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Current-driven domain-wall motion is studied in (Ga,Mn)(As,P) ferromagnetic semiconducting tracks
with perpendicular anisotropy. A linear steady state flow regime is observed over a large temperature
range of the ferromagnetic phase (0.17. < T < T.). Close to 0 K, the domain-wall velocity is found to
coincide with the spin drift velocity. This result is obtained below the intrinsic threshold for domain-wall
motion which implies a nonadiabatic contribution to the spin transfer torque. The current spin polarization
is deduced close to O K and to T.. It suggests that the temperature dependence of the spin polarization can

be inferred from the domain-wall dynamics.
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A spin polarized current flowing through a domain wall
(DW) exerts a torque on the DW magnetization. At suffi-
ciently large current, this torque produces DW motion. In
the damping limited flow regimes, the DW dynamics is
commonly derived from a modified Laudau-Lifshitz-
Gilbert equation [1,2]. Within this phenomenological de-
scription, two contributions to the spin torque are usually
introduced: an adiabatic term, and a nonadiabatic contri-
bution, proportional to the so-called B8 factor. The pre-
dicted DW velocities v are proportional to the spin drift
velocity of the current carriers and depend on the ratio
B/a, where « is the Gilbert damping coefficient. Several
authors have carried out microscopic derivations of 8 and
a from spin relaxation mechanisms due to impurity scat-
tering in metals [3], or due to spin-orbit interaction [4,5].
However, these predictions are rather different and can
hardly be compared quantitatively to the limited number
of experimental results.

Experimentally, the damping limited flow regimes are
difficult to reach due to the high current density threshold
Jth required to move DWs. For metallic structures, linear
flow regimes wv(J) were observed only recently, in
Pt/Co/AlO, tracks [6] with perpendicular anisotropy
(Jy, = 102 A/m?). In (Ga,Mn)As ferromagnetic semicon-
ductors, flow regimes were evidenced (Jy, = 10° A/m?
[7]) only close to the Curie temperature in layers with
perpendicular magnetic anisotropy [7,8]. A B/a value
close to 1 was deduced from the analysis of current-
induced domain-wall dynamics [7], performed in the frame
of the 1D model [1,2]. However, this result remains puz-
zling since the « values deduced from field-driven mea-
surements [7,9] strongly differ from theoretical predictions
and ferromagnetic resonance measurements. Obviously a
better understanding of the fundamental physics of current-
driven DW dynamics would benefit from a model-
independent determination of the parameters governing
DW motion, such as the carrier spin polarization and the
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spin drift velocity. Moreover, it would be particularly
interesting to study DW motion at low temperature.
Indeed, to our best knowledge, carrier spin polarization
in (Ga,Mn)As was only estimated close to zero tempera-
ture [10-12], from point-contact Andreev reflection mea-
surements. Reducing the temperature would also decrease
the thermal fluctuations which may significantly affect DW
dynamics [13].

In previous studies, the flow regime was only accessible
in a narrow temperature range below T,.. These experi-
ments were performed on (Ga,Mn)As tracks grown on
metamorphic (In,Ga)As substrates [7,8], required to pro-
vide a perpendicular anisotropy. However, the metamor-
phic growth mode is inherently associated with the
formation of emerging dislocations [14] and other defects
which act as pinning centers for DWs. Moreover, the low
heat conductivity of (In,Ga)As substrates [15,16] results in
a large track temperature rise produced by Joule heating
which impedes the exploration at low temperature.
Recently, we developed a new alloy (Ga,Mn)(As,P) grown
pseudomorphically on GaAs substrate [17], presenting a
perpendicular anisotropy. Current-driven DW motion has
been reported in this alloy well below 7. [18].

In this Letter, we present a thorough investigation of the
linear flow regime in (Ga,Mn)(As,P) tracks over the whole
temperature range, from ~0.17,. (T = 13 K)upto 7.. DW
velocity v is shown, without any assumptions on the nature
of the flow regime, to coincide with the carrier spin drift
velocity u, close to 0 K. Rather interestingly, these experi-
ments suggest that DW dynamics give access to the current
spin polarization P, over the whole temperature range up
toT,.

The micro-tracks with a perpendicular magnetic anisot-
ropy were elaborated [17] from a 50 nm thick
(GaggoMnyg 19)(AsggePy 1) film, deposited by molecular
beam epitaxy on a 375 um thick GaAs (001) substrate
at 7 = 250 °C. The film was then annealed during 1 h, at
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T =250°C. The Curie temperature of the film is 7. =
119 = 1 K. For the details on experimental methods, see
Supplemental Material [19]. Micro-tracks 90 um long,
oriented along the [110], [110], and [100] axes with differ-
ent widths (0.5, 1, 2,4 wum), and connected to a nucleation
pad, were patterned by e-beam lithography. The saturation
magnetization M,(T) was determined from magnetometry
measurements (SQUID). The estimated effective Mn spin
concentration is 5% [19]. Current-induced DW motion was
studied in an open cycle optical cryostat with a temperature
accuracy of 0.2 K. DW motion is produced by current
pulses of different amplitudes J and of a single duration
At =1 us. The magnetic state of the tracks was observed
by differential polar magneto-optical Kerr microscopy
with a 1 um resolution. As the DW displacements Ax
were found to be proportional to the pulse duration and
to the number of pulses, the average DW velocity is defined
as v = Ax/Ar[7,19]. The Joule heating of the track due to
current pulses was studied extensively [15] and carefully
taken into account (see [19]). In order to compare DW
dynamics for a fixed track temperature 7', for each J value,
the sample holder was set to an initial temperature 7; =
T — AT(J, 1 us), where AT(J,1 ws) is the temperature
rise at the end of the pulse. For the lowest explored
temperature 7 = 13 K, the initial temperature was set to
T, =4 K for J = 13 GA/m>.

The current-driven DW velocity v is reported in Fig. 1 as
a function of the current density for several temperatures.
DW motion is observed over a large temperature range
(13 K< T < 110 K). Three different regimes can be iden-
tified [7,8]. At low values of the current density J (see inset
of Fig. 1, T = 95 K), DWs move in a creep regime domi-
nated by pinning barriers and thermal activation. Their
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FIG. 1 (color online). Current-driven DW velocity v measured
at different temperatures 7. Each point and its error bar corre-
spond to the average and to the standard deviation calculated
with more than 20 measurements, respectively. At T = 42.5 K,
larger error bars also reflect a slight asymmetry of DW displace-
ments found as the current is reversed. Inset: Semilogarithmic
plot of v measured at 95 K for the lowest current densities.

velocity is low (v <0.1 m/s) and varies exponentially
with J. For J > Je, = 5 GA/m? (T = 95 K), v becomes
larger than ~ 1 m/s. DWs move in a depinning regime
controlled by pinning and dissipation. For J > Jy =
11 GA/m? (T = 95 K), DW motion enters a linear flow
regime, only limited by dissipation. This linear regime,
whose nature is discussed later, is observed for each tem-
perature. The linear extrapolation to zero current yields
v = 0 m/s, within the experimental errors (see [19]). In
this flow regime, the current DW mobility, defined as
uy; = v/J, decreases as the temperature is lowered from
105 to 42.5 K. At lower temperature, u; becomes weakly
temperature dependent, as evidenced by two additional
velocity values measured at 28 and 13 K, which fall close
to the curve obtained at 42.5 K. A characteristic slope
change indicates the transition from the depinning regime
to the linear one, which gives a determination of the linear
regime lower bound: Ju(T) = 5.5, 11, 13 GA/m? for
T = 105, 95, and 42.5 K, respectively.

To get a better insight into the temperature variations of
the DW mobility w; = v/J, DW dynamics was studied as
a function of the temperature for three different current
densities. Results are reported in Fig. 2. For the lowest
density J = 7.0 = 0.5 GA/m? (circles), u, decreases
strongly as T is reduced. The DW dynamics crosses the
boundary between the flow and the depinning regimes and
eventually the DWs become pinned (u; = 0) at finite
temperature (7 = 70 K). For the intermediate density J =
11.5 = 1.8 GA/m? (triangles), a pronounced temperature
variation is also observed for 7 > 80 K. Below 80 K, u; is
almost independent of temperature ( = 0.5 mm?/C). As
J < Jy(T), the flow regime threshold, this could be the
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FIG. 2 (color online). Temperature variations of the current
mobility (u; = v/J). The empty symbols correspond to three
different current values: 13.3 = 2.0 GA/m? (squares), 11.5 *
1.8 GA/m? (triangles), and 7.0 = 0.5 GA/m? (circles). The
filled symbols correspond to the boundary between the pinning
controlled and the flow linear regimes, deduced form the slope
changes observed in Fig. 1. The flow linear regime is material-
ized by a shaded area.
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signature of a DW motion controlled by a distribution of
energy barriers [20]. For the highest current density J =
13.3 £ 2.0 GA/m? (squares) the curve goes through the
; values already reported in Fig. 1 for the linear regime
(J = Jp). The current-induced linear flow regime is
thus evidenced over the whole temperature range (13 K <
T <110 K).

‘We now focus on the origin of the temperature variations
of u; for the flow regime. As the DW velocity v is
proportional to the current density J, we write v =
ra(T)u, where rg(T) is to be determined. The spin drift

velocity is u = % [1,2], where g, wg, e, and P.(T)
are the Landé factor, the Bohr magneton, the electron
charge, and the current spin polarization, respectively.
Close to 0 K, u can be deduced from M (T ~ 0 K)
(Fig. 3) and P.(T ~ 0 K). P, was estimated close to 4 K
from point-contact Andreev reflection spectroscopy for
(Ga,Mn)As samples with similar Mn concentrations: P, =
0.75, 6% Mn [10]; P. > 0.85,5% Mn [11], and P, = 0.57,
7% Mn [12]. Taking the values from Refs. [10,12] we get
u = 8.5-11.2 m/sforJ = 13.3 GA/m?. We now compare
these values to the DW velocity v with the same current
density, at 13 K. v = 10.5 = 0.7 m/s, a value very close to
the spin drift velocity u at4 K, i.e., ry ~ 1 for 7T ~ 0 K. In
order to determine to what extent this result is valid for
other temperatures, the current spin polarization PPW(T)
deduced from DW dynamics is plotted in Fig. 3, assuming
rq(T) = 1. Values of PPV(T) are calculated using the
measured magnetization M (T) (see Fig. 3) and current
mobility u;(T), for J = Jy (see Fig. 2). Results obtained
close to T with an annealed (Gag g3, Mng ¢7)As 4 um wide
track, with similar Mn concentration [21] are also reported
in Fig. 3. The temperature variations for both (Ga,Mn)As
and (Ga,Mn)(As,P) tracks shows similar trends close to 7.
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FIG. 3 (color online). Temperature variation of the spin polar-
ization PPV deduced from domain-wall dynamics (left scale:
same legend as for Fig. 2) and of the magnetization M, (right
scale: ©). Values of the spin polarization P, (left scale: down
triangles) deduced from point-contact Andreev reflection mea-
surements [ 10—12]. The crossed symbols (HH) correspond to results
obtained for PPV, with (Gag 93, Mng o7)As 4 um wide tracks.

The curve extrapolates to PPWY = 0.67 + 0.03, for
T — 0 K. As shown in Fig. 3, this value is found in
between the estimations of P, given in Refs. [10,12].
Taking those estimations as boundaries for P?W, it follows
that 0.85 < r = v/u < 1.12, close to 0 K. This is a key
result of this Letter. It shows that a rather accurate estima-
tion of the current spin polarization can be deduced from
current-induced DW dynamics. Moreover, it demonstrates,
without adjustable parameter, that the domain-wall veloc-
ity v is quantitatively close to the spin drift velocity u, for
T=0K.

The generalization of this result far from 0 K is not
straightforward due to the lack of estimations of P, values.
However, the following shows that u = v is compatible
with experimental results, close to the Curie temperature.
As observed in Fig. 3, PPV — O for t = T/T. — 1. Indeed
the spin polarization tends to zero with the collapse of hole
mediated ferromagnetism. Moreover, PPV (T) follows the
temperature variation of M (7). This observation is con-
sistent with the predictions of Dietl et al. [8,22], close to

T., where the thermodynamic spin polarization P(T) =

6ksTe  M(T
S +IR>17CJ,"1 M_‘.(T(:)O)' kg, Jp4, S, and p are the Boltzmann
constant, the exchange integral (J,; = —54 meV nm?),

the Mn spin (S = 5/2), and the carrier density, respec-
tively. If we assume PPY(T) = 1.0-1.8P(T), (the upper
boundary is proposed in Ref. [12], close to 0 K), the carrier
density p can be deduced from PPW(T) and M(T) (Fig. 3)
and the predictions for P(T). The obtained values are
p ~0.18-0.32 nm™> and p =~ 0.23-0.42 nm > for the
(Ga,Mn)(As,P) and (Ga,Mn)As tracks, respectively. The
carrier densities for both materials are rather close and
compatible with the somewhat larger resistivity measured
for (Ga,Mn)(As,P) (a factor two) [14,23]. The same orders
of magnitude were deduced from other experimental meth-
ods in samples exhibiting similar magnetic properties, as
reported in Ref. [21]. Therefore, the measured temperature
variations of w; are also compatible with v = u, close to
T.. An alternative analysis based on the Doring inequality
leads to the same conclusion, as reported in Refs. [7,21].

The fact that v = u close to 0 K and to T, strongly
suggests that for the linear flow regime, the temperature
variation of the current mobility w; is essentially deter-
mined by the ratio P.(T)/M(T) between the current spin
polarization and the magnetization. In this respect, the
curve PPY(T) (obtained for v = u) reported in Fig. 3
does reflect the temperature variation of the current spin
polarization.

We now discuss the nature of the linear flow regime and
the nonadiabaticity of the spin transfer torque. In Fig. 4, the
reduced DW velocity v/v,, predicted by the 1D model
[1,2] is plotted as a function of the reduced spin drift
velocity u/v,,, where v,, is the so-called Walker velocity,
for different values of B/a. Two linear flow regimes are
predicted to occur (see the curves obtained for B/a = 8
and 1/8). For the lowest u values, DWs move in the steady
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FIG. 4 (color online). Comparison between the experimental
results and predictions for the domain-wall flow regimes. Filled
(empty) symbols correspond to the flow (depinning) regime.
Inset. Zoom for low values of the reduced spin drift velocity

u/v,,.

state flow regime whenever the magnetization direction
within the DW remains constant with time. In this regime,
the velocity v = (B8/a)u. Above the so-called Walker
limit, the motion becomes nonlinear with current: DWs
are in the precessional regime (the direction of the DW
magnetization precesses during the DW motion). For
higher u values, DWs follow the asymptotic precessional
regime for which v = u. Let us note that no steady
state regime is predicted for B/a = 0, while no preces-
sional regime should occur for 8/« = 1. In that specific
case, the DW motion would remain in the steady state
regime for any arbitrary large current.

Figure 4 also reports experimental results deduced from
Fig. 1. The Walker velocities are obtained from v, =
oYM (T)A/2, where the wall thickness parameter A =
6.5 = 1.0 nm is taken from Ref. [24]. u is estimated from
the values of PPV (T) and of M(T) reported in Fig. 3. It is
worth noting that the u/v,, values span over more than 1
order of magnitude (0.3 < u/v,, < 6) because of the large
M (T) change over the investigated temperature range. In
the linear flow regime, the reduced domain-wall velocities
(filled symbols) gather onto a single linear master curve
since we assumed that v = u. The points departing from
the v = u line (empty symbols) correspond to DW motion
occurring in the depinning regime, as discussed previously.
The coincidence between the points measured 7 = 95 and
105 K in the depinning regime (empty symbols) and the
flow regime predictions for B/a = 0 and 1/8 is therefore
accidental.

As seen in Fig. 4, DW motion occurs in the flow regime
well below the intrinsic DW motion threshold u/v,, = 1
expected for a purely adiabatic spin transfer torque. This is
a clear evidence of a nonadiabatic contribution (i.e., 8 # 0)
to the spin transfer torque, in contradiction with the con-
clusions of Ref. [8]. Two different ranges of B/« values
would reproduce our experimental data. A good agreement

is obtained with the predicted steady regime, for 8/a = 1.
The experimental results seem to be also compatible with
the asymptotic precessional regime for 8/« = 8, as pre-
dicted in Ref. [4]. A higher B/a ratio, as proposed in
Ref. [5], would shift the Walker peak towards lower values
of u/v,, and improve the quantitative agreement. In order
to discriminate between the steady state and the preces-
sional regimes, experiments combining current and mag-
netic field-induced motion of magnetic domains were
performed, as proposed in Ref. [7]. Weak magnetic fields
are applied (— 5 < H <5 Oe) during the current pulse.
The magnetic field DW mobility u, = dv/uodH is then
extracted and compared to mobilities measured in experi-
ments where both flow regimes have been clearly identified
[9]. Close to T = 0 K, the measured magnetic field mo-
bility gy = 2.3 = 0.4 m/smT. This value is close to the
DW mobility in the steady state regime (uy =
1.6 = 0.5 m/smT) deduced from field-induced DW mo-
tion in (Ga,Mn)As films [9] with similar Mn concentration.
It is far larger than the mobility (uy =0.11 =
0.02 m/smT) measured in the asymptotic precessional
regime. Therefore this experiment clearly supports the
hypothesis of DW motion in the steady state regime (i.e.,
B # 0) and, in the frame of the 1-D model, a ratio B/«
close to 1.

Our investigations on current-induced domain-wall mo-
tion have evidenced a linear domain-wall flow regime over
a wide range of temperatures (0.17, <7 < T.). Domain
walls were shown to move in the steady state regime with
velocities corresponding to the carrier spin drift velocities.
Hence, we inferred that the B term, characterizing the
nonadiabatic spin transfer torque, is close to the Gilbert
damping coefficient. Moreover, our results suggest that
DW dynamics give direct access to the temperature varia-
tion of the current spin polarization. This parameter is
crucial for understanding the spin transfer phenomena.
However its estimation is not straightforward experimen-
tally [25,26].
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