
Current-induced spin-wave excitations in a single ferromagnetic layer

Y. Ji1, C. L. Chien1, and M. D. Stiles2
1Department of Physics and Astronomy, The Johns Hopkins University, Baltimore, Maryland 21218 and

2National Institute of Standards and Technology, Gaithersburg, Maryland 20899-8412
(Dated: February 4, 2003)

Evidence for a current induced spin-transfer torque effect has been investigated in a series of point
contacts to single ferromagnetic layers. At specific current densities, abrupt resistance changes, sim-
ilar to those attributed to current-induced spin-wave excitations in multilayers, have been observed
for one current polarity. The critical current for these resistance changes depends linearly on the ex-
ternal field applied perpendicular to the layer. The observed effect is interpreted as a current-driven
heterogeneous instability in an otherwise uniform ferromagnetic layer.
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Recently, spin-transfer torques have attracted a great
deal of attention due to potential device applications [1]
as well as novel fundamental physics. In a magnetic mul-
tilayer, the magnetic configuration of the layers is known
to affect its electrical behavior, an effect called giant mag-
netoresistance (GMR) [2]. Spin-transfer torque is an ex-
ample of the reverse effect, where an electrical current
can alter the magnetic configuration of a multilayer. It
has been theoretically predicted [3–5] and experimentally
confirmed [6–10] that at sufficiently high current densi-
ties, the spin-polarized currents that flow in multilayers
are able to exert torques on the magnetizations. These
torques can switch the magnetization directions for small
applied magnetic fields or stimulate spin precession (spin
waves) in the same system for high fields.

With a few exceptions, spin-transfer torques have been
studied in heterostructures such as FM/NM multilayers
or FM/NM/FM trilayers, where FM=ferromagnet and
NM=non-magnetic metal, with a current flowing per-
pendicular to the layers. Two considerations suggest
heterostructures for investigating spin-transfer torques.
First, the predictions of spin-transfer induced mag-
netization reversal and precession are based on non-
collinear magnetizations. It is relatively easy to get non-
collinear magnetizations in two layers separated by a
non-magnetic layer. Second, heterostructures also ex-
hibit GMR, which becomes a detection mechanism for
the magnetization reversal or spin precession. The par-
allel and the antiparallel configurations of the FM layers
define the low and high resistance states respectively in
the system. Deviations in configuration, such as that
of magnetization reversal, result in changes in the resis-
tance.

In typical experimental investigations of spin-transfer
torques one layer has a fixed magnetization (realized by
shape anisotropy and/or the application of an external
field) and another layer has a relatively free magnetiza-
tion direction. The free layer is separated from the static
layer by a non-magnetic metal. As the spin-polarized
current passes between the magnetic layers, the current
carriers transfer part of their spin angular momentum to

the magnetizations, thereby exerting torques. The con-
sequence of the torques depends on the polarity of the
current. If the electrons flow from the static layer to the
free layer, the torques favor the free-layer magnetization
parallel to that of the static layer. For electrons flowing
in the opposite direction, the torques favor the free-layer
magnetization anti-parallel to that of the static layer. As
the current is swept between polarities, the magnetiza-
tion of the free layer can be altered between parallel and
anti-parallel alignment with respect to the static layer. In
the presence of a strong external field (> 1 T), however,
full magnetization reversal into the anti-parallel state be-
comes infeasible. Instead, spin waves can be stimulated,
featuring a precession of spin moments around the par-
allel configuration. This precession only occurs for one
polarity of the current.

Experimental evidence for the effects of spin-transfer
torques comes from changes in the differential resistance
of the system. For switching between parallel and an-
tiparallel alignment, there is the discrete change in the
differential resistance that would be expected from the
giant magnetoresistance. For large applied fields, an in-
crease in the resistance (V /I) or a peak in differential re-
sistance at a certain critical current has been interpreted
as an evidence for excitation of spin waves.

Tsoi et al. [6, 7] first reported differential resistance
peaks, which they interpreted as spin wave excitations,
in Co/Cu multilayers by current injection through a me-
chanical point contact. They showed that the multilay-
ers couple to microwaves for currents larger than that
required for the resistance anomaly and did not couple
for smaller currents. Such behavior would be expected
for a transition into a precessing state. Myers et al. [8]
observed current induced switching as well as resistance
anomalies attributed to spin precession in point contacts
made by nano-lithography on Co/Cu/Co trilayers [11].
Both magnetization switching and possible signatures of
spin precession have been reported by Katine et al. [9]
and Grollier et al. [10] in patterned Co/Cu/Co trilay-
ered nanopillars. Other current induced effects have also
been observed in Ni nanowires [12] and manganite junc-
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tions [13].

The initial theoretical works by Slonczewski [4],
Berger [3] and more recent work [14–18] describe an inter-
facial origin of the torque. Other work by Heide [19, 20]
and Zhang et al. [21] attribute the torque in whole or in
part to an “effective field” that acts throughout the bulk
of the ferromagnetic layers. In predictions of precession
[9, 22, 23] based on an interfacial effect, the resistance
anomaly is an increase in the resistance of the multilayer
due to misalignment of the magnetizations as in the gi-
ant magnetoresistance effect. In Heide’s model [19, 20],
which is in part related to the model of Berger [3], the
resistance anomaly is due to an extra scattering chan-
nel that opens up when there is large spin accumulation
in the ferromagnet. If the spin accumulation is large
enough, it becomes possible to excite a magnon by flip-
ping the spin of a conduction electron. Heide’s model
predicts that the resistance anomalies should also occur
in single ferromagnetic layers.

In this Letter, we study spin transfer effects in sin-
gle ferromagnetic layers. In high fields we find behavior
that is very close to what is observed in multilayers. The
observed similarity suggests that a similar explanation
should be responsible for the effect in both types of sys-
tems. We show that the theory of Heide et al. [19, 20]
is not consistent with our measurements. We postulate
that the system may be behaving as a multilayer; most
of the ferromagnet layer has a fixed magnetization and
the magnetization of the part directly under and close to
the contact precesses around it.

We have used a mechanical point contact technique [24]
to inject a current with a current density in excess of
109 A/cm2 from a silver tip into a 3000 Å sputtered Co
layer, with an external field up to 9 T applied perpen-
dicular to the Co layer. All the measurements have been
carried out at 4.2 K. For current in the negative polarity,
electrons are flowing from the tip into the Co film. Fig-
ure 1 shows a typical contact that exhibits the unusual
behavior of V/I and dV/dI. The contact resistance is
about 28 Ω at zero bias and the external field is 5 T. In
the positive polarity, both quantities are slowly varying
as a function of current I. The small increase of V/I or
dV/dI at higher bias has been attributed to phonon and
magnon scattering [24]. At negative polarity, however, a
sharp peak in dV/dI and a prominent step in V/I (en-
larged in the inset) can be seen at a bias current of I = -
3.27 mA. The upward jump of V/I is about 1 Ω, about
3 % of the total resistance. The differential resistance
changes by more than 100 % at the same bias. Beyond
the main peak, dV/dI also displays a small upward step
at even higher bias. We have studied more than 50 point-
contacts that show similar features. The peak in dV/dI
or step in V/I is always present in the negative bias, and
never in the positive bias. The field orientation, upward
or downward, does not alter the asymmetry of the spec-
tra.
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FIG. 1: The V/I-I and dV/dI-I plots for a point contact
between an Ag tip and a Co film subject to an external field
of 5 T perpendicular to the Co layer at 4.2 K, showing the
peak (or step) at bias current I=- 3.27 mA, enlarged in the
inset.
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FIG. 2: (a) The dV/dI-I plots at different fields for an Ag/Co
point contact at 4.2 K. The current value at the peak position,
defined as Ic, depends linearly on the external field as shown
in (b).

Figure 2(a) shows the results of an Ag/Co contact at
different external fields from 2 T to 9 T. All the curves
display a peak structure but at different negative bias
current. All the curves fall onto the same background,
demonstrating that the contact is not altered throughout
the measurements. We define the current value corre-
sponding to the peak in dV/dI as the critical current Ic,
which, as shown in Figure 2(b), depends linearly on H .
It is interesting to note that Figure 2(b) establishes

also a phase diagram for that contact, excluding the low



3

-5.0 -4.5 -4.0 -3.5 -3.0
20

30

40

50

60

21

22

23

24

2.0 2.5 3.0 3.5 4.0 4.5 5.0
15

20

25

30

35

(a)

dV
/d

I
(Ω

)

I (mA)

V/I

dV/dI

V
/I

(Ω
)

(b)

dV
/d

I
(Ω

)

H (T)

FIG. 3: Resistance and dV/dI of an Ag/Co point contact at
4.2 K. (a) Vary the current from - 5 mA to - 3mA in a fixed
field of 5 T, (b) Vary the magnetic field at a fixed current of
- 3 mA.

field region where resistance peaks were not detected.
The region above the line represents the excited states
with spin precession whereas the region below the line is
the ground state where all the spin moments are aligned
by the external field. Each measurement performed in
Figure 2(a) corresponds to a scan along a vertical line at
a fixed H in Figure 2(b). As the boundary defined by
the straight line is crossed, resistance changes (a step in
V/I and a peak in dV/dI) are encountered. This phase
diagram is specific to a given contact.

The phase diagram in Figure 2(b) indicates that one
can also perform a field scan along a horizontal line and
monitor resistance and dV/dI as the phase boundary is
crossed. The result of such a scan using a different con-
tact is shown in Figure 3. At a field of 5 T, as the current
is scanned from -5 mA to -3 mA, as shown in Figure 3(a),
a peak appears in dV/dI at -3.8 mA, signifying the exci-
tation of spin waves beyond this critical value. We then
hold the current at -3.0 mA, ramp down the field, and
measure V/I and dV/dI (Figure 3(b)). At 2.67 T, a peak
in dV/dI and a step in V/I appear. As shown in Figure
2, as the field is decreased, the critical current value will
also decrease. At a lower field, 2.67 T in this case, the
critical current value becomes -3.0 mA, hence the dV/dI
peak.

The geometry that we use for spin injection through a
point contact is schematically in Figure 4. In the nega-
tive polarity, where the spin waves are excited, electrons
are flowing from the tip into the Co film. The contact
radius a, can be estimated from the contact resistance R,
the resistivity ρ, and the electron mean free path l using
R = 4ρl/(3πa2) + ρ/(2a), the Wexler formula, [24, 25]
which is a combination of Sharvin and Maxwell resis-

e-

FIG. 4: A microscopic picture of a point contact between
an Ag tip and a Co film with an external magnetic field ap-
plied perpendicular to the Co layer. On entering the Co film,
electrons first pass through a localized “free region” right un-
derneath the tip and before entering the “static region” as
the current spreads out. The horizontal dashed line marks
the boundary between the free and static regions.

tances [25]. In Figure 2(a), the estimated current density
is above 5×109 A/cm2, which is considerably higher than
the value of 108 A/cm2 in trilayered pillars [9], and the
value of about 1×109 A/cm2 for multilayers [6, 7].

According to Heide’s model [19, 20], spin-waves can
be excited when the longitudinal spin accumulation in a
ferromagnetic layer is sufficiently large, even without the
second ferromagnetic layer. The longitudinal spin accu-
mulation decays at the length scale of the spin diffusion
length, which is 60 nm for Co [26–28]. In the case of
NM/FM/NM structure, for a fixed current density, the
maximum value of spin accumulation occurs at the in-
terface and is independent of the FM thickness if the
FM layer is much thicker than the spin diffusion length.
Otherwise it decreases with decreasing FM thickness [18].
Therefore the critical current density should be larger for
Co films thinner than the spin diffusion length. Resis-
tance anomalies at negative bias have been observed for
a 38 nm Co film and even a 2 nm Co layer deposited
on top of a thick Cu layer. The critical current densities
at 5 T are 3×109 A/cm2 for the 38 nm film, and 6×108

A/cm2 for the 2 nm film. As a comparison, the aver-
age critical current density at 5 T for 26 point contacts
made on 300 nm samples is (5±2)×109 A/cm2. While
the result of the 38 nm film is still within the variabil-
ity of 300 nm films, the critical current density for the
2 nm film is clearly much lower. In Heide’s model, the
thin film would have less spin accumulation for the same
current, and hence the critical current should increase,
not decrease. For this model to explain the variation of
critical current with film thickness, the spin-flip scatter-
ing rates in Heide’s model (see Eq. 15 of Ref. [19]) would
have to vary in a way that has not been anticipated in
any theoretical model.

For an alternate model, we adapt the model of Slon-
czewski [22] to the single film geometry. We postulate
that beyond a certain depth, which is marked by a hori-
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zontal dashed line in Figure 4, the current density is too
low to affect the magnetization. All the spin moments
below are aligned in the external field direction. In anal-
ogy with the multilayer geometry, we postulate that the
region below serves as a static region in the system. The
region above the boundary and under the contact, where
the current density is sufficiently high, acts as the free
region. In this manner the single Co layer is separated
into a free “layer” immediately below the point contact
and a fixed layer for the remainder of the Co layer. The
thickness of the “free” layer is determined by the current
distribution underneath the point contact. It may vary
for different Co thicknesses and specific contact configu-
rations.
Electrons from the tip first flow through the free region

and then enter the static region. As discussed earlier, in
this polarity the spin-transfer torque tends to deflect the
free-region magnetization away from the parallel align-
ment, causing spin precession. The resistance step or
dV/dI peak, which is considered the signature of spin
precession, can be understood as such. As the preces-
sion is excited, the magnetization in the free region will
have a tilt angle with respect to the magnetization in
the static region. Then, since the magnetizations are no
longer parallel, the resistance rises as in the giant mag-
netoresistance effect [29].
In Slonczewski’s model [22] for precession in a

nanocontact, the region of the top layer under the
nanocontact is exchange coupled laterally to the rest of
the layer. That region precesses and radiates spin waves
laterally into the rest of the layer away from the contact.
The critical current is determined by a balance of this
loss mechanism plus the loss due to intrinsic damping
against the energy pumped into the layer by the spin-
transfer torque. The lateral exchange coupling is respon-
sible for the non-zero intercept at H=0. In our model for
a thick single ferromagnetic layer, the precessing region is
both laterally and vertically exchange coupled to the rest
of the layer. It radiates spin waves in many directions.
The increased raditation increases the critical current in
the thick single films we have measured as compared to
previous results on multilayers. The thin layer we have
studied only radiates laterally, leading to a smaller crit-
ical current. In addition, since the 2 nm layer is thinner
than the exchange length (approximately 8.5 nm for Co),
we expect that the variation in the magnetization across
the film is reduced compared to the thick film. This could
explain the smaller resistance anomaly that we observe
in the thin film. The percentage change of the differential
resistance for the 2 nm film at 5 T is 1 %, whereas the
average change for 300 nm films at 5 T is (60±30) %.
In conclusion, we report evidence for spin wave excita-

tions in a single ferromagnetic layer by high-density cur-
rent injection through a point contact. Without a multi-
layer structure involving non-magnetic metal or a nano-
lithographically patterned trilayer nano-pillar, we have

observed evidence for spin precession, albeit at a higher
current density. We believe that much of the physics that
describes the behavior of multilayers applies to the single
ferromagnetic layers that we have measured. The large
gradients in the current density allow the magnetic layer
to “break up” into regions that behave like a static layer
and a free layer. Then, the same balance of energy gain
and loss mechanisms determine the critical currents.
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