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Excitation of a Magnetic Multilayer by an Electric Current
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We describe variations in the resistance of CoyCu multilayers, induced by means of a high current
densityø108 Aycm2 injected into the multilayer through a point contact. We propose that the observed
resistance changes are due to excitations of zero-wave-number spin waves in the magnetic layers. As
predicted, such current-driven excitation of a magnetic multilayer occurs for only one direction of
current flow and has a current threshold which increases linearly with the applied magnetic field.
[S0031-9007(98)06055-4]

PACS numbers: 73.40.Jn, 75.70.Pa, 76.50.+g
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Berger [1] and Slonczewski [2] have argued that a s
ficiently large electric current flowing perpendicular to
magnetic multilayer composed of alternating ferroma
netic (F) and nonmagnetic (N) metals can transfer v
tor spin between the magnetic layers, exciting precess
of the layer magnetizations, stimulated emission of s
waves, and high frequency switching with potential tec
nological applications to high-speed, high-density stora
and memory. The required current density is estima
to be only j  106 107 Aycm2, easily achievable with
point contacts. If the multilayer is in its high field satu
rated state with the layer magnetizations aligned alo
the externally applied magnetic fieldH, then excitations
should occur only for current flowing in the direction suc
that the layer magnetizations can rotate out of this ori
tation. The current density needed to generate such e
tations is predicted to increase linearly withH.

In this Letter we describe the first observations
such current-driven excitations in a magnetic multilay
Current densities as high as109 Aycm2 were injected
into the multilayer through a point contact with are
ø102 nm2. The contact area was estimated from t
measured contact resistance, assuming a combinatio
Sharvin (ballistic) and Maxwell (diffusive) scattering a
described in [3,4]. The excitations are observed b
as decreases in sample resistance with increasingH and
as increases in resistance with increasing applied dc v
ageV (equivalent to increasing injected current density

Our samples were sputteredsCoyCudN multilayers
with bilayer numbersN ranging from 20–50 and laye
thicknessestCo  1.5 nm and tCu  2.0 2.2 nm, some
capped with a 1.6 nm thick Au protective layer. Su
samples lie near the second antiferromagnetic coup
peak in CoyCu [5], and give a 4.2 K usual current-in
plane magnetoresistancesø30% [4,5]. The multilayers
were sputtered onto sapphire or Si substrates in a sys
and using techniques already described [6]. No signific
differences in behavior were found for different sample
0031-9007y98y80(19)y4281(4)$15.00
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Point contacts between a sharpened Ag tip and a magn
multilayer were made with a standard system describ
elsewhere [3,4].

At helium temperature (4.2 K), and in magnetic field
up to 8 T applied perpendicular to the layers, we ha
made two sets of measurements. First, to look for curre
driven excitations, we measured: (i) The current-volta
sI-V d characteristics, and their derivatives, of point co
tacts at different applied magnetic fieldsH, and (ii) the
magnetoresistance (MR) of contacts at different dc c
rents. At negative polarity, current flows from the tip int
the multilayer. Second, to look for independent eviden
of magnetic excitations in our multilayers, we measur
absorption and dispersion in spin-wave resonance [7]
the microwave frequency range 40–60 GHz.

The usual point contactd2VydI2 spectra (not shown),
measured as a function of dc bias voltageV , did not
show the phonon structure expected for ballistic conta
[3]. We thus conclude that our contacts were primar
diffusive, and they did not satisfy the conditionl´ ¿ a,
wherea is the contact size andl´ is the inelastic electron
diffusion length. To check for possible effects on o
spectra of local heating, we cooled the sample down
1.3 K to obtain a superfluid bath. The resulting mu
larger heat removal produced no significant chang
leading us to conclude that the influence of Joule heat
is negligible.

In low fields, the dVydI spectra usually varied
smoothly with increasingV . However, the spectra
changed dramatically in a field larger than the saturat
field HS of the multilayer sø1.5 Td. Figure 1 shows
the variation ofdVydI as a function ofV for a series
of magnetic fields. For a given fieldH . HS , there
is a peak structure indVydI for a certain bias voltage
V psHd for one direction of the current flow, but not fo
the opposite one. This peak structure corresponds to
upward step in the static contact resistanceRc  VyI.
The inset of Fig. 1 shows thatV psHd increases linearly
© 1998 The American Physical Society 4281
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FIG. 1. The point contactdVydIsV d spectra for a series of
magnetic fields (2, 3, 5, 6, 7, and 8 T) revealing an upward s
and a corresponding peak indVydI at a certain negative bias
voltageV psHd. The inset shows thatV psHd increases linearly
with the applied magnetic fieldH.

with H. However, both the slope and intercept of th
line in the inset vary from contact to contact. In contra
to the asymmetric behavior as a function ofV shown in
Fig. 1, the equivalent peak structure is symmetric inH,
as we show next.

To investigate further these current-driven excitatio
we have measured the magnetoresistance (MR) of
contacts biased with a high dc current. Figure 2 sho
two independent sweeps ofRc  VyI and dVydI ver-
sus H for fixed dc bias currentI  20.3 mA. Esti-
mating the contact area asø40 nm2 [3,4], yields j ø
0.75 3 109 Aycm2. Both sets of curves show the usua
giant magnetoresistance (GMR) at low fields as stud

FIG. 2. The magnetoresistance of a contact biased with
high dc currentI  20.3 mA. Two independent sweeps o
Rc  VyI versusH (upper curve and left hand scale) and o
dVydI versusH (lower curve and right hand scale) show th
usual GMR at low fields, a downward step inRc at 65.3 T,
and a corresponding peak structure indVydI.
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systematically in a previous publication using low ac cur
rents ø1 mA [4]. However, the additional structure at
65.3 T, consisting of a downward step inRc and a cor-
responding peak structure indVydI, was observed only
with high dc bias currents.

From these data we conclude the following: (a) A
small contact between a Ag tip and a magnetic multilaye
shows singularities in contact resistance when excited
a high bias current density if the current flows from the
tip into the multilayer. (b) The singularity is an upward
step in resistance vsV (Fig. 1), but a downward step vs
H (Fig. 2). (c) The location of the step inV (equivalent
to I) varies linearly withH.

Lastly, we looked for independent evidence of magnet
excitations in our multilayers with microwave resonanc
studies made with a high field/high frequency electro
spin resonance (ESR) spectrometer described in [8].
multilayer was placed at the bottom [actuallyø0.5 mm
(substrate thickness) above the bottom] of a cylindrica
cavity operated in the TE011 mode, with a static fieldH
perpendicular to the layer plane and a small rf fieldh
in the layer plane. Figure 3 shows a typical absorptio
spectrum at a microwave frequencyvy2p  53 GHz for
a sweep ofH from high positive field to high negative field
and back. The spectrum reveals two basic features. Fir
there is a GMR-like signal in absorption of microwaves a
low fields. While the source of this signal is complex, i
occurs over the same field range as the GMR effect a
thus probably contains a significant contribution from th
GMR. Second, there are resonance peaks, symmetric
6H, that we attribute to excitations of standing spin wave
in thin F layers [7]. In Fig. 3, this interpretation would
have the strong peak at about63.3 T corresponding to the
excitation of a zero-wave-number spin-wave mode in th

FIG. 3. Microwave absorption in the multilayer atvy2p 
53 GHz for a sweep ofH from high positive field to high
negative field and back. The rf absorption reveals a GMR-lik
signal at low fields and the resonance of zero-wave-numb
spin waves atø63.3 T. The inset shows the frequency shift
of the spin-wave resonance.
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multilayer. This peak was seen in all of our ESR scan
Additional peaks, such as the much smaller one closer
the origin in Fig. 3, were also resolved on some sampl
The resonance condition for zero-wave-number spin wa
for H applied perpendicular to a thin film is simply th
ferromagnetic resonance conditionvyg  H 2 4pMS

[7], whereg  gmByh̄ is the gyromagnetic ratio, andMS

is the saturation magnetization. The inset to Fig. 3 sho
that the frequency of the zero-wave-number peak sh
linearly with H in agreement with this relation. The slop
and intercept of the line give values of4pMS (1.66 T) and
g factor (2.1) in good agreement with those expected
Co [9].

These microwave measurements show the presenc
excitations with a well-defined energy (frequency) that
a linear function ofH (inset of Fig. 3), a dependence
similar to that of the current-driven excitations seen
the same samples. While our analysis of the microwa
results is completely consistent with our point conta
studies, it is not definitive, as similar behavior to th
in the inset to Fig. 3 should occur simply for standa
ferromagnetic resonances.

As a heuristic supplement to the analyses in [1,2], w
explain what we observe using a simple model based up
conservation of energy and angular momentum. Sin
the excitation occurs forH . HS, where all the layer
magnetic moments are aligned parallel toH, we replace
the multilayer by a homogeneous F film. As noted abov
our point contacts involve diffusive electron transpor
therefore the electrochemical potentialm may be defined
at any point across the contact. In terms of the usu
two-current model for an F metal [10,11], where spin
up and spin-down electrons carry current independently
parallel, two electrochemical potentials—of spin-upsm"d
and spin-downsm#d electrons—may be defined, which
need not be equal. When a current flows from N into
its distribution over spin-up and spin-down current has
change [10]. There results a differenceDm  m" 2 m# —
spin gap—on the scale of the spin diffusion lengthL from
the FyN interface [12]. From the solution of the diffusion
equation given by van Son, van Kempen, and Wyder [1
we deduceDm just at the FyN interface

Dm  ej
2s2aF 2 1d ss21

N LN d ss21
F LFd

ss21
F LFd 1 4aFs1 2 aFd ss21

N LN d
,

(1)

where j is the current density,sN and sF are N and
F conductivities,LN and LF are spin diffusion lengths
in N and F, aF is the bulk spin asymmetry coefficien
in F, and e is the electron charge. Choosing realist
parameters for CoyCu [13]—aF  0.75, s

21
N  5 nVm,

s
21
F  50 nVm, LF ø 50 nm,LN ø 500 nm—we find

DmseVd ø 1.4 3 10212jsAycm2d. Only above a critical
current density whereDmsjd $ h̄vsHd, is the emission of
spin waves possible. The additional dissipative chan
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opened, gives an increase in resistance, such as that sh
in Fig. 1. In contrast, raisingH to a value high enough so
that Dmsjd becomes,h̄vsHd should lead to suppression
of the excitations, and a decrease in resistance such as
shown in Fig. 2.

To produce theDm  h̄vsHd  0.2 3 1023 eV (for
vy2p  50 GHz) needed to excite the zero-wave-numb
spin-wave mode of Fig. 3 would thus require a minimu
current densityjm ø 1.4 3 108 Aycm2 at the contact lo-
cation. But the excited F layer in our samples is separa
from the contact by one or more layers, unavoidably da
aged in the process of making the contact [4]. Curre
spreading between the contact and the F layer will decre
the effectivej at the F layer, causing the requiredjm to in-
crease by as much as an order of magnitude. Such cur
spreading leads therefore to scatter in the critical curr
values and also in the resistance step values for differ
contacts (compare Figs. 1 and 2) as different fractions
the total current produce the excitations.

The current asymmetry of Fig. 1 is explained as fo
lows: In the high magnetic fields where we see the e
citations of present interest, the sample magnetization
saturated. Excitation of a spin wave requires a decreas
the magnetization. To satisfy conservation of angular m
mentum, the electrons crossing the FyN interface must in-
crease their magnetization—i.e., flip their spins from dow
to up. Since conservation of energy requiresm# . m", the
resulting sign ofDm  m" 2 m# , 0 requires the correct
sign ofj , 0 [see Eq. (1)].

We must also explain why such excitations have n
been seen in point contact measurements on bulk F me
where the energy threshold for excitation is the same a
a thin film. A local perturbation in the contact area shou
be much more efficient at exciting a normal mode (the sp
wave) in a very thin film than in a bulk sample.

Figure 4 shows that we sometimes saw more comp
resistance excitations. This sweep was taken withRc 
22 V at H  0 andI  21.6 mA, corresponding toj ø
1 3 109 Aycm2. Between the tail of the GMR structure
at low fields, and the downward step inRc at 6.4 T similar
to what we described above, there are a series of b
upward and downward steps in resistance, mostly w
associated rapid fluctuations similar to telegraph noise
two-level systems [14]. While we tentatively attribut
these additional features to the excitation of nonunifo
magnetization structures in the F layers, their details
not yet sorted out.

To conclude, we have presented the first evidence
current-induced excitation of a FyN multilayer. We have
shown that a diffusive point contact can be used as
spectrometer for magnetic excitations. We propose t
the simplest excitations that we see, a simple step incre
(with increasingV at high enough field) or decreas
(with increasingH at high enoughV ) in resistance, are
due to excitation or suppression, respectively, of ze
wave-number spin waves. This result is consistent w
4283
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f
wo-level
FIG. 4. An example of complex variations ofRc  VyI versusH. This sweep was taken withRc  22 V at H  0 and
I  21.6 mA. Between the tail of the GMR structure at low fields, and the downward step inRc at 6.4 T, there are a series o
both upward and downward steps in resistance, mostly with associated rapid fluctuations similar to telegraph noise in t
systems. The inset (a) zooms into the structure atø4 T. The inset (b) shows the time dependence ofRc at a constant magnetic
field (4.1 T).
a
l

re
a
s
n

.S
4

y

e

ev.

tt.

ev.

,
ev.
.
d

the analyses in Refs. [1,2] and with the supplement
heuristic model that we have presented. We have a
shown evidence for more complex excitation structu
that are not described by our simple model and that
less clearly related to Refs. [1,2]. To clarify whether the
latter involve finite-wave-number spin waves, interactio
between layers, etc., will require further studies.
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