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Field-induced evolution of magnetic textures in a spatially confined geometry is investigated by transport
and imaging techniques for a microfabricated thin plate of antiskyrmion-hosting ferromagnet (Fe, Ni, Pd);P.
Magnetic textures and accompanying transport characteristics show history-dependent evolution under the
magnetic fields. In the up-sweep of magnetic field for a metastable antiskyrmion state, the longitudinal and
Hall resistivity monotonously develop without conspicuous anomalies, due to the gradual shrinkage of the
topologically-protected antiskyrmions in size. On the other hand, a row of magnetic bubbles and/or a stripe
domain sequentially emerges one by one in a discretized manner upon decreasing magnetic field from the
field-polarized single domain state. This gives rise to contrasting behavior with the field-increasing process,
namely anomalous jumps in Hall resistivity at the several field values that are dictated by the sample and magnetic
texture sizes, over a broad temperature range. Micromagnetic simulations reproduce qualitative features of the
down-sweep process well, and also indicate the importance of the inherent small uniaxial magnetic anisotropy.
Our work demonstrates that such a microfabricated magnetic device with a comparable size of magnetic texture

may enable an electrical readout of magnetic states.
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I. INTRODUCTION

Ferromagnetic materials often form complex domain
structures to reduce magnetostatic energy at the cost of
domain-wall energy, and the shape and size of the domains
and domain walls are self-organized so that the total energy
including Zeeman energy may be minimized, depending on
many parameters, such as exchange interaction, magnetic
anisotropy, saturation magnetization, sample size and shape,
magnetic field, etc. The conventional domain patterns include
stripes and bubbles [1-3], the latter of which have recently
attracted renewed interest due to the intensive investigations
on topological magnetic textures [4—7], such as skyrmions
[8-10] and antiskyrmions [11,12].

Towards application of the magnetic textures for spintron-
ics, one crucial and fundamental issue is to understand how
they emerge and annihilate in a confined mesoscopic system
upon changing temperature and magnetic field and how the
emergence and annihilation are reflected in transport charac-
teristics [13]. In bulk ferromagnets with a huge number of
domains, field-induced change of the domain pattern is de-
tected transiently via the Faraday’s law, widely known as the
Barkhausen noise [14], but not by static probes with sufficient
sensitivity. As the sample size is reduced and becomes compa-
rable with the domain size, however, the change of magnetic
texture may manifest itself in transport characteristics, espe-
cially in the anomalous Hall effect. Elucidating how magnetic
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textures emerge and evolve in the reduced-size sample is an
intriguing issue for mesoscopic magnetism, yet to be fully
clarified.

We attempt to focus on the transport properties associ-
ated with the field-induced evolution of magnetic textures
for a mesoscopic sample of a ferromagnet with weak uni-
axial anisotropy, which may enhance the controllability of
magnetic texture. We investigate the transport properties,
whereas, comparing with the magnetic textures obtained by
magnetic force microscopy (MFM) imaging for a thin plate
of an antiskyrmion-hosting (Fe, Ni, Pd);P. The antiskyrmion,
which is composed of four Bloch-type domain walls and four
Néel-type walls at the intersections [Fig. 1(a)] [11,12,15-23],
is stabilized by the dipolar interaction [24] and anisotropic
Dzyaloshinskii-Moriya (DM) interaction [25,26] and was first
observed in Mn 4Pty 9Pdy 1 Sn with Dy, symmetry [11]. More
recently, (Fege3Nip30Pdgg7);P with S4 symmetry was also
found to host antiskyrmions [17]. In this paper, history-
dependent transport characteristics are found, depending on
the different magnetic textures. In a field-increasing process
for a metastable antiskyrmion state, longitudinal (py) and
Hall (pyx) resistivity both evolve gradually without any con-
spicuous jumps, whereas, in the field-decreasing process from
a fully polarized single-domain state, several discontinuous
jumps are observed in pyx and pyx. Such anomalous jumps
are ascribed to sequential emergence of a row of magnetic
bubbles and/or a stripe domain [Fig. 1(b)] with discretized
field intervals that are dictated by the relationship between the
size of emergent magnetic texture and sample width, namely,
the number of horizontal stripe domains present at zero field.

©2023 American Physical Society
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FIG. 1. Schematic of (a) antiskyrmion and (b) stripe domain
texture. Dashed lines in (a) show Néel wall parts of the antiskyrmion,
and A in (b) indicates the period of the stripe domains. (c) A scanning
electron microscope image of an (Fe, Ni, Pd);P thin plate fabricated
by the FIB milling; pink: (Fe, Ni, Pd);P, yellow: gold (Au) elec-
trode, and green: tungsten (W) pad. The colored scale bar represents
10 um. (d) Temperature dependence of the electrical resistivity of the
FIB-fabricated thin plate (solid curve) and of a bulk sample (dashed
curve). The inset is an enlarged view close to 7. (indicated by the
vertical line). (e) Magnetic-field dependence of Hall resistivity at se-
lected temperatures. The thick (thin) curves are the data for up-sweep
(down-sweep) processes of the magnetic field. (f) Magnetic phase
diagram determined from the Hall resistivity data. The open symbols
are the transition fields into a forced single-domain ferromagnetic
state. The inset is an enlarged view near 7. where the equilibrium
Ask expected from Lorentz TEM experiment [18] is shown.

II. EXPERIMENT

(Feo60Nig 32Pdg.08)3P single crystals were prepared by a
self-flux method as described in Ref. [27]. The chemical com-
position of bulk crystal and the thin plate used in this paper
was almost the same within the experimental error, which was
evaluated by using an energy dispersive x-ray spectroscopy.
From a bulk crystal piece, we fabricated a thin plate sample
with a Hall bar structure with 5x15x0.75 um? [Fig. 1(c)] by
using a focused ion beam (FIB) instrument (NB-5000, Hi-
tachi). The surface of the thin plate is perpendicular to [001],
and two sides are perpendicular to [110] and [110]. Gold
electrodes with 150-nm thickness were patterned on a Si sub-
strate by using a maskless ultraviolet photolithography system
(D-light-DL1000RS, Nano Sys. Solns.) and an electron-beam
heating evaporation system (EB-evap, Katagiri Eng.). The thin
plate sample was connected to the gold electrode pattern by
the evaporation of tungsten in the FIB instrument.

Resistivity measurements were conducted by using a Phys-
ical Property Measurement System (Quantum Design), and

the typical current density of 3x 10% A/m? was applied along
the [110] direction. Because of the stochastic feature of mag-
netic texture evolution in a microfabricated sample, we do not
perform symmetrization and antisymmetrization with respect
to £B for p and pyy, respectively. For pyy, only pyx (B = 0)
is subtracted from the raw data.

Imaging of the magnetic texture at ambient temperature
was performed by using the atomic force microscope (MFP-
3D, Asylum Research) and an MFM cantilever (MFMR, Nano
World). The lift height of an MFM cantilever was typically
50 nm above the sample surface. For the MFM measure-
ment under magnetic fields, a Nd-based permanent magnet
was attached under a Si substrate with the (Fe, Ni, Pd);P
thin plate (details are described in the Supplemental Material,
Section C-1 [28]).

III. RESULTS AND DISCUSIONS

The temperature dependence of the electrical resistivity of
the (Fe, Ni, Pd);P thin plate is almost the same as that of a
bulk sample as shown in Fig. 1(d), indicating that the fabri-
cation process using an FIB technique does not change the
sample characteristics. The magnetic transition temperature
T. is evaluated to be 367 K from an anomaly of resistivity
[the inset of Fig. 1(d)]. Figure 1(e) shows the magnetic-field
dependence of Hall resistivity pyx at different temperatures.
The pyx(B) is dominated by the anomalous Hall effect, i.e.,
the relation that pyx o¢ M almost holds. For the (Fe, Ni, Pd);P
thin plate with the thickness of 1 um, the period of the mag-
netic texture is determined to be A ~ 700 nm [17]. When the
quantum flux (h/e) of antiskyrmion forms a lattice with the
interval of A, the emergent magnetic field can be evaluated
as 8.4 mT. Therefore, the contribution of topological Hall
effect [4] is hardly discernible in the present sample due to
a small value of emergent magnetic field, whereas, reported
in other antiskyrmion-hosting materials [29-34]. Below T,
there is a clear hysteresis loop in pyx(B) near the magnetic
saturation field, whose magnitude increases with decreasing
temperature. A steep jump in pyy at the transition from the
field-polarized single-domain state indicates that a magnetic
texture suddenly appears in a discontinuous manner in the
down-sweep process, similar to previous observations in thin
films or thin plates [32,35-39].

From pyx data in the up-sweep process of the mag-
netic field, the saturation field is determined as presented
in Fig. 1(f). In the enlarged view (the inset), the thermody-
namic equilibrium antiskyrmion phase (Ask) expected from
the Lorentz transmission electron microscopy (TEM) exper-
iment [18] is depicted with a dotted encircling curve (see
Supplemental Material, Section A for details [28]). Only when
the temperature is decreased across the Ask phase under
By ~ 40 mT [By: the magnetic-field value of the field-cooling
(FC) process], the metastable antiskyrmions are anticipated to
persist in a wide range of the magnetic-phase diagram [18].

A. Magnetic textures that depend on the field-cooling process

We confirm that the magnetic texture in the (Fe, Ni, Pd);P
thin plate used in this paper changes, depending on FC
conditions [paths 1—4, Fig. 2(a)]. Figures 2(b)-2(e) are
MFM phase images captured at zero field and at ambient
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FIG. 2. (a) Paths 1—4 of the FC process performed before the MFM measurements are shown. The yellow-shaded region encircled by a
dotted line indicates the equilibrium antiskyrmion phase expected from the Lorentz TEM experiments [18]. The open symbols indicate the
transition fields into a forced single-domain ferromagnetic state. (7, By) is the starting point of a FC process; (Ty, By) = (385 K, 35 mT) for
path 1, (390 K, 0 mT) for path 2 (zero-field cooling), (385 K, 130 mT) for path 3, and (390 K, 35 mT) for path 4. For path 4, after the FC to
300 K, a magnetic field of By, (well above the saturation field) is once applied and removed, and then, an MFM image is captured at zero
magnetic field. (b)—(e) Magnetic texture images observed by the MFM measurements at zero field and at ambient temperature after the FC
processes 1—4 shown in (a). The blue scale bars represent 5 um. (f) The phase of an MFM signal (0) along the vertical axis (y axis) of the
sample plate indicated by a red line in (c). Electrodes for the transport measurements are indicated in panel (b) with light-green rectangles.

temperature after following the paths 1—4, respectively. The
image taken through the path 1 [Fig. 2(b)] exhibits a magnetic
texture qualitatively different from others. A squarelike lattice
structure is clearly seen at the left-hand side of the thin plate.
This suggests that the antiskyrmions with dipolar interaction
[24] are created by the FC process and subsist outside the
thermodynamic equilibrium phase. The number of observed
antiskyrmions in the thin plate becomes largest with the cool-
ing field By ~ 35 mT, being consistent with the result of the
Lorentz TEM experiment (see Supplemental Material, Sec-
tion A [28] and [18]). The emergence of antiskyrmions only
in a limited area of the sample [Fig. 2(b)] implies the effect
of some stress possibly acting on the thin plate and may also
arise from a rather slow cooling speed of ~0.1 K/s for a larger
rectangular sample as compared with the previous work [18].
For the paths 2 and 3, there are no antiskyrmion texture
discernible in the plate. A horizontal stripe texture is observed
for zero-field-cooling (ZFC) case [path 2, Fig. 2(c)], whereas
the direction of some stripes changes to vertical for the FC
case with By = 130 mT [path 3, Fig. 2(d)]. The competition
between the domain-wall energy and the demagnetization
energy in a mesoscopic system could change the most sta-
ble orientation of stripe texture under the magnetic field.
The anisotropy in the exchange coupling and DM interaction
might also slightly change in the FC process via the magne-
tostriction effect. A period of stripe texture in Fig. 2(c) is eval-
uated to be 439 £ 1 nm on average as shown in Fig. 2(f). There
are nine peaks and dip structures, which correspond to the nine
domains of up- and down-magnetization, respectively.

For path 4 [Fig. 2(e)], there is no antiskyrmion, whereas,
the horizontal stripe texture is dominant. This indicates
that the antiskyrmions once created by the FC process are
completely annihilated by a high magnetic field above the
saturation and do not recover at zero magnetic field after the
field down-sweep at 300 K.

B. Transport anomalies with sequential emergence
of stripe domain

Reflecting the difference in emergent magnetic textures
depending on the magnetic field and FC histories, pyx(B) in
the field-increasing process after the creation of metastable
antiskyrmions can exhibit different behavior from that in
the field-decreasing process from the field-polarized single-
domain ferromagnetic state. Figures 3(a) and 3(b) show the
magnetic-field dependence of longitudinal resistivity pyx (top
panel) and Hall resistivity p;x(z Pyx — aB, bottom panel) at
300 K measured after the FC and ZFC processes, respectively.
Here, the B-linear term is subtracted for the purpose of clarity
in Hall resistivity. For the FC process to create metastable
antiskyrmions, By = 35mT is applied. In Fig. 3(a), a hys-
teresis between up-sweep (bold curves) and down-sweep (thin
curves) of the magnetic field appears both in p, and ,o;x, and
the hysteresis is substantially enhanced as compared with the
result of ZFC process shown in Fig. 3(b).

In the up-sweep process after the FC, pxx and ,o;x gradu-
ally evolve with the magnetic field without any discontinuous
changes. By contrast, in the down-sweep process, an abrupt
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FIG. 3. Magnetic-field dependence of the electrical resistivity at 300 K after (a) a FC process with 35 mT and (b) a ZFC process. The
measurements are performed for exactly the same thin plate sample as probed by MFM. In the top and bottom panels, longitudinal resistivity

Pxx and Hall resistivity pyy are plotted, respectively, in which B-linear contribution in py, is subtracted for a clearer view; p;x = Pyx

— aB. The

bold and thin curves are the data of up- and down-sweep processes of the magnetic field, respectively. The magnetic-field values exhibiting
anomalous jumps in p;x are denoted as B, gown and B;(i = 1-4). In (a), the blue and green arrows indicate the magnetic field values where the

MFM images in Figs. 5(b)-5(d) and 5(f)-5(h) are acquired, respectively.

jump in p;x appears at the critical field (B. gown). as already
noted in Fig. 1(e). Then, with decreasing the magnetic field
furthermore, we find several smaller but clear jumps in pyx
at B; (i = 1-4), accompanied by peak or dip anomalies in
pxx- This qualitative difference between up-sweep and down-
sweep processes strongly indicates the existence of different
magnetic textures in both processes. The discernible jumps in
/o}’,x at B gown and B;(i = 1-3 - - - ) only appear in the thin plate
and not in a bulk sample. This suggests that the characteristic
size of magnetic texture comparable with the sample size is
relevant to the emergence of the anomalous jumps in p)/,x.

The magnetic textures at zero field after the similar
FC and after decreasing the field from the field-polarized
single-domain state are shown in Figs. 2(b) and 2(e), and
the Hall resistivity is monitored with the left-hand side
Hall probes as indicated in Fig. 2(b). The metastable anti-
skyrmions are formed on the left side of thin plate after the
FC process [Fig. 2(b)] and the horizontally running stripe
texture is observed after decreasing the field from the field-
polarized single-domain state [Fig. 2(e)]. Therefore, in the
up-sweep process, the carriers are expected to flow through
the metastable antiskyrmions created by the FC process. Due
to the topologically protected nature, the size of antiskyrmions
could gradually shrink (at least, up to some field value)
upon increasing the magnetic field, resulting in the absence
of discontinuous changes in py and p}’,x. Such a gradual
shrinkage of antiskyrmions has been observed in different
(Fe, Ni, Pd);P thin plates by the previous Lorentz TEM exper-
iments [18] (also see the Supplemental Material, Fig. S6 [28]).
By contrast, in the down-sweep process, the successive jumps
observed mainly in pj, suggest a discontinuous change in the
magnetic texture since pyx is dominated by the anomalous
term that represents the total magnetization of the measured
channel of the sample.

The transport data after the ZFC process shown in Fig. 3(b)
are also consistent with the working hypothesis of the evo-

lution of magnetic texture. Several jumps are found in p;x
both in the up-sweep and down-sweep measurements. The
magnetic texture after the ZFC process is confirmed to be
the stripe domains as shown in Fig. 2(c), similar to that after
the down-sweep process shown in Fig. 2(e). Therefore, the
observed jumps in p;x are likely to originate from the discon-
tinuous changes in the stripe texture pattern.

In Fig. 3, the jump in pj, always reduces its value upon de-
creasing the field, whereas, the polarity of the anomalies (peak
or dip) in pxx does not show apparent regularity. The negative
change of ,o;x reflects a decrease in total magnetization when
the magnetic texture changes. On the other hand, the sign of
the jump in pyx depends on the specific change in the detailed
topology and configuration of the magnetic domains at B; as
it perhaps arises from the scattering by the domain wall. This
may be the reason for the nonregular feature in the sign of the
Jump in o

To gain insights into the relationship between the transport
and the magnetic texture in the down-sweep process, the se-
quential jumps in p;x at the fields B, gown and B;(i = 1-3---)
are analyzed in detail. The magnitude of the jump in
p;x at B down, Apyx, is normalized by pyx(Bc down) and
plotted against temperature in Fig. 4(a) (The raw data
of pxx(B) and py(B) at selected temperatures are shown
in the Supplemental Material, Fig. S2 [28]). The value
of Apyx/pyx(Bedown) monotonically increases with decreas-
ing temperature, and approaches 1/9 towards absolute zero
temperature. The differences between B;(i = 1-3---) and
B..down» AB; = B¢ down — Bi’s, are also normalized and plotted
in Fig. 4(b). AB;/B; down for i = 1—4 gradually decreases
upon decreasing temperature with the same temperature co-
efficient. Most of the data well collapse on the solid lines in
Fig. 4(b) which pass through ix(1/9) at T, and (i—1)x(1/8)
at 0 K, suggesting a regular feature of the changes in the
magnetic texture pattern. Exceptionally, only AB;/Bc.down
increases again below 100 K as shown by the bold dashed
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FIG. 4. (a) Temperature dependence of the magnitude of the
jump in Hall resistivity at B. down, Apyx, normalized by the Hall
resistivity value in the single-domain ferromagnetic state. (b) Tem-
perature variation of the magnetic-field intervals between B; and
B, down, AB; = B, 4qown — B;. For the bold lines, see the text. With
decreasing temperature, the field B, gradually approaches B, gowns
and then turns to separate from B, gown below 100 K. Finally, close
to T = 0, B, almost merges to B;. (c) and (d) Schematics of py(B)
at T ~ 0 and T ~ T.. The difference of magnetic textures is repre-
sented as different colors.

line, possibly because nucleation of magnetic textures tends
to be more difficult at low temperatures (The MFM images
at low temperature are shown in the Supplemental Material,
Fig. S5 [28]).

On the basis of the results in Figs. 4(a) and 4(b), pyx with
the anomalous jumps in the down-sweep process is schemati-
cally drawn in Fig. 4(c) for T ~ 0K and Fig. 4(d) for T ~ T,
respectively. At T ~ 0, a large jump of (1/9) x pyx(Bc,down)
takes place at B, gown, and then smaller jumps occur with an
interval of (1/8) X Bc down, corresponding to nine steps in
total (although steps beyond B4 are not clearly discerned).
At T ~ T, the hysteresis at B. gown becomes significantly
small, and the tiny jumps in pyx take place with an interval of
(1/9) x Be down, suggesting that the interval also corresponds
to nine steps, independent of the temperature. As seen in the
analysis of the MFM image [Fig. 2(f)], the (Fe, Ni, Pd);P thin
plate used in this work exhibits nine horizontal stripes at zero
magnetic field after the ZFC process. Therefore, it can be
conjectured that the number of horizontally running stripe do-
mains changes sequentially at each B;, rather than continuous
expansion of the width of opposite-magnetization domains.

Despite a rather simple evolution process of magnetic tex-
ture pattern naturally expected for the confined geometry, to
the best of our knowledge, there has been no experimental
report of the discretized multiple step structures in anomalous
Hall resistivity (while discretized topological Hall resistivity
is observed upon changing the number of skyrmions in nanos-
tructured Hall bar devices [13]). As long as the discontinuous
jump in pyx at B, gown is concerned, there are similar cases in
thin-plate samples of uniaxial ferromagnets [32,38,39]. How-

ever, the magnetic texture just below B, gown totally depends
on each material: In Mn, 4PtSn [32,38], many straight stripe
domains suddenly appear all over the sample, whereas, a maze
pattern appears throughout the sample in Nd,Fe 4B [39].
These results are different from the working hypothesis for the
present (Fe, Ni, Pd);P thin-plate sample where the number of
horizontal rows of opposite magnetization domains increases
one by one below B, 4own- Such a sequential emergence of the
magnetic texture can be identified as schematically shown by
different colors in Figs. 4(c) and 4(d).

C. Evolution of magnetic texture under the magnetic field

For a direct observation of the evolution in magnetic tex-
tures, MFM images are captured for the (Fe, Ni, Pd);P thin
plate on a permanent magnet with use of a field up-sweep
and down-sweep protocols shown in Figs. 5(a) and 5(e). To
change the measurement field B,,, we use several permanent
magnets with different field intensities (see the Supplemen-
tal Material, Section C-1 for details [28]). Figures 5(b)-5(d)
show the MFM images with different B,,s in the up-sweep
process of the magnetic field. At B, = 190mT [Fig. 5(b)],
the antiskyrmion and stripe textures, respectively, emerge on
the left- and right-hand sides of the thin plate, similar to the
case of Fig. 2(b). With increasing B,,, the antiskymions remain
intact, whereas, the stripe texture is gradually replaced with
the dotlike antiskyrmion texture [Figs. 5(c) and 5(d)]. The
replacement from the stripe texture to antiskyrmion by apply-
ing the magnetic field has also been observed in the Heusler
compound [21,39,40] and predicted by calculations [41].

In the down-sweep protocols, dotlike magnetic textures are
observed in MFM image at B,, = 276 mT [Fig. 5(f)], whereas,
stripe domains are dominant over the whole surface of the thin
plate below B,, = 224 mT [Figs. 5(g) and 5(h)]. Importantly,
the number of the horizontally running magnetic textures
(bubbles or stripes) sequentially increases upon decreasing
the field. This is the experimental evidence supporting our
working hypothesis deduced from the sequential jumps in pyy.
The values of B,, shown in Fig. 5 are indicated by the blue
and green arrows in Fig. 3(a) for up-sweep and down-sweep
conditions, respectively. In the down sweep, B, of 276 mT
locates between By and B, exhibiting jumps in pyx. When the
first horizontally running line of magnetic texture appears at
B¢ down, and then the second one appears at Bj, the two lines
of the horizontally running texture are expected to exist at 276
mT, which is indeed confirmed in Fig. 5(f). For B,, of 224
and 203 mT just below Bs as indicated in Fig. 3(a), the four
lines of horizontally running texture are expected by a similar
argument. As expected, the fourth horizontally running stripe
domain develops from the bottom right of the thin plate in
Figs. 5(g) and 5(h). We confirm the sequential evolution of
the horizontally running stripe domains and magnetic bubbles
also in the up-sweep run after the ZFC process corresponding
with the bold curves in Fig. 3(b) as shown in the Supplemental
Materials, Fig. S4 [28].

The characteristic sequential emergence of magnetic
textures indicates that simultaneous nucleation of many
horizontal rows of domains is difficult to happen in the
microfabricated thin plate, probably due to the comparable
size between the thin plate and the magnetic textures as
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FIG. 5. (a) MFM experiment protocol for the up-sweep of the
magnetic field. The initial line with color gradation (from red to blue)
represents the FC process from above 7. to ambient temperature. By
is the magnitude of the magnetic field of the FC process by way of
the thermodynamic antiskyrmion phase region, B,, is magnitude of
the magnetic field for the MFM measurements as indicated as the
open circle, B, is the magnetic saturation field. The (Fe, Ni, Pd);P
thin plate was mounted on a permanent magnet after a FC pro-
cess with By = 35mT. After each MFM measurement at (b) 190,
(c) 208, and (d) 249 mT, the FC process was repeated, and the thin
plate was mounted on a different permanent magnet. In this protocol,
the antiskyrmion texture is observed as shown in Fig. 2(b), before
mounting on a permanent magnet. (¢) Experimental protocol for
MFM measurements in the down-sweep process of the magnetic
field. A magnetic field above B, was applied at ambient temper-
ature and then gradually decreased to B,, with a typical speed of
0.02 T/min. (f)—(h) The MFM images with different B,,’s; (f) 276,
(g) 224, and (h) 203 mT. The blue scale bars represent 3 um. The
contrast in the MFM images largely changes near the edge of the
thin plate due to a steep field gradient, which makes the magnetic
texture obscure to visualize. Therefore, we made calibrations along
the vertical direction for the MFM images (see the Supplemental
Material, Section C-1 for details [28]).

observed in Heusler compound [21] as well as to the position-
dependent demagnetizing field in the small sample plate [42].
Indeed, when the period of magnetic texture is decreased
by reducing the sample thickness, with keeping the lateral
dimensions of a thin plate, a series of discontinuous jumps in
pyx are still observed but become somewhat ambiguous due to
the reduced degree of the size matching (see the Supplemental
Material, Section F [28]).

D. Micromagnetic simulations

To obtain better understanding for the evolution of mag-
netic textures in the down-sweep process observed in Fig. 5,
we perform the micromagnetic simulation by using MuMax>

[43]. We use the following energy functional:
E(m) = / {A(Wﬁ)z + Dl7it - (B, X d,7) — it - (2, X dyiin)]
v

L oo M, o I
—K,(m-é,) _Tm.Bd — M - Bex ¢ dV,

where A is the exchange stiffness, m is the normalized
magnetization, D is the DM interaction constant, K, is uni-
axial anisotropy, €., . is the unit vector along the x, y, and
z directions, M, is the saturation magnetization, Ed is the
demagnetizing field, E’ext is the external field, and V is the vol-
ume of the thin plate. We take into account the anisotropic DM
interaction (D, = —D,), similar to Ref. [17]. The simulated
sample size is 2.25x0.75x0.075 um? with the open boundary
condition, which is approximately one order of magnitude
smaller in size than that used in experiments, whereas, keep-
ing the aspect ratio between the width and the length to
reduce the simulation time. The simulated sample volume
was discretized to 512x 128 x 16 cells. The parameters used in
the simulation are based on those experimentally evaluated in
the previous reports [17,27]; A = 8.1pJ/m, D = 0.2 mJ/mZ,
M, = 540kA/m, and K,, = 62kJ/m>. We note that K, is ex-
ceptionally set to be two times larger than the previous report
[17] to compensate the change in the demagnetization field.
The smaller ratio of thickness to the lateral dimensions gives
rise to an enhanced demagnetization field as compared with
that deduced from the experiments [27]. All magnetizations
are oriented along the z direction under the applied field of
1.0 T, and the field magnitude is gradually decreased. Then,
the system is relaxed at each field value to find a magnetiza-
tion arrangement with a local energy minimum.

The simulated magnetization curve and corresponding
magnetic textures with different external fields in the down-
sweep process are displayed in Figs. 6(a) and 6(b)-6(g),
respectively. With decreasing the magnetic field from the
single-domain ferromagnetic state, small in-plane magnetiza-
tion first appears [Fig. 6(b)], next several magnetic bubbles
forming a horizontal row emerge [Fig. 6(c)], and then the
second horizontal row appears with decreasing the magnetic
field [Fig. 6(d)]. Upon further decreasing the field, the mag-
netic bubbles transform into the stripe texture [Fig. 6(e)], and
the number of the horizontally running stripes increases again
[Figs. 6(f) and 6(g)]. Such an evolution of magnetic texture
during the field-decreasing process is qualitatively the same
as observed in the MFM images shown in Figs. 5(f)-5(h),
although full agreement in a quantitative level is not attained
due to the difference in the system size (and demagnetization
effect) between the experiment and the simulation.

We find that small uniaxial anisotropy in (Fe, Ni, Pd);P
could promote the sequential emergence of the magnetic tex-
tures. Emergent magnetic textures just below B, depending
on the value of the uniaxial anisotropy constant K,, are simu-
lated in Fig. 7, where K,, = (a) 31, (b) 68, and (c) 93 kJ/m3,
respectively. When K, is small, the demagnetization effect
becomes dominant and the in-plain magnetization domain
is created to reduce the dipolar energy upon decreasing the
magnetic field in Fig. 7(a). We note that just below B, a
small horizontal component of magnetization §M, emerges
at the center position of the thin plate at B = 0.55 T due to
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FIG. 6. (a) Simulated magnetization curve of a field down-sweep
process, and (b)—(g) the averaged magnetization along the thickness
direction at the selected magnetic fields below B, [dashed line in
(a)], pointed with the black arrows (b)—(g) in panel (a). The color
wheel and gray-scale bar [the inset to (a)] represent the orientation
of magnetization in (b)—(g).

position-dependent demagnetization effect [42]. This M, re-
mains even if K, is increased from 31 to 68kJ/m? as shown
in Fig. 7(b). In this case, due to a slightly large K,, the
in-plane domains become energetically unstable and dotlike
domains with perpendicular magnetizations start to emerge at
B =0.42T. The presence of 6M, at the center of thin plate

(b) «,=68ki/m3
B=045T

(a) k,=31k/m3
B=058T

(c) k,=93k/m? (d)
B=0365T

induces a horizontal straight line of magnetic bubbles, which
is similar to the experiment [Fig. 5(f)]. Fig. 7(d) represents the
magnetization orientation of a single magnetic bubble at B =
0.42T in the red square region of Fig. 7(b). This is a nontopo-
logical bubble with the in-plane component of magnetization
aligned to the horizontal direction, which is reasonable to
evolve from a small in-plane magnetization polarization éM,
at B = 0.43 T. When K, is increased furthermore to 93 kJ/m?3
shown in Fig. 7(c), M, is substantially suppressed. Therefore,
nontopological bubbles with horizontal in-plane component
of magnetization are not favorable, and the stripe domains
emerge.

The magnetic bubble itself is a fundamental magnetic
texture under moderately high magnetic fields [36], for
ferromagnets with an uniaxial anisotropy. However, for a
micrometer-scale thin plate, the position-dependent demagne-
tization effect has a strong influence on the type of emergent
magnetic texture. As is seen in the diagram of simulated
emergent magnetic textures as a function of K, [Fig. 7(e)], the
horizontally aligned magnetic bubbles appear in the limited
region of K, =45—85kJ/m>. In (Fe, Ni, Pd);P, magnetic
bubbles are induced by the demagnetization effect in such a
relatively small K, ferromagnet. In fact, K, of (Fe, Ni, Pd);P
is 27.9kJ/m? at room temperature [27], which is significantly
smaller than those of other uniaxial ferromagnets exhibit-
ing a discontinuous jump in pyx only at B. gown (Mnj4PtSn:
171kJ/m? [38], Nd,Fe 4B: 5000kJ/m?> [44]).

IV. CONCLUDING REMARKS

As a summary of the transport and MFM measurements,
and micromagnetic simulations, we schematically describe
the evolution of the magnetic textures in the microfabricated
thin plate of (Fe, Ni, Pd);P in Fig. 8. At first, the metastable
antiskyrmions prepared by the FC process (Ul) gradually

B=0.360T

B=0.355T

B=0.345T

L=

B=0.295T

50 60 70

1=

in-plain
domain

K, (ki/m3)

FIG. 7. Simulation results of the uniaxial anisotropy dependence. (a)—(c) Magnetic textures with different values of the magnetic field at
K, = (a) 31, (b) 68, and (c) 93kJ/m?>. (d) Magnetization orientation of a single magnetic texture at B = 0.42 T in the red square region of (b).
(e) Variation in the emergent magnetic texture just below B, as a function of K.
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FIG. 8. Schematic of the magnetic texture patterns in the
(Fe, Ni, Pd);P thin plate upon changing the magnetic field after a
FC process. U1—U3 are metastable antiskyrmion textures in the
up-sweep process of the magnetic field. S is the forced single-
domain ferromagnetic state, D1—D3 are the magnetic textures in
the down-sweep process of the magnetic field. Square, circular,
and rectangular symbols indicate the antiskyrmion, nontopological
bubble (or skyrmion) and stripe textures, respectively. The local
magnetization patterns of corresponding textures are also illustrated.

shrink in size with increasing the magnetic field (U2 and
U3). After the single-domain ferromagnetic state is attained
by applying the sufficiently high magnetic field above B, (S)
and then the magnetic field is decreased, a single horizontal
row of (anti)skyrmions or nontopological bubbles suddenly
appears at B, gown (D1). Upon decreasing the magnetic field
furthermore, the number of horizontal rows sequentially in-
creases one by one, and the magnetic bubbles transform to

the stripe texture (D2 and D3) as also demonstrated in the
Lorentz TEM measurement (see the Supplemental Material,
Fig. S7 [28]).

The gradual shrinkage of the topologically protected
metastable antiskyrmions in the field-increasing process gives
rise to rather gradual variation of transport properties (both
pxx and pyy) without discontinuous changes. By contrast,
the sequential emergence of horizontal row of the magnetic
bubbles or stripes in the field-decreasing process causes the
anomalous jumps in Hall resistivity at several magnetic fields
with discretized intervals that are governed by the relationship
between the sample width and the emergent stripe width,
namely, the number of horizontal stripe domains present at
zero field.

These characteristic features originate from the effect of
comparable size between the magnetic textures and the mi-
crofabricated thin plate in conjunction with the small uniaxial
anisotropy of this material. An important point is that such
an evolution of magnetic texture is identified by the electrical
probe, which can serve as a useful tool in spintronic applica-
tions.
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