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Of great promise are synthetic antiferromagnet-based racetrack devicesin
which chiral composite domain walls can be efficiently moved by current.

However, overcoming the trade-off between energy efficiency and thermal
stability remains a major challenge. Here we show that chiral domain walls
inasynthetic antiferromagnet—ferromagnet lateral junction are highly
stable against large magnetic fields, while the domain walls can be efficiently
moved across the junction by current. Our approach takes advantage of
field-induced global energy barriers in the unique energy landscape of the
junctionthat are added to the local energy barrier. We demonstrate that
thermal fluctuations are equivalent to the magnetic field effect, thereby,
surprisingly, increasing the energy barrier and further stabilizing the domain
wallin thejunction at higher temperatures, whichisin sharp contrast to
ferromagnets or synthetic antiferromagnets. We find that the threshold
current density can be further decreased by tilting the junction without
affecting the high domain wall stability. Furthermore, we demonstrate that
chiral domainwalls can be robustly confined within a ferromagnet region
sandwiched on both sides by synthetic antiferromagnets and yet canbe
readily injected into the synthetic antiferromagnet regions by current. Our
findings break the aforementioned trade-off, thereby allowing for versatile
domain-wall-based memory, and logic, and beyond.

A domain wall (DW) is a boundary between magnetic regions (or
domains) that have magnetizations oriented along distinct directions.
The domains can be used to form magnetic bits in memory and logic
devices'”. Therecent discoveries® * of several distinct current-induced
torques that can be used to manipulate DWs has made possible the
potential realization of high-performance magnetic racetrack memory
and logic devices®”. Key to these devices is the stability of the DWs. In
many cases, thereis anintrinsic energy barrier for their motion under
the influence of a current or field. The intrinsic energy barrier for DW
depinning by a current using conventional adiabatic spin-transfer
torque (STT) is distinct from that by a field®. At the same time, the

energy barrier that is relevant for thermal stability is understood to
bethefield-induced depinningbarrier rather than thatinduced by cur-
rent, although this has not yet been demonstrated inexperiments. The
driving force to depin DWs thermally is randomly fluctuating magnetic
fields”™ (Supplementary Note 9). However, for the case of depinning
by current-induced spin-orbit torques (SOTs)®’, the current and field
depinning barriers are nearly identical, since there is no intrinsic pin-
ning for the SOT case. Since the SOT” ™ is the mainstream mechanism
for manipulating chiral DWs'* " due toits high efficiency and tunability,
itis critical to find anew means whereby the threshold current density
JiinSOT is low while the field energy barrier is high.
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Fig.1|FM-SAF magnetic lateral junction. a, Optical (top) and atomic force
microscopy (bottom) images of a representative FM-SAF junction formed within
aracetrack nanowire device. The 6,= 60°. Note that the colour contrast outside
theracetrackitself originates from etching of the encapsulating alumina layer
during the second resist development process (see Supplementary Information
for details). The plot in the bottom right panel shows the topographic height
along the blue dashed line in the bottom left panel. b, Magnetic easy-axis
hysteresis loops, with moment m versus field H,, of the pristine SAF (blue curve)
and oxidized SAF (orange curve) that is transformed into an FM. Note that the
hysteresis loops are obtained from the same sample before and after the
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oxidation process. Bottom inset: zoomed-in view. Top inset: pristine SAF film
structure consisting of the underlayer (20 TaN|/30 Pt), lower FM layer (LM; 3 Co/7
Ni/1.5 Co), exchange coupling spacer layer (9.5Ru) and upper FM layer (UM; 3.5
Co/7 Ni/3 Co). All thicknesses are given in angstroms. ¢, Schematic illustrations of
DW initialization and injection at a FM-SAF junction. By applying an external
magnetic field H,along the perpendicular magnetic easy-axis opposite to the
initial orientation of the moment of the lower layer (LM; left), the DW is readily
generated in the FM region at the junction (bottom). After initialization, the DW is
injected into the SAF region by a single current pulse with a current density

J >j;’:""5”(right).

Inthis work, we take anew approach toresolve this long-standing
critical challenge. We note that/,, and the field stability are proportional
to the respective energy barrier densities to overcome the displace-
ment of a DW from its static state. Since the corresponding energy
barriers are linearly proportional to the effective DW volume, then/,,
and the field stability are unchanged as the device width is shrunk to
smaller dimensions. Note that both the SOT and the field-driven tor-
ques are local on the DW (Supplementary Note 13): the DW volume is
typically much smaller than that of the magnetic domains themselves®.
If we can decrease the energy barrier with respect to the effective DW
volume onwhichthe current-driven torqueis applied and, at the same
time, increase the energy barrier compared to the effective volume
on which the field-driven torque is applied, we can overcome such
a trade-off. Here we achieve this goal by forming a lateral junction

between a synthetic antiferromagnet (SAF) and a ferromagnet (FM).
We demonstrate that the field-driven torque is dominated by a global
energy barrier that tightly binds the DW to neighbouring, large volume
domains, while the current-driven torque, by contrast, is dominated
by a local energy barrier defined by the DW itself. To achieve this,
we employ two new concepts in the structure of the SAF-FM lateral
junction. The SAF is formed from two FM layers, an upper layer and
alower layer, that are coupled antiferromagnetically with each other
via a thin Ru spacer layer. By oxidizing the upper FM layer so that it
becomes non-magnetic, we create lateral SAF-FM junctions, inwhich
the lower FM layer is common to both. By design, the moment in the
upper FM layer is slightly larger than that of the lower FM layer. This
structure traps the DW so that depinning the DW by external fields is
nearly impossible. This structure makes it possible for us to clearly
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Fig. 2| Current-driven DW motion in a FM-SAF lateral junction. a, DW velocity
vversus applied current density/in the FM region (orange triangles) and SAF
region (blue triangles). DW motion is monitored using current pulses witha
temporal length ri, = 5nswithin the FM and SAF regions. Error bars represent the
standard deviation. b, Kerr microscope images of current-induced DW motion
across the FM-SAF junction. Threshold current densities for DW motion (or
injection) in each region—FM (green shaded), SAF (blue shaded), FM - SAF (red
shaded) and SAF - FM (blue shaded)—are shown. The black dashed line shows the
position of the junctionin each panel. Here 6, = 0°. A single DW is moved along the
current flow direction by five consecutive current pulses with/~1.5 x 108 Acm™.
DW positionsin the SAF region are indicated by white vertical lines and black
arrows. The bright and dark contrast corresponds to the domain configuration,
down (V) and up (1), respectively. ¢, time. Light blue, red and green shaded
regions correspond to the cases where the DW is located at the SAF, FM-SAF
junctionand FM region, respectively. The circled cross and dot symbols
represent down and up domain configurations, respectively.

c, jih(i = FM, FM — SAF or SAF)versus current pulse length HF. The flow and
thermally activated regimes of DW motion are denoted by blue and orange
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triangles) measured in the flow regime correspond to the current at which the
DW velocity reaches-5ms™. The jih valuesin the thermally activated regime
correspond to DW depinning with a probability of P‘dep = 0.5(i=FMor SAF).For
DW injection (FM - SAF), JAM~5AF (green circles) corresponds to an injection
probability of PPM~SAF = 0.5in both the flow and thermally activated regimes.
The dashed and solid curves correspond to fits to the relation

tflow ~Jing flow  1/ToWherei=FM, FM > SAF or SAF, and

:h,therm x1— (l/Ej’)ln(z/P/ro)in the flow and thermally activated regime,
respectively. The error bars in the flow and thermally activated regimes
correspond to the standard deviation and 25/75% probabilities, respectively.
d,e, Schematicillustration of the current-driven DW injection (d) and
corresponding energy landscape (e) as a function of DW position along the
racetrack. Initially, the DW is located in the FM region next to the junction (i) and
isinjected into the SAF region by a current pulse with a magnitude that is greater
than JiM=SA% (i), Here, the energy barrier for DW depinning in the FM region is
E]FMand for DWinjectionis EfM"SAF =Fpe + EISAF, whereE, is the nucleation
energy for an additional DW in the upper FM layer of the SAF (black dashed box)
and E3*Fis the DW depinning energy barrier (iii). By contrast, DW injection from
the SAF into the FM region does not require any additional energy (iv).

demonstrate from temperature-dependent experiments that thermal
effectsindeed giverise to corresponding fluctuating magnetic fields.
Moreover, we show from these experiments that the global energy
barrierindeedincreases significantly with increasing temperature. In
addition, the junction s fabricated so that the boundary between the
SAF and FMregionsis nottransversetothe length of the racetrack but
ratheristilted by ajunction angle 6, (Fig. 1). This significantly reduces,,
byreducingthe volume of the magneticdomainin the upper FM layer
that has to be switched. Furthermore, by extending this concept to a
SAF-FM-SAF bi-junction, we demonstrate that a DW can be robustly
confined within the FM region of the bi-junction so that the DW is

stable against arbitrary magnetic fields whose magnitudes are smaller
thanthe coercivities of the individual SAF domains, while at the same
time, the DW can be efficiently injected from the FM region into the
SAF regions by current.

SAF-FMateral junctions

The details of sample preparation and fabrication are described in
Methods. The magnetic hysteresis loops of the unpatterned SAF films
exhibit a typical spin-flop transition when a field is applied perpen-
dicular to the film along the easy magnetic axis®. The moments of the
upper and lower FM layers are nearly compensated for, so that the
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Fig. 3| Field-driven DW motion in a FM-SAF lateral junction. a, Schematic
illustration and magneto-optical Kerr images of field-driven DW motion within
the FM region (top left) and SAF region (top right), and Tf,’-dependent

H,, (i = FM or SAF)in the DW thermally activated regime (bottom panel). The DW
configurationis set to MV and its position is denoted by white vertical lines. The
direction of DW motionin response to the field is depicted by yellow arrows. HFM
(orange triangles) and H3 (blue triangles) correspondto P, . = 0.5ateach TH
value. Solid curves correspond tofitsto Hy, < 1— (l/EH)ln(r’J/ro)to obtain

E 1,(i = FMor SAF). The error bars represent 25/75% probabilities. Scale bars,
5Spm.b, Plot of EL versus Ein the thermally activated regime at 7=300 K. Green
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solid line corresponds to £, = £,.. The error bars represent the standard deviation.
¢, Schematicillustration of DW energy landscape versus DW position for various
H,values (H,=0, middle; H,> 0, top; H,< 0,bottom). The DW configurationis ™v.
When H, =0, the DW stays in the FM region. The depinning energy barriersin the
FMand SAF regions correspond to £Mand £5/F, respectively. d, Plot ofP‘E"""SAF
versus r’ inthe thermally activated regime. lnset Kerr microscope rmages of
DWs for O° < 6,< 60° after the application of a field up to 3 kOe for 2 h. The fact
thatPiFr:}""SAF = Oisshown for all 6,and H, values such that the different symbols
all overlap.

remnant magnetization in zero field is almost zero. A very large mag-
neticfield overcomes the antiferromagnet coupling to bring the upper
and lower FM moments parallel to one another: the saturation moment
m2A¥is ~-40 pemu with a spin-flop transition field H3/F of -3 kOe. The
remnant moment mSAF is~1 pemu. Hence, the ratlo ofthe upper layer
moment to the lower layer moment is m— ~ 105 so that the
current-driven DW motionisdominated by a grant exchange coupling
torque (ECT) derived from the SAF structure’. The spin-flop transition
shows that the antiferromagnet exchange couplingis large compared
to theanisotropy of the FM layers®. The resist protects the upper layer
of the SAF regions against oxidation during processing, as verified
frommagnetic hysteresisloop measurements on blanket unpatterned
films (Fig. 1b). However, the FM films that are created by the oxidation
of the SAF films have a coercivity H'™™ of -0.1kOe and a saturation

moment mfMof-20 pemu thatis nearly half of mSA%, thatis, correspond-
ing to the moment of the lower FM layer in the SAF. This clearly shows
that the oxidation process does not affect the lower FM layer at all,
while completely suppressing the magnetism of the upper
layer (Fig. 1b).

DW injectioninlateral junction

Asingle chiral DW canbe readily and reliably created in the FM region
ina FM-SAF junction by simply applying an external field that has a
valueintermediate between H3\"and H:V, as shown schematically in
Fig.1c (Methods). The DWs move much fasterin the SAF regions than
inthe FM regions due to the ECT>”?*, which is active only in the SAF
regions (Fig. 2a). Similarly, the SAF  of -3, O x10” A cm™in the SAF

th,flow
regionsis lower thanthatinthe FMregions ( of~5.0 x10’ Acm™)
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Fig.4 | Temperature-dependent current-induced DW depinning and energy
barriers. a-c, Threshold current density /i, i VErsus current pulse length TL in
the thermal activation regime at temperature 7=300 K (blue) and 400 K (red):
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to thefitted ones for the IJP = Jinmerm datasets. The error bars correspond to 25/75%
probabilities. d, Energy barrier £;normalized by ky T versus T. The error bars
correspond to one standard deviation.

owing to the higher torque efficiency in the SAF regions. Note that
the contrast of the Kerr microscopy images in the SAF regions is sig-
nificantly weaker than that in the FM regions due to the nearly com-
pensated net moment (Fig. 2b). We find that although the DWs can
be injected across the junction in both directions (FM > SAF and
SAF > FM) using current pulses, the process is highly asymmetric

suchthat JfM>SAF 5 jiM_ o SSAFSFM o SAF a6, =0 (Fig. 2b). Here

th,flow th,flow ~ Zth,flow "~ 7th,flow
M-SAF JFM AF—FM AF e
jfh’ﬂow +Jinfiow jfh,ﬂow and th’ﬂowarethethresholdcurrentdensmes

for the FM and SAF regions and FM-SAF junction in the flow
regime, respectively.

The asymmetry in DW injection can be qualitatively understood
as follows. First, the ECT in the SAF region gives jf}?f'ﬂow > tlif]ow meas-
ured inthe DW flow regime for which the DW depinning is dominated
by the current-driven torque with no assistance from thermal fluctua-
tions (Fig. 2c). This very efficient torque in the SAF region explains why

u?,g:vfM ~ ﬂ’:;ow since the DW isinitially created in the SAF region and
has sufficient momentum to carry the DW into the FM region, where
the ECT is nolonger active, accounting for the higher tmﬂow inthe FM
region. The volume of the DW created in the FM regionisreduced. On
the otherhand, in ordertoinjectaDW from the FM region into the SAF
region, anew DW must be nucleated near the edge of the upper FM
layerinthe SAF region, as showninFig.2d. Hence, since sucha process
costs a nucleation energy £, Ji\;»>A" is increased (with the largest
increasefor §,=0). Another possible contribution to the energy barrier,
EJFM"SAF, is the stray field that emanates from the edge of the upper FM

layer in the SAF at the junction.

Comparison of DW energy barriers
First, we discuss the depinning of the DWs within the SAF and FM
regions themselves. Detailed results for the dependence of the/,, and
Hy, on the corresponding pulse lengths are shown in Figs. 2c and 3a.
Interestingly, when measured in the thermally activated regime,
nﬁherm > Jiherm» While ﬂ’:gow <Jipiow When measured in the flow
regime, which is technologically more useful to the development of
high-speed devices (Fig. 2c). Moreover, the curve fitting in the plot
of Fig. 2c shows that IEJSAF > EJFM (Fig. 3b). This is because the ECT is
more effective at higher/values (the flow regime) than at lower /val-

ues (the thermally activated regime)°. For the field case, H5" > HiM

and E;¥ > EfMin the thermally activated regime, where H., and £},

are the depinning fields and energy barriers for field, respectively
(i=FM, SAF and FM -~ SAF; Fig. 3a). Thus, the DWs in the SAF regions
are more stable against fields and thermal agitations, whereas the
DWs can be more efficiently depinned by short current pulses in the
SAF regions as compared to the FM regions. The physical origin of
why E2AF > FfMis not clear at present. It may be because (1) the DW
volume of the SAF region is larger than that of the FM region or (2)
thereduced net magnetizationin the SAF region makes the SAF region
less sensitive to the external excitations, such as fields and current
pulses, in the thermally excited region, in which the ECT is not large.
As summarized in Fig. 3b, a clear difference exists between the SAF
and FM cases. The ratio of the energy barriers for field versus current
depinning is -1 for the FM SOT case but is considerably reduced for
the SAF case.
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Confinement of DWsin lateral bi-junctions

Now we show that aDW is tightly bound near the boundary of the FM
region in a FM-SAF junction when an external magnetic field H, is
applied (Fig. 3c; note that the SAF region is on the right-hand side of
thejunction, as shown in Fig. 3a). The DW sits in an energy well whose
depth linearly increases with the field for H,up to H}AF (-3kOe), as
shown in Fig. 3c. This is entirely distinct from the response of DWs to
fieldsintheinterior of the FM and SAF regions (Fig. 3c). This ‘trapping’
is a consequence of the upper FM layer having a larger moment than
the lower FM layer and depends on the field direction.

Forexample, whena ™V (up-down) configuration of DWis sitting
somewhere in the FM region and the neighbouring SAF layer has the
configuration of its upper layer being 1 and its lower layer being ¥, a
positive H, resultsin the slope of energy landscape n being negative in
the FMregionbut positive in the SAF region (top panelin Fig. 3¢c). This
drives the DW towards the junctionboundary, but the DW remains on
the FMside of the junction. Thisis clearly shownin Fig. 3d where fields
of up to H,=3 kOe that are applied for times of up to 2 h do not allow
the DW to enter the SAF region. When the field direction is reversed,
the DW moves away from the junctioninto the FM region, asillustrated
in the bottom panel in Fig. 3c. To trap the DW for both positive and
negative fields, asecond junctionis created with a second SAF region
ontheleftmost side of the FMregion, thereby forming a SAF-FM-SAF
bi-junction (Extended Data Fig. 1a). As shown in Extended Data Fig.
1b, experiments confirm that the DW is now firmly trapped within
the FM region for |H,| < 3 kOe. Once a single DW is located in the FM
region, the configurations of the two SAF regions are opposite to each
other. Therefore, the slopes n of the energy landscape at the SAF-FM
(left-hand side) and FM-SAF (right-hand side) junctions are tilted
in opposite directions in response to external fields with opposite
signs (Extended Data Fig. 1c). This gives rise to a strong confinement
of the DW within the FM region. It is expected that this region can be
shrunkto aslittle as the DW width while the trapping strength remains
unchanged, thus allowing for high-density devices. This is because the
domains are magnetically structureless, while the region within the
DW width has only magnetic gradients, so that the device functions
nearly independently of the length of the FM region until this length
reaches the DW width.

Temperature dependence of DW energy barriers
First, we confirm that the current density fluctuations induced by the
thermal effect in our devices are negligibly small, thereby playing no
roleinthe DW depinning (Supplementary Note 15). Most importantly,
we find from temperature-dependent experiments that thermal effects
induce magnetic fluctuation fields (that is, a thermal-magnetic field
equivalence) that more tightly bind DWsinthe junction with increasing
temperature, thus significantly increasing both the global energy bar-
riers and the /i, erm Value. This is in sharp contrast with DWsin FM or
SAF regionsinwhich the thermal fluctuation fields assistin depinning
DWs, thereby decreasing the Ji, ierm Value very much while keeping the
energy barriers E,constant. The £, values for FM, SAF and the FM-SAF
junction are obtained by measuring the Hp-dependentj[h,[herm value at
temperature 7=300 Kand 400 Kin the absence of external magnetic
fields. Note here that the E, for the FM-SAF junction corresponds to
the casethatthe DWisinjected from FMregion to SAF regionbyacur-
rent pulse along the +g direction, that is, the current-induced torque
7,> 0 (Extended Data Fig. 2). Here g is the DW position. ADWwitha ™V
configuration has been used for all the experiments, but the results
areidentical for the other DW configuration (¥ 1).

Second, wefindthatthe J{\">*for the FM-SAF junction with 6,= 0
islargerat T=400 K as compared tothatat 7=300 K (Fig. 4c and Table
1). Thisis in sharp contrast to what we observe for the FM (Fig. 4a) and
SAF (Fig.4b) cases, inwhichboth d’]‘f'thermand ﬂ’:fherminstead decrease
with increasing T. Note that not only the magnitude of /,;, i but also
the slope of /i, therm VErsus r{,, from which the £, value can be extracted,

Table 1| Quantities measured from experiment and
estimated from thermal fluctuations for FM, SAF and a
FM-SAF junction

Quantities FM SAF FM-SAF junction

th,lherm (T=300K)
(x10°Acm™)

8.8+1.6 (10ms) 9.4+1.2 (10ms) 38+1.1(10ms)

Jintherm (T=400K) 1.5+0.4 (10ms) 51+11(10ms) 43+0.8 (10ms)
(x10°Acm™)

E,/ksT (T=300K) 29+11.2 32+4.2 100+10.7

E,/ksT (T=400K) 22+2.3 24+4.2 172+43.4
E,(T=300K) (eV) 0.73+0.3 0.8+01M 2.5+0.27
E,(T=400K) (eV) 0.73+0.08 0.79+0.14 5.8+1.44

SE, (eV) 0+0.31 -0.01£0.18 3.3+1.47

Ha (T=300K) (Oe) 177 791 791 (SAF region)
Ha (T=300K) (Oe) =177 =791 =177 (FM region)
H; (T=400K) (Oe) 204 913 913 (SAF region)
Ha (T=400K) (Oe) -204 -913 -204 (FM region)
zSHa (Oe) 27 122 122 (SAF region)
6Hf‘1 (Oe) =27 -122 -27 (FM region)
5Ea (eV) 4 0.9 0.9 (SAF region)
5Eﬁ (eV) -4 -0.9 -4 (FM region)
S5 (eV) 4 0.9 25

The first seven rows correspond to the quantities that are experimentally determined from
the current-induced DW motion as shown in Fig. 4. The errors correspond to one standard
deviation in these rows. The lower rows correspond to the quantities that are obtained
from our model of thermal fluctuations (Extended Data Fig. 2). Note the bolded figures for
comparison.

give the sameresult, thatis, alarger/y, ... and asmaller slope that cor-
respondtoalarger E;. As clearly seen fromFig. 4c, the slope at T=400 K
issmaller thanthatat 7=300 K. These results thus clearly show that the
E,for DW injection from the FM region to the SAF region has been
increased at the higher temperature, asshownin Fig. 4d. This confirms
that the thermal effect induces thermal fluctuation fields Hy that
strongly trap the DWin the field-induced global energy barrier.

Next, as can be seen from Table 1, £,is nearly constant as afunction
of Tfor the FM (£,=0.73 eV) and SAF (E,= 0.79 eV) cases so that the Hj
assistsin the depinning of the DWs and, correspondingly, alower /i, iherm-
These results hint that the anisotropy and magnetizations in both the
FMand SAF regions are constantas 7=300 K > 400 K. By contrast, for
the FM-SAF junction, the change of energy barrier 5EJFM"5AF =33eV.

Now let us investigate if this 5EJFM"SAF quantitatively agrees with
the Hy-induced global energy barrier landscape. Since H; points in all
directions, and its easy-axis zcomponent contributes only to DW depin-
ning, let us consider two cases for the ¥ DW configuration: H; >0
(+z direction) and H; < O (-z direction), as shown in Extended Data
Fig.2.Here the current pulseis applied along the +gdirection such that
the current-induced torque 7,> 0 always drives the DW along the +q
direction. It is assumed that the fluctuation fields are homogeneous
at each instant in time, which we believe is a good approximation to
describe DW depinning for the case of the junction between FM and
uncompensated SAF. Importantly, the sign and magnitude of the n as
illustrated in Extended DataFig.2 (red and blue lines) are determined
by Hywiththe opposite signs of ninthe FM and SAF regions. Note that
the DW is sitting in the FM region immediately next to the FM-SAF
boundary and not on the boundary (Extended Data Fig. 2).

Letus consider the H} case. In this case, Hyresultsin 7, . > Oand
iy < 0, which traps a DW in the FM region immediately next to the
FM-SAF boundary (Extended Data Fig. 2a). Here n¢,; and rf,,
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correspond to the slope of energy landscape for SAF and FM regions,
respectively,inthe presence of Hf‘;. Since H; increases withincreasing
T, the magnitude of n increases with T, thus trapping the DW more
tightly and increasing /i, .- IMmportantly, the energy landscape rele-
vant to the DW motion is ”;AF’ since 7, (>0) tries to inject the DW into
the SAF region while nf, . in the SAF region is against the injection.
Consequently, the relevantenergy barrier increase 653 (SAF) =009eV
dueto H}as T=300 K~ 400 Kwhen the DW trapping range L ~100 nm
is used. Here L =100 nm is chosen from a roughly mean value of
reported pinning potential sizes: for example, ~-10 nm (ref. %) and
~200 nm (ref.?*). Note that this calculation assumes that the magnetiza-
tions donot change as T=300 K > 400 K, since the £, values in the FM
and SAF regions are found to be constant as shown above.

Next, for the H case, Hj results in ng,. < 0 and 1, > O in the
energy landscape, which repels a DW away from the FM-SAF junction
boundary, as shown in Extended Data Fig. 2b. Since the DW is initially
in the FM region, the energy landscape relevant to the DW motion is
Ny Which tries to move the DW along the —g direction, thus competing
with z,. This shows that Hy prevents the injection of a DW into the SAF
region, just like in the H; case. Therelevant energy barrier increase is
oE; (FM) = 4eVas T=300K > 400K, when an effective DW range is
L =100 nm.

Asseenforthe Hﬁcases above, both Hﬁact toformbarriers against
DW injection from the FM into the SAF region. Hence, the effective

barrier change 6£7"“induced by H"would be W =25eV,

which agrees well with the value of SEPM=SAF — 332 176V obtained
from the experiments. These results thus clearly confirm that the
thermal effect is equivalent to a magnetic field in DW pinning/depin-
ning and that the DWs are highly thermally stable in FM-SAF junctions
dueto the global energy barrier.

DW injection into tilted lateral junctions

Incontrast to the extreme stability of the trapped DW under a magnetic
field, a DW can be expelled from the FM region into the neighbouring
SAF regions by current pulses, although, as discussed above, jF}':"f;;vaF
islarge for 6,= 0. Note that jFMt;;vaF If;"”"‘ asdiscussed above. This
large jFMj)fVAF is consistent with the large value of EFM=SAF of -85k, T
(T=300K; kg is the Boltzmann constant) that was obtained from the
thermally activated regime measurements (Fig. 5¢c). We find that jFM‘;vaF
depends sensitively on 8, decreasing with increasing 6, for 6,> 30
(Fig.5b). The jFr’]"'f;;SAF value is nearly constant for 6,< 30, as shown in
Fig. 5b. This is because the DW in the FM region aligns itself parallel to
the junction boundary for small 8, (<30°) when a current pulse is
applied.Forlarger 6, thisis no longer the case due to the competition
between theincreased DW energy versus decreased dipolar energy> 25,
Note that the ij‘;fVAF value approaches that of /2" withincreasing 6.
Also we find that the dependence of £, on 19J that was obtained
fromthermally activated regime measurements shows asimilar trend
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tothatof J{">*Fon 6 (Fig. 5c). These observations are consistent with
our mechanism proposed above: the effective initial nucleation volume
inthe upper FM layer in the SAF region decreases with increasing 9,
thereby decreasing jfm;;fv”and EJFM"SAF. Inaddition, the propagation
of the nucleated DW in the upper FM layer in the SAF region is easier
the larger 6, is, which further reduces jfr':"f;)fv” and EJFM"SAF.
Conclusions

We have demonstrated that chiral DWs located in the FM region of a
SAF-FM-SAF lateral bi-junction canbe tightly bound and highly stable
against large magnetic fields. However, we find that the DWs can be
efficiently injected into the SAF regions across the junction by short
current pulses when the §;is large. Here we take advantage of the local-
ized nature of SOT and the global nature of the field-induced energy
landscape: the current-induced SOT depins a DW by overcoming a
local energy barrier but, on the other hand, an applied field globally
tilts the energy landscape. These effects allow for a SAF-FM-SAF lat-
eral bi-junction to induce a global energy well that tightly traps DWs.
Densely packed SAF-FM-SAF lateral bi-junctions within a racetrack,
whichare highly thermally stable, can be used for various applications
such as single-bit and multi-bit DW racetrack memory and logic**°,
neuromorphic devices**>and DW oscillators®*,
Online content

Any methods, additional references, Nature Research reporting sum-
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Methods

Sample preparation and device fabrication

The films were grown on Si(100) wafers covered with ~250-A-thick
thermally oxidized SiO, by high vacuum d.c. magnetron sputtering
atan Ar pressure of 3 mtorr and in an ultra-high vacuum system with
a base pressure of <107 torr. The film structure is composed of the
underlayer (20 TaN/30 Pt), lower FM layer (3 Co/7 Ni/1.5 Co), exchange
coupling spacer layer (9.5 Ru), upper FM layer (3.5 Co/7 Ni/3 Co) and
cappinglayer (30 TaN), where all thicknesses are given inangstroms.
Nanowires (2 pm width and 40 pm length) are formed from the SAF
films using electron-beam lithography with a negative resist (AR-N
7520.18, Allergist GmbH) and Ar-ion etching. Alumina was subse-
quently deposited on the etched regions to protect the edges of the
devices fromthe subsequent oxidation process that was used to define
the FM regions and to form the FM-SAF junctions. For this purpose,
asecond electron-beam lithography step using the same negative
resist was performed on top of the defined racetracks. FM regions
within the SAF nanowires are formed by oxidation of the upper FM
layer using an oxygen plasma treatment after patterning a resist mask
on top of the nanowires. The plasma treatment is optimized so that
the magnetic moment of the upper FM layer isreduced to nearly zero
without affecting the moment of the lower FM layer (Supplementary
Note1).Inthe presence of the resist mask, plasma oxidation was car-
ried outby reactiveion etching using an oxygen pressure of 50 mtorr
and aradio-frequency power of 100 W. In this regard, we find that the
Ru spacer layer acts as a passivation layer that protects the lower FM
layer against oxidation even with extended oxidation times. Note that
the magnetic hysteresis loop for the oxidized SAF is identical to that
forarelated structure formed without the upper FM layer (20 TaN/30
Pt/3 Co/7Ni/1.5 Co/9.5Ru/30 TaN; Supplementary Fig.1in Supplemen-
tary Notel). Both the SAF and FM films show excellent perpendicular
magnetic anisotropy. 8, is varied from 0 to 60° (6,=0°, 15°, 30°, 45°,
60°). The height of the FM regions in the fully patterned devices is
found using atomic force microscopy to be thicker than that of the
SAF regions by ~-1-2 nm. This is consistent with the oxidation of the TaN
cappinglayer, the upper FM layer and the Ru layer (Fig. 1a). The width
ofthe FM-SAF junction, measured with atomic force microscopy, was
found to be less than ~10-20 nm (Fig. 1a).

Magnetic property measurements

Magnetic properties of blanket films were measuredin avibrating sam-
ple magnetometer (Lakeshore VSM 8600) at room temperaturein the
presence of an out-of-plane magnetic field varying between +20 kOe.
Theinfluence of oxidation upon the pristine SAF unpatterned film was
investigated as a function of oxidation process time, from 30 s up to
240 s.By comparison with the as-grown FM film (lower FM of SAF), the
optimal oxidation time is found to be around 60 s for the SAF-to-FM
transition (Supplementary Fig. 1in Supplementary Note 1).

X-ray photoelectron spectroscopy depth-profile analysis
Analysis of the oxidation state of the SAF and FM (oxidized SAF) films
was carried out by X-ray photoelectron spectroscopy with sequential
Ar-ion etching on unpatterned films. Spectra were collected using a
Thermo Fisher K-alpha plus system. The X-ray photoelectron spec-
troscopy spectra were collected after a series of etch steps (500 eV
Ar* energy, 0.5 pA beam current, 5mm x 2 mm etching area, 20 s per
cycle) until the Ru peak diminishes, which indicates the completion of
the etching through the upper FM layer, as shown in Supplementary
Fig.3inSupplementary Note 3.

Kerr microscopy and DW injection measurements

Magneto-optical Kerr microscopy was used to locate the positionand
tilting of the DWs within the patterned nanowire using differential
mode imaging, thus allowing us to measure the DW velocity and DW
injectionat various temperatures ranging up to 400 K (refs. ). These

measurements were carried out in a heavily modified EVICO system.
The DW injection and depinning probabilities, PFM~5F, PZ';"D and Pﬁ‘e‘;
were measured individually by monitoring the DW position for various
amplitudes and lengths of current pulses and easy-axis field pulses
(Supplementary Fig. 5 in Supplementary Note 5). Cases were consid-
ered in which the DW initially resides within the FM or the SAF region
orattheboundary of the SAF-FM junction for various 8 values. For the
FM and SAF regions, single current pulses with lengths r;,varying from
5ns to 100 ns (flow regime) and 10 ms to 5 s (thermally activated
regime) were used, while for the field pulse measurements, 7} was
varied from16 msto 5 s (thermally activated regime). Note thatin the
thermally activated regime, the depinning of a DW is dominated by
thermal fluctuations so that the measurement inthis regimeis relevant
to evaluate energy barriers®. For thereliable quantification of energy
barriers, the measurements were carried out with the initial DW posi-
tioned at many different points within the FM or SAF region. The depin-
ning measurement was then carried out ten times at each position. This
procedure allowed us to avoid the effect of any local defects (Supple-
mentary Note 7). For the measurements of DW motion across the SAF-
FM junction, 7} was varied from 300 s to 7,200 s. The measurements
were repeated ten times in each case. The values of the energy barriers
for the current and field-driven modes for the three distinct cases, Ej’
and i, where i =FM, SAF or FM -> SAF, were obtained from experiments
inthe thermally activated regime (Supplementary Note 12).

Data availability
The datathat support the findings of this study are available from the
corresponding authors uponreasonable request.
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