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The effective magnetic fields induced by spin-orbit torque (SOT), Dzyaloshinsky-Moriya exchange interac-
tion, and magnetization damping in chiral domain wall systems are very important to manipulate magnetization
switching, stimulate magnetization oscillation, and drive domain wall motion in the applications of various
spintronic devices. However, magnetization damping as an effective magnetic field is usually ignored in mag-
netization switching measured by magnetic hysteresis loops due to its dynamical and instantaneous feature.
Here, we demonstrate that in addition to the dampinglike SOT effective field, the perpendicular effective
field measured by the shift of Hall magnetic hysteresis curves also contains the z-direction effective fields
originating from magnetization damping under the total static magnetic field. These findings provide key insights
for understanding the effective magnetic fields originated from the magnetic damping and dampinglike SOT
effective field in chiral domain walls, and pave the path to practical application of the chiral domain wall
systems.
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I. INTRODUCTION

The effective magnetic fields induced by spin-orbit torque
(SOT), Dzyaloshinsky-Moriya exchange interaction (DMI),
and magnetization damping in chiral domain walls (DWs)
play an important role in spintronics. For example, SOT
effects have become a hot issue in spintronics due to
the emerging applications in switching magnetization of
ferromagnets [1], magnetic tunneling junctions [2], antifer-
romagnetic metals [3], and compensated ferrimagnets [4],
manipulating chiral-spin rotation [5] and exchange bias [6],
sensing magnetic field [7], inducing domain nucleation [8],
driving spin wave propagation [9], and stimulating nano-
oscillator [10]. Magnetic damping can also influence the
performance of spintronic devices including hard drives, mag-
netic random-access memories, magnetic logic devices, and
magnetic field sensors, since it can determine magnetization
relaxation and dissipation [11,12], spin diffusion and pumping
[13,14], and spin wave propagation [15].

In order to quantify the SOT effective magnetic field in a
perpendicular magnetization film, one of the common meth-
ods is to measure the shift of out-of-plane anomalous Hall
effect curves by varying the magnetic field along the z axis
under the fixed in-plane external field and applied electric
current. In chiral ferromagnetic DWs [16], the SOT effective
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field depends on the in-plane external field and applied electric
current used in the measurements. So far, many works have
reported that the SOT field increases linearly with the in-plane
external magnetic field until saturation [17–20], and the ex-
ternal field at saturation is used to quantitatively estimate the
DMI effective field of the chiral ferromagnet. In this case, it is
usually believed that the effective field measured by the shift
of Hall curve is the dampinglike SOT effective field, but the
contribution of magnetization damping under the total static
magnetic field has not been considered. In fact, although a
lot of work has been carried out on the magnetization damp-
ing, magnetization damping as an effective magnetic field is
usually ignored in the magnetization switching measured by
magnetic hysteresis loops due to its dynamical and instanta-
neous feature. In addition, the contribution of DW pinning
field in the in-plane x-axis direction to the perpendicular
effective field in the z-axis direction through magnetization
damping has not been noticed in the context of DW motion
driven by magnetic field and spin transfer torque [21–25].

In this paper, we studied the relationship between the mea-
sured effective field H eff

z in perpendicular direction and the
external field Hx in the longitudinal direction of the perpendic-
ularly magnetized single CoPt film. The experimental results
and theoretical calculations reveal that H eff

z varies nonlin-
early and nonmonotonically with Hx, and the magnetization
damping as well as the dampinglike SOT effective field play
an important role in the determination of H eff

z . Especially,
the good agreement between theory and experiment further
demonstrates the effect of DW pinning field Hpin on the effec-
tive field H eff

z through magnetization damping.
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FIG. 1. The out-of-plane anomalous Hall effect curves measured
under Hx = +200 Oe (a) and Hx = +3000 Oe (b) for the applied
current I = ±10 mA in the CoPt ferromagnetic film. The measured
z-direction effective bias field H eff

z , and the switching fields H swit
z1 and

H swit
z2 are marked in (b). (c) H eff

z as a function of the applied current
I under Hx = ±3000 Oe. (d) H eff

z as a function of Hx for the applied
current I = +10 mA. The bottom inset shows the structural diagram
of Hall bar.

II. MEASUREMENTS OF ANOMALOUS HALL EFFECT
AND z DIRECTION EFFECTIVE FIELD OF THE CoPt FILM

The perpendicularly magnetized ferromagnetic
film of CoPt alloy with the structure of substrate-
Si-SiO2/Ta2/Pt5/Co0.5/Pt0.3/Co0.5/Ru2 was prepared
by sputtering machine (the numbers are the nominal thickness
of each layer in unit of nm), and it presents the electric
current induced perpendicular magnetization switching by
SOT, as shown in Supplemental Material I [26] (see also
Refs. [27–29] therein). Figures 1(a) and 1(b) show the
out-of-plane anomalous Hall effect curves of CoPt film
measured under fixed Hx and I by varying the magnetic field
along the z axis. This is the conventional method used to
measure the dampinglike SOT effective bias field H eff

z in the z
direction, which can be obtained by the switching fields H swit

z1

and H swit
z2 as shown in Fig. 1(b): H eff

z = −(H swit
z1 + H swit

z2 )/2.
In Figs. 1(a) and 1(b), we can calculate that H eff

z = −3 Oe
for Hx = +200 Oe and I = +10 mA; and H eff

z = −84 Oe for
Hx = +3000 Oe and I = +10 mA.

Figure 1(c) shows the linear variation of H eff
z with I under

Hx = ±3000 Oe, which is consistent with the observation by
other groups [1,17–20]. Figure 1(d) shows the variation of
H eff

z with Hx at the fixed current I = +10 mA. The depen-
dence of H eff

z on Hx shows the following three characteristics:
(i) When 0 � |Hx| � 1300 Oe, the value of |H eff

z | is nearly
zero. (ii) When |Hx| > 1300 Oe, |H eff

z | increases with |Hx|
significantly and reaches the maximum at |Hx| = 4000 Oe.
(iii) When |Hx| > 4000 Oe, |H eff

z | begins to decrease with
|Hx|. The above characteristics are strikingly different from
the results previously reported that the SOT field increases
linearly with Hx until saturation [17–20].

FIG. 2. (a) The schematic diagram of Néel DW with left-handed
chirality in the CoPt film. The bottom inset illustrates the directions
of x, y, and z axes. The symbols � and ⊗ represent the magnetic
moments in +ẑ and −ẑ directions. The thicker arrow represents the
magnetization vector Mi at the center of the DW, and its azimuth
angle with respect to +x̂ is represented by ψi. The directions of
various effective magnetic fields are shown in the center of DW.
(b) Theoretical calculations of azimuth angles ψ1 for DW1 (red)
and ψ2 for DW2 (blue) as a function of net magnetic field Hnet

x in
x direction. (c), (d) Theoretical calculations of z-direction effective
bias fields H eff

z1 for DW1 and H eff
z2 for DW2 as a function of Hnet

x .
(e) Theoretical calculation of total z-direction effective bias field H eff

z

for the multiple domain walls as a function of Hnet
x . (f) Comparison

of measured and calculated H eff
z under different external magnetic

field Hx .

III. CALCULATIONS OF z-DIRECTION EFFECTIVE
FIELD Heff

z BY DW MODEL

Now we turn to explain the characteristics in Fig. 1(d)
by DW dynamics. First, we propose a model of Néel DW
with left-handed chirality in Fig. 2(a). The DW of up-to-
down is referred to as DW1 in this model and the DW of
down-to-up is DW2. Schematically, the magnetization vector
at the center of DW is in the x-y plane, and its direction is
described by the azimuth angle ψi (the subscript i = 1, 2 for
DW1 and DW2, respectively) with respect to +x̂. There exist
the dampinglike SOT effective field Hsot

zi , DMI effective field
HDM

i , in-plane demagnetization field Hk
i of the domain wall,

external magnetic field Hx, and corresponding pinning field
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Hpin, which all act on the magnetization vector at the center of
DW. Here, we need to discuss the inevitability of the existence
of pinning field Hpin. As shown in Fig. 1(b), the effective
fields H eff

z1 and H eff
z2 satisfy the relationships H swit

z1 = Hc−H eff
z1

and H swit
z2 = −Hc−H eff

z2 , where Hc is the coercivity of CoPt
film. This means that the measurement of z-direction effective
field H eff

z1 (or H eff
z2 ) at the external switching field H swit

z1 (or
H swit

z2 ) is under the critical state of perpendicular magnetiza-
tion switching. In this state, the DW motion is in the depinning
regime rather than the flow regime [23]. Therefore, when the
external magnetic field Hx is applied, there is a pinning mag-
netic field Hpin to counter it [21,22]. The maximum pinning
field |Hpin

max| = 1300 Oe is evaluated for the as-prepared CoPt
film. Only when |Hx| is greater than |Hpin

max|, there is a net
magnetic field in the x direction Hnet

x = Hx + Hpin �= 0 to
drive the domain wall movement. Thus, the longitudinal field
H lg

i in the x direction can be defined as H lg
i = Hnet

x + HDM
i =

Hx + Hpin + HDM
i .

Then we consider Landau-Lifshitz-Gilbert (LLG) equation
for DW1 and DW2 of the CoPt ferromagnetic film, respec-
tively:

∂Mi

∂t
= −γ Mi × Hstat

i + α

Mi
Mi × ∂Mi

∂t

+ γ HDLy
i

Mi
M i × (Mi × ŷ). (1)

Here the item of −γ Mi × Hstat
i presents the precession of

magnetization Mi at the center of DW under the total static
effective magnetic field Hstat

i , where γ is gyromagnetic ratio.
The item of α

Mi
Mi × ∂Mi

∂t is the dynamical damping of mag-
netization Mi, where α is the damping factor. And the item

of γ HDLy
i

Mi
Mi × (Mi × ŷ) is the dampinglike SOT term caused

by the spin current with polarization in +ŷ, where HDLy
i is the

amplitude of the dampinglike SOT effective field. In Eq. (1),
all the static magnetic fields felt by Mi are contained in Hstat

i .
Specifically, the static effective field Hstat

i is determined by
the magnetostatic energy density wi: Hstat

i = − ∂wi
∂Mi

= Hx +
Hpin + HDM

i + Hk
i = Hnet

x + HDM
i + Hk

i = H lg
i + Hk

i . Here,
different terms in this equation present the external field
Hx = Hxx̂, pinning field Hpin = Hpinx̂, DMI effective field
HDM

i = HDM
i x̂ (where HDM

i is regarded as a constant for each
DW), in-plane demagnetization field Hk

i = −Hk
i cos ψix̂ of

the domain wall (where Hk
i = 4πMiN is the amplitude of

demagnetization field), net magnetic field Hnet
x = Hnet

x x̂, and
the longitudinal field H lg

i = H lg
i x̂. For the demagnetization

field Hk
i = 4πMiN , N is the demagnetization factor of the

domain wall, which can be estimated by the layer thickness
d and the DW width �: N ≈ d

d+�
. Based on LLG Eq. (1),

the equation of static effective field Hstat
i , and rigid profile of

the one-dimensional DW model [16,30], DW dynamics of the
CoPt film can be completely described by the DW velocity
and the DW azimuth angle ψi (see Supplemental Material II
for the calculation method [26]).

By using the parameters α = 0.26, HDM
1 = −1100 Oe,

HDM
2 = +1100 Oe, Hk

1 = Hk
2 = 2981 Oe, and HDLy

1 =
HDLy

2 = 85 Oe (see Supplemental Material III and Table S1

for details of the physical parameters [26]), the azimuth angles
ψ1 of DW1 and ψ2 of DW2 as a function of net magnetic
field Hnet

x are calculated as shown in Fig. 2(b). Utilizing ψ1

and ψ2 of DW1 and DW2, we can theoretically reproduce the
relationship between z-direction effective bias field H eff

z and
external field Hx in Fig. 1(d) to clarify the physical origin of
H eff

z .
The key is to check whether Heff

z contains others effective
fields in the z direction besides dampinglike SOT effective
field Hsot

zi . Skillfully, the LLG Eq. (1) can be transformed into
another form by using γ = γ ′(1 + α2) [31]:

∂Mi

∂t
= −γ ′Mi × Hstat

i − αγ ′

Mi
Mi × (

M i × Hstat
i

)

− (
γ ′αHDLy

i

)
Mi × ŷ + γ ′HDLy

i

Mi
Mi × (M i × ŷ).

(2)

Since α2 � 1, we can regard γ ′ ≈ γ in Eq. (2). It can be
found by comparison that the dynamical damping α

Mi
Mi ×

∂Mi
∂t in Eq. (1) is converted into −αγ ′

Mi
M i × (Mi × Hstat

i ). For

mi = Mi
Mi

, we can see that mi × αHstat
i and mi × (−HDLy

i ŷ)
represent two damping effective magnetic fields. For the Néel
DW in Fig. 2(a), the mi at the center of the DW is in the x-y
plane, so both fields are in the z direction.

The form of the z-direction effective field mi × αHstat
i can

be further separated: mi × αHstat
i = mi × αH lg

i + mi × αHk
i .

We define H lg
zi and Hk

zi as z-direction effective fields caused

by H lg
i and Hk

i respectively:

H lg
zi = mi × αH lg

i = αH lg
i (− sin ψi )ẑ, (3)

Hk
zi = mi × αHk

i = αHk
i (sin ψi cos ψi )ẑ, (4)

and the dampinglike SOT effective field is described as

Hsot
zi = mi × (−HDLy

i ŷ
) = (−HDLy

i

)
cos ψi ẑ. (5)

Thus, Eqs. (3)–(5) represent all z-direction effective fields
acting on the DWs. More specifically, the z-direction effec-
tive fields Heff

z1 of DW1 and Heff
z2 of DW2 are Heff

z1 = H lg
z1 +

Hk
z1 + Hsot

z1 and Heff
z2 = H lg

z2 + Hk
z2 + Hsot

z2 , respectively. Con-
sequently, the total z-direction effective bias field Heff

z

of the multiple domain walls is the average of Heff
z1

and Heff
z2 : Heff

z = (Heff
z1 + Heff

z2 )/2 = −(Hswit
z1 + Hswit

z2 )/2 (see
Supplemental Material IV for the demonstration of the equa-
tion [26]). From this equation, we can see that the theoretical
and experimental Heff

z are calculated in the same way.
By using the azimuth angles ψi under different net mag-

netic field Hnet
x in Fig. 2(b) and Eqs. (3)–(5), we can get all the

z-direction effective fields H lg
z1, Hk

z1, Hsot
z1 , and Heff

z1 under dif-
ferent Hnet

x for DW1 as shown in Fig. 2(c). Apparently, when
Hnet

x = −HDM
1 = +1100 Oe, H lg

z1, Hk
z1, Hsot

z1 , and Heff
z1 are all

zero, which are caused by H lg
1 = 0 and ψ1 = 270◦ [shown in

Fig. 2(b)]. Furthermore, it can be seen that the four curves
of H lg

z1, Hk
z1, Hsot

z1 and Heff
z1 varying with Hnet

x are inversion
symmetrical about the point of Hnet

x = +1100 Oe. For the
dampinglike SOT effective field Hsot

z1 , its magnitude increases
approximately linearly with Hnet

x until it tends to saturation.
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Dramatically, H lg
z1 and Hk

z1 show opposite trends and partially

cancel out the Heff
z1 . Adding up the three curves of H lg

z1, Hk
z1,

and Hsot
z1 , the curve of Heff

z1 is obtained, which represents the
z-direction effective field acting on DW1 under different Hnet

x .
In the same way, z-direction effective fields H lg

z2, Hk
z2, Hsot

z2 ,

and Heff
z2 under different Hnet

x for DW2 can be calculated as
shown in Fig. 2(d). Finally, the total z-direction effective bias
field Heff

z of the multiple domain walls under different Hnet
x is

shown in Fig. 2(e). Considering Hnet
x = Hx + Hpin and typical

features of Hpin, we can obtain the relationship between Heff
z

and Hx from Fig. 2(e), as shown in Fig. 2(f). By comparing
the calculation and experimental results in Fig. 2(f), we can
clarify the variation of the z-direction effective bias field Heff

z

with external field Hx: when |Hx| � Hpin
max, Heff

z is zero; and
when |Hx| > Hpin

max, Heff
z is determined by the dampinglike

SOT effective field Hsot
zi and the other two z-direction effec-

tive fields H lg
zi and Hk

zi which are caused by the dynamical
damping. We also calculated the hysteresis loops and effective
magnetic field H eff

z corresponding to those in Figs. 1(a), 1(b),
and 1(d) by micromagnetic simulation (see Supplemental
Material V for detailed results [26]). The results of micromag-
netic simulation are quite consistent with the experimental
measurements, which proves the correctness of our theoretical
DW model and the rationality of our calculation method used
in Fig 2.

IV. MEASUREMENTS AND CALCULATIONS
OF z-DIRECTION EFFECTIVE FIELD

OF THE ANNEALED CoPt FILM

Furthermore, we apply a high electric current pulse with
intensity of 40 mA and duration of 0.1 s twice to anneal the
CoPt ferromagnetic film and reduce the pinning field. For
the annealed CoPt film by electric current pulses, the shift
of out-of-plane anomalous Hall effect curves under the fixed
Hx and I is shown in Figs. 3(a) and 3(b). In Figs. 3(a) and
3(b), we can calculate H eff

z = −17 Oe for Hx = +200 Oe and
I = +10 mA, and H eff

z = −84 Oe for Hx = +3000 Oe and
I = +10 mA. Keeping I = +10 mA and scanning Hx, the
variation of H eff

z with Hx is shown in Fig. 3(c). It is clear
that the magnitude of H eff

z increases linearly with Hx until
saturation, which is similar to the results previously reported
[17–20].

The linear dependence of H eff
z on Hx can also be explained

within the same theoretical framework of DW dynamics. After
annealing, the defects are greatly reduced and the pinning field
can be neglected. Therefore, we simplify the DW model as
follows: Hk

i completely cancels H lg
i within a certain range,

i.e.,

Hstat
i = Hx + HDM

i − Hk
i cos ψi = 0. (6)

Hence we get cos ψi = (Hx + HDM
i )/Hk

i , when −Hk
i −

HDM
i � Hx � Hk

i −HDM
i . It is clear that the DW azimuth an-

gles ψi tends to be 0◦ or 180◦ when Hx > Hk
i −HDM

i or
Hx < −Hk

i −HDM
i . Combining Eqs. (5) and (6), we can obtain

Hsot
zi = −HDLy

i

Hk
i

(Hx + HDM
i )ẑ. This is the linear dependence be-

tween the SOT effective field Hsot
zi and the external in-plane

FIG. 3. The out-of-plane anomalous Hall effect curves measured
under Hx = +200 Oe (a) and Hx = +3000 Oe (b) for I = ±10 mA
in the annealed CoPt film. (c) The measured z-direction effective
bias field H eff

z versus Hx for I = +10 mA in the annealed CoPt film.
(d) Theoretical calculations of dampinglike SOT effective fields H sot

z1

(red) in DW1, H sot
z2 (blue) in DW2, and total z-direction effective bias

field H eff
z (green) as a function of Hx . The comparison of measured

(black) and calculated (green) H eff
z for the annealed CoPt film is

highlighted. The inset shows the relationship between cos ψ1, cos ψ2,

and Hx in the calculations.

field Hx. In the case of Hstat
i = 0, there is only the dampinglike

SOT effective field Hsot
zi in the z direction in Eq. (2). Thus, the

total effective field Heff
z changes to Heff

z = (Hsot
z1 + Hsot

z2 )/2.
Due to the annealing effect, the coercivity Hc, DMI effec-

tive field HDM
i , and demagnetization field Hk

i of the CoPt film
all reduce significantly. Substituting the parameters HDM

1 =
−500 Oe, HDM

2 = +500 Oe, and Hk
1 = Hk

2 = 1400 Oe into
Eq. (6), we can get the variation of cos ψ1 and cos ψ2 with Hx

as shown in the inset of Fig. 3(d). It is worth pointing out
that when Hx = −HDM

1 = +500 Oe, we obtain cos ψ1 = 0
for DW1, and when Hx = −HDM

2 = −500 Oe, we obtain
cos ψ2 = 0 for DW2. This means that when Hx and HDM

i
completely cancel out, the Néel DWs transform into the
Bloch DWs, corresponding to DW azimuth angle ψi = 90◦

or 270◦. By using HDLy
1 = HDLy

2 = 85 Oe, and the values of
cos ψ1 and cos ψ2 at different Hx in Eq. (6), Hsot

z1 and Hsot
z2

in Eq. (5) can be calculated under different Hx as shown in
Fig. 3(d), and then the total z-direction effective bias field
Heff

z for the multiple domain walls is obtained. Obviously,
when Hx = Hk

1 −HDM
1 and Hx = −Hk

2 −HDM
2 , the effective

field Heff
z reaches saturation value, rather than Hx = −HDM

1
or Hx = −HDM

2 as commonly stated.

V. CONCLUSIONS

In conclusion, the experimental results and theoretical cal-
culations demonstrate that the effective field measured by
the shift of Hall curves includes not only the dampinglike
SOT field, but also other z-direction effective fields in the
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form of dynamical damping, which are caused by the external
magnetic field, pinning field, DMI effective field, and in-plane
demagnetization field. Only when the total static effective
field Hstat

i becomes zero is the effective field measured by
the shift of Hall curves exactly equal to the dampinglike SOT
field.
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