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 Electron Holography Studies on Narrow Magnetic Domain 
Walls Observed in a Heusler Alloy Ni 50 Mn 25 Al 12.5 Ga 12.5  
 Peculiar magnetic domain walls produced in Heusler alloys, which have 
attracted renewed interest due to their potential application to actuators and 
spintronic devices, are studied here using electron holography. The observa-
tions reveal unexpectedly narrow magnetic domain walls, the width of which 
showed perfect agreement with that of the antiphase boundaries (APB, e.g., 
only 3 nm). While the results can be explained by the signifi cant depression 
of ferromagnetism due to the local chemical disorder, the electron phase shift 
indicates that ferromagnetic correlation still remains in the APB region. 
  1. Introduction 

 Heusler alloys, which show the L2 1 -type ordered structure, have 
been attracting increasing attention due to their enriched func-
tionalities related to spintronics (as a source of spin-polarized 
current), thermoelectric elements, magnetic refrigeration, 
etc. [  1–4  ]  A giant magnetostriction, which is observed in several 
magnetic shape memory alloys (SMAs), is another important 
function provided by Heusler alloys. [  5–7  ]  A Ni 50 Mn 25 Al 12.5 Ga 12.5  
alloy is one such system belonging to the group of magnetic 
SMAs. [  8  ]  
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 With respect to the research and/or 
application of magnetic SMAs, one of 
the most important factors is the effect of 
structural imperfections and/or chemical 
disordering on the magnetic properties. 
Researchers are particularly interested in 
the strong interaction between the mag-
netic domain wall (DW) and antiphase 
boundary (APB: a planar defect in which 
the L2 1 -type order is locally depressed) 
in Heusler alloys. [  9  ,  10  ]  Some of the 
authors [  10  ]  carried out Lorentz micro-
scopy studies that revealed an unexpect-
edly narrow 180 °  DW located at the position of APB:  e.g. , 
the observed width (12 nm) was considerably less than that 
(48 nm) for a 180 °  wall in the matrix region. To gain a deeper 
understanding of the nature of this narrow DW, we need to 
measure the width of the APB in the same position as that 
used for magnetic imaging. However, a critical examination of 
such nm-scale walls/boundaries has not been completed due 
to the resolution limit of magnetic imaging and other such 
technical problems. This motivated us to perform electron 
microscopy observations of such walls/boundaries with high 
precision. 

 Among the magnetic imaging techniques, magnetic force 
microscopy has a lateral resolution of approximately 20 nm, [  11  ]  
which is insuffi cient for observing narrow DWs. With Lorentz 
microscopy, the Foucault (in-focus) mode of observation has a 
spatial resolution of 5 nm. [  12  ]  However, it is diffi cult to deter-
mine the magnetization distribution in the neighborhood of 
an APB by using the Foucault method. Our methodology of 
choice was therefore electron holography, [  13  ]  as it enabled us to 
observe the in-plane magnetic fl ux component with suffi cient 
lateral resolution (less than 5 nm). We used it to determine 
the magnetization distribution in the vicinity of an APB in a 
Ni 50 Mn 25 Al 12.5 Ga 12.5  alloy.   

 2. Results and Discussion 

 The dark-fi eld image in  Figure    1  a reveals the APB positions, 
several of which are indicated by bright lines. Within the frame-
work of a classical thermodynamical theory, [  14  ]  the free energy 
of the system ( F ) in the presence of fl uctuations of the order 
parameter   η   can be expressed as  Equation 1 :

 
F (η) =

∫
{ f (η) + κ(∇η)2}dV,

  
(1)
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     Figure  1 .     Correspondence of the antiphase boundary (APB) and 180 °  
domain wall (DW). a) Dark-fi eld image showing representative APBs. 
b) DWs imaged using the Fresnel method of Lorentz microscopy. DWs 
appear as white and black lines. c) Reconstructed phase image showing 
the magnetic fl ux distribution. 180 °  DWs are visible at positions 1–3, as 
indicated with yellow boxes.  
 where  f (  η  ) stands for the free energy per unit volume,   κ   is a 
constant,  ∇  represents the gradient, and the integral should be 
carried out for the entire volume  V . An essential point is that 
the system favors a gradual change in the order parameter due 
to the second term,   κ  ( ∇ η  ) 2 . If   η   is assumed to represent the 
degree of chemical order in the L2 1 -type structure,  Equation 1  
predicts a fi nite width APB in which   η   gradually changes. For 
evaluating the APB width, we chose several points at which 
the broadness of the APB contrast was minimized: refer to the 
positions 1-3 in Figure  1 a, at which the tilting of the APB (with 
respect to the incident electrons) must be minimized. The 
width was determined from the intensity profi le observed for a 
line across the APB: refer to  Figure    2  b, which shows the result 
for position 2. The measured APB and DW widths for four 
points are listed in  Table    1  . A dark-fi eld image of position 4 is 
shown in the inset of  Figure    3  a. The results in the table are on 
the order of nm although those for position 3 are an exception. 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 3434–3437
A source of this deviation appears to be the tilting of the APB 
with respect to the incident electrons.    

 The Lorentz microscopy image shown in Figure  1 b dem-
onstrates that many of the magnetic DWs, which are imaged 
as bright and/or dark lines, are located in the APB positions. 
Figure  1 c is an electron holography result revealing the in-
plane component of the magnetic fl ux in this viewing fi eld:  i.e.,  
the black lines represent the lines of magnetic fl ux, and the red 
arrows indicate their directions. This fl ux map reveals that the 
DWs showed a pattern of 180 °  DWs at positions 1-3. 

 We consider next the width of DWs using the result of elec-
tron holography for position 2 in Figure  2 a. The area in yellow 
indicates the region for which the dark-fi eld image shows the 
contrast of the APB. A typical 180 °  DW pattern is marked by 
the red rectangle, in which the direction of magnetic fl ux is 
reversed. The upper panel in Figure  2 c plots the electron phase 
shift observed for a line crossing this 180 °  DW. This plot shows 
the average for eight observations acquired for the rectangular 
area in Figure  2 a. The slope changes from negative (due to 
down-spin area in the left region) to positive (due to up-spin in 
the right area) in the vicinity of the DW. The fi rst derivative of 
the phase shift, shown in the lower panel in Figure  2 c, is related 
to the distribution of the in-plane component of the magnetic 
fl ux  M ( x ). Assuming that the sample thickness (approximately 
70 nm) was uniform for this fi eld of view, the in-plane mag-
netic fl ux component observed in a conventional 180 °  DW can 
be approximated by  Equation 2 : [  15  ,  16  ]

  
M(x) = c tanh

( x

δ

)
,

 
 (2) 

  

where   δ   stands for the magnetic exchange length,  x  indicates a 
particular position, and  c  is a constant. A curve fi tting (the red 
line in Figure  2 c) determines the width of the DW ( =    π  δ  ) at 5  ±  
2 nm for position 2. The observed DW widths determined using 
this method are listed in Table  1 . Note that all the observations 
are in prefect agreement with the width of the APB. To the best 
of our knowledge, this is the fi rst observation that demonstrates 
perfect agreement between the APB width and DW width. 

 Here we discuss the magnetism within the narrow APB 
region. With respect to the specimen we observed, the Mn 
moment appears to have been signifi cantly larger than the Ni 
moment. [  17  ]  Thus, we focus only on the Mn moment in the fol-
lowing discussion. As mentioned elsewhere, [  18–20  ]  the magnetic 
characteristic in Ni 2 Mn X  Heusler alloys ( X   =  Ga, In, Sb,  etc .) 
is a counterbalance between the ferromagnetic and antiferro-
magnetic spin orders. The Mn-Mn pair favors ferromagnetic 
coupling when both atoms are located at their regular sites in 
the L2 1 -ordered structure. In the disordered state, in which Mn 
atoms are at irregular sites  X , the magnetic interaction is anti-
ferromagnetic for nearest neighbor Mn-Mn atoms, with one 
located at a regular Mn site and one at an irregular site. Thus, 
we expect a gradual change in the magnetization in the APB 
region, refl ecting a gradual change in the L2 1 -type ordering. 

 Figure  3 a shows the electron phase shift observed for a line 
across the extremely narrow APB shown in the inset: the width 
was only 3 nm, as shown in Table  1 . Note that the phase shift 
in Figure  3 a represents only the magnetic information (due to 
magnetic vector potential   ϕ   M ):  i.e. , undesired signals due to the 
mean inner potential ( viz,  the effect of thickness variation) has 
3435wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  2 .     Thickness determination of magnetic DW and APB. a) Reconstructed phase image 
observed for position 2 in Figure  1 . Red arrows indicate the direction of magnetic fl ux. 
b) Intensity profi le measured for a line across APB (at position 2) shown in dark-fi eld image 
of Figure  1 a. c) Phase-shift profi le observed for the area indicated by the rectangle in (a). For 
better phase resolution, the profi le was produced by averaging eight unwrapped phase images 
consecutively acquired under the same exposure conditions.  
been eliminated by subtracting one observation representing 
the original magnetization distribution from one representing 
magnetization reversal. [  13  ]  In an extreme case in which the fer-
romagnetic order is totally lost in the APB region, the gradient 
of the curve should be zero over the region APB. However, the 
observation clearly showed a gradual change in the slope even 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

   Table  1.     Measured APB and DW widths. 

Position APB width 180 °  DW width

1 8 nm 8 nm

2 5 nm 5 nm

3 13 nm 13 nm

4 3 nm 3 nm
for this narrow APB. This result indicates 
that the ferromagnetic coupling still remains 
within the APB region although the net mag-
netization must be reduced compared to 
that of the matrix region due to the chemical 
disorder. 

 A challenging study would be to investi-
gate the spin arrangement within the APB 
region, in which the two types of magnetic 
correlations are competing. Although this is 
an extremely diffi cult condition to address, 
our electron holography observations may 
provide useful information for clarifying 
this complicated behavior. As mentioned 
above, the plot of the phase shift shows a 
gradual change in the slope over the region 
APB:  i.e. , the narrow DW may have a gradual 
spin rotation mode similar to that of the 
conventional 180 °  DW. Assuming that the 
lattice parameter of the stoichiometric 
Ni 50 Mn 25 Al 12.5 Ga 12.5  alloy is 0.582 nm, we 
evaluate the atomic distance of the Mn-Mn 
pair relevant to the ferromagnetic coupling 
( i.e. , Mn atoms located at regular Mn sites) 
at approximately 0.4 nm. When we consider 
a simple model with gradual spin rotation, 
as illustrated in Figure  3 b, our observation 
of the wall width (3 nm) indicates a signifi -
cant spin rotation angle, 25 ° , with reference 
to the distance of these Mn atoms. Surpris-
ingly, this is greater than the rotation angles 
observed in permanent magnets ( e.g. , from 
5 °  to 10 o ), which have nm-scale magnetic 
DWs due to their large magnetocrystalline 
anisotropy. We ascribe the signifi cant rota-
tion angle observed for Ni 50 Mn 25 Al 12.5 Ga 12.5  
alloy to a reduction in the effective exchange 
stiffness. As Lorentz microscopy studies have 
shown, [  10  ]  the exchange stiffness constant for 
the APB region can be reduced by one order 
of magnitude (or more) compared with the 
result for the matrix region when the change 
in the magnetocrystalline anisotropy is disre-
garded: the magnetocrystalline anisotropy is initially small in 
cubic Heusler alloys. To obtain a deeper understanding of the 
peculiar magnetism in the APB region, we intend to carry out 
direct measurements of the net magnetization using the holog-
raphy technique and report the results elsewhere.   

 3. Conclusion 

 The sophisticated technique of electron holography has pro-
vided essential information for understanding nm-scale mag-
netic DWs produced in the APB region. The widths of magnetic 
DWs observed at four different points showed perfect agree-
ment with the APB widths measured at the corresponding 
positions. These observations unambiguously demonstrate 
that the unexpectedly narrow DWs are due to the depression 
heim Adv. Funct. Mater. 2012, 22, 3434–3437
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     Figure  3 .     Features of the 180 °  DW at APB position. a) Plot of the elec-
tron phase shift due to only the magnetic vector potential   φ   M . Gradual 
deviation from straight red lines (least squares fi ttings to observations in 
matrix regions) is clearly seen within the APB. Insets show an electron dif-
fraction pattern of a Ni 50 Mn 25 Al 12.5 Ga 12.5  alloy with [011] incidence (right) 
and a dark-fi eld image of 3 nm APB obtained by using the superlattice 
refl ection indicated by white circle in the diffraction pattern (left). b) Sche-
matic illustration showing the gradual spin rotation that may occur in the 
APB region.  
of chemical ordering that occurs within the APB region. The 
plot of the phase shift showed a gradual change in the slope 
within the APB region, indicating that a ferromagnetic corre-
lation survives in the APB region, although the interaction is 
substantially depressed compared with the matrix region. Our 
observations provide benefi cial information for obtaining a 
deeper understanding of the magnetic order in the vicinity of 
an interface, which is a core problem not only for ferromagnetic 
actuators (such as those of magnetic shape memory alloys) but 
also for spintronic devices.   

 4. Experimental Section 
 The phase transformations observed in the Ni 50 Mn 25 Al 12.5 Ga 12.5  alloy 
are described elsewhere. [  8  ]  The alloy ingot was homogenized by heat 
treatment at 1273 K for three days. For subsequent heat treatment, the 
ingot was slowly cooled from 1073 K to 673 K over one day, followed 
by quenching in ice water. A thin-fi lm specimen was prepared by 
electrochemical polishing. Due to small difference in the scattering 
amplitude between Mn and (Al, Ga) sites, we were unable to determine 
accurately the degree of L2 1  order by using conventional X-ray 
diffraction. Nevertheless, an electron diffraction pattern clearly shows 
superlattice refl ections related to L2 1  order (e.g., 11-1 spot in the inset of 
Figure  3 ), which enabled careful observation of dark-fi eld images about 
APB. Furthermore, Lorentz microscopy images have demonstrated 
well defi ned ferromagnetic domains which can be produced only in the 
L2 1  phase (not in the B2 phase) in this alloy system. [  8  ]  We thus believe 
that the L2 1  order in the matrix area is suffi ciently developed, and this 
specimen is useful for in-depth studies of APB. 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 3434–3437
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 All experiments were performed with a holography electron 
microscope (HF-3300X, Hitachi) at an acceleration voltage of 
300 kV. This microscope has two positions in which the specimen can 
be placed. Lorentz microscopy images (out-of-focus images [  21  ,  22  ] ) and 
electron holograms of the DWs were obtained in the fi eld-free position 
while dark-fi eld images of the APBs were obtained in the objective lens 
position. The residual magnetic fi eld is approximately 0.01 mT in the 
fi eld-free position. The holograms were recorded with a Gatan CCD 
camera (4 K  ×  4 K, 15  μ m/pixel), and reconstructed phase images of 
the holograms were obtained with Fourier transformation. Details of the 
electron holography can be found elsewhere. [  13  ]   
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