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Electrical currents flowing through magnetic domain walls tend to encounter additional extraordinary
resistance. At the thin-wall limit, the occurrence of anomalous-field antisymmetric magnetoresistance
breaks Onsager symmetry, which seems to be determined by the combination of single-wall and
perpendicular-current-injection geometry. However, the delicate magnetic structure and measurement con-
figuration are hard to implement, and the abnormal transport properties observed in multidomain structures
are not fully understood. Here, we report the observation of antisymmetric magnetoresistance due to
domain-wall tilting in a multidomain structure controlled by a magnetic field gradient. We demonstrate,
both experimentally and theoretically, that the anomalous magnetoresistance arises from the nonequilib-
rium current in the vicinity of tilting domain walls, which are basically governed by the geometry factor

of the tilting walls.
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I. INTRODUCTION

In a Stoner ferromagnet, when magnetization is homo-
geneous throughout the material, the magnetoresistance
(MR) effect intrinsically originates from the spin-orbit
interaction between the spin-polarized current and the
magnetic moments [1,2]. Further studies on magnetic het-
erostructures with controllable magnetization have boosted
intriguing and application-oriented discoveries of giant
magnetoresistance and tunneling magnetoresistance effects
[3—6]. However, when there are inhomogeneities in
the magnetization direction, i.e., domain walls, distinct
transport processes occur correspondingly, giving rise to
various extrinsic anomalous MR [7—11]. Recently, exper-
imental studies have demonstrated that the presence of
a single domain wall leads to antisymmetric magnetore-
sistance in magnetic films with perpendicular anisotropy
[12—14]. This phenomenon is attributed to the extraor-
dinary Hall effect induced by circulating currents in the
vicinity of the single wall [15—18], where the domain
wall, current, and magnetization are mutually perpendic-
ular. However, this “single-wall” model is not applicable
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with respect to special criteria for subsequently emerging
antisymmetric MR in multidomain structures and in-plane
magnetized films [17,19-21]. Indeed, experimental studies
on clearly establishing the interplay between the anoma-
lous transport behaviors and particular magnetic domain
texture can better help to clarify the origin of the antisym-
metric anomaly.

Herein, we report that highly tunable domain-wall tilting
can result in antisymmetric MR in perpendicular magne-
tized multidomain textures. By applying a magnetic field
gradient, a spatially inhomogeneous magnetization dis-
tribution is realized in Co,Tb;_, films, leading to the
magnetoresistance anomaly. We show that the geometry
factor of the tilting domain walls governs the formation
of nonequilibrium currents, resulting in such anomalous
MR in the multidomain structure. The findings further pave
the way for designing controllable domain-wall electronic
devices.

II. EXPERIMENT

Ferrimagnetic Co,Tb;_, alloys exhibit excellent per-
pendicular magnetic anisotropy (PMA), and their magne-
tization reversal is primarily controlled by domain-wall
propagation [22,23]. Herein, we use CoggsTbg s as a

© 2022 American Physical Society
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model material to investigate the effect of inhomo-
geneous magnetization texture on its transport proper-
ties. The Pt(5 nm)/CoggsTbg 15(12 nm)/Pt(5 nm) films
are deposited on Si substrates by magnetron sputter-
ing. The CoggsTbg s film is prepared by cosputtering
Co and Tb targets with adjustable sputtering powers.
During film deposition, a metallic mask is used to
fabricate the Hall bar structure (width, 5 mm; length,
7 mm; arm width, 0.5 mm). The magnetic properties
of CoggsTbg s films are investigated by the magneto-
optic Kerr effect (MOKE). The transport measurements
are carried out on a physical property measurement
system (PPMS-9) and a Janis ST-300 cryostat, respec-
tively, where the magnetoresistance (AR/R,.(H =0) =
[Rix(H) — Ry (H = 0)]/[Rx(H = 0)]) and transverse
Hall resistance, Ry, are simultaneously measured. Using
an EVICO Kerr microscope, the magnetic domain struc-
tures are simultaneously characterized during magnetic
transport measurements. The magnetic field, H, is always
applied normal to the film.

I11. RESULTS AND DISCUSSION

First, we examine the influence of inhomogeneous mag-
netization on the transport properties of CoggsTbg 5. As
shown in the inset of Fig. 1(a), our custom-made elec-
tromagnets yield a heterogeneous field with homogeneity
below 500 ppm within a cylindrical region of 5 mm in

(@

FIG. 1. (a) Ry-H curves in nonuniform field. Left inset,
schematic of magnetoresistance measurement configuration. Off-
set distance is Ax =—13 mm. Right inset, enlarged views of
Ry-H and AR-H curves. (b) Asymmetric AR in nonuniform
field.

radius. Purposely, the Cogg5Tbg 15 Hall bar is fixed at an
offset position of Ax=—13 mm, the distance between
the centers of magnets and the Hall bar, far away from
the region of homogeneous field. As a result, the mag-
netic field applied at the A-B junction of the Hall bar
is actually smaller than that of the C-D junction. The
inhomogeneous gradient field directly leads to the slight
difference between Ry-H curves measured at A-B and C-D
electrode pairs around the saturation field [see the inset
of Fig. 1(a)], which is entirely different from the near-
zero AR obtained in uniform field (see Appendix A). The
inconsistency clearly indicates the occurrence of asyn-
chronous magnetization reversals in two Hall junctions.
On the other hand, the simultaneously measured mag-
netoresistance, AR, across electrodes 4 and C exhibits
obvious antisymmetric behavior [Fig. 1(b)]. The antisym-
metric AR-H curves display a negative peak at 930 Oe for
the ascending-field branch, and a positive peak at —930 Oe
for the descending-field branch. By contrast, AR measured
across electrodes B and D displays similar antisymmetry
but of opposite polarity [Fig. 1(b)]. By carefully compar-
ing AR and Ry [see the enlarged views in Fig. 1(a)], it
is clearly seen that, when AR reaches its maximum, the
magnetization of junction C-D is nearly saturated, and
the magnetization of junction 4-B has not yet occurred.
Therefore, the peculiar antisymmetric MR evidently stems
from the inhomogeneous magnetization process across two
Hall junctions, which is induced by the gradient magnetic
field. The antisymmetric MR driven by gradient field is
observed in various Hall bars with different film thick-
nesses, arm widths, and chemical components on different
substrates (see Appendix B), thus fully excluding the pos-
sibility that the anomalous MR comes from defects in Hall
bar structures.

The Hall bar is then delicately relocated at various offset
positions along the x axis to experience different mag-
netic field gradients. The MR across electrodes 4 and
C is measured accordingly, as shown in Fig. 2(a). The
negative MR peak of the ascending-field branch is grad-
ually reduced to zero when Ax changes from —13 to
0 mm, and subsequently reverses its sign as Ax changes
from 0 to 13 mm. Meanwhile, the positive MR peak of
the descending-field branch shows a similar evolution-
ary trend but of opposite sign. It is easily seen that the
MR measured under uniform field (Ax = 0) is kept nearly
zero, which is consistent with the PPMS measurements
(see Appendix A). The MR polarity reversal with respect
to offset position Ax obviously arises from the opposite
spatial distribution of the inhomogeneous gradient field
along the x axis. The values of average magnetoresis-
tance, MR, = [MR(H) — MR(—H)]/2, and the peak field
at which the MR reaches its maximum of the ascending-
field branch, H),, are derived and plotted as a function of
Ax, as shown in Fig. 2(b). While MR increases linearly
with Ax, Hj, remains almost unchanged. The enhanced
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FIG. 2. (a) Antisymmetric MR-H curves measured across
electrodes A4 and C at different offset positions, Ax. (b) Average
MR and peak field, H),, as a function of Ax.

magnetic field gradient apparently leads to a larger mag-
netoresistance. Thus, these results definitely demonstrate
that the antisymmetric MR is triggered by inhomogeneous
magnetization reversals across the Hall bar, which can be
effectively regulated by altering the inhomogeneous field
gradient.

The inhomogeneous magnetization distributions are
synchronously characterized by means of MOKE micro-
scopy during transport measurements. For the purpose of
reproducing the antisymmetric MR, the sample is inten-
tionally displaced away from the uniform-field region.
Figure 3 shows the domain images obtained at selected
fields in the ascending-field branch. It is noted that the
cross-shaped and wedge-shaped domain patterns appear
in the junctions and central-arm regions of the Hall bar,
respectively. In the descending-field branch, the domain-
pattern evolution exhibits a similar trend with opposite
magnetization (see Appendix C). More specifically, the
emergence of nonzero MR is closely correlated with the
asymmetric distribution of a multidomain texture, which
is manifested in the following aspects. (i) The overall area

of the unreversed cross-shaped domain (black) inside junc-
tion 4-B is generally smaller than that of junction C-D,
confirming asynchronized magnetization reversal of the
two junctions. (ii) In the central-arm region, the wedge-
shaped stripe domain with tilting domain walls gradually
retreats toward the C-D junction with increasing field until
it disappears. (iii) As MR reaches its maximum around
900 Oe, the completely reversed cross-shaped domain
within junction A-B contrasts strongly with the mostly
unreversed domain within junction C-D, while the tip
of the wedge-shaped domain shrinks toward the middle
of the center arm. Seemingly, both asynchronized mag-
netization reversal of two junctions and the asymmetric
wedge-domain texture in the central arm are associated
with the occurrence of antisymmetric MR. It should be
noted that these tilting-domain-wall patterns in the arm
region of the multiple-domain texture are observed in dif-
ferent samples with various film thickness and structure
(see Appendix B). Macroscopically, the inhomogeneous
domain texture across the Hall bar is mainly determined
by a number of factors. (a) The formation of cross-
shaped stripe-domain patterns in junction regions basically
stems from competition between shape and crystalline
anisotropic energy [24,25], and the field gradient leads
to different stripe widths. (b) In the arm region, strong
exchange coupling between the lateral stripe-domain tex-
ture and that of A-B and C-D junctions subsequently leads
to domain-wall tilting. (¢) With changing the field gradi-
ent, both geometrical restrictions on distinct stripe-domain
structures and their exactly matched interconnection result
in variation of the tilting geometry. However, the com-
plex distribution of gradient fields is difficult to accu-
rately measure, which severely hampers efforts to define
the observed domain patterns from the perspective of
micromagnetic simulation. Nevertheless, evolution of the
multidomain texture suggests that the single-wall model
and perpendicular-current-injection configuration are not
simply applicable in our experiment [12,13,16,18].

Based on the experimental domain textures, we cal-
culate the transport properties of the Hall bar, including
variation of the electrical potential, ¢, and current density,
j, with magnetic field. The current density, j, is deter-
mined by E = p; j, where the resistivity tensor, py, =
( Po :FpH>

*oun  Po
of magnetization, which is directly derived from repre-
sentative experimental domain data [see Figs. 4(a)—<4(d)].
The electrical potential, ¢, is related to E by E = —V.
The extra potential, ¢, and nonequilibrium current, §j,
caused by the multidomain texture can be defined as ¢ =
¢ — ¢ and 8j =j —j,, where ¢y and j, represent the
electrical potential and current achieved under saturation
magnetization, respectively [12,13,16,18].

Figures 4(a)-4(d) show the calculated distributions of
3¢ (background color) and §j (black arrows) of the Hall

, 1s determined by the spatial distribution
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bar with representative multidomain textures using the
commercial software COMSOL. To avoid confusion with
the distributions of §¢ and 4§j, the boundaries of the
reversed domain walls are simply outlined and superim-
posed. The nonequilibrium currents, §j, not only appear
around the cross-shaped domain in junction regions, but
also noticeably surround the tilting domain walls in the
central-arm region. The enlarged views show that the
magnitude of §j in the vicinity of tilting domain walls
increases with «, the angle between tilting domain walls.
Moreover, the variations of §¢ along the lateral edge of
the Hall bar are examined using four probes (V1—Vy),
see Fig. 4(e). Comparing the distributions of §¢ and §j
between different multidomain textures, we can establish
the following results. (i) A substantial drop of §¢ occurs
between probes V, and V3, indicating that the antisym-
metric MR is mainly determined by the variation of §¢
in the central-arm region. (ii) §¢ changes significantly in
the vicinity of tilting domain walls, revealing the dominant
role of tilting domain walls in the formation of antisym-
metric MR. (iii) With increasing magnetic field, the slope
of the 8¢ - x curve increases, in line with the enhance-
ment of MR [Fig. 4(f)]. Therefore, the variations of §¢
and §j affected by the domain-wall tilting turn out to be
crucial for the occurrence of antisymmetric MR, which
contrasts strongly with the special geometries required for
experimental observation of the anomalous MR and the
single-wall model [12—14,17,18].

To properly describe the effect of domain-wall tilting on
nonequilibrium current, we derive the following equation
by analytical and numerical calculations (see Appendix D

750

FIG. 3. Field dependence of
antisymmetric MR and simul-
taneously measured MOKE
images of domain patterns of the
Cog.g5Tbg 15 Hall bar at selected
fields.
1200 Oe
1 L 1
1500
for detailed calculations):
joRs OM, A
V x 8j = L0 g (1)
po  Ox

where R; is the Hall coefficient; M, and k are the mag-
netization and unit vector along the normal direction,
respectively. Equation (1) reveals that any variations of
perpendicular magnetization along the current direction,
i.e., tilting domain walls, will directly lead to the emer-
gence of nonequilibrium current §j. More specifically, §j
associated with tilting walls can be deduced as |§j] =~
2jo(pm/po) tan (a/2) (see Appendix D), where « is the
angle between tilting domain walls. It is obvious that
the geometry factor tan («/2) is a key parameter for the
generation of nonequilibrium currents, which is eventu-
ally determined by sample geometry, magnetic anisotropy
of films, and the magnetic field gradient in the present
study. Based on the derived distribution of §¢ and §j
[Figs. 4(a)y4(e)], we further compute MR between elec-
trodes 4 and B of the Hall bar. As shown in Fig. 4(f),
the calculated values of AR agree well with experimental
results. Thus, our results evidently indicate that the geom-
etry factor of tilting domain walls is essential to produce
antisymmetric MR, irrespective of whether the sample
contains single- or multiple-domain walls.

IV. CONCLUSION

Our experiments clearly demonstrate that inhomoge-
neous magnetization driven by a magnetic field gradi-
ent gives rise to highly tunable antisymmetric MR in
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FIG. 4. Distributions of d¢ and §j of the Hall bar with representative multidomain textures under different fields: (a) 900 Oe, (b)
915 Oe, (c) 930 Oe, and (d) 995 Oe. Background color (from red to blue on the scale bar of potential) represents the distribution
of 5¢. Black arrows represent nonequilibrium currents. Enlarged views of §j (x30) of selected regions are shown in the inset. (e)
Distributions of §¢ along lateral edge of the Hall bar at selected fields. Positions of potential probes are marked as V;, V>, V3, and Va.
(f) Experimental and calculated AR as a function of magnetic field.

Co,Tb;_, films. Delicate control of the magnetic field
gradients triggers the formation of inhomogeneous mag-
netization distribution across the magnetic Hall bar, which
makes it possible to tune the antisymmetric MR through
regulating the spatial heterogeneity of magnetization. This
technique, thus, can be extended to a broad class of fer-
romagnetic materials, for example, generating multiple-
domain walls in in-plane magnetized thin films to induce
anomalous transport behavior. Synchronous measurements
of the domain structure and transport properties help
to explicitly establish the interplay between anomalous
transport behavior and particular domain-wall geometries,
which is essential to construct a theoretical model and ana-
lyze antisymmetric MR. Finally, theoretical calculations
show that the induced nonequilibrium current is basi-
cally determined by the geometry factor of the tilting-wall
texture. Delicate control of MR by properly modulating
the geometric parameter demonstrated here provides an

insight into the single-domain-wall-based spin-transport
phenomenon.
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APPENDIX A: MAGNETIC AND TRANSPORT
PROPERTIES OF Coy35Th¢.1s UNDER UNIFORM
FIELDS

Under uniform magnetic fields, the magnetic and trans-
port properties of the CoggsTbp 15 Hall bar are measured
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FIG. 5. (a) MOKE hysteresis loop of Pt(5 nm)/Cogg5Tbg 5

(12 nm)/Pt(5 nm). (b) Hall resistance, Ry, and magnetoresistance
change, AR, in uniform magnetic field.

(Fig. 5). The MOKE hysteresis loop shows sharp mag-
netization reversals with a coercive field, H,, of around
900 Oe, indicating strong PMA of CoggsTbg.15 [26]. The
transport properties of the CoggsTbg 15 Hall bar are mea-
sured with a PPMS (magnetic field homogeneity <0.01%
over 5.5 cm on-axis). Compared with the MOKE hystere-
sis loop in Fig. 5(a), the Hall resistance, Ry, in Fig. 5(b)
shows a similar square shape and the same H., revealing
that Ry is proportional to magnetization along the field
direction. Meanwhile, the simultaneously measured mag-
netoresistance change, AR, is almost zero, resulting from
the current-perpendicular-to-magnetization configuration
inside magnetic domains and negligible domain-wall mag-
netoresistance [10,27].

APPENDIX B: ANTISYMMETRIC MR AND
DOMAIN PATTERNS OF DIFFERENT
STRUCTURES

To confirm that antisymmetric MR results from the
inhomogeneous magnetization distribution, instead of
defects, such as interface roughness, contract asymmetry,

and uniformity of the film, the Hall bar structures are fabri-
cated on different substrates with various film thicknesses,
sizes, and chemical components.

Figure 6 shows representative MR curves of various
Hall bars under an inhomogeneous gradient field, clearly
indicating that nonuniform magnetization of the Hall bar
commonly leads to the antisymmetric MR effect.

Simultaneously, we characterize the domain pattern of
Hall bar structures during transport measurements under an
inhomogeneous gradient field. Figure 7 depicts represen-
tative domain images of different samples, which exhibit
clearly tilting domain-wall patterns in the arm region of the
multiple-domain texture. Hence, these results doubtlessly
demonstrate that antisymmetric MR is closely related to
the inhomogeneous magnetization distribution rather than
defects in the Hall bars.

APPENDIX C: MAGNETIC DOMAIN EVOLUTION
IN DECREASING-FIELD BRANCH

We simultaneously measure the magnetic domain evo-
lution of the Hall bar in the descending-field branch under
a gradient magnetic field. As shown in Fig. 8, the cross-
shaped patterns and wedge-shaped feature with opposite
magnetization to that of the ascending-field branch (Fig. 3)
appear in the junctions and central-arm region, respec-
tively. Similar domain evolution with reversed magneti-
zation is clearly presented in the descending-field branch,
reconfirming that the emergence of asymmetric MR is
closely associated with the inhomogeneous distribution of
multidomain textures across the Hall bar structure.

APPENDIX D: CALCULATION OF
NONEQUILIBRIUM CURRENT DENSITY

In this section, we give details of our theoretical model,
showing that the multidomain texture containing tilting
domain walls can generally introduce the nonequilibrium
current distribution through analytical and numerical cal-
culations.

(a) 100} CoossTbo 1a(t)/PUAIOs (b) 1o[ CoiTbiAtyPysSi Con7sThozr FIG. 6. (a) Field depen-
| 4 ob dence of antisymmetric MR
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(a) Coo.87Tbo.13 (b)
Thickness: 12 nm, width: 0.5 mm

Coo.86Tho.14
Thickness: 8 nm, width: 0.5 mm

1. Tilting domain walls inducing nonequilibrium
current

We consider a thin magnetic film consisting of two
domains with opposite perpendicular magnetization sep-
arated by wedge-shaped domain walls (Fig. 9). The film is
in the x-y plane and the electric field is applied along the
length direction. The electrical field and current density are
coupled by Ohm’s law:

E = pys (DI)
where py| = ( 5 0 _p[()) " ) is the resistivity tensor of the
H

magnetic film. The current density tensor is taken to be

j= Jox + SJ." , where jio, and jo, are the uniform current
(% + 8.])’

(C) Co0.86Tho.14

FIG. 7. Typical MOKE
images of domain patterns
at specified fields of dif-
ferent Hall bar samples.
(a) Coog7Tbg 3, thickness:
12 nm, width: 0.5 mm
(b) C00<86Tb0_14, thickness:
8 nm, width: 0.5 mm.
(¢) CoogsTbg 14, thickness:
12 nm, width: 0.3 mm.

Thickness: 12 nm, width: 0.3 mm

components and §j, and §j, are the nonequilibrium current
components. Then, Eq. (D1) can be written as

E = Lo —PH ij + (ij
PH PO oy +3jy )
Then, the electrical field components E, and E), can be
expressed as

(D2)

(D3)
(D4)

Ey = poGox + &jx) — pu oy + 8jy),
Ey = pu(ox + &jx) + pO(iOy + 8]y)

Since the input current density is constant, the electrical
field, E_should satisfy the following conditions:

—0. (D5)

MR (arb. units)

FIG. 8. Field dependence
of asymmetric MR and
simultaneously measured
MOKE images of domain
patterns at specified fields
in descending-field branch.

® -1200 Oe

-750 0
H (Oe)

750 1500
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FIG. 9. Distribution  of
nonequilibrium currents in a
rectangular-shaped film with
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the integral path.

Substituting Eqgs. (D3) and (D4) into Eq. (D5) yields

dlpu ox + 8jx) + pooy + 8jy)]
ox
_0[poGox + 3jx) — pu oy + 8jy)]
= o '

(D6)

Considering py is constant and neglecting the second-order
terms, Eq. (D6) can be simplified as

oo _ (0%,
J Ty TV ay 0 oy ax |-

(D7)

By multiplying unit vector k on both sides, Eq. (D7) can
be rewritten in the form

. 9p . 9p .
Jor 2t +Joy—H k= —po(V x dj).
0x ay

(D8)
Considering that the uniform current, j,, flows along the x
direction, we have jo, = jo and jo, = 0. Equation (D8) can
be written as

ap

. H .
Jo——k = —po(V x 3j).

™ (DY)

In general, the Hall resistivity, py, in a ferromagnet is
defined as

pu = RoH + RsMz, (D10)
where Ry and Rg are the coefficients for the ordi-
nary and anomalous Hall effects, respectively. H is the
external magnetic field, and M, is the magnetization
along the film’s normal direction. Considering the fact
that the ordinary Hall resistivity is negligible compared
with the anomalous Hall resistivity in magnetic films with

strong perpendicular magnetic anisotropy, by substituting
Eq. (D10) into Eq. (D9), we get

JsRy M, -

V x8j=— k. (D11)

po Ox

The calculated result clearly reveals that the inhomoge-
neous distribution of perpendicular magnetization, My,
along the x direction, more specifically, the tilting domain
walls, gives rise to nonequilibrium current §j.

2. Geometry factors affecting nonequilibrium current

As shown in Fig. 9, the angle between the tilting domain
walls of the wedged domain is defined as «. Since the
Hall electrical field can be expressed as Ey = puj, =

(,0(3{ _gH) ng) = (gﬁj)a Eq. (D8) can be rewritten

as

dEm,  9Em \ «
T R =V x Ey. (D12)
0x ay

—po(V x 3j) = (
By choosing a box-loop integral (length, xq; width, y,) and
applying Stokes theorem to both sides of Eq. (D12), we

obtain
—,oofaj-dlszEH-dl.

Considering that the nonequilibrium current is only valid
near the upper edge of the tilting wall in the integral loop
and the Hall electrical field, £y, is along the y direction,
we get the following relations:

(D13)

,00)60|8j| = 2)(70 tan %EH = 2x0 tan %ijo. (D14)

Thus, the nonequilibrium current, |§j|, inside the integral
region can be expressed as

0 . a
18§ = 2jo(or/po) tan 5 (D15)

Therefore, the nonequilibrium current is dominated by the
geometry factor, tan («/2), which is determined jointly by
sample geometry, magnetic anisotropy of the film, and the
inhomogeneous field gradient in the real scenario.
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