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We have quantitatively compared spin-momentum transfer effects in FM/Cu multilayers, with
FM=Co, CaogFeyg, NiggFey, NisgFeCusg, and Fe. All of the measured multilayers exhibited an
abrupt step up in resistance at a critical current the value of which was a linear function of
applied magnetic fieldH,,,. The spin-transfer efficiencies determined from these data were in
substantial agreement with their predicted values over the range of materials stytktg,),

when evaluated at zero net field, was found to increase with the exchange energy density of the
ferromagnet, demonstrating the tunability of the critical current by materials selection.
[DOI: 10.1063/1.1590432

A substantial body of recent research has examined thexchange stiffness suggests that a spatially nonuniform mag-
torque exerted on a magnetic material by an incident spinnetization is induced by the current. Indeed, recent measure-
polarized electric current, an interaction known as the spinments have directly shown that magnetization dynamics are
momentum transfefSMT) or spin-torque effect.Interest in  excited by a dc current in both nanopillafsand lithographic
SMT is driven in part by the fact that SMT provides a meanspoint contact$.
of manipulating magnetic materials without using external ~ We studied multilayered thin-film samples grown at the
magnetic fields. Research has primarily focused on observdirst antiferromagnetic interlayer exchange-coupling maxi-
tion of SMT in a variety of geometries that facilitate the high mum. The films were of the form
current densities (T0A/cm?) required for the effect.How-  Fe(5.0 nm){Cu(0.9 nm)/FM(1.2 nmx 10/Cu(1.0 nm), in
ever, the majority of work to date has studied the Co/Cuwhich FM=Co, CaqgFe o, NiggFeg, Fe, and NjgFe Cusg,
material system: very little has been reported on currentsputter-deposited onto oxidized Si. Dilutingghfie,g with Cu
induced effects in other material systefrisThose experi- provides a controlled means of decreasing both the saturation
ments that have employed materials other than Co/Cu havwmagnetizatiorM ¢ and the exchange stiffneBs of the mate-
used geometries sufficiently different that little can be de-ial, allowing study of a material with markedly different
duced about the role of the materials’ magnetic propeftiés. exchange properti€sThe 5.0-nm Fe bottom layer is a seed

In this letter, we report the observation and analysis oflayer for growth. Values foH,, and M were determined
current-induced magnetic excitations in multilayer samplesrom measurements of the giant magnetoresistance for both
grown from a range of magnetic materials, while keeping Cun-plane and out-of-plane applied field, in conjunction with
as the nonmagnetic spacer layer. As in our previously realternating-gradient magnetometry and superconducting
ported work on the Co/Cu systehmeasurements were per- quantum interference devig©&QUID) magnetometry mea-
formed using a mechanical point-contact measurement sysurements. The damping parametgfs was obtained from
tem. For the multilayer systems discussed here, we observefarromagnetic resonance and pulsed-inductive microwave
step in the dc resistance and a corresponding peak in thmagnetometry measurements. The values of the measured
differential resistancedV/dl) at a critical current,, when  parameters fell within the ranges reported in the literature.
measured in a large out-of-plane applied figld,> M o The mechanical point-contact system used to produce
—Hey, WhereM 4 is the effective saturation magnetization the high current densities necessary for SMT is similar to
density(reduced by surface anisotropy from the bulk saturathose described elsewhéfeThe tip material used was Ag.
tion valueMy) andH,, is the effective interlayer exchange For contact stability, measurements were made at tempera-
field. For all materials studied, this step in resistance is retures ranging from 5 to 6 K. Fields up to 6 T were applied
versible(anhysteretig andl  is a linear function oH,,,. To  perpendicular to the sample plane, to conform to the geom-
analyze these data, we use the theory developed bgtry modeled by Slonczewski. Contact resistances in the
Slonczewskf This theory ascribes the step in resistanck at range from 15 to 150) were typically obtained, with higher
to the onset of coherent magnetization precession and spinesistance contacts having a greater probability of showing
wave generation in the top magnetic layer in the multilayerSMT effects. The dc and differential resistance were mea-
The extracted spin-transfer efficiencie®f the various fer- sured as a function of current through the tip and applied
romagnetiqFM) materials are in reasonable agreement withmagnetic field to determinie(H ), and a series of contacts
predicted values. Furthermore, we find that the absolute valmade to each type of multilayer film to obtain statistigs
ues ofl; can be controlled by varying the exchange stiffness  Shown in Fig. 1a) is a representative set of differential
properties of the FM layer, in agreement with the predictiongesistance curves, taken at several valued gf,, for a con-
of Ref. 6. Independent of this theory, the increasé.ofvith  tact made to a GgFe,o/ Cu multilayer. The peaks seen in the
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FIG. 2. Distributions of determined values of for each material studied.
FIG. 1. (@) dV/dI vs| andoH o, for CoggFeye/ Cu multilayers. Insett, vs ~ Bin size one is 0.125.
toH app EXtracted from the data fatV/dl vs I. The range of applied field
for each contact varied according to the stability of the contact and the
persistence of the peak in thiv/dl at low fields.(b) I, vs poHapp for a . et; (23.4M ;D
series of contacts to Ggre,o/Cu multilayers. Vertical dotted line indicates Ic =1 c(Happ: Mef— Hex) = % T
applied field for zero net field in the magnetic layefg,=M f—Hey. Y

@

This expression is a function of known material parameters
dV/dl signal, which identifyl ., occur for only one direction M, D, t;, and the yet-to-be-determined efficiensyand is
(negative of current flow. This corresponds to electrons independent of the contact size. By inverting this relation, we
flowing from the tip into the sample and is a signature ofdetermines for an individual contact. A series of point-
SMT.H The inset to Fig. (a) shows the linear dependence of contact measurements, each exhibiting results qualitatively
| on applied field. Both the slope and intercept of the line  similar to Fig. 1b), was made and analyzed for each material
versusH ,,, varied from contact to contact, resulting in a setsystem. The resulting distributions ferare shown in Fig. 2,
of lines I((Hapy, shown in Fig. 1) for the CqoFe,o/Cu  with the data summarized in Table I. The distributions are
multilayer. Similar sets of data were obtained for each of theyualitatively similar for the different materials, each showing
other materials. As seen in Fig(kl, peaks sometimes per- a maximum in the range 0.2 to 0.4. From log-normal fits to
sisted forHap<Meg—Hex, but not consistently. Analysis the distributiongsinces =0) we found the maxima in prob-
was limited to data taken withl qp> M eft—Hex. ability to occur ats =0.36, 0.40, 0.35, 0.26, and 0.28 for Co,
Slonczewski derived a relation for systems in which theCaoyFe,o, Fe, NigFey, and NigFe (Cusg, respectively. The
magnetizatiorM and current density are perpendicular to  fitted widths (defined as plus/minus one standard devigtion
the plane of the sampfdlt is assumed that the magnetization are given in Table I.
of the top layer of the multilayer is “free;” i.e., it can react to The value of the angular momentum transfer efficiency
spin torque applied by the current, and that the buried layergepends on the nature of the point contact and the conse-
act as a “fixed” magnetic layer. The spin currents in this quent electron transport. In the limit of ballistic transpert,
structure exert a torque on the free layer and induce precegepends on the degree of spin polarization of the matBrial
sional motion ofM in the region under the tip. A modified ¢=2[(PY?+P~93-4]"1 For a 100% polarized material,
Landau-Lifshitz—Gilbert(LLG) equation that includes a ¢=0.5. For a typical ferromagnet such as ®os0.45, and
spin-torque drive term is used to model the dynamics. The~0.28%!3 For diffusive transportg is a function of the
torque induced by the spin current is damped by both thepin-dependent resistivitigs,, of the material, with a lower
conventional LLG viscous damping and by spin-wave radiahound predicted asgi>(p,—p1)/2(p, +p;). For Co,e g
tion away from the tip. The onset of precessional motion of~0.2—0.25' In practice,e will vary from contact to con-
M occurs when the current-induced torque equals the dampact, since the contact dimensions are intermediate between
ing torque. This results in the expression the ballistic and diffusive regimes. The expected ranges for
et,[23.4M.D are shown in Table |, calculated using literature values of

(Had = 7| "2my
Y TABLE |. Magnetic properties, and theoretical and determined efficiencies
of materials studied. Theoretical limits angiven by ballistic “(b)” and
+ 6_3(2aLLG|\/| o Happ+ Hex—Mer) |, (1) diffusive “(d)” models. M values from Ref. 17D values determined from
Ref. 18, except NpFeo and NigFe, (Cusy by Brillouin light scattering. Po-
. . . . . larization values for ballistie from Refs. 12 and 13, spin-dependent resis-
in which D is the spin-wave exchange stiffnesgthe mag- tiities for diffusive & from Refs. 14, 15, and 16.

netic layer thickness the electron charge; the efficiency

of spin current conversion to torque, ¢ the LLG damping moMs D A Fitede  Theoretical
parameter the contact radiusy the gyromagnetic ratidyl (M (meVnnf) (pJm  range & range
the bulk saturation magnetization, amMd.; the effective Co 1.80 5.00 28.5 0.29-0.44 0(@]1-0.31b)
magnetization including surface anisotropy. The first term inCoFew 1.84 4.78 29.2 0.29-0.56 0D-0.37b)

ey L e 2.18 2.81 20.2 0.27-0.47 0(B#0.42d)
Eq. (1) results from spin-wave radiation and the second fron{ligoFezo 100 350 109 017-038 0@B-033b)

the intrinsic damping of the material. _ NisFeCls,  0.50 1.92 141  0.14-0.26 (not known
Evaluating Eq(1) at the fieldH ;,= M ¢—Hey yields
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3s5[ ‘ ' ' Co 1] estimated either from the contact resistadiaer from the
3l } l(Happ data by use of Eq(1).° This is consistent with the
o5l e somewhat unintuitive result that E) is independent of
g ’ Ni_Fe contact are&.This independence is due to the balance of
= 2t 80" 20 CogoFe.q decreasing spin-wave radiation efficiency and increasing ex-
T15; ¥ e . citation volume with increasing contact size.
10 L b These results are consistent with Slonczewski's theory
05 §NI fo. o | for describing the current-induced magnetic effects observed
0 40107750 . . in these systems. With recent measurements definitively
0 5 10A(;3/m) 20 25 30 showing that spin-polarized dc currents induce precessional

motion in field-biased magnetic layer§ these results sug-
FIG. 3. Plot ofl} vs exchange energy density0=MD/2y#. The linear gest th_at Fhe C”t_lcal onset CurrenF for spln-tor_que-lnduced
regression shown on the plot hgd=2.4, which for three degrees of free- dynamics in multilayers can be varied over a wide range by
dom is consistent with the hypothesis that the quantities are positively coradjustingM ¢ andD rather than only by employing materials
related. with appreciably different spin polarizations.
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