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Magnetization reversal induced by antiphase domain boundaries in Ni2MnZ Heusler compounds
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The correlation of the microstructure and the magnetic properties of Ni2MnAl0.5Ga0.5 and Ni2MnAl Heusler
alloys is studied in samples of distinct L21 order states by neutron powder diffraction and small-angle scattering.
The extracted correlation lengths of the structural and magnetic order agree over all annealing states, which
implies the structural antiphase domain boundaries to be identical to the magnetic domain walls, and thus to
inherently give rise to a magnetization reversal. The findings are discussed in the context of recent small-angle
neutron scattering studies on related systems, and their wider implications are pointed out.
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I. INTRODUCTION

Structural order has often a crucial effect on system prop-
erties such as magnetism or yield strength, for example, in
superalloys (e.g., Ni3Al [1]) and functional materials such as
the Heusler alloys [2]. Specifically in compounds where the
magnetic moments are mainly carried by Mn atoms, such as
MnAl or Ni2MnZ compounds [3–5], the arrangement of the
Mn atoms is vital for the magnetic properties via the strongly
distance-dependent magnetic interaction [4]. When cooling
from the disordered phase, the growth of the superstructure
from independent nuclei results in the formation of antiphase
domains (APDs). At the boundaries of these domains, the
assignment of elements to sublattices displays breaks, and
their influence on magnetic properties has been studied in
various ordered compounds [3,6–8]. For example in the com-
pound MnAl, antiphase domain boundaries have long been
considered to give rise to magnetic domain interfaces [3] with
a reversal of magnetization.

In contrast to the ferromagnetic behavior of fully L21-
ordered Ni2MnGa [9], Ni2MnAl is typically found to be
antiferromagnetic [4,10], which is explained as a consequence
of its B2 order [11]. How the microstructure in Ni2MnZ
compounds is correlated with the magnetic behavior remains
an open and heavily investigated question in the community
[5,7,12–14]. A critical observation by electron microscopy in
this context is that the APD boundaries between L21 ordered
domains often coincide with the magnetic domain interfaces
[7,12,13], which has a decisive effect on the macroscopic
magnetic properties [15,16]. To explain this behavior, there
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are two possibilities: On the one hand, there is the scenario
realized in a typical ferromagnet such as iron, where the
magnetic domain structure forms as a compromise of the
short-range exchange interaction (favoring parallel alignment
of the moments) and the long-range dipole-dipole interac-
tion (favoring antiparallel alignment), with a characteristic
scale of tens to hundreds of μm [17]. Such domain walls
can easily get pinned at structural defects where magnetic
exchange interactions are locally disturbed or absent. On the
other hand, it is conceivable that, beyond merely pinning
magnetic domain walls whose existence is mandated by the
magnetostatic interaction, antiphase domain boundaries ac-
tively induce magnetic domain walls: in the model of Zijlstra
and Haanstra for MnAl [3] or Lapworth and Jakubovics for
Cu2MnAl [6], the Mn moments’ strongly distance-dependent
magnetic interaction directly leads to a reversal of magne-
tization at the APD boundary, where antiferromagnetically
interacting Mn-Mn nearest-neighbor pairs can exist. The rela-
tively small scale of the magnetic domains in Ni2MnZ Heusler
compounds, particularly in as-quenched conditions [7], points
towards the latter mechanism, while the discussion in the com-
munity typically is in terms of the concept of defect pinning
[7,12,13,18,19].

In addition to structural order, neutron scattering can access
also a sample’s magnetic microstructure due to the coupling of
the neutron’s magnetic moment to the local internal magnetic
fields. In diffraction experiments the finite correlation length
of structural order results in a broadening of the corresponding
structural peaks, with the characteristic domain size being
directly linked to the peak’s full width at half maximum
(FWHM) via the Scherrer equation [20]. A microstructured
ferromagnet can be investigated via small-angle neutron scat-
tering (SANS) [21–23], where the contrast between the local
magnetic fields, corresponding to structures of 1 nm up to a
few hundred nm yields an additional scattering at low wave
vector transfers in the magnetically ordered phase.

The aim of this study is to investigate how the micro-
scopic antiphase domain configuration is correlated with
the magnetic microstructure of the Ni2MnZ Heusler alloys.
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FIG. 1. Schematic representations of the ordering states of
Ni2MnZ on the bcc lattice: B2 order can be described by two sc
sublattices, with Ni atoms occupying one sublattice while Mn and
Z atoms occupy in disorder the other one. In the L21 structure further
ordering occurs on the latter sublattice.

Specifically, we want to settle the question raised above,
namely, whether a structural antiphase domain wall merely
traps magnetic domain walls, or whether it directly induces
a magnetization reversal. The latter scenario would imply a
one-to-one correspondence between structural and magnetic
domains as long as the APDs are smaller than the mag-
netic domain length scale as determined by magnetostatics.
In Ni2MnGa, the B2 structure transforms within seconds to
the full-Heusler structure [24], whereas Ni2MnAl shows in
general a low L21-order tendency [4]. Intermediate quaternary
compositions allow us to access different states of order as
mirrored in the magnetic properties when quenching from
the B2 regime and annealing subsequently at low tempera-
tures where the L21 order is stable [15,16]. In this article
we study Ni2MnAl and Ni2MnAl0.5Ga0.5 samples at vari-
ous annealing conditions corresponding to different degrees
of long-range order and antiphase domain sizes via neutron
powder diffraction and small-angle neutron scattering. We
compare the correlation lengths of structural and magnetic
order and discuss the small-angle signal’s evolution around
the magnetic phase transition.

II. CRYSTAL STRUCTURES

Ternary Heusler systems can show a multitude of structural
ordering transitions. While in an early study the existence
of a totally disordered A2 phase has been reported for the
Ni2MnAl composition [25] (see, however, the conflicting data
of Ref. [26]), for the conditions of our study at least B2 order
is realized for both compositions. This superstructure on the
body-centered lattice is depicted in Fig. 1 and is defined by the
space group 221 (Pm3̄m) with the Ni atoms congregating on
the sublattice of the body-centered positions, corresponding
to the Wyckoff positions (1b) at (1/2, 1/2, 1/2), while the Mn
and Al atoms occupy randomly the Wyckoff positions (1a) at
(0,0,0).

At 774 K, Ni2MnAl transforms to the fully ordered L21

structure [27]. At this transition, the previously disordered
Mn and Al atoms start to arrange in a regular order. As
a consequence, the crystal symmetry changes to the space
group 225 (Fm3̄m), where the former Wyckoff positions (1a)

TABLE I. Composition of the Ni2MnAl0.5Ga0.5 and Ni2MnAl
ingots measured via EDS.

Ni Mn Al Ga

Ni2MnAl0.5Ga0.5 51.1 26.0 11.2 11.7
Ni2MnAl 49.2 25.6 25.2

decompose into the Wyckoff positions (4a) at (0,0,0) and (4b)
at (1/2, 1/2, 1/2), occupied by Al and Mn, respectively. The
Wyckoff positions (8c) at (1/4, 1/4, 1/4) and equivalent po-
sitions remain being occupied by Ni atoms, as depicted on the
right in Fig. 1. The quaternary compound Ni2MnAl0.5Ga0.5

shows an analogous behavior, but the addition of Ga atoms
results in a stronger L21 ordering tendency and thus a higher
B2-L21 ordering temperature of 931 K [15].

III. SAMPLE PREPARATION AND CHARACTERIZATION

Polycrystalline Ni2MnAl and Ni2MnAl0.5Ga0.5 ingots
were prepared by induction melting and tilt or suction casting
of high-purity elements under an Ar atmosphere. To promote
homogeneity and remove segregation effects from casting,
the ingots subsequently underwent a solution annealing treat-
ment. The ingots’ actual composition was determined by
energy-dispersive x-ray spectroscopy (EDS) at the Staatliche
Materialprüfamt für Maschinenbau at the Technical Univer-
sity of Munich, Germany. For each alloy ten positions were
studied. The averages over these values are given in Table I
and show a satisfactory agreement with the nominal composi-
tions. The ingots were ground to a powder of diameter smaller
than 125 μm. A well-defined stress-free initial state was de-
fined by annealing the powders in the B2 regime at 1073 K
for 4 h encapsulated in evacuated quartz glass ampoules and
quenching in water. To obtain distinct degrees of L21 order
and antiphase domain sizes, the powder was partitioned and
subjected to a low-temperature annealing treatment in the L21

regime at 623 K, with the Ni2MnAl0.5Ga0.5 samples being
annealed for 0.5 h, 3 h, and 10 d, and the Ni2MnAl samples
for 24 h and 10 d, respectively. For both compositions an
as-quenched (a.q.) sample was retained.

The magnetic transition temperatures Tc of these samples
were determined by differential scanning calorimetry (DSC)
measurements at heating rates of 10 K/min. For checking
whether the grinding process had any influence on the sam-
ples’ magnetic properties, corresponding bulk samples were
prepared and investigated via DSC after repeated annealing
steps at 623 K. The data were recorded in a temperature
range between 250 and 400 K. While the data obtained on the
bulk samples show for the second-order magnetic transition
a quite distinct step-like curve with a well-defined transition
temperature, the DSC curves recorded for the powder samples
are in general broader and less distinctive, most probably due
to surface effects in the powder grains. Thus, the data were
convolved with a centered Gaussian kernel with σ = 4 K
and the magnetic transition temperature was identified as the
position of the extremal gradient of the resulting smoothed
curve. The retrieved transition temperatures Tc are displayed
in Fig. 2 and reported in Table II and show, as expected [28],
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FIG. 2. Evolution of the magnetic transition temperature with
annealing at 623 K for the Ni2MnAl and Ni2MnAl0.5Ga0.5 powder
(filled triangles) and bulk (empty circles) samples. The black curves
are phenomenological fits.

an increase with annealing time for both alloys. For Ni2MnAl,
the evolution of the bulk and powder samples are in excellent
agreement, while for Ni2MnAl0.5Ga0.5, the retrieved values
for the powder samples are in general higher than those of
the bulk samples. This deviation is likely a consequence of
the transition temperature’s phenomenological determination
due to the broadened DSC curves of the powder samples.

IV. NEUTRON POWDER DIFFRACTION

To study the length scale of L21 order in these compounds,
neutron powder diffraction studies were performed on the
time-of-flight diffractometer POWGEN [29] at the Spalla-
tion Neutron Source (SNS), Oak Ridge, USA. The powder
samples were encapsulated in vanadium cans and measured
at 450 K using two center wavelengths λc = 1.333 Å and
2.665 Å at a bandwidth �λ of 1 Å and a pulse rate of
60 Hz. The acquisition time per pattern was approximately
15 min. Since all samples have magnetic transition temper-

TABLE II. DSC-derived magnetic transition temperatures, APD
boundary density Lstruc as well as magnetic interface density Lmag

of the Ni2MnAl0.5Ga0.5 and Ni2MnAl samples of distinct annealing
durations at 623 K. Missing values are due to Ni2MnAl not having
been measured by SANS in the state after 24 h annealing, and un-
detectable superstructure peaks and magnetic small-angle scattering
for as-quenched Ni2MnAl due to vanishing long-range order.

Ni2MnAl0.5Ga0.5 As-quenched 0.5 h 3 h 10 d

Tc (K) 322 338 354 392
Lstruc (nm) 3.7 3.6 4.8 11.9
Lmag (nm) 6.0 4.4 5.3 13.2

Ni2MnAl As-quenched 24 h 10 d

Tc (K) 296 336 375
Lstruc (nm) – 2.5 7.5
Lmag (nm) – – 9.6

atures below 400 K, we expected to observe mainly nuclear
scattering in the diffraction patterns. The structural details
were extracted by employing the Pawley refinement method
[30], simultaneously fitting the data from both wavelengths
with common sample parameters. The instrumental resolution
function was approximated by a convolution of back-to-back
exponentials with a pseudo-Voigt function [31].

Figure 3 shows the neutron powder diffraction patterns of
the four Ni2MnAl0.5Ga0.5 samples and the three Ni2MnAl
samples, in both cases with λc = 2.665 Å. The diffraction data
were corrected for absorption. For an L21 ordered structure
the nonzero Bragg reflections are those for which the Miller
indices are either all even or all odd. The reflections can be
divided into three distinct peak families: First, if h, k, and
l are all odd, the reflection is due to the different scattering
lengths on the (4a) and (4b) sites; that is, the L21 superstruc-
ture. If h, k, and l are all even, one has to differentiate: If
the Miller indices’ sum is not a multiple of four, its struc-
ture factor results from the diffraction contrast between the
Wyckoff positions (8c) on the one hand and (4a) and (4b)
on the other hand, which results already from B2 ordering.
If h, k, and l sum to a multiple of four, it is a primitive
peak of the underlying bcc (A2) lattice with a structure factor
that depends solely on the alloys’ composition, resulting from
all lattice sites contributing in phase. In our measured data,
the primitive and the B2 superstructure peaks are for every
annealing state as sharp as those from calibration samples,
without any indication of strain or size broadening beyond
the experimental resolution. Thus, we can use these peaks to
fit a set of parameters describing the instrumental resolution
function optimally for our measurements.

In contrast to the primitive and B2 superstructure peaks, the
odd-order L21 superstructure peaks are noticeably broadened
compared with the instrumental resolution. As a function of
increasing annealing time all theses peaks sharpen and gain
intensity. For a given sample state, this broadening does not
vary with Q, implying that it results from a finite correlation
length of the associated order; that is, from an antiphase do-
main structure of the L21 superstructure. Thus, the observed
sharpening of the L21 superstructure peaks with annealing
duration is a direct indication of the antiphase domains’
coarsening.

For a quantitative analysis of the L21 correlation length
with the annealing time we employed whole-pattern Paw-
ley refinement. We assume only resolution-broadened peak
profiles for the primitive and B2 superstructure peaks, while
the additional inherent broadening of the L21 reflections is
described by an appropriate model function as derived in
Ref. [32] from the coarsening of APDs by Monte Carlo
simulations. To describe the real-space correlation functions
a model function scaled by a time-dependent parameter L
was proposed. The resulting expression for a peak profile in
powder diffractometry is given by

S′(kx ) = 8π2

k2
x + 1/b2

+
√

32π5
2∑

i=1

aiσi exp
(−k2

x σ
2
i /2

)
, (1)

with kx = (Q − Qpeak)Lstruc(t )/2 and Qpeak being the peak po-
sition. The parameters b, ai, and σi for i ∈ {1, 2} are given in
Ref. [32].
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FIG. 3. Neutron diffraction pattern obtained on Ni2MnAl0.5Ga0.5 (top) and Ni2MnAl (bottom) after distinct annealing durations at 450 K
measured at λc = 2.665 Å together with Pawley refinements as solid black curves. The peak locations for the different states of order (A2, B2,
and L21) are marked, and the broadened L21 superstructure peaks additionally indicated by the dashed lines. On the left side the patterns are
depicted as measured dependent on the time of flight, while on the right side the data and models are transformed to Q space. The intensity
axis uses a logarithmic scale, with distinct plots shifted by two and a half decades.

The fitted scale of the APDs Lstruc(t ) is inversely pro-
portional to the interfacial density of the domains and is
equivalent to the scale obtained by the linear intercept method
[33] applied in microscopy experiments. To describe the back-
ground we use a polynomial of degree five. We minimize
the squared deviations between the diffraction data and the
fit function, weighted according to the counting statistics.
Even though the measurements were performed well above
the magnetic transition temperatures, possible magnetic short-
range order can cause an additional intensity contribution
particularly at low Q due to the magnetic form factor’s strong
decrease with Q, which is most conspicuously visible for
Ni2MnAl in the as-quenched condition and can be rationalized
by its known antiferromagnetic ground state [10]. Thus the
first L21 superstructure peak is neglected in the refinement
and does not contribute to the determination of the structural
length scale Lstruc.

As can be seen in Fig. 3, the data can be fit very well
with our model. In itself, this would not be remarkable, as the
convolution with the instrumental resolution function hides

the details of the assumed inherent broadening. The virtue of
our approach lies in the quantitative accuracy, with the fitted
antiphase domain length scales Lstruc as given in Table II being
only due to the inherent broadening. As expected, they show
an increase with annealing time, with Ni2MnAl0.5Ga0.5 having
generally larger domains at a given annealing condition than
Ni2MnAl. This parallels the results of Ref. [16], where higher
annealing temperatures resulted in a correspondingly faster
growth of the domain size. Note that as-quenched Ni2MnAl
displays only structural peaks corresponding to B2 order, pro-
hibiting the assignment of an L21 antiphase domain length
scale.

V. SMALL-ANGLE NEUTRON SCATTERING

While crystalline periodicity gives diffraction peaks in the
wide-angle region and finite correlation lengths of crystalline
order lead to their broadening, variations of the mean scat-
tering length density on the mesoscopic length scale give
rise to small-angle neutron scattering (SANS). The neutron’s
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FIG. 4. Temperature-dependent magnetic small-angle neutron scattering of the Ni2MnAl0.5Ga0.5 sample 10 d annealed at 623 K. Left:
SANS signals for distinct temperatures. Right: SANS intensity for distinct Q as function of temperature, with DSC-derived magnetic transition
temperature Tc indicated.

magnetic moment couples to the local internal magnetic field,
thus a magnetic microstructure can be probed by SANS
experiments. Such measurements have been conducted at
SANS-1 at the FRM II, Garching [34,35]. For suppressing
multiple scattering the powder samples were encapsulated
between aluminium foil, giving an effective sample thickness
of 0.4 mm. Measurements between 4.2 and 450 K were per-
formed using unpolarized neutrons at detector distances of 2
and 8 m at a neutron wavelength of 5 Å and at a detector
distance of 20 m with a wavelength of 6 Å in order to ac-
cess even smaller Q. To match the incident divergence to the
detector resolution, the distance from the neutron guide exit
to the sample was set equal to the sample-detector distance by
inserting neutron guide elements down to a minimum distance
of 4 m, where the critical angle of reflection in the neutron
guide starts to limit the achievable divergence. The isotropic
scattering signal was radially averaged to obtain the scattering
profile over the range of 0.02 nm−1 � Q � 4.2 nm−1. The
data were collected continuously during temperature sweeps
with cooling and heating rates of 2 K/min, read out once per
minute. Thus, our nominal temperatures actually correspond
to windows of 2 K. The data are corrected to the beam moni-
tor, and as we used equal sample volumes, they are therefore
proportional to the structure factor S(Q) per formula unit
irrespective of the composition.

Figure 4 displays the evolution of the SANS profiles with
temperature for the Ni2MnAl0.5Ga0.5 sample at the longest
annealing state of 10 h. At low Q the profiles can be best
described by a straight line on these log-log plots, indicating a
decay of intensity with Q−4 that does not change with temper-
ature. The main contributions to this signal are the divergence
of the incident neutron beam as well as the Porod scatter-
ing from interfaces such as powder grain surfaces and grain
boundaries [36]. As the temperature is lowered through the
magnetic transition at 392 K, a distinctive shoulder develops
around Q ≈ 0.3 nm−1 due to the emergence of magnetically
ordered domains. At the highest measured Q beyond 1 nm−1,
the data show a peculiar behavior in this temperature region:

with falling temperature, they first rise, reach a maximum
around the transition temperature, display an intermittent
regime of decreasing intensity, and finally increase again. In
agreement with Refs. [21] and [37], we interpret this part of
the signal as scattering due to short-range order of the spins
in the paramagnetic regime, which has a maximum at the
transition temperature.

The shoulder due to local variations in the magnetiza-
tion on the nm scale is present in all annealing states of
Ni2MnAl0.5Ga0.5 as well as in annealed Ni2MnAl, as depicted
in Fig. 5. At a given temperature, the additional contribu-
tion is strongest for the samples with the longest annealing.
Also its position in Q varies noticeably, moving to smaller Q
with progressive annealing. Different from the other samples,
Ni2MnAl in the as-quenched state does not show magnetic
small-angle scattering. Thus, in this case the B2 state can
be retained by quenching, leading to a conventional anti-
ferromagnetic state at low temperatures, in agreement with
Ref. [10].

According to our hypothesis of a one-to-one correspon-
dence of structural and magnetic domains, the magnetic
small-angle scattering should be described by the same
real-space correlation function as the broadening of the su-
perstructure peaks. Thus, for modeling the corresponding
contribution to the scattering we use the model function
parametrized by our Monte Carlo simulations [32], but now in
its formulation for a point-wise evaluation of the intensity in
three-dimensional reciprocal space, where the previously used
expression for the diffraction peak profile was the orthogonal
projection of the intensity onto a line through a superstructure
peak. It is given as

S(k) = 8π

(k2 + 1/b2)2 +
√

8π3
2∑

i=1

aiσ
3
i exp

(−k2σ 2
i /2

)
, (2)

with k = QLmag(t )/2. Contrary to the case of diffraction, in
SANS typically systematic deficiencies of the peak model
are the main sources of deviations due to the higher statistics
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FIG. 5. Temperature-dependent SANS profiles in the temperature range for Ni2MnAl0.5Ga0.5 (left) and Ni2MnAl (right) in various
annealing states, in each case measured at 5, 300, 340, 360, 380, 390, 400, and 450 K, and modeled according to Eq. (3).

and better resolution. Thus, our objective function in fitting is
the nonweighted sum of squared relative deviations between
data and model, which corresponds to minimizing the visual
deviations in a log-log plot.

Including the above-mentioned Q−4 contribution and the
Lorentzian contribution due to magnetic short-range order, the
complete fit function is given as
d�

d�
= C(T )Q−4 + A(T )L3

magS(QLmag/2) + B(T )�(T )

Q2 + �(T )2 ,

(3)

where the prefactor A(T ) is a measure of the strength of
the magnetic small-angle signal S(k), while B(T ) and �(T )
are the Lorentzian’s strength and width, respectively. We as-
sume a magnetic domain scale Lmag that is independent of
temperature—for reasons of stability we determined it by
fitting the profiles recorded at low temperatures (T < 100 K).

As can be seen in Fig. 5, our model function’s fit to the
small-angle scattering signal is in general quite good, con-
sidering that apart from prefactor and scale there are no free
parameters to describe its shape. Discernible deviations seem
to be due to the experimental signal being somewhat broader
in Q. Such a behavior would follow from a spatial inhomo-
geneity of the characteristic domain length scale, perhaps due
to composition fluctuations, but our present data do not allow
us to give a definitive explanation.

The fitted length scales Lmag for the different samples are
listed in Table II. The consistent definition of structural and
magnetic length scale allows us to directly compare the re-
spective domain structures. Indeed, for a given system and
annealing state the two agree quite closely, and the absence
of L21 structural order and associated antiphase domains in
as-quenched Ni2MnAl is reflected in the nonexistent corre-
sponding magnetic small-angle signal. Thus, we think that it
is safe to accept our hypothesis that magnetic domain walls
do not merely get pinned at antiphase domain boundaries,
in which case the magnetic domain interface density could
be significantly larger or smaller than the antiphase domain
interface density, but that the structural domain boundaries
inherently induce a magnetic domain boundary. A further
argument for the strict coincidence is that, as the samples are
annealed and thus the structural domain interface density de-
creases, so does the magnetic domain interface density, which
cannot be explained in another way. Our measurements show
that the magnetic scale is, if at all different, slightly larger
than the structural scale, therefore we can also exclude the
possibility of gradual rotations of the magnetization within
APDs, which should rather give rise to smaller fitted length
scales of the magnetic domains. Note that the described sce-
nario applies particularly for our case of quite small APD
sizes and a concomitantly strong effect on magnetism, while
for the coarser configurations typically studied by microscopy
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FIG. 6. Decrease of the magnetic contribution in the SANS pro-
files with increasing temperature. The positions of the magnetic
transition temperatures Tc according to DSC are marked by arrows,
while a fitted mean-field critical behavior

√
1 − (T/Tc ) is depicted

as black solid lines.

[7,12,13], secondary effects such as magnetostatics can be-
come more important.

To study the evolution of the magnetic domain signal with
temperature we consider the fitted prefactor of the magnetic
signal A(T ) according to Eq. (3), which is proportional to
the total magnetic small-angle scattering of the sample and
thus, assuming each sample to comprise an equal number of
formula units, to the ordered magnetic moment per formula
unit. Figure 6 depicts these values relative to the strength
of the magnetic contribution of the Ni2MnAl0.5Ga0.5 sample
with a 10 d annealing duration measured at 5 K. We observe
a continuous decrease of the magnetic signal with increas-
ing temperature, consistent with the expected second-order
phase transition. For a simple determination of the magnetic
transition temperatures, we fit the signals with the critical
behavior

√
1 − (T/Tc) according to mean-field theory. The

corresponding phase-transition temperatures agree well with
those obtained via DSC on the respective samples, with the
remaining deviations being probably due to the broad DSC
signal of the powder samples and the resulting ambiguity in
defining the transition temperature as mentioned in Sec. III.

With annealing, the magnetic small-angle scattering
steadily increases for Ni2MnAl0.5Ga0.5 (and also for
Ni2MnAl, where the scattering in the as-quenched state is
essentially zero according to Fig. 5). This is in apparent con-
trast to the growth of the characteristic lengths Lstruc and Lmag,
where only after 10 d annealing a significant increase is vis-
ible. We rationalize these observations in the following way:
The coarsening kinetics show a thermally activated behavior.
Thus, when quenching the sample from the disordered state
to room temperature, the few moments the sample spends just
below the ordering temperature (931 K for Ni2MnAl0.5Ga0.5

[15]) will coarsen the configuration to a scale that would have
taken much longer to reach at the low-temperature annealing
temperature of 623 K. However, the resulting degree of long-

range order corresponds to the equilibrium value just below
the order-disorder transition and is thus quite low. Conse-
quently, the ordered moment per formula unit is small, as a
Mn antistructure atom aligns antiparallel to the regular Mn
spins [11]. At subsequent low-temperature annealing, first the
degree of long-range order within the existing APDs increases
towards the new equilibrium value, taking a few atomic ex-
changes per site, which apparently corresponds to timescales
of some hours as probed by our first annealing steps. Only on
much longer timescales on the order of days does significant
APD coarsening happen.

We also want to note that, even assuming our hypoth-
esis of APD boundaries inducing domains in the magnetic
ground state, which justifies our use of the model function
describing structural domain scattering also for the magnetic
SANS signal, deviations around the magnetic transition could
be expected. Due to the APD boundaries, the interaction of
the spins is spatially inhomogeneous, and thus the “local”
magnetic transition temperature could be different within the
domains and at the boundaries. Note that in particular for Mn
segregation to the APD boundaries, it is well conceivable that
the domain boundaries can keep their magnetic order to higher
temperatures, leading to a peculiar state of two-dimensional
magnetically ordered interfaces separating paramagnetic do-
mains, while the converse scenario would lead to a loss of
magnetic order towards the boundaries. In either case, the
additional structure in the local magnetization around the
phase transition would affect the shape of the SANS signal.
As our data can be well described at all temperatures by the
combination of short-range ordered paramagnetic scattering
and the domain signal with a temperature-independent scale,
we can conclude that such effects, which in principle should
be expected to occur, are not strong.

Finally, we want to discuss the relevance of our work
for general Mn-based Heusler materials, beyond the specific
systems considered here. We are aware of another SANS
investigation on spatially inhomogeneous magnetism in the
composition series Ni50−xCoxMn40Sn10. In the pertinent pub-
lications [21,37] the authors similarly observed a shoulder
in the magnetic SANS signal around 0.3 nm−1, but gave an
interpretation in terms of ferromagnetically ordered clusters
of spins embedded in a nonferromagnetic matrix (or alter-
natively within a matrix of smaller magnetization). It has to
be conceded that their system presents a more complicated
situation, hosting a martensitic phase and having a tendency
for chemical phase separation [37], but we want to raise the
possibility of APD-induced magnetic domains also for this
case: for the ternary end member Ni50Mn40Sn10 the L21 or-
dering temperature has been reported to be close to 900 K
[38], which is even somewhat lower than the 931 K for our
Ni2MnAl0.5Ga0.5 already quoted above. Thus, a priori it has
to be assumed that quenched Ni50−xCoxMn40Sn10 will have
antiphase domains on the same scale as in our study, and their
role in explaining magnetic spatial inhomogeneities should be
considered.

VI. CONCLUSION

We have studied the relation between structural and mag-
netic order in Ni2MnAl and Ni2MnAl0.5Ga0.5 powder samples
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of distinct L21 order states by neutron powder diffraction
and small-angle neutron scattering, respectively. Applying
a phenomenological model derived from simulations of the
coarsening of APDs allowed us to extract the respective corre-
lation lengths in a rigorous way. Their coupled variation over
the distinct samples, as well as their quantitative closeness
are strong arguments that magnetic domain walls are not
only pinned at antiphase domain boundaries, but that struc-
tural domain boundaries inherently induce magnetic domain
boundaries in these systems, and thus that structural and mag-
netic domain configurations are essentially identical.

The reason for the observed behavior lies clearly in the
strongly distance-dependent interaction between Mn spins,
which are principally responsible for magnetism in these sys-
tems, corresponding to a mechanism that is fundamentally
different from the competition between short-range exchange
interaction and long-range dipole-dipole interaction that gives
rise to Weiss’ domains. These induced magnetic domain
boundaries will show a much stronger resilience against exter-
nal magnetic fields than conventional magnetic domain walls

and thus likely be responsible for the increased magnetic
stiffness and reduced achievable magnetization of samples
at early annealing stages with fine-grained antiphase domain
configurations, constituting an alternative way of how struc-
tural order can affect the magnetic behavior beyond the effect
of the degree of long-range order. The described mechanism is
clearly generally applicable, but our findings are of particular
relevance for the widely investigated class of Heusler systems
with Mn as the dominant magnetic species, where in future
investigations the antiphase domain scale should be regarded
as an additional parameter to be controlled when considering
the magnetic properties.
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