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The structural features of the “5M” martensitic phase in NiFeGa alloys have been determined by
electron diffraction using the multi-slice least-squares (MSLS) method. The results demonstrate that the
“5M” phase contains an evident cooperative effect of monoclinic distortion and sinusoidal modulation
along the [110]. direction. Theoretical simulations based on our refined data suggest that the “5M”
martensitic phase observed in Ni-Fe-Ga and Ni-Mn-Ga has visible common behaviors in both stacking
sequence and local structural distortion. Considering the cooperative effect of monoclinic distortion and
sinusoidal modulation, we demonstrate that the “7M” martensitic phase could adopt two equivalent
structural phases corresponding with the stacking sequences of (43), and (52),, respectively.

Crown Copyright © 2009 Published by Elsevier Inc. All rights reserved.

1. Introduction

Ferromagnetic shape memory alloys showing a reversible
structural phase transition have attracted great attention because
of their potential applications as high sensitivity magnetic sensors
and actuators [1-5]. Among a large number of alloys, Ni-Mn-Ga
is a typical system which could give rise to maximum magnetic-
field-induced strain (up to about 10%) [6]. However, the high
brittleness of these alloys restricts the applications for the
development of technologic devices. The Ni-Fe-Ga system as a
new type of ferromagnetic shape memory alloys has been
developed in order to improve toughness, it shows a notably
better ductility than the Ni-Mn-Ga materials [7-9]. The stoichio-
metric Ni;FeGa is a Heusler alloy with the well-defined L2, atomic
order, which has a relatively high Curie temperature of about
T.=430K, a martensitic transformation temperature of M;=142K,
a saturated magnetization of 73 Am?/kg and a low saturated field
of 0.6 T. Moreover, this alloy exhibits a completely recoverable
two-way shape memory effect with a strain of 0.3% upon the
thermoelastic martensitic transformation [5]. The “5M” and “7M”
structural modulations, corresponding to the well-known phonon
anomalies in the [{{0] TA, branch, occur along the [110]. direction
as characterized by TEM observations at low temperatures
[10,11]. Structural analysis suggests that structural modulations
in the layered martensitic structure show up certain common
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features as reported in Ni-Al [12], Ni-Al-Mn [13] and Ni-Mn-Ga
[14]. In previous publications, two structural models have been
proposed to interpret the structural properties in the martensitic
structure, i.e. long-period modulation model with shuffling of the
atomic (110). basal planes and stacking sequences of the close-
packed planes with a zigzag-like fault [15-20]. For example, the
“5M” and the “7M” are denoted as (32), and (52), stacking
sequence ((mn), indicates m planes shift in one direction, n planes
shift in the opposite) in Zhdanov's notation, respectively.
[12-15,20]. Actually, there is still ongoing debate about the
atomic structural models corresponding with the superstructures,
and certain interpretations for the observed structural features
are apparently controversial. In the present paper, we will report
on the structural studies of the “5M” and “7M” martensites. We
will perform a crystal structure refinement for the “5M”
martensitic phase of NiFeGa as observed at low temperature.
Based on the refined structural data, HRTEM simulations are
carried out in comparison with the experimental results as
reported in previous publications [20,21]. Structural analysis
and HRTEM simulation for the “7M” martensitic phase are also
discussed. The cooperative effect of monoclinic distortion and
sinusoidal modulation is extensively studied.

2. Experimental

The NiyFeGa ribbon samples were synthesized by spinning the
melt of the precursor ingot with a Ni;FeGa composition, which
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was prepared by melting pure metals in proportion in an
induction furnace under argon atmosphere. Experimental details
on the sample preparation and related characterization of
physical properties have been reported in Ref. [5]. In order to
avoid stress introduced from the grinding during TEM specimens
preparation, 40 um thick ribbons were selected and polished
mechanically to about 20 um, then ion-milled directly. Micro-
structure analyses were performed on an H-9000NA (300 kV) and
a Tecnai F20 (200kV) microscope both equipped with low-
temperature sample stages to examine structural changes
through the martensitic transformation. A DITABIS imaging plates
(IPs) system was used to digitally record the electron diffraction
patterns. The average probe size of the electron beam is around
50 nm in diameter. Structure refinements were performed using a
software package MSLS [22], which performs a standard least-
squares refinement in which the measured intensities of the
diffracted beams are compared with those calculated using a
multi-slice algorithm. It is shown that the atomic positions
obtained by this MSLS procedure could have the same accuracy as
those obtained from single-crystal X-ray diffraction [22,23].

3. Results and discussion

We firstly focus our attention on the martensitic structure of
stoichiometric NiFeGa in which the “5M” superstructure was
commonly observed below martensitic transformation. Fig. 1
shows the electron diffraction patterns of the “5M” martensite
NiyFeGa alloy taken along the [001]. (i.e. [010],,) zone axis and
[113], zone axis at the temperature of 100K. The lattice
parameters of the “5M” martensite can be determined from the
main spots in the electron diffraction patterns. The resultant
lattice  parameters are a,=4.0980(1)A, b,=5.4500(3)A,
cm=20.4898(3)A and B=88.4(1)°. The distance between two
basal crystal planes along the modulation direction is
determined to be 2.0482(2)A for the “5M” phase at 100K. In
comparison with the parent L2, cubic phase, we obtain a value for
the tetragonal ratio of c/a ~ 0.9404 which is associated with the
value of achievable maximum strain, this data is fundamentally in
consistent with previous results obtained in the “5M” and “7M”
phases of Ni,MnGa [24,25].

Fig. 2 shows a structural model for the “5M” martensitic
structure, exhibiting a supercell consisting of 10 basal structural
planes with the crystallographic axes as schematically illustrated,
where [100],, is along [110],, [010],, is along [001]., and [001],, is
slightly off [110]. (subscript “m” denotes the martensitic

structure, and subscript “c” denotes the parent L2; cubic
structure). The monoclinic angle in this structural model is
determined from the electron diffraction of Fig. 1(a), as
indicated as =88.4(1)°. The long-period structural modulations
in martensitic phases of Ni-Mn-Ga in general are accompanied
with small displacements of atomic planes along either [110],. or
[110]. direction following a sinusoidal modulation as reported in
[16-19,24,25]. It is also noted that the “5M” and “7M” martensitic
structures commonly show visible monoclinic distortions as
typically indicated in Fig. 1(a). Careful measurements suggest
that this kind of monoclinic distortions could have a small
alternation from one area to another in correlation with the local
strain and defect structures. We therefore propose that the
structural features of the “5M” phase should be interpreted by
considering a cooperative effect of monoclinic distortion
and sinusoidal modulation similar with what reported in Ref.
[18,19] as schematically illustrated in the structural model of
Fig. 2. In order to facilitate the structural refinement, we assume
that the fractional coordinates of the atoms within the (110).
basal planes keep constant during the martensitic transformation
[12-14,20]. In this case, we choose a Fourier series to describe the
periodic harmonic displacements of the basal planes. The
position, x,, of each basal plane z with a clear shift along [110],
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Fig. 2. Structural model of the “5M” martensite viewed along the [001]. (i.e.
[010],,) zone axis. The position of the basal plane z=4 is indicated by an arrow, the
a,, is expanded doubly for clarity.

.
.
L]
]
L]
.
¢

Fig. 1. Electron diffraction patterns of the “5M” martensite Ni,FeGa alloy taken along (a) the [001]. (i.e. [010],,) and (b) the [1 ié]c zone axis direction at the temperature of

100K.
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or [{10]6 is given by

X, = Xos + > {An sin<¥ +oc> +B, cos (@ +<x>} (z= integer)
n=1

M

where Xg, = dayo x tan(90°—-88.4°) x z/a,, indicates the structural
change of monoclinic distortion, which can be calculated from the
lattice parameters and monoclinic angle obtained from
the electron diffraction pattern. The Fourier terms indicate the
periodic modulation of basal planes and the index n defines
the order of the Fourier series. o is the initial phase of the periodic
modulation wave. It will be noted in the following text that «
plays an important role in determining the relative shift between
two neighboring basal planes. In previous literature, it is
demonstrated that the amplitude of the atomic displacements
arising from the first-order harmonic function was fundamentally
good enough for theoretical analysis of the diffraction results in
Ni-Mn-Ga system [18,19]. Hence, in the following discussion, we
will only consider the first order in the Fourier series. The
symmetry rules only permit the refinement of the A,sin
(2nmz/5+0o) terms in Eq. (1), thus the position of each basal
plane z is simply given by

X, = X, +Asin (% +oc> (z=integer) 2)
where A indicates the amplitude of sinusoidal modulation wave.
The Asin(2nz/5+ o) term defines the position of basal plane z in
the supercell governed by the sinusoidal modulation. The initial
phase o of sinusoidal modulation wave is adopted to be 0. As an
example, the calculated basal plane position for z=4 is written as
Asin(87/5) and indicated by an arrow in Fig. 2.

A monoclinic supercell, with the space group I2/m and the
lattice parameters of am=4.0980(1)A, by,=5.4500(3)A, cm=
20.4898(3)A and B=88.4(1), is used for structural refinement
as shown in Fig. 2. The atomic temperature factors are assumed to
be isotropic, all crystallographic data are presented in Table 1.

Table 2 exhibits the coordinates of the positions of the 10 basal
planes in the monoclinic supercell. Table 3 gives the five sets of
experimental data of electron diffraction. The R value used in our
refinement is defined as R= S [(ops)—Uca)?/ SUops)?.  All
reflections with I, >20(l,,) are used in the present
calculations, where o(l,;) is the standard deviation of the
diffraction intensity. Experimental diffraction pattern used in
our refinement were obtained by using an incident electron beam

Table 1
Crystallographic data for the “5M” martensitic superstructure at 100 K.

Crystal system Monoclinic
Space group 12/m

a (A) 4.0980

b (A) 5.4500
c(A) 20.4898

B () 88.4

Atom type Wyck. X y z B (A2)
Ni1 8j 0.0799 0.2500 0.1000 0.34
Ni2 8j 0.5494 0.2500 0.2000 0.34
Ni3 4h 0.5000 0.2500 0 0.34
Fel 2a 0 0 0 0.27
Fe2 4i 0.0799 0 0.6000 0.27
Fe3 4i 0.0494 0 0.2000 0.27
Gal 2b 0 0.5000 0 0.36
Ga2 4i 0.5494 0 0.7000 0.36
Ga3 4i 0.5799 0 0.1000 0.36

The atomic temperature factors are assumed to be isotropic.

Table 2

Coordinates of basal planes along the [1 iO]C direction in the monoclinic unit cell.

Plane z 0 1 2 3 4 5
X 0 0.0799 0.0494 0.9506 0.9201 0
Plane z 6 7 8 9 10
X 0.0799 0.0494 0.9506 0.9201 0

Table 3

Experimental data of the electron diffraction sets used for the structure
refinement.

Zone No. of Thickness  Center of Laue circle R value
axis reflections (nm) (%)
h k 1
[010],, 320 17.0(4) -0.11(5)  0.000 2.78(4) 5.9
[010],, 336 5.2(7) 0.27(7) 0.000 -0.45(7) 6.9
[010],, 306 26.7(7) 0.08(5) 0.000 -1973) 1.7
[010],, 333 12.6(4) 0.17(8) 0.000 -0.50(9) 6.3
[010],, 312 6.4(9) 0.11(3) 0.000 -0.76(4) 7.9

The overall R value is 4.663%. In the present work, we use the data taken from five
crystal areas with different thickness. The misorientation of the crystal is given as
the center of the Laue circle in the electron diffraction pattern in Miller indices h, k,
and [ as illustrated for each pattern.

with a small convergence angle, such that the illumination is
similar to a plane wave and sharp diffraction spots could be
obtained. The intensity of each reflection is measured by
integrating over a circular area around each diffraction spot. A
small spot size (~50nm) was used for electron diffraction in
order to have a relatively small variation of thickness and crystal
orientation, and to reduce the amount of unwanted information,
e.g. impurities and structural defects. Firstly, the scale factor,
crystal misorientation and thickness for each electron diffraction
pattern were refined. Five sets of experimental data were taken to
have a range of thicknesses. The overall R value for these sets is
about 4.663%. From the coordinates of the 10 basal planes in the
monoclinic supercell, the amplitude of sinusoidal modulation
wave,A, is estimated to be about 0.0840, therefore the real
amplitude of the modulation wave is expected to be around
0.3442A. According to the theoretical studies for the shape
memory alloys, the modulation amplitudes in the two atomic
layers in Ni;MnGa have different values of 0.292 and 0.324 A for
the Mn-Ga and Ni planes, respectively [25], these data are
fundamentally consistent with our refined results.

The selected bond lengths of the “5M” martensitic phase
obtained in our study corresponding to crystallographic data
presented in Table 1 are listed in Table 4, in which certain
structural data of the parent L2, cubic structure are also displayed
for comparison [5]. It is clearly recognizable that the bond lengths
become remarkably diverse in the “5M” martensitic phase,
suggesting that a complex structural change appears in
association with the martensitic transformation in this kind of
materials.

Fig. 3 exhibits the major structure changes of the Fe sub-lattice
through the martensitic transformation. It is commonly accepted
that the Fe sub-lattice plays a critical role for understanding the
magnetic properties in this kind of materials [26,27]. Fig. 3(a)
illustrates a tetragonal Fe sub-lattice in the parent L2, cubic phase
with parameters age=Cp.=4.0591 A, bpe=5.7405 Aand f=90°[5],in
which the Ni and Ga atom are neglected. Fig. 3(b) displays the
projection of this tetragonal structure along the [001]. direction,
and Fig. 3(c) illustrates the projection of the deformed tetragonal
structure along [001]. direction for the MT phase with lattice
parameters of ar.=4.0980(1)A, bp.=5.4500(3)A, cr.=4.1090(1)
and f=85.6(4)°. The visible structural differences between
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Fig. 3(b) and (c) suggest that the martensitic transformation
occurring in the present system could evidently influence the
magnetic property in this kind of system.

Actually, the long-period martensitic structures, such as “5M”
and “7M”, commonly appear in a variety types of Heusler alloys.
For instance, certain Ni-Mn-Ga samples with specific composi-
tions show clear superstructures at room temperature, which

Table 4
Selected bond lengths of the parent L2; cubic structure and the martensitic
structure.

Cubic (A) Martensite (A)
Fe-Fe 4.059 Fel-Fel 4.098 ..
Fel-Fe2 3.794 ¢ 4188 .6
Fel-Fe3 4.109 .,
Ga-Ga 4.059 Gal-Gal 4.098
Gal-Ga2 4109, 3
Gal-Ga3 4188 5 3.794 ¢
Ni-Ni 2.870 Ni1-Ni1l 2.725 .,
Ni1-Ni2 2.850 2945, ,
Ni1-Ni3 2639, 3.181,3
Fe-Ga 2.870 Fel-Gal 2.725, 5
Fe2-Ga2 2.850 2945, 5
Fe3-Ga3 2.850, >
Ni-Fe 2.486 Nil-Fel 2490, 4
Nil-Fe2 2461 .6
Nil-Fe3 2.461 .,
Ga-Ni 2.486 Gal-Nil 2490, 4
Ga2-Ni2 2461, 2484, 5
Ga3-Ni3 2490, 3

The bond lengths of the parent L2; cubic structure are calculated with parameter
a=5.7405 A as reported in Ref. [5].

4.059 [110]

allows the performance of the HRTEM observations and directly
reveal the atomic structures for the long-period martensitic
phases [20,21]. A careful analysis suggests that the structural
data obtained in our previous refinements can be used to
interpret the main structural features of the “5M” HRTEM image
obtained in Ni-Mn-Ga system. Our image simulation has
been performed with the JEMS software (developed by Prof.
P. Stadelmann) using the multi-slice method. Fig. 4 shows a
theoretical HRTEM image for the “5M” martensite along the
[001]. (i.e. [010],,) zone axis. The atomic positions from the
structural model are superimposed on the image. It is
recognizable that the (32), stacking sequence shows very
similar behaviors with the data reported by Pons et al. in Ni-
Mn-Ga for the “5M” modulation structure [20,21].

In order to understand the structural features observed in the
martensitic phase, a debate between the modulation model and
the stacking sequence model has persisted for decades [12-20]. In
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Fig. 4. Simulated HRTEM image of the “5M” martensite along the [001]. (i.e.
[010],,,) zone axis, with a thickness of 2.3nm and a defocus of —54nm. The
projected atomic positions from the structural model are superimposed on the
image.

@ Fc:z=9,1

® Fe:z=112

[

(170,

4.117 P

Fig. 3. Schematic representations of alternations of the Fe sub-lattice through the martensitic transformation. (a) The structural model of the parent L2; cubic phase. (b)
The projection of the parent phase along the [001]. direction. (c) The [001]. projection of the deformed tetragonal structure below MT.
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particular, it has been demonstrated that the “5M” martensite can
be well interpreted by a modulation model in the orthorhombic
unit cell, on the other hand, the (32), stacking sequence model
can quantitatively interpret the monoclinic distortion, in which
the monoclinic angle () was considered to be determined by shift
parameters and stacking sequence [14]. In what follows, we show
that the monoclinic distortion and sinusoidal modulation should
be considered cooperatively for understanding the “5M” and
“7M” modulated structures. As displayed above, the cooperative
effect of monoclinic distortion and sinusoidal modulation can
interpret the arrangement of the (32), stacking sequence in “5M”
martensitic structure reasonably.

Pons et al. argued in previous literature that, for the “7M”
layered martensite, the experimental observations show visible
disagreement with the structural model based on the wave-like
modulation which could only exhibits the (43), stacking sequence
[20]. In the present study, we apply the cooperative structural
model of monoclinic distortion and sinusoidal modulation to
analyze the “7M” layered martensite. Because we did not observe
the “7M” martensitic phase in the sample used in the present
study, we use the structural data for martensitic NiMnGa as

[110]¢

[001],

[11o)e

(@]

EE TR EILAERE R R

. 4

@ Fez=0Gaz=12

[001]m

® Niz=1/4 z=3/4

reported in Ref. [14], i.e. a,=0.426 nm, b,;,=0.543 nm, ¢,,=2.954
nm and $=94.3°, and the vertical distance between two basal
plane is given by cysinf/14=0.21nm. It is noted that the
modulation amplitudes reported in layered martensite is in
the range of 0.06 and 0.09 [13,14,18,25], thus we adopted the
A=0.0840. As mentioned in above context, we found that two
degenerate states corresponding with the initial phase o being 7
and O could both give rise to reasonable martensitic phases as
illustrated in Fig. 5. For the “7M” martensitic phase supercell with
the initial phase o=, the position of each basal plane z is simply
given by Eq. (3). Fig. 5(a) shows the corresponding cooperative
structural model. The calculated positions of the 14 basal planes
according to Eq. (3) are listed in Table 5. Fig. 5(c) shows the
simulated image of “7M” structure along the [001], (i.e. [010],,)
zone axis following the structural model of Fig. 5(a).

X; = Xo, +Asin (? +n) (z = integer) 3)

It is clearly recognizable in Fig. 5(c) and Table 5 that the
cooperative effect in the “7M” matensitic supercell with the
initial phase o=7 yields a (43), stacking sequence, in which four

b [110)c

[110]¢

LR R R R B B

—

@ Gaz=0TFez=12

Fig. 5. (a) Schematic representation of the cooperative structural model for the initial phase o=, (b) schematic representation of the cooperative structural model for =0,
(c) simulated HRTEM image of the “7M” martensite along the [001]. (i.e. [010],,) direction with a thickness of 2.0 nm and a defocus of —30nm and (d) simulated HRTEM
image of the “7M” martensite along the [001]. (i.e. [010],,) zone axis corresponding to (b), with a thickness of 2.2 nm and a defocus of —44 nm. The projected atomic

positions from the structural model are superimposed on the images, respectively.
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Table 5
Coordinates of basal planes in the “7M” martensite with the initial phase o being
.

Plane z 0 1 2 3 4
X 0 —0.1026 —0.1561 —0.1477 —-0.1117
Plane z 5 6 7 8 9
X —0.1035 —0.1568 —0.2594 —0.3622 —0.4155
Plane z 10 11 12 13 14
X —0.4070 -0.3714 —-0.3629 -0.4162 —0.5190

The amplitude of sinusoidal modulation wave A is 0.0840.

Table 6
Coordinates of basal planes in the “7M” martensite with the initial phase o being 0.

Plane z 0 1 2 3 4
X 0 0.0286 0.0077 —0.0746 —0.1847
Plane z 5 6 7 8 9
X -0.2671 —0.2880 —0.2594 —0.2308 —0.2516
Plane z 10 11 12 13 14
X —0.3343 —0.4441 —0.5268 —0.5474 -0.5190

The amplitude of sinusoidal modulation wave A is 0.0840.

basal planes shift in one direction and the three others shift in the
opposite direction.

Furthermore, we can also obtained another “7M” martensitic
structure from the cooperative structural model with the initial
phase «=0 as schematically illustrated in Fig. 5(b). The coordi-
nates of the 14 basal planes are listed in Table 6. HRTEM image
simulation along the [001]. (i.e. [010],;,) zone axis direction
(Fig. 5(d)) exhibits a clear (52), stacking sequence in which five
planes shift in one direction and the two other planes shift in the
opposite direction. These facts suggest that the (43), and (52),
stacking sequences could be the two typical types of martensitic
structures originating from the cooperative effect of monoclinic
distortion and sinusoidal modulation for the “7M” structure.

In addition, it is also noted in previous publications that much
more complex stacking sequences in the martensitic phases were

also obtained such as (75),, (55), [14,21] and (5232) [13], and
these structures likely arise from the irregular intergrowth of
different modulated phases with visible monoclinic distortion.
Moreover, these complex stacking sequences observed by HRTEM
can be also interpreted from cooperative effect of monoclinic
distortion and several modulation waves with different ampli-
tudes, initial phases and periodicities. For instance, Martynov
et al. reported that the shear modulation in martensitic lattice can
be considered as superimposition of static displacement
waves with the following propagation and polarization

vectors: kq31I[110], e;23l[1 {O], lki| =4m/5a+v/2, |k| =87/5av/2,

lks| =1271/5av2, |e1| =av/2/17, |ez| =a~2/500, |e3|=av2/150
[16,17].

4. Conclusions

In summary, the “5M” martensitic structure in NiyFeGa at
100K was studied by means of in-situ TEM observation and
refined using the multi-slice least-squares method. The in-situ

TEM studies reveal a clear structural phase transition related to
martensitic transformation at about 142 K. The “5M” martensitic
structure can be well interpreted as a cooperative effect of
monoclinic distortion and sinusoidal modulation along the [110].
direction. The structure refinement based on the cooperative
model demonstrates that the amplitude of the sinusoidal
modulation wave is 0.3442 A, and the monoclinic angle £ is about
88.4(1)°. Furthermore, the simulated HRTEM image of “5M” phase
based on the refined structure data exhibits a (32), stacking
sequence. Considering the cooperative effect of monoclinic
distortion and sinusoidal modulation, we demonstrate that the
“7M” layered martensite could have two equivalent structural
phases corresponding with the stacking sequences of (43), and
(52), in which the initial phase of modulation wave being 7 and 0,
respectively.
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