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Current-driven domain wall motion is investigated experimentally in in-plane magnetized (Ga,Mn)As tracks.
The wall dynamics is found to differ in two important ways with respect to perpendicularly magnetized
(Ga,Mn)As: the wall mobilities are up to ten times higher and the walls move in the same direction as the
hole current. We demonstrate that these observations cannot be explained by spin-orbit field torques (Rashba and
Dresselhaus types) but are consistent with nonadiabatic spin transfer torque enhanced by the strong spin-orbit
coupling of (Ga,Mn)As. This mechanism opens the way to domain wall motion driven by bulk rather than
interfacial spin-orbit coupling as in ultrathin ferromagnet/heavy metal multilayers.

DOI: 10.1103/PhysRevB.95.054422

I. INTRODUCTION

Nonvolatile memory and logic devices based on magnetic
domain-wall (DW) manipulation [1,2] remain technologically
challenging as they require narrow DWs, large velocities,
and low voltage/current density operation, features that are
difficult to combine in a given material. This has led to
constant endeavors to optimize the torques experienced by
DWs under an applied current. Initial works focused on spin
transfer torques (STT [3-7]). Recently, torques originating
from the spin-orbit interaction (SOI) have been evidenced
in ferromagnetic/nonmagnetic multilayers [8—14]. The
mechanisms involved in DW propagation are still partially
under debate, but signatures of the Rashba effective field,
the spin Hall effect, and the chiral Dzyaloshinskii-Moriya
interaction (DMI) have been suggested [8,11,15,16].
These observations have been limited to out-of-plane
magnetized heavy metal/metallic ferromagnet combinations
(Pt/Co/AlOx,GdOx or Gd [13,17], Pt/Co/Ni/Co [12], Pt/ or
Ta/CoFe/MgO [11,14]), in which the main source of SOI was
interfacial inversion asymmetry along the sample normal z.
The purpose of this work is to investigate experimentally the
case of a ferromagnet that is its own source of (bulk) spin-orbit
interaction, without relying on adjacent layers. For this, we
studied the dilute magnetic semiconductor (Ga,Mn)As, in
which the complex anisotropy and rich spin-orbit coupling
physics enable numerous configurations to be tested.

In (Ga,Mn)As, spin-orbit coupling gives rise to two effects
very different in magnitude. The main one is described by the
Kohn-Luttinger (KL) Hamiltonian. It splits the manifold of
valence states with L = 1 orbital quantum number and S =
1/2 spin into J =3/2 and J = 1/2 states with J =L + S
[18]. For nonzero k wave vectors, the J = 3/2 states are further
split into heavy hole (J = £3/2) and light hole (J = +1/2)
states, each with twofold degeneracy. The second and much
weaker effect is a lifting of this degeneracy analogous to a
k-dependent magnetic field. This small spin-orbit effect arises
from the lack of centrosymmetry of the zinc-blende lattice
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(k* Dresselhaus term). A further lowering of the symmetry
induced by epitaxial strain (¢) yields a Dresselhaus term linear
in k. An even weaker Rashba term, also linear in k, exists due
to the nonequivalence of [110] and [110] directions induced
during the growth [19], formally equivalent to an in-plane shear
strain or an electric field perpendicular to the interface [18].
This is reminiscent of the one encountered in the z-asymmetric
metallic stacks mentioned earlier.

These spin-orbit effects have two consequences. First, the
heavy-light hole splitting modifies the usual spin transfer
torques in the presence of a domain wall since valence states
are not pure spin states. A significant hole reflection should oc-
cur at the domain wall, resulting in spin accumulation [20-22].
The resulting spin transfer torque is expected to be up to tenfold
more efficient than the standard torque but has up to now not
been evidenced experimentally. Secondly, Rashba or Dressel-
haus spin-orbit splittings of the valence bands result, under cur-
rent, in an out-of-equilibrium hole spin polarization. The anti-
ferromagnetic exchange interaction between the carrier spins
and the Mn spins then yields corresponding effective spin-orbit
fields on the magnetization [23-26]. These fields have been
evidenced experimentally [27-30] to be in-plane and perpen-
dicular to the current density, but their effect on DWP remains
to be shown. Note that these terms are about 100 times weaker
than the Rashba term in metals which were claimed to be
responsible for fast DWP against the electron direction [9,13].

To explore these spin-orbit interaction effects, we have
worked on in-plane magnetized (Ga,Mn)As tracks, a configu-
ration that has been rarely studied up to now [31,32]. We show
that DWs propagate at high mobilities under current and oppo-
site to the direction given by the spin-transfer torque observed
in out-of-plane magnetized (Ga,Mn)As [33-37], a radically
different phenomenology. We demonstrate our observations to
be only partially reconcilable with SO field torques. We sug-
gest instead that they may be a signature of the Kohn-Luttinger
Hamiltonian-induced spin accumulation at the domain wall.

II. SAMPLES AND EXPERIMENTAL SETUP

DW propagation was studied on a 50 nm thick epilayer
of (Ga,Mn)As grown on (001) GaAs. After an 8§ h/200°C
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FIG. 1. (a),(b) Two track configurations and device schematics: the hole current (red arrows) flows either parallel (C,,) or perpendicular
(C.) to the magnetization (dark arrows) whose easy direction is along the crystallographic axis [110]. With the reservoir grounded, the hole
current direction shown in this schematics therefore results from a negative potential applied to the opposite tip of the track. The hydrogenated
(Ga,Mn)As:H has turned paramagnetic, thus defining the stripe. (c),(g),(j) Phenomenology of current-induced DW motion. The effective
spin-orbit field (ﬁ s0) is the sum of the Rashba and the Dresselhaus contributions (see text). (d)—(f) and (h),(i) Longitudinal Kerr microscopy
images (divided by a reference image taken after saturation) showing domain wall displacements under the application of successive current
pulses (1, 2, etc.). The white dotted lines are guides for the eyes and the black dashed ones materialize the edges of the track and reservoir.
(d)—(f) 2 um wide C,, track, 70 ns long current pulses of J = 24.5 GA m~2 under uoH = 1.1 mT (T, = 40 K). (h) 10 um wide C, track,
120 ns long current pulses of J = 14.9 GA m~2, no applied field (T, = 80 K). A domain is easily nucleated in the middle of the track under
current by ﬁso (pulses 1 and 5). (i) 2 um wide C track, 100 ns long current pulses of J = 23.5 GAm~2 under oH = 1.3 mT (T, = 50 K).

anneal, the Curie temperature reached T¢ = 116 K and
the magnetically active Mn concentration x = 3.7%. The
layer was grown under compressive strain, which led to the
magnetization lying in the plane. SQUID magnetometry and
cavity ferromagnetic resonance (FMR) evidenced a uniaxial
magnetic anisotropy with the easy axis along the [110]
direction.

The tracks were 2, 4, and 10 um wide and 95 um long,
oriented either parallel to the easy axis—*“C,,” configuration—
or perpendicular to it—“C,” configuration, with one end
leading into a large grounded reservoir [Figs. 1(a) and 1(b)].
The reservoir and tracks were patterned by locally passivating
the layer at 130°C using a hydrogen plasma over a Ti
mask [38]. This selectively turns the (Ga,Mn)As paramagnetic,
whilst maintaining the bidimensionality of the layer, thus
limiting diffraction-related imaging issues. It also prevents
the lattice from relaxing perpendicular to the track, which
would pull the easy axis towards the track direction [32],
and therefore render C,, and C, configurations nonequivalent
anisotropywise. Finally, Cr(10 nm)/Au(200 nm) contacts were
thermally evaporated on the sample. Domains were observed
with an in-house built longitudinal Kerr microscope, using a

A = 635 nm LED source [39]. A generator was used to apply
a continuous or pulsed voltage.

In (Ga,Mn)As, Rashba and Dresselhaus spin-orbit fields are
positively (negatively) collinear for J//[110] (J//[110]//x),
with the total SO effective field Hyo lying transverse to the
tracks [Figs. 1(c) and 1(g)]. The field intensity for J//[110]
is about three times larger than for J//[110] [27-30]. This
geometry is distinct from those explored in metallic structures
in two respects: (i) the spin-orbit effect is generated in the
magnetic layer itself, and does not require a distinct high-SOI
material next to it; (ii) the spin-orbit field can be either
perpendicular or collinear to the magnetization, a configuration
that has not been explored in DWP yet due to the lack
of strongly uniaxial in-plane metals subject to spin-orbit
fields [40].

III. PHENOMENOLOGY

We first describe the DW propagation phenomenology
under field and current [Figs. 1(c)-1(j)]. After saturation by
an external field H,,, a reversed domain was nucleated by a
high current pulse. In the narrowest, 2 and 4 um wide tracks,
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DWs required a small field opposite to Hg, to depin. Under
this small field only, note that the DWs did not move. In
the 10 um track, the pinning of DWs was sufficiently low
to enable current-induced motion without external magnetic
field. In the C,, track [see Figs. 1(d)-1(f)], we observed that
DWs only depin in the hole current direction, regardless of
the DW charge (tail-to-tail or head-to-head), as summarized in
Fig. 1(c). Holes flow in the same direction as the conventional
current, i.e., opposite the electrons. We will for now call this
effect “STT-like”, and suppose the DW feels a local field
Hgyr oriented parallel to the easy axis. In the C, tracks,
the DW behavior is more complex [see Figs. 1(h) and 1(i)],
and seems to consist of two competing effects. It depends on
the DW polarity which we label [Fig. 1(g)] p = +1(p = —1)
when the magnetization of the first domain crossed by the
current is +m/2 (—m/2) rotated with respect to the current
direction. We observed that regardless of the current and
Hg, signs, p = —1 DWs alway propagate, whereas p = +1
DWs are always pinned, as summarized schematically in
Fig. 1(g). This suggests the current creates an effective field
Hegt pointing in the magnetization direction of the expanding
domain, competing with the STT-like contribution. When a
field is needed to depin, as in the 2 m wide tracks, an identical
phenomenology was observed [images in Fig. 1(i)]. Note that
in one particular configuration, DWs occasionally depinned in
the direction opposite to the current flow [Fig. 1(j)]. Finally,
the reproducibility of these observations was verified in detail
between 4 K and 80 K, as well as the robustness of the
phenomenology [41]. These results are in stark contrast with
those obtained by transport-only measurements on planar
(Ga,Mn)As with biaxial anisotropy. They had shown either
no dependence on current polarity [31], or deduced indirectly
a DW propagation direction against the hole current [32].

To get an insight on the nature of the torques at play in
the DW motion, we then acquired hysteresis cycles on the
2 um wide C; track for different values of a dc current [see
Fig. 2(a)]. In order to maintain a constant effective temperature
(Tgr = 83 K), the temperature rise during sample excitation
was carefully characterized and adjusted for by tuning the
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cryostat temperature (see Appendix A). Figure 2(a) shows
that the hysteresis cycles are shifted in opposite directions
for positive or negative currents, indicating that the effect
of current is equivalent to an effective magnetic field along
the easy axis. In order to study this effect, we monitored
the depinning field out of a particular defect along the
stripe, Hgep, as a function of current, and compared it to its
value without any current: § Hyep(J) = Hyep(J) — Hyep(J =
0). Positive and negative dc currents were used, so that
the four different relative orientations of current/field were
explored [see side schematics in Fig. 2(b)], allowing us
to disentangle the two competing effects. They reproduced
the blocking/passing configurations observed under pulsed
current in Figs. 1(i) and 1(j). In the resulting § Hyep(J) plot
of Fig. 2(b),  Hgep < 0 (§ Hgep > 0) implies that the current
made it easier (more difficult) to depin the DW. At low
current density and in the south-east quadrant of Fig. 2(b),
it becomes very difficult to pinpoint precisely how different
the depinning field is from the J =0 one. As the current
density becomes higher, however, we notice that the § Hyep(J)
data essentially consists of two intersecting lines of positive
(negative) slope SH% (‘SH%). We can therefore extract an ef-
fective fieldlike contribution “OTH“‘ = %(lw%| + |5H% D)=
(3.6+0.2) x 1072 mT/GA m~? and a domain-independent,
STT-like contribution £ofhsrr — o (| MMeae) M-y — (6 4
1) x 107> mT/GA m~2. We therefore conclude that H;“ is six
HS7"I'

times larger than the STT-like contribution , and is of the
same order of magnitude as the total spin-orbit field efficiency
in Refs. [27-30]. Note that Hs exhibits the same symmetry
as the Oersted field accompanying the passage of the current.
Micromagnetic simulations under J = 20 GA m~2 show that
the transverse (y) component of the Oersted field is around
40.2 mT (in the center of the top/bottom interfaces), and its
out-of-plane (z) component is £0.8 mT (at midheight of the
track edges). However, the substrate being quite insulating, the
current density is mostly confined to the magnetic layer, and
we expect the average Oersted field in the track to be close to
Zero.
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FIG. 2. Estimation of the current-induced STT-like and FL-like contributions in the 2 um wide C, track, at T.;; = 83 K. (a) Normalized
hysteresis cycles under continuous current J = +8.3 GA m~2, and without current. They are obtained by taking longitudinal Kerr images as the
field is cycled, and averaging the signal over the entire surface of the track. Hysteresis cycles averaged on the reservoir under current coincide
with those averaged on the track without current. (b) The DW depinning field out of a given trap Hye,(J) is monitored as a function of current
density and compared to the one without applied current Hg.,(J = 0). The difference is indicated in the y axis. The four schematics represent
the physical situations encountered in the four corresponding quadrants of the plot, with the same arrow legend as in Fig. 1.
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FIG. 3. Domain-wall velocity: (a) velocity versus field curves (C,, and C; 2 um wide tracks) at constant temperature and current density.
(b) Velocity versus current density for tracks C,, (2 um wide, uoH = 1.1 and 1.2 mT) and C, (2 um wide, poH = 1.3 mT, and 10 um wide,
no field). Measurements taken at T.;; = 49 &+ 1 K for the 2 um wide tracks, and at T, = 77 4= 2 K for the 10 «m wide one.

We can now summarize the current-induced DW mo-
tion phenomenology in (Ga,Mn)As with uniaxial in-plane
anisotropy as follows. When the current flows colinear to
the magnetization (C,, tracks), DW motion occurs in the
hole current direction regardless of domain charge. This is
opposite to the direction observed for spin-transfer torque
in perpendicularly magnetized (Ga,Mn)As films. When the
current flows perpendicular to the magnetization (C tracks),
this STT-like contribution competes with an effect six times
larger, an effective transverse field Heg proportional to the
current.

Finally, we performed DW velocity measurements on
the C,, and C, tracks (see Fig. 3). Displacements under
increasing current pulse lengths were obtained as described
in Appendix B. Figure 3(a) shows v,(H) curves displaying
the DW velocity as a function of the applied magnetic field,
in the presence of current pulses of constant amplitude. The
maximum measurable velocity is determined by the track
length. After a depinning regime at low fields, the DW velocity
increases linearly with field, reaching up to 300 ms~' on the
2 um wide C,, track. These velocities are typical of those
measured under field only on a very similar nonpatterned
layer [39], and result from the large DW width of in-plane
(Ga,Mn)As. In the C, tracks, velocities are overall smaller [up
to 150 ms~', Fig. 3(a)]. Comparing C,,and C| v;(H) curves
taken at the same current density shows that the ;’—}; mobilities
lie in a ratio of 4:1 (measured after the depinning regime).
In the stationary regime, we expect field mobilities to vary
in a first approximation like the static DW width, estimated
by micromagnetic simulations [Fig. 4(a)] to be almost three
times larger in the charged DWs of C,, tracks (Ag =40
nm), than in the uncharged DWs of C; (Ao =15 nm).
The measured mobility ratio is therefore a signature of the
stationary regime. Also, the precessional regime is expected
to be preceded by a large velocity plateau, seen under field only
on unpatterned samples [39] and in micromagnetic simulations
for C, and C,, tracks [Fig. 4(b)]. This plateau was not observed
experimentally under applied field/current.

The field was then kept constant (1.1, 1.2, 1.3, or O mT), and
current pulses (J = 7-25 GA m~2) were applied at constant
effective temperature. This generated vy (J) curves [Fig. 3(b)].
Once more, velocities of up to 300 ms~! were observed
on the 2 um wide C,, track, and up to 150 ms~ ! in C|

tracks, again pointing to the stationary regime. The resulting
current mobility g—; is 11 £ 1 mm3C~! for the 2 um wide C //
tracks (T = 49 K) and 10 um wide C track (Ter = 77 K),
over ten times larger than the mobilities measured on out-
of-plane magnetized (Ga,Mn)As [34-37]. No field assistance
was required for the wider 10 um C, track [Fig. 3(b)], on
which creep motion was also observed at low current densities
(J =7 GAm™2, velocities too small to appear on the curve).

(a) Cy (Ag ~40nm)

—>

C1 (Ag ~ 15nm)

0 L | L | L | L
0 1 2 3
poHo (mT)

FIG. 4. Micromagnetic simulations (7 = 60 K micromagnetic
parameters of the sample, and 7 =0 in mumax code [42]) for
both track configurations. (a) Static domain wall width. Smaller DW
widths translate into smaller mobilities under field. (b) Field-driven
DW propagation, subtracting surface magnetic charges at wire ends
to simulate infinite wire. The best agreement with measurements
on unpatterned samples [39] was obtained with o = 0.025. The
precessional regime is reached at a few mT, in the plateau of the
curve.
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Inthe 2 um C; track, a lower mobility of 6 + 1 mm>C~! was
measured.

IV. POSSIBLE TORQUES AT PLAY

To make sense of these unexpected results, we begin by
considering two types of current-induced torques: torques
that push DWs unidirectionally regardless of their polarity
or charge, which will be named STT-like, or torques driven by
the Rashba and Dresselhaus spin-orbit effective fields.

A. Spin-orbit effective field torques

Dresselhaus and Rashba terms in strained (Ga,Mn)As
induce a total effective field Hy, proportional to the current
density and transverse to the track direction [Figs. 1(a)
and 1(b)], expected to be slightly larger in C, than in
C,, tracks [27-30,43]. Similar to what has been calculated
and observed in metals [7,44-47], this field can act on
the magnetization via two torques: a fieldlike torque [48]
(FL-SOT) Hy, x M or a Slonczweski-like torque (SL-SOT)
M x Hg; with Hg; o« M x Hg,. The FL-SOT is sensitive
to the charge or polarity of the DW, but not to its chirality
(magnetization orientation in the DW), while the SL-SOT
is sensitive to the magnetization configuration within the
DW (Bloch/Néel, chirality). Both torques have been cal-
culated [26,43] and measured [27-30,43] in monodomain
(Ga,Mn)As and (Ga,Mn)(As,P) and found to be of the same
order of magnitude [43].

We have summarized schematically their expected effect
on DWs of C;, and C, tracks in Fig. 5. In C,, tracks, the
FL-SOT simply stabilizes a Néel DW structure against Walker
breakdown, and possibly imposes a DW chirality during its
creation [Fig. 5(a)]. In C_ tracks however, I-QIm is collinear to
the domain magnetization, so will act like the effective field
Heff evidenced earlier. Hence we suggest MOHeff = /L()HSO
We established above that at 83 K it varies with current as
3.6 x 1072 mT/GA m~2 [Fig. 2(b)], close to the (2.0-10.6) x
1072 mT/GA m~2 SO field efficiencies found by other authors

C, configuration

Néel

Bloch

PHYSICAL REVIEW B 95, 054422 (2017)

[27-30] for J//[110]. This yields for our typical current
densities (e.g., J = 20 GAm™?) puoHso = 0.4-2.7 mT, very
much of the order of the applied static fields. Its direction
is represented in Figs. 1(g) and 5(b), 5(d) by a green hollow
arrow.

Note that the total spin-orbit field we find for J//[110]
is of opposite sign to the one found in previous studies of
in-plane magnetized (Ga,Mn)As devices [27-30,43]. These
measurements were done on samples quite similar to ours in
Mn content, Curie temperature, of varying anisotropy (uniaxial
or biaxial), and monodomain or not. A notable difference
would be our sample thickness (50 nm), e.g., twice that of
the thickest of these studies (25 nm). One could tentatively
say that a thicker layer would reduce the Rashba (interfacial)
contribution to the total I:IS(, compared to thinner layers.
However, since it is unclear what governs the sign of the
Rashba field, and how exactly it varies from layer to layer,
it is very difficult to infer anything from this observation. A
more flagrant discrepancy is that the studies of Refs. [27-30]
are all based on magnetotransport measurements, whereas we
proceed via a direct visualization of domains. However, with
a correct characterization of both hole current and applied
field directions, this should not affect the sign of o Hgo. The
reason for this sign difference therefore remains elusive for the
moment.

The SL-SOT was proposed to explain similar intriguing
DW propagation direction and velocities in metals [49]. We
label it “efficient” (propagation in the stationary regime)
when it tilts the magnetization out of the plane of rotation
of the DW (materialized by dotted lines in Fig. 5), and
“inefficient” (propagation in the precessional regime only)
when it merely rotates the DW magnetization. As represented
schematically in Figs. 5(a) and 5(b), the SL-SOT will be
inefficient for C,, and C,. We also consider DW structures
other than the Néel or transverse ones [50]. The SL-SOT can
then induce efficient propagation for C,, tracks provided a
significant Bloch component is present [Fig. 5(c)]. For the
resulting DW propagation direction to be independent of the
DW charge, as observed experimentally [Figs. 1(c)-1(f)],

C, configuration

FIG. 5. Effective fields acting on the magnetization (blue arrows) involved in the fieldlike torque (green hollowed arrows) and the
Slonczweski-like torque (black hollowed arrows), H s O Hy,, x M. Their effect on C ;7 (@),(c) and C (b),(d) configurations, and supposing
Néel (a),(b) or Bloch (c),(d) domain walls are represented using dashed contours if the field is only efficient in the precessional regime, or
continuous contours if it is efficient in the stationary regime. The direction of the hole current is indicated by a red arrow and the dotted contours
materialize the plane of rotation of the magnetization in the domain wall. The direction of Ijlm has only been inferred experimentally in (b).
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DWs would however need to be chiral, meaning that the
magnetization would for instance need to point “up” in head-
to-head DWs, and “down” in tail-to-tail DWs. This property
usually accompanies the DMI [16], a point that would require
further theoretical development for the case of (Ga,Mn)As.
This torque would however be inefficient in the C, tracks
[Fig. 5(d)].

To summarize, Rashba and Dresselhaus spin-orbit effective
fields could only explain the fieldlike torque observed in C
tracks. To make sense of the STT-like effects with a torque
involving an effective field proportional to the current, one
would need it to be along z, instead of in-plane and transverse
to the track. Under the form of a Slonzweski-like torque M x
Hcgr,, x M, itcould indeed push DWs efficiently along the hole
current on both types of tracks, provided it had the correct
sign and DWs were chiral. Such a field has recently been
evidenced in monodomain Ta/CoFeB/TaOx trilayers [51]. It
is equivalent to an in-plane electric field perpendicular to the
track, and proportional to the current density. In Yu et al. [51]
it originated from the lateral structural asymmetry induced
by the wedged cross section of their sample, but its origin
in our case would be unclear. It would also be problematic
to reconcile it with current-induced domain wall propagation
in out-of-plane magnetized (Ga,Mn)As and (Ga,Mn)(As,P):
a Heff’z field would prevent consecutive DWs from shifting
synchronously under current, as has been observed in these
samples [35-37].

To conclude on this part on spin-orbit effective fields,
we wish to comment on an implicit hypothesis made in our
approach. Here the spin-orbit field H,, is assumed to be only
weakly affected by the presence of a domain wall [as repre-
sented schematically in Figs. 1(c) and 1(g)]. However, domain
walls could be the locus of significant Mn (and therefore hole)
depolarization [20,52], which could in turn modify the local
spin-orbit field amplitude. Hy, has so far mainly been measured
in monodomain samples, and for current/magnetization on
high symmetry axes [27,29]. Let us mention however that Li
et al. [30] have measured I;Vm on 10 um wide devices probably
accommodating DWs, and found it to be similar to those of
the 80 nm wide monodomain devices of Fang et al. [29]
along [1 £ 10],[100], which supports our initial hypothesis.
Kurebayashi et al. [43] moreover studled on a monodomaln
sample, the dependence of the SL field H 66 Hw x M on the
angle (M J ), and evidenced weak anisotropic effects.

B. Spin-transfer-like torques

We now consider the effect of STT—}ike torques, gnd focus
on the generic “nonadiabatic” term SM x [(J - V)M], where
J is the current density and 8 is a phenomenological factor
related to spin accumulation at the domain wall. In the
stationary regime, a velocity proportional to the current density
is expected, with v g] , a being the Gilbert damping term.

Previous work [35-37] done on 25-50 nm thick out-of-
plane magnetized (Ga,Mn)As or (Ga,Mn)(As,P) has evidenced
a negative mobility of DWs driven by current. Assuming a
spin-relaxation transfer torque [3], 2 7= %% < 0 was
then justified by the negative carrier polarization P, arising
from the antiferromagnetic Mn spin/hole spin interaction,

PHYSICAL REVIEW B 95, 054422 (2017)

and a value of B, /o~ —1.0+0.5 was found [53]. The
positive mobilities measured on both C,, and C, ftracks,
however, suggest that in planar (Ga,Mn)As this effect is in fact
dominated by a counterpropagating one. From the velocity
curves [Fig. 3(b)], we estimate B/o =~ 12 (see numerical
details in Appendix C) for the C, tracks. Assuming S, /a ~
—1 implies that an STT-like mechanism of opposite sign needs
to account for the remaining 13. Note that the spin-relaxation
transfer torque is very probably present though, since the
measured M(T) curve exhibits a very standard shape, which is
consistent with the efficient mutual polarization of the Mn and
hole spin populations. This contrasts with ultrathin metallic
films sandwiched between other layers, which end up being
poorly spin polarized due to their weak relative conductivity in
the stack [11,13]. In C, tracks a lower ratio of /o < 40.7-5
was estimated from both the velocity curves and the hysteresis
cycles taken under dc current (Fig. 2 and Appendix C).

The term 8 phenomenologically accounts for many differ-
ent microscopic phenomena leading to spin relaxation such
as spin-flip scattering or DW-induced relaxation [4,54]. In
metals it also covers the appearance of a DW resistance at
abrupt interfaces [55-58], leading to a momentum transfer
force [7,59-62] never clearly identified experimentally [63].
Two contributions have been identified in the spin-relaxation
nonadiabatic torque. The first one is “interband” and results
from the modification of the electron wave functions under an
applied electric field [21,22,43,54]. It is weakly affected by the
(Ga,Mn)As KL SOI. The second one is “intraband” and reflects
the modification of the band populations by the electric field,
via the Fermi-Dirac coefficient. In (Ga,Mn)As, the “interband”
component dominates as a result of the strong SOI, with
predicted [20,21] B/« & 10. In particular, it can overcome the
intrinsic limited efficiency of a total momentum-conserving
torque transfering exactly 7 between conduction carriers and
local magnetic moments. Interestingly, Garate et al. [21]
predict a sign opposite to the traditional adiabatic STT in
certain cases for the intraband component. The large effective
B/« observed in our in-plane tracks makes this torque the most
likely mechanism at work. The influence of the anisotropy and
of the domain-wall width having not been addressed yet in
these calculations, the reason why this contribution would
be absent in out-of-plane magnetized (Ga,Mn)As remains
elusive. We have calculated k-space maps of the spin and
orbital components S, and L, by k- p theory for in-plane
and out-of-plane magnetized (Ga,Mn)As, and have not found
any noteworthy differences. In particular, the calculated hole
polarization at the Fermi energy is identical. Instead, a
possibility to be explored is the influence of the domain-wall
width. Indeed we do observe that the high positive mobility
under current seems to decrease with domain-wall width:
B/a ~ +12 for A ~ 40 nm [C,, tracks, Fig. 4(a)], B/a <
+0.7-5 for A ~ 15 nm (C tracks), and finally /o ~ —1 for
A =~ 5 nm [out-of-plane magnetized (Ga,Mn)As]. Although
this agrees with the tendency of the SOI-induced torques to
increase with domain-wall width calculated in ballistic nickel
domain walls [58], it disagrees with the prediction of Nguyen
et al. [20].

At this stage, based on this phenomenological study
and to reconcile all current-induced observations in
(Ga,Mn)As/(Ga,Mn)(As,P), one can infer that the KL SOI
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spin transfer torque is responsible for DW propagation along
the hole current in in-plane layers with wide domain walls,
but is absent in out-of-plane layers. The domain-wall width
is however clearly not the only relevant parameter, since
De Ranieri et al. [37] have observed current-induced DWP
opposite the hole current on perpendicularly magnetized
(Ga,Mn)(As,P) tracks with Néel DWs. Further theoretical
work on the domain-wall width and anisotropy depen-
dence of this torque would therefore greatly enrich this
discussion.

C. Spin Hall and anomalous Hall effects torques

Finally, we mention some of the other effects likely
to affect current-driven DWP. Among them, the spin Hall
effect [64] torque that appears when a ferromagnet is adjacent
to a nonmagnetic high spin-orbit coupling metal has proved
decisive to explain propagation against the electron flow in
ultrathin metallic layers [10—14]. It is however very unlikely
to exist in the bulk of a ferromagnet. One could argue that
if current leaked into the GaAs substrate, the presence of the
spin-asymmetric vacuum/(Ga,Mn)As/GaAs interfaces could
in theory pump a spin current perpendicular to the layer. The
scaling of the tracks’ resistance with their width however
points to a sufficiently insulating substrate to neglect this
contribution. Closely related to it, the anomalous Hall effect is
large in (Ga,Mn)As. It was recently shown both theoretically
and experimentally to be a possible source of large 8/« ratio
in Permalloy [65,66]. This effect however seems limited to
vortex domain walls.

V. CONCLUSIONS

We have observed current-induced domain-wall propa-
gation in uniaxial in-plane (Ga,Mn)As tracks. The current-
dependent DW mobility is up to ten times higher and of
opposite sign than in out-of-plane magnetized (Ga,Mn)As
and cannot be explained by the arguments put forward in
metallic structures, where similar effects were evidenced. In
particular, the fieldlike and Slonczweski-like torques asso-
ciated with the Rashba/Dresselhaus spin-orbit fields alone
cannot account for these observations. The existence of
an efficient Kohn-Luttinger SOI spin-transfer mechanism,
overshadowing the usual spin-relaxation channel seems so
far the most likely candidate, with the constraint that it
would need to be much stronger in in-plane than in out-of-
plane (Ga,Mn)As/(Ga,Mn)(As,P) layers. This work, however,
provides a strong motivation to further study in-plane mag-
netized (Ga,Mn)As tracks, and more generally to engineer
uniaxial in-plane materials showing strong intrinsic spin-
orbit interactions. This should allow one to explore the
possibility of obtaining these high mobilities without the
requirement of a pure-spin current source like in metallic
heterostructures.
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APPENDIX A: ESTIMATION OF THE EFFECTIVE
TEMPERATURE

As routinely done on (Ga,Mn)(As,P) and (Ga,Mn)As
samples [35-37], the strong temperature dependence of the
resistance R was used to evaluate the effective temperature of
the tracks. After taking a calibration R(T) curve under very
low current, the cryostat was set at a given temperature. A
constant voltage U was then applied, and the track resistance
R measured. This yielded a R(P) curve where P = U?/R.
Using the low current R(T') calibration curve, this was turned
into a T, (P) curve where Ty, is the track temperature in
the stationary regime. In a 1D heat diffusion model, this
linear relationship depends solely on the track dimensions,
the substrate thickness, and the thermal conductivity K [67].
We could therefore extract experimentally an effective value
of K for the different tracks, and from different starting
temperatures Ty. Typical values of K = 100-150 Wm™'K~!
were obtained. This in turn was used to estimate the ef-
fective temperature (T.g) after short current pulses, using
the specific heat from Ref. [68] (e.g., C =77 Jkg 'K™!
around 50 K):

P 16Dt
AT(T) = ﬁln w2 s (Al)
P [3 2L
AT(t — o0) = il +In sl (A2)
TS0 = Ty + AT, (A3)

where w and [ are respectively the track width and length,
L = 350 pmis the substrate thickness, D = K /pC is the heat
diffusion coefficient, and p is the mass density.

APPENDIX B: METHODOLOGY OF DW VELOCITY
MEASUREMENT

The procedure for image acquisition was identical to the
one used in Ref. [39]. An image was first taken in zero field,
after saturating the sample (uoHgy = =8 mT). Consecutive
images (after field/current application) were divided by this
reference image in order to enhance the domain contrast.
Different DW propagation behaviors—pinned, depinning, and
depinned regimes—were observed depending on the value of
current/field [Fig. 6(a)]. Given the high velocity of the DWs,
short pulses were required. The velocity was obtained as the
slope of the averaged displacements versus pulse length t
[Fig. 6(b)]. For each 7, several acquisitions were made, giving
a distribution of displacements.

APPENDIX C: EXPERIMENTAL ESTIMATION OF g8

This was done using either the velocity curves taken under
pulsed current [Fig. 3(b)], or the hysteresis cycles taken under
dc current (Fig. 2). The magnetization at saturation was
determined by SQUID: M, =33 kA/m at 49 K and M, =
16 kA/m at 77 K. The domain wall widths were taken as
15 nm (40 nm) for C, (C,)) tracks (Fig. 4).
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FIG. 6. 2 um wide C, tracks: (a) position of the DW versus current pulse number at fixed applied field uoH = 0.7 mT and To =~ 62 K,
pulse duration T = 100 ns. Pinned (magenta), depinning (blue), and depinned (black) regimes are clearly identified for increasing current
densities. No prlopagation or depinning are observed for negative values of the current. (b) Domain wall velocity determination from the
averaged domain-wall displacement, at fixed applied field uoH = 1.3 mT, J = 21.75 GA m~2, and Tox ~ 49 K.

From the velocity curves: in the stationary regime, the

velocity is given by g—; = giﬁg for the C,, tracks, and

v _ By Pens YA duoHso dpoHso __
5 = o el + - for the C tracks. 37 =3.6x

102 mT/GA m~? was determined experimentally from the
hysteresis cycles at 83 K (Fig. 2). For lack of lower temperature
measurement, we will take this as a lower boundary of the 49
and 77K 3“375" values, giving an upper boundary of 8/«. The
polarization of holes at the Fermi energy P. was calculated
by k.p theory with a hole density of p =3 x 10 cm™:
|P.| =0.53 at49 K and |P.| = 0.4 at 77 K.

From the hysteresis cycles: converting the STT-like contri-
bution into a value of 8 with @ = y%, following Ref. [69].

For C,, tracks: at Tei = 49 K, the mobility of the 2 um
wide track 2% = +11.1 £ 0.5 mm>C~! leads to /a ~ 12.

For C, tracks: at T =49 K, the mobility of the
2 um wide track g—j = +5.7 mm’C~! leads to B/a < 2.
At T =77 K, the mobility of the 10 um wide track
2 = +11.1 mm?C~" leads to B/ < 5. At T = 83 K, the

STT-like contribution found by the hysteresis cycles @ =

+6.5 x 1073 mT/GA m™2 leads to 8/a ~ 0.7.
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