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We investigate magnetization-reversal processes in half-metallic epitaxial films
of Laoe7Sro33sMnO3 on SrTiO; (110) substrates. At 150 K, major-loop
magnetization reversal (MLMR) occurs beyond minor-loop switching fields,
implying that MLMR is limited by domain nucleation. At 280 K, MLMR overlaps
with minor-loop switching fields if there are deliberately introduced precipitates,
implying that the precipitates limit MLMR by pinning domain walls. To confirm
that the precipitates pin domain walls at 280 K, we use a two-dimensional
analogue of the Gaunt pinning model to show that pinning-limited switching
occurs at fields consistent with the observed precipitate density of 0.3-2.0 um™.
Our work demonstrates that comparing major and minor loops at any temperature
of interest represents a simple way to check whether spintronic electrode materials
show nucleation-limited MLMR, as circumstantially required for single-domain
switching in micron-scale elements of Lao.67S10.33MnO; that represent spintronic

electrodes [Phys. Rev. Appl. 4, 064004 (2015)].

I. INTRODUCTION

Spintronic devices exploit the spin of the electron to store and process information. They
currently include commercial magnetic sensors [1] and magnetoresistive random-access
memory (MRAM) [2], and may in future include devices that integrate memory and logic [3-5].
Good spintronic performance depends on the performance of the magnetic electrodes, whose
parallel and antiparallel magnetizations yield low and high states of two-terminal electrical
resistance, respectively. The ferromagnetic perovskite Lage7Sr033MnO3 (LSMO) is a
particularly attractive spintronic electrode because it is fully spin polarized at low temperature,

and has thus been used in magnetic tunnel junctions [6-12], molecular spintronic devices



[13-14], and long-distance spin transport through carbon nanotubes [15] and graphene [16].
However, the large low-temperature magnetoresistance (MR) in these devices tends to
deteriorate at higher temperatures, falling to zero well below the Curie temperature of
Tc ~370 K. This fall is traditionally associated with the suppression of 7¢ at interfaces and
surfaces [17-19], but hitherto it has not been widely appreciated that this fall can also arise if
magnetization reversal no longer proceeds by sharp switching at higher temperatures [20]. Here
we show that for any given temperature below 7c, macroscopic magnetization data for
unpatterned films (with and without precipitates) can—and should—be used to identify
magnetization-reversal processes in order to predict whether patterned elements will display

the single-domain switching required of spintronic electrodes.

It is well known in the context of permanent magnets [21] that magnetic switching is affected
by both magnetic anisotropy and microstructure. In small and microstructurally homogeneous
samples, magnetization reversal occurs via coherent rotation and curling processes that are
primarily parameterised by magnetic anisotropy alone. In large samples, magnetization
reversal requires nucleation of domains at surfaces and defects, as well as depinning of domain
walls (DWs) that then propagate, such that the coercive field H. is determined by the field
required for nucleation or depinning, whichever is larger. In traditional hard magnets such as
Nd-Fe-B [22] and Sm-Co [23-24], whose complex microstructures are designed to increase
coercivity, the dominant magnetization-reversal mechanism is typically difficult to establish
because it involves temperature-dependent transitions between nucleation-limited regimes and
pinning-limited regimes [22-24]. Intriguingly, no such regimes have been identified in epitaxial

thin films of the well known spintronic electrode material LSMO [6-16].

Magnetization reversal that involves nucleation and/or pinning has previously been identified
in films of LSMO (110) and LSMO (001) by measuring the angular dependence of major-loop
coercivity [25-26] (we index LSMO films as pseudocubic throughout this paper). However,
nucleation-limited processes could not be distinguished from pinning-limited processes, and
the measurements were performed at room temperature only. Here we use
precipitate-containing epitaxial films of LSMO (110) to show that comparing major and minor
easy-axis magnetic hysteresis loops [20,31] can distinguish nucleation-limited MLMR at
150 K from pinning-limited MLMR at 280 K. Our findings reveal that precipitates confer
complexity on epitaxial films, just as microstructure confers complexity on permanent magnets
[22-24]. We chose LSMO (110) over LSMO (001) because it is known from magnetic imaging
that sufficiently small (5 um x 5 um) elements of precipitate-free LSMO films at 150 K show
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nucleation-limited single-domain magnetization reversal if (110) oriented, and pinning-limited
gradual magnetization reversal if (001) oriented [16,20]. Therefore LSMO (110) constitutes a
suitable host in which to introduce temperature-dependent magnetization-reversal processes
via precipitates, whose role we confirm using a 2D Gaunt pinning model that we derive from

the 3D Gaunt pinning model [27].

The thermally driven transition from nucleation-limited MLMR to pinning-limited MLMR
represents a hitherto neglected reason for poor spintronic performance. More generally,
magnetization reversal processes identified at one temperature cannot be assumed to hold at
other temperatures, such that magnetization-reversal processes should be tested at any given
temperature of interest. Our work on continuous films of LSMO (110) shows that comparison
of major and minor easy-axis magnetic hysteresis loops represents a simple way of checking
whether magnetisation reversal is nucleation-limited, as required to anticipate single-domain

magnetic switching in patterned elements such as spintronic electrodes.

II. METHODS

A. Experimental methods

Epitaxial films of LSMO (110) were grown on STO (110) by pulsed laser deposition as
described in [17]. Two equivalent films [Film A (65 nm) and Film B (69 nm), Figs 1-3] were
prepared along with a third sample [Film C (34 nm), Fig. 4] that was precipitate-free because
we used an aperture to crop the inhomogeneous periphery of the laser beam [28]. Film C was
thinner because we did not increase the number of laser pulses after cropping the beam, as
increasing the number of pulses would have unduly compromised the LSMO target. However,
the thinner film is equivalent to the thicker films both structurally and magnetically. Structural
equivalence follows because even the thicker films are coherently strained (Fig. 1). Magnetic
equivalence follows because even the thinner film is just thick enough to contain Bloch-like
magnetic domain walls, as verified using micromagnetic simulations that are similar to those

we show later.

Atomic force microscopy (AFM) was performed using a Digital Instruments Nanoscope (III).
Film thickness, crystal structure and strain were studied using a PANalytical PW3050/65
X’Pert Pro high-resolution X-ray diffractometer. Magnetic measurements were made with a

Princeton MicroMag 390 vibrating sample magnetometer (VSM). Prior to measuring minor
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loops, LSMO films were demagnetized either by heating to 150 °C in air, or by applying an

a.c. magnetic field whose magnitude was decreased by 1% per cycle.

B. Micromagnetic simulations

We use the OOMMF micromagnetic package [29] for simulations that are similar to those
detailed in our previous work [20], except here we model infinite strips of width 1 um with
periodic boundary conditions that are implemented using the method described in [30]. The
1 um strip width is much larger than our 34-65 nm film thickness, such that the aspect ratio of

our unpatterned LSMO (110) films is represented sufficiently well. We use a cubic mesh whose

4 nm cell is similar to the LSMO exchange length f2A/,u0MS2 =3.9 nm (uo is the permeability

of free space). We use parameters (exchange constant A, saturation magnetisation Ms, in-plane
uniaxial magnetic anisotropy constant Kip) whose values are listed in Table 1 for each
temperature of interest (150 K and 280 K), and we use out-of-plane anisotropy constant

Koor = 5.5 Kir (Appendix B).

ITII. RESULTS AND DISCUSSION

A. Structural data and magnetometry
First, we present structural and magnetic data for the two equivalent films that contain
precipitates (Film A and Film B, Figs 1-3). Then we present structural and magnetic data for

the film that contains no precipitates (Film C, Fig. 4).

AFM measurements of surface topography (Fig. 1a) reveal a film roughness of 0.1 nm and
precipitates of width # ~ 100 nm, height ~ 4 nm, and areal density p ~ 0.7 pm™. Six similar
measurements of different areas show that p varies in the range 0.3-2.0 um™. An X-ray ©-20
scan that includes the 220 reflection of the STO substrate (Fig. 1b) was used to evaluate an
out-of-plane LSMO lattice parameter of 5.455 A. This lattice parameter is consistent with the
value in [25], and it is smaller than the value of 5.465 A for bulk LSMO because the epitaxial

film is under coherent in-plane biaxial tensile strain (Fig. 1c,d).
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Figure 1. LSMO film characterization. (a) AFM image. (b) X-ray diffraction
®-26 scan of LSMO//STO (black) showing the 220 reflection from the STO
substrate (tallest peak) and the corresponding reflection from film (second-tallest
peak, somewhat obscured by red fit data). Our fit (red) to the film data gives a film
thickness of # = 65 nm. (c,d) X-ray reciprocal space maps around the (c) 130 and
(d) 222 reflections of LSMO confirm that the film is fully strained. Reciprocal
lattice units gip and goop correspond to inverse lattice spacings along the in-plane
(IP) and out-of-plane (OOP) directions, / denotes X-ray intensity. Data in (a,b) for
Film A of thickness 65 nm, data in (c,d) for Film B of thickness 69 nm.



Epitaxial LSMO (110) films on STO (110) substrates possess an in-plane easy axis along the
in-plane <100> direction, while the orthogonal in-plane and out-of-plane <110> directions are
hard [28]. Fig. 2 presents a 280 K plot of the in-plane hard-axis magnetization M versus applied
field H. The constant that describes the in-plane uniaxial magnetic anisotropy
Kip(280 K) = 4200 ] m was determined from the data in Fig. 2 using the Stoner-Wohlfarth
(SW) model [31]:

M )

K, o HMH (Equation 1)

where M/H was determined via a linear fit (red) to the data acquired during coherent rotation,
and where saturation magnetization Ms(280 K) = 1.86 ug Mn™!. The corresponding values at

150 K are My(150 K) =3.23 ug Mn! and Kip(150 K) ~ 27800 J m™ (Appendix A).

280 K

Kip = 4200 J m3 |

-200 -160 ol 1(;0 200
HoH (mT)
Figure 2. In-plane hard-axis LSMO magnetization at 280 K. Magnetization M
versus collinear field H, with saturation magnetization Ms=1.86 ug Mn!. The
constant Kip describing the in-plane uniaxial magnetic anisotropy was identified
from the fit (red line) via Equation 1. Data for Film B, measured along the <110>

direction that lies in-plane.



Magnetization reversal at 150 K and 280 K was studied at each temperature by comparing
minor (black) and major (red) in-plane easy-axis hysteresis loops (Fig. 3a,b). The minor loops
were measured by increasing the amplitude of the field in each consecutive cycle after having
first demagnetized the sample to create domains, such that minor-loop switching is limited by
DW depinning at pinning fields of £H,. At 150 K, MLMR occurs beyond the range of pinning
fields £H, identified from minor loops, and thus the major-loop switching fields are deduced
to be nucleation fields £H, (|Hn| > |Hp| implies nucleation-limited MLMR). At 280 K, MLMR
occurs at fields that are similar to the range of pinning fields H, identified from minor loops,
and thus the major-loop switching fields are deduced to be pinning fields +H, that lie beyond
unobserved nucleation fields +H, (|Hy| < |Hp| implies pinning-limited MLMR). Increasing the
temperature from 150 K to 280 K thus induces a transition from nucleation-limited MLMR to

pinning-limited MLMR.
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Figure 3. Transition from pinning-limited MLMR to nucleation-limited
MLMR in LSMO (110). At (a) 150 K and (b) 280 K, we show in-plane easy-axis
measurements of magnetization M versus field H. Major loops (red) are
accompanied by minor loops (black) for which the film was demagnetized prior to
increasing field amplitude in each consecutive cycle. In (a), po|Hp| ~ 0.24-1.28 mT
(minor loops) is less than wo|Hs| ~ 1.4 mT (major loop), so MLMR (red) is
nucleation limited. In (b), wo|Hp| ~0.17-0.71 mT (minor loops) has some overlap
with uo|Hp| ~ 0.32-0.8 mT (major loop), so MLMR (red) is pinning limited. Data

for Film A, measured out to 100mT along the <100> direction that lies in-plane.



Let us now consider room-temperature magnetization reversal in our film with no precipitates
(Fig. 4a) by comparing minor (black) and major (red) in-plane easy-axis hysteresis loops
(Fig. 4b). MLMR (red data, Fig. 4b) occurs at fields that lie almost wholly beyond the range of
pinning fields +H, identified from minor loops (black data, Fig. 4b), and thus the major-loop
switching fields are deduced to be nucleation fields £Hy, such that MLMR in the precipitate-
free film remains nucleation limited near room temperature. However, MLMR is not perfectly

sharp because |Hy| lies close to |Hp|.
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Figure 4. Nucleation-limited MLMR in precipitate-free LSMO near room
temperature. (a) AFM image showing step-terrace growth with no precipitates.
(b) In-plane easy-axis measurements of magnetization M versus field H at 300 K.
The major loop (red) is accompanied by minor loops (black) for which the film was
demagnetized prior to increasing the field amplitude in each consecutive cycle.
Switching in the range uo|Hp| ~ 0.28-0.72 mT (minor loop) is almost complete by
uolH| ~ 0.48 mT, which lies below uo|Hn| ~ 0.58 mT (major loop), such that MLMR
(red) is nucleation limited. All data for Film C, magnetic measurements out to 300

mT along the <100> direction that lies in-plane.

B. Micromagnetic simulation

The micromagnetic OOMMEF package was used to investigate DWs in 64 nm-thick LSMO
films at both 150 K and 280 K (Fig. 5). The DWs at both temperatures are stable, Bloch-like,
slightly asymmetric, and with little stray field, as expected for LSMO (110) [20], and more
generally with similar input parameters [32]. The increase of total energy (stray field energy,

demagnetizing field energy, exchange energy and anisotropy energy) due to the presence of a
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DW is y =103 pJ m"! (150 K) and 40 pJ m™ (280 K) per unit length of DW. We find DW
widths of Wg=26=4nm (150 K) and 6 nm (280 K), where ¢ is the Gaussian standard
deviation obtained from 1D plots of DW energy versus in-plane distance from the DW [these
1D plots of energy were obtained by averaging energy density maps (Fig. 5d,h) along the
out-of-plane direction]. The simulated DW widths are much narrower than our precipitates of
width W ~ 100 nm (Fig. 1b), implying that each precipitate wholly eliminates a DW segment
of length W, thus saving energy yW. (It is possible that precipitates do not fully eliminate DWs
[39], such that the energy saved is reduced by a small factor of a~ 0.5-1 to ayW, but we will

assume o= 1.)

150 K 280 K 50 nm
My /M My /M -
467kAm" [ 467 kKAm -333kAm"' [ 333kAm

Energy
density

ol ] 290kIm? ol ]8okim?

Figure 5. Simulations of magnetization and energy for a DW in 64 nm-thick
LSMO (011) films. For (a-d) 150 K and (e-h) 280 K, all panels present the same
x-y cross-section of the film containing a DW, and there is z-axis translational
symmetry. Colour shading and arrows present the same information. Colour
shading shows (a,e) M,/M; along the out-of-plane hard axis (a <110> direction),
(b,f) M,/M; along the in-plane hard axis (a <110> direction), and (c,g) M./M; along
the in-plane easy axis (a <100> direction). Arrows show the local magnetization
direction and are coloured red (M-/Ms > 0), blue (M-/M; < 0) and brown (M-/Ms ~ 0).
My(150 K) =467 kA m™, M280K)=333kAm'. (dh)The corresponding
energy density maps. Volume-normalized units are consistent with the z-axis

translational symmetry.



C. 2D analogue of the Gaunt pinning model
The Gaunt pinning model [27] was used to derive a 2D Gaunt pinning model (Appendix C)
from which we predict the DW pinning field H., (Table 1) due to an attractive pinning force f

from precipitates:

3 1
1 (N\2 (r\2 .
H epzm (5) ('%) (Equation 2)
f= LWI exp(-3) (Equation 3)
(w+w3)?

To remind, M; is saturation magnetization, ¢ is film thickness, p is areal precipitate density, yis
DW energy per unit length of DW, DW energy saving W is reduced to ayW if precipitates do
not wholly eliminate DWs [39] (here we assume « = 1), W is precipitate width, and W4 is DW
width. In practice, our model predicts a range of pinning field H., values because the areal

precipitate density p is presented as a range to reflect the observed variation.

T M, K Kq 4 ¥ p ! W Wq 1ol
® | (Amh (I m?) (I m?) (I m™ (mh) (pm) (nm) | (nm) | (nm) (mT)
150 | 4.67x10° | 2.78x10* | 1.72x10° | 2.1x10"2 |  1.03x101° 4 0.88-2.27

0.3-2.0 65 100
280 | 3.33x10° | 4.2x10° | 8.75x10° | 1.2x10"? 4.0x10" 6 0.48-1.23

Table 1. DW width and expected pinning field. For both 150 K and 280 K,
domain wall width W4 and expected pinning field Hep are derived from data in the
other columns, via micromagnetic simulation and the 2D Gaunt pinning model,

respectively. Variations of precipitate width W may be ignored as Wq<<W

(Appendix C2).

At 150 K, our model predicts values of wo|Hep| = 0.88-2.27 mT, which are similar to the
measured values of wo|Hp| = 0.24-1.28 mT (minor loops, Fig. 3a). At 280 K, our model predicts
values of po/Hep| =0.44-1.13 mT, which are similar to the measured values of

wolHp| =0.31-0.90 mT (major loops, Fig. 3b) and po|Hp| = 0.17-0.80 mT (minor loops, Fig. 3b).

The transition from nucleation-limited MLMR to pinning-limited MLMR with increasing
temperature can be understood via the following equations for nucleation and pinning fields

(Appendix D):
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H, o« VA (Equation 4)
H, o« bM - Ny oM, (Equation 5)

where b is a constant and Ngesr 1S the local demagnetizing factor at the most favourable
nucleation site. On increasing the temperature, the fall in Ms would cause H, to fall faster than
H, even without assistance from the -NgM; term, such that H, is liable to eventually exceeds

Hh.

IV. CONCLUSIONS

For epitaxial films of LSMO (110) with precipitates in an otherwise microstructurally simple
matrix, we have shown that increasing the temperature from 150 K to 280 K results in a
transition from nucleation-limited MLMR to pinning-limited MLMR, consistent with a
quantitative analysis in which we employed a 2D Gaunt pinning model that we derived from
the 3D Gaunt pinning model [27]. For epitaxial films of LSMO (110) with no precipitates, we
have shown that there is no such transition, thus confirming that the precipitates are responsible
for the thermally driven change of MLMR mechanism. However, an absence of precipitates
does not necessarily preclude pinning-limited magnetization reversal, as step edges and

crystallographic defects can also pin DWs [34,35].

Given that the formation of magnetic domains during magnetization reversal severely
compromises the performance of spintronic electrode materials [20], the pinning-limited
MLMR that is responsible represents an important but hitherto neglected reason for the
deterioration of spintronic device performance. Our simple method of studying magnetization
reversal, which involves comparing major-loop and minor-loop switching fields [20,31],
should be widely employed to confirm that major-loop switching fields lie beyond minor-loop
switching fields at any temperature of interest. This would confirm that magnetization reversal
is nucleation limited, and thus liable to proceed via single-domain switching in spintronic

electrodes [20].
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Appendix A: LSMO at 150 K
Changes of magnetic anisotropy due to changes of temperature (150 K <> 280 K) arise

primarily due to changes of saturation magnetization M via [36-38]:

Kip(280K) _ (MS(280 K))”.

Kip(150K)  \ M (150 K) (Equation Al)

Using Film C, we establish n=3.3 for the strained material (LSMO) by measuring
My(150 K) =3.05 g Mn! at 150 K (Fig. 6a) and Ms(280 K) = 1.70 us Mn™! at 280 K (Fig. 6b),
and by using the SW model (Equation 1) with these values and the fits shown to identify
Kip(150 K) = 43000 J m™ and Kip(280 K) = 6500 J m>.

For Film B, we then identify Kip(150 K) ~ 27800 J m™ from Equation Al using n = 3.3, both
My(280 K)=1.86 us Mn' and Kp(280 K)=4200J m> from the main text, and
My(150 K) = 3.23 ug Mn™! (Fig. 7).

(a) 150 K I I | (b) | 280 K |

K, = 43000 J m™ K = 6500 J m™

-400 -200 0 200 400 -200 -100 0 100 200
UoH (mT) HoH (mT)

Figure 6. In-plane hard-axis LSMO magnetization at different temperatures.
Magnetization M versus field H at (a) 150 K and (b) 280 K. In each panel, the red
line fit was used to identify the anisotropy constant Kip via Equation 1. Data for

Film C, measured along the <110> direction that lies in-plane.
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Figure 7. LSMO saturation magnetization versus temperature. Values of
saturation magnetization Ms were obtained from in-plane easy-axis M(H)
measurements. Data for Film B, measured along the <100> direction that lies

in-plane.



Appendix B: OQut-of-plane anisotropy constant Koor
We use data for Film C at 300 K (Fig. 8) to determine the out-of-plane anisotropy constant
Koop in terms of the in-plane uniaxial magnetic anisotropy constant Kip, and we assume this

ratio to hold for all temperatures of interest.

We find Kip=6500)J m™ from Equation 1 given that a saturation magnetization of
Ms=225emucm™=1.32usMn' =2.25x10° A m™ is reached at a field of 0.47x10° A m’!
(corresponding to 0.06 T) (red data, Fig. 8).

We find Koop = % toM(Hgyi 00p - Ms) = 35700 J m™ given also that the field for saturation is

4.77x10° A m’! (corresponding to 0.6 T) (black data, Fig. 8).

Therefore Koor/Kp = 5.5, which we assume in our OOMMEF simulations for both 150 K and
280 K.

200 -100 0 100 200

300 K »

200

M (emu cm3)
o

—— P hard axis

200 Ko~ —— OOP hard axis

4000 -500 0 500 1000
HoH (mT)

Figure 8: In-plane and out-of-plane magnetic anisotropy at room temperature.
Red (black) data show the in-plane (out-of-plane) hard-axis magnetization M as a
function of field A at 300 K. Data for Film C, measured along the <110> direction that

lies in-plane (red) and the <110> direction that lies out-of-plane (black).
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Appendix C: Derivation of the Gaunt pinning model

C1: Expression for the pinning field

The following represents a 2D version of the 3D derivation in [27].

Fig. 9 shows a 180° thin-film DW that is pinned between obstacles separated by distance 2L;.
In magnetic field H, the DW bows out to perpendicular distance /1 such that it forms an arc of

radius R.

y
Domain wall
A
obsta/ Ntacle
®/ LY / ®
=1 T > .

Figure 9. DW bowing in a magnetic field. The DW is pinned by two obstacles

separated by 2L1. It forms an arc whose vertex lies at (0, /1).

If R is much greater than both L and /4 then we may approximately describe the arc as a

parabola y = f(x) = -ax* + hy, such that:

AL;)=0and (Equation A2)
{ [yl = 1%, (Equation A3)

where Equation A3 equates the second derivative of y to arc curvature 1/R. From A2 and A3

we find:
y=- ﬁxz +h, and (Equation A4)
2
h, = 5—; . (Equation A5)

The area enclosed between the DW and a straight line between the obstacles is found by

integrating between —L1 and +L1, and using Equation A5 to yield:
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L3 213

L 1 ;
Al:f—Lll (-Exbrhl) dx =2h Ly- =1 (Equation A6)

Let us now consider two similar and adjacent DWs that are pinned by three collinear
precipitates (each pair is separated by 2L1). If the DW breaks free from the central precipitate,

then the situation in Fig. 8 is recovered with L, = 2L. The new area swept out by this event is:

413

AA = A5-24, = — (Equation A7)

In the strong pinning regime and under the Friedel steady-state criterion, we have pA4 = 1.

This steady-state criterion states that the DW sweeps a volume containing, on average, one

more precipitate during breakaway, where p is the areal density of pinning centres [27].

In a 2D thin film of thickness ¢, and during the breakaway event, the gain in DW energy equals
exactly to the loss in magnetic energy, which is represented by the Laplace formula. The DW

of line energy y in J m! is:

- =2u,MH (Equation A8)

Using Equations A7 and A8, we can express the steady-state criterion as:

8Liu,M.Hpt=7y (Equation A9)

Therefore the value of the inter-obstacle distance D = 2L for the steady state is:

1
D = (y/u,MHpt)’ (Equation A10)

The expected coercive field when pinning is the limiting step He,= f/2p,MDt (Equation 1 in
[27]), which considers a single obstacle interacting with the DW, can then be derived if the

maximum pinning force f of the pinning centre is known:

3 1

Hp= %;Mr (g)2 (’i)2 (Equation A11)

We will next derive the expression for the maximum pinning force 1.
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C2: Estimate of the maximum pinning force

Now that we have obtained the expression for H,,, in terms of the maximum pinning force,

we will next derive the expression for the maximum pinning force /.

The maximum pinning force f is the maximum gradient in a plot of energy versus distance
when a DW travels through and interacts with the precipitate. The form of this relation is
generally non-trivial, assuming these precipitates are non-magnetic through-thickness particles
as in [39], we may assume that the particle interrupts the DW, causing an attractive interaction
due to reduced DW length. The peak interaction energy therefore equals to the energy
associated with the missing DW, which is y#, where W is precipitate width. In the case where
the precipitates are not through-thickness particles and cut through the domain wall partially,

an additional factor a is required to describe the interaction energy eo = ayW.

We further assume that the energy-distance relation is a Gaussian in this form:

X2
E(x) = ege2?, (Equation A12)

_ 1/2 . . .
where the standard deviation o = %( W2+ Wﬁ) reflects the convolution of the particle width W
with the domain width Wy. The maximum force = (5)max occurs at the inflection point

x = +o of the Gaussian curve, such that:

e 1 200W 1 .
f= ;0 exp(-3) = m exp(-3) (Equation A13)
i

In the limit Wy <K W, f=2y exp(-%), i.e. f(and hence H.p) are independent of .

Combining Equation A1l and A13, we can quantitatively calculate the expected pinning field

as a result of the presented precipitates as presented in Section C of the result and discussion.
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Appendix D: Qualitative interpretation of the nucleation and pinning fields

Qualitatively, we can understand the transition from nucleation to pinning-limited reversal
processes using scaling relationships developed in [27,33]. This is derived for a 3D material,
as the scaling laws are better established. The pinning field H, and nucleation field H, are

expressed as the following:

Hy, o« pyf 2/yVMS, (Equation A14)
Hy ~ 2L Ny oM, (Equation A15)
HoMS

where f1s maximum restoring force of the pinning centre, py is the pinning centre density per

unit volume 7, y,, is the DW energy per unit area, and where the effective anisotropy Kesr and

demagnetizing factor Ngesr are difficult-to-estimate local parameters that describe the most

favourable nucleation site.

Using y,, =nVAK, where 4 is the exchange stiffness and 4 oc M>B [40], together with foc y,,
[27] and K ¢ oc M (a = 3.3, Appendix A), the above expression can be reduced to:

al
Hyoe M2O = M13, (Equation A16)
Hy oc (bM' - Ny oeMy) = (BM - Ny oeM), (Equation A17)

where b is a constant and Nq is the demagnetizing factor.
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