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We have injection-locked a spin-transfer oscillator to a second-harmonic electrical input signal and
measured the relative phase and amplitude of the device output as a function of DC current under
steady-state conditions. The relative phase of the device varies quasi-linearly with DC bias,
although the averaged amplitude decreases significantly outside of the spectrally determined
locking range. By pulsing the injected microwaves, the time required for the device to phase-lock
to the injected signal was measured as a function of microwave amplitude. The locking time varied
quasi-linearly over the range of amplitudes studied, with the shortest locking times being a few

nanoseconds. [http://dx.doi.org/10.1063/1.4821179]

Spin torque oscillators (STOs) have been injection locked
to many impressed signals such as electrical currents,'™
magnetic fields,*” and spin waves.*'' STOs exhibit phase-
coherence with the injection source, frequency-pulling, lock-
ing to harmonic and fractional signals, along with other
phenomena similar to those observed in other non-linear
oscillators. The ability of STO devices to lock to an impressed
signal makes them attractive as potential nanoscale micro-
wave devices. However, if the application requires a device to
lock to either a time-varying (pulsed) or frequency-modulated
signal, such as in network computing schemes,'? it is not only
important that the device lock to the impressed signal but that
it also does so quickly. Here, we report measurements of the
time required for a STO to become phase-coherent with an
electrically injected second-harmonic microwave signal as a
function of the impressed signal amplitude. Additionally, we
present time-domain measurements of the device in the quasi-
locked regime13 that show that, when locked, the STO main-
tains a well-defined relationship with the injected signal.

The device discussed here comprises a film stack
of (bottom)SiO;|Ta (3)|Cu(25)|CogoFe;o(10)|Cu(4.5)| Nigg
Feso(5)|Cu(3)|Ta(3) (all thicknesses in nanometers) with a
nominal 65nm diameter lithographically patterned electrical
contact made to the top of the stack.'* In this pseudo-spin-
valve, the NiFe layer acts as the free layer and the CoFe layer
acts as the fixed layer. The data discussed here are taken in an
applied field of 0.575 T applied approximately 10° away from
the normal to the sample surface. Similar measurements of
other devices in fields ranging from about 0.5T to 0.7T
applied between 0° and 20° away from normal showed analo-
gous behaviors to those presented here. Positive current val-
ues correspond to electrons flowing from the free layer into
the fixed layer. All measurements were performed at room
temperature.

Spectral-based injection-locking experiments are per-
formed in a manner similar to that described elsewhere.*'®
The device is DC current-biased through the low frequency
leg of a bias-tee to induce precession that is read out through
the high-frequency leg of the bias-tee by a spectrum analyzer
after amplification (55 db). A second microwave probe is
brought into electrical contact with the top of the device and
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is used to inject an additional microwave signal (either contin-
uously or pulsed) at 20.96 GHz, approximately twice the fun-
damental frequency of the STO. The second harmonic signal
was chosen so no significant parasitic at the STO oscillation
frequency is present in the measured signal, which would
complicate the analysis. The impedance mismatch between
the 50 Q microwave circuit and the device resistance
Rgey =15 Q results in about half of the microwave voltage
being reflected back to the source. The values reported for
the injected root-mean-square microwave voltages seen by the
device Vgr take this reflection and cabling losses into account.
Figure 1(a) shows the oscillation frequency of the STO,
as determined by Lorentzian fits to the spectra, as a function
of DC bias Ipc for several values of Vig along with the raw
spectra for no microwave drive (inset). For Vgxg=0V, the
frequency of the device output varies roughly linearly with
current. When Vgg is increased the device output changes,
showing both frequency pulling to half the injection fre-
quency and locking, the strengths of which depend on Vigg.
The device is taken to be locked when its linewidth is equal
to the 1 MHz resolution bandwidth of the spectrum analyzer
(approximately 10% of its free-running linewidth), and the
locking range is taken as the difference between the non-
driven device oscillation frequencies at the minimum and
maximum DC biases at which the device locks to the
impressed signal. Fig. 1(b) shows the locking range as a
function of Vgg. A linear fit gives the locking range going to
0MHz at a Vgg~7 mV, roughly 5% of the DC voltage.
When locked, time-domain measurements can be used
to determine the relative phase of the device as a function of
DC bias. We first discuss the device behavior when the
microwave signal is applied as a continuous-wave (CW). For
these measurements, the microwave source is locked to a
10 MHz square-wave from a tabletop atomic clock in order
to minimize long-term phase drift, and the device output is
measured using a 13 GHz bandwidth (40 gigasamples per
second) real-time storage oscilloscope that is triggered by
the same 10 MHz signal. An 8 GHz to 11 GHz band-pass fil-
ter was added in front of the amplifier to ensure that it is not
saturated by the impressed signal. The oscilloscope averages
4000 time traces of the device output. Any signal that is not
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FIG. 1. (Inset) Two-dimensional plot showing the spectral output from the device on a logarithmic color scale (dark) 0.1 uW to (light) 6 uW. The 55 dB ampli-
fier gain is not divided out of the signal. (a) The oscillation frequency of the device as a function of DC bias for several values of Vig. The error bars from
Lorentzian fits to the spectra are smaller than the data points. (b) The locking range as a function of Vg for 20.96 GHz. The result of a linear fit to the data is
shown on the graph. The error bars are determined from the step size associated with /pc and the linear dependence of the STO oscillation on DC bias.

phase-coherent with the 10MHz trigger will average to
~0V during this process.

In the time traces shown below, we do not simply
directly average the device output within the oscilloscope.
Because the device is being locked to a second harmonic sig-
nal, it can identically lock to the impressed signal such that
the device output is *7 out-of-phase with any previous time
trace recorded during the averaging process. Hence, when
the device is undergoing numerous phase-slips, such as in
the quasi-locked regime, directly averaging traces will result
in no net signal even though phase-locking occurs. The same
problem is encountered in the pulsed measurements dis-
cussed below, because the device loses coherence between
pulses. Even within the locking-range, the device goes
through occasional *7 phase-slips so that direct signal aver-
aging results in a waveform with an amplitude that varies
with time (on the order of tens of seconds).

To circumvent this problem, instead of directly averag-
ing the device output, the oscilloscope first takes the absolute
value of the signal. This doubles the apparent frequency of
the STO prior to performing the averaging, which makes it
insensitive to £ phase slips. We have experimentally veri-
fied that trigger jitter within the circuit smoothens the sharp
cusps expected for the absolute value of a sine-wave, so that
the averaging process results in an apparent sine wave as
shown in the inset of Fig. 2(a) and below. All time-domain
data shown here have been digitally high-pass filtered with a
5GHz corner frequency that results in a signal centered
about 0V as opposed to an all-positive one. For the pulsed
data discussed below, the filter serves to remove the low-
frequency response of the capacitively coupled amplifier and
does not significantly affect the data analysis.

We now turn our attention to the analysis of the time-
domain data. For the data shown in the inset in Fig. 2(a), the
frequency and amplitude of the microwave drive are kept
fixed at 20.96 GHz and Viyr=21 mV while the DC current
bias through the device is varied. These data are then fit to a
sine-wave having variable amplitude and phase, and a fixed
frequency of 20.96 GHz. The resulting phase evolution of
the device as function of DC current is shown in Fig. 2(a).
The phase varies roughly linearly with current over much of
the bias range, similar to Ref. 3, but saturates at the high
biases. The larger value of the phase variation seen here as

compared to Ref. 3 results from the absolute-value function
doubling the apparent frequency of the device, and hence
doubling the fitted phase angle.
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FIG. 2.(a) The relative phase variation of the device output for
Vrr=21mV as a function of DC bias. The phase is determined by fitting a
sine-wave having the amplitude and phase as fitting parameters while the
frequency is fixed at 20.96 GHz over a fixed 10ns interval of time. (Inset)
shows small sections of the time-traces from which the phases and ampli-
tudes of the device output were determined. (b) Plot of the fitted amplitude
of the device output under the same conditions as in (a). The vertical lines
are guides showing the locking range as determined by the spectral measure-
ments of Fig. (1). For both (a) and (b), the error bars from the fits are smaller
than the data points.
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The amplitude of the fitted sine-wave is shown in Fig.
2(b) as a function of DC bias, along with vertical lines that
show the locking range as determined by the spectral meas-
urements. The averaged amplitude represents the fractional
time that the device is phase-coherent with the impressed
signal, although trigger jitter in the time-domain measure-
ments will necessarily decrease the measured signal size as
compared to the spectral ones. Between Ipc =8.9mA and
9.3mA, the amplitude is roughly constant at approximately
6.8 mV, which is 75% of the value expected from the spec-
tral measurements. This reduction is consistent with that
observed when a microwave source is used to mimic the
STO signal, and the same methodology is used to compare
spectral and time-domain measurements, showing that the
device is locked for a constant and large fraction of the mea-
surement averaging time. Outside of this range, the averaged
amplitudes decrease indicating the device is going through
phase-slips even under CW conditions. However, as shown
by the data in Fig. 2(a) even when the STO is outside of the
spectrally determined locking range, it maintains a well-
defined phase relationship with the impressed signal for the
fraction of time that it is locked.

Above, we have largely reproduced our earlier results
from a different device (Ref. 3), with the additions of
improved time-domain measurements outside the spectrally
determined locking range, a different method for detection
and averaging of the real-time signals, and locking is done to
a second-harmonic signal. These modifications were made so
that we could unambiguously measure the time required for a
device to lock to an impressed signal, which we focus on
below. The same basic experimental setup is used as in the
CW measurements with the exception that an additional cus-
tom low-jitter pulser, which is referenced to the same 10 MHz
square wave, is added to the circuit to gate the microwave
source. The pulser sends a 100ns pulse to “turn on” the
microwave source every 900 ns, creating a waveform with a
10% duty cycle, and a low-jitter trigger signal to the oscillo-
scope. The delay between microwave pulses allows the device
to lose coherence with the previous pulse (the decoherence
time of the free-running device was measured to be approxi-
mately 50ns from time-domain measurements) before the
next coherent microwave pulse arrives. The device output is
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amplified, measured, and averaged as above for 4000 micro-
wave pulses using the trigger from the pulser.'> Any signal
that is not phase-coherent with the trigger from the pulser will
average to ~0 V during this process.

Figure 3(a) shows representative time traces for two dif-
ferent microwave pulse amplitudes (for /pc=9.0mA) along
with the envelope function of the microwave pulse itself. The
turn-on of the impressed microwave pulse is relatively slow at
3ns—4ns, but it lacks any significant overshoot, the presence
of which can complicate the locking-time analysis. Although
the pulse begins to turn-on at time ¢~ 5ns, no measureable
coherent signal from the device appears until 7~ 10 ns, well
after the pulse amplitude has reached its maximum constant
value. For later times, a clear signal can be measured for both
values of Vi (and those between them) and the amplitude of
the device output grows, indicating that it is becoming more
coherent with the impressed microwave signal.

The locking time is determined by first finding local
maxima in the device output and fitting the resulting envelope
with the expression A(1 + exp(—k(t — )", where A is an
amplitude, k is an effective growth rate, and #, is a turn-on
time. This expression, along with the fitted parameters, is
then used to determine the time that the device output reaches
90% of its average final amplitude. We chose to compare that
time to the time Vg reaches 90% of its amplitude, which
does not significantly change with the values of Vg, in order
to define the locking time #,¢ (Fig. 3(b)). The data show that
hock depends quasi-linearly on Vyg over the range studied
here. Given the relatively small range of Vig over which the
locking time was measured, this is consistent with the model
of Adler that predicts the locking time should be inversely
proportional to the normalized drive (i.e., (Vre/Vpe) H.1e1
While the measured locking times are similar to those pre-
dicted in Ref. 17 for similar values of normalized drive, the
saturation of #,,¢ With Vi predicted therein is not observed.
This discrepancy may result from having a slightly different
applied field strength and geometry, the device being locked
to a second harmonic signal, which change the nonlinearities
in the device and affect locking behavior,” and thermal
effects, or a combination thereof.

The data show that the device can take as little as a few
nanoseconds to lock to the impressed signal, i.e., within a
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FIG. 3. (a) Plot of the averaged device output for two values of Vrg for Ipc =9.0mA as a function of time, along with the envelope function for the injected
microwave voltage (shown on an arbitrary voltage scale) that serves only as a time reference. The magenta curve (dashed line) is the fit of the envelope of the
Vre=28.3mV time trace. (b) The value of 7, as a function of Vg along with a linear fit. The error bars for #,c as determined from the fits are smaller than
the data points. (Inset) Plot of partial time-traces from the data shown in (a) demonstrating the phase-coherence of the device output. The colors correspond to
those in (a).
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few tens of precessional cycles of the magnetization, and
within times that are significantly less than its decoherence
time. For much larger or smaller values of Vgp than those
shown here, this linear dependence must change since a fi-
nite value for #,. is expected even for the largest values of
Ve and a finite microwave signal must be present in order
for locking to occur. For completeness, we show part of the
time-traces in Fig. 3(a) in the inset of (b) demonstrating
phase-coherent signals from the device.

Choosing other uniform threshold values does not quali-
tatively change the data shown in Fig. 3(b). However, if a
lower threshold value is chosen for only the impressed signal
(e.g., the time required for the pulse to reach the ~7mV
level required for CW locking) a few nanoseconds would be
added to the time axis. We note that the differences in the
amplitudes of the device output shown in Figs. 2(b) and 3(a)
largely result from the additional ~5 ps trigger jitter from
the pulser, as opposed to only partial locking of the device.
For Vip less than ~8 mV the amplitudes and uniformity of
the waveforms in the pulsed experiments are significantly
degraded, which is consistent with the locking range deter-
mined in the CW measurements discussed above.

In summary, we have measured the time required to
injection lock a STO to a second-harmonic signal as a func-
tion of Vir and found that, over the range of drives studied
here, the locking time varies roughly linearly with drive am-
plitude, which is consistent with the theory of Adler.
However, this functional form should change for much larger
or smaller drive voltages. For a strong enough drive, the lock-
ing time can be a little as a few nanoseconds, showing that the
devices are relatively frequency agile. These measurements
have significant implications for potential applications in
which STO devices are locked to a time-varying signal, and
allow for more quantitative comparison with theory.
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