge support from ONR N00014-97-1-
tures which are also seen in the samples with thicker layerd/4% NSF-MRSEC DMR-9632275, and the Cornell Nano-
[e.g.,t=10nm in Fig. 3a)], where intralayer coupling pre- faPrication Facility.
vents stable switching even at low temperature, and also in
samples consisting of a single Co—Cu interf@Ea. 3(b)].
The t=10nm sample data were taken withapplied per- ;'J— glerger, Phli’_S-JR:‘AV- 54"\;9'353%9935 1 (199
pendicularly to the Iayer.s.. Here, as in. other stu&i%%a— Sva. STCBZ;ZV;T}y"’ B Aéﬁ’ghesﬁnﬁd ; —C.gZhan(g, ng& ReG7BR3213
tures occur only for positive current bias, corresponding to (1998.
the sign of the thin-layer instability in the spin-transfer “R.N. Louie, Ph.D. thesis, Cornell University, 1997.

model. In addition, these features are usually positive spikesM- Tsoi A. G. M. Jansen, J. Bass, W.-C. Chiang, M. Seck, V. Tsoi, and
P. Wyder, Phys. Rev. Let80, 4281(1998; 81, 493E) (1998.

in the differential resistancéumps in the dc resistange 6J.-E. Wegrowe, D. Kelly, Y. Jaccard, Ph. Guittienne, and J.-Ph. Ansermet,
indicating that they indeed correspond to deviations of the Europhys. Lett45, 626 (1999.

thin-layer moments from parallel alignment with the thick ;J- Z. Sun, J. Magn. Magn. Mate202, 157 (1999.

layer. However, the presence of similar features in the géizﬁ?ézg'g%ﬁigggph'lA' Katine, R. N. Louie, and R. A. Buhrman,
single-interface samples suggests that such excitations cafy katine, F. J. Albert, R. A. Buhrman, E. B. Myers, and D. C. Ralph,
also be generated in the thick layer, in contrast to the as- cond-mat/9908231, Phys. Rev. Letubmitted.

sumption of the simplest spin-transfer model. Bazaliyal®  °M. D. Stiles, J. Appl. Phys79, 5805(1996.

predict that current densities around® 2dcm?, generated by HJK' i'oggﬁzwsk'AJé':ﬁ?;‘ér:"'Z%'y%%?b;izflfg?%h . LB, 2459

our point-contact geometry, can excite spin excitations (j9s9. ' o PP TIYS. EEE

within a ferromagnet. 3M. A. M. Gijs and G. E. W. Bauer, Adv. Phyd6, 285 (1997.

Downloaded 22 Oct 2006 to 128.84.158.108. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



