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Magnetic domain wall depinning assisted by spin

wave bursts

Seonghoon Woo'"?, Tristan Delaney' and Geoffrey S. D. Beach™

Spin waves (SWs) in magnetic structures could potentially
be exploited for high-speed, low-power magnonic devices for
signal transmission™ and magnetic logic®? applications. The
short wavelengths and high frequencies of dipole-exchange-
mode SWs in metallic ferromagnets make them particularly
suitable for nanoscale devices'®'*. However, these same char-
acteristics make generation and detection challenging due to
the length-scale mismatch of conventional SW interfaces such
as microwave striplines. Here we show numerically and exper-
imentally that colliding domain walls (DWs) release energetic
spin wave bursts that can couple to and assist depinning of
nearby DWs. Hence, DWs can be used as stationary reser-
voirs of exchange energy that can be efficiently generated,
manipulated, and used to release SWs on demand, which can
subsequently be detected again using DWs. This work high-
lights a route towards integrating DWs and SWs for enhanced
functionality in spintronics applications.

A significant challenge to realizing nanoscale magnonic
devices is readily generating and detecting large-amplitude dipole-
exchange-mode SWs (DESWs)!"'*%. Directly coupling to DESWs
requires a means of excitation and detection with a characteristic
length scale of the order of the exchange length®. Since the spin
texture in magnetic DWs varies on precisely this length scale's,
DWs and SWs can directly interact. Propagating SWs experience a
phase shift following transmission through a DW'®", which can be
exploited to manipulate SWs for logic functionality in, for example,
SW interferometers®'®'*. It has also been predicted that SW's should
impart momentum to DWs***?, leading to a magnonic spin-transfer
torque that could drive DW dynamics much like conventional
current-induced spin-transfer torque®. Micromagnetic simulations
have indeed demonstrated that SWs can be used to pump and
resonantly drive DWs in magnetic nanowires****>?%_ Moreover,
with the emerging interest in Dzyaloshinskii-Moriya interactions,
it has been predicted that Dzyaloshinskii-Moriya interactions can
facilitate SW-driven DW motion®'. However, no experiment has yet
detected such behaviours, due in part to the challenge in generating
DESWs with an amplitude sufficient to drive DW motion in the
presence of disorder and pinning under realistic conditions.

Here we show that DW annihilation can be used to generate
localized, energetic SW bursts, which can be subsequently probed
using another DW. We characterize the propagating SW's generated
during DW annihilation, and show that their amplitude is orders
of magnitude greater than can be achieved through direct field
excitation. We find that propagating SWs exert a force on a
stationary DW that can aid in its depinning, equivalent to an
effective field of order 10 Oe. Finally, we directly confirm SW
emission from DW annihilation by time-resolved inverse spin-Hall
effect measurements. These results provide the first experimental

evidence that SWs can significantly affect DW dynamics and
demonstrate that DWs can be used as both a source and detector
of SWs in nanoscale magnetic devices.

Figure 1 summarizes micromagnetic simulations that motivate
the experiments below. We examined SW bursts emitted during
DW annihilation and their influence on a nearby stationary DW.
The simulated geometry (Fig. 1a) consists of a NigFe,, nanowire
with one DW pinned at a notch and a pair of DWslocated a distance
d away, which are driven by field to collide (see Methods). We first
examined the propagating SW spectrum in the absence of DWs
by applying a time-varying field H, = H, sin[27tv(t)]/[27v(t)] to a
region of cells centred 2.3 um to the left of the notch (see Methods).
This serves to excite all SW modes up to a cutoff frequency v so as to
reveal the accessible SW modes in the nanowire'?. Figure 1b shows
the excitation spectrum for v =25 GHz and H,=10kOe obtained
as the fast Fourier transform (FFT) of the time (f)-dependent
z-component of magnetization m,(¢) along a 3-um-long region
centred at the notch. The spectrum varies quadratically with
wavevector k, and exhibits a lower cutoff frequency related to the
lowest transverse standing wave mode k,, as expected for laterally
constrained DESWs'.

Figure 1c shows the excitation spectrum in the same region of the
nanowire after field-driven annihilation of a pair of vortex DWs at
d =2.3um with no DW present at the notch. During DW annihila-
tion, large-amplitude standing-mode SWs are excited in the vicinity
of the collision, and strong propagating SWs are emitted from this
region as the local excitation damps out within a few nanoseconds.
The SW emission is broadband and spectrally quite flat, and the rad-
iated power (maximum FFT amplitude) is ~100 times larger than
produced by a 10 kOelocal field excitation in Fig. 1b. The FFT power
is independent of drive field amplitude, and hence the velocity of the
colliding DWs, whereas it scales exponentially with Hj in the case
of Oersted field excitation (see Supplementary Information 1 for
details). Since DWs can be nucleated, propagated and annihilated
with relatively low magnetic fields or spin-polarized currents, it is
evidently far more efficient to create large-amplitude SWs by using
DWs as local reservoirs of exchange energy, as opposed to directly
exciting the SWs themselves.

The sequence of micromagnetic snapshots in Fig. 1d shows that
the emitted SWs can impart momentum to a nearby DW and
aid in its depinning. The threshold field required to depin the
trapped DW in the absence of SW excitations was determined
to be Hj, =101 Oe. In Fig. 1d, a field H, =95 Oe was applied
globally, after first initializing one vortex DW at the notch and
a pair of vortex DWs centred d =2.3 um away from the notch.
Since H, < Hy,, the applied field alone is insufficient to depin
the DW from the notch. However, following field application, the
nearby DW pair collides and coalesces, emitting an intense SW
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Figure 1| Micromagnetic simulations of spin wave emission. a, A schematic of the permalloy nanowire used for simulations, showing a domain wall

pinned at a notch and a pair of domain walls to the left whose annihilation is driven by the applied field Hy. b, Fast Fourier transform (FFT) power spectrum
of the z-component of the magnetization in a 3-um-wide region centred at the notch, for direct field excitation in the absence of domain walls, using a sine
cardinal driving field waveform with amplitude Ho =10kOe. ¢, FFT power spectrum of the z-component of the local magnetization in the same region of the
nanowire after field-driven annihilation of a pair of vortex DWs at d=2.3um. d, Sequence of micromagnetic snapshots showing collision and annihilation of
a pair of vortex DWs, and the resulting propagating spin wave burst that assists the depinning of the domain wall at the notch, under a global driving field

Hy=950Oe. e, Reduction of the depinning field, AHpp, versus distance between the annihilation position and the notch.

burst. The DW-pair annihilation process occurs within ~1.8 ns,
during which time the pinned DW is minimally perturbed. This
indicates that magnetostatic interactions between the pinned DW
and the colliding DW pair have little influence on the depinning
process. However, on arrival of large-amplitude SWs from the point
of collision, the pinned DW is dragged and stretched along the SW
propagation direction until a vortex core passes the notch at t &5ns
(Fig. 1d). After SW-assisted depinning, the DW then propagates
rightward, driven by the applied magnetic field.

To quantify the influence of the SW burst on DW depinning, we
determined the threshold field HS)' required to depin the DW when
a DW pair is annihilated nearby. Figure le plots the reduction of the
depinning field, AHpp = H;;, — HS)', due to DW-pair annihilation
as a function of d. It can be seen that SWs act as an effective field
in depinning the DW, with a magnitude that is surprisingly large. At
d =1.7um, the SW burst reduces the depinning threshold by 9 Oe,
and although AHp, falls off rapidly with d due to the relatively
short SW attenuation length, the influence on the depinning process
remains significant at distances well beyond 2 um.

We confirmed the predicted behaviour experimentally using the
device configuration in Fig. 2. Experiments were performed on
L-shaped NigFe,, nanowires with curved corners, where a notch
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Figure 2 | Device and experiment schematic. A scanning electron
micrograph of a nanowire device with electrical contacts and a domain wall
nucleation/annihilation line, together with a schematic showing the
instrument connections. The contacts labelled ‘A" and ‘B’ are used for
resistance measurement to detect the presence or absence of a DW at the
corner. The panel in the bottom, right corner shows a magnified view of the
corner, where the notch and dimensions are more clearly visible.
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Figure 3 | Characterizing domain wall depinning, nucleation and annihilation

. a, The magnetic field sequence used for determining the domain wall

depinning and nucleation/annihilation thresholds. b, Schematics showing the field orientations at various points in the sequence, indicated in a. Schematic
(iii) indicates injection of a single (uni- or bipolar) current pulse of density j,uise through the nucleation/annihilation line. ¢, Histogram showing distribution

of domain wall depinning field, measured using a swept field H, along the y ax

is after first initializing a domain wall at the notch using a diagonally applied

field. d, Variation in resistance at the nanowire corner with time during the portion of the field sequence indicated (iii)-(iv) in b. The different curves
correspond to different amplitudes of the current pulse through the nucleation/annihilation line.

was patterned to serve as a pinning site. Current pulses were injected
along a 500-nm-wide Cu stripline orthogonal to the NiFe nanowire,
which generate a local in-plane Oersted field underneath the Cu
stripe that was used to nucleate and annihilate DW pairs, a process
studied in detail in ref. 32. DW depinning was detected electrically
via the anisotropic magnetoresistance (AMR) measured across the
notch®. The curved wire geometry allows a DW to be conveniently
initialized at the notch using a diagonal applied field (Fig. 3a-(i)),
and permits both DW depinning and nucleation/annihilation under
the Cu stripe to be characterized independently using the field
sequences described below. Our micromagnetic simulations (see
Supplementary Information 3) confirm that the excitation spectrum
and SW amplitudes generated by DW annihilation in a curved wire
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are qualitatively similar to those in straight wires, consistent with
ref. 19. Although the curved geometry can have some influence
on the propagating SWs*~¢, the simulations in straight nanowires
in Fig. 1 should be reasonably predictive of the behaviour in the
experimentally more convenient curved geometry.

We first separately characterized field-driven DW depinning
from the notch, and local DW nucleation/annihilation underneath
the Cu stripline. To determine the DW-depinning field H;,, a DW
was first initialized at the notch using a diagonal field of ~450 Oe
(Fig. 3a-(i)), and then displaced from the notch by a swept field
H, along the —jy axis (Fig. 3a-(ii)). The resistance across the
notch dropped by AR~ 0.1Q2 after applying the initialization field,
consistent with the AMR from a nucleated DW. The resistance
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Figure 4 | Experimental detection of domain wall depinning assisted by spin wave bursts. a, The magnetic field sequence used to initialize a DW at the
corner and then sweep the field along H, to determine the depinning threshold. b, Schematics showing the steps in the field sequence. Beginning at t=5s,
bipolar current pulses are injected at a repetition rate of 10 kHz through the nucleation/annihilation line. ¢, Nucleation probability beneath the
nucleation/annihilation line as a function of injected current density amplitude |j,uise|, measured as described in the main text. d, Average depinning field
versus |jpyise| measured using the field sequence in a, while simultaneously injecting current pulses in the nucleation/annihilation line. Data are shown for
nanowires with radius of curvature R=2um and 5 um, corresponding to a distance from the notch to the centre of the nucleation/annihilation line of
d=2.3um and 5.3 um, respectively. The error bars in d represent calculated standard deviations from 50 measurements.

increased sharply back to its initial value as H, was subsequently
swept, corresponding to DW depinning and propagation away from
the corner once H, exceeds Hjj,. Figure 3¢ shows a histogram of
H};, obtained from 50 depinning measurements, which exhibits a
relatively narrow distribution around (H;,) 50 Oe. As expected,
the experimental depinning field is much smaller than the zero-
temperature simulation result, Hpp simy ~ 101 Oe, due to thermally
activated domain wall motion.

Figure 3d shows measurements used to characterize the current-
pulse threshold in the Cu stripe necessary to nucleate and annihilate
DW pairs. Here, the full field sequence shown in Fig. 3a,b was
applied while monitoring the AMR signal (Fig. 3d). After first
initializing the nanowire into a single-domain configuration (steps
(i), (ii) in Fig. 3b), a 200-ns-wide current pulse was injected through
the Cu stripline with a polarity such that the Oersted field opposes
the magnetization direction directly beneath the stripe®*. A field
was then swept first along —% and then along +j corresponding to
(iv) and (v), respectively, in Fig. 3b, so that if a reverse domain was
nucleated by the pulse, a DW would be driven to the corner of the
nanowire and then down the lower branch. The range over which
H, and H, were swept was kept below the nucleation threshold of
the nanowire, so that if the current pulse did not nucleate a reverse
domain, the nanowire would remain in the single-domain state
throughout the field cycle.

Figure 3d shows the AMR signal recorded during steps (iii)-(v)
in the field sequence of Fig. 3a, for current pulses of several
current densities. With no injected pulse, the AMR remains zero
throughout the sequence, indicating the absence of a DW at the
corner during the entire field cycle. Likewise, for a current density
Jputse =0.22 Aum~ the AMR signal remains flat, indicating that
the current-pulse amplitude remains below the local nucleation
threshold. However, with joue = 0.5 A um™, an AMR step is
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observed at ~5.8s in Fig. 3d, corresponding to H, = —20 Oe as
seen in the field waveform plotted in Fig. 3a. The steps in the AMR
signal indicate that a reverse domain was nucleated under the Cu
line and a DW was driven to the corner by H, so that the resistance
drops by AR. The resistance then returns to its original value as the
DW is swept downward by H, and away from the nanowire corner.
When instead of a unipolar pulse, a bipolar current pulse with
[jputse| = 0.5 Apum ™~ was injected, no AMR signal was detected during
the swept field sequence (Fig. 3d), indicating that the DW pair
generated by the positive-going pulse is subsequently annihilated
by the negative-going pulse. The Cu stripline can hence be used to
locally create and annihilate DW pairs using bipolar current pulses
50 long as |jyus| exceeds a threshold as determined below™.

Figure 4 summarizes experiments demonstrating that DW-pair
annihilation underneath the Cu stripe assists DW depinning from
the notch. Here, the field sequence shown in Fig. 4a,b was used to
first initialize a DW at the notch and then measure the depinning
field by sweeping H, while monitoring the AMR. Prior to these
measurements, the domain nucleation probability P,,. underneath
the Cu stripe was measured as a function of [j,us|, using unipolar
pulses injected during measurements as described in Fig. 3d.
The nucleation probability was determined from 50 consecutive
measurements at each j,.., and is plotted in Fig. 4c. We observe
a sharp nucleation threshold at [jpus| 2 0.45 A um™, although P,
remains <1 up to the maximum pulse amplitude applied. We then
repeated this experiment using bipolar pulses and found that DW's
were never swept to the corner by H, in step (iv) in Fig. 3b, indicating
that the annihilation threshold is always less than the nucleation
field. Hence, whenever a bipolar pulse generates a reversed domain,
a DW annihilation event also occurs.

Figure 4d shows the depinning field Hpp, from the notch, mea-
sured versus |j,us| for devices with two different radii of curvature
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Figure 5 | Direct electrical detection of spin waves via the inverse spin-Hall effect. a, Schematic illustration of a permalloy nanowire with a Au

domain wall nucleation stripe and a Pt inverse spin-Hall detector stripe. An actual device image taken by an optical microscope is shown in the inset. The
Py and Au wires are 500 nm wide, and Pt is 5 um wide. The distance between the Au and Pt edges is 2 um. b,¢, Bipolar pulse profiles with each pulse 50 ns
long at [jpyisel =10Aum=2 (b) and ljpulsel =0.4Aum=2 (c). Small reflected pulses are observed after t=100ns, due to the impedance mismatch.

d.e, Time-resolved inverse spin-Hall effect voltage signals acquired with a time-resolved oscilloscope across the Pt stripe deposited on Py nanowires. For
ljpuisel > litn| (d), finite voltage is measured to be ~0.5 uV while no voltage signal is detected for |jpyise| < ljin| (€). The dashed lines indicate t=50ns, where
reversed magnetic field starts to drive and annihilate two domain walls for |j,uise| > ljtn|. f, Ten-times averaged inverse iSHE voltage as a function of |jpuisel,
injected along the Au nucleation/annihilation line. The error bars in f represent calculated standard deviations from 10 measurements.

R. Here current pulses were injected at a repetition rate of 10 kHz,
which is much faster than the field sweep rate during the depinning
measurement. This high repetition rate ensures a high rate of DW
nucleation/annihilation events whenever P,,. becomes finite. For
R=2um, such that the distance d between the notch and the
midpoint of the Cu stripe is d ~ 2.3 um, Hpp drops abruptly by
AHpp~9Oe above a threshold |j,us. | 20.45 Aum ™2 coinciding with
the nucleation threshold beneath the Cu stripe. When d is increased
to 5um (Fig. 4d), on the other hand, DW annihilation no longer
measurably affects Hpp, as expected due to the short SW attenuation
length of a few micrometres in permalloy™. These behaviours are
qualitatively consistent with the influence of SW bursts on DW
depinning predicted in the simulations in Fig. 1. The experimental
value of AHpy is very close to the value ~6 Oe predicted micromag-
netically (Fig. le) for d ~2.3 um; quantitative differences may arise
from the different material characteristics such as damping constant,
«, which significantly affects the SW attenuation, as well as finite
temperature effects not included in the simulations.

Although the Oersted field generated by the Cu stripline could
also influence Hpp, its contribution to AHpp should vary linearly
with [jpusel- As seen in Fig. 4d, Hpp is independent of |jjul
below and above the nucleation/annihilation threshold, indicating
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that the influence of the Oersted field on AHpp is far less than
that of proximate DW-pair nucleation/annihilation. Moreover,
considering the small current density ~6 x 107> A um~* flowing
along a nanowire during the AMR measurement and the typical
Joule heating-induced temperature rise, AT = kJ?, where k is
approximately a few Kelvins per 0.1 Aum™ for metals, Joule
heating-induced thermal effects such as thermally driven DW
motion* and thermal generation of SWs* can be neglected. We
therefore conclude that SW generation by DW annihilation is
dominantly responsible for the observed reduction in Hpp.

Finally, we directly detect the SWs bursts generated by DW
annihilation utilizing the inverse spin-Hall effect (iISHE)*™*. We
adopted a technique similar to that used recently to electrically
detect travelling SW's in an yttrium iron garnet film*. In our experi-
ments, shown schematically in Fig. 5a, a Pt stripe overlays a 500-nm-
wide Py nanowire at a distance 2 um away from a DW nucleation
line. The Pt stripe serves as an iSHE detector (see Methods). We
first measured the critical current density threshold, ||, for DW
nucleation via AMR measurements using the technique described
in Fig. 3 (see Supplementary Information 5 for details). We found
0.4Apm™ < |jy,| < 0.8 Aum™ for this device, similar to the value of
ljm| measured for the DW-depinning devices described above.
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The measurements then consisted of first saturating the nanowire
magnetization along either +x or —x. Bipolar current pulses with
profiles shown in Fig. 5b,c were then injected along the DW nucle-
ation line with a polarity such that the first unipolar pulse generates
an Oersted magnetic field oriented antiparallel to the Py magne-
tization. When |jyuse| > [jum| the bipolar pulse is therefore expected
to nucleate and annihilate a pair of DWs. For |jyus| =1.0Aum™2,
which exceeds |jy| (Fig. 5b), a voltage pulse is detected at the Pt
detector (Fig. 5d) with an amplitude A Vg ~0.5uV after a delay
of a few nanoseconds, which is consistent with the time required
for the DWs to annihilate and the resulting SWs to reach the
detector. When the Py layer is magnetized in the opposite direc-
tion, the sign of the detected voltage inverts as expected for the
iSHE voltage®. When |j,us| is reduced below the DW nucleation
threshold (0.4 A wm ™ in Fig. 5¢,e) no voltage signal is detected. As
seen in Fig. 5f, | Vigys| abruptly vanishes below jy, and is constant
for [jpuse| > jn- These observations, together with further systematic
measurements described in Supplementary Information 6, establish
the source of Vigyr to be the SW burst generated through DW
annihilation. This measurement constitutes the first direct obser-
vation of SWs generated by DW annihilation and supports our
interpretation of the reduction in Hpp as being due to the influence
of SWs on the depinning process.

We showed experimentally and computationally that SW bursts
generated by DW collisions can couple to and drive a nearby DW,
exerting a force comparable to an applied field of order 10 Oe.
This sizable interaction shows that SWs can play an important role
in DW dynamics and provides a new mechanism with which to
manipulate DWs in nanoscale devices. DWs are well suited to non-
volatile data storage®, but low propagation velocities can limit the
signal transmission rate in DW logic circuits®. SWs by contrast offer
high-speed, low-power signal transmission and logic operations®”,
but are difficult to generate and detect in nanoscale devices.
By combining DWs and SWs in hybrid devices, non-volatility
and integration with DW generation and readout mechanisms
could be achieved while retaining high-speed operation and signal
transmission in all-spin logic devices.

Methods

Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.

Received 11 February 2016; accepted 21 December 2016;
published online 30 January 2017
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Methods

The micromagnetic simulations in the main text were carried out using the
open-source MuMax3 developed by the group of B. Van Waeyenberge at Ghent
University. The simulations in Supplementary Information 1 and 2 were carried out
using the Object-Oriented MicroMagnetic Framework (OOMMEF) developed by
NIST. Material parameters were chosen appropriate for permalloy (Nig,Fey):
Gilbert damping constant &z =0.01, exchange constant A=1.3 x 10" Jm™', and
saturation magnetization Ms =8 x 10° Am™". The cell size was fixed at

2.5 x 2.5 x 30 nm’. The nanowire geometry simulated in Fig. 1 is 15 um long,

500 nm wide, and 30 nm thick, with dimensions chosen to match the
cross-sectional dimensions of the devices used in experiments. The nanowire
includes tapered ends to prevent domain nucleation. The notch used to pin the
domain wall is triangular with dimensions 250 nm deep and 250 nm long. The spin
wave excitation spectrum in Fig. 1b was obtained by applying a time-varying field
H,=H,sin[27vt]/[27vt] along the y axis to a region 100 x 500 x 30 nm’, centred
2.3 um to the left of the notch. The excitation volume is chosen to be similar to the
DW collision region that generates SWs in Fig. 1c. Each simulation in Fig. 1 was
run for 10 ns and the data were recorded every At =0.02ns.

Magnetic films used for DW-depinning experiments were prepared by d.c.
magnetron sputtering at room temperature and 2 mtorr Ar pressure. The Permalloy
nanowire consists of a Ta(2nm)/NigFe,, (30nm)/Ta(2nm) stack deposited on
S$i0,(50nm)/Si substrate, patterned using electron beam lithography and ion
milling with an Al hard mask, which was then removed by developer. Electrical

NATURE PHYSICS | www.nature.com/naturephysics

contacts and the domain wall nucleation line were then patterned from
Ta(2nm)/Cu(300nm) films using a second layer of electron-beam lithography and
lift-off. The notch used for DW depinning was ~100 nm deep.

For the time-resolved measurement performed in Fig. 5, Permalloy nanowires
were deposited on SiO, (300nm)/Si substrates using d.c. magnetron sputtering at
room temperature and then patterned into nanowires. Au and Pt stripes were
deposited on top of Permalloy nanowires using an electron-beam lithography and
lift-off. The Permalloy nanowire consists of Ta(2nm)/Nig,Fe, (30nm)/Ta(2nm),
and the Au stripe Ti(5nm)/Au(100nm). To enhance the magnon-to-spin current
conversion efficiency at the interface between Py and Pt, in situ Ar plasma cleaning
at 10 W power was performed for 15 minutes under vacuum condition before
depositing Pt. This interface improvement provides higher possibility to observe
iSHE voltage by a factor of more than 150 as studied in ref. 46. For the low-noise
time-resolved measurement, a voltage preamplifier and a low-pass filter were
connected between the Pt stripe and oscilloscope.

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author on request.
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