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Abstract:

The stochastic field-driven depinning of a domain wall pinned at@hnota magnetic
nanowire is directly observed using magnetic X-ray microscefiii high lateral
resolution down to 15 nm. The depinning-field distribution irsN&, nanowires
considerably depends on the wire width and the notch depth. The differetive
multiplicity of domain-wall types generated in the vicinityaohotch is responsible for
the observed dependence of the stochastic nature of the domain watlinigbield on

the wire width and the notch depth. Thus the random nature of the domain wal

depinning process is controllable by an appropriate design of the nanowire.



For concepts of logic and storage devices utilizing magnetic idenal (DW)
displacement along a nanowire [1ebje of the fundamental issues is the precise control
of DW motion. The latter is directly linked to the reproducibilifyDW propagation,
pinning, and depinning. Tunable and repeatable DW motion is importanthiewvig
high performance in DW logic and memory devices [6-9], and tiiehastic nature of
DW motion is a major challenge to be overcome to apply the scheB/ ahotion to
next generation memory technologies [10-11]. One attempt to camr&@\lV motion is
to manufacture artificial trapping sites within magnetic nanesvi [12-17].
Experimental studies on DW dynamics about artificial trappites sieported so far
have been performed by indirect probes like macroscopic hystdmgs and
magnetoresistance measurements [13,14,18,19]. Moreover, the few dimstatbas
have not focussed on the in-depth investigation of the stochastic belavidV
motion around trapping sites in magnetic nanowires [17, 20]. Thus, tistdtis
observation of DW propagation in the vicinity of artificial tragpisites in nanowires
together with the experimental clarification of the stochastiture of DW motion have
yet remained a scientific challenge.

In this Letter, we report the direct observation of the stdéichiashavior of the DW
depinning field in notch-patterned dfre (permalloy) nanowires with different wire
widths (w), notch depths ¢N and film thicknesses (t) using magnetic transmission soft
X-ray microscopy (MTXM) with a lateral resolution of 15 nm ob&a by recent
achievements in Fresnel zone plate technology [21]. The MTXM bearfdil.2) used
to observe the evolution of magnetic DWs is installed at the AdvdrigatlSource in
Berkeley, CA. The experimental setup of this X-ray micopgcis described elsewhere
in detail [22]. A condensor zone plate (CZP) with a pinhole clodeetesample acts as a
linear monochromator, which provides selective X-rays, e.g., with @erge
corresponding to the NiglL(854 eV) or Fe & (706 eV) absorption edge. Magnetic
contrast in MTXM is provided by the X-ray magnetic circuidazhroism [23]. Magnetic
imaging of the permalloy nanowires was performed in an in-planengtry where the

wires are mounted under an angle of 60° with respect to the photondoeatron and



parallel to the magnetic field. To study DW motion magneticg@sain nanowires are
recorded with varying external magnetic field generatedabgolenoid with field
strengths of up to £100 mT. The fine magnetic contrast without staliatantrast is
accomplished by normalization of an image taken at a partitialdrusing an image
obtained at a saturation field. The nanowires are prepared on 100 rkrsititon-
nitride membranes by electron-beam lithography and thermapoeatzon. For
protection of the permalloy 2 nm aluminum is sputtered, which is @ddiz a pure
oxygen atmosphere.

Typical structural images of the wires with triangular nescimeasured by scanning-
electron microscopy (SEM) are shown in Figs. 1(a) to 1(c). Magimeages are taken
at the Fe kabsorption edge. The wires are initially saturated to positidieection and
then a reversed field is applied to trigger the nucleation and propagéta magnetic
DW along the wire. DW evolution images for 50 nm thick wires wiitiths of w = 150,
250, and 450 nm are demonstrated in Figs. 1(d) to 1(f), where the notch-daptui
50 % of the width of each wire. As demonstrated by the expesm&mbwn in
Figs. 1(d) to 1(f) the magnetic DW is created within thg®tlal pad due to its lower
shape anisotropy compared to the narrow wire. By increasingettiestrength the DW
propagates towards the notch. The DW evolution process observed bdte/gad and
the notch is overall identical in all wires with different widtasd pad sizes, even
though the wire of width w = 450 nm with a relatively wide neck shitnesdistinction
that the DW starts leaving toward the notch before the magtiehzreversal of the
elliptical pad is fully completed. The DW is pinned at a notchtduée pinning force
exerted by this notch and the pinned DW is a tail-to-tail e@fisidering saturation (+x)
and reversing (—x) field direction [15]. When the external faceng on the pinned
DW overcomes the pinning force by the notch, the DW is depinnegrapadgates to
the sharp tip at the right end of the wire where it is annihilated. One can ses. ih(&)g
to 1(f) that the DW depinning field decreases with increasimg width, which is the
consequence of different sizes of DWs governed by differentwiagths. The size of

the DW trapped at a notch grows as the wire is widened. A bidjgers energetically



unfavorable rather than a smaller DW, thus the DW depinning fieldces with
increasing wire width [13,14,16,19].

To investigate the statistical behavior of the DW depinning fi¢lé aotch, we
recorded magnetic images in successive hysteretic reveyslals starting at a fully
saturated state of the wire. In repeated measurements we foahdhé pinning
probability of a DW is a function of the wire width. The probabilgydiecreased from
about 92 to 75 % of the total number of repeated measurements asethre@amows
from 450 to 250 nm. Three representative DW evolution image sequenceise®iof
w = 150, 250, and 450 nm are shown in Fig. 2(a). Here, the colors from redeto bl
indicate the DW pinning and depinning-field strenghts. Within repeaxperiments
carried out at the same wire under identical measurement conditem8N depinning
field shows stochastic behavior, as visualized by various colors. deoingj that the
depinning field of a DW in a magnetic nanowire is strongly cateel with the DW
structure [12-14, 24], the stochastic nature of the DW depinningdagide interpreted
to be induced by the generation of various DW types in the vianfity notch. We
observed that DWs with different micromagnetic structuresdapnned at different
fields. Figure 2(b) presents detailed pictures of DWs at a notteiwire of w = 250
nm and N ~ 50 %, which reveals that depinning fields are relateti¢ovarious DW
structure. Another notable feature observed in repeated experinteritsati the
depinning field appears different even though the DW pinning fieldeistical, which
implies that the DW depinning process is not subordinate to the DW pinning mechanism.
This result suggests that complicated phenomena around a notchdikeettion of
different DW structures and the interaction between the DW amchakch plays the
dominant role in the DW depinning process [12,13].

The stochastic nature of the DW depinning field for different ndegbths and wire
widths has been systematically investigated by determinatihre @W depinning-field
distribution from depinning events taken in repeated experimentasit48 times for
each wire. The depinning field is measured by sweeping tleenaktfield in steps of

about 0.5 mT. In Fig. 3(a) the depinning-field distribution for 50 nm thialesvof



Ng~ 50 % with widths of w = 150, 250, and 450 nm and for wires of BO % with
w = 250 nm are plotted. It can be seen in Fig. 3(a) that the width &Mhdepinning-
field distribution is found to depend on the wire width and the notch depthDW
depinning field is widely distributed in wires of width w = 250 nm compéoeslires of
widths w = 150 and 450 nm. The depinning-field distribution for wire with hsidif
w = 250 nm becomes narrow as the notch depth decreases from 50 to 39 &soW
investigated the statistical distribution of DW depinning fields for wirdis avthickness
of 30 nm. Depinning-field distributions for wires ofyN 50 % with w =250 nm and
wires of Ny~ 30 % with w =150, 250, and 450 nm are displayed in Fig. 3(b). In the
30 nm thick wires, we focussed on the wires wifr-NBO % instead of i\~ 50 % based
on the experimental result for the 50 nm thick wire where the witle Ny ~ 30 %
exhibits a narrow distribution, which is more preferred for apptinah DW devices. A
similar trend of the influence of the width on the DW depinning-fielttibigtion is also
witnessed in the 30 nm thick wire as shown in Fig. 3(b). It islweeointing out that in
Fig. 3 isolated dominant peaks exist in the distributions. This reggliests that the
thermal effect on the DW depinning process is not the major caudes afbserved
fluctuation of DW depinning field, since a Gaussian statisticgtlidution is expected
for thermally activated DW depinning [15, 25].

To quantitatively examine the degree of stochastic natuteeddW depinning field
with varying wire width and notch depth, we have determined the staddaiationc
of the DW depinning field from statistical analysis of repgateeasurements. The
standard deviation of the DW depinning field indicates the degree afirdegifield
fluctuation. Figure 4 shows the standard deviations as a function ofirthevidth (a)
and the notch depth (b) for wires of t = 30 and 50 nm. In the case of a 15@arwive
with Ng ~ 50 % and a thickness of 50 nm, the standard deviation of the depinning field
IS minimized to below 0.7 mT. In the case of a 250 nm wide witte Mg ~ 50 % and a
thickness of 30 nm, the standard deviation of the depinning field is asshighmamT.
Figure 4 demonstrates that the standard deviation depends sensititke/ wire width

and the notch depth, which implies that the stochastic nature otheédpinning field



is decisively influenced by the geometry of the wire. Theratiten of the stochastic
nature of the DW depinning field with respect to wire width and nogth is found to
be a general tendency irrespective of the wire thickness in peymeares, although
there are slight differences in the absolute value and theivariate of the standard
deviation with the wire width and the notch depth. Considering that the degpifield
of the DW is strongly related to the DW structure and thus tiehastic nature of the
DW depinning field is governed by the number of different DW structiivaiscan be
generated in a wire, the stochastic nature of the DW depinnildgwienessed in the
present experiments is presumably caused by the diversity ofabn&W structures
in the vicinity of a notch. In wires exhibiting narrower fluctuations of thé @epinning
field less types of DWs are accessible compared to wirs strongly fluctuating
depinning fields. Thus, we conclude that the key to obtain a reproducibleéepivhing
process is a single DW type at a notch, which can be achiigvadoroper selection of
the wire and notch geometry.

Our experiments report the direct observation of the stochasticennattithe DW
depinning field at a notch in permalloy wires. We find that thehststic nature of the
DW depinning field depends on the wire width and the notch depth. The naofribéf
types generated in the vicinity of a notch wire has a strong ingpaitte random nature
of the DW depinning field. Our results clearly demonstrate tiestochastic nature of

the DW depinning process can be minimized by proper geometrical design ofgbe wi
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Figure Captions

Fig. 1. (a) Typical SEM image of a 50 nm thick nanowire withidtlwof 150 nm

together with enlarged notch patterns with notch depths of about 30 %ad@baut

50 % (c) of the wire width. Three representative image segsa@iamagnetic domain
wall evolution along the hysteresis cycle for wire widths of 868 nm (d), 250 nm (e),
and 450 nm (f). The magnetic field of the DW evolution pattern is ireticah the

lower right.

Fig. 2. (a) Domain wall evolution patterns taken from three consecatiperiments
under identical measurement conditions for wires of width w = 150, 250, andrd50
The color scale represents the field when a domain wall is piameédiepinned at a
notch. (b) Domain-wall structures for the wire of w=250 nm age5R % observed in
the vicinity of a notch right before the depinning.

Fig. 3. Distributions of domain wall depinning fields for (a) 50 nm thio#t (b) 30 nm
thick nanowires determined from depinning fields taken by repeajsetiments with
at least 40 repetitions for each wire under identical measurement conditions.

Fig. 4. Standard deviations of the domain wall depinning field with ctdpga) wire
width and (b) notch depth. The standard deviation of the depinning fielchivers from
the statistical analysis of more than 30 DW depinning fields for each wire.
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