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Current-induced domain wall motion has drawn great attention in recent decades as the key operational
principle of emerging magnetic memory devices. As the major driving force of the motion, the spin-orbit
torque on chiral domain walls has been proposed and is currently extensively studied. However, we
demonstrate here that there exists another driving force, which is larger than the spin-orbit torque in
atomically thin Co films. Moreover, the direction of the present force is found to be the opposite of the
prediction of the standard spin-transfer torque, resulting in the domain wall motion along the current
direction. The symmetry of the force and its peculiar dependence on the domain wall structure suggest that
the present force is, most likely, attributed to considerable enhancement of a negative nonadiabatic spin-
transfer torque in ultranarrow domain walls. Careful measurements of the giant magnetoresistance manifest
a negative spin polarization in the atomically thin Co films which might be responsible for the negative

spin-transfer torque.
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Recent achievements in the current-driven domain
wall motion (CIDWM) promise abundant opportunities
in spintronic memory and logic devices [1]. It is now
possible to attain high domain wall (DW) speeds up to
nearly 1000 m/s [2], low operation current densities
down to 10° A/m? [3], and DW position accuracy better
than 1 ym [4].

Despite these technological advances, the underlying
mechanisms of the CIDWM remain to be clarified. The
most prominent example of the controversy is the DW
motion along the current direction [3,5-8], which is the
opposite of the prediction of the original spin-transfer torque
(STT) theory [9,10]. To explain this opposite motion, it has
been proposed and demonstrated that the spin-orbit torque
(SOT)—generated by the spin Hall effect [11] and/or the
Rashba effect [12]—can exert a force in the direction of the
current on chiral DWs, of which the chirality is controlled
by an in-plane magnetic field [ 13]. The recent observation of
a built-in DW chirality [14,15] due to the Dzyaloshinskii-
Moriya interaction (DMI) enables one to accomplish such
DW motion [16-21]. Therefore, the SOT, combined with the
DMI, has been extensively studied as the underlying
mechanism of the CIDWM. On the other hand, the STT
has been observed to be negligible in thin (~0.6 nm)
magnetic layers [18,19,22], possibly due to the very small
current through the layers.

However, we demonstrate here that, in the films with
ultrathin (~0.3 nm) magnetic layers, the STT is signifi-
cantly enhanced so that it is even larger than the SOT and
thus, plays a significant role in the CIDWM. A careful
experimental analysis reveals that such significant enhance-
ment can be caused by the formation of the ultranarrow
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DWs of a few nanometers, with which the nonadiabatic
STT is radically increased, as suggested by the nonadia-
batic STT theory [23]. In addition, the sign of the non-
adiabatic component is found to be negative, contrary to the
original STT theory, offering a new degree of freedom in
the STT.

For this study, a series of 5-ym-wide ferromagnetic strips
made of Pt/Co/Pt films with Co and Pt layers of various
thicknesses was prepared. In these films, the sign and
magnitude of the SOT can be tuned by adjusting the
thicknesses of the Pt layers [13], and the DW chirality can
be easily controlled by a small in-plane field due to the
weak DMI [15].

The spin torque efficiency & of the CIDWM in these
strips was then investigated. Here, & is defined as a
proportionality constant between the current density J
and the induced effective magnetic field H;, based on
the relation H:(J) = &J [3]. H was measured from the
DW creeping motion for two types of DW (i.e., down-up
and up-down DWs), as depicted in the inset of Fig. 1(a).
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FIG. 1. (a)—(c) ¢ of the down-up (red, ) and up-down (blue,

e”) DWs with respect to ugH, for strips with 7o, of (a) 0.4,
(b) 0.35, and (c) 0.3 nm. The inset of (a) illustrates the current-
assisted, field-driven DW motion for £ measurement.
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Figures 1(a)-1(c) show the plots of ¢ with respect to the in-
plane magnetic field H, for (2.5-nm Pt/z-, Co/1.5-nm Pt)
strips with different Co layer thicknesses 7¢,. The epitaxial
growth of the layers and the formation of a uniform
magnetic layer without discontinuities on a length scale
of a DW were confirmed by a scanning transmission
electron microscope and a magneto-optical Kerr effect
microscope [24]. The nominal film thicknesses were
determined from a deposition rate (~0.25 A/ sec). In each
plot, the e (red) denotes & of the down-up DW and the &~
(blue) denotes that of the up-down DW.

The strip with 7o, = 0.4 nm, as shown in Fig. 1(a),
exhibits a very typical shape: Both ¢ and &~ are saturated
at high |H,| regimes through a gradual transition at the
small |H | regime. This typical shape is caused by the SOT
because the SOT-induced efficiency egor is proportional
to the x component of the DW magnetization [13].
In addition, the horizontal shifts of £* and &~ in opposite
directions indicate the existence of a finite DMI, which
generates an effective field Hpyy along the x axis.
Therefore, the measurement of ¢*(H,) enables one to
quantify both Hpyy and egor, as demonstrated in recent
reports [18,19].

However, as f¢, is further reduced down to 0.35 and
0.3 nm, as shown in Figs. 1(b) and 1(c), € (H,) deviates
largely from the typical shape of the eggr. In these strips,
e(H,) does not show a monotonic saturation at large |H |
regimes but shows a maximum at an intermediate H,
regime. This observation signals the existence of another
contribution, one distinct from the typical eggr.

To determine the origin of the deviation, another series
of (2.5-nm Pt/0.3-nm Co/tp, Pt) strips with different
Pt layer thicknesses fp, was examined. The upper panel
of Fig. 2(a) shows the ¢*(H,) of the symmetric strip (i.e.,
tp = 2.5 nm). In this strip, the SOT is almost compensated
for due to the symmetric Pt layer structure [13,24,33].
However, the deviation is still observed, strongly sug-
gesting again that the deviation does not come from the
SOT and thus that there exists another origin that generates
a large contribution in &.

Because & is sensitive to the DW configuration
[13,16-20], the DW configuration is independently iden-
tified by measuring the asymmetric field-driven DW speed
v with respect to H, [15]. The lower panel of Fig. 2(a)
shows the v™ (red) of the down-up DW and the v~ (blue) of
the up-down DW, respectively. Both v+ and v~ show
exactly the same inversion symmetry with respect to their
symmetry axes, shifted in opposite directions, shown by the
dashed lines. Such inversion symmetry is attributed to the
transition of the DW configurations between two opposite
Néel DWs through a Bloch DW.

The opposite shifts of symmetry axes then correspond
to the DMI-induced effective magnetic field on DW: Hf,
of the down-up DW and Hpy, (= —Hpyy) of the up-down
DW. The total in-plane field H; on the DW can then be
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FIG. 2. (a) € (upper panel) and v (lower panel) plotted with
respect to uoH, for the strip with fp; = 2.5 nm. (b)—(d) v (upper
panels) and e (lower panels) plotted with respect to puyH’ for
strips of p, equal to (b) 2.5, (c) 1.5, and (d) 3.5 nm. The red (blue)
symbol corresponds to the down-up (up-down) DW. For v, the
applied field yoH, was (b) £1, (c) £3.5, and (d) £1 mT.

defined as H; = H, + Hgyy. Notably, both v™ and v~ are
exactly overlapped onto each other when plotted with
respect to H, as shown in the upper panel of Fig. 2(b).
This observation indicates that the DW configuration
is solely determined by H3, irrespective of the two DW
types. The exact overlapping is also confirmed for other
strips with different #p,’s, as shown in the upper panels of
Figs. 2(c) and 2(d).

Owing to the same DW configuration for a given Hf,
it is now possible to directly compare the spin-torque
efficiencies between the two types of DWs. The lower
panels of Figs. 2(b)-2(d) plot the average (H}) (green
lines) and the deviation Se(H?%) (purple lines) with respect
to H;. Here, e(H}) = [e" (H:) + ¢ (H?)]/2 and Se(H%) =
[eT(Hy) — e (Hy)]/2. As a reference, et (H?) (red) and
e~ (H%) (blue) are also plotted. It is interesting that &(H?Y)
precisely follows egor (the black dashed line) from an
analytic prediction, indicating that this contribution is truly
attributed to the SOT, i.e., € = g7 [18,19,24].

However, the most surprising and salient observation is
that all of the de curves exhibit a universal functional shape.
The e curves are symmetric with respect to the inversion
axis H; =0, at which the DW is expected to be in the
Bloch wall structure. This functional shape is totally
different from that of the SOT, which is antisymmetric
with respect to H; = 0. Note that the magnetization canting
inside the domains or the DW tilting [34] in the presence of
a strong DMI might cause the eggr to deviate from the
typical shape [19]. However, these effects do not meet the
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observed symmetry of de, as emphasized in Fig. 2(b). Also,
these effects are expected to be small since the present
samples show large perpendicular magnetic anisotropy
(~8 x10° J/m?) [35] and a small DMI-induced field
(~25 + 10 mT). In addition, the sign of d¢ indicates that
o€ drives the DWs along the current direction, which is the
opposite of the prediction of the original STT. All of these
observations require another driving force.

Although there has been no complete theory predicting
oOe observed here, we find that the symmetry and peculiar
shape of de(H?) are consistent with the behavior caused
by the nonadiabatic STT. In the simple one-dimensional
STT model [36], the nonadiabatic spin torque efficiency
eg7r 18 proportional to fP /A, where B, P, and 1 denote the
nonadiabaticity, the spin polarization, and the DW width,
respectively. Several mechanisms predict different scalings
of the nonadiabaticity. For example, the ballistic spin-
mistracking model [37] predicts an exponential decay with
respect to A, and the spin diffusion mechanism [38]
anticipates 1/4> dependence. Here, we used the 1/4
dependence for simplicity. Figure 3(a) shows the micro-
magnetic prediction [24,39] that 4 and mPW vary with
respect to H%, where mPW is the direction cosine of the
magnetization inside the DW along the x axis. The variation
in 2 and mPW are caused by the counterbalance between the
magnetostatic energy and the Zeeman energy inside the
DW. The DW demagnetizing field H,, which is required to
saturate the DW to the Néel configuration, is depicted in
Fig. 3(a). Owing to the inverse proportionality of egpr on 4,
such A variation results in the peculiar shape of egpr/|BP
(the red line), as shown in Fig. 3(b). The H}-induced
canting of the domains would further enhance the variation
in egrr, as demonstrated by the micromagnetic prediction
(the blue symbols).

Though the micromagnetic simulation qualitatively
reproduces the experimental shape of de(H?%), the magni-
tude of the variation is small compared to that of 5e(H?).
Note that this micromagnetic simulation is performed under
the condition of a fixed f. This may suggest that, in the real
situation, the variation in § should be considered a function
of 1. Nevertheless, it should be emphasized that these
simulation results show a symmetry and a shape identical to
the experimental de(HY) reported here. This observation,
therefore, suggests that the STT can be a possible origin of
oe, and hereafter we will denote Je as egyr.

Figures 3(c)-3(e) present the plots of egrr (purple) and
esor (green) for (2.5-nm Pt/tc, Co/1.5-nm Pt) strips. The
shape and the magnitude of eggr in these strips do not
exhibit notable change from t,, indicating that the SOT is
well controlled in these strips [40]. However, the maximum
of |egpr| radically increases, and it eventually exceeds the
maximum of |egor| as #c, decreases down to 0.35 nm. As
shown in Fig. 2, all of the strips with -, = 0.3 nm also
exhibit a maximum of |egpp| that is larger than the
maximum of |eggp|. One can therefore conclude that
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FIG. 3. (a) Micromagnetic prediction of A and mPW for a

(2.5-nm Pt/0.3-nm Co/1.5-nm Pt) strip. The orange dashed
lines indicate ugHp. (b) Predicted egpr/|fP| with respect to
uoH%. The red line shows the values from the relation
estr/|BP| = —h/2eMA. The blue symbols show the results
from the micromagnetic simulations with the STT module.
(c)-(e) Decomposition of ¢ into egpr and egop for the strips
with 7¢,’s of (c) 0.45, (d) 0.4, and (e) 0.35 nm. (f) Maximum
values of |egpr| and |esor| and estimated A’s with respect to #¢,,.
As a side note, the harmonic Hall measurement yields results
consistent with the egj} within the same order of magnitude [24].
(g) |pP| with respect to 4. The values were obtained for both the
Bloch (Hi =0) and Néel (H; = Hp) configurations in each
strip. Because |P| < 1, the |$P| presents the lower bound of |j].

egrr rather than eggp provides the major driving force
responsible for the CIDWM in these strips. Figure 3(f)
summarizes the measured maximum values of both con-
tributions, egpy and 33T, with respect to f¢,. With a large
edty, the STT generates an effective field up to ~3 mT for
J = 10" A/m?. We note that this value is even comparable
to that of SOT (~4 mT for the same J) in Pt/Co/oxide
trilayers with uncompensated spin Hall currents [18,41].
In the framework of the nonadiabatic STT, such a
significant enhancement of gt might be the consequence
of the ultranarrow 4 [23]. It is worth noting that our films
exhibit large perpendicular magnetic anisotropy Ky,
[24,35], whereas the exchange stiffness A, is largely
reduced, as indicated by the reduction of the Curie temper-
ature [24]. Such a reduction of A, was generally observed
in few-monolayer-thick films [42-45]. It is therefore
natural to expect a narrow DW width, which is known

to be proportional to 1/A, /K. Moreover, the observation
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of a large H [the orange dashed lines in Fig. 2(c) and
Figs. 3(c)-3(e)] supports the formation of the ultranarrow
DWs in our films. Since Hj is proportional to the DW
demagnetizing factor between the Bloch and Néel DWs,
(3-5)-times-larger Hp and ~2-times-thinner fc, corre-
sponds to a (6—10)-times-narrower A compared to the other
materials [18,19]. The black triangles in Fig. 3(f) show the
estimated A from the H; measurement [46,47]. The results
show that A becomes ultranarrow down to a few nanometers
as ¢, decreases. Note that thermal effects that might impact
the DW width are not taken into consideration for this
estimate. Furthermore, as it has been shown that the
STT efficiency can exhibit a temperature dependence
[48-50], our results derived from a simple temperature-
independent model description can provide only qualitative
information on the overall trend of A. Additional micro-
magnetic simulation about the influence of thermal fluc-
tuation on A can be found in Ref. [24].

For the case where A is comparable to the transport scale
of about a few nanometers, such as the spin-diffusion and
Larmor precession lengths, it has been theoretically pre-
dicted that f# should exhibit large variation, depending on A
[51,52]. The variation in  was conjectured by use of the
relation fP = (2eMg/h)egprA with the Planck constant 7,
electron charge e, and saturation magnetization Mg [36], as
shown in Fig. 3(g). The plot shows drastic variation of SP
in a narrow range of A. Although this analysis is based on
simple one-dimensional STT model, this observation sig-
nals the possibility of engineering ety for further enhance-
ment by tuning the magnetic properties such as the
interfacial anisotropy and the exchange stiffness.

Finally, the sign of egpr is examined. As previously
mentioned, a negative sign of egpr induces the DW motion
along the current flow. It is experimentally confirmed that
all of the DWs move along the current direction, irrespec-
tive of the sign of the SOT, as shown in Figs. 4(a)—4(c) [53].
The negative sign of egpr can be a consequence of either a
negative P or a negative S, as previously discussed in
several reports [3,6,54-56]. In contrast to the presumption
of positive parameters in the STT theory, theoretical studies
have revealed the possibility of a negative P in CoPt alloys
with dilute Co concentration [57] and a negative f in DWs
narrower than several nanometers [51]. Our experimental
situation might be relevant to the cases of a dilute Co
concentration with a very thin Co layer sandwiched by
thicker Pt layers and/or the ultranarrow DWs.

To examine these scenarios, we performed a giant
magnetoresistance (GMR) measurement in the geometry
of the current perpendicular to the plane (CPP) [58]. Three
distinct spin valve stacks with 5.0-nm Ta/2.5-nm
Pt/(t, Co/3.0-nmPt/73 Co/3.0-nmPt), were patterned
into dots. Stack I consists of both thick Co layers
(t4y = 1.4 nm and 7z = 1.5 nm) and stack II consists of
both thin Co layers (f4 =0.4 nm and ¢z = 0.3 nm),
whereas stack III is a combination of thick and thin Co
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FIG. 4. (a)-(c) Scanned Kerr images of the purely current-
induced DW displacements in (2.5-nm Pt/0.3-nm Co/tp, Pt)
strips with #p, equal to (a) 1.5, (b) 2.5, and (c) 3.5 nm. The red
(blue) symbol indicates the direction of H} inside the down-up
(up-down) DW. (d)—(f) CPP-GMR curves of (d) stacks I, (e) II,
and (f) III. The parallel and antiparallel states are indicated by P
and AP, respectively.

layers (t4, = 0.3 nm and tz = 1.4 nm). Figures 4(d)—4(f)
summarize the measurement results. Stacks I and II exhibit
positive CPP GMRs with a higher resistance at the anti-
parallel state. However, interestingly, stack III exhibits an
inverse CPP GMR. Because all other layer structures were
kept the same, except for the Co layer thicknesses, the
inverse CPP GMR might originate from the different trans-
port properties of the Co layers. This result suggests that a
negative P appears in strips with 7¢, < 0.4 nm, indicating
that a negative P—rather than a negative f—is responsible
for the negative egpr [24]. Although these observations show
remarkably new features in the atomically thin Co layer,
however, further studies, such as the origin of the negative
spin polarization, crystallography of the atomically thin Co
layer sandwiched by Pt layers, and the additional effect from
adjacent Pt layers [59], are required.

In contrast to the present consensus that the STT
vanishes in a thin ferromagnetic layer, we showed here
that the nonadiabatic STT is significantly enhanced, so that
it is even larger than the SOT in ultrathin Pt/Co/Pt strips
and, consequently, the CIDWM is governed by the STT.
Such significantly enhanced STT is caused by the for-
mation of the ultranarrow DW of a few nanometers, which
induces a radical increase of the nonadiabaticity. Moreover,
it is found that the STT is negative, resulting in the DW
motion along the current flow. All of these observations
imply the controllability of the nonadiabatic STT efficiency
and thus show promise for emerging DW-mediated logic
and memory devices.
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