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Abstract
The domain pattern and the domainwallmicrostructure throughout the spin-reorientation transition
of an epitaxial NdCo5 thinfilm are investigated bymicromagnetic simulations. The temperature-
dependent anisotropy constantsK1 andK2, which define the anisotropy energy term in themodel, are
chosen to reflect the easy axis—easy cone—easy plane spin-reorientation transition observed in
epitaxial NdCo5 thinfilms. Starting at the high-temperature easy c-axis regime, the anisotropy
constants are changed systematically corresponding to a lowering of the temperature of the system.
The character of the domainwalls and their profiles are analysed. The calculated domain
configurations are compared to the experimentally observed temperature-dependent domain
structure of an in-plane texturedNdCo5 thinfilm.

1. Introduction

The intermetallic NdCo5 phase, which belongs to the group of the rare-earth-transitionmetal compounds, is
interesting not only from a fundamental point of view due to its spin-reorientation transition (SRT) from a
magnetic easy c-axis at high temperatures via amagnetic easy cone to amagnetic easy plane at low temperature,
but also for possible applications, which exploit the huge change inmagnetocrystalline anisotropy that occurs at
temperatures between 310 and 255K, i.e. close to room temperature. One example is the possible application in
magnetic refrigeration owing to a giant rotatingmagnetocaloric effect [1]; another is the transfer of anisotropy to
a softmagnetic layer in aNdCo5/Fe bilayer system [2]. In the past, thismaterial has been prepared and
investigatedmainly as bulk samples [3–9]. Only recently we achieved epitaxial growthwith either in-plane [10]
or out-of-plane [11] texture, which enables to study the spin-reorientation transition also in thin films.

For themost part, investigations of the SRT deal with globalmagnetisationmeasurements. To analyze the
domain structure at the surface of in-plane texturedNdCo5 thinfilmswith sufficient spatial resolution, we
recently used scanning electronmicroscopywith polarisation analysis (SEMPA) [12]. Thismethod [13] allows
imaging the local in-planemagnetisation direction. As also cooling is possible with this particular device, the
change of themagnetisation pattern throughout the full spin-reorientation-transition can be imaged. As amain
result of this investigation it was shown, that—using a sample in the as-prepared state—in the easy c-axis regime
above 318 K there is a two-domain statewith an orientation of themagnetisation along themagnetic easy c-axis.
When the sample is cooled down, a four-domain state evolves, where the four directions ofmagnetisation
correspond to the four easymagnetisation directions that result from the intersection of themagnetic easy cone
(magnetocrystalline anisotropy) and themagnetic easy plane parallel to thefilmplanewhich is determined by
the shape anisotropy. Figure 1 shows an exemplary image of theNdCo5 film at a temperature of 300 K. Clearly
visible is the complicated domain structure with an orientation ofmagnetisation in four directions, which
correspond to the four directions of themagnetic easy cone. Furthermore, the domainwalls occupy

OPEN ACCESS

RECEIVED

29 September 2016

REVISED

16 January 2017

ACCEPTED FOR PUBLICATION

16 February 2017

PUBLISHED

1March 2017

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 3.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2017 IOPPublishing Ltd andDeutsche PhysikalischeGesellschaft

https://doi.org/10.1088/1367-2630/aa60d5
mailto:marietta.seifert@ifw-dresden.de (M.S.)
mailto:v.neu@ifw-dresden.de (V.N.)
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/aa60d5&domain=pdf&date_stamp=2017-03-01
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/aa60d5&domain=pdf&date_stamp=2017-03-01
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0


characteristic angles with respect to the crystallographic orientation, namely parallel to the c- and a-axis and at
an angle of 45 . Finally, at temperatures below 252K there is again a two domain state nowwith the
magnetisation rotated by 90 and oriented parallel to the easy a-axis.

Reference [12] summarises an interpretation of themagnetisation processes which take place during the
heating or cooling procedure via the different regimes ofmagnetocrystalline anisotropy.

However, there remain open questions concerning the character of the domainwalls, which can be
determined fromSEMPAmeasurements only for a few special configurations. The character of the domainwalls
is still unknown for the various regimes ofmagnetocrystalline anisotropy. The theory of 180 domainwalls for
the case of an easy-axismagnetisation is well established [14], but there are only some preliminary theoretical
considerations for 180 walls in bulkmaterials with easy-cone anisotropy [15].

For a deeper understanding of themagnetisation processes in epitaxial NdCo5 thin films,micromagnetic
simulations are performed to analyze the domains and the domainwall structure in all three regimes of
magnetocrystalline anisotropy, namely easy-axis, easy-cone and easy-plane anisotropy.

It is known, that rare-earth–Co thin films contain pinning centres produced e.g. by grain boundaries,
stacking faults within the unit cell of the hexagonal crystal, and local changes of the composition [16]. ForNdCo5
thinfilms, a pinning-dominated coercivitymechanismwas demonstrated [10]. The temperature-dependent
SEMPAmeasurements showed that the domain configuration remained nearly the same after several heating
and cooling cycles. This behaviourwas also attributed to a dense network of pinning centres, which are present
in these thin film samples [12]. Therefore, one focus of the investigations will be on the effect of various types of
pinning centres on the domain behaviour.

The results of the simulationswill then be comparedwith experimental data obtained fromSEMPA
measurements.

2. Computer experiments

The calculationswere performedwith the softwareMicroMagus [17], a programme that allows the simulation
of equilibriummagnetisation structures. These are found byminimising themagnetic free energy consisting of
themagnetocrystalline anisotropy energy, exchange stiffness energy, stray field energy and the Zeeman energy in
an externalfield. Since the aimwas to analyze the equilibrium state without external fields, the latter energywas
always zero.

The used geometry and the discretization are sketched infigure 2. There are 500 cells of 1 nm each in x- and
z-direction (film plane) and seven layers with a thickness of 3 nm each in y-direction, which is perpendicular to
thefilmplane. The c-axis of thematerial is oriented parallel to the z-axis. In the physical experiment, the high
quality of epitaxial growth guarantees a close to uniformorientation of the a- and c-axes throughout the film. In
the following sections, the positions of domainwalls, pinning centres et cetera are denoted only by the number
of the respective cells without indication of the unit ‘nm’. The chosen discretization fulfills the condition that the
size of the cells has to be in the range of the exchange length of thematerial (at 400 K: =A K 2.9 nm1 ,

=A K 4.5 nmd withA being the exchange constant,K1 themagnetocrystalline anisotropy constant offirst
order andKd=0.53MJm–3 the shape anisotropy constant). Since the results of the simulations are to be

Figure 1. SEMPA image of aNdCo5 thin film at 300 K. At this temperature, themagnetic easy cone has slightly opened (» 23 ). The
black/white lines indicate the three different orientations of domainwalls: parallel to the c- and a-axis and 45 in between.
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comparedwithmeasurements of an extended thin film, the boundary condition in the x–z-planewas set
periodic.

The calculations were performed for selected ‘temperatures’, i.e. the respectivemagnetocrystalline
anisotropy constants offirst and second order, whichwere derived from global vibrating samplemagnetometry
measurements and local SEMPAmeasurements [12], were used as parameters in the programme. The
temperatures, the values ofK1 andK2 and the resulting spin-reorientation angle qSR are summarised in table 1.
The angle qSR describes the easy direction ofmagnetisationwith respect to the c-axis. It is 0 in the easy-axis
regime and 90 in the easy-plane case. The exchange stiffness constantA ofNdCo5 at room temperature is

´ - -1.05 10 J m11 1 [18], which is assumed to be constant at all temperatures. It is important to remark that no
thermal activations are considered, so that actually the calculations are performed at a temperature of 0 K.

3. Results and discussion

This sectionwill treat two aspects. In section 3.1 a completely homogeneous samplewill be considered,meaning
that all cells of the geometry have the samematerial properties. This will be named ‘undisturbed situation’. In
section 3.2 inhomogeneities are added to investigate the influence of pinning centres on themagnetisation
configuration. This is done by changing an intrinsic property, like the value of the exchange stiffness, the
saturationmagnetisation or themagnetocrystalline anisotropy in some cells (‘disturbed situation’).

3.1. Undisturbed situation
The calculationswere startedwith the simplest case, which is the easy-axis (uniaxial) scenario. As an example,
the equilibriummagnetisation configuration at 400 K is calculated. The anisotropy constants =K 1.201 MJm–3

and =K 0.262 MJm–3 were used (see table 1).
As initial configuration, themagnetisationwas set to lie parallel to the positive z-direction for all cells with

 x0 247 and to the negative z-direction for  x253 500. In-between (  x248 252) the y-
component of M MS was chosen as+1.Without this presetting, the simulation results in a segmented Bloch
wall. Since the aimwas to perform simulations for various conditions (with orwithout addition of pinning
centres) and to compare the results, a defined initial configurationwas necessary. This was achieved by
presetting themy component in the region of the domainwall, as it is described above.

The simulation results in a Blochwall between the two domains, as can be seen infigure 3(a). A comparison
of this wall with the analytical solutionwill be shown in section 3.2.1. The arrows infigure 3 represent the
projection ofmagnetisation in the x–z-plane and the underlying colour code indicates the y-component. The
character of thewall at 400 K (figure 3(a)) becomes obvious from the y-part that reaches the value of 1 at the
interface between the two domains. In all cases discussed, themagnetic structure is essentially independent of y
and therefore only one layer is sufficient to illustrate the behaviour. Thus, themagnetisation of the 4th layer,
which is the layer in the centre of the geometry, is shown.

Besides the easy-axis scenario at 400K,wewant to focus on three interesting cases: the transition between
easy axis and easy conewhereK1 becomes zero, an example of the easy-cone regime for the cone opening angle
of 43°, and an example for the easy-plane state.

The results of the calculation for 400 K are used in the next step as initialmagnetisation configuration for the
following simulationwith the anisotropy constants valid at the next lower temperature and so on. This

Figure 2.Discretization used for the simulations together with a sketch of the orientation of theNdCo5 unit cell. In the following, the
simulation results of the 4th layer, which ismarkedwith colour, are presented and discussed.

Table 1.Temperatures and anisotropy constants used for the simulations [12].

Temperature (K) 400 300 285 261 200

K1 (MJ m–3) 1.20 −0.15 −0.72 −1.58 −4.80

K2 (MJ m–3) 0.26 0.70 0.77 0.88 1.15

qSR (◦) 0 19 43 71 90
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procedure corresponds to a stepwise ‘cooling’ of the sample and allows to follow the changes of domainwalls
and domain structure through the SRT.

In the second step, the configuration at 300 Kwas simulated. At this temperature themagnetic easy cone has
slightly opened. The calculated domain pattern is again a two-domain state but nowwith a tilted orientation of
magnetisationwith respect to the c-axis. In both domains, themagneticmoments are tilted in the same
(positive) x-direction (figure 3(b)). This way,magnetic charges are avoided at the boundaries between the two
domains. Also, nomagnetic charges are accumulated at the borders of the geometry, since the sample is infinitely
extended (periodic boundary conditions). The angle of the spins with respect to the c-axis (z-direction)
corresponds to the opening angle of themagnetic cone of 19 . In contrast to the situation at 400 K, the two
domains are not separated by a Blochwall, but by aNéel wall. Allmagneticmoments lie within thefilmplane.
Lowering the temperature further (285 K) leads to a further increase of the x-component in accordwith a larger
cone opening angle andfinally at 200K the sample is fullymagnetised in the positive x-direction (figures 3(c)
and (d)). Except for the Blochwall which is introduced in the 400 K scenario in all cases there is no out-of-plane
component of themagnetisation.

These calculated results are not in agreement with the SEMPA-measurements, where all four possible
directions ofmagnetisation are present in the easy cone regime and a two-domain instead of the saturated state is
observed for the easy-plane case. This discrepancy can be understood as result of the impurities and pinning
centres whichwill have an influence on the domain pattern. This issuewill be discussed in the next section.

3.2.Disturbed situation—addition of pinning centres
This sectionwill elucidate the effect of pinning centres on themagnetic configuration. For this purpose, three
kinds of pinning centres are examined. In the first case the pinning centre is formed by a few cells with reduced

Figure 3.Magnetisation projected on the x–z-plane (arrows)with underlying colour-code representing the y-component for the
undisturbed configuration at (a) 400K, (b) 300K, (c) 285K, and (d) 200K. The light coloured arrows indicate the averaged direction
ofmagnetisationwithin the domains.
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exchange stiffness constant ¢ =A A1 2 . In the second case, in some cells the saturationmagnetisation is set to
zero, which corresponds to a non-magnetic hole. Finally, the influence of pinning centres with reduced
magnetocrystalline anisotropy constants is analyzed. The position of the pinning centre is described by the ( ∣ )x z
coordinates, which are the same in all seven layers.

3.2.1. Pinning centre with ¢ =A A1 2
Asmentioned above, pinning centres can arise from stacking faults or local changes of composition. These
effects influence the local anisotropy constantK but also the exchange stiffness constantA, so that as a first
assumption for the simulations, regions of reduced exchange stiffness will be considered as pinning centres.
Therefore the exchange constantA ( ´ -1.05 10 11 J m–1) has been chosen to be decreased to 1/2A in the
rectangular areas ( ∣ )x z of -( ∣ ) ( ∣ )247 1 253 3 and -( ∣ ) ( ∣ )247 498 253 500 . Due to the periodic boundary
conditions, these two centres form together one larger pinning centre.

400 K: the simulation again startedwith the anisotropy constants corresponding to aNdCo5 thin film at
400 K.Using the same initialmagnetisation configuration as in section 3.1 likewise results in an unsegmented
Blochwall, this time located between the two pinning centres. The Blochwall character is again obvious from the
out-of-plane component M My S. For analysing the domainwall the tilting anglef, which is the angle between
the direction ofmagnetisation and the filmnormal, is calculated. It is plotted infigure 4 together with the curve
calculated from analytical theory [14]:

f k= + [ ] ( )x A Ktan 1 sinh . 11

In this equation,κ is the ratio of the anisotropy constants: k = K K2 1 andA the exchange constant of
´ -1.05 10 11 J m–1. Interestingly, the simulated and calculated curves are in good agreement which cannot be

taken for granted since the theory holds for an infinitely extended domainwall, while the presentmicromagnetic
calculation considers afilm of only 21 nm thickness. The broad correspondence validates our numerical
approach, including discretization intervals and geometry.

300 K: taking the results of 400 K as a starting point for the simulation at 300 K,which is very close to the
transition from easy axis to easy cone, leads to a different result than in the case without pinning centres. Now a
four-domain state evolves (figure 5). There are twoNéel-type domainwalls—one parallel to the crystallographic
a-axis and another parallel to the c-axis. Themagnetisationwithin the domains is oriented in-plane, since the
possible directions ofmagnetisation on the surface of themagnetic easy cone are reduced to those four in-plane
orientations that result from the intersection of themagnetic easy cone (magnetocrystalline anisotropy)with the
magnetic easy plane determined by the shape anisotropy. An out-of-plane orientationwithin the domains is
disadvantageous due to stray-field energy. Only at the intersections of the domainwalls there is an out-of-plane
component ofmagnetisation. At these points, either circular or cross Bloch lines are formed, which aremarked
infigure 5.

The correspondence between the easymagnetic direction and the orientation ofmagnetisation becomes
obvious by plotting the orientation of themagneticmoments with respect to the c- and a-axes along the line
profiles indicated infigure 5. The result is presented infigure 6. (For the definition of the angles y1 and y2 see
figure 5.)According to this definition, y1 varies in the range q y q- < <SR 1 SR and for y2 the relation

q y q-  + < <  -90 90SR 2 SR holds. For these graphs, the x- or z-axis is shifted such that the centre of the
domainwall lies at ¢ =x 0 nm or ¢ =z 0 nm, respectively. The graphs show that on both sides of the domain
wall, i.e. within the domains, themagneticmoments point parallel to the orientation determined by the in-plane
opening angle of the cone. At 300 K, the domainwall parallel to the c-axis, where an angular interval of 142 has
to be overcome, ismuch sharper than thewall parallel to the a-axis, which has to overcome 38 .

Figure 4.Blochwall angle derived from simulation (black squares) and analytical solution (red, [14]). The x-axis is shifted so that the
centre of the domainwall is located at ¢ =x 0 nm .
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To analyze in detail the effect of reduced exchange pinning centres on the domainwall and to determine the
origin of the formation of the four-domain state in the case of a disturbed situation, a further calculation is
performed: a large region of 50×50 cells of reducedA is set in the centre of the calculated array. Due to the large
size, the influence on the domainwall should be visiblemore clearly than for the small pinning centres
considered before. The calculations are performed for 400 K and subsequently for 300 K.

Figure 7 shows a zoom-in of the x-, y- and z-component of themagnetisation calculated for the large pinning
centre at 400 K. The dimension of the pinning centre ismarked by the black square. The colour code represents
the scale fromplus tominus 1 for the y- and z-component ofmagnetisation. Formx the scale has been expanded
from+0.04 to−0.04. It can be clearly seen that in the region of reduced exchange stiffness the Blochwall width
dw is smaller as expected from d = A Kw .

A comparison of the threemagnetisation components across thewall inside and outside the pinning centre is
presented infigure 8(a), whichmanifests the smaller wall width. In addition, the simulated and analytical Bloch
wall angle is sketched infigure 8(b), again confirming a good correspondence between both results.

In the zoomend-in image infigure 9(a) the x-component clearly shows a non-zero part at the intersection of
the domainwall and the pinning centre. Already at 400 K this indicates a veryweak but non-negligible rotation
of the spins around the pinning centre, which is indicated by the black arrows infigure 9(a). This x-component is
caused bymagnetic charges which accumulate at the transition between the thinner and thicker domainwall and
createmagnetic strayfields as it is sketched infigure 9(c). Consequently, when the easy cone opens by reducing
the temperature, the spins will follow this predefined chirality and a circular Bloch linewill develop, as can be
seen infigures 9(b) and (d).

Figure 5.Magnetisation projected on the x–z-plane (arrows)with underlying colour-code representing the y-component for the
situation at 300 Kwith exchange pinning centres. The light coloured arrows indicate the averaged direction ofmagnetisationwithin
the domains. The circular and cross Bloch lines aremarked by circles. On the right hand side, the definition of the angles y1 and y2 is
sketched.

Figure 6.Orientation of themagneticmoments along the cross section of the domainwall parallel (a) to the a-axis and (b) to the c-axis
at 300 K. For the definition of y1 and y2 see figure 5.
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285 K: proceedingwith the results from300 K to the next temperature of 285 K in the originalmodel with
small pinning sites, where the cone opening angle is 43 , the four-domain configuration is kept, but the
character of the domainwalls partly changes.While thewall parallel to the c-axismaintains its Néel character,
thewall parallel to the a-axis now consists of alternating Bloch segments (figure 10(a)).

The difference in thewalls parallel to the a- and c-axis can be explained by the difference of thewall
orientationwith respect to the easy cone. Proceeding fromdomain I to domain II infigure 10(a) the direction of
magnetisation changes from the right-hand side to the left-hand side of the uppermagnetic easy cone (see
figure 10(b)). To realise this transition, themagnetisation can follow the surface of themagnetic easy cone,
resulting in an out-of-plane component of the domainwall oriented parallel to the a-axis. In contrast, going
fromdomain I to domain III, i.e. crossing a domainwall parallel to the c-axis, the direction ofmagnetisation
changes from the right-hand side of the upper cone to the right-hand side of the lower cone (figure 10(c)). Here,
themagnetisation cannot stay on the surface of themagnetic easy double cone. Therefore in the transition region
it will chose the path ofminimumout-of-plane component to save shape anisotropy energy and consequently a
Néel wall is formed.Note that the influence of the shape anisotropy is also visible in aflattened out-of-plane
component of themagnetic easy cone in the domainwall parallel to the a-axis (not shown). Themagnetisation
reaches an out-of-plane angle of 31 , which is less than qSR (43) of themagnetic easy cone at this temperature.
Themaximumandminimumvalues of the y-component, which are±0.51, aremarked on the colour bar.

In the Bloch-type domainwall parallel to the a-axis, the energy is degenerated with respect to the out-of-
plane polarity of thewall (my), resulting in a segmentationwhich leads to an additional decrease in stray-field
energy along thewall length.

The orientation of themagneticmoments across both domainwalls is shown infigure 11. It can be seen that
within the domains the direction ofmagnetisation is determined by the spin-reorientation angle qSR of 43 .

200 K: a further cooling of the sample down to the easy-plane regime consequently leads again to a two-
domain state. As expected, the two domains aremagnetised in-plane parallel to the in-plane a-axis, which is now
amagnetic easy axis (figure 12(a)). An out-of-plane orientationwithin themagnetic easy plane is less favourable
due to the shape anisotropy. The two domains are separated by a Blochwall, which is segmented equivalent to
the situation at 285 K. ABlochwall is energetically favoured because themagnetisation can rotate within the

Figure 7.Zoomed-in x-, y- and z-component of themagnetisation calculated for the 50×50 cells large region of reduced exchange
constant (indicated by the quadradic frame) at 400 K. The scale for the x-component has been expanded from +0.04 to−0.04.

Figure 8. (a)Cross section of x-, y- and z-components ofmagnetisation through the Blochwall in a region of reducedA (full symbols)
and regularA (open symbols) and (b) simulated and analytical [14]Blochwall anglef.
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magnetic easy planewithout cost ofmagnetocrystalline anisotropy energy. Only stray-field energy has to be paid,
which is however reduced by the segmentation [14]. The Blochwall angle at a point of thewall where

=M M 1y S is shown infigure 12(b) as a function of position along the z-direction. In the centre of the segments,
a full out-of-plane orientation is reached. Between the segments, both the x- and y-components become zero
and the z-component is plus one on the left-hand side andminus one on the right-hand side of the array as
presented infigure 12(c). These orientations correspond to the initialmagnetisation directions withwhich the
simulationswere started at 400K,meaning that the domainwalls contain the information concerning the initial
direction ofmagnetisation.

For all considered temperatures, the domainwall widths for bothwalls, oriented parallel to the c- and a-axis,
were determined according to the definition of Lilley [19]. In the case of the segmentedwalls, the calculationwas
performed at a point ofmaximumout-of-plane component ofmagnetisation. The values are summarised in
table 2.One observes that with decreasing temperature the domainwall width of thewall parallel to the c-axis
increases while for the other wall the trend is opposite. In both cases thewall width becomes larger with
decreasingwall angle,meaning the difference of the orientation of the spins on both sides of thewall.

Tofind out if the domain structure described in the previous section depends on the type of pinning centre,
two further types of pinning centres were analyzed. In the next two sections, the results of the simulation for
pinning centres with reduced saturationmagnetisation aswell as for pinning centres with reduced
magnetocrystalline anisotropy are summarised.

3.2.2. Pinning centre with =M 0S

In the 500 times 500matrix for each layer, themagnetisationMSwas set 1 everywhere except in the region
-( ∣ ) ( ∣ )244 1 249 4 and -( ∣ ) ( ∣ )244 497 249 500 , whereMSwas zero, corresponding to a non-magnetic hole acting

as a pinning centre.

Figure 9. (a)Domain pattern at 400 K. (b)Domain pattern at 300 K. (c) Sketch of themagnetic charges andmagnetic stray fieldwhich
are present in the domainwall at 400 K. (d) Formation of a circular Bloch line at at 300 K.
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The simulation for 400 K leads to equivalent results as for the pinning centres with reduced exchange
stiffness constant. A Blochwall is formedwhich is located between the two pinning centres (figure 13(a)).
Cooling down to 300 K also yields a four-domain state with circular and cross Bloch lines. But there is one
difference.While in the case of the exchange pinning centres, a circular Bloch line is created at its position, in the
case of a non-magnetic hole a cross Bloch line develops around the pinning centre (figure 14).

The emergence of the cross Bloch line at the position of the pinning centre can be explained by the formation
ofmagnetic charges at the non-magnetic hole. As it is sketched infigures 13(b)–(e), at the rimof the hole
magnetic charges are accumulatedwhich lead to a tilt of themagneticmoments in x-direction already in the easy
c-axis regime. As explained above for the pinning centres with reduced exchange constant, the initial tilt of the
magnetisation determines the direction of rotation of themagneticmoments when the sample is cooled down in
the easy-cone state.

Cooling down further to the easy-plane state results likewise in a two-domain configurationwith the
domains separated by a segmented Blochwall with the same number of segments as in the case of the exchange
pinning centres.

Figure 10. (a)Magnetisation projected on the x–z-plane (arrows)with underlying colour-code representing the y-component for
285 K (the light coloured arrows indicate the averaged direction ofmagnetisationwithin the domains), (b) orientation of themagnetic
moments across thewall parallel to the a-axis and (c) parallel to the c-axis.

Figure 11.Orientation of themagneticmoments along the cross section of the domainwall parallel (a) to the a-axis and (b) to the c-
axis at 285K. For the definition of y1 and y2 see figure 5.
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3.2.3. Pinning centre with ¢ =K K1 2i i

As a third source of pinning, reducedmagnetocrystalline anisotropy constants offirst and second order
¢ =K K1 2i i ( =i 1, 2)were implemented and their influence on the results of simulationwas analyzed. Again,

the process was started at 400K. Equal to the other two cases, the pinning centres were placed at
-( ∣ ) ( ∣ )248 1 252 2 and -( ∣ ) ( ∣ )248 498 252 500 .

Like in the case of the pinning centres with reduced saturationmagnetisation, the pinning centres with
reducedmagnetocrystalline anisotropy lead to a cross Bloch line at the position of the pinning centre (see
figure 15(a)). The reducedmagnetocrystalline anisotropy leads to a broadening of the domainwall, since the
exchange energy becomesmore important, so that the tilt between neighbouring spins becomes smaller and
moremagneticmoments are needed to form the domainwall. At the transition between thewider and thinner
domainwall, againmagnetic charges are formed (figure 15(b)), which preset the rotation of themagnetic
momentswhen the sample is cooled down (figure 15(c)).

3.3. Comparison of simulationwithmeasured results
Of course, real samples have a complicatedmicrostructure consisting of grains and a dense network of pinning
centres. Therefore, simulations can only represent a few special cases, e.g. one pinning centre surrounded by a
homogeneous area.However, the results of the simulations reflect characteristic findings from themicroscopic
imaging, whichwas performed before on an in-plane texturedNdCo5 thinfilm by scanning electronmicroscopy
with polarisation analysis (SEMPA) [12]. The SEMPAmeasurements were conducted in a temperature range
between 340 and 240K, so that thewhole SRT frommagnetic easy c-axis via easy cone to easy planewas imaged.

Figure 12. (a)Magnetisation configuration at 200 K (the light coloured arrows indicate the averaged direction ofmagnetisationwithin
the domains), (b)Blochwall angle at 200 K and (c) image of the z-component ofmagnetisation.

Table 2.Domainwall width derived from the simulations.

Temperature (K) 400 300 285 261 200

Wall c-axis Wall width (nm) 8.7 10.3 11.0 21.8 /

Wall angle () 180 142 94 38 /

Wall a-axis Wall width (nm) / 23.2 14.1 9.5 5.6

Wall angle () / 38 86 142 180
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The results have shown a transition from a two-domain state in the easy c-axis regimewith an orientation of the
magnetisation parallel to the c-axis via a four-domain state in themagnetic easy cone regime back to a now 90
rotated two-domain state in the easy-plane regime.

Concerning the domainwalls, three different orientations were identified. The domainwalls with an
orientation parallel to the c- or a-axis have been discussed in the simulation part above. The third type of domain
wall which is found in the SEMPA images are walls with an orientation of about 45 with respect to the c-axis.
This type of domainwall was not considered in the simulations, since the implementation of a tilted domainwall
in periodic boundary conditions appeared to be quite complicated andwas not realised up to now. A statistical
analysis of above described domainwall orientations was performed in [20]. It has to be noticed that all present
domainwalls are assigned to one of the three groups,meaning that alsowalls with amisorientation are counted

Figure 13. (a)Magnetisation configuration at 400 K for the pinning centres with JS=0 (the light coloured arrows indicate the
averaged direction ofmagnetisationwithin the domains) and zoom in of the x-component of themagnetisation for the upper (b) and
lower (c) part of the array. (d) and (e) illustrate the rotation ofmagnetisation near to the non-magnetic hole.
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as ‘c-axis, a-axis or 45 -oriented’. Nevertheless themisalignment from the exact value can be estimated to be less
than 10 .

In the easy c-axis state, domainwalls parallel to the c-axis account for 65%of all present walls, the 45 walls
are less frequent (32%) and hardly anywalls parallel to the a-axis are present [20]. In the easy-plane regime, walls
parallel to the a-axis are dominant (82%), again followed by the 45 walls (18%) and hardly nowalls parallel to
the c-axis (1%) exist. In the easy-cone regime, all three types of domainwalls are present, namely 50%ofwalls
parallel to the c-axis, 30% 45 walls and 20%ofwalls parallel to the a-axis. The statistics on a-axis and c-axis
orientedwalls and their relative changewith temperature are fully corroborated by themicromagnetic
simulations, which show that alongwith the reorientation ofmagnetisation also the orientation of the domain
walls changes.

Figure 16 presents a comparison of a characteristic zoomed region of the SEMPA images with the results of
the simulations for the three regimes ofmagnetocrystalline anisotropy, i.e. easy c-axis, easy cone and easy plane.
For this comparison, the results of the simulations display the in-plane component ofmagnetisationwhich is
drawnwith the same colour-code as it is used for the SEMPA images. The results are in good agreement. In the

Figure 14.Magnetisation configuration at 300 K for the pinning centres with JS=0 (the light coloured arrows indicate the averaged
direction ofmagnetisationwithin the domains).

Figure 15. (a)Magnetisation configuration at 300 K for a pinning centre with reducedmagnetocrystalline anisotropy constants (the
light coloured arrows indicate the averaged direction ofmagnetisationwithin the domains). (b)Magnetic charges at 400Kand (c)
formation of a cross Bloch line.
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easy axis regime, the zoomed position shows a two-domain state separated by a domainwall, which is oriented
almost parallel to the c-axis (figure 16(a)). At lower temperatures in the easy-cone state, a four-domain state
evolves and an additional domainwall which is almost parallel to the a-axis develops (figure 16(b)). Cooling
down to lowest temperatures into the easy-plane regime leads to a two-domain state with an orientation of the
magnetisation and a domainwall oriented approximately parallel to the a-axis (figure 16(c)). The deviation of
the direction of the domainwalls with respect to the a- or c-axis is less than 10 .

As alreadymentioned above, for this comparison between the calculated andmeasured domain patternwe
are limited to the domainwalls which are oriented parallel to the a- or c-axis since the 45 domainwalls have not
been realised in the simulations yet.

Figure 16.Comparison of SEMPAmeasurements [12] to the results of the simulation for (a)magnetic easy plane, (b)magnetic easy
cone and (c)magnetic easy c-axis regime. The light coloured arrows indicate the averaged direction ofmagnetisationwithin the
domains. The dashed lines in the zoomed images indicate the orientation of the domainwalls. The simulations were performedwith
pinning centres with reduced exchange stiffness constant as discussed in section 3.2.1.
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4. Conclusions

This paper presents amicromagnetic analysis of domain processes and domainwalls inNdCo5 thin films. This
material is especially interesting since it undergoes a spin-reorientation transition and since the
magnetocrystalline anisotropy not only depends onK1 which changes its signwith temperature but also on a
largeK2 value. For thosematerials no analytical theory for domainwalls is available, so thatmicromagnetic
simulations are applied for thefirst time.

The domain pattern, the character of the domainwalls and the domainwall widthwas investigated for the
three different regimes ofmagnetocrystalline anisotropy.

The comparison between homogeneous systems and systemswith inhomogeneities confirm the large
influence of pinning centres on the domain pattern.While in undisturbed systems a two-domain state is formed
when the system is cooled down into the easy-cone regime, the presence of pinning centres leads to a four-
domain state in the regime of themagnetic easy cone and therefore to an improved reproduction of the
measured domain pattern. Small local stray fields at the inhomogeneities are identified as driving forces for the
different domain evolution.

It is shown that the character and thewidth of the domainwall depend on the regime ofmagnetocrystalline
anisotropy and on the orientation of the domainwall with respect to the crystallographic c-axis. Thewall parallel
to the c-axis undergoes a transition fromBlochwall in the easy c-axis regime to aNéel wall in the easy-cone
regime. It disappears in the easy-plane state.Walls parallel to the a-axis are not present in the easy-axis state. A
Néel wall parallel to the a-axis develops in the presence of unavoidable defects/pinning sites when the sample is
cooled down into the easy-cone regime. By lowering the temperature, the character changes to amixedwall type
(bothNéel and Bloch contributions) andfinally results in a segmented Blochwall in the easy-plane regime,
where the segmentation leads to a reduction of stray-field energy.

The simulations revealed interesting domainwall features, whichwait for experimental verification.High
resolutionmagnetic imagingwill be necessary to observe the domainwall structure.
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