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Current-induced spin-orbit torque (SOT) switching of magnetization in a crystalline (Ga,Mn)(As,P) ferro-
magnetic semiconductor (FMS) film grown on a vicinal GaAs substrate is investigated. The FMS film has
four magnetic easy axes along the (100) directions in the (001) crystal plane. However, unlike FMSs such as
(Ga,Mn)(As,P) grown on the (001) surface, in vicinal configuration, both in-plane and out of plane components
of magnetization contribute to Hall resistance (HR). Thus the values of the HR are different when the magnetiza-
tion is aligned along the different easy axes owing to the inclination of the film plane away from the (001) crystal
plane. Current-induced magnetization transitions between easy axes are clearly observed in HR measurements
in the absence of an external magnetic field, resulting in HR hysteresis loops as the current is scanned. Each
hysteresis loop, however, reveals different stable states. The HR values corresponding to these states indicate
that magnetization transitions between the adjacent easy directions are partial, the stable states being composed
of sets of multiple domains magnetized along different easy directions. The stable states observed during the SOT
magnetization switching are highly reproducible over a large number of current scans. The field-free multivalued
SOT magnetization switching observed in such vicinal (Ga,Mn)(As,P) FMSs suggests the possibility of using
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vicinal FMS films for current-controlled, energy-efficient magnetic multinary memory devices.

DOLI: 10.1103/PhysRevB.110.054422

I. INTRODUCTION

Spin-orbit torque (SOT) has emerged as an important sub-
ject in the field of spintronics because of its potential for
manipulating magnetization through application of electric
current [1-3]. This capability has already found its way into
various spintronic devices, such as SOT memory and logic
gates, offering promising prospects for technological develop-
ment [4-6]. In particular, SOT-based magnetic random access
memories (MRAMs) are projected to outperform spin transfer
torque (STT) MRAMs in terms of writing speed, energy effi-
ciency, and endurance [1-6]. So far SOT investigations have
been focused primarily on ferromagnetic-metal/heavy-metal
(FM/HM) bilayer systems, where a spin current generated
within the heavy-metal layer and at the interface between the
two layers exerts a torque on the magnetization of the adjacent
ferromagnetic layer, facilitating SOT magnetization switching
[7.8].

Recently, attention in this area has been directed to-
ward crystalline GaAs-based ferromagnetic semiconductors
(FMSs), such as (Ga,Mn)(As) and (Ga,Mn)(As,P). These ma-
terials achieve spin polarization of current carriers through
Dresselhaus and/or Rashba spin-orbit interactions originating
from the inversion asymmetry within the crystal structure
[9,10]. Remarkably, these FMS materials required current
densities for SOT-induced magnetization switching that are
one to two orders of magnitude lower than the FM/HM
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systems [11,12]. Moreover, crystalline FMS films exhibit
important magnetic anisotropy properties, including robust
cubic and uniaxial anisotropy within the film plane, that
can be directly exploited in SOT switching devices [13,14].
As an example, crystalline FMS films possessing two non-
collinear in-plane easy axes exhibit a giant planar Hall effect
(PHE) [15], which has the potential for magnetic memory
applications. The presence of such two noncollinear (nearly
orthogonal) in-plane easy axes also provides the opportu-
nity of forming multidomain magnetic structures, suggesting
prospects for multistate device applications [16,17] as well as
for neuromorphic computation [18].

The opportunities for such multilevel magnetic state de-
vices has already been noted in several instances involving
various metallic ferromagnets [19-21] and crystalline FMS
films [22-24] grown on vicinal surfaces. Briefly, the incli-
nation of the (001) crystal plane relative to the film plane
results in complex Hall resistance (HR) behavior involving
both planar Hall resistance (PHR) and anomalous Hall resis-
tance (AHR), which correspond, respectively, to contributions
of in-plane and out of plane components of magnetization
[23-25]. Such simultaneous PHR and AHR occurring in vic-
inal films then results in distinct HR values that are different
when the magnetization is oriented along different easy axes,
thus providing the opportunity for designing multistate mem-
ory functions [24]. However, manipulation of magnetization
in the works referred to above relies on applying external
magnetic fields, which is often impractical in device applica-
tions. Fortunately, significant strides have already been made
in controlling magnetization by field-free SOT magnetization
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FIG. 1. (a) Schematic representation of film plane coincident with the (001) crystal plane in which magnetization resides (thick arrow).
(b) Schematics of the (117) film plane (gray) and the (001) crystal plane (violet), with a tilt angle o between them. (¢) Two coordinate systems,
S(x, y,z) and S’(x', ¥, 7’), representing the crystal and the film planes, respectively.

switching in crystalline FMS films, facilitated by current
pulses in the absence of external fields [26].

In the present study we investigate SOT switching in a
single layer of crystalline (Ga,Mn)(As,P) ferromagnetic semi-
conductor film grown on a vicinal GaAs surface, exhibiting
robust fourfold in-plane magnetic anisotropy. This unique
configuration enables field-free SOT switching due to the spin
polarization of current carriers induced by the spin-orbit field
components aligned with the easy axes in the (001) crystal
plane [26]. Importantly, it will be shown that, owing to the
inclination of the (001) crystal plane relative to the film plane,
changes in magnetization orientation between different easy
axes result in multiple values of HR, which can be exploited
for designing multistate memory devices and memristors for
a variety of applications, including neuromorphic computing
[18,27].

II. HALL RESISTANCE IN CRYSTALLINE FMS FILMS
GROWN ON A VICINAL SURFACE

Hall resistance (HR) of a ferromagnetic film in the pres-
ence of an applied magnetic field is given by

R, Ry k.
HR = THJ_+TMJ_+;MH sin 2¢yy, €))

where the first, second, and third terms are the normal Hall
resistance, anomalous Hall resistance (AHR), and planar Hall
resistance (PHR), respectively; H, is the component of ap-
plied magnetic field H normal to the film; M, and M, are
components of magnetization M normal and parallel to the
film plane; Ry and Ry are the normal and anomalous Hall coef-
ficients, respectively; k is a constant related to the anisotropic
magnetoresistance; ¢y, is the azimuthal angle of in-plane mag-
netization. M) is measured from the current direction, and ¢ is
the thickness of the thin film. Since in ferromagnetic materials
the normal Hall resistance is typically negligible compared to
the other two terms, in what follows we will only consider the
magnetization-dependent terms, so that [28,29]

R, ko, .
HR = - M, + ?Mﬁ sin 2¢y. )

Let us first consider a (Ga,Mn)(As,P) film whose plane
coincides with the (001) crystal plane [Fig. 1(a)]. In the case
of films with strong cubic magnetic anisotropy of the material,
when the magnetization M is initialized in the film plane,
it will remain in that plane, and magnetization transitions
will occur between easy axes within that plane. Since in this

system M, = 0O, there will be no contribution from AHR, so
that the value of HR is determined only by PHR. However,
when the film plane (in which the current flows) is tilted
(vicinal) relative to the (001) crystal plane, the M, component
in the sample coordinates is no longer zero, resulting in a finite
AHR contribution to HR. The value of HR will then consist
of contributions from AHR and PHR, as shown in Eq. (2).

An example of this case is a crystalline (Ga,Mn)(As,P)
FMS film with strong in-plane anisotropy grown on a GaAs
vicinal surface [22-24], as shown in Fig. 1(b). The film plane
for HR measurement (drawn in gray) is tilted by an angle «
relative to the crystal plane (violet) that contains the easy axes
between which magnetization transitions occur.

To discuss HR in a crystalline FM film grown on a vicinal
surface at a tilt angle o between the film and the crystal (001)
plane (which contains the easy axes of magnetization M), one
needs to express the components of M in film coordinates.
To obtain the relationship between measured HR and the
vicinal angle o, we use two coordinate systems, S(x, y, z) and
S'(x', ¥, 7'), representing the crystal coordinates (violet) and
the film coordinates (gray), respectively, as shown in Fig. 1(c).
These two coordinates are related through the rotation matrix
given by [30,31]

1 0 0
R(a) = [0 cosa sina |. 3)
0 —sina cosa

Under such transformation, the magnetization M’ mea-
sured in the film plane [i.e., in the S'(x’, ¥/, 7’) frame] can be
expressed as

M, 10 0\ (M,
M| =[0 cosa sina||M,
M; 0 —sina cosa/ \M,
M cos gy
= | Msingycosa |. (@)

—M sin @y sin o

Note that due to the tilt @ we now have in the film coor-
dinate system a perpendicular component of magnetization,
M) = —M sin gy sin, and the component of M' measured
in the film plane is

)1/2

M\ = (MJ’C2 + M)/,2 = M(cos’py + sinzgoﬁ,lcoszot)l/2

=M1 - SinzgpMSin2Ol)l/2.
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FIG. 2. (a) Schematic representation of the film plane (gray) and
the (001) crystal plane (violet), tilted with respect to each other by
angle a of ~11.42° in the (110) plane. The polar angle of magneti-
zation (6;,) is measured from the [117] direction, and the azimuthal
angle (¢),) is measured counterclockwise (CCW) from the [110]
direction, which is the positive current direction. Quadrants 14 are
indicated in the film (gray) plane. (b) Schematic of the Hall bar.
(c) Temperature dependence of resistance, showing Curie tempera-
ture (7¢) of about 65 K. (d) Directions of Dresselhaus (red arrows)
and Rashba (blue arrows) SOFs in the (Ga,Mn)(As,P) film shown for
various current directions (black dashed arrows).

The Hall resistance in Eq. (1) for the FM film grown on a
vicinal surface can then be written as

Ry . .
HR = — e M sin @y sin &
k 2 .2 .2 . ’
+ ;M (1 — sin“gy sin“a) sin 2¢,,. (®)]

Note that in Eq. (5) ¢ is in crystal coordinates and ¢;, is
in film coordinates. However, the difference between ¢), and
@y 1s negligible with small «, and we can rewrite Eq. (5) as

R, A
HR = — e M sin ¢, sin o
k 2 .2 ) . ’
+ ;M (1 — sin“¢,, sin“a) sin 2¢,,, 6)

which we will use to analyze the HR values when we investi-
gate SOT switching in our vicinal (Ga,Mn)(As,P) film.

III. EXPERIMENTAL PROCEDURE

A (Ga,Mn)(As,P) film (Mn ~7% and P ~9%) of thickness
20 nm was grown on a vicinal (117) GaAs substrate by using
molecular beam epitaxy (MBE) in a 32 R&D MBE machine
equipped with elemental sources of Ga, Mn, As, and P. The
orientations of magnetization (violet thick arrow) and mag-
netic field (white thick arrow) during measurements are shown
in Fig. 2(a). The angle « of approximately ~11.42° indicates
the inclination between the (001) crystal plane and the (117)
film plane. The inclination of the vicinal surface is along
the [110] crystal direction. Since the structural properties of
(Ga,Mn)(As,P) films grown by the same MBE technique have

been extensively studied in previous works [32,33], we fo-
cused solely on the SOT experiment in this investigation.

For transport measurements, a Hall bar was patterned by
photolithography and dry etching. As shown in Fig. 2(b), the
Hall bar is rectangular, 2.0 mm long by 20 um wide. The
current channel is aligned with the [110] direction. The sign of
the current is defined as positive when the current is directed
along [110], and negative when it is along [110]. The Curie
temperature T¢ of the (Ga,Mn)(As,P) film is estimated as
65 K from the temperature dependence of the resistance
shown in Fig. 2(c) [34].

In the experiment, the azimuthal angles of magnetization
¢,, and of external field ¢}, are measured counterclockwise
(CCW) from the [110] direction in the film plane, as shown
in Fig. 2(a). Note that in our case the direction [110] is the
same in crystal and in film coordinate systems. We number the
four quadrants in the crystal plane, proceeding CCW from the
[110] direction, as shown in Fig. 2(a). For investigating mag-
netic anisotropy, angular scans of HR were carried out as the
magnetic field of constant magnitude was rotated in the film
plane, with a current of 10 pA (current density of J = 2.5 x
10° A/cm?), which is sufficiently weak to have negligible
Joule heating and spin-orbit torque (SOT) effects. Current-
induced spin-orbit fields (SOFs) arising from Dresselhaus and
Rashba effects, which spin polarize the current, become im-
portant at higher current values. Directions of the Dresselhaus
and Rashba SOFs are indicated in Fig. 2(d) by red and blue
arrows, respectively, the current directions being shown by
black dashed arrows. In the present case both Rashba and
Dresselhaus point in the same direction [110], 90° measured
counterclockwise from the current flow.

IV. MAGNETIC ANISOTROPY AND HALL RESISTANCE

In studies of magnetization switching by SOT in a
(Ga,Mn)(As,P) film grown on a vicinal surface, information
on magnetic anisotropy and on the contributions of planar Hall
resistance (PHR) and anomalous Hall resistance (AHR) to the
measured Hall resistance (HR) are of key importance for iden-
tifying the states of magnetization. To obtain this information,
we first performed HR measurements by rotating a constant
external magnetic field in the film plane. Figure 3(a) shows
representative HR data obtained as a function of the azimuthal
angle in the film plane using an applied field of 300 Oe at 3 K.
(Data obtained with other field strengths are shown in Sup-
plemental Fig. 1 in the Supplemental Material [35]). The data
clearly show four stable states as the field is rotated over 360°,
indicating fourfold in-plane magnetic anisotropy. Importantly,
even though magnetization transitions occur regularly every
90°, the values of HR at the stable states (i.e., marked as
A-D between transitions in the figure), are different. This is
because the combined contributions of the in-plane and out
of plane components of magnetization aligned with different
(100) easy axes to HR measured in the (117) vicinal plane are
different at each magnetization transition [22-24].

To identify the AHR and PHR contributions to HR, we
deconvoluted the angular scan HR data shown in Fig. 3(a)
into sin2<p,’u and sin<p}w components, which, as seen in Eq. (6),
correspond to contributions from the in-plane and the out of
plane components of magnetization M’ to HR, as shown by
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FIG. 3. (a) HR data obtained by rotating a 300 Oe magnetic field
in the film plane at 3 K. Stable HR states marked as A—D correspond
to HR values in the first through fourth quadrants, respectively.
(b) PHR (blue open symbols) and (c) AHR (red open symbols)
extracted from the HR data in (a), as discussed in the text. Note
that AHR is negative in the entire 0°~180° region (i.e., in the first
and second quadrants) and positive in the 180°-360° region (i.e.,
in the third and fourth quadrants). (d) Magnetic energy diagram for
the sample, showing fourfold in-plane magnetic anisotropy. (e) Sign
combinations of PHR and AHR for magnetization oriented along the
four (100) easy axes, corresponding to states A—D shown in (a).

blue and red symbols in Figs. 3(b) and 3(c), respectively. (See
also Supplemental Sec. 1 [35] for measurements at other field
strengths.)

It is now well established that the in-plane anisotropy of
the crystalline FMS film can be obtained by analyzing the
angular dependence of PHR (i.e., data showing the sin2g0,/w
behavior) based on free energy minima conditions [28,29].
The magnetic energy diagram obtained from our data (see
Supplemental Sec. 1 [35]) is plotted in Fig. 3(d), which clearly
shows a fourfold symmetry in the (001) crystal plane, with
energy minima at the (100) directions and maxima at the
(110) directions. The switching of magnetization will then
occur between adjacent (100) crystal directions. In the vicinal
coordinate system such switching will involve both in-plane
and out of plane components of magnetization simultane-
ously, which will be reflected in the measured HR.

As seen in Figs. 3(b) and 3(c), the contributions of AHR
caused by the out of plane component of magnetization have
the sign sequence —, —, +, + as M’ progresses through the
first, second, third, and fourth quadrants, respectively; while
the contribution of PHR has the sign of sequence —, +, —, +
due to negative k for (Ga,Mn)(As,P) material [36], as shown in
Fig. 3(e). Thus HR shows strong minima when magnetization
is in the first quadrant (—PHR, —AHR) and strong maxima
when it is in the fourth quadrant (+PHR, +AHR), as seen in
Fig. 3(a). When the magnetization is in the second and third
quadrants, however, the PHR and AHR contributions have
opposite signs, compensating each other. This results in small
HR values for the magnetization in these quadrants, as shown
by states B and C in Fig. 3(a). As discussed above, cubic

anisotropy is dominant at 3 K in our (Ga,Mn)(As,P) film, but
it is known that the magnetic anisotropy of GaAs-based FMS
films varies sensitively with temperature [37]. To investigate
SOT switching phenomena in the FMS film with well-defined
magnetic easy axes along the (100) directions, we performed
our SOT experiment at low temperatures.

V. SPIN-ORBIT TORQUE (SOT) SWITCHING
OF MAGNETIZATION

The inversion asymmetry of zinc-blende crystals such as
our (Ga,Mn)(As,P) produces an internal electric field. It is
well known that when a current flows through a crystal
with this structure, the electric field—when transformed rel-
ativistically to the frame of reference of a moving current
carrier—gives rise to a magnetic field in the carrier frame,
which then acts on the carrier spin through spin-orbit inter-
action, resulting in spin polarization of the current [38,39].
When such spin-polarized current flows through a ferromag-
net, as in the case of our (Ga,Mn)(As,P) film, its spin will
interact with the magnetization of the material by exerting a
torque, referred to as spin-orbit torque (SOT). This in turn
provides a means for manipulating the magnetization of the
material (e.g., switching its direction from one easy axis to
another) by an electric current. Importantly, such manipula-
tion can be carried out in the absence of an external magnetic
field.

In this paper such SOT switching of magnetization by an
electric current in the absence of an external field is studied
as follows. The magnetization of the (Ga,Mn)(As,P) film is
initially set along one of the easy axes (e.g., [100]) by a field
of 2000 Oe, which is removed before starting the current
scan. Current scans of HR obtained at 3 K for magnetiza-
tions initialized along the four easy directions are shown in
Fig. 4. The scan starts with the current in the positive direction
(i.e., [110]) when magnetization is initialized along [100] and
[010], and in the negative (i.e., [110]) direction for magne-
tization initialized along [100] and [010], so as to preserve
symmetry. The star symbols in Figs. 4(a)—4(d) show the values
of HR at initial magnetization of each scan, as shown in the
insets.

Note that the initial HR values for the [010] [Fig. 4(b)]
and [100] [Fig. 4(c)] initialization case are small negative
(~=5 ) and small positive (~+5 2), respectively, while
the B and C states shown in Fig. 3(a), corresponding to the
[010] and [100] directions in the angle scan measurement,
show small positive and negative HR values (i.e., opposite
sign of HR). This inconsistency arises due to the presence of
an external field in the angle scan measurement. For the initial
points in the current scan measurement, the magnetic field
(~2000 Oe) used for initialization is removed before the cur-
rent scan starts as we discussed earlier. Magnetization at the
[010] (i.e., second quadrant) and [100] (i.e., third quadrant) di-
rections give HR = +|PHR| — |AHR| and HR = —|PHR| +
|AHR|, respectively, according to Eq. (6). In the absence of
an external field, relative strength is |AHR| > |PHR| and,
thus, HR are small negative and small positive, respectively,
at the [010] and [100] initialized directions in the current
scan shown in Figs. 4(b) and 4(c). Contrarily, in the angle
scan measurements [Fig. 3(a)], the 300 Oe field drags the
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FIG. 4. (a)—(d) HR data observed by current scans for magnetiza-
tion initialized along four different easy axes. The first scan for each
initial orientation of magnetization is plotted with open symbols. The
initial, down, and up states in the hysteresis are marked as S;, Saown,
and S, respectively. The difference between Sqown and S, at zero
field is marked as ARyy,. The star symbol indicates the initial value of
HR at state S;. The dotted red arrow in (a) shows the direction of the
first scan. The insets of each panel show initialized directions (thick
violet arrow) and Dresselhaus (red arrow) and Rashba (blue arrow)
SOFs corresponding to positive and negative currents (dotted black
arrows). Switching chirality in the HR hysteresis loops is always
clockwise (CW) regardless of the initial directions of magnetization,
as indicated by dashed arrows inside each hysteresis loop.

magnetization into the film plane, reducing the |AHR| while
increasing |PHR|. This realizes the condition of ]AHR|<|PHR],
resulting in small positive and negative HR values, respec-
tively, at the B and C states shown in Fig. 3(a).

Successive current scans between +9 x 10° A/cm? (I =
+3.6mA) and —9 x 103 A/cm? (I = —3.6 mA) show a clear
HR hysteresis loop with transitions between two stable HR
states, indicating SOT-induced magnetization switching in the
absence of an external magnetic field. Such field-free SOT
switching loops show several interesting features. First, the
change in the Hall resistance ARyys between stable states
is only about ~70 €, much smaller than the ~400
change observed in angular scans of HR shown in Fig. 3(a),
clearly indicating that the switching of magnetization defin-
ing the hysteresis is partial, rather than involving the entire
magnetization of the sample. Second, when the initialized
magnetizations are in the [100] and [010] directions (i.e., in
the first and second quadrants), the HR hysteresis appears only
in the negative HR region [see Figs. 4(a) and 4(b)], while they
appear always at the positive HR region when the magnetiza-
tion is initialized in the [100] and [010] directions (i.e., third
and fourth quadrants), as seen in Figs. 4(c) and 4(d) indicating
a vertical shift in the HR hysteresis loop. Third, the switching
chirality of the HR hysteresis loops is always clockwise (CW),
regardless of the directions in which magnetization is initial-
ized, as shown by dotted curves inside of the loops in Fig. 4.
Fourth, the two stable states in HR hysteresis consistently
repeat over many back and forth current scans for all initial

directions of magnetization (see Supplemental Sec. 2 [35])
regardless of the first starting current scan direction (either
positive or negative), assuring stability and reproducibility of
the observed HR states.

The observed SOT magnetization switching can be de-
scribed by the Landau-Lifshitz-Gilbert (LLG) equation,
which includes contributions from both dampinglike torque
(DLT) and fieldlike torque (FLT). However, it has been
shown that the DLT, given by M x (o x M), where o
is the spin polarization of the carriers, plays a dominant
role in current-induced magnetization switching in GaAs-
based ferromagnetic semiconductors such as (Ga,Mn)(As)
and (Ga,Mn)(As,P) films [11,40,41]. The direction of M x
(0 x M) is the same as the spin polarization o, which is
perpendicular to the [110] current direction within the film
plane [see Fig. 2(d)]. As obtained from analyzing the an-
gular dependence of PHR (see Fig. 3(b) and Supplemental
Sec. 1 [35]), our (Ga,Mn)(As,P) film exhibits strong fourfold
magnetic anisotropy in the (001) crystal plane, with energy
minima along the (100) directions. When the DLT has a
component along one of the magnetic easy axes, it pushes the
magnetization to transition to that easy axis. Then the magne-
tization transition occurs via a 90° rotation between the four
easy magnetization directions ([100], [010], [100], and [010]).
The detailed SOT transition process for the (Ga,Mn)(As,P)
film with strong fourfold in-plane magnetic anisotropy is well
described by Han et al., in Ref. [26]. The transition of magne-
tization in FMS films is known to occur via domain nucleation
and expansion [42,43]. In SOT magnetization switching of
the FMS film, the same process occurs during the current
scan. The degree of nucleation and expansion of new domains
depends on the domain pinning energy of the sample, which is
distributed over the film [44]. Such fluctuation in the magnetic
properties of the film can lead to a partial SOT switching in the
FMS film.

VI. CALCULATION OF MAGNETIC CONFIGURATIONS
OF THE STABLE HR STATES

Magnetic configurations for the stable HR states observed
in the vicinal sample during SOT switching can be obtained by
analyzing the HR hysteresis using Eq. (6). As seen in Fig. 4,
the starting HR values for magnetizations initialized at [100],
[010], [100], and [010] are, respectively, ~ —175Q, ~ =5,
~ 5Q, and ~ 175 Q. Since for these initial points the total
magnetization M lies along the respective easy axes (i.e., at
on = 45°, 135°,225°, or 315°), the initial values of HR can
be expressed using Eq. (6): Then, the observed HR values for
the four initial magnetization directions can be related to the
combined contribution of AHR and PHR as

R 2 k 1
HR[[QO] = —TS MQ\/T_ sin« + ;M()z(l — Esinza)
=-A+ B~ —175, (7a)
Ry 2 . k 1.
HRo10) = —T‘Mog sino — ?M02(1 — Esmza)
=-A-B~ -5, (7b)
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FIG. 5. SOT-induced HR hysteresis measured by scanning the
current after magnetization is initialized along the [100] direction.
Insets show magnetization alignments at the initialized (S;), the up
(Sup), and the down state (Sgown). The thick sky-blue arrows in the
(001) crystal plane (violet plane) indicate directions of magnetization
for S;, Sup, and Sgown states. The star symbol indicates the initial HR
value of the scan. Open circles show HR values of the first current
scan to +9 x 10° A/cm?, and the blue curved arrow indicates the
first scan direction. Long white arrow and thick red arrows in the
insets show the current direction and corresponding SOF directions,
respectively.

Ry 2. k 1.
HR[TOO] = T MO\/?— sino + ;M02(1 — Esmzoz)
=A+B~S5, (7¢)

Ry 2 . k 1.
— Mo£ sina — —My*( 1 — —sin«
t 2 t 2

—A— B~ 175, (7d)

HR[OTO] =

where terms A and B represent the AHR and PHR contri-
butions, respectively. From Eq. (7) we obtain A &~ 90 2 and
B ~ —85 Q. The fact that the values of A and B are close
arises from the specific inclination of our sample, resulting in
the near cancellation of AHR and PHR seen in quadrants 2
and 3 as seen in Fig. 3(a).

As an example, we consider the SOT current-scan hys-
teresis obtained for magnetization initialized in the [100] in
greater detail [data shown in Fig. 4(a), replotted in Fig. 5].

J

The initial, the down, and the up states of the hysteresis are
marked S;, Sqown, and Syp, respectively. Note that after the first
current scan to +9 x 10° A /cm? the HR stabilizes at the Sgown
state at approximately —71 Q (see data with open circles in
Fig. 5). In the subsequent current scan, from +9 x 103 A /cm?
to —9 x 10° A/cm?, HR makes a transition to the Syp state (~
—15Q) as the negative current exceeds ~6.25 x 10° A/cm?.
In the return scan (i.e., —9 x 103 A/cm? to +9 x 10° A/cm?),
HR switches back to the Sgown state after the positive current
reaches ~6.25 x 10° A/cm?, completing the single hysteresis
loop. Importantly, neither the Sgown nor the Sy, state reaches
the maximum magnitude of ~|175| € (i.e., the value of HR at
S;) seen in Fig 5, indicating that only a fraction of the initial
magnetization participates in the back and forth current scans
that form the HR hysteresis.

As an example, we now consider the partial reorientation of
magnetic domains as the current is swept from state S; to form
the stable state Sqown (Open symbols in Fig. 5). The positive
current (i.e., current flowing in the [110] direction) induces
SOFs along the [110] direction, as shown by thick red arrows
in the lower- and upper-right insets [see also Fig. 2(d)]. When
the current value is low (below ~5 x 10° A/cm?), the SOF
is too weak to produce magnetization switching (lower-right
inset). As the SOF becomes stronger with further increase
of the current (beyond ~6.25 x 10° A/cm?), the torque due
to the spin polarization of the current along [110] eventually
become sufficiently strong to switch some of the magnetiza-
tion from [100] to [010]. Note that this occurs in the absence
of an external magnetic field. Such field-free SOT switch-
ing process in a crystalline FMS film with fourfold in-plane
anisotropy has already been reported by Han et al. [26], who
demonstrated that the presence of a SOF component along
in-plane easy axes causes current-induced field-free magne-
tization switching. Since, as noted earlier, we know that the
SOT switching of magnetization observed in current sweeps
is only partial, the stable state observed with positive current
in Fig. 5 (i.e., state marked Sqown) consists of magnetization
both along the original [100] direction and along [010], as
schematically shown in the upper-right inset in Fig. 5.

We will now estimate the volume fractions of magneti-
zation along these two directions for the Syown State using
Eq. (7). Since the film magnetization in this state consists
of [100] and [010] components, and HR is approximately
—71 R, we use Eq. (7) to write

R, V2 k 1. R, V2 k 1.
HR (Sgown) = |:_7 M[lOO]T sina + ;M[2100]<1 — Esmza) — TY M[010]T sino — ;M[zom]<1 — Esmza) :|

= — AMpon) + BMpioo)) — A(Mpi0)) — B(Mio107)

where we replace My in Egs. (7a) and (7b) by magnetizations
M0 along [100] and M0 along [010]. Furthermore, since
the original magnetization of the film is now divided between
the [100] and [010] directions, we write M100) = Pri1001Mo»
Mio10] = pro10jMo, with ppioo) + proto) = 1, where pyio0; and
pioio} are the respective volume fractions of magnetization

= — A puoo + Bpiiey — A poio) — Bppig & — 71 R, )

(

in the [100] and [010] directions, and M is the total mag-
netization of the film. Since we already obtained the values
A~90 Q and B~ —85 Q from the initialized states, as
explained above, we can solve Eq. (8) for pjio0) and pioi0:

proo; ~ 0.39,  pioig) & 0.61. 9)
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This indicates that in making the transition from S; to
Sdown, about ~61% of magnetic domains magnetized along
[100] switch to [010] magnetization, while ~39% remain
as originally magnetized, as schematically indicated in the
upper-right inset of Fig. 5.

The magnetizations in the [100] and [010] directions form-
ing the Sgown State remain stable as the positive current is
reduced. When the current direction is reversed, SOF reverses
to the [110] direction (see thick red arrows in upper-left inset).
As the value of the [110] SOFs continues to increase, the
torque on the [100] magnetization causes a partial switch of
this magnetization to [010], and similarly a part of the [010]
magnetization to switch to [100], as shown by the dotted
arrows in the upper-left inset. This establishes a new stable
state Sy, with a HR value of approximately —15 €2, made up of
magnetizations along all four easy axes. The volume fractions
of magnetization for this new state can be determined from

HR(Syp) = |:—AP[100] + Bp%loo] — Apjot0] — Bpﬁno]

2 2
+Appiog + Bpiioo + Apioto) — BP[OIO]]

~—15Q, (10)

where we use the same procedure as in Eq. (8); i.e., we
replace My in Eq. (7) by M1001 = priooiMo, Mio101 = pro1oMo,
Mioo; = PrioojMo» and Mo1o; = pio10;Mo» P100) being the vol-
ume fractions of magnetization along the corresponding (100)
directions. Furthermore, using Eq. (9), we have

Puooy + Proio = 0.39, - proio) + prioe; * 0.61. (11)

By using the values of A =90 Q2 and B = —85 2, and
Eq. (11), we can now solve Eq. (10) for the values of
p along the four easy axes. The solution is straightfor-
ward, but somewhat cumbersome, and we defer its details to
Supplemental Sec. 3 [35].

Here we will estimate the volume fractions applying a
convenient shortcut. The reader will notice that the contri-
bution of magnetizations in the second and third quadrants
is almost negligible compared to those in the first and fourth
quadrants, as seen in Fig. 3(a), and values are shown in Eq. (7).
Considering only the transition from the first to the fourth
quadrant, we can write, in analogy with Eq. (8),

HR(Swp) = — A prioo) + BP|2100] + A ppig) — Bpfoio]
~ —15%. (12)

Using prioo) + Ppoioy = 0.39 from Eq. (11), we find that
magnetization fractions distributed between [100] and [010]
orientations are pyio0) A~ 0.25 and pjgig; ~ 0.14. Itis gratifying
that the full calculation carried out in Supplemental Sec. 3
[35] gives values ppioo; & 0.24 and pyy1o; =~ 0.15, supporting
the assumption made in this “shortcut” that the transition
from [100] — [010] (first — fourth quadrant) represents the
main contribution to the SOT hysteresis, so that as a good
approximation the contribution from transition [010] — [100]
(second — third quadrant) can be ignored in the process of
forming the hysteresis.

When the current direction is again changed back to
positive, the system returns to the Sgown State, indicating
that the magnetizations at the [100] and [010] axes return,

respectively, to the [010] and the [100] directions of that
state. Thus magnetization transitions [100] <> [010] and
[010] <> [100] occur back and forth during the current
scan between + 9 x 103A/cm? and — 9 x 10° A/cm?,
forming the hysteresis seen in Fig. 5. The reproducibility of
this hysteresis, as well as being analogous with hysteresis
observed with magnetization initialized along the other three
easy axes, is confirmed by many repeated current scans, as
shown in Supplemental Fig. 2 [35].

VII. DISCUSSION

Current direction. Our choice of current direction, (110)
or (110), is not arbitrary. As seen in Fig. 2(d), the SOFs
due to both the Rashba and Dresselhaus effects produced
by this current orientation add constructively, resulting in
the strongest SOF torque, making this choice of current
orientation optimal for observing field-free SOT switching
of magnetization. Future experiments with currents in other
crystallographic directions may be useful in resolving quan-
titatively the difference between the effects of Rashba and
Dresselhaus interactions in the SOT process.

Chirality of HR hysteresis. The observed chirality of the HR
hysteresis is unique to vicinal films, and can be ascribed to the
roles played by AHR and PHR as a result of the inclination of
the film and the crystal (001) planes. This can be easily seen
by recognizing their respective contributions in the formation
of hysteresis. From Fig. 3(a) it is clear that the contribu-
tion of magnetization in the second and third quadrants to
the hysteresis is nearly negligible, so that the sense of the
hysteresis is determined by the back and forth switching of
magnetization between the first quadrant (where the sum of
AHR and PHR makes HR strongly negative) and the fourth
quadrant (where these two contributions make HR strongly
positive). This chirality is the property of the inclination of the
film relative to the (001) crystal plane, and does not depend on
either the direction of the initialized magnetization or on the
starting direction of the current scan. Specifically, the form of
chirality arises from the presence of AHR that originates from
the tilt of vicinal films, distinguishing them from FMS films
grown on (001) planes, in which it does not exist [26]. In this
context it may be interesting to carry out similar investigations
on vicinal films tilted in different directions.

Partial switching of magnetization. As seen in Figs. 4
and 5, the difference ARy between Sy, and Sgown, the upper
and lower states that define the hysteresis, is only about ~70
2, much smaller than the value of ~175 Q observed at S;,
when total magnetization of the film determines HR. Thus we
must conclude that only a fraction (about 15%-20%) of mag-
netization switches back and forth as the current is scanned.
Such partial SOT switching has been observed already in FMS
film grown on a normal (001) substrate, and the switching
process is illustrated in detail in Fig. 3 of Ref. [26]. It is
tempting to ascribe this to differences in magnetic domain
pinning, so that SOF is only sufficient to turn some domains,
while others remain fixed. Unfortunately at present we do not
have sufficient quantitative understanding of domain pinning
in (Ga,Mn)(As,P), so that this important issue must await
further studies.

Vertical shift of HR hysteresis. The vertical shift of the HR
hysteresis loop toward the negative HR region for the [100]
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and [010] direction initializations (first and second quadrants)
and toward positive HR region in the [100] and [010] direction
(third and fourth quadrants) initializations are due to partial
magnetization switching between the easy axes in the (001)
plane by SOT as mentioned above. For magnetization initial-
ized in either the [100] or [010] direction (first or second
quadrants), a part of the magnetization remains in the first
quadrant during the SOT switching process. This magnetiza-
tion in the first quadrant contributes a negative value of HR
(i.e., —|PHR| and —|AHR|), which provides a background
signal, shifting the entire SOT switching hysteresis to the
negative HR region [see Figs. 4(a) and 4(b)]. However, when
the magnetization is initialized in the [100] or [010] direction
(third or fourth quadrants), a part of the magnetization remains
in the fourth quadrant during the SOT switching process. This
magnetization in the fourth quadrant contributes a positive
value of HR (i.e., +|PHR| and +|AHR|), which provides a
background signal, shifting the entire SOT switching hystere-
sis to the positive HR region [see Figs. 4(c) and 4(d)].

The above described SOT magnetization switching behav-
iors observed from our (Ga,Mn)(As,P) film grown on vicinal
surface are somewhat different from that observed from a FePt
system [45], in which field-free SOT switching was achieved
due to the tilted magnetic anisotropy of the film. In a FMS sys-
tem field-free SOT was achieved due to the presence of a spin
polarization component along the magnetic easy axes. Specif-
ically, carrier spin polarization in our (Ga,Mn)(As,P) film is
achieved via the Dresselhaus and Rashba effects, resulting
in diverse spin polarization directions (i.e., perpendicular,
parallel, or antiparallel relative to the current direction), as
shown in Fig. 2(d). Such diverse configurations between spin
polarization and current direction cannot be realized in metal-
based ferromagnetic systems, where carrier spin polarization
is achieved via the spin Hall effect and is always perpendicular
to the current direction. Some interesting SOT switching phe-
nomena arising from collinear configurations between spin
polarization and current direction have been observed in FMS
films in previous works [14,46]. While SOT phenomena aris-
ing from such diverse configurations of spin polarization have
not been investigated in the current study, further interesting
SOT phenomena are expected from FMS films grown on vic-
inal surfaces. This underscores the importance of our present
investigation as a step for SOT research based on FMS films
grown on vicinal surfaces.

VIII. SUMMARY

In summary, we investigated the field-free magnetization
SOT switching in a single layer of crystalline (Ga,Mn)(As,P)
film grown on a vicinal surface. HR values observed for
the four easy magnetization directions arising from the four-
fold magnetic anisotropy in the (001) crystal plane are well
resolved due to the tilted angle between the (001) crystal
plane and the sample plane, which causes the presence of
both in-plane and out of plane components of magnetization

with respect to the sample plane. Field-free SOT magneti-
zation switching was achieved by sweeping the current for
the four magnetization directions initialized along the four
easy axes (i.e., (100) directions) in the (001) crystal plane.
The resulting HR hysteresis is highly reproducible over many
current sweeps, indicating the stability of the Sgown and Sy,
states. Magnetic configurations of these stable states were
determined by solving the HR equation for the vicinal sample
that includes both AHR and PHR contributions. Importantly,
the results of these experiments indicate that the switching of
magnetization in the observed transitions is partial switching
between easy axes, suggesting that the degree of pinning
may be different for different domains. The mechanism of
such pinning is not understood at present. The observed HR
hysteresis loops are formed by two back and forth mag-
netization switching processes, [010] <> [100] and [100] <
[010]. However, even though two back and forth magneti-
zation switchings are involved, in the case of the specific
sample tilt of our film (about the [110] crystal axis), the
[100] <> [010] transition (i.e., when magnetization switches
between the first and the fourth quadrants) dominates the HR
hysteresis formation, determining its chirality in current scan
HR hysteresis loops. Importantly, this study demonstrates that
the magnetization in a (Ga,Mn)(As,P) crystal film grown on
a vicinal surface can be manipulated by SOT in the absence
of an external field, thus providing valuable insights for de-
veloping multilevel field-free memory devices. Even though
we have focused on the magnetization switching behavior
using as-grown (Ga,Mn)(As,P) film at low temperature, where
magnetic easy axes are well defined along the (100) crystal di-
rection, the SOT switching experiment on the (Ga,Mn)(As,P)
films grown on a vicinal surface is still in its early stages. The
magnetic properties and crystallinity of the (Ga,Mn)(As,P)
film may change with thermal annealing, which can affect the
SOT switching process. The effect of thermal annealing on
SOT switching of the FMS film grown on a vicinal surface is
certainly an interesting subject that needs to be investigated in
the future.

The data supporting the findings of this study are available
from the corresponding author on request.
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