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magnetic films with stripe domains
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In thin magnetic films with perpendicular magnetic anisotropy, a periodic “up-down” stripe-domain
structure can be originated at remanence, on a mesoscopic scale (~100 nm) comparable with film
thickness, by the competition between short-range exchange coupling and long-range dipolar
interaction. However, translational order is perturbed because magnetic edge dislocations are
spontaneously nucleated. Such topological defects play an important role in magnetic films since they
promote the in-plane magnetization reversal of stripes and, in superconductor/ferromagnet hybrids,
the creation of superconducting vortex clusters. Combining magnetic force microscopy experiments
and micromagnetic simulations, we investigated the motion of two classes of magnetic edge
dislocations, randomly distributed in anN}-implanted Fe film. They were found to move in opposite
directions along straight trajectories parallel to the stripes axis, when driven by a moderate dc magnetic
field. Using the approximate Thiele equation, analytical expressions for the forces acting on such
magnetic defects and a microscopic explanation for the direction of their motion could be obtained.
Straight trajectories are related to the presence of a periodic stripe domain pattern, which imposes the
gyrotropic force to vanish even if a nonzero, half-integer topological charge is carried by the defects in
some layers across the film thickness.

The formation of domain patterns' in the stripe morphology has been observed in a variety of physical systems,
such as high-T, superconductors?, mixtures of lipids in monolayers at the air-water interface®, self-assemblies of
lamellar diblock copolymers*, and two-dimensional electron systems®. In all these cases, spontaneous phase sep-
aration on a mesoscopic scale takes place as the result of competing interactions acting on different spatial
scales"®, In such a context, ferromagnetic thin films represent a paradigmatic case where a periodic domain
structure may be stabilized by the competition between short-range exchange coupling, favouring parallel align-
ment between two spins, and long-range magnetic dipole-dipole interaction, favouring antiparallel alignment. In
the presence of a perpendicular magnetic anisotropy (PMA), the domains have opposite out-of-plane (z) magnet-
ization components. In zero applied field, these “up” and “down” domains are self-organized into stripes of equal
width, and the net z-magnetization vanishes. The amount of PMA is measured by the quality factor, Q, defined as
the ratio between the uniaxial out-of-plane anisotropy (K,) and the shape anisotropy (K, = 2rM?, where M, is
the saturation magnetization). Ferromagnetic films with Q>> 1 can develop stripe domains for extremely low
thickness (t < 1nm)?'*. Whereas, in films with a moderate PMA (Q < 1), stripe domains can form only for t > £,
where the critical thickness, ¢, is proportional'* to the Bloch wall width of the material (s = /A /K,, where A
is the exchange energy per unit length). Experimental values of ¢, typically range from 20 to 200 nm'*-'¢ and the
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period of the stripe pattern, P, is found!'>!® to increase as -/t. Moreover, in ferromagnetic films with PMA, a clear
evidence for topological defects in the stripe domain structure was found. In ultrathin®!? and thin'” samples
grown with epitaxial accuracy on top of a non magnetic single-crystal surface, such defects were observed using
different imaging techniques, such as magnetic force microscopy'’, scanning electron microscopy with polariza-
tion analysis®, and magnetic circular dichroism!2. Recently, quantitative x-ray magnetic microscopy has been
exploited to obtain nanoscale imaging of buried topological defects'® in thin films'® and multilayers'>* grown by
dc magnetron sputtering. Using this method, the defects were identified as complex objects carrying a half-integer
topological charge (merons)'®!". Further x-ray microscopy data in magnetic trilayers, supported by micromag-
netic simulations, showed that dislocations in the stripe pattern drive the nucleation of reversed magnetic
domains under the effect of pulsed magnetic fields®. Moreover, in superconductor/ferromagnet thin film hetero-
structures?!, these defects (i.e., magnetic edge dislocations) have recently been found to produce an enhancement
of the out-of-plane magnetization in the region where a magnetic stripe bifurcates, with the effect of promoting
the local accumulation of superconducting vortices.

In this work, we study the motion of topological defects that develop, in the form of magnetic edge disloca-
tions, in the stripe domain structure of nitrogen-implanted iron (Fe-N) thin films with a moderate PMA?. By
epitaxially growing Fe on a single crystal of ZnSe/GaAs(001), and using an opportune dose of N} ions for implan-
tation?, it is possible to obtain straight and well-defined magnetic stripe domains with a few isolated edge dislo-
cations. It is worth remarking that, in our Fe-N films, no experimental evidence was found for the
inversion-symmetry-breaking Dzyaloshinskii-Moriya**? interaction (DMI), which is known to be an important
factor for the emergence and stabilization of topological defects in many spin systems?®-25. Interestingly,
dipole-stabilized skyrmions and skyrmion lattices have recently been engineered®-*° in Fe/Gd films and multilay-
ers with PMA but without DMI, upon application of a perpendicular magnetic field. In contrast, in our Fe-N
films, the topological defects, in the form of magnetic edge dislocations of the periodic stripe domain pattern, are
found to nucleate spontaneously, at room temperature, as remanence is approached®. The breaking of long-range
order from topological defects in the stripe domain phase can be attributed? both to “quenched” disorder (associ-
ated with ever-present atomic imperfections at the Fe-N film surface) and “self-generated” disorder (intrinsic to
the stripe formation process, in systems with competing interactions acting on different spatial scales)®-#3132, In
particular, combining magnetic force microscopy (MFM) measurements and micromagnetic simulations, we
study the driving effect exerted on magnetic edge dislocations by an external magnetic field. Two classes of mag-
netic dislocations are observed, moving straight in opposite directions, when a static magnetic field of moderate
intensity is applied in plane along the stripe axis. Using an approximate theoretical approach based on the Thiele
equation, we are able to analytically calculate the forces acting on the defects, and give a microscopic explanation
for the direction of their motion. The straight trajectory of a magnetic edge dislocation is due only to the external
force and the dissipative force, which are both parallel to the stripes axis. Whereas, the gyrotropic force is shown
to vanish owing to the presence of the periodic stripe domain pattern even if a nonzero, half-integer topological
charge is carried by the dislocation in some layers across the film thickness.

Results

MFM experiments in Fe-N films with stripe domains. An Fe-N film, 78 nm thick, was prepared on a
GaAs(001) substrate following the procedure described in Methods, based on N-implantation of an MBE-grown
Fe thin film. The film thickness is higher than the critical value, f,, which has to be exceeded for the formation of
magnetic stripe domains. For Fe-N films, an approximate analytical estimate'* providest, = 27./A, /K, ~ 42nm,
where??* A, = 2.16 x 10 ®erg/cm is the exchange constant and K, = 4.9 x 10°erg/cm’ is the perpendicular
magnetic anisotropy constant. The saturation magnetization is M, = 1700 emu/cm?, and the quality factor is
Q = K,/K; = K,/2rM? = 0.27 < 1.In order to perform MFM measurements, the sample was initially saturated
in plane, applying a strong magnetic field (H, = 4kOe) along the [—1, 1, 0] crystallographic direction. Then, the
field was removed, so as to nucleate the stripe structure along that direction, and an increasing magnetic field H,,
was applied in-plane in the direction antiparallel to the saturation field, to study the displacement of magnetic
edge dislocations. Figure 1 shows MFM images taken in the presence of the reversal field H,.,. Red crosses mark
fixed positions on the surface of the sample, covered with an 8 nm thick Au layer, taken exploiting the imperfec-
tions of the topography as deduced from atomic force microscopy (AFM) images. In fact, using AFM it was pos-
sible to identify a characteristic group (“archipelago”) of contaminant particles that adhere to the surface of the Au
capping layer maintaining fixed positions between one scan and another. Placing the origin of a Cartesian coor-
dinate system on one of these particles, it was possible to determine the coordinates of each point of the examined
area, which are obviously common to both the AFM image and the MFM one. This allowed to mark any magnetic
configuration at a certain field and follow its displacement at different fields. A schematic example of the method
used to measure the position of magnetic edge dislocations, based on the simplest possible archipelago (two par-
ticles), is described in the Supplementary Information (Section I). However, it is important to note that the veloc-
ity of the dislocations could not be measured, because each MFM image requires ~8 min to be completed. From
the fast Fourier transform of the images, the period of the stripe pattern was found to be P=101 nm. The analysis
of the field-driven motion of magnetic edge dislocations is somewhat complicated by the presence of other types
of structures which perturb the periodicity of the stripe pattern, such as ripples and phase jumps. These struc-
tures, which are visible respectively on the top right corner of Fig. 1b and on the bottom right corner of Fig. 1d,
might be attributed to a spontaneous (i.e., not driven by external stimuli) relaxation mechanism, occurring in the
system on a timescale which cannot be captured by MFM. Nevertheless, when comparing all the images in
Fig. 1(a-e), a general tendency can be perceived as interpretable in the frame of field-driven effects. Namely, on
increasing the intensity, H,.,, of the reversal magnetic field (yet smaller than the coercive field, H,), two classes of
magnetic edge dislocations, marked by green and yellow arrows respectively, appear to be displaced along the
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Figure 1. MFM experimental investigation of magnetic edge dislocations motion in the Fe-N film. The MFM
images show the evolution of the domain pattern at the surface of a 78 nm thick Fe-N film in the presence

of a reversal field, H,..,, applied along the stripes axis. Red crosses mark fixed positions on the surface of the
sample, which are a reference for the determination of the motion of magnetic dislocations (see Supplementary
Information). On increasing the field intensity, two different types of magnetic edge dislocations (green and
yellow arrows) are found to translate into opposite directions along the stripes axis (i.e., parallel and antiparallel
to H,,, respectively). The bar is the unit length of 1 um.

stripes axis in opposite directions. The magnetic edge dislocations marked by the green arrows clearly appear to
be driven along the same direction as the external applied field H,., (i.e. towards the left side of the MFM image).
Note that the dislocations marked by the green full and long-dashed arrows can be followed in their displace-
ments for all the investigated field values, while the dislocation marked by the green short-dashed arrow moves
out of the image for H,,, > 154 Oe. The magnetic edge dislocations marked by the yellow arrows, instead, are
driven along the direction antiparallel to H,,, (i.e. towards the right side of the MFM image). The dislocations
marked by the yellow full and short-dashed arrows can be followed up to H,., = 126 and 100 Oe, respectively; for
larger fields, they are found to move out of the MFM images. Moreover, it appears that the dislocations may be
displaced by different amounts for the same increment of the in-plane field intensity. This behaviour can be
related to the presence of structural defects, which in a real Fe-N film occupy fixed positions (between one MFM
scan and another) randomly distributed throughout the sample. Such structural defects are expected to behave as
pinning centers for the dc magnetic field-driven motion of magnetic edge dislocations, similarly to the case
recently investigated®*** of current-driven magnetic skyrmions in ultrathin metallic ferromagnets. On the one
hand, pinning centers are likely to arrest the field-driven motion of magnetic edge dislocations in a random way;
on the other hand, a random distribution is expected, for the intensity of the depinning fields of magnetic edge
dislocations. Consequently, the field-driven displacements of magnetic edge dislocations in the real Fe-N film
cannot be uniform. Finally, it is worth mentioning that further MFM data were obtained in the same Fe-N sample
at remanence (i.e., after removal of a dc magnetic field, applied with different signs and intensities). Interestingly,
the data showed that some magnetic edge dislocations exist, for which the inversion of the in-plane field induces
an inversion in their displacement along the stripes axis (see Supplementary Information, Section II).

Micromagnetic simulations of the motion of magnetic edge dislocations. To obtain a deeper
insight into the displacement of magnetic edge dislocations, micromagnetic simulations were carried out by
numerically solving the Landau-Lifshitz-Gilbert (LLG) equations of motion®. The simulated in-plane hysteresis
loop (red line) is reported in Fig. 2a, showing a nice agreement with vibrating sample magnetometry (VSM) meas-
urements (black dots) performed for magnetic field H||[110]. When H is reduced from positive saturation, a linear
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Figure 2. Hysteresis loop and magnetization distribution in the Fe-N film at remanence. (a) Magnetization
loop of the Fe-N film, as measured by VSM (black dots) for magnetic field applied in plane along [110], and as
calculated by micromagnetic simulations (red line). (b) Simulated magnetization distribution at remanence,
reducing to zero the magnetic field applied in the film plane, xy, along the stripes axis, x.

region (indicating the formation of stripe domains'” along the [110] axis) is numerically found starting at H ~ 3
kOe. Also the simulated remanent magnetization (M,/M, ~ 0.5) and coercive field (H, ~ 400 Oe) are found to
compare rather well with experiment. Let us denote the unit magnetization vector M/M,by n = (n,, n,, n,). The
magnetization distribution, calculated at positive remanence, is displayed in Fig. 2b in a region far from a magnetic
edge dislocation. One finds that, between two domains with opposite out-of-plane magnetization components
(n,>04and n,<0), in the central region of the film there are transition regions (Bloch walls) with in-plane magnet-
ization always directed along the stripes axis (1, > 0); whereas, near the two film surfaces there are flux-closure
magnetic domains (Néel caps) with opposite in-plane magnetization components (1, >0 and 1, < 0). In good
agreement with the experimental results, the calculated period of the stripes is P=100nm, and it remains constant
on changing the intensity of the applied field. In the micromagnetic simulations, the topological defects in the
stripe domain pattern are generated in the form of a pair of magnetic edge dislocations. Figure 3 shows the simu-
lated magnetization distribution on the top surface layer, the central layer and the bottom surface layer for one of
the dislocations in the pair. Black/white arrows denote the in-plane magnetization n;p = (n,, n,), while the colours
(see the vertical scale on the r.h.s. of each panel) provide n,. The simulated dislocation displays a nearly semicircu-
lar shape, with the diameter approximately equal to the width of a stripe (2R = P/2 ~ 50nm). In the top surface
layer the in-plane magnetization is directed outwards starting from the center of the semicircle, while in the bottom
surface layer it is directed inwards. Such a peculiar magnetization distribution can be explained observing that
closure domains (Néel caps) with in-plane orientation of the magnetization are located near the two film surfaces,
in the transition region between two domains with opposite z-polarization. Approaching the central film layers,
instead, n;p tends to become nearly tangential to the semicircumference because Néel caps at the film surfaces are
replaced by Bloch walls in the central region of the film. A similar magnetization distribution has been observed
for the other magnetic edge dislocation in the pair.

Subsequently, the motion of a pair of opposite dislocations was simulated?®. Figure 4 reports time-equispaced
(10ns) snapshots taken from the simulation at H=0 (see Supplementary Movie). The same rectangular portion of
film surface is shown in each frame. It appears that the motion takes place along straight trajectories parallel to the
stripes axis, in opposite directions for the two dislocations in the pair. For ¢ > 35ns, the two dislocations exit from
the sample leaving a perfectly ordered magnetic stripe domain structure. Concerning the zero-field motion of the
magnetic edge dislocations, one has to consider that in the micromagnetic simulations structural defects were not
included. Consequently, their role as pinning centers, ever present in a real Fe-N sample and capable to affect, or
even arrest, the motion®*** of magnetic dislocations, was not taken into account in the calculations. Even more
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Figure 3. Simulated magnetization distribution of a magnetic edge dislocation across film thickness. The
simulated magnetization distribution of a magnetic edge dislocation is shown in the top, central and bottom
layer of the film, respectively. Black/white arrows denote the in-plane unit magnetization vector n;p = (n,, 1,),
while the colours in the vertical scale (r.h.s. of each panel) provide n,. The simulated dislocation displays a
nearly semicircular shape, with the diameter approximately equal to the width of a stripe (=50 nm).

important is that, in the simulations, magnetic edge dislocations (generated as described in Methods) are
non-equilibrium objects: after a sufficiently long time the defects exit from the sample, leaving a perfectly ordered
magnetic stripe domain structure (Supplementary Movie). Actually, the forces responsible for the zero-field
motion of magnetic edge dislocations (Fig. 4) are the internal forces due to exchange coupling, magnetostatic
energy and magnetic anisotropy energy. All these forces were taken into account in the numerical solution of the
LLG equations and gave rise to a non-stationary motion, even including dissipative effects in an opportune way.
In addition, starting from the magnetic configuration obtained at H =0, we investigated (see Supplementary
Movie) the motion of the dislocations when an external magnetic field of low intensity (H= =100 Oe) is applied
along e,. Straight trajectories parallel to the stripes axis were found also in this case, with the two dislocations of the
pair moving into opposite directions. To unravel the effect of a nonzero in-plane magnetic field H on the disloca-
tions motion, we limited the analysis to a very short time interval (5ns) where the acceleration due to the internal
forces can be assumed to be nearly constant. In Fig. 5a and b, we plot the displacement of a pair of dislocations
along the stripes axis as a function of time, x(f). The symbols denote simulated positions, while the curves represent
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Figure 4. Simulated motion of a pair of magnetic edge dislocations along the stripes axis. Time equispaced
(10ns) snapshots, showing the motion of a pair of dislocations along straight trajectories at remanence. The two
dislocations move into opposite directions and eventually exit from the sample for t > 35 ns, leaving a perfectly
ordered magnetic stripe domain structure. Here white/black colours denote regions with up/down out-of-plane
magnetization. Whereas, in the red region, the magnetization is in plane. The bar is the unit length of 200 nm.

fits obtained using the kinematic equation x(t) = lath + vt + xg where ay; is the field-dependent acceleration;
v, and x, are respectively the initial velocity and position, which were assumed to be independent of H. Defining
the incremental acceleration of a defect as Aay = ay — ay_g, we found (a) Aay_, 9 0. = + 1.62nm/ns?,
Aay_ 1000 = — 1.44 nm/ns?, for the black interrupted stripe (Fig. 5a); and (b) Aay_ 1490, = — 1.67nm/ns?
Aay__ 100 0e = + 1.40nm/ns?, for the white interrupted one (Fig. 5b). Within standard error (£ 0.20nm/ns?) in
the fit of the incremental acceleration, the two magnetic edge dislocations in the pair are characterized, for fixed H,
by nearly opposite values of Aay. Moreover, for a given dislocation, we found that the increments Aay assumed
nearly opposite values upon field inversion. Note that, from the fits in Fig. 5, the effect of a dc magnetic field of
intensity H= 100 Oe on the displacement of a given dislocation is Ax(f) ~ 20 nm=0.02 ym after only 5ns.
Therefore, even taking into account that dissipative forces reduce the acceleration with respect to the initial value
estimated in Fig. 5, if one could pursue the numerical calculations over the space scale and the time scale (~8 min
for each MFM image) of experiments, the simulated field-induced displacement would significantly exceed the
experimental displacement which, for a 100 Oe field increment, is on the order of a few s (see Fig. 1). Summing
up, just as in the case of the zero-field motion of the dislocations (present in the simulations and absent in the
experiments), the matching of simulations and experiments is hampered even in the case of a dc in-plane magnetic
field-driven motion. The reason is that, in the simulations, pinning centers have not been included; whereas, in the
real Fe-N film, ever-present and randomly distributed structural defects act as pinning centers which affect, and
even stop, the field-driven motion of magnetic edge dislocations.

Theoretical model.  The Thiele equation. To gain further insight into the field-induced displacement of
magnetic edge dislocations, approximate analytical calculations using the Thiele equation®-**
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Figure 5. Kinematic equations for the motion of a pair of dislocations along the stripes axis. Top: Initial stripe
domain configuration at remanence, showing a pair of opposite magnetic edge dislocations, (a) and (b). Bottom:
Fittings, for H=0 and £100 Oe, of the simulated motion of each dislocation in a time interval of 5ns, where

the contribution of internal forces can be assumed to be constant. The straight trajectories were fitted using

a kinematic equation with a field-dependent uniform acceleration, a;. For each dislocation, nearly opposite
values of the incremental acceleration, Aay = a, — ay_o, were found upon field inversion.

Ftot:():Fem_Fngro_FFdiss:_VU+GXv+Dxav (1)

were performed. Equation 1 is a reformulation of the LLG equations, where a steady-state motion (i.e., E, = 0)
is assumed®”*® for the magnetic domains of a given magnetization distribution, n = M/M,. As deformations of
the magnetic texture are not allowed during the motion at constant velocity v, the internal forces (due to exchange
coupling, magnetostatic interactions and magnetic anisotropy energy) must not*”*® be included explicitly in (1).
In our case, F,,, is the external force on a magnetic edge dislocation, generated by the Zeeman potential energy
(U) of the applied dc magnetic field; E,,, = G x v (where G is the gyrovector associated with n) is the gyrotropic
force, pushing the defect perpendicular to its direction of motion; E;;, = D - av is the dissipative force (where D
is the dissipation dyadic tensor associated with n, and o > 0 is the Gilbert damping constant), hindering the
motion of the defect without changing its direction.

Magnetization configuration. For the sake of simplicity, the idealized magnetization configurations in Fig. 6
(respectively for the top, central and bottom region of the film) were assumed, in the presence of a dc magnetic
field applied along the stripes axis (e,) and sufficiently small (H < H,). Moreover, the thicknesses of the top, bot-
tom and central layers were approximately taken to bet,,, = tyyom = 0 and f ey = (£ — 26) = t'. InFig. 6, red
and blue colours denote domains with opposite out-of-plane magnetization components, n,>0 and n, <0
respectively, while the white transition region in-between (a semicircumference with diameter 2R = P/2) has
n,=0. The small black arrows denote in-plane magnetization vectors, arranged in a different configuration
depending on the film layer in order to minimize the total energy. The normalized magnetization is expressed as

n=(n, n, n,) = [sin ©(r) cos (), sin O(r) sin P(yp), cos O(r)], (2)

wherer = (r cosp, r sinp)is the position vector of n in the film plane, xy; ©(r) is the canting angle formed by n
with the film normal, e ; ®(¢) is the azimuthal angle formed by the in-plane magnetization, n;, = (n,, ny), with
the stripes axis, e,. For the two angles O(r) and (), we assumed the analytical expressions
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Figure 6. Idealized magnetization distribution of a magnetic edge dislocation across film thickness. Sketch of
the idealized static magnetization distribution of a magnetic edge dislocation at H = 0, for the top, central and
bottom film layer, respectively, which was assumed in order to calculate analytically the forces in the Thiele Eq.
(1). Red, white and blue regions have n,> 0, n,=0 and 1, < 0, respectively. In the semicircular transition region
with diameter 2R = P/2 and width A < R, the in-plane magnetization (black arrows) configuration,
characterized by the angle ® = m¢ 4+, was assumed to have constant vorticity (m = 1), but different helicity

(7 =0, * 2, 7r’§ depending on the film layer position along z.

r— R

S
o(r) = 5

1+ ptanh[ ]‘ Q(p) =mp + 7,

3)

where p = + 1is the z-polarization parameter*’ and A is the width of the transition region between opposite
domains; the parameter m = %1 and the angle ~y are the vorticity and the helicity of the in-plane magnetiza-
tion?”*’, respectively. The in-plane magnetization distribution in a magnetic edge dislocation was assumed to
have all vectors diverging from the center of the semicircumference (i.e. y=0) in the top film region, and con-
verging to the center (i.e., y=r) in the bottom one. For the central film region, we assumed the in-plane magnet-
ization, nyp, to be tangential to the semicircumference, with either a head-to-head configuration (Fig. 7a) or a
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Figure 7. The forces acting on a pair of magnetic edge dislocations for moderate reversal field. Sketch of the
external, dissipative and gyrotropic force acting on a pair of opposite magnetic edge dislocations, supposed to
perform a stationary motion according to the Thiele equation (Eq. 1). A sufficiently small dc magnetic field,
H..., is applied antiparallel to the stripes axis, e,. The external force, F.,, is directed along the stripes axis and
changes its sign depending on the (idealized) in-plane magnetization distribution in the central film layer of the
dislocation, whether head-to-head (a) or tail-to-tail (b). For magnetic edge dislocations embedded in a periodic
stripe domain pattern, the gyrotropic force, F,y,,, vanishes (dashed arrow). Consequently, the dissipative force,
Fis, is equal and opposite to F.,,. All forces reverse their direction when the driving magnetic field is reversed.

tail-to-tail one (Fig. 7b). The magnetization distribution is characterized by a constant vorticity (m = 1), while the
helicity is supposed to change from 4+~ (counter-clockwise) to —g (clockwise) at the vertex of the dislocation due
to the presence of a Bloch point. Now we note that, for all the three configurations, the in-plane magnetization
distribution of the defect can be associated with a quantity, N, = — ifdxfdy n - [(On/0x) x (On/0y)],
o

named topological number? (or, equivalently, topological charge*!). In the case of constant vorticity, m = [d_ \
o

1
Ny = —

47 Jsemicirc

d@(r)

along the semicircumference, the topological number turns out to be nonzero and half-integer.
dp 42(p) —sinO(r)——

o j(; B dr|—
1

1 —2R m mp
= —(mm)[cosON)] 5" = —(—2p) = —— = £—
47T( )cosO(r)], =5 4( p) D D @
Note that the sign of Ny depends on the product of the vorticity, m, and the z-polarization, p, while it is inde-
pendent of the helicity, 7. For both the top and bottom reglon the magnetization configuration is characterized
by m=1and p=—1 and is therefore associated with N, = =+ ! (half-integer topological charge). For the central
region, instead, N depends on the configuration of the in- -plane magnetization component. E. g for the

head-to-head configuration in Fig. 7a, with ¢ € [_?’ + ], one has m=1, p=—1, and Ny = E for the

tail-to-tail one in Fig. 7b, with o € +2w, +27r,onehasm—1 p=1,and N, = _1

Hereafter, we summarize the results obtained for the three forces in the Thiele Eq. (1) under the hypothesis
of the idealized magnetization distribution in Fig. 6. Details of the analytical calculations can be found in the
Supplementary Information (Sections III and IV).

External force. 'The external force, F.,, exerted on a given magnetic edge dislocation by a dc magnetic field,
applied either antiparallel (H,., = H.,e,, with H, <0) or parallel (H=H.e,, with H, > 0) to the stripes axis, e,, is
given by

t o]
o= —HM, [ dz [ dp [ rdrVlsin6(rcose(p) 5)

where the integration range spans the whole film volume. Note that the expression (5) contains trigonometric
functions of the polar angles (3). The first angle, ©(r), does not depend on the film layer. The other angle,
O () =me+ 1, instead, changes from layer to layer owing to the different helicity, . Therefore, the calculated F,,
(see Supplementary Information, Section V) can be separated into different contributions from different film
regions (top, central, and bottom). For A < R, one has
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+t/AMH, e, (head — to — head)
Fext,central (8 / . . ext,top = Fext,bottom ~0
—t/AMH, e, (tail — to — tail) (6)

Namely, only a subset of the total film (with thickness ¢’ < t), where approximately the same magneti-
zation configuration as in the central film layer is realized, provides a nonzero F,,,. The top and bottom film
layers, where flux-closure domains are present, do not contribute to F,,. However these layers, being strongly
exchange-coupled to the central region, participate into the rigid motion of the dislocation. Note that, in Eq. 6, the
calculated F,,, does not explicitly depend on the z-polarization, p. The external force turns out to be directed along
the stripes axis, e,, and reverses its direction according to the in-plane magnetization distribution in the central
film layer. For reversal field (H, < 0), the forces are schematically depicted in Fig. 7, under the assumption of a
head-to-head (Fig. 7a) or a tail-to-tail (Fig. 7b) configuration. For positive field (H, > 0), F,, reverses its direction
(see Supplementary Information, Section IV). A final consideration should be made about the idealized mag-
netization configurations (head-to-head and tail-to-tail) we assumed for the analytical calculation of F, prq in
Eq. 6. In the Supplementary Information (Section VI), other in-plane magnetization configurations of the central
film layer were considered, and detailed analytical calculations provided a zero external force, F.,, =0, for config-
urations without a Bloch point at the end of the stripe. In contrast, configurations with a Bloch point at the end
of the stripe were found to be driven by a dc in-plane magnetic field. Noticeably, the two idealized configurations
associated with nonzero external force, F,, = 0, are characterized by different topological numbers (N;) but share
a common property: the product (m-y) of vorticity, m, and helicity, , changes sign at the vertex of the dislocation.
It is worth noting that similar magnetization configurations, with a Bloch point at the end of the stripe, were
found'! to play an important role in the magnetization reversal process of stripe domain patterns in magnetic
films and multilayers. In these materials, the weak PMA determines significant variations in the magnetization
configuration along the film normal'®!?, which could be measured using x-ray magnetic microscopy. The same
imaging technique, complemented by micromagnetic calculations, was exploited in the study of the in-plane
magnetization inversion at the bifurcations of the stripe domain pattern in magnetic trilayers®. It might, thus,
prove useful for the purpose of obtaining a quantitative experimental check for the hypothesized magnetization
configurations of the magnetic edge dislocations even in the case of our Fe-N film.

Gyrotropic force.  The gyrotropic force, F,,,,= G x v, acting on a magnetic edge dislocation, is expressed in terms
of the gyrovector G (v, is the electron gyromagnetic factor)

M,
G=-—"|dz|d dr sin®(r)[V,0(r) x V. &(p)]
%fzfcpfrrsm r r ®

M, do(p)| >
= 78‘/: dz js‘emidrc d(pld—f ‘/(; dr| )

where, as in Eq. 5, the integration spans the whole film volume. However, we note that an explicit calculation of
E,,,, is not necessary because, even if a magnetic edge dislocation is characterized by a nonzero topological num-
ber (cfr. Eq. 4, where N, = + 21), when the defect is embedded in a periodic stripe domain pattern, the gyrovector

is found to vanish on the basis of purely topological considerations.

do(r)
dr

—sin©(r) e,

G =0, E,, =G x v=0 (defect embedded in a stripe pattern) ®)

Indeed, in (7), the r-integration is extended from 0 to co. Therefore, for any film layer (i.e., for any fixed z) the
result of the double integration (on r and ¢) is proportional to the topological number of a periodic stripe domain
pattern, which is Ny/|syipes = 0. It follows that G and F,y,, are both zero, as far as a well-defined periodic stripe
domain pattern is preserved in the film (i.e., for sufficiently low values of the driving dc magnetic field).

Dissipative force.  First, we note that the contribution to the dissipative force, Fy,, is the same for each film layer
because (see Supplementary Information, Section IV) the expression of the dissipation dyadic D does not involve
the helicity angle, . For a translational motion of the magnetization pattern parallel to the stripes axis, with veloc-
ity v=v.e,, the dissipative force is found to be

Fdiss = _a|Dxx|Vxex (9)

where o > 0 is the Gilbert damping parameter. Therefore, Fg; has just the effect of hindering the translational
motion of the dislocation along the stripes axis. For a defect embedded in a stripe pattern (F,,,, =0, see Eq. 8),
it turns out that the dissipative force, Fy,, is equal and opposite to the external force, F., (cfr. Eq. 1, where the
condition F,,, =0 for steady-state motion was assumed at the outset).

Summing up, making use of the Thiele equation and assuming an approximate magnetization distribution for
magnetic edge dislocations at remanence, or for very small dc magnetic field applied along the stripes axis, we
have found that:

+ The gyrovector G and the gyrotropic force F,,,, both vanish for a magnetic edge dislocation embedded in a
stripe domain pattern, even if the defect carries a nonzero half-integer topological charge, N; = + %, in some
layers across the film thickness.
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o The driving esternal force, F.,;, and the hindering dissipative force, Fg,, both directed along the stripes axis,
are equal and opposite. Moreover, the direction of the external force is only determined by the in-plane mag-
netization distribution of the magnetic edge dislocation in the central region of the film.

o All the forces reverse their direction when the magnetic field is reversed.

The above theoretical results appear to be consistent with the main feature observed both in MFM experi-
ments and numerical simulations: namely, the straight displacement of a pair of magnetic edge dislocations into
opposite directions along the stripes axis in the presence of a dc magnetic field, small enough to preserve the
stripe domain structure.

Discussion

In summary, we have investigated the motion of magnetic edge dislocations in an N -implanted Fe film with a
stripe domain pattern by combining MFM data, micromagnetic simulations and a theory based on the approxi-
mate Thiele equation. When a moderate dc magnetic field is applied in plane along the stripes axis, the displace-
ment of the defects has been found to occur either parallel or antiparallel to it, depending on the distribution of
the in-plane magnetization in the dislocations. Our theoretical analysis has shown that, even if the magnetic edge
dislocation is characterized by a nonzero, half-integer topological number, the gyrovector associated with the
magnetization distribution in the defect vanishes (G =0) owing to the presence of the periodic stripe domain
pattern, and as a consequence also the gyrotropic force on the magnetic edge dislocation vanishes (F,,,,=0). In
conclusion, our theoretical analysis suggests that the topological properties of magnetic edge dislocations embed-
ded in a stripe domain pattern are fundamental to explain why the displacement of dislocations takes place along
straight trajectories, as observed both in MFM measurements and in micromagnetic simulations, for moderate
intensities of a dc magnetic field applied along the stripes axis: i.e., as far as the stripe domain pattern is well pre-
served. For chiral spin systems, a similar link between topology and dynamics®” was invoked to explain a some-
what opposite phenomenon: namely, the current-induced transverse deflection of a skyrmion (“skyrmion Hall
effect”), which has recently been investigated both theoretically?”**** and experimentally’****> in a magnetic
track. Note, however, that in the case of our Fe-N film there is no physical patterning: rather, the field-induced
displacement of magnetic edge dislocations along straight tracks is related to the very existence of a well-defined
magnetic stripe domain pattern. To this regard, another interesting property of Fe-N films?*%¢ is worth mention-
ing: an almost rigid stripe pattern rotation can be achieved simply by saturating the magnetization along a given
in-plane direction, and subsequently removing the field. As a consequence of this “rotatable anisotropy”#->!, the
axis of propagation of the topological defects can be rotated in the same way. Clearly, in view of a desirable tech-
nological impact of Fe-N films with a stripe domain structure in the emerging field of spintronics, e.g. using
magnetic edge dislocations as information carriers, two issues should first be investigated: namely, the possibility
of controlled generation and spin-polarized current-driven motion of these defects.

Methods

Sample preparation. The Fe-N sample was prepared by implantation of nitrogen ions into an iron thin film
protected against oxidization by a gold capping layer. Ion implantation (3 x 10N ions/cm? at 26 keV) was car-
ried out using the SCALP facility at Univ. Paris-Sud and CNRS/IN2P3, Université Paris-Saclay, France. The iron
film was deposited on a ZnSe/GaAs(001) substrate and capped with gold in a molecular beam epitaxy (MBE)
chamber. The iron epitaxial growth was performed with the following in-plane orientations: a-Fe[110]]|
ZnSe[110]|| GaAs[110] and «-Fe(001)|| ZnSe(001)|| GaAs(001), as testified by in situ reflection high-energy elec-
tron diffraction (RHEED) measurements. ZnSe is used as a chemical barrier to separate the iron layer from the
semiconductor substrate. The thicknesses of the iron thin film and its gold capping layer, which are 78 nm and
8 nm respectively, were determined by x-ray reflectometry (XRR). The iron thin film was implanted with N ions
at an energy of 26keV with a fluence of 3 x 10'® jons/cm? at room temperature. The implantation was done with-
out cooling system for the target; besides, the ion current density was kept at about 5 21A/cm?. A normally incident
ion beam was used, the gold capping layer preventing channeling effect in the iron film. Remarkably, the nitrogen
concentration presents a homogeneous distribution in the thin film, as attested by Rutherford backscattering
spectrometry (RBS) and Elastic Recoil Detection Analysis (ERDA) experiments using the 43 MeV Cl”* ion beam
facility in Helmholtz-Zentrum Dresden-Rossendorf, Germany.

Magnetic Force Microscopy measurements. In-field MFM images were recorded by a Digital
Instruments Nanoscope using the phase detection mode. The cantilever phase of oscillation has been monitored
while the magnetic tip was scanning the sample surface at a distance of 35 nm (lift mode)*>**. Commercially avail-
able ferromagnetic CoCr-coated tips, magnetized to be at north pole, were used. In order to exclude the influence
of the tip on the magnetic state of the sample, we tried different scanning directions and tip to sample distances,
obtaining the same results with different operating conditions. From the fast Fourier transform of the images, the
period of the stripe pattern has been found to be P= 101 nm. The in-plane magnetic field has been applied along
the [—1, 1, 0] crystallographic direction. MFM measurements were performed without removing the sample
from the magnetic field region, in order to analyze the changes in the domain structure of a specific area, caused
by variations of the field intensity>***. During the MFM measurements we observed negligible drift effects, care-
fully monitored by AFM and in case compensated by small displacements of the scanned area, in order to be sure
of exploring the same region of the sample at every field.

Micromagnetic simulations of the motion of magnetic edge dislocations. Micromagnetic simu-
lations were carried out by the open-source, GPU-accelerated software MuMax3%. The total simulated area has
dimensions of 2000 x 2000 x 78 nm?, and was discretized into cells having dimensions of 5 x 5 X 5.2 nm°. To
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allow an easier comparison with theory, in-plane open boundary conditions were used in the simulations (with
an opportune implementation of the MuMax3 code?® to account for demagnetization effects at the film sides). The
following parameters, obtained from FMR characterization, were used: saturation magnetization M, = 1700 emu/
cm?, exchange constant A,,=2.16 x 10~%erg/cm, out-of-plane anisotropy constant K, =4.9 x 10°erg/cm’. The
sample was initially saturated applying a strong in-plane magnetic field, H=4kOe, along the [—1, 1, 0] crys-
tallographic direction, then the intensity was reduced with a step of 100 Oe. We found that, if the magnetic field
is applied strictly within the film plane, magnetic edge dislocations do not develop at remanence. Therefore, in
order to promote the formation of edge defects in the stripes pattern, in our simulations the magnetic field has
been tilted with respect to the surface plane by an angle, 3, ranging typically from 1° to 3°. It is worth noticing that
a similar result was obtained in a recent study®® of the magnetic phase diagram of Co and CoRu alloy thin films
with perpendicular magnetic anisotropy.
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