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Domain Wall Based Spin-Hall Nano-Oscillators
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In the last decade, two revolutionary concepts in nanomagnetism emerged from research for storage
technologies and advanced information processing. The first suggests the use of magnetic domain walls in
ferromagnetic nanowires to permanently store information in domain-wall racetrack memories. The second
proposes a hardware realization of neuromorphic computing in nanomagnets using nonlinear magnetic
oscillations in the gigahertz range. Both ideas originate from the transfer of angular momentum from
conduction electrons to localized spins in ferromagnets, either to push data encoded in domain walls along
nanowires or to sustain magnetic oscillations in artificial neurones. Even though both concepts share a
common ground, they live on very different timescales which rendered them incompatible so far. Here, we
bridge both ideas by demonstrating the excitation of magnetic auto-oscillations inside nanoscale domain
walls using pure spin currents. This Letter will shed light on the current characteristic and spatial

distribution of the excited auto-oscillations.
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The spin-transfer-torque (STT) effect discovered in 1996
by Slonczewski and Berger [1,2] allows the manipulation
of localized magnetic moments in a ferromagnet by the
transfer of spin angular momentum from spin polarized
conduction electrons. The direction of the magnetization
can either be switched permanently [3-5] or can be forced
to oscillate at radio frequencies [6]. Quite soon thereafter
it was recognized that a charge current in a ferromagnet,
which is intrinsically spin polarized, can move magnetic
domain walls (DWs) in nanowires [7]. This gave rise to the
idea of the magnetic racetrack memory [8] and, quite
recently, current-induced skyrmion motion [9-11]. While
these schemes target nonvolatile, long term data storage,
the STT effect in spin-torque nano-oscillators can be
exploited to drive magnetic auto-oscillations [6,12] and,
eventually, to radiate spin waves [13] by compensating the
intrinsic magnetic damping. Another leap was the develop-
ment of spin-Hall nano-oscillators (SHNO) [14,15] in
which pure spin currents are generated via the spin-Hall
effect (SHE) [16-19] and by which even propagating spin
waves are excited [20,21]. This puts SHNOs at the heart of
magnonics [22-24] which proposes a novel type of low
energy, non-Boolean computing based on magnons, the
quanta of spin waves, as carriers of information [25],
or even neuromorphic computing [26,27] based on the
nonlinear character of magnonic auto-oscillations. In a
previous work, we demonstrated that DWs can channel

0031-9007/19/123(5)/057204(5)

057204-1

magnons in an effective magnetic potential well [28].
This raised the question of whether or not a magnetic
DW can potentially be a self-organized, movable SHNO, as
was proposed by micromagnetic simulations for an out-of-
plane system [29].

In order for the STT effect to counteract the intrinsic
magnetic damping, the magnetization M has to have a

component antiparallel to the polarization P of the injected

spin current /; with density js. Because of spin-dependent
scattering associated with the SHE, a charge current /.

with density jc flowing in a heavy metal is converted into

a transverse pure spin current with jsJ_chﬁ [Fig. 1(a)].
In a conventional nanowire, therefore, an external magnetic
field is needed to overcome the shape anisotropy and

to align 1\7IJ_jC [30]. Additionally, /, needs to be high
enough to exert sufficient torque and compensate the
magnetic damping. Typically, this is achieved by litho-
graphically patterning devices with active areas of only few
10-100 nm [31].

However, the sizes are limited by lithography and the
position of the active area is fixed. To overcome these
limitations, we investigated the excitation of auto-
oscillations inside magnetic DWs which bring multiple
benefits: they can be created and_destroyed dynamically,
are very small, inherently exhibit M_LJ,., and can easily be
moved by electric currents, lasers, and small magnetic
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FIG. 1. (a) Schematic of a SHNO based on a domain wall. The
functional layers of Pt and CoyFeyB,, are separated only for
illustration purposes. (b) SEM image of the investigated 370-nm
wide nanowire that exhibits two 90° bends at positions A and B
and is connected to a current source by two Cu contacts.

fields. This Letter demonstrates the possibility to drive
strongly localized magnon auto-oscillations inside 90°
DWs before they are moved by current-induced DW
motion.

At the heart of any SHNO is a bilayer stack of a heavy
metal in direct contact to a ferromagnet (Fig. 1). In our expe-
riments, we use Cr(1.5)/Pt(7)/CoyFesBog(5)/Cr(1.5)
multilayers, with Pt and CoFeB as the functional materials.
To reproducibly control the formation of a DW, we
use electron beam lithography to pattern the functional
stack to a 370-nm wide zigzag shaped nanowire with
two 90° bends, as highlighted in light green in the scanning
electron microscopy (SEM) image in Fig. 1(b). Two
Ta(5)/Cu(150)/Ta(5) contacts allow for the application

of a direct charge current /, with density J.. All thicknesses
are given in nanometers. As is depicted in Fig. 1(a), the SHE

in Pt converts J . Into a transverse pure spin current / with
density J s and polarity P. For a parallel (antiparallel)

orientation of P and 1\7[, the STT leads to an increased
(decreased) effective damping of the magnetization dynam-
ics in the CoFeB. In order to define the magnetic ground
state, the sample can be saturated by an external magnetic

field I?I,ext applied along the y axis.

First, we saturated the structure at ygHg,, = 500 mT and
then reduced the value to uoH.,, = 86 mT. In Figs. 2(a)
and 2(b), we plot the simulated x and y component of
the magnetization in the resulting equilibrium state
which was obtained using the code from the GPU-based

BLS frequency (GHz)

BLS intensity

measured at position A

BLS frequency (GHz)
measured at position B

Direct current (mA)

FIG.2. (a),(b) Micromagnetic simulation of (a) the x and (b) the
y component of the equilibrium magnetization under an applied
field of pyH. = 86 mT. (c),(d) BLS spectra recorded at posi-
tions A and B, respectively, with an external field of pyHg =
86 mT covering the current range between —0.1 to —5 mA and
0.1 to 5 mA, respectively. Insets (e) and (f) show the two-
dimensional intensity distributions of auto-oscillations excited at
9.3 and 9.9 GHz with I, = 4 mA. Please note that the dc sweeps
and the two-dimensional maps were recorded on different
samples. Because of minor differences in the lithographic
patterning of the two samples, there is a slight mismatch in
the auto-oscillation frequencies recorded at 4 mA as indicated by
the two white dot markers.

finite-difference micromagnetic package MUMAX3 [32].
The material parameters used in the simulations include
the saturation magnetization puoM,; = 1.28 T, exchange
stiffness of A, = 20 pJ/m, and damping parameter a =
0.001. As can be seen from the M, component [Fig. 2(b)],
the magnetization in the center of the nanowire width aligns
along the external field. Only at the boundaries, the
magnetic moments line up with the edges to reduce the
demagnetization field, as evidenced by the nonvanishing

M, component in Fig. 2(a). This state results in M.LJ . only
inside the 90° bends at positions A and B. In the straight
parts of the nanowire, J . flows at a 45° angle with respect to
M, which strongly reduces the efficiency of the STT and,
thus, the excitation of auto-oscillations.

To observe these auto-oscillations, we use space-
resolved Brillouin light scattering (BLS) microscopy
[33]. This technique relies on the inelastic scattering of a
focused laser from magnetic oscillations. The inelastically
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scattered light is then analyzed in a high-resolution inter-
ferometer, yielding a signal that is directly proportional to
the local oscillation intensity.

In Figs. 2(c) and 2(d), we plot the BLS intensity that was
measured at positions A and B, respectively, as a function of
the BLS frequency and the applied charge current which
was swept consecutively from —0.1 to —5 mA and from 0.1
to 5 mA. For negative currents, no auto-oscillations are

excited because l3||1\7[ which leads to an increased effective
damping. For positive currents, however, P is antiparallel

to 1\71, and at /I, > 2.2 mA one auto-oscillation mode is
detected at a frequency of about 9 GHz. For I, > 3.4 mA,
even two modes are observed, starting at 9.6 GHz and
10.2 GHz. All modes show a negative frequency shift with
increasing I. which is expected for in-plane magnetized
SHNOs [12] due to the increasing precession angle and
subsequent nonlinear frequency shift.

In order to illustrate the spatial character of the excited
auto-oscillations, we record two-dimensional maps of the
intensity distribution at a fixed direct current of I, = 4 mA
and an external field of yyH., = 86 mT. At this specific
current, two auto-oscillations are excited at 9.3 and
9.9 GHz. The spatial intensity distributions in Figs. 2(e)
and 2(f) show a strong localization of the 9.3 GHz mode at
the apex, whereas the mode at 9.9 GHz is much more
diverged. The localization is related to the changing angle

between J . and M as well as the slightly increased current
density at the 90° bends.

Up to now, we always applied an external magnetic field
in order to drive auto-oscillations within the nanowire.
In the next step, we prepared a magnetic transverse DW at
the 90° bends. Therefore, we again saturated the nanowire
at yoHey, = 500 mT but then reduced the external magnetic
field to zero. Figure 3(a) depicts the resulting remanent
state of the nanowire as derived from micromagnetic
simulations. The shape anisotropy directs the magnetiza-
tion to align along the nanowire, which creates a head-to-
head (tail-to-tail) DW at positions A (B), respectively.

The domain configuration in the remanent state is
also confirmed by magnetic force microscopy (MFM) in
Fig. 3(b). Therefore, an external field of yoH. = 500 mT
was applied and slowly reduced to zero before starting the
MFM measurements. The measurements were performed
in a Nanoscan high resolution magnetic force microscope
in high vacuum using a high aspect ratio MFM probe
(Team Nanotec HR-MFM45 with ML1 coating and a
spring constant of 0.7 N/m). The local tip-sample distance
was 82 nm. The bright (dark) contrast at position A (B) in the
dF,/dz signal confirms the formation of DWs where F is
the z component of the magnetostatic tip-sample interaction.

In the straight parts of the nanowire, the charge current
flows along the magnetization (J, ||M) so that no auto-
oscillations can be excited. Only inside the DWs at
positions A and B, the direct current and the magnetization
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FIG. 3. (a) Micromagnetic simulation and (b) MFM measure-
ment of the remanent magnetization after saturating the sample
with pgHe = 500 mT and reducing the field back to zero. (c),(d)
BLS spectra measured as a function of the applied /. on the
DWs at positions A and B, respectively. The direct current was
swept from —0.1 to =5 mA and from 0.1 to 5 mA, respectively.
In between the consecutive current sweeps, the sample was
saturated to ensure the proper domain configuration. Insets in
(d) show the two-dimensional BLS intensity distributions of
auto-oscillations excited in the remanent state at 2.6 and 3.5 GHz
for I, =4 mA. (e) Micromagnetic simulations of the current
sweep (left) and the temporal evolution (right) of the amplitudes
of the simulated auto-oscillation modes excited at 2.6 and
3.5 GHz for a half cycle with . =4 mA.

are aligned perpendicularly so that we expect to observe
auto-oscillations only in these narrow regions.

When we apply currents between —0.1 and —5 mA and
measure the BLS intensities inside the DWs at positions A
and B [see Figs. 3(c) and 3(d), respectively], we again see
no auto-oscillations due to increased damping in this
direction. For positive currents, however, we observe
two auto-oscillation modes at 2.6 and 3.5 GHz. These
modes do not show a pronounced negative frequency shift
and one of them is in fact strongly localized to the DW, as
is confirmed by spatially resolved BLS microscopy [see
insets in Fig. 3(d)]. The experimental results are further
corroborated by micromagnetic simulations in Fig. 3(e),
which show the localization of both modes and a node
in the dynamic magnetization profile of the higher fre-
quency mode.

057204-3



PHYSICAL REVIEW LETTERS 123, 057204 (2019)

We ran the simulations of the auto-oscillation modes for
a geometry with a lateral size of 4000 x 3000 x 5 nm?, and
unit cell size 3.9 x 3.9 x 5 nm®. Absorbing boundary
conditions in the form of a smooth increase of the damping
profile are applied to the open edges of the nanowire to
avoid artifacts from spin-wave reflection. The direct charge
current transport was simulated using COMSOL Multiphysics
using layer resistivities of 90 and 11.2 uQcm for CoFeB
and Pt, respectively. The current profile and the Oersted field
are then supplied to MUMAX3, taking into account a spin-Hall
angle of Ogy = 0.08 and the calculated spatial distribution
of the spin current polarization. All parameters were used
according to previous studies of the same material system
[34-37]. The auto-oscillation spectra were obtained by
applying a fast Fourier transform (FFT) to the net x compo-
nent of the total magnetization, simulated over 100 ns. The
spatial profiles of the auto-oscillation modes are constructed
via an FFT for each simulation cell [38]. The auto-oscillation
modes show very similar profiles and frequencies to the linear
modes excited with a field pulse at zero current, in other words
the DW auto-oscillations nucleate from linear modes, similar
to the high frequency modes in other SHNOs [39].

We would like to stress the fact that for /. > 4.5 mA the
measured BLS intensity at positions A and B abruptly
disappears. Indeed, this is still the case when we decrease
the current again. Only a repeated saturation and relaxation
of the sample, as described before, restores the auto-
oscillations as shown in the Supplemental Material [40].
This illustrates that for 7, > 4.5 mA the DWs are removed
from the apexes due to the current-induced DW motion. For
lower currents, this motion is suppressed by the dipolar
pinning of the DWs at the apexes. One can exploit this
motion with a precise current pulse, e. g., to shift one DW
from position A to position B.

In conclusion, we have demonstrated that a pinned
transversal DW is able to work as a nanosized spin-torque
oscillator. Once prepared, this oscillator is able to perform
at zero external magnetic field. Moreover, the auto-
oscillations appear at current densities at which the cur-
rent-induced DW motion does not yet set in. In other
words, the DW oscillates at GHz frequencies before it
moves. In principle, the ratio of these two thresholds can be
tuned by changing the relative thicknesses or materials of
the functional layers or by replacing the metallic ferro-
magnet with an insulating one. On the other hand, the
combination of auto-oscillations and current-induced DW
motion yields various possibilities for research in funda-
mental DW physics as well as for applications. One could
think of using movable DW spin-torque oscillators in
networks to achieve more flexibility in synchronization
or frequency locking or even further advance concepts for
magnetic racetrack memories or neuromorphic computing.
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