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Martensitic transformation of Ni,FeGa ferromagnetic shape-memory alloy studied

via transmission electron microscopy and electron energy-loss spectroscopy
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The structural properties of Ni,FeGa Heusler alloy synthesized by melt-spinning technique have been
systematically studied by means of in situ heating and cooling transmission electron microscopy. It was found
that the Ni,FeGa alloy was annealed into a well-defined L2, structure at around 980 K, and complex micro-
structural domains appeared along with lowering temperature. At room temperature (293 K), a rich variety of
micromodulated domains were observed. The domain structures were aligned along the (110) or (100) direc-
tions resulting to complex tweed structures. Below martensitic transformation (MT) temperature (M|,
~142 K), the cubic parent phase transformed into unmodulated martensitic variants and modulated marten-
sitic variants. The variants were alternated along the (100) direction with various arrangements and steplike
incommensurate boundaries. The modulated martensitic variants were composed of lamellar structures that
have predominately a 5M modulation structure along the (110) directions. The electron energy-loss spectros-
copy analysis of the low-loss region and the electron energy-loss near-edge fine structure revealed a visible
change of the electronic structure along with MT, which can be well interpreted by means of intra-atomic or

intraband charge redistribution due to spd orbital hybridization among the Ni-Fe-Ga atoms.

DOLI: 10.1103/PhysRevB.77.214106

I. INTRODUCTION

Martensitic transformation (MT) occurs in many different
metallic, ceramic, and polymeric systems and is of signifi-
cant importance to understand its origin. The changes in
crystallographic structure and electronic structure are critical
issues of the MT. Much endeavor has been focused on these
studies for a long time.'"® Conventional transmission elec-
tron microscopy (TEM) has been extensively employed to
study the crystallographic change of the MT for more than
half a century. TEM-based electron energy-loss spectroscopy
(EELS), as a well-established technique, has been success-
fully employed to measure the small change in electronic
structure of many systems such as alloys™!® and oxides'!!?
in the past decades. However, up to now, very few studies of
EELS have been conducted on the MT.8 In this work, EELS
has been successfully employed to measure the change in
electronic structure of Ni,FeGa ferromagnetic shape-
memory alloys (FSMA) on MT by means of in situ heating
and cooling TEM techniques. Ni,FeGa alloy is a high atomic
order L2, structural Heusler alloy developed recently by a
melt-spinning technique. This alloy has a Curie temperature
of T.=430 K and a martensitic transformation temperature
of M,=142 K. This alloy has a two-way shape-memory ef-
fect with a completely recoverable large strain of 0.3% and a
low saturated magnetic field of 0.6 T, upon the MT, which
make it a good candidate for applications as smart
materials.'>!# Unlike the extensively studied Ni-Mn-Ga sys-
tem, Ni-Fe-Ga cannot be synthesized into Ni,FeGa Heusler
alloy phase by conventional melting method because of the
strong competition between disordered austenitic y solid so-
lution phase and ordered L2, intermetallic phase during the
solidification process. Alternately, melt-spun ribbon tech-
nique can be used to avoid the nonferromagnetic y solid
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solution phase and mainly form the ferromagnetic L2,
Ni,FeGa Heusler alloy phase directly. Although powder
x-ray diffraction (XRD) measurements indicated that the as-
prepared Ni,FeGa alloy was well crystallized into cubic
Heusler phase without the presence of other different
phases,'? there are rich variety of microstructures in the
Ni,FeGa alloy synthesized by this nonequilibrium solidifica-
tion method.® These microstructures are possibly premarten-
sitic domains and have a great influence on the MT. In this
work, various electron microscopy methods have been em-
ployed to study the microstructural and electronic structural
properties of melt-spun ribbon Ni,FeGa FSMA.

II. EXPERIMENTAL PROCEDURES

The Ni,FeGa ribbon samples were synthesized by spin-
ning the melt of the precursor ingot with a Ni,FeGa compo-
sition, prepared by melting pure metals in proportion in an
induction furnace under the argon atmosphere, onto a high-
speed cooling copper wheel. Experimental details on the
sample preparation and related characterization of physical
properties have been reported in Ref. 13.

It is well known that thermoelastic martensites are sub-
jected to MT under certain condition of stress and strain. In
order to avoid stress introduced from the grinding during
TEM sample preparation, 5-um-thick ribbons were selected
to ion-mill directly. The experiments were carried out on an
FEI Tecnai F20 (200 kV) field-emission TEM equipped with
a Gatan imaging filter and double-tilt high-resolution cooling
(370-100 K) and heating (293—1100 K) holders. In addition,
the first-principles calculation was performed by density-
functional theory (DFT).

©2008 The American Physical Society
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FIG. 1. SAEDP taken along the [011] zone axis, the well-
defined {111} diffraction spots reveal current Ni-Fe-Ga system L2,
structure feature.

III. RESULTS AND DISCUSSION

A. High-temperature transmission electron
microscopy analysis

Heusler alloys, defined by the generic formula X,YZ, are
ternary, magnetic, and intermetallic compounds with next-
nearest-neighbor ordering L2, crystal structure.'> In previous
works, the as-prepared Ni,FeGa sample was characterized by
XRD and the {111} superlattice reflections corresponding to
next-nearest-neighbor ordering of L2, structure were evi-
denced by a Bragg diffraction peak.'® In TEM, the existence
of any ordered structure is normally detected by the presence
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of superstructure diffraction spots in the selected area
electron-diffraction pattern (SAEDP) along certain direc-

tions. Figure 1 shows some typical features of the [011]
zone-axis SAEDP of Ni,FeGa ribbon taken at RT. The sharp
{111} diffraction spots reveal the well-defined L2, atomic
order phase in Ni,FeGa ribbon. The most striking feature of
Ni,FeGa ribbon is the satellites superimposed diffuse
streaks, as shown by the white arrows, emanating from each
of the main diffraction spots along the (211)" directions ob-

served from [011] zone axis and along the (110)* directions
observed from [001] zone axis (which will be discussed in
Sec. I B). In the extensively investigated Ni-Al and Ni-
Mn-Ga systems, the similar feature of obvious satellites su-
perimposed on (££0)* diffuse streaks has been assigned as
anomalous [110]-TA2 phonon branch softening along the
[110] direction, resulting to structural distortion and various
micromodulated domain structures in the crystal, and has
been identified as a remarkable feature of the precursor of
MT, i.e., premartensitic state.*>!%!17 In order to better under-
stand the premartensitic state in Ni,FeGa, in situ observation
of the change in the diffuse streaks and satellites was per-
formed in a large temperature range of 100-1100 K. The
diffuse streaks and satellites are temperature sensitive and
become invisible at high temperature. As shown in Fig. 2, the
SAEDPs were taken along the [001] zone axis at RT, 380,
450, and 980 K. The SAEDP taken at RT [Fig. 2(a)] presents
a typical average structural feature of the as-prepared
sample. The white arrow illustrates the satellites with the
maximum intensity at about G=*(1/3,1/3,0)*, superim-
posed on the (110)* diffuse streaks emanating from each of
the main diffraction spots. Besides the (110)* and (211)"
diffuse streaks emanating from the main diffraction spots,
another remarkable feature observed in Ni-Fe-Ga system is

Intensity

FIG. 2. [001] zone-axis in situ heating observation of the evolution of the (££0)" diffuse streaks: (a) 293 K, (b) 380 K, (c) 450 K, and
(d) 980 K. (e) Microphotometric density curves measured from the region of A-B indicated in (c).
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FIG. 3. [001] zone-axis SAEDP observation of the micromodulated structures in as-prepared sample at room temperature: [(a), (b), and
(c)] Showing three different configurations of the TS satellites. (d) Showing paired diffuse streaks running symmetrically perpendicular to
+0.16(110)" directions. (¢) Microphotometric density curve measured from the line of A-B indicated in the inset of (d).

the paired diffuse streaks, which are positioned between the
main diffraction spots and symmetrically run parallel to the
(110)* directions [indicated by black arrows in Fig. 2(a)], as
is more clearly demonstrated in Fig. 3(d) and discussed in
Sec. III B. The SAEDPs shown in Figs. 2(b) and 2(c) were
taken at temperatures of 380 and 450 K, respectively. The
microphotometric density curves [Fig. 2(e)] measured from
the streaks of A-B as illustrated in Fig. 2(c) clearly indicate
that the maximum intensity position of the diffuse satellites
contracts with increasing temperature. As the temperature
was increased to 980 K [Fig. 2(d)], the crystal structure
transforms into standard L2, structure with the diffuse satel-
lites and streaks disappearing, which suggests that the distor-
tion related micromodulated domains were removed under
high temperature. However, when the sample was cooled
down, the diffuse streaks appeared again, which suggests that
the micromodulated domains are temperature-dependent and
possibly the precursor of the MT.

B. Room temperature transmission electron
microscopy analysis

Ni,FeGa Heusler alloy was prepared by spinning the melt
onto high-speed copper wheel. The rapid cooling of hot melt
resulted in vacancies, short-range order (SRO) microstruc-
tures, and some other metastable states, which exist at high
temperature, possibly freezing into the Ni,FeGa average
structure. Through SAEDP and diffraction contrast image
observations, a rich variety of microstructures in the
Ni,FeGa alloy have been revealed at RT. Figures 3(a)-3(d)
present a set of typical SAEDPs frequently observed along

the [001] zone axis at RT. Besides the main diffraction spots
of L2, structure, some additional satellites and diffuse
streaks were also observed. As indicated by the arrows in
Fig. 3(a), the main diffraction spots are regularly surrounded
by a variety of satellite spots and diffused reflections. These
facts suggest the presence of complex superstructures and
SRO microstructures in present system. This kind of SRO
states illustrating the local structure properties of Ni,FeGa
alloy are different from the well-known SRO discussed about
diffusion controlled processes in binary disordered alloys
such as Auy,Mo, Au,Cr,'"® Cu-Pt,'? etc., alloys. The intensi-
ties of the second-order reflections of these satellites de-
crease significantly, but still can be identified; however, the
third-order reflections are totally suppressed, which suggests
that the micromodulated domains giving rise to the satellites
should be a transition state (TS) from SRO to LRO (long-
range order). Sometimes two to three sets of such satellites
could be observed in a single SAEDP taken from a small
area. Figures 3(b) and 3(c) show two different configurations
of two sets of such satellites. The satellites’ positions can be
well described by an additional modulation wave vector of
G=-0.44a"+0.76b", where a* and b" are the reciprocal-
lattice vectors for the L2, structure. On the other hand, this
satellite spots can be also assigned as X fractional indices of
+0.16(110)" along the (110)* direction and Y fractional in-

dices of *=0.6(110)* along the (110)* direction, as clearly
shown in the schematic illustration of Fig. 4(a). The spatial
positions of the satellites are ~15.4° off the (110)* direction,
which suggests the TS forms with the micromodulation di-
rection ~15.4° off the (110) direction. As mentioned above,
Fig. 3(d) presents much clearer paired diffuse streaks run-
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FIG. 4. Schematic reproduction of the configuration of TS sat-
ellites and paired diffuse streaks along the [001] zone axis: (a)
Ilustrating a single set of TS satellites positioned regularly around
each of the main diffraction spots with X fractional indices of
+0.16(110)* and Y fractional indices of +0.6(110)*. (b) Showing
four possible occupation positions of the TS satellites. (c) Showing
the maximum possible configuration of the TS satellites and paired
diffuse streaks.

ning symmetrically perpendicular to the G *=0.16(110)" di-
rections. The inset in the left bottom of Fig. 3(d) shows an
enlarged image of the diffuse streak between (440)* and
(620)" reflections. It is notable that the streak is composed of
a series of diffuse satellites. The microphotometric density
curve [Fig. 3(e)] measured from the line of A-B indicated in
the inset of Fig. 3(d) clearly reveals the split of the diffuse
streak, which suggests a multimodulated structure with dif-
ferent modulation wave vector g. It should be noted that the
starting point (relative position of 0.59) and endpoint (rela-
tive position of 1.37=2-0.63) of the split should be in a
symmetrical position. The little difference of 0.59 and 0.63
was arisen from Fig. 3(d) slightly off the zone axis and the
Ewald sphere effect. Moreover, it is found that the starting
points of the split (relative position of 0.59) are almost lo-
cated at the same positions as the TS satellites (relative po-
sition of 0.60), which suggests that the multimodulated struc-
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FIG. 5. A typical TEM image and corresponding SAEDP taken
along [001] zone axis showing the lamella structures composed of
microdomains along the (100) direction.

ture has a minimum modulation wave vector ¢ui,
(corresponding to the maximum modulation period) equiva-
lent to the modulation wave vector of TS. This diffuse fea-
ture can be interpreted in terms of correlated (110)-axis mo-
tion of atoms, i.e., {110} atomic displacement from the mirror
planes along the (110) axis. Evidence for this kind of atomic
displacement was provided by high-resolution transmission
electron microscopy (HRTEM) observation, which will be
discussed in Sec. III C. The rapid solidification of hot melt
which introduced vacancies and distortion into the solid, and
the phonon softening along (110) direction are possibly the
causes that give rise to such an atomic displacement. In ex-
periments, the TS satellites and the paired diffuse streaks
were frequently observed to be present simultaneously in a
single SAEDP with different configurations. Figure 4 shows
some schematic reproductions of the configuration of satel-
lites and paired diffuse streaks along the [001] zone axis.
Figure 4(a) shows a single set of TS satellites located regu-
larly around each of main diffraction spots with X fractional
indices of =0.16(110)* and Y fractional indices of

+0.6(110)*. Figure 4(b) shows that the TS satellites can oc-
cupy four different equivalent positions. The maximum pos-
sible configuration of the TS satellites and the paired diffuse
streaks is shown in Fig. 4(c). It was noted that the TS satel-
lites and the paired diffuse streaks were temperature sensi-
tive. They were both disappeared by heating sample above
980 K and were appeared again by lowering the temperature.

The abundant SAEDPs suggest abundant microstructures
existing in Ni,FeGa alloy. A rich variety of domains were
observed at RT in the as-prepared samples. The well-known
“tweed” structure, i.e., diffuse striations lying along the
(110) lattice directions observed in Ni-Al (Ref. 4) and Ni-
Mn-Ga (Ref. 5) systems, was also observed in Ni,FeGa
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FIG. 6. (a) TEM image showing complex domain structures, the
inset is the corresponding SAEDP taken along [001] zone axis. [(b)
and (c)] Enlarged images of area A and area B.

samples. In addition to that, some complex domain structures
were also observed. As shown in Fig. 5, the lamellar struc-
tures composed of microdomains along the (100) directions
were observed in the as-prepared samples. Since volumes of
lamellar martensitic variants alternated along the (100) direc-
tion with habit planes of {100} were observed below the M
(which will be discussed later), the lamellar domains ob-
served at RT possibly are precursors of the martensitic vari-
ants. Figure 6(a) shows another complex domain structure
and the corresponding SAEDP, which is composed of three
sets of TS satellites and two sets of paired diffuse streaks.
Part of the areas A and B are enlarged and shown in Figs 6(b)
and 6(c), respectively. Area A is composed of nets of micro-
domains of 2—-10 nm along the (100) and/or {(110) directions,
and area B area is composed of wavy lines of microdomains
of 2-5 nm along the (110) direction with a spacing of
~7 nm between the wavy lines. These ordered domain
structures suggest a pretransformation and are possibly kinds
of precursors of MT.

PHYSICAL REVIEW B 77, 214106 (2008)

FIG. 7. (a) HRTEM image taken slightly off the [001] zone axis
showing multimodulated structures and (b) corresponding FFT im-
age; the black arrows showing short streaks emanating from the
origin and the white arrows showing paired long streaks. (c) IFFT
images filtered using the short streaks. (d) IFFT images filtered
using the long streaks.

C. Room temperature high-resolution transmission electron
microscopy analysis

In order to better understand the abundant microstructural
phenomena in Ni,FeGa alloy, HRTEM was further per-
formed to study the details of the microstructures. Figure
7(a) shows an HRTEM image taken near the [001] zone axis.
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FIG. 8. [001] zone-axis HRTEM image and the corresponding
FFT image; the short arrows showing stack fault and coordinates 1
and 2 illustrating a lattice shear displacement of one atom spacing
every five-atom layers in area 2.

The fringes indicated by black and white arrows, respec-
tively, suggest a coexistence of long-period and short-period
multimodulated structures. Figure 7(b) is the corresponding
fast Fourier transformation (FFT) image. There are short
streaks emanating from the origin, indicated by the black
arrows, and long paired streaks indicated by the white ar-
rows. Figure 7(c) is the inverse fast Fourier transformation
(IFFT) image filtered using the short streaks. The long-
period modulation structures with slightly different modula-
tion wavelength are clearly revealed by the fringes. Figure
7(d) is the IFFT image filtered using the long paired streaks.
The fluctuation of the short rodlike fringes reveals the mul-
timodulation and lattices distortion displacement from the
average structure. It also draws a clear picture of the origin
of the paired diffuse streaks, i.e., nanosized microdomains
modulating along the (110) direction with distorted bound-
aries.
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FIG. 9. A local perfect oblique lattice image cropped from one
[001] zone-axis HRTEM image; the two right-angle coordinates
illustrating a lattice shear displacement of one atom spacing every
seven-atom layers with a 7.6° shear angle.

Figure 8 shows a [001] zone-axis HRTEM image and the
corresponding FFT image. It is notable that there are plenty
of stacking faults along the (110) direction (indicated by a
pair of short arrows) and that in some local areas, the square
lattices have been transformed into oblique lattices. The two
right-angle coordinates indicated by 1 and 2 illustrate a lat-
tice shear displacement of one atom spacing every five-atom
layers in area 2. Figure 9 shows a local perfect oblique lat-
tices image cropped from one [001] zone-axis HRTEM im-
age. The two right-angle coordinates illustrate a lattice shear
displacement of one atom spacing every seven-atom layers
with a 7.6° shear angle. These oblique lattices suggest an
obviously unmodulated monoclinic premartensitic transfor-
mation or martensitic microdomains in local areas and are
possibly the precursors of the martensitic variants below M.

Figure 10(a) shows an HRTEM image of local multimo-
dulated domains observed along the [001] zone axis. Areas 1
and 2 indicated by the dotted frames are distorted twin do-
mains. Figures 10(b) and 10(c) are the FFT images corre-
sponding to Fig. 10(a), areas 1 and 2, respectively. It is clear

FIG. 10. (a) HRTEM image obtained at RT showing local multimodulated domains and corresponding FFT image (b). (c) FFT images
corresponding to areas 1 and 2 in (a). (d) Enlarged image of area 1 showing the 5M and 7M modulation structures.
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FIG. 11. Model of 5M and 7M structural transformations: (a)
[001] zone-axis projection of the L2, structure; the symbol Z de-
noting atomic fractional coordinate along the z direction. [(b) and
(c¢)] Projections of the (3,2) and (4,3) stacking of 5M and 7M
structures, respectively; the short arrows indicating the direction of
displacement of crystal planes with respect to the lower plane.

that Fig. 10(b) is composed of two sets of diffuse streaks
resulted from areas 1 and 2, respectively. As shown in Fig.
10(b), the two distorted domains are rotated 85.8° with re-
spect to each other. Figure 10(d) is the enlarged image of
area 1, which reveals an intergrowth of multimodulated
structures. As shown in the image, part of the area can be
defined as 5M and 7M superstructures. According to the
definition of Zhdanov’s notation,”® here the 5M superstruc-

ture belongs to (32) stacking sequences along the [110] di-
rection, i.e., three (110) planes successively displaced along
the [110] direction and then two planes displaced in the op-
posite direction along [110], and 7M superstructure belongs
to (43) stacking sequences with four planes displaced along
[110] and three planes along [110]. According to our study,
Ni,FeGa Heusler alloy has 5SM, 6M, and 7M structures be-
low M,. The above observed superstructures should belong
to modulated martensitic domains. To better illustrate the
structural transformation between the parent phase and the

modulated martensitic phase, a set of model was drawn sche-
matically in Fig. 11 in terms of the stacking of planes that

undergo the primary displacement. The stacking of (110)

PHYSICAL REVIEW B 77, 214106 (2008)

FIG. 12. SAEDP observation of the martensitic structures at 100
K: (a) Showing two sets of diffraction spots, one unmodulated and

the other one 5M incommensurate modulated along the (110)* di-
rection. (b) Showing three sets of diffraction spots with two sets SM
incommensurate modulated and the other one set unmodulated. [(c)
and (d)] Showing the unmodulated set almost coincidence with the
other two sets of 5SM and/or 6M incommensurate modulations,
respectively.

planes of the unmodulated cubic parent phase [Fig. 11(a)]

undergoes nonhomogeneous {110}(110) elastic shear dis-
placement to become monoclinic 5M [Fig. 11(b)] or 7M
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FIG. 13. HRTEM observation of martensitic variants at 100 K: [(a) and (c)] ABAB- and AOAO-type plate martensites and [(b) and (d)]
corresponding schematic reproduction of the configuration of the martensitic variants, respectively. (¢) BABOBABO-type plate martensites
and [(f) and (g)] local enlarged image and the schematic reproduction. (h) Enlarged image showing the steplike incommensurate boundaries.

[Fig. 11(c)] martensitic structures with the {110}, planes
changing to {001}s,, or {001},,, planes.

The MT temperature of Ni,FeGa is about 142 K; how-
ever, from above analysis it is found that there are a rich
variety of premartensitic and martensitic microdomains at
RT, which make the MT mechanism of Ni,FeGa very com-
plex. It is well known that MT is closely related to the de-
fects such as dislocation and stacking fault which act as
nucleation center for MT embryo. On the other hand, stress-
strain remained in the alloy can also prompt MT.!=* All these
imperfect factors have been observed rich in Ni,FeGa alloy
and are still not enough to interpret the martensitic domains
observed at RT. However, in Nisg, Fe,s_ Ga,s system, it is
found that the M| temperature increases with increasing Ni
concentration, and the high Ni content alloy can form mar-
tensite above RT.?! The observed martensitic domains are
possibly resulted from local heterogeneous composition,?? or
spinodal decomposition,?>** which can also give rise to dif-

fuse scattering and can be used to interpret well the rich and
complex diffuse electron-scattering streaks in Ni,FeGa alloy.

D. Low-temperature transmission electron
microscopy analysis

In order to understand the martensitic transformation of
Ni,FeGa alloy, in situ cooling TEM observation of cubic
parent phase along [001] zone axis was performed from RT
to 100 K. On cooling the sample, remarkable changes were
observed below M. As shown in Fig. 12, the diffuse streaks
along (110)* direction at RT are converted into well-defined
superstructure diffraction spots at low temperature. For con-
venience, the diffraction spots are indexed by reference to
the cubic parent phase. As indicated by black and white par-
allelograms, respectively, Fig. 12(a) is composed of two sets
of diffraction spots. The unmodulated set likes a distorted
square with an ~87° angle between the nearest two recipro-
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FIG. 14. Calculated real part dielectric function Re[e(E)] and
energy-loss function Im[—1/&(E)] using unit cells of cubic parent
phase and orthorhombic martensitic phase.

cal vectors, and the modulated set has a 5SM incommensurate

modulation along the (110)* direction with an ~95° angle
between the nearest two reciprocal vectors. Figure 12(b)
shows three sets of diffraction spots with two sets SM in-
commensurate modulated and rotated ~91.3° with respect to
each other and one set unmodulated. Figures 12(c) and 12(d)
show the unmodulated set of diffraction spots that almost
coincide with the two sets of SM and/or 6M incommensurate
modulated diffraction spots. The weak double diffraction
spots fill in the “gap” so as to produce a completely “square”
pattern. The two sets of 5M and/or 6M modulated diffraction
spots are rotated ~91.5° and ~93.6° with respect to each
other, respectively. The incommensurate modulation diffrac-
tion can be interpreted with a monoclinic martensitic struc-

ture with ¢ axis along the [110]° modulation direction, a,
axis along the [110] direction, and b}, axis along the c.
direction. Since the current Ni,FeGa alloy is polycrystalline
and there are 12 equivalent (110)* directions in cubic struc-
ture, the modulation can randomly occur in any (110)* direc-
tion. In TEM experiment the features of modulation structure
can only be observed when the modulation planes are paral-
lel to electron beam, which also makes the modulation direc-
tion normal to electron beam as well. However, the unmodu-
lated set of diffraction spots observed in our system cannot
be interpreted with the lattice parameters estimated for the
modulated structures. Although unmodulated martensitic
structures have been reported in Ni-Fe-Ga system with
orthorhombic'® or tetragonal® structures, the unmodulated
set of diffraction spots in our system is believed to belong to
a monoclinic shear martensitic structure without modulation.
For convenience, here we define the martensites modulated

along the [110] and [110] directions as variants A and B,
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FIG. 15. (a) A typical set of low-loss spectra collected at RT on
cubic parent phase, and at 100 K on variants A and O, respectively,
with the dispersion setting of 0.1 eV/channel. (b) Positive compo-
nent of second derivative of the spectra in (a).

respectively, and the unmodulated as variant O. If the variant
O is considered as monoclinic distorted cubic and still in-
dexed same as the cubic parent phase, it can be easily found
from the diffraction patterns in Fig. 12 that variant A (variant
B) and variant O have common parallel planes on (212,0,0).
A crystallographic relationship between the monoclinic
variant A (variant B), variant O and cubic parent phase
can be deduced: (1,0,=5),7/(100)5//(100),
[010],//[001]n//[001]c. So it is apparent that the habit
plane of MT is {100}¢. It should be noted that in situ obser-
vations on the change of the diffraction patterns in Fig. 3
have been performed. At 100 K, however, the patterns
changed into one of the patterns in Fig. 12, and no difference
of the microstructures (at RT) upon MT has been found.
The most obvious feature of MT is the change of mor-
phology which reflects the crystallographic change with the
MT. In situ HRTEM images observation from RT to 100 K
was further performed to study the morphology and growth
mechanism of the martensitic variants. Figures 13(a) and
13(c) show the ABAB-type and AOAO-type plate martensi-
tic variants alternating along the (100) direction, respec-
tively. Figures 13(b) and 13(d) are their corresponding sche-
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FIG. 16. (a) A typical set Fe-Ni core-loss spectra collected with
0.3 eV/channel at RT and 100 K, respectively, the spectra were
aligned with the Fe L3 peak at 708.5 eV and normalized with the
Fe L; maximum intensity. [(b) and (c)] Two sets of Fe L, 5 and
Ni L, 5 edges collected with 0.1 eV/channel from cubic to mono-
clinic to cubic reverse transformation in the same sampled area; the
spectra were background subtracted and multiple scattering re-
moved by Fourier-ratio deconvolution and then normalized by a 10
eV integration window beyond the ionization edge of 50 eV.
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matic reproduction of the configuration of the martensitic

variants. Variants A and B were modulated along the [110]
and [110] direction, respectively, and subdivided into nano-
sized lamellar modulation structures. No modulation struc-
ture can be observed in variant O. Figure 13(e) presents a
BABOBABO-type plate martensitic variants alternating
along the (100) direction. Figures 13(f) and 13(g) are the
local enlarged images and the schematic reproduction of the
configuration of the variants. The zigzag lines in Fig. 13(h)
indicate that the intervariants boundaries are irregular step-
like incommensurate structures, which are supposed to lower
the boundary energy and make the structure more stable. The
spacing between the lamella structures of about 1 nm width
clearly evidences the 5M (~5d,,;) modulation structure.
However, it should be noted that the lamella structures in
local area are possibly an intergrowth of SM, 6M, and 7M.

E. Electron energy-loss spectroscopy analysis

To study the changes of the electronic structure with the
MT, theoretical calculations, and EELS measurements were
performed. The electronic structure calculations were carried
out using the full potential linear augmented plane-wave
method within DFT, in which the exchange and correlation
effects were treated using the local spin-density approxima-
tion via the WIEN2K code.?® The Ni,FeGa cubic structure of
a=b=c¢=5.7405 A and orthorhombic structure!® (from
XRD) of a=5.8565 A, b=5.7336 A, and c=5.4507 A were
used, respectively, as parent phase and martensitic phase lat-
tice parameters for the calculations. Figure 14 shows the cal-
culated real part of the dielectric function &(E) and energy-
loss function Im[—1/&(E)], as shown in the upper and low
panel, respectively. According to the part density of states,
the weak peaks a and b in the loss function correspond to the
transitions of the Ni 3d and Fe 3d states to the 4p states,
respectively, and the strong peaks d correspond to the exci-
tations of the Ga 3d states to 4p states. The peaks ¢ can be
assigned to the bulk-plasmon resonance peaks corresponding
to the zero point of the dielectric function Re[e(E)]. It is
clear that there are small blue shifts of the plasmon peaks ¢
and Ga 3d transition peaks d with the M T, which are difficult
to differentiate by EELS with 1 eV resolution.

For yielding an intrinsic change in the system, EELS
spectra were collected in the same areas before and after the
MT and the thicknesses of the sampled areas are about 100
nm as estimated by low-loss spectra. The energy resolution is
about 1 eV measured from the full width at half maximum of
the zero-loss peak. Figure 15(a) shows a series of low-loss
spectra collected at RT on cubic parent phase, and at 100 K
on variants A and O, respectively, with the dispersion setting
of 0.1 eV/channel and acquisition time of 1 s. As shown in
the experimental spectra, peaks d are stable around 20.9 eV
with MT, but the plasmon peaks ¢ are located in a range of
15.4-18.1 eV possibly arising from a rich variety of defects
in the alloy. However, the spectra weight transfer from peak
d to the palsmon peak ¢ with MT can be found with the
maximum at modulated variant A. As shown in Fig. 15(b),
this transfer can be made more obvious by second derivative
of the spectra in Fig. 15(a).
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Energy-loss near-edge fine structure analyses were also
performed to study the changes of electronic structure with
the transformation. The theoretical calculations of Ni-Fe
(Ref. 27) and Ni-Fe-Ga (Ref. 7) yielded a reduction of Fe 3d
unoccupied state and an apparent increase of Ni 3d unoccu-
pied state with MT. Moreover in the similar Ti-Ni-Fe system,
the relative intensities of the Ti L, 3 and Ni L, 5 edges mea-
sured by EELS possess obvious changes on MT.® All these
changes were interpreted based on a theory of charger trans-
fer between the transition-metal elements. However, our
EELS measurement of Ni,FeGa does not completely follow
this rule of thumb. Figure 16(a) shows a typical set of Fe-Ni
core-loss spectra collected with 0.3 eV/channel at RT and
100 K, respectively. The spectra were calibrated with the
Fe L; peak at 708.5 eV and normalized with the Fe L; maxi-
mum intensity. In most of the cases, the white line intensities
of Fe and Ni are scaled up or down proportionally. More-
over, the energy difference between the Fe Ly and Ni L5 lines
are stabilized at 147 eV for over several hundreds spectra.
No changes of the chemical shift and intrinsic signal inten-
sity during the transformation were detected. Furthermore,
we collected the spectra for the cubic-monoclinic-cubic
transformation in the same area. The spectra were back-
ground subtracted and multiple scattering removed by
Fourier-ratio deconvolution and then normalized by a 10 eV
integration window beyond the ionization edge of 50 eV.
Figures 16(b) and 16(c) show the Fe L, ; and Ni L, 5 edges
collected in the same area. The remarkable changes are the
decreased intensity of the Fe L, 5 edges collected at 100 K.
This feature can be well reproduced in most of the cases
independent of the collection modes, and hence supposed to
be a reduction of the Fe 3d unoccupied state and, corre-
sponding to a charge transfer between the alloy elements,
according to the studies of charge transfer in the transition-
metal alloys.”’-3! However, although there is an increase in
the intensity of the Ni L, ; edge with the MT as shown in
Fig. 16(c), the result cannot be well reproduced, as is in
contrast to the prefiguration of more apparent change of
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Ni L, 5 than Fe L, 5 edges given by the calculation and ex-
periment in Refs. 7, 8, and 27. Fortunately, there is a trend
that the second peak around 8 eV above the Ni L3 edge be-
comes broader with MT, suggesting a stronger bonding and a
charge redistribution occurring in this system. So, charge
transfer between Fe and Ni atoms cannot be well responsible
for the changes of the Fe L, 3 and Ni L, 5 edges in Ni-Fe-Ga
system. The intra-atomic or intraband charge redistribution
due to spd hybridization among the Ni-Fe-Ga atoms should
play an important role in the martensitic transformation with
lowering symmetry.

IV. CONCLUSION

Ni,FeGa Heusler alloy synthesized by melt-spinning tech-
nique has a rich variety of structurally micromodulated do-
mains which are kinds of precursors of MT. At RT, the do-
main structures are aligned along the (110) or (100)
directions resulting to complex tweed structures. A small
amount of unmodulated and modulated martensitic micro-
domains were also observed at RT. Upon martensitic trans-
formation below 142 K, the cubic parent phase transforms
into unmodulated martensitic variants and modulated mar-
tensitic variants. The modulated martensitic variants have a
lamellar structure, which is predominately a SM superstruc-
ture along the (110) directions. The variants have a (100)
habit plane and were alternated along the (100) directions
with steplike incommensurate boundaries. The changes of
the electronic structure due to spd hybridization and intra-
atomic or intraband charge redistribution along with the MT
can be observed by EELS.
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