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Abstract

Nanocontact spin-torque oscillators are devices in which the generation of propagating spin waves can be
sustained by spin transfer torque. In the present work, we perform combined electrical and optical
measurements in a single experimental setup to systematically investigate the excitation of spin waves by a
nanocontact spin-torque oscillator and their propagation in a NigoFez extended layer. By using microfocused
Brillouin light scattering we observe an anisotropic emission of spin waves, due to the broken symmetry
imposed by the inhomogeneous Oersted field generated by the injected current. In particular, spin waves
propagate on the side of the nanocontact where the Oersted field and the in-plane component of the applied
magnetic field are antiparallel, while propagation is inhibited on the opposite side. Moreover, propagating
spin waves are efficiently excited only in a limited frequency range corresponding to wavevectors inversely
proportional to the size of the nanocontact. This frequency range obeys the dispersion relation for exchange-
dominated spin waves in the far field, as confirmed by micromagnetic simulations of similar devices. The
present results have direct consequences for spin wave based applications, such as synchronization,

computation, and magnonics.



l. Introduction

Nanocontact (NC) based spin-torque oscillators (STOs) [1] have been extensively studied in recent years due
to their potential applications in a variety of fields including, spintronics, magnonics, [2] and data storage
[3]. NC-STOs typically consist of an extended pseudo-spin-valve where two magnetic layers are separated
by a nonmagnetic spacer. One of the magnetic layers is a hard magnet that acts as spin polarizer and a
reference layer, and it is referred to as the “fixed” layer. The second, “free” magnetic layer is softer and
thinner, making it susceptible to spin-transfer torque (STT) induced dynamics [4, 5]. Depending on the
material used for the free layer, uniqgue magnetodynamical modes can be generated in NC-STOs. On the one
hand, by using Co/Ni multilayers exhibiting perpendicular magnetic anisotropy, NC-STOs have been shown
to support steady magnetization dynamics at low external fields [6] and even the excitation of localized
modes known as magnetic dissipative droplets [7, 8, 9, 10]. On the other hand, using soft magnets such as
NiFe, the existence of propagating [11, 12], localized [12, 13, 14, 15], and vortex [16, 17] modes has been

demonstrated, depending on both the strength and the direction of the external magnetic field.

The propagating mode was first predicted theoretically by Slonczewski [18] for a perpendicularly
magnetized NC-STO, i.e. by applying an external magnetic field perpendicular to the device normal strong
enough to saturate the free layer. This mode has been shown to consist of exchange-dominated spin waves
(SWs) propagating radially away from the NC region at frequencies above the ferromagnetic resonance
(FMR) frequency and with a wavenumber inversely proportional to the NC diameter. The propagating nature
of this mode lends itself to coupling NC-STOs to achieve better spectral features by synchronization [19, 20,

21, 22, 23], to perform computation [24, 25], or to propagate information in magnonic devices [26, 27].

The existence of the propagating mode was demonstrated only recently, by employing either electrical
measurements [28], to study SW-mediated synchronization, or microfocused Brillouin light scattering (u-
BLS) [11] to directly detect the emitted SWs. Although these experiments provided unambiguous proof of
the propagating character of this mode, micromagnetic simulations including the Oersted field generated by
the bias current [13, 29] predicted that the propagation is generally anisotropic, especially if the applied field
is tilted away from the device normal. This has tremendous consequences for the design and application of
devices utilizing STT-driven SWs. However, to the best of our knowledge, no direct experimental evidence
of such asymmetric propagation has been provided to date for out-of-plane magnetized NC-STOs. Evidence
of asymmetric emission has been experimentally demonstrated only for in-plane magnetized NC-STOs by
the works of Demidov at al. [15, 30]

In the present work, we combine electrical characterization and x-BLS in a single experimental setup to
systematically investigate both the electrical properties of the STT-induced dynamics and the characteristics

of the propagating SWs excited in an out-of-plane magnetized NC-STO. Evidence is provided for anisotropic



SW propagation in these devices, as reproduced by micromagnetic simulations. More importantly, the STT-
generated SWs are found to propagate within a wavevector range dictated by both the SW dispersion in the
far-field and the diameter of the NC. In fact, micromagnetic simulations reveal that nonlinear dynamics are
strongly damped close to the NC (near-field region), while only wavevectors obeying the SW dispersion
relation are able to propagate in the far-field region, i.e. at distances longer than the NC dimensions. These
results are relevant for the development of SW-based devices, including the synchronization of NC-STO

arrays, computation, and magnonics.

1. Experimental Details

Samples were fabricated on a SiO; (1 um) covered silicon wafer through the following processing steps: a
pseudo-spin-valve stack of Pd (8 nm) / Cu (15 nm) / Co (8 nm) / Cu (8 hm) / NigoFez (4.5 nm) / Cu (3 nm) /
Pd (3 nm) was deposited by magnetron sputtering then, making use of photolithography, rectangular 8x16
um? mesas were defined. A 30 nm thick SiO; layer was deposited on top of the mesas to realize electric
insulation of the devices. 2x4-um? ground electrodes and circular NCs with 100-nm diameter were then
defined in this insulation layer above each mesa. Finally, contact pads with ground-signal-ground (GSG)
geometry, as depicted in Fig. 1(c), were fabricated with sputter deposition of 1 um Cu / 20 nm Au in a
photolithography prepared lift-off pattern. The final device allows for x-BLS optical access on one side of

the NC only, as shown in Fig.1(c).

Measurements in the frequency domain were performed using a broadband spectrum analyzer (SA). A DC
was injected into the NC while the device impedance was continuously monitored in order to avoid damage
due to Joule heating. The direction of the injected DC is negative (i.e. electrons drift from the free to the
fixed layer) as required to obtain an STT-induced enhancement of the magnetization dynamics in the free
layer [11]. Notably, this approach is only sensitive to the magnetodynamics generated very near the NC,
along the path of the DC current.

1-BLS measurements were performed applying an external magnetic field H at an angle of about 15° from
the sample normal, by means of a customized projected field electromagnet. As has already been
demonstrated in a previous paper [11], the out-of-plane magnetized NC geometry favors the emission of
propagating SWs in the extended portion of the NiFe free layer. At the same time, the slight tilt of the
external field allows us to define the direction of the in-plane component of the field, Hip, as shown in Fig.1.
This choice is crucial in defining the direction of the propagating SWSs, as we will demonstrate below. The
emitted SWs were experimentally detected at room temperature by means of a u-BLS setup described in
detail elsewhere [31]. We measured the Stokes side of each spectrum only, in order to halve the total
acquisition time. This approach is justified by the symmetry of the Stokes and anti-Stokes sides of the

spectrum in a measurement performed at normal incidence in a thin magnetic film [33].



To summarize, our setup allows us to electrically investigate the generated dynamics of the NC-STO while

simultaneously characterizing the emitted SWs by u-BLS.

1. Micromagnetic simulations

Micromagnetic simulations were performed using the graphic processing unit (GPU) accelerated software
Mumax3 [34]. The extended free layer was modeled by a disk with a diameter of 2.2 xum and absorbing
boundary conditions (ABC) to prevent spurious generation and reflection of SWs. The ABCs were
implemented by linearly increasing the Gilbert damping coefficient over 200 nm towards the disk edge, so
that the active area of the model was a 1.8 um diameter disk. We considered the device nominal free layer
thickness to be 4.5 nm and the magnetic parameters as follows: saturation magnetization y,Ms = 0.69 T,
Gilbert damping a = 0.01, exchange stiffness A = 11 pJ/m, and no magnetocrystalline anisotropy. These
parameters define the cell discretization to 4.3 x 4.3 x 4.5 nm, below the exchange length Aex = 6 nm,
resulting in a 512 x 512 mesh. STT was considered only in a cylindrical region defined by the NC of
diameter d = 100 nm positioned in the geometrical center of the disk. We assumed a polarization consistent
with a Co layer, P = 0.3, and a symmetric torque A = 1, as has previously been shown to model similar
devices with high accuracy [13, 14]. The direction of the fixed layer was calculated numerically by solving
the magnetostatic boundary conditions for a Co thin film with saturation magnetization p,Mp = 1.5 T. Both
the external applied field and the current-generated Oersted field were included in the simulations. Unless

specified, the simulations were performed with a fixed time step of 10 fs and at room temperature.

The spectral characteristics of the generated dynamics can be estimated from 10 ns long simulations sampled
at 10 ps, returning a frequency resolution of ~ 97 MHz. Field-dependent simulations indicate that high field
magnitudes are required to excite well-defined SWs. This can be understood from the fact that
demagnetizing fields arise at the boundaries of the simulated disk, favoring a vortex ground state. Applied
fields of magnitude poH > 650 mT are numerically found to preclude the formation of a vortex and to allow

the excitation of STT-induced propagating SWs.

V. Results and discussion

- Anisotropic spin-wave emission and decay length
The first step of our experiment was to investigate the effect of varying the direction of the in-plane
component of the external magnetic field (Hir) on the spatial distribution of SWs emitted below the NC area.
To perform such an experiment the external field intensity was set to JoH = +700 mT and the field direction
was tilted so that its in-plane component was antiparallel to the Oersted field on the side of the NC which is

accessible to p-BLS, as shown in Fig.1(a). By injecting a DC of I = 30 mA into the NC, we were able to



obtain steady-state oscillations at a frequency of 15.5 GHz and with an intensity of about +9 dB over noise,
as measured by the SA. In order to map the intensity of the emitted SWs, we then performed a two-
dimensional p-BLS scan over an area of about 2 x 1 um? on the optically accessible NC side and at a
distance of about 1 pm from the NC itself. The measured two dimensional map, shown in Fig. 1(a), was
obtained by integrating the measured SW intensity in a frequency range of 0.5 GHz around the central value
of 15.5 GHz. This u-BLS map clearly shows emission from the NC area, confined in a relatively narrow
beam which propagates in the direction perpendicular to both the direction of the Oersted field and Hie. If the
external field polarity is reversed (LoH = -700 mT), the Oersted field and Hi» become parallel on the optically
accessible NC side, [35] but no SWs are detected in this case, as shown by the x#-BLS map in Fig. 1b.* This
clearly demonstrates anisotropic spin-wave emission, confirming previous numerical predictions indicating
that the largest SW intensity is emitted on the side of the NC where the Oersted and the Hp fields are
antiparallel [13, 29]. As the second step of this investigation, we measured the decay of the emitted SW
intensity (i) as a function of the distance from the NC position (X-Xo), by scanning the laser probe along the
X-direction. The results of these measurements are shown in Fig. 2 (black dots) together with the result of a

best fit analysis obtained using the following analytical expression:

X—-Xo

. . A -
l(X)=10+X_—X0-e 1 (1)

where ig is the baseline, Xo is the NC position (fixed at Xo = 0), and | is the decay length of SW intensity; A
and | are the free parameters in the fit routine, which returns a value of 1 = 500 £ 50 nm. This is in very good
agreement with the expected value obtained from the expression | = vg/2aw = 500 nm, where vg= 1.0 um/ns
is the SW group velocity extracted from the simulated dispersion curve of the free layer (see Fig. 5), o = 0.01

is the conventional value of damping in NiFe, and w = 2xf is the SW angular frequency (f = 15.5 GHz).

- Dependence of the spin-wave emission on the injected current and applied field intensity
Next, we turn our attention to the characteristics of the emitted SWs by simultaneously measuring the spectra
obtained electrically and optically when varying either the intensity of the external magnetic field H or the
direct current 1. The results reported in Fig. 3 were obtained by injecting a constant current | = 30 mA and
applying an external magnetic field of variable intensity (in the range H = 550-800 mT) with its in-plane
component (H,p) directed as in Fig. 1(a), to favor the emission of SWs on the optically accessible side of the
device. The first two panels show the p-BLS spectra of SW intensity measured at a fixed position of about
1.0 um away from the NC, Fig. 3(a), and the sequence of spectra acquired with the SA, Fig. 3(b) as a

function of H. The same data are reported in Fig. 3c and Fig. 3d on color-scale bidimensional plots. The data

! The frequency of the steady-state oscillations as measured by the SA only changed by a small amount (from 15.5 to
15.3 GHz) when the applied field was reversed, while its intensity increased to +10 dB over noise.



obtained from p-BLS features two well-defined peaks. The lowest frequency peak, which is not observed on
the SA spectra, Fig. 3(d), exhibits a constant intensity and can be measured even for | = 0, c.f. red spectrum
in Fig. 4(a). It corresponds to the thermally activated FMR mode of the NiFe layer, consistent with Kittel’s
equation as a function of H. The highest frequency peak of Fig. 3(c) is instead observed in the SA spectra at
the same frequency for all the measured fields and corresponds to the SWs emitted by the STT-driven
precession of the magnetization under the NC. The blue-shift of this peak with respect to the FMR frequency
is a signature of the propagating character of the SWs emitted away from the NC which is further confirmed
by the fact that its signal is measurable up to about 2.2 pm away from the NC itself, as was shown in Fig. 2.
The positive field tunability of this mode is estimated to be 24 MHz/mT. A comparison of the above
experimental results with those obtained from micromagnetic simulations, Fig. 3(e), accounts for a very good
guantitative agreement over the entire range of fields we investigated. Careful inspection of the measured
spectra reveals the presence of a mode transition for a field value of H = 675 mT, denoted by two resonant
frequencies in both the u-BLS and SA spectra. Corresponding to this mode transition, the SA spectrum is
strongly modified, exhibiting a shaper and stronger peak. The occurrence of such mode transitions is very
common in this kind of NC-STO devices [28] and reflects the complicated nonlinear dynamics that can also
be affected by unique and local features of the real NC. As a matter of fact, nominally identical devices
present one or more mode transitions at different field/current values, or even no transitions at all.

A direct comparison of the measured peaks corresponding to the FMR and STT modes in the pu-BLS spectra,
Fig. 3(a), suggests that the two modes have comparable intensities. This result may seem surprising at first,
since a much larger intensity should be expected for STT-driven SWs than for thermally excited SWs. The
reason for this apparent inconsistency lies in the wavevector content of the two modes and how it is
efficiently collected by the optics of our experimental setup. By combining the effect of the finite collection
angle (6 = 48.6°, NA = sin(#) = 0.75) of our microscope objective with the effect of the uncertainty in the in-
plane component of the wavevector of the scattered photons, resulting from the limited spatial extent of the
laser spot on the sample (= 300 nm), it is possible to demonstrate that the efficiency of our apparatus in
detecting SWs with small wavelengths decreases very rapidly as the wavelength is reduced below 300 nm
[11]. Since the diameter of the NC under investigation is only 100 nm, we expect the wavelength of
propagating SWs to be smaller than 200 nm [18], which means we can detect them with relatively low

efficiency in our apparatus.

Figure 4 shows the results of a second set of simultaneous p-BLS and SA characterizations obtained by
setting the external field intensity to a fixed value of H = 680 mT and varying the intensity of the injected
DC (1) over the range between 23.0 and 38.0 mA. The first u-BLS spectrum (red line) in Fig. 4(a) was
measured at | = 0 mA, showing the thermal FMR mode. In the following sequence of pu-BLS spectra, Fig.
4(a), the FMR signal was no longer acquired, in order to reduce the acquisition time and because its
frequency does not vary with current, so the only visible peak in the spectra is the one corresponding to the

STT-driven SW excitation. Fig. 4(b) shows the corresponding sequence of SA spectra, while Fig. 4(c) and



Fig. 4(d) report the same p-BLS and SA measurements in bidimensional color scale plots. Similarly as in the
case of the field characterization (Fig. 3), we observed a blue-shift of the STT-driven SW frequencies with
respect to the FMR, as well as a positive current tunability that we estimate to be 250 MHz/mA. On
increasing I, a mode transition is observed for the value of I = 29.0 mA,; this is characterized by a relatively
large frequency jump of about 2 GHz, clearly visible in the SA sequence of spectra, and accompanied by a
dramatic reduction in linewidth and an increase in maximum intensity. It is interesting to note how the signal
coming from propagating SWs, as measured by p-BLS, is easily detectable only over a finite range of
currents, I = 29.0 — 35.0 mA, after the mode transition. Before the mode transition (I < 29.0 mA) the SW
signal is hardly detectable, probably because of the very low STT efficiency, as is confirmed by the electric
measurements. More interesting is the existence of an upper bound (I = 35.0 mA) above which the intensity

of the emitted SWs rapidly decreases. This is discussed in greater detail in the following.

The existence of a well-defined DC range (and a corresponding frequency range), in which propagating SWs
are experimentally detected, is a reproducible feature that we observed in several NC-STO devices with
slightly different NC diameters, in the range 80-120 nm, obtaining results which are in good qualitative
agreement with those presented in this paper. In order to shed more light on this effect we calculated the
dispersion curve for SWs in the out-of-plane magnetized NiFe layer (H = 680 mT). The resulting frequency
vs. 1/A plot is shown in Fig. 5(b), where it is compared with the frequency vs. | plot of Fig. 5(a). We can see
good quantitative agreement between the frequency of the FMR mode, as measured by u-BLS, and the
simulated frequency at 1/A = 0 (k = 2z/A = 0). From a direct comparison between the two panels in Fig. 5, it
is clear that the finite frequency range detected experimentally, corresponds to a finite wavelength range of A
= 115-150 nm. This is the central result of the present work as it suggests that propagating SWs emitted by
an out-of-plane magnetized NC-STO have a limited range of accessible wavelengths, which is ultimately
associated with the NC diameter and the exchange-dominated dispersion relation of SWs. In other words, a
NC-STO cannot efficiently excite exchange-dominated SWs with a wavelength much shorter (or longer)
than its own NC diameter. This has tremendous implications for the synchronization of NC-STOs, since the
wavelength unambiguously determines the phase difference between the devices and ultimately the phase-
locking condition.

The above observations can be further tested using micromagnetic simulations. Due to the finite size of the
simulated disk, much stronger fields are required to obtain a coherent SW emission. Consequently, we set a
field of magnitude H = 800 mT tilted 15° from the plane normal in the following simulations. To
characterize the allowed propagating SWs, we performed simulations at T = 0 K and determined their
wavelength as a function of distance via smoothed pseudo-Wigner-Ville (SPWV) transform. By this method,
it is possible to tune the real and reciprocal space resolution by making use of smoothing windows. The
wavelength content of the generated SW is determined by performing a SPWV transform on a simulation
snapshot along the X direction, where we used a Gaussian window of 4.3 nm for the real space and a Hann

window of 1.9 um™ for the reciprocal space. We then averaged 100 SPWYV transforms, each one calculated



from different snapshots of the same time-dependent simulation, to further improve the accuracy of the
method. The results for NC-STO driven at 34 mA and 25 mA are shown as color plots in Fig. 6(a) and (b),
respectively, where the vertical black lines indicate the boundaries of the NC and the color represents the
normalized SW magnitude in logarithmic scale. The choice of the values for | was made in order to have one
value below the SW emission threshold (25 mA) and the other one right in the middle of that range (34 mA),
as confirmed by Fig.5(a). We remind the reader that this figure must be understood as the wavelength
content (y axis) as a function of distance for the SW propagating along X. Whether the NC-STO is driven at
34 mA, Fig. 6(a), or 25 mA, Fig. 6(b), most of the wavelength content is rapidly damped within about 0.2
um from the NC center (near-field region). This strong wavelength content describes the nonlinear forced
dynamics of the system due to the presence of strong/local effects in the NC area such as the STT effect and
the Oe-field. However, when the NC is driven at 34 mA, Fig. 6(a), a band of wavelengths is observed to
prevail up to the simulation boundary, and only in the +X direction. This wavelength band is in good
quantitative agreement with the wavelength analytically obtained from the SW dispersion relation for NiFe
at the driven NC-STO frequency (white dashed line) and similar to the NC diameter. In contrast, when the
NC-STO is driven at 25 mA, Fig. 6(b), this wavelength band, although present, is rapidly damped within
about 0.6 um, corresponding to a scenario in which the Oersted field strongly distorts the magnetic
landscape. It is worth mentioning that these results indicate that SW do propagate in the -X direction as well,
as expected from exchange-coupling, but their energy is negligible for distances greater than 0.5 um from the
NC. An additional interesting feature of Fig. 6 is that the wavelengths close to the NC boundary are lower
(higher) in the +X (-X) direction corresponding to the decrease (increase) of the local field magnitude
induced by the Oersted field.

V. Conclusions

The properties of propagating spin waves emitted by an out-of-plane magnetized NC-STO were investigated
by means of a combined RF and microfocused BLS experimental setup. We experimentally demonstrated the
anisotropic emission of spin waves which is concentrated on the side of the NC where the Oersted field and
the in-plane component of the external field are antiparallel. The analysis of both the field and the current
tunability of the device showed a clear blue-shift of the STT-excited SW frequency with respect to the FMR
one, as well as the presence of abrupt mode transitions. More importantly, it was found that propagating spin
waves are only efficiently excited over a limited interval of wavelengths comparable with the NC diameter.
Given the dispersion relation in the far-field, this corresponds to a range of frequencies of a few GHz. We
believe these results will be of the utmost importance for further progress in NC-STOs synchronization,

computation, and magnonic applications via emitted spin waves.
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Figure 1 (color online). (a) and (b): Spin-wave intensity maps measured by pu-BLS in the green area of panel
(c), for two different directions of the in-plane component (Hp) of the external field, H = 700 mT and | = 30
mA. (c) SEM image of the device with the ground-signal-ground (GSG) pads, NC position and the direction
of the Oe field generated by the current (I) flowing into the NC.
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Figure 2 (color online). (circles) Spin-wave intensity measured by p-BLS as a function of the distance (X-
Xo) from the NC position. (line) Best-fit curve obtained using expression (1).
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Figure 3 (color online). (a) u-BLS and (b) SA spectra measured as a function of the intensity of the external
field H for a fixed value of the injected DC I = 30 mA. (c) and (b) color plots of the sequence of spectra (a)
and (b). (e) Results of micromagnetic simulations obtained under the same conditions.
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Figure 4 (color online). (a) u-BLS and (b) SA spectra measured as a function of the intensity of the injected
DC (1) for a fixed value of the external field H = 680 mT. (c) and (b) color plots of the sequence of spectra
(@) and (b).
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Figure 5 (color online). (a) u-BLS spectra measured as a function of the intensity of the injected DC (1) for a
fixed value of the external field H = 680 mT. (b) Simulated SWs dispersion curve of the NiFe free layer.
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Figure 6 (color online) Smoothed pseudo-Wigner-Ville transform of simulated SWs along X for (a) | = 34
mA and (b) | = 25mA and an external field of H = 800 mT. The vertical black lines indicate the boundaries
of the NC while the white dashed lines indicate wavelength obtained from the spin wave dispersion relation
at each frequency, namely, (a) 19.2 GHz and (b) 17.1 GHz. The color contrast indicates the normalized
magnitude in logarithmic scale of the SW associated with each wavelength (y axis) as a function of X.
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