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Nanocontact vortex oscillators based on Co,MnGe pseudo spin valves
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We present an experimental study of vortex dynamics in magnetic nanocontacts based on pseudo spin valves
comprising the Co,MnGe Heusler compound. The films were grown by molecular beam epitaxy, where precise
stoichiometry control and tailored stacking order allowed us to define the bottom ferromagnetic layer as the
reference layer, with minimal coupling between the free and reference layers. 20-nm diameter nanocontacts were
fabricated using a nanoindentation technique, leading to self-sustained gyration of the vortex generated by spin-
transfer torques above a certain current threshold. By combining frequency- and time-domain measurements, we
show that different types of spin-transfer induced dynamics related to different modes associated to the magnetic
vortex configuration can be observed, such as mode hopping, mode coexistence, and mode extinction appearing

in addition to the usual gyration mode.
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I. INTRODUCTION

Spin-torque nano-oscillators (STNOs) are spintronic de-
vices in which applied currents drive self-sustained mag-
netization oscillations, which provide a basis for electrical
microwave oscillators on the nanoscale. They are promising
for a number of different applications, such as rf com-
munications [1,2], field sensing [3,4], and neuro-inspired
computing [5-8]. An important challenge is to reduce the
operating currents and improve signal-to-noise ratios. In this
light, Heusler compounds [9,10] are promising materials to
meet these challenges. The near half metallicity of these
materials result in ultralow damping compared to standard
ferromagnets [11] and a large spin polarization [12], which
reduces the threshold of spin-transfer torques and results in
a larger magnetoresistive ratio in spin-valve structures. This
choice has been explored in vortex-based systems involv-
ing Co,Fe,Mn;_,Si [13—15], where a large output power of
10.2 nW [14] and high quality factor of 5000 [15] have been
reported.

In this paper, we present an experimental study of nanocon-
tact vortex oscillators based on pseudo spin valves using
Co,MnGe Heusler compounds. These are members of the
broader class of materials with the composition Co,MnZ,
where Z are different III B, IV B, or V B elements, which
have been studied in detail recently [11,16,17]. In particular,
it has been demonstrated that Co,MnSi and Co,MnGe exhibit
a combination of the lowest Gilbert damping, «, and highest
spin polarization, P, among this class [17]. In particular, ferro-
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magnetic resonance experiments have shown that @ = 4.6 x
10~* for Co,MnSi and o = 5.3 x 107* for Co,MnGe at
290 K [17], and both have close to the maximum polarization
of P = 1, which are close to theoretical predictions [18-22].
Lattice parameter mismatch is smaller between Co,MnGe and
Au than between Co,MnSi and Au, which is used as spacer.
We report here some results obtained on Co,MnGe-based
spin valves.

A particular magnetic structure that underpins a class of
spin-torque nano-ocillators is the magnetic vortex. In the
nanocontact geometry, for example, the magnetic vortex rep-
resents a metastable state that is nucleated when the Zeeman
potential associated with applied currents flowing through
the nanocontact becomes sufficiently strong. As described by
the Thiele equation [23], the vortex core gyrates around the
nanocontact above a certain current threshold, whose motion
is determined by the balance between the restoring force of
the Zeeman confining potential, Gilbert damping, and spin
torques. This steady-state gyration leads to a periodic vari-
ation of the magnetization in the nanocontact area, which
can be detected electrically through resistance variations in
a magnetoresistive stack such as spin valves. The sense of
gyration is determined by the core polarity [23].

A unique feature of nanocontact vortex oscillators is
the onset of periodic core reversal above a critical current
[24-27]. This core reversal occurs concurrently with the
steady-state gyration around the nanocontact, giving rise to
self-phase locked and chaotic states. Core reversal involves
the creation and annihilation of vortex-antivortex pairs [28],
where the latter results in the emission of spin wave bursts
[29]. This dynamics is driven primarily by currents flowing
in the film plane (CIP), resulting in spin-transfer torques of
the Zhang-Li form [30] rather than the Slonczewski torques

©2021 American Physical Society
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FIG. 1. (a) Schematic of the pseudo spin valve stack. (b) Epitaxial relationships between the Cr layer and the MgO substrate. (c) Epitaxial
relationship between the Co and Cr layers (left), and schematic of the HCP Co (1120) planes (right). (d) Epitaxial relationship between the
Heusler Co,MnGe film (noted CMG) and HCP Co (left), and schematic of CMG (001) planes (right). (e)—(h) RHEED patterns obtained for
each layer of the stack along the [100] azimuth of the MgO substrate. (i) X-ray diffractogram of the pseudo spin valve. (j) High-resolution
TEM micrograph of the pseudo spin valve stack. Fourier transform (FT) pattern performed to the Co,MnGe free layer along the [110] zone

axis is displayed at the inset.

[31] associated with currents perpendicular to the film plane
in nanopillar geometries [32-34]. Therefore, it is interesting
to enquire whether the low damping afforded by Heusler
materials can affect the gyration process significantly as well
as the synchronization process between gyrotropic motion
and the core reversal since spin-wave relaxation times greatly
exceed the typical timescale of the gyration and core-reversal
periods. As we show here, the current-driven dynamics in
Heusler-based pseudo spin valves can be quite rich and differ
qualitatively from the behavior observed in permalloy-based
systems. Some of the behaviors we observe might be inter-
pretable as the result of coupled vortex dynamics in the free
and reference layers.

This paper is organized as follows. In Sec. II, we de-
scribe the epitaxial film growth, along with the structural and
magnetic characterization of the Co,MnGe films using x-ray
diffractometry, in situ reflection high-energy electron diffrac-
tion (RHEED), vibrating sample magnetometry (VSM), and
broadband ferromagnetic resonance (FMR). In Sec. III, we
describe the frequency-domain analyses of the electrical
power spectra. This is followed by a description of the
time-domain analyses in Sec. IV, where mode stability is
discussed. A discussion and concluding remarks are given
in Sec. V.

II. FILM GROWTH AND SAMPLE FABRICATION

The pseudo spin valves based on Heusler compounds
were grown by molecular beam epitaxy (MBE) on (001)-
oriented MgO substrates. The multilayer stack studied is
composed of Cr (10 nm)/Co (5 nm)/Co,MnGe(5 nm)/Au
(1-10 nm)/Co,MnGe (15 nm)/Au-capping (2 nm), as
schematically depicted in Fig. 1(a). The stoichiometry of
the Co,MnGe films was accurately controlled by calibrat-
ing the atomic fluxes of each element through a quartz
microbalance located at the sample position [35]. The 15-
nm-thick Co,MnGe corresponds to the free layer, while the
Co(5 nm)/Co,MnGe (5 nm) composite bilayer plays the role
of the reference layer in the pseudo spin valve as it possesses
a larger coercive field compared with the Co,MnGe layer.
In MBE-grown structures, it is often difficult to achieve a
reference magnetic layer as a bottom electrode due to epitaxy
constraints. Here, we succeeded in this respect by growing the
5-nm Co,MnGe film biased through exchange coupling with
an epitaxial Co hard layer, as explained in more detail in the
following.

First, a 10-nm-thick Cr buffer layer was grown on the
MgO substrate to promote the epitaxial growth of hexagonal
closest packed (hcp) Co which has a high magnetic anisotropy
compared with Co,MnGe. X-ray diffractograms and RHEED
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patterns [Figs. 1(e) and 1(i)] confirm the epitaxial relation-
ship: [110] (001) Cr || [100] (001) MgO, where Cr [100]
axis is 45° rotated from MgO [100] axis [see schematic in
Fig. 1(b)]. The Co layer starts to grow on Cr with the body-
centred cubic (bcc) crystal structure and relaxes to its hep
structure after a critical thickness around four atomic planes
[36], as indicated by the appearance of new streaks in the
RHEED pattern of Fig. 1(g). RHEED patterns [Fig. 1(g)]
and x-ray diffractograms [Fig. 1(i)] are consistent with the
epitaxial relationship of [0001] (1120) Co || [110] (001) bec
Cr. The same RHEED pattern was obtained by turning the
sample 90°, which means that Co [0001] direction is a
fourfold rotational symmetry axis. This is consistent with
considering two domains 90° rotated in-plane, that is, the
Co [0001] azimuth parallel to either the [110] or [110] Cr
azimuths, as sketched in Fig. 1(c). A similar bicrystal epitax-
ial relation has been reported for several Co/Fe and Co/Cr
layers deposited by MBE [37-39]. Co,MnGe was observed
to epitaxially grow on the relaxed Co layer with the epitax-
ial relationship [110] (001) Co,MnGe | [0001] (1120) hcp
Co [Fig. 1(d), left], as confirmed by the RHEED pattern
performed at the film surface [Fig. 1(h)]. Gold was chosen
for the spacer layer first because epitaxial and continuous
Au films were obtained on Co,MnGe [17] and, second, be-
cause Co,MnGe was also observed to grow epitaxially on
Au. Both Co,MnGe films are consistent with a chemically
ordered L2, structure, as indicated by x-ray diffraction mea-
surements, by the presence of half streaks in the RHEED
patterns taken along the Co,MnGe [110] azimuth [see, for
example, Fig. 1(h)] and confirmed by high-resolution trans-
mission electron microscopy [Fig. 1()].

The magnetic coupling between the Co and bottom
Co,MnGe layers is confirmed by hysteresis loop mea-
surements. In Fig. 2, the in-plane M-H hysteresis loops
of the reference layer Co,MnGe (5 nm)/Co (5 nm)/Cr
(10 nm)/MgO [Fig. 2(b)] is compared with the hysteresis
loop of a single Co,MnGe soft magnetic layer (15 nm)/MgO
[Fig. 2(a)]. The magnetic field is applied in plane along the
main crystallographic axes of MgO (MgO [001] axis = 0°),
as sketched in the inset of Fig. 2. The soft Co,MnGe magnetic
layer [Fig. 2(a), coercivity of 1.6 mT] shows an in-plane four-
fold magnetic anisotropy with easy axes at [100] and [010],
which corresponds to the curves at 45° and 135° since the
[100] axis of Co,MnGe is rotated by 45° about the [100] axis
of MgO [see inset in Fig. 2(a)]. The coercivity enhancement in
the reference layer (16.3 mT) is evidenced in Fig. 2(b), which
confirms the strong exchange coupling between Co,MnGe
and Co layers. It is well known that bulk hcp Co has a uniaxial
magnetocrystalline anisotropy along its [0001] axis, denoted
here as the ¢ axis. According to the epitaxial relationship of
the two Co domains here, the ¢ axes are in plane and 90°
rotated from one domain to the other, leading to a fourfold
magnetic anisotropy, with easy axes rotated 45° from the Co
[0001] direction [40]. This finally leads to easy axes in the
Co/CoyMnGe stack similar to the ones in Co,MnGe [see
schematic at the inset of Fig. 2(b)]. This explains the fourfold
magnetic anisotropy of the reference layer, with easy axes
along [100] and [010] Co,MnGe directions, and the improved
squareness of the hysteresis loop along these axes, compared
with the single Co,MnGe layer.
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FIG. 2. In-plane hysteresis loop at different angles for (a) the free
layer: CMG/MgO, (b) the reference layer: CMG/Co/Cr/MgO, and
(c) the pseudo spin valve with Au-spacer layer of 2 nm (EA meaning
easy axis). Horizontal scales are different between figures.

The choice of the Au-spacer thickness represents a com-
promise between conduction electron scattering and interlayer
exchange coupling (IEC) between the free and reference
layers through Au. In this paper, Au-spacer layers of dif-
ferent thicknesses ranging from 1 to 10 nm were explored.
A well-defined double-stepped hysteresis loop was obtained
from 2 nm, which means that this thickness is enough to
keep the free and reference layers magnetically decoupled
[see Fig. 2(c)].

The stacks with 2-nm Au spacers were used to fabricate
nanocontact oscillators. We defined 70 x 30 um? mesas and
an indentation back electrode wire in the stack down to sub-
strate with argon ion beam etching. We first define a thin
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FIG. 3. Electrical circuit for frequency- and time-domain
measurements.

insulating resist (SU8) 40 nm thick, with a surface area of
40 x 40 um? over the mesa. This layer represents the inden-
tation mask through which the nanoindentation is performed.
A thick resist (1-um-thick SU8) was deposited to provide
good insulation between top and base electrodes over large
areas. An aperture of 20 x 20 um? is opened in the thick
resist above the thin resist, defining the indentation zone. A
third resist is defined by optical lithography for top electrode
liftoff. A nanohole is thus created in the thin resist by using
a conducting atomic force microscope tip as described in
Ref. [41]. Samples were placed in a gentle reactive plasma
(15 W) in 75% Ar/25% O, gas mixture to clean up any
remaining resist at the bottom of the nanoindented hole, i.e.,
at the surface of the stack, and to finely tune the nanocontact
diameter. Following this, tantalum and gold were deposited to
form the nanocontact and top electrodes. This process enabled
us to realize nanocontacts with radii of 20 nm. The back
electrode wires used for electrical control of the AFM tip is
finally cut with a diamond spear.

We assume that these properties vary little between layers
on the substrate and in the stack. Under a magnetic field
loop, we measure at best for the full stack with nanocontact
a magnetoresistance (MR) ratio of 0.12 +0.03%. A single
20-nm layer of Co,MnGe has an anisotropic magnetoresis-
tance (AMR) ratio of 0.19%, which is comparable to the
MR ratio of the full stack. However, the indentation process
quality impacts the nanocontact quality, which can change the
MR ratio.

III. FREQUENCY DOMAIN ANALYSIS

The microwave frequency measurement setup is illustrated
in Fig. 3. A bias tee separates the DC current that is applied to
the nanocontact and the high-frequency components that are
generated from spin-torque driven dynamics of the magnetic
vortex. The high-frequency branch is amplified by +50 dB
before reaching a switch that directs the signal either to the
spectrum analyzer or the oscilloscope. An in-plane magnetic
field was applied on the sample.

As in previous studies of nanocontact vortex oscillators
[24-27], it is necessary to nucleate a vortex (nominally in the
free magnetic layer) as this state is not necessarily the ground
state of the magnetization. This is achieved by applying a

large DC current, here 9 or 10 mA which is toward the upper
limit before sample degradation, while sweeping an in-plane
magnetic field. Simulations have shown previously in samples
[24-27] with a different material that as the magnetization
reverses, a domain wall sweeps through the free layer and as it
crosses the nanocontact region, a vortex is nucleated through
the competition between the current-induced Oersted field
and spin-transfer torques. This nucleation process can result
experimentally in slightly different micromagnetic configura-
tions from one nucleation event to the next, which results in
power spectra that can vary qualitatively.

Examples of the different power spectra observed are pre-
sented in Fig. 4 for a nominal applied current of 8.5 mA,
which establishes a common Zeeman energy potential asso-
ciated with the current-induced Oersted-Ampere fields for the
vortex gyration [42] but under different nucleation and applied
field conditions. For these spectrum analyzer measurements,
we used a resolution bandwidth of 500 kHz, a video band-
width of 50 kHz, a sweep time of 10 s per spectrum, and 2000
points were acquired per spectrum. The power spectral density
(PSD) of the measured MR oscillations shown is obtained
after subtracting off a reference signal without spin-torque
driven oscillations; we give it in dB as here it represents a
relative power above this reference signal. We can observe
well-defined peaks in the sub-GHz regime, which is consistent
with vortex gyration around the nanocontact with radii in the
range of 100-200 nm.

Figure 4(a) represents a case where the measurement was
made under an in-plane applied field of 12.2 mT, with the
frequency of the main peak at fy = 327.3 MHz and higher
order harmonics up to 5f, are visible in the frequency range
displayed. Some parasitic noise is also observed, in particu-
lar, between the second and third harmonics. However, these
peaks do not vary with applied current and can be attributed to
artifacts related to external parasitic sources such as telecom-
munication networks. The spectral line of the fundamental
frequency is in the range of 1 MHz, which is comparable to the
resolution bandwidth used. As such, we find that the spectral
line shape is best described by the pseudo-Voigt function

S(w)=A L, (—(”_”0)2>
B na\/Zn P 202
1 1 r/2 |
e e s W
with
r
0= — ()

222’

which represents a linear combination of a Gaussian line
shape and a Lorentzian line shape, and approximates the Voigt
function that describes the convolution between the Gaussian
and Lorentzian functions. Here, A represents the amplitude, vy
is the central frequency, I' is the full width at half maximum
(which we refer to simply as the linewidth), and 0 < 1 < 1 de-
scribes the relative contribution of the (normalized) Gaussian
line shape with respect to the (normalized) Lorentzian profile.
The inset of Fig. 4(a) shows that the pseudo-Voigt function
[Eq. (1)] accounts very well for the spectral line shape of
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FIG. 4. Power spectral density (PSD) of magnetoresistance oscil-
lations at Ipc = 8.5 mA for nucleation events under different applied
in-plane fields. (a) Single mode with narrow spectral peaks and
higher order harmonics at uoHy = 12.2 mT, (b) double frequency
mode at uoHy = 0.23 mT, (c) broad asymmetric peaks at poHy =
—2.0 mT, (d) double frequency mode at poHy = —12.4 mT, and
(e) single mode at woHy; = 0.45 mT. The PSD is given in relative
power with respect to a reference signal that has been subtracted
from the curves displayed. The insets show fits to the fundamental
frequency peak using a pseudo-Voigt function for (a) and (e), a
double Lorentzian for (b) and (d), and single Lorentzian for (c).

the fundamental frequency peak, where we find a linewidth
of I' = 1.5 MHz, which is similar to characteristics seen in
permalloy-based nanocontact vortex oscillators [25], and n =
0.77, which is consistent with the fact that the linewidth is
close to the resolution bandwidth.

Indeed, qualitatively different behavior can be seen
under other nucleation conditions, such those shown in
Figs. 4(b)—4(d). In Fig. 4(b), we observe a clear double-peak
structure with high spectral power between the two maxima
and a strong asymmetry across all the visible harmonics.
Here, the power spectrum cannot be accounted for by a dou-

ble Lorentzian fit as shown in the inset (we can neglect the
Gaussian contribution because the features are much larger
than the resolution bandwidth), where we can see the strongest
discrepancy occurs in the region between the two maxima.
In Fig. 4(c), we can observe a broad asymmetric triangular-
shaped spectral line with a comparatively large linewidth
of 32 MHz, which is suggestive of a chaotic process [25].
An asymmetric double-peak structure can be seen Fig. 4(d),
which, in contrast to the case shown in Fig. 4(b), can in fact
be described by a double Lorentzian profile where the fitted
central frequencies are 323.2 and 334.5 MHz, with linewidths
of 2.5 and 2.4 MHz, respectively.

Finally in Fig. 4(e), we observe a similar case to Fig. 4(a)
but with a lower in-plane applied field of 0.45 mT, where the
fundamental peak appears at a lower frequency of 291.4 MHz
with a broader spectral line. Again, this case can be well
described by the pseudo-Voigt fit from which we obtain
I' = 2.5 MHz and n = 0.4. We note that the larger contribu-
tion from the Lorentzian profile is consistent with the larger
linewidth, where convolution effects are less important.

In Fig. 5, we present color maps of the current dependence
of these power spectra, which exhibit a richer behavior than
permalloy nanocontact oscillators [26]. The color map rep-
resents a density plot in which the power spectra are shown
as a function of applied current by assigning a color value to
the amplitude of the peaks shown in in Fig. 4. Each of the
five maps in Fig. 5 were acquired after a single nucleation
event, where an example from each map is given in Fig. 4.
Overall, we can observe an increase in the frequency of the
main spectral line (along with its harmonics) as a function
of applied current, which is consistent with behavior reported
previously for nanocontact vortex oscillators. The spectra are
acquired for descending current after successful nucleation.
While gyration can be observed for currents down to around
4 mA in certain cases [Figs. 5(a) and 5(b)], the signal can
disappear at a higher threshold current of 7 mA, as shown in
Figs. 5(c)-5(e). Thin horizontal lines in the color maps rep-
resent artifacts arising from parasitic electromagnetic signals,
such as cellular telephone networks or WiFi signals, which
are independent of the current and persist in the absence of
the oscillator signal.

These color maps highlight some of the different qualita-
tive behaviors observed. Figure 5(a) represents the canonical
case of nanocontact vortex oscillations with pure gyration
without core reversal [42—44], where the frequency of the
spectral peaks vary monotonically as a function of applied
current. Some steplike changes are seen in this variation, a
feature that has been reported in other STNOs and attributed
to the transition between different oscillatory mode profiles
[45]. The disappearance of the signal below 4 mA can either
result from the annihilation of the vortex or pinning, whereby
the spin-transfer torques do not allow the core to escape some
local potential. The fact that this lower threshold varies be-
tween nucleation events suggests that this pinning is, in part,
determined by the particular micromagnetic state present.

The current dependence of the double-peaked structure in
Fig. 4(b) is given in Fig. 5(b), where a distinctive bandlike
structure can be observed over the entire current interval over
which the oscillations are present. As we indicate above,
a double-Lorentzian fit does not adequately describe the
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FIG. 5. Power spectral density (PSD) maps as a function of DC
current for given magnetic field and different nucleation events.
Spectra are measured every 0.1 mA. (a) Narrow signal at uoHy, =
12.2 mT, (b) two-frequency mode at poH, = 230 uT, (c) chaotic
signal at puoHy = —2.0 mT, (d) two-frequency mode at uoHy =
—12.4 mT, (e) narrow signal at poH, = 450 pT. The red arrows
indicate the corresponding spectra shown in Fig. 4.

observed spectra and provides a particularly poor description
of the large levels of power observed in the frequency interval
between the two peaks. This feature is particularly apparent in
the color map in Fig. 5(b). The spectral profile is reminiscent
of the power spectrum of a chirp signal, where the frequency
varies in time between f; and f>, the positions of the two
peaks. However, we have not identified a physical mechanism
that would produce such a signal in our device.

Figure 5(c) provides an example of broad spectral lines,
such as the PSD presented in Fig. 4(c), which might be inter-
preted as a signature of chaotic behavior. Indeed, the vortex
gyration does not result in a sharp spectral line as in Fig. 5(a)
that is typically seen for simple vortex gyration around the
nanocontact. Chaos in nanocontact systems studied previously
results from competing behaviors involving gyration and pe-
riodic reversals of the vortex core [24-27]. We do not see any
evidence here of core reversal, which is typically character-
ized by the appearance of additional modulation sidebands
in the power spectra. This suggests that another mechanism
involving transitions in the micromagnetic state might be

present. We note that hints of a double-mode structure appear
at lower currents (i.e., around 7 mA) before the onset of
the broad excitation peak as the current is increased, which
suggests that the dynamics here results from the interaction
between two oscillatory modes.

In Fig. 5(d), we can see two distinct frequencies that are
not related harmonically which appear to merge as the current
is increased. In contrast to the case shown in Fig. 4(b), the
double-peak structure here can be well described by a double
Lorentzian fit, as illustrated in Fig. 4(d). Such a double-
frequency mode has been observed in other STNOs [45-51]
and can either result from the hopping between two frequen-
cies or from the simultaneous emission of two frequencies.
We cannot distinguish between these two scenarios from fre-
quency domain measurements alone and further discussion on
this point will be given in the following section.

Finally, in Fig 5(e), we observe a behavior consistent
with the pure gyration regime but with the appearance of a
microwave-quiet region within a small current interval be-
tween 8.9 and 9.3 mA. Such an extinction has been observed
in other studies [52,53] but its mechanism has not been
clearly identified. We offer an interpretation of this behavior
in Sec. V.

IV. TIME DOMAIN ANALYSIS

To gain further insight into the origin of these multimode
frequency spectra, we performed time domain measurements
with a single-shot oscilloscope for a range of applied currents
and in-plane magnetic fields. In Fig. 6, we present the PSD
as a function of applied magnetic field under a fixed DC
current of 7.5 mA. In Fig. 6(a), the Welch method [54] was
employed to construct the average PSD from the time traces.
At each value of the applied field, we recorded a 10-us-long
time trace which was then decomposed into half-overlapping
100-ns windows. After applying a Hann filter to the time
series data to minimize spectral leakage, a discrete Fourier
transform was extracted from the windowed data. The power
spectrum presented in Fig. 6(a) represents an average over
these windows.

In a similar way to how the spectral characteristics vary
under applied perpendicular magnetic fields [25], we observe
a variety of behaviors as the in-plane applied field is changed
at fixed current. We can identify a number of qualitatively
distinct features, indicated by the dashed lines, such as narrow
spectral lines, line broadening, spectral power decrease, and
the presence of several modes. To better understand whether
these features, in particular, spectral line broadening, are as-
sociated with chaotic dynamics, we use the noise titration
technique to quantify whether highly nonlinear dynamics
are present in physical processes [25,55,56]. This technique
compares the accuracy of linear and nonlinear autoregres-
sive models based on Volterra-Wiener series of degree d and
memory depth « as one-step predictors of the data. Truncated
optimal linear and nonlinear models are selected to minimize
the Akaike criterion and then statistically tested against each
other (using an F test or a Whitney-Mann test) to decide on the
best model fitting the data. To detect the presence of chaos,
the aforementioned comparison between the two optimal
models is performed on the experimental time series corrupted
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FIG. 6. (a) Color map of the power spectral density (PSD) com-
puted from time-domain measurements as a function of applied
in-plane magnetic field, poH,, at a current of 7.5 mA. The dashed
lines indicate field values at which time-averaged power spectral den-
sities and spectrograms are shown in Fig. 7. (b) Noise limit computed
with the noise titration technique where nonzero values are consistent
with chaotic dynamics. The points in light orange correspond to the
field values indicated by the dashed lines in (a).

by numerical additive white Gaussian noise with increasing
variance. The variance level leading for the first time to a
lower normalized residual sum of squares from the linear
model is called the noise limit (NL). A sufficient condition
for the detection of chaos is then NL > 0 and its magnitude
(expressed in %) represents the strength of chaos, similar to
the value of the largest Lyapunov exponent characterizing
the average rate of exponential divergence between nearby
trajectories in phase space [57]. For our analysis, we have
considered a degree d =2 with a memory depth « = 10
and used a time-delay embedding of t, = 100 Ar with Ar =
12.5 ps, the sampling period of the experimental time series.
We have also concentrated our analysis on data that was band-
pass filtered in the frequency band [100 MHz, 1 GHz], where
the relevant dynamical features of the nanocontact vortex os-
cillator are concentrated. The time-delay embedding allows us
to subsample the time series and remove the sample-to-sample
correlations, which would otherwise lead our experimental
data to always be better described by linear models [58]. In
Fig. 6(b), we have plotted the NL as a function of the exter-
nal magnetic field uoH, and we can observe that significant,
nonzero values of NL correlate with regions in the PSD map
in which spectral line broadening appears or where several
modes are present. A vanishing NL is observed for negative
in-plane fields where a strong spectral line is seen, and in the
range of 7 to 10 mT where a loss in the output occurs.

To shed light on the nature of the different dynamical
regimes observed, indicated by the dashed lines in Fig. 6(a),
we provide a deeper analysis of the time series data with
a number of different methods as shown in Fig. 7. The
case at uoH, = —4.1 mT at which a single mode excita-
tion is observed [Figs. 7(a)-7(d)] serves to illustrates these
methods. Figure 7(a) shows the computed PSD using the
Welch method, where we can observe narrow spectral lines
consistent with the stable mode gyration, similar to the
case shown in Fig. 5(a). Figure 7(b) illustrates the spec-
trogram constructed from Fourier transforms of the 100-ns
half-overlapping windows, which shows that the oscillation
mode frequency remains stable over the entire duration of the
time trace. In Fig. 7(c), we give an example of the measured
oscillation signal over a 100-ns window, where both the raw
and bandpass filtered signal (with a rectangular filter between
200 and 600 MHz) are shown. The filtered signal represents a
well-defined oscillatory signal with small fluctuations in the
amplitude. To quantify the frequency stability of the mode
with a higher temporal resolution than that afforded by the
spectrogram, we obtain a crude estimate of the instantaneous
frequency by computing the interval between successive zero
crossings of the filtered signal in Fig. 7(c) and attributing this
to a half oscillation period, 7j/2. The evolution of 7j with time
is given in Fig. 7(d), where both the raw data and five-point
moving average is shown over an interval of 300 ns. This
behavior further confirms the stability of this mode, where
only small fluctuations about the mean value occur.

Let us now discuss the case of small positive magnetic
fields, woH, = 5.2 mT, at which broadening of power spec-
trum can be inferred from Fig. 6(a). The corresponding power
spectrum, shown in Fig. 7(e), exhibits a broad peak at the fun-
damental frequency and is reminiscent of the case in Fig. 5(c).
In contrast to the stable gyration mode [Fig. 7(b)], the spec-
trogram for this case in Fig. 7(f) shows a strong jitter in the
mode frequency, which remains localized within a range of
~100 MHz but fluctuates strongly in time. The noise level at
this field value is about 40% [Fig. 6(b)], which is suggestive of
a chaotic process. The time trace in Fig. 7(g) does not reveal
any qualitatively different features as the previous case, but an
analysis of the instantaneous period reveals large fluctuations
over a range exceeding 1 ns, which appear to be randomly
distributed in time [Fig. 7(h)].

As we noted previously, there is a range of applied fields
from approximately 7 to 9 mT in which a microwave-quiet
region is observed. As the in-plane field is further increased
beyond this range, the reappearance of the microwave signal
involves an intermittent signal. An example of this behavior
occurs at uoH, = 9.5 mT for which the power spectrum is
shown in Fig. 7(i). In contrast to the other cases discussed
until now, the power spectrum exhibits additional sidebands
below the fundamental frequency peak. The spectrogram in
Fig. 7(j) shows a largely quiet spectrum that is punctuated by
intermittent oscillations with the peak structure in Fig. 7(i).
While statistics on such events are limited, the intermittence
appears to be aperiodic and is not accompanied by any dis-
cernible transient dynamics at least within the timescale given
by the 100-ns window used to compute the spectrogram. This
can be seen in Fig. 7(k) where the oscillations emerge from the
noise (at the center of the time window) without any additional
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FIG. 7. Analysis of time series data at 7.5 mA for the four values of the in-plane magnetic field poH, indicated by dashed lines in Fig. 6(a):

(a)—(d) —4.1 mT, (e)~(h) 5.2 mT, (i)-(1) 9.5 mT, and (m)~(p) 14.7 mT.

The power spectrum computed with half-overlapping 100-ns windows

are shown in (a), (e), (i), and (m), with the corresponding spectrograms presented in (b), (f), (j), and (n). Examples of raw (gray) and band pass
(200-600 MHz) filtered (blue) time traces over an interval of 100 ns are given in (c), (g), (k), and (o). The instantaneous period computed from
successive zero crossings of the filtered time traces over an interval of 300 ns is given in (d), (h), (1), and (p), where both the single (gray dots)

and five-point moving averaged values (blue lines) are shown.

transients. When present, the oscillatory signal exhibits addi-
tional oscillations in the amplitude, leading to the sidebands
below the fundamental frequency, which is suggestive of a
beat pattern. This is further corroborated by the analysis of
the instantaneous period in Fig. 7(1), where a regular variation
over a range of ~0.8 ns can be seen. The proportion of the
intermittent signal that occupies the entire 10-us window
studied increases as the field is increased; there is 0% of signal
at 7.9 mT, 7% at 8.8 mT, 22% at 9.5 mT, 81% at 10.2 mT, and
100% at 13.8 mT.

Finally, under a higher in-plane applied field of poH, =
14.7 mT, we observe a double-peak structure with a broad
base [Fig. 7(m)], with some discernible modulation side bands
that are a few dB above the noise floor. The spectrogram in
Fig. 7(n) reveals that spectral power remains present at both
frequency branches of ~375 MHz and ~425 MHz across the
entire time trace, which is suggestive of mode coexistence
rather than mode hopping. In the time trace shown in Fig. 7(0),
we can discern some variations in the period of the filtered
signal. This is quantified in Fig. 7(p), where oscillations in
the instantaneous period can be seen. Like the example in
Fig. 7(1), this behavior is reminiscent of frequency modulation
in which the oscillator frequency varies periodically in time.

Clear evidence of mode hopping was observed in another
set of experiments in which the applied current was varied
in a small interval, as shown in Fig. 8(a). Here, the range
of applied currents in which microwave power is observed is

less than 1 mA, where for decreasing currents a double-mode
spectrum can be seen, followed by a microwave-quiet region
with the exception at 8.3 mA, which is reminiscent of the
case in Fig. 5(e). The spectrograms for three values of the
applied current are shown in Figs. 8(b), 8(d) and 8(f), where
clear transitions can be seen between two well-defined modes.
While the statistics are limited, the dwell times appear to
fluctuate randomly between the two states, with transitions
being more frequent as the current is increased. The corre-
sponding power spectra are shown in Figs. 8(c), 8(e) and 8(g),
which exhibit a clear double-peak structure that more closely
resembles Fig. 4(d) than Fig. 7(m).

V. DISCUSSION AND CONCLUDING REMARKS

Clear signatures of vortex gyration were detected in a
similar current and frequency range to behavior previously
reported in permalloy-based nanocontact systems [24-26].
There are, however, a few notable differences. First, core
reversal does not appear to be triggered in the Heusler-based
systems studied here, despite similar gyration frequencies be-
ing reached at the upper limit of the applied current. The onset
of periodic core reversal results in the appearance of modu-
lation sidebands, a feature that has not been observed in the
Heusler-based nanocontact discussed here. This absence may
be due to the fact that sufficiently large current densities have
not been reached, since the onset of core reversal typically
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FIG. 8. (a) Power spectral density computed from time-domain
measurements as a function of applied current, /, under an applied
field of poH, = —0.7 mT. The dashed lines labeled with symbols
indicate current values at which spectrograms constructed with half-
overlapping 100-ns windows (b), (d), (f) and the corresponding
power spectral density (PSD) computed with the Welch method are
shown: (b), (c) 8.8 mA, (d), (¢) 8.9 mA, and (f), (g) 9.0 mA.

occurs above 10 mA in permalloy-based systems. Another
possibility is that the larger exchange constant (Co,MnGe
value being half to full Co value, i.e., 15 to 30 pJ/m, which is
higher than permalloy or Ni value, which is 10 pJ/m) means
that the critical deformation is not reached for core reversal
under the spin torques applied [59-61]. Alternatively, core
reversal is, in fact, present, but the low damping values result
in a long relaxation time between each core reversal event. As
a result, the modulation frequency is comparatively low and
the sideband is indiscernible from the main oscillation peak.
Mode hopping [46,47,50,51,62—64], mode coexistence
[45,49,51,65], and mode variations with Ipc [66] have already
been reported in the literature for other oscillator systems.
Mode coexistence can be attributed to two oscillation modes,
for example, where an oscillatory mode is present in each
of the magnetic layers of a coupled bilayer system. On the
other hand, mode hopping describes the transition, quite likely
thermally activated, between two distinct oscillatory regimes
within a given system, which possess distinct frequencies. Our
observations in the time domain appear to be consistent with
both of these scenarios, where the variation of the in-plane
field allows us to transit from one behavior to the other.
Preliminary micromagnetics simulations of the nucleation
process indicate that a vortex can be nucleated in both the
free and reference layers. While dipolar coupling between
the layers is minimized in the uniformly in-plane magnetized
state, it can become significant when vortices are present
in both layers. In nanopillar structures, dipolar coupling be-
tween vortices in the free and reference layers can result in
coupled dynamics [34,67], which leads to narrow spectral
lines. Here, we can offer an interpretation of the observed
behavior in Figs. 6-8 in terms of coupled vortex dynamics,
where the vortices in the free and reference layers both un-

dergo steady-state gyrations as a result of the CIP torques.
A single stable frequency signal, such as in Figs. 7(a)-7(d),
results from the synchronized motion of the two vortices,
leading to improved phase coherence and narrower spectral
lines. Conditions for synchronization degrade as the in-plane
field is increased, leading to unsynchronized motion along
independent trajectories with close frequencies, as shown in
Figs. 7(m) and 7(n) [and possibly also in Figs. 7(e) and 7(f)].
Through the dipolar coupling, the resulting dynamics shows
signs of chaos as detected from noise titration, which is not
unexpected for coupled oscillators. The intermittent signal
in Figs. 7(1) and 7(j) does not exhibit any signs of transient
dynamics, for example, associated with oscillator death, so we
can interpret the loss in microwave power as resulting from a
synchronized regime in which the oscillators are in antiphase,
which leads to a drastic reduction in the overall time-varying
MR of the pseudo spin valve. As the in-plane field is varied
outside of this range of intermittence, we observe a clearer
separation between the frequency of the two gyration modes,
which is particularly evident in Figs. 7(m) and 7(n) with the
presence of two distinct branches. In this light, we can then
interpret the mode hopping in Figs. 8(b), 8(d) and 8(f) as
synchronized motion in which the master/slave relationship
alternates between the free and reference layer oscillators.
This is consistent with the narrower spectral lines seen as
compared with the two-mode behavior in Figs. 7(m) and 7(n).

Full micromagnetics simulations of the coupled bilayer
system prove to be particularly challenging to implement
primarily because of the low values of the Gilbert damp-
ing constant. In systems with self-sustained oscillations, the
damping constant enters as a prefactor in the relaxation rate
of amplitude fluctuations toward the limit cycle [68]. Because
the value of « in the Co,MnGe films studied is about 20 times
smaller than its counterpart in permalloy (o ~ 0.01), it means
that transient dynamics associated with changes in applied
currents or fields, which might last 25 ns in a permalloy-based
system, would take up to 500 ns to damp out in the Heusler
system. In order words, the transient dynamics toward the
limit cycle would take much longer to simulate than several
periods of gyration itself, which is needed to compute simu-
lated maps of the PSD. Further simulations will be pursued
but a detailed numerical study remains beyond the scope of
the present paper.

Finally, we note that the signal-to-noise ratio of the pseudo
spin valve is not significantly higher than that of permalloy-
based nanocontact vortex oscillators we studied previously.
This is unexpected, since we anticipated a strong MR signal
based on the higher spin polarization of the Heusler com-
pound used. We speculate that this is a consequence of the
nanocontact geometry, where the large current densities flow
perpendicular to the film plane and also within the film plane
[69]. The overall electrical signal is therefore based on a
combination of CPP-GMR and CIP-GMR, with possible con-
tributions also from AMR related to the CIP flow through
the vortex structure. As such, the half-metallic nature of the
Heusler compound is not fully exploited by the device geom-
etry, which is not the case, for example, for oscillators based
on nanopillars.

In summary, we present an experimental study of
the current-driven magnetization dynamics in nanocontact
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oscillators based on epitaxially grown pseudo spin valve
structures with the Heusler compound Co,MnGe. The hard
ferromagnetic layer was successfully fabricated as a bottom
electrode by growing the Co,MnGe film biased through ex-
change coupling to an epitaxial Co layer. The absence of
interlayer RKKY coupling between the free and reference
layers was shown for spacer thicknesses of 2 nm with low
values of the Gilbert damping constant in the range of 6 x
10~ preserved at room temperature. We have demonstrated
that vortex dynamics in nanocontact oscillators based on
Heusler compounds can lead to rich power spectra, which
comprise phenomena such as mode coexistence and mode
hopping. Such features are possibly linked to the dipolar-
coupled magnetization dynamics of the vortex cores in the

free and reference layers, and accentuated by the low values
of the Gilbert damping constant.
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