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Microscopic understanding of magnetization switching via domain nucleation and/or domain-wall propaga-
tion is fundamental knowledge for developing magnetic and spintronic devices. Here, we explore the underlying
mechanism of the large coercivity of the magnetic Weyl semimetal Co3;Sn,S, thin films, which is roughly ten
times larger than that of Co3;Sn,S; bulk single crystal, by measuring Hall resistance in constricted wire devices.
The discretized steplike variations appear in the hysteresis loops of the Hall resistance in 0.6 pm wide and
narrower devices, indicating that the size of the reversed magnetic domain is comparable to the active area of
the Hall devices. By counting the number of discrete features, the average diameter of the reversed magnetic
domain is estimated to be 80 nm. Individually, the diameter of the reversed domain nucleus is evaluated to be
roughly 2 nm. Considering the difference in the diameters of the reversed magnetic domain and the reversed
domain nucleus, we ascribed the large coercivity of the Co;Sn,S, thin films to a large nucleation field owing to
the uniform crystallinity within grains and strong domain-wall pinning at grain boundaries specific to the thin
films. With the large nucleation field in the films, an engineering of the domain-wall pinning sites is a promising
approach to control the nucleation, manipulation, and detection of the single domain wall in Co3;Sn,S; thin-film

devices.

DOI: 10.1103/PhysRevMaterials.6.114203

I. INTRODUCTION

Magnetic Weyl semimetal (mWSM) is a new class of
topological materials exhibiting exotic magnetic responses
originating from a pair of Weyl points in the electronic struc-
ture [1-3]. Thanks to the contribution of Berry curvature at
the singular points, various giant magnetic responses emerge
such as a large anomalous Hall effect (AHE) [4—6], anomalous
Nernst effect (ANE) [7-14], and enhanced magneto-optical
responses [15,16]. At the boundary of magnetic domains of
mWSMs, chiral features of the two Weyl points are con-
nected across the domain wall (DW). In such a situation,
the emergence of a one-dimensional chiral channel at the
DW [17], anomalous magnetotransport with DW dynamics
[18-20], and efficient current-induced DW displacement [21]
have been theoretically proposed. For achieving such exotic
physical phenomena at the DW experimentally, it is critically
important to obtain fundamental knowledge on the magnetiza-
tion switching and the subsequent magnetic domain formation
with DW motion in mWSM thin films by fabricating a mi-
croscopic device and evaluating the magnetization switching
process in detail.

A cobalt shandite-type compound CozSn,S, [22] with a
two-dimensional kagome lattice of Co in its crystal struc-
ture [Fig. 1(a)] has been intensively studied owing to the
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half-metallic electronic structure [23] and the large perpen-
dicular magnetic anisotropy (PMA) with the coercivity uoH,
of roughly 0.3 T and the very large magnetic anisotropy field
woHa of roughly 20 T at 2 K, where 1 is permittivity in vac-
uum [5,24]. Co3Sn,S; has gained a renewed interest after the
discovery of the giant intrinsic AHE and ANE in the bulk sin-
gle crystals [4,5,10,12] that are the characteristics of mWSM
[25,26]. Magnetic domain and spin structure of the Co3Sn, S,
bulk single crystals have been fairly studied using spatially
resolved in situ measurements [27,28]. Under the zero-field
cooling across the Curie temperature T, the maze pattern
of magnetic domains with the linear-type DW was observed
resulting from the very large PMA [28]. In the magnetic field
sweep below T¢, the reversed magnetic domain is formed and
its size is estimated to be of the order of a few to hundreds of
micrometers [28,29]. The magnetization switching is driven
by the formation of the reversed magnetic domain and DW
propagation [29], which can explain the much smaller woH,
of 0.3 TatT = 2 K than ugHp of 20 T in bulk single crystals
[5,6]. Despite the well-understood magnetization switching
mechanism in the bulk crystals, that of the Co3Sn,S, thin
film remains elusive. Recent progress of the synthesis of the
Co3Sn;,S; thin films [30,31] has made it possible to investigate
the electrical transport and magnetic properties of the thin
films [32-34]. It has been revealed that the three characteristic
properties of a large AHE, PMA character, and large Hy of
about 20 T are maintained in the thin-film form [30,34]. The
distinct feature of the films is the large H. on the order of a few
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FIG. 1. (a) Crystal structure of Co3Sn,S,. The crystal structure was visualized using VESTA [58] (b) A scanning electron micrograph of
an electron-beam resist (dark region) patterned on an SiO,-capped Cos;Sn,S; thin film taken before the Ar ion milling. (c) Schematic of a
Co35n,S, Hall-bar device. A magnetic field H was applied perpendicular to the film plane. The separation of voltage probes is L and the
channel width is W. A diameter of the reversed magnetic domain is defined as d. (d), (e) Temperature dependences of (d) sheet resistance (Ryx)
and (e) Hall resistance (Ryy) measured at zero magnetic field after field cooling at uoH = 1 T. (f), (g) oH dependences of (f) Ry, and (g) Ry«
measured at 7 = 100 K for the Co3;Sn,S, Hall-bar devices with W = 1.0 (top), 0.6, 0.4, and 0.2 pm (bottom).

tesla regardless of the growth technique and substrate materi-
als [30,31,34], which suggests that the underlying mechanism
of the magnetization switching in the thin films is funda-
mentally different from that of the bulk single crystals. The
large H. is a great benefit for the DW devices based on thin
films with PMA because of the robust magnetization direction
against external disturbance. Thus, the understanding of the
mechanism of magnetization switching is inevitable for the
thermally stable operation of DW devices.

In thin-film devices with a large PMA, the magnetization
switching is generally governed by three possible mecha-
nisms depending on the size and the shape: (i) the coherent
or incoherent rotation without DW formation, (ii) sequential
formation of the reversed domain nucleus, or (iii) expansion
of the reversed magnetic domains with event overcoming
pinning sites, i.e., the DW propagation to pinning sites. The
thermal stability of a magnetic particle against the thermal
agitation kg7', with kg and T being the Boltzmann constant
and temperature, respectively, is evaluated by the energy E
under the magnetic field H, which is given by [35]

E= Eo(l - %)2 (1)

where
Ey = poHoM,V. 2

Here, Hy, M, and V are an intrinsic coercivity, saturation
magnetization, and volume of the particle, respectively. When
H reaches Hj, the E becomes zero and the magnetization
switches without thermal activation. Below, we discuss the
three magnetization switching mechanisms of the fully mag-
netized state along the perpendicular to the film plane. The
rotation mode generally appears when the size of devices is
smaller than the DW width, where the magnetization switches
without DW formation because the energy cost to form DW
is larger than the effective magnetic anisotropy energy. In
this mode, the Ej is given by uoHoMV = 2KV, with Keg
being an effective magnetic anisotropy energy. Thus, the mag-
netization switching through the coherent rotation occurs at
woH:. = noHy = 2K /M5 = oHa. When the device size is
larger than the DW width, H, is characterized by the nucle-
ation field (H,) required to introduce the reversed domain
nucleus with its volume Vj, and diameter of d,,, and/or by the
depinning field (H,) for the propagating DW [36,37]. When
H,, is larger than H, at all of the nucleation sites, nucleation
occurs at randomly distributed local defect sites, resulting in
the Hy becoming the nucleation field H,(< Hp). In this case,
magnetization in the whole area of the device switches by

114203-2



ELECTRICAL DETECTION OF DOMAIN EVOLUTION IN ...

PHYSICAL REVIEW MATERIALS 6, 114203 (2022)

sequential switching of the small reversed domain nuclei at
different sites and H, is characterized by the average value of
H,,. On the other hand, when the H,, is larger than the smallest
H, among the nucleation sites, the reversed domain nucleus
is formed at the weakest nucleation site with the smallest
Ey, and then the DW instantly propagates to the pinning site
with Hp, resulting in the formation of the reversed magnetic
domain with its diameter d > d,. The other nucleation sites
with larger H,, than H,, do not participate in the magnetization
switching in the area of d. In this case, the value of d should
be an inverse function of the density of the DW pinning sites.
The magnetization switching process has been investigated
by means of Lorentz microscope, magnetic force microscope,
and magneto-optic Kerr effect microscope [38—40], scanning
superconducting quantum interference device [41], and Hall-
effect magnetometry [42,43]. Among them, the Hall effect
magnetometry using AHE [44] is a simple technique with a
microstructured device, being sensitive to the local variation
of perpendicular magnetization of the ferromagnetic thin films
and applicable in a wide range of temperature. To elucidate
the microscopic mechanism of the magnetization switching
in the Co3Sn,S, thin film, the Hall-effect measurement in
the submicrometer-wide constricted devices is an effective
approach in particular for detecting the submicrometer-size
domains as it enables the observation of local variation of
magnetic domain and DW through the large AHE.

In this study, we measured the longitudinal (Ryx) and Hall
(Ryx) resistances upon changing the magnetic field (H) in
submicrometer-wide wire devices based on the Co3;Sn,S,
thin film with a thickness ¢+ = 40 nm to explore the mech-
anism of magnetization switching. In the wire devices with
a width of below 0.6 um, the discretized profiles emerge
in the hysteresis loops of Ry, which detect the local mag-
netization switching events accompanied with the formation
of the reversed domain nuclei and/or the DW propagation.
By counting the number of individual switching events in
Ry (H), the reversed magnetic domain diameter d is esti-
mated to be about 80 nm, which is much smaller than the
bulk value of a few to hundreds of micrometers [28,29]. In
contrast, the diameter of the reversed domain nucleus d,, and
the intrinsic nucleation field uoH, are estimated to be 2.4 nm
and 8.0 T, respectively, by considering the energy barrier
Ey = nwoH MV, = ,bLoHnMST[t(dz—")z required for formation of
the reversed domain nucleus [45]. Our findings suggest that
the large H, and strong pinning of the DW of the reversed
magnetic domain play a dominant role in the larger H, of the
Co3Sn, S, thin films than that of bulk crystals.

II. EXPERIMENTAL DETAILS

The Co3Sn, S, submicrometer-wide wire devices were fab-
ricated from a single film of SiO, cap/40 nm Co3Sn,S; on an
Al,O3 (0001) substrate grown by radio-frequency sputtering
[30,46]. Thickness of the Co3Sn,S, thin film was determined
by the thickness fringes of x-ray diffraction pattern around
Co3Sn,S; (0006) (see Supplemental Material, Fig. S1 [46]).
By using electron-beam lithography and Ar ion milling, the
widths W and length L of the wire devices were designed
to W =1.0, 0.6, 0.4, and 0.2 um and L = 3W, as shown

in Fig. 1(b). Electrical measurements were carried out by
standard lock-in technique with a modulation frequency of
13 Hz in a physical properties measurements system (Quan-
tum Design) equipped with a 9-T superconducting magnet. A
schematic of the Co3Sn,S, wire device is shown in Fig. 1(c),
which illustrates the local formation of reversed magnetic
domains with magnetizations directed downward when the
external perpendicular magnetic field H is swept from a posi-
tive saturation field to a negative value. The ensemble average
of the magnetic domains around the Hall probe with an area
of W2 can be detected as the AHE signal.

III. RESULTS AND DISCUSSION

Figures 1(d) and 1(e) show the temperature 7 dependence
of the R, and Ry, of the wire devices measured under poH =
0 T after field cooling at 1 T. The kink feature was observed
in Ry at 180 K, which reflects the Tc. The values of Ry
below the T¢ are not apparently different between all the wire
devices, and the anomalous Hall resistivity of the devices is
comparable to that of bulk crystals [5], indicating that the
lithography process induces negligibly small damages to the
electrical transport and magnetic properties. Figures 1(f) and
1(g) show uoH dependence of Ry, and Ry, respectively, at
T =100 K for the wire devices with W = 1.0 (top panel),
0.6, 0.4, and 0.2 um (bottom panel). Clear butterfly-shaped
hysteresis in Ry (H) and polarity change in Ry (H) were ob-
served at comparable magnetic field for all the devices, which
we defined as the coercivity H.. The asymmetric features and
negative magnetoresistance in Ry (H) may come from super-
position of the nonzero transverse resistance contribution due
to the alignment offset of the voltage probes. The peak ampli-
tude of the R, (H ) becomes more pronounced in the narrower
devices from about 2% of Ry (H = 0) for W = 1.0 pum to
about 5% for W = 0.2 pm. Although the butterfly-shaped
MR has rarely been discussed in the bulk Co3;Sn,S,, the
prominent butterfly hysteresis in the constricted device sug-
gests the increased contribution of DWs to Ryx(H ), which has
been discussed in thin-film devices of typical ferromagnetic
materials [47-49]. The Ryx(H) values for the wire devices
with W = 0.6, 0.4, and 0.2 pum exhibit stepwise profiles in
contrast to the rather smooth variation of Ry, (H) for W =
1.0 wum [top panel in Fig. 1(g)]. The discretized step be-
comes more remarkable for the smaller W, indicating that
the Ry, detects the subsequent formation of the reversed mag-
netic domain and/or depinning of the DWs in the constricted
geometry.

To estimate the size of the reversed magnetic domains d
formed in the wire devices from the discontinuous changes in
Ry in the H variation, the Ryx(H) measured on decreasing
H is differentiated. Figure 2(a) shows the poH dependence
of d(Ryx/R),)/d(1oH) and Ry, /R), (inset) for W = 0.2 um
at T =40 K on decreasing H. Here, Ry, /R(y)x stands for the
Hall resistance normalized by the remanent Ryy at poH =
0 T. The spike features denoted with black small lines in
d(Ryx /R(y)x) /d(uoH ) correspond to the steps in the discretized
Ryx /RSx (see inset). The identical plots in the magnified mag-
netic field range around magnetization reversal are shown in
Supplemental Material, Fig. S2 [46]. For example, individual
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FIG. 2. (a), (b) Normalized Hall resistance differentiated with the magnetic field d (R /RO )/d(uoH) vs poH data at T = 40 K for the

Co3Sn,S, wire devices with W =

(a) 0.2 pum and (b) 0.6 um. Insets show the correspondmg Ryx /R
with (a) and (b) measured at 7 = 150 K for the Co3;Sn,S, wire devices with W =

vs woH data. (c), (d) Same dataset
(¢) 0.2 pum and (d) 0 6 pm. (e) Schematics of the reversed

magnetic domain with its diameter d in the CozSn,S, wire devices with the channel width W. Red and blue areas represent the magnetic
domain with the magnetization oriented parallel and antiparallel to uoH, respectively. (f), (g) Number of switching events as a function of (f)
W and (g) T. Inset in (g) shows estimated d value as a function of 7 for W = 0.2 um.

eight spikes can be counted in Fig. 2(a), meaning that the
reversed magnetic domains with their diameter d are gen-
erated eight times in the Hall-probe area. The same set of
d(Ryx/R),)/d(iuoH) for the device with W = 0.6 um is
shown in Fig. 2(b). The spike features are more frequently
observed, indicating the increased number of local mag-
netization switching events in the wide area W2. In this
consideration, we assume that the size of d is independent
of W [45]. Although the stepwise Ryx(H) is less significant
at high temperature 7 = 150 K as shown in Figs. 2(c) and
2(d), the reduction of spike features in d(Ryx /R(y)x)/d (uoH)
indicates that multiple switching events simultaneously occur
in various areas at small H.

Figure 2(e) illustrates a possible scenario for the magne-
tization switching process in the active area W? in the wire
devices, based on the formation of the reversed magnetic
domain with d. When d is comparable to W, local variation
of the magnetization is dominant in the variation of Ryx(H).
The number of the steps observed in Ry (H) is regarded as
the number of local magnetization switching events N. When
we assume a constant nucleation density, N increases quadrat-
ically with the size of the Hall cross (N = density x W?2).
However, as the spike feature in d(Ryx/R);)/d(j1oH) has the
infinite peak width (AH) along the magnetic field, there is an
upper limit of the number of countable switching events. Here,
we define AH as the full width at half maximum of the spike
features in d (Ryx /R(y’x) /d(poH ), which ranges from 40 to 100
mT (see Supplemental Material, Fig. S3 [46]). Multiple gen-

erations of the reversed magnetic domains frequently occur
in large active areas, which are inevitably counted as a single
event of magnetization switching, leading to the saturation of
the nominal N characterized by AH at the large W. At the
condition of W much larger than d, the electrical detection
of the magnetic switching events by Hall probe is unavail-
able because Ryx(H) behaves like a smooth transition due
to small variation of Ry, at the individual switching events.
As shown in Fig. 2(f), we obtain the saturation behavior in
W > 0.6 um at T =40 K and 100 K. In the following, we
employed N at W = 0.2 and 0.4 um for estimation of d,
where the separation between the neighboring spike features
in d(Ryx /R(y)x)/d(;LOH ) is wide enough to assign each spike
as formation of a single reversed magnetic domain. Note that
the 40 K is the lowest temperature, at which we were able to
fully switch the magnetization of the CosSn,S, device using
the magnet of our apparatus. The increase of N with W from
W =0.2 to 0.4 pm suggests that individual magnetization
switching events occur at defect sites in the device rather than
edges of the device. Such a W dependence of N was not ob-
served at 7 = 150 and 175 K because thermal activation may
support the nucleation and/or DW propagation occurring at a
low magnetic field, resulting in sharp magnetization switching
around H, for W = 0.2 [Fig. 2(c)] and 0.6 um [Fig. 2(d)].
Figure 2(g) shows T dependence of N for different W. The
values of N for W = 0.4, 0.6, and 1.0 pm show the saturation
behavior below T = 100 K. Interestingly, the N for the wire
device with W = 0.2 pum is almost independent of 7' below
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FIG. 3. (a) Magnetic field dependence of the normalized Hall resistance Ry /RSX at T = 2 (purple), 40 (blue), 100 (green), 150 (orange),
and 175 K (red) for the 0.2-pum-wide Co3Sn, S, device. Black solid arrows indicate a sweep direction. (b) Contour plot of Ry /R(y)x as a function
of T and poH . The critical field H! and the coercivity H™™ denote the magnetic field when the first nucleation event occurs and when the Ryx
becomes zero, respectively. A green solid line denotes a fitting curve based on Eq. (3). (c) Schematic of thermal activation and magnetization
switching under the external magnetic field H. (d) Wire width W dependences of H! and H™™ at T = 40 K. Inset shows the magnetic field

difference AH, = H™" — H!.

150 K, reflecting no T variation of the density of nucleation
sites possessing H, smaller than H,, [50]. This fact may imply
that the magnetization switching events occur at the same nu-
cleation sites with the weakest magnetic anisotropy, although
all the measurements were performed after fully magnetized
process. Note that if the magnetization switching is governed
by the sweeping of the single DW, the value of N corresponds
to the number of pinning sites with the pinning energy larger
than kg7 and should decrease with increasing 7. The value
of d calculated by N assuming cylindrical reversed magnetic
domain in the device with W = 0.2 pm using the relation
W2/N = 7(d/2)* was about 80 nm, which is independent
of T up to T =150 K (see inset in Fig. 2(g)). This value
is comparable to the 90 nm in the 0.4 um device, which is
consistent with the monotonic increase behavior in Fig. 2(f).
In contrast, the d for the device with W = 0.6 and 1.0 pm is
roughly estimated to be 140 and 280 nm, respectively. These
large values of d reflect the area ratio of the reversed mag-
netic domains and W2, indicating that a nominally individual
magnetic switching event consists of simultaneous formation
of the multiple reversed magnetic domains with the certain
density. Our simple model, which introduces the cylindrical
domain representing the averaged area increase of the re-
versed magnetic domain, is applicable for both subsequential
formation of the magnetic domain nuclei and DW expansion,

and a single DW propagation across the active area of the Hall
device.

Figure 3(a) shows the poH dependences of Ryx /RgX for
the wire device with W = 0.2 um at T = 2, 40, 100, 150,
and 175 K. We define the critical field H! and a coercivity
H™", where the first switching event occurs and the Ryx
becomes zero, respectively, on decreasing H from a positive
saturation field. Although complete magnetization switching
is not achieved in our apparatus at 7 = 2 K, the H! and
H™" can be obtained by the measurement from the pos-
itive saturation condition after field cooling. At T =40 K,
the switching events sharply occur at each step of Ry (H)
in a wide range of magnetic field from H! of about —5 T
to saturation field of around —8 T. These sharp steps are
indicative of formation of the reversed magnetic domain at
nucleation sites with the largely different H,. The reversed
magnetic domains do not enlarge progressively due to the
strong pinning sites. The H! of about —1 T at 150 K is
much larger than that of the bulk crystals, which reflects the
specific mechanism of the nucleation and DW pinning in thin
films. Figure 3(b) illustrates temperature evolution of H! and
H™", both of which increase with decreasing 7', indicating
that magnetization switching takes place through the thermal
activation mechanism [Fig. 3(c)]. At H = Hcl, the reversed
domain nucleus is formed at the site with the lowest energy
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barrier. Under the continuous sweeping of the external mag-
netic field, H! in the nucleation-type mechanism is given by
the following equation [51]:

1/2
HC':HH{1—|:kB—T1n(fO—I) ]} 3
E() In2

where f; is the attempt frequency (assumed to be 1 x 10° Hz).
The elapsed time 7 to reach H! was calculated by the sweep
rate of 10 mT/s. The H, is an intrinsic nucleation field at
zero temperature and Ey = poH,MV,. Temperature depen-
dence of H! is well fitted based on Eq. (3) using H, and
Vi as free parameters, providing that yuoH, = 8.0 T and V;, =
1.8 x 10*> nm? [green solid line in Fig. 3(b)]. The value of
WoH, is smaller than uoHa of the thin films (18 T at 100 K
[34]), which is consistent with the nucleation-type mechanism
[either (ii) or (iii)]. The thermal stability Eo/kgT of the re-
versed domain nucleus for the wire device with W = 0.2 um
was obtained as 200 at 7 =40 K and 20 at 175 K. The
rather high thermal stability in the vicinity of T¢ is consistent
with the high PMA character of Co3;Sn;S, with the superior
remanent magnetization remaining even at high temperature
[34]. Assuming a cylindrical shape for the reversed domain
nucleus [d, = 2(V, /m)l/ 2], its diameter d,, was calculated to
be 2.4 nm, which was only 3% of d determined in Fig. 2
and comparable to the domain-wall width, which is esti-
mated as a few nanometers in the Co3Sn,S, bulk crystal by
neutron-scattering experiments [28]. Considering the much
smaller value of d;, than the diameter of the reversed magnetic
domain d for the wire device with W = 0.2 um, the DW
propagation mechanism is likely to be dominant in the device
[mechanism (iii)]. The device size dependence of Hcl remains
almost constant at roughly 5 T at T =40 K [Fig. 3(d)],
which supports our assumption that H! corresponds to H,.
No size dependence of H! reflects the intrinsic origin in
the magnetization switching process in the CoszSn,S, film. If
concomitant formation of the multiple small reversed domain
nuclei [mechanism (ii)] plays a role, the W dependence of
nominal N may not be detected in the investigated range of the
W as the area ratio of the sum of multiple reversed magnetic
nuclei and W? should be constant.

The estimated d and d,, of the Co3;Sn,S, wire device with
W =0.2 pumatT = 40 K are plotted in Fig. 4. These values
of the Co3Sn,S, wire device are compared with those of
pillar-shaped devices with typical PMA ferromagnetic metal
[37,45,52,53] and oxide (La,Sr)MnOj thin films [54] at room
temperature, and magnetic semiconductor (Ga,Mn)As thin-
film device at T = 80 K [55]. The values of d in CoFeB
and CoPd are nearly the same as the d,, suggesting that
the DW propagation is suppressed by a strong DW pinning.
In contrast, the value of d for (Ga,Mn)As is two orders
of magnitude larger than d,. It has been reported that the
DW propagates through the energy-barrier landscape of the
randomly distributed pinning sites [56,57]. In the Co3Sn,S;
bulk single crystal, the reversed magnetic domains with a
diameter of a few to hundreds of micrometers are reported
[28,29], which is much larger than reversed domain nucleus
(Va ~ 2.5 x 10° nm? if estimated from an energy barrier for
domain nucleation Ey/kg = 3000 K). This fact is consistent
with the DW propagation mechanism. The fact that the d

10° T
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;10 > (La,Sr)Mn03D CoPd
Di:‘ 2
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108} 3
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FIG. 4. Estimated diameters of the reversed magnetic domain vs
those of the reversed domain nucleus in the Co3Sn,S, wire devices
(red star) compared with a variety of magnetic thin films including
perpendicular magnetized (Ga,Mn)As (purple) [55], Co/Pt multi-
layer and alloy (yellow) [45,53], CoPd alloy (blue) [37], and CoFeB
(red square) [52], and in-plane magnetized (La,Sr)MnO; (green)
[54]. Inset shows a schematic of the magnetic domain evolution after
the formation of the reversed magnetic nucleus in a single-crystalline
grain.

value of the Co3Sn,S, wire devices is one or two orders of
magnitude larger than d, points out that the magnetization
switching is governed by the DW propagation [mechanism
(>iii1)]. However, d ~ 80 nm in the wire devices is more than
two orders of magnitude smaller than bulk value, which re-
calls the specific nucleation and pinning mechanism in thin
films.

Finally, we discuss possible origins of the large nucle-
ation field and strong pinning in the Cos3Sn,S; device. In
the mechanism (iii), the reversed domain nucleus is formed
at the weakest nucleation site possessing the smallest H,,
and the DW propagates within the area of d as schematically
shown in the inset of Fig. 4. The nucleation field H, is strongly
reduced from Hp if a point defect of the crystallinity or inho-
mogeneity of M is present. According to the analysis based
on Eq. (3), the intrinsic A, in the wire devices remains to be as
large as 8.0 T, which is reduced by only about half of Ha. The
large H, suggests the relatively homogeneous crystallinity of
the Co3Sn,S, thin film within the area characterized by d.
The reversed magnetic domain with its diameter d is char-
acterized by the DW pinning. The pinning sites may be the
random point defects, crystal grain boundaries, or epitaxial
strain inherent in thin films. Judging from the value of d
being comparable to the size of crystalline grain (~ 10 nm
in diameter) reported in the very thin-film (~ 2.7 nm in thick-
ness) condition [33], the boundaries of slightly misoriented
crystalline grains and thus, crystalline PMA, may be one of
the feasible sources of pinning sites. In contrast, the bulk
single crystal exhibits poH, ~ 0.3 T with a sharp switching
[5,24], probably because the reversed domain nuclei emerge
at point defects and the DWs instantly propagate through
the whole single-crystalline sample. Concomitant realization
of the large nucleation field H, and depinning field H, in
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Co3Sn,S; thin films may be a scenario for explaining the
enhanced coercivity. A large H, is a great benefit for the DW
devices aiming at current-induced phenomena as it makes
the magnetization and the DWs to be robust against thermal
agitation and Oersted field inherent to the electric current.
Enlargement of reversed magnetic domain is preferable for
observing and understanding of physical properties of the
well-regulated single DW. The crystalline grains and thus,
the reversed magnetic domain, may be further enlarged while
maintaining uniform crystallinity, which would lead to obser-
vation of the exotic physical properties emerging at the single
DW of CO3SH2$2 films.

IV. SUMMARY

In summary, the mechanism of the large H. in the
Co3Sn,S; thin film was investigated by evaluating the nucle-
ation field and diameters of the reversed magnetic domain
and comparing reversed domain nucleus in the Co3Sn;S;
constricted wire devices. From discretized Ryx(H ) in the wire

device with W = 0.2 pum, the reversed magnetic domain
size is estimated to be 80 nm, which is one or two orders
of magnitude larger than the reversed domain nucleus and
much smaller than that reported in bulk single crystal. Our
finding is suggestive evidence that the large H. in thin-film
form is dominated by the large nucleation field and strong
pinning of the DW propagation. Concomitant realization of
the large magnetic domain and the large H, can be anticipated
by engineering grain boundary, which would enable the ob-
servation of intriguing phenomena occurring at a single DW
in the Co3Sn, S, thin-film devices.
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