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Electrical Measurement of Spin-Wave Interactions of Proximate Spin Transfer Nanooscillators
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We have investigated the interaction mechanism between two nanocontact spin transfer oscillators
made on the same magnetic spin valve multilayer. The oscillators phase lock when their precession
frequencies are made similar, and a giant magnetoresistance signal is detectable at one contact due to
precession at the other. Cutting the magnetic mesa between the contacts with a focused-ion beam modifies
the contact outputs, eliminates the phase locking, and strongly attenuates the magnetoresistance coupling,
which indicates that spin waves rather than magnetic fields are the primary interaction mechanism.
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Torques due to the transfer of angular momentum be-
tween a spin-polarized electric current and a local mag-
netic moment—*‘spin transfer”’ torques—provide a new
method to drive a variety of magnetization dynamics, from
magnetic switching [1] and low frequency noise [2] to high
frequency, narrow band magnetic precession [3,4], without
the use of a time-varying magnetic field. The spin transfer
effect relies on large current densities to exert torques on
the magnetic moment sufficient to overcome the intrin-
sic damping torque and is typically achieved by pattern-
ing a multilayered magnetic film into pillar structures with
~]100 nm diameters (nanopillars) or by employing
nanometer-scale electrical contacts to continuous, unpat-
terned magnetic films (nanocontacts) [3,5]. Spin transfer in
a nanocontact induces narrow band (1-50 MHz) micro-
wave (1-40 GHz) precession in a nonlinear amplitude
regime. This results in an oscillator that responds non-
linearly to ac currents [6], ac fields, and spin waves prop-
agating into the nanocontact from the surrounding
magnetic medium, as we will show here. This interaction
causes frequency pulling and phase locking of the oscil-
lator to an ac signal and provides a potential means for
frequency mixing, phase control, and coherent power com-
bining of arrays of nanoscale microwave oscillators.

When two closely spaced nanocontacts are made to the
same magnetic film and either independently current-
biased [7] or connected in parallel [8], the two contacts
interact and phase lock. Phase locking is a general charac-
teristic of nonlinear oscillators, with examples occurring
across the biological and physical sciences [9]. In a nano-
contact, current is injected into a small region of a con-
tinuous multilayer film, inducing large-angle precession of
the magnetization in the injection region and (potentially)
radiation of spin waves into the surrounding ferromagnetic
film [10]. The phase locking of closely spaced contacts has
been attributed to mode overlap [8], to ac fields generated
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by the oscillators’ time-varying magnetization [11], and to
spin-wave coupling [7]. Understanding the true phase lock-
ing mechanism and, more generally, the interaction of
these nanometer-scale nonlinear oscillators with the sur-
rounding ferromagnetic medium are major outstanding
questions for future applications. Here we show that cut-
ting the magnetic mesa between the two contacts elimi-
nates the phase locking, which indicates that spin waves,
rather than magnetic fields, are the primary interaction
mechanism for contacts spaced greater than 200 nm. We
also show that one contact can be used as a giant magne-
toresistance (GMR) detector of spin waves radiating from
the other, providing a method for electrically probing spin-
wave dynamics at nanometer length scales.

The magnetic structures are sputter-deposited spin
valves comprising Ta 5 nm/Cu 50 nm/CogyFe
20 nm/Cu 5 nm/NigyFe,; 5 nm/Cu 2 nm/Au [3]. The
films were patterned into 8 wm X 20 um mesas, and
two = 50 nm electrically isolated contacts were made to
each mesa [7]. The fabricated structures had contact edge-
to-edge spacing varying from 150 nm to 1 um. The thick
CoFe layer, with its larger total moment, is relatively
immune to spin transfer effects and acts as a spin-
polarizing reference layer. The thinner NiFe ‘““free’ layer
has a lower total moment, making it more susceptible to
spin transfer torques. Its motion relative to the CoFe layer
changes the device resistance via the GMR effect, causing
a changing voltage under current bias.

The measurement schematic is shown in Fig. 1. Each
device is independently current-biased, with positive cur-
rent defined as that driving the spin transfer instability [12].
The ac voltage from each contact is coupled out the ca-
pacitive leg of a bias tee, through a microwave switch,
and into a coherent power combiner. This allows measure-
ment of the rms power emitted from each device individu-
ally or the coherently combined power from both [13].
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FIG. 1 (color online). Phase locking of two nanocontacts c1
and c2, spaced at 500 nm. System schematic shown at bottom
right. (a) Frequency f vs I for each contact, with other contact at
I = 0. Inset: Spectrum for /,; = 9.5 mA. (b) Contour plot of
combined spectral output for /., = 8 mA, I, swept from 5 to
11 mA. Color denotes measured power. (c) Powers from peak at
~11 GHz in combined, c1, and ¢2 outputs during measurement
in (b). Circles: Measured powers from each contact. Squares: Mea-
sured combined powers. Down triangles: Mathematical sum of
cl and c2. Up triangles: Coherent sum of ¢l and c¢2 at zero
relative phase.

The combined measured power is Pyyy, = P.y + Py +
2(P.P.,)"? cos(4 (1)), where () is the relative phase
angle between the devices. If the devices are phase locked,
d¢/dt = 0 and the cross term can be nonzero, resulting in
an increase (if |¢| < 7/2) in the measured power over the
incoherent sum. A phase shifter permits dc adjustment of
the relative phase of the combined signals. All measure-
ments were made at 300 K, with a field of 0.8 T applied 10°
from the surface normal, a geometry in which spin waves
are radiated from the contact area, according to theory
[10,11] and micromagnetic simulations [14].

The spectral output vs current / was measured for each
contact, with the other contact held at / = 0. By fitting a
Lorentzian to the output spectrum measured at a given
current [see inset in Fig. 1(a)], the precession frequency,
power, and linewidth (FWHM) were determined. The in-
dividual output frequencies for two contacts spaced at
500 nm are shown in Fig. 1(a). The observed (and not
well understood) output variations are typical of nominally
identical nanocontacts [3,6,7], with contact c1 (squares) a
weak function of current, whereas contact c¢2 (circles)
exhibits an abrupt jump at = 10 mA. Their frequencies
overlap at = 11 GHz and should interact and phase lock
most strongly there [15]. With contact c1 biased to 8§ mA
(generating output at = 11 GHz), the current /., through
contact ¢2 was swept and the spectrum measured as a
function of /,, for three configurations: the combined out-
put, the output from c1, and the output from c2.

The spectrum vs [, for the coherently combined powers
is shown in Fig. 1(b). In the absence of interactions, the
combined output would be a superposition of the output
from c2 [Fig. 1(a)] and a straight line from c1, one with
positive slope due to the oersted magnetic fields generated
by the increasing current through contact ¢2. The plot
initially shows a line with small positive slope, but this
curve deviates from linearity just below 8.5 mA, accom-
panied by an increase in power. The frequency pulling and
power increase near the crossing point of the individual
contact outputs are indicative of phase locking [6,7].

The large power output continues until /,, = 10 mA, at
which there is a split in the spectrum and, subsequently,
output at two distinct frequencies. This is due to a jump in
the output frequency of c2 [see Fig. 1(a)], separating the
precession frequencies of c1 and c¢2 sufficiently such that
they no longer phase lock [6,7,15]. Each then emits a
frequency near its individually swept output [Fig. 1(a)].
Measurements of the spectral output from each contact
during the same experiment support these suppositions.
Contact c1 emits the majority of the combined output for
1., < 8.5 mA, and both contacts show their largest output
from 8.5 to 10 mA (i.e., the locking range). Finally, the
signal at 12 GHz for I, > 10 mA is emitted from contact
c2, while the signal near 11 GHz is emitted by c1.

The powers measured from c1, ¢2, and the combined
outputs in the = 11 GHz peak are shown in Fig. 1(c). The
power in the intersection region from 8.5 to 10 mA is larger
than the incoherent sum of the individual contact outputs,
indicating a fixed phase relationship, i.e., phase locking. In
this case, the relative phase was = 40° = 4°, determined
by fitting (it was not optimized to 2nw with the phase
shifter). Outside the interaction region, the measured com-
bined power is equal to the incoherent sum of the individ-
ual powers. Phase locking was not observed for contacts
spaced at 1 pum, implying a characteristic locking distance
between 0.5 and 1 pm.

To determine the locking mechanism, the magnetic
mesa between the two contacts was then cut (see Fig. 2
inset) with a focused-ion beam (FIB). This prevents spin
waves from directly coupling the oscillators but would still
allow coupling by dipolar magnetic fields generated by the
oscillators. The results after FIB cutting of the device
measured in Fig. 1 are shown in Fig. 2. In these data, c2
is biased to 7 mA, and the current through c1 swept. As
seen in the spectral outputs in Figs. 2(a)—2(c), with the
magnetic mesa cut, the individual contact outputs no lon-
ger exhibit frequency pulling as they approach each other,
as in the uncut device (see Fig. 1). In addition, the powers
no longer combine coherently at the intersection point [see
Fig. 2(d)], instead combining to the incoherent sum. These
results suggest that the phase locking seen in Fig. 1 is due
to spin-wave propagation in the magnetic material.

The output of c1 was modified by FIB cutting [compare
Figs. 1(a) and 2(b)]. For all but the 1 xm spaced contacts,
changes were seen in both contact outputs. Contacts still
emitted similar average frequencies but showed differ-
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FIG. 2 (color online). Output from device measured in Fig. 1
after FIB cutting. For all panels, current 7., swept, I., =
6.75 mA. (a) Coherently combined powers. Inset: Electron mi-
crograph of contacts showing cut. (b)—(c) Outputs from c1 and
c2, respectively. (d) Measured powers. Circles: Powers from
each contact. Squares: Measured combined c1 and ¢2 powers.
Dotted line: Mathematical (incoherent) sum of c1 and c2.

ences in their linewidths and frequency vs I dispersions
and discontinuities. This is likely due to the creation of a
new boundary condition and scattering center less than
250 nm away from the contact, altering the resonance.

FIB cutting also suppressed frequency pulling and phase
locking for contacts spaced less than 500 nm apart. For the
closest-spaced (=200 nm) contacts, small signals were
still detected at one contact due to precession at the other
contact after FIB cutting but were over an order of magni-
tude smaller than similar signals seen in uncut devices [see
contact c2, I., = 6-8 mA, Fig. 1(c)]. To better quantify
the coupling for both uncut and FIB-cut contact pairs,
another measurement was performed. First, one contact
(hereafter the “‘emitter’’) was current-biased to induce
precession, as before. Then, the current through the second
(““detector’”) contact was again swept, but in this case the
current was swept from negative currents, i.e., currents that
suppress spin transfer effects by increasing the effective
damping [12,16], to positive currents just below the critical
current for the onset of precession of that contact. Since
spin transfer precession is not induced, the swept contact
acts merely as a current-biased GMR detector of either ac
fields or spin waves propagating from the emitter contact to
the detector contact.

Emitter-detector measurements are shown in Fig. 3 for a
200 nm-spaced uncut contact pair. Figure 3(a) shows the
emitter contact output as measured from the emitter itself
for an emitter bias current of 6.5 mA, as a function of
detector contact current /;. The emitter frequency in-
creases linearly due to the oersted field from the detector
current ramp, while the emitter power is roughly constant.
In contrast, the signal at the detector [shown in Fig. 3(b)] is
a strong function of /;: The signal is in the noise at [; = 0

and increases for increasing |/, as one would expect for a
GMR signal.

Normalizing the detector power to the emitter power
[Fig. 3(c), black squares] gives a measure of the detector
response for a given emitter amplitude. At this contact
spacing, the GMR signal at the detector is less than 5%
of the emitter signal. The detector signal drops by an order
of magnitude for 500 nm-spaced contacts and is undetect-
able at 1 um spacing. Without spin transfer effects, the
output power of a GMR sensor is proportional to /3.
However, as seen in Fig. 3(c), the detector response is
asymmetric with [;, with positive currents producing
larger output. Positive currents produce spin transfer tor-
ques that counteract the damping (eventually causing the
instability resulting in precession), thus increasing the
effective susceptibility of the detector, increasing the re-
sponse to signals from the emitter. In contrast, negative
currents increase the effective damping and lower the
susceptibility [12,16].

The second curve in Fig. 3(c) (circles) shows the nor-
malized signal at the detector for 200 nm-spaced contacts
after FIB cutting the magnetic mesa. The signal is smaller
by over an order of magnitude and is undetectable for
negative currents. This result implies that the signal at
the detector due to precession at the emitter in the uncut
mesa is due primarily to spin-wave propagation through
the mesa and demonstrates electrical detection of short
wavelength spin-wave radiation with point contact GMR
structures. Assuming that the spin-wave wavelength is
much larger than the contact, and a GMR AR, =
100 mQ), we estimate ~2° relative motion of the layers
at the detector contact for /; = 6.5 mA. Results of this
form were seen for all contact pairs. However, variations in
the normalized detector signal were observed with field
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FIG. 3 (color online). Spectrum at one contact (detector) due
to precession at the other (emitter), 200 nm separation. Sche-
matics show emitting contact; arrow denotes measured contact.
For all plots, I,y ier = 6.5 mA. (a) Output from emitter vs 1.
(b) Signal at detector. (c) Normalized power Pyeector/ Pemitter VS
1, for data in (a) and (b). Also shown: Data for FIB-cut mesa.
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FIG. 4 (color online). Phase locking for 200 nm contact spac-
ing. (a) f vs I for each contact, with the other at I = 0.
(b) Contour plot of combined spectral output for ., =
6.75 mA, 1., swept. (c),(d) Outputs from contacts ¢l and c2,
respectively, for I,; = 6.75 mA, I., = swept.

and geometry for a given spacing, and in the detector signal
for a given sample, and are not well understood.

The interactions for closely spaced (<300 nm) uncut
devices are strong and cause the contact outputs to deviate
considerably from the individual outputs. Furthermore, as
shown in Fig. 3, the measured signal from each contact will
be a combination of spin transfer precession, GMR due to
spin waves from the other contact, and (to a much lesser
extent) GMR due to ac magnetic fields. One consequence
is that (unlike in Fig. 1) it is more difficult to delineate the
locking region. An example for two contacts spaced at
200 nm is shown in Fig. 4. Frequency vs I curves for the
individual contacts are shown in Fig. 4(a). I, is then biased
to 6.75 mA and [, swept. In the combined output
[Fig. 4(b)], one initially sees the output solely from cl,
which then increases nonlinearly in frequency with 7,,. At
the critical current for precession of ¢2 (1., = 5.5 mA), the
frequency jumps = 500 MHz, accompanied by an increase
in power, indicating phase locking. This locked mode
increases in frequency until /,, = 8.5 mA, whereupon it
splits into three modes. The magnitude of the jump shows
that the interaction is much stronger than for the 500 nm-
spaced contacts. This is consistent with the locking seen
using nominally identical electrically parallel contacts,
which consistently locked only for spacings less than
200 nm [8]. Closely spaced contacts can have large fre-
quency differences and still phase lock.

Figures 4(c) and 4(d) show the respective outputs from
cl and c2 during this measurement. The combined output
for low I, is primarily from contact c1, but, from /., >
1 mA to the jump at /., = 5.5 mA, a small signal is also
measured from c2 at the same frequency. This signal may

be due to contact c2 acting as a GMR sensor of spin waves
induced by precession at c1, as the current through c2 is
below the critical current for spin transfer induced oscil-
lations. However, the deviation from linearity of the output
frequency vs I, implies that ¢2 is not acting simply as a
detector but is also modifying the precession at cl, i.e.,
quasilocking. This is also seen above the phase locked
range for 1., > 8.5 mA, but with ¢l now detecting the
spin-wave radiation from the 12.5 GHz mode of c2.

In summary, we studied the interaction and phase lock-
ing characteristics of two spin transfer oscillators made on
the same magnetic multilayer. Cutting the mesa between
the contacts greatly attenuated the interactions and elimi-
nated mutual phase locking, which shows that the interac-
tion between contacts at these spacings is primarily via
spin waves. One nanocontact was also biased as a GMR
sensor and used as an electrical detector of spin waves
radiated from a precessional mode excited at the second
contact. These measurements provide a means to study
spin-wave dynamics on the nanometer length scale and
point a way to creating larger systems of phased-array
nanooscillators coupled via spin waves.
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