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ABSTRACT

Fe–Ga alloys, containing 18, 21, and 23 at.% of Ga, were prepared in bulk form. In their as-cast state, they display a small magnetostriction,
that is strongly improved after annealing at 1000 �C for 24 h, and subsequent rapid cooling. Multiple characterization techniques, such as
x-ray diffraction, differential scanning calorimetry, Mössbauer spectroscopy, temperature-dependent magnetization curves, hysteresis loops,
magnetic force microscopy, and magnetostriction measurements, were exploited in synergy to gain a deep understanding of the structure–
property relationships in the studied alloys, before and after annealing. The A2 phase, which is favored in the lower range of compositions
and is promoted at the expense of the D03 one by annealing, is responsible for characteristic dendritic and maze magnetic domains, and for
the strong improvement of the magnetostriction, which almost reaches 240 ppm (transverse configuration) in the alloys with 18 at.% of Ga,
after annealing.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0097930

I. INTRODUCTION

Large magnetostriction and magnetoelastic coupling are
properties extensively sought after because of their exploitability in
low power consumption devices,1,2 energy conversion,3 and spin-
tronics.4,5 Many alloys displaying large magnetostriction coeffi-
cients contain rare earths,6 whereas Fe–Ga systems, being rare
earths free, have attracted attention because of their significant
magnetostrictive response, coupled with good corrosion resistance
and mechanical hardness.7

Magnetostriction is particularly significant in Fe-rich alloys,
with Ga content approximately equal to 19% and 27%.7,8 In this
range of compositions, the Fe–Ga binary system is characterized by
the possible presence of multiple phases,9–12 whose complex inter-
play strongly affects the magnetostrictive response. The stabilization
of the A2 or D03 phases by means of additional species in the
alloy, like Tb13–15 or Ce,16 turned out to be particularly effective to

enhance magnetostriction, but partially defeats the purpose of
getting rid of rare earths. However, a careful tailoring of the alloy
microstructure can also lead to remarkable magnetostrictive prop-
erties,17 as well as the development, in thin films, of an ordered
crystal growth on Si, MgO, or GaAs substrates,18,19 of six layer
modulated monoclinic phases at the boundaries of the dominant
bcc phase,20 of Ga–Ga pairs in the A2 phase,21 or even of a poly-
crystalline, non oriented, dominant D03 phase, in spite of its ten-
dency to minimize the Ga–Ga pairs.18,21–23

Despite the Fe–Ga binary system is studied for many decades,
its equilibrium phase diagram is still under assessment. Recently,
Mohamed et al.24 proposed a revisited version of the Fe-rich side
of the phase diagram by comparing four different previous versions
with their experimental data about a considerable amount of com-
positions, suggesting that some phase boundaries should be shifted.
Besides, one should consider that in as-cast samples equilibrium
conditions are rarely attained and the presence of quenched
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metastable phases should always be considered. Thus, a metastable
phase diagram such as the one in Ref. 9 is often more appropriate in
determining the sample phase composition and transformations. In
addition, as will be discussed later, distinguishing between the disor-
dered A2 and the ordered D03 phase is extremely difficult and
requires sophisticated characterization techniques, such as Selected
Area Electron Diffraction (SAED)25 or high energy x-ray diffraction.26

For these reasons, since the magnetostrictive properties are strictly
dependent on the phase composition and stability, studies aiming at
contributing to a comprehensive assessment of the structure–property
relationships in the Fe–Ga alloy system are particularly valuable.

Within this context, the present work performs a detailed
study on the microstructure and on the magnetic and magneto-
strictive properties of Fe100�xGax (with x ¼ 18, 21, and 23) bulk
alloys, through a combination of multiple techniques, including
x-ray diffraction, conversion electron Mössbauer spectroscopy, dif-
ferential scanning calorimetry, thermomagnetic curves, hysteresis
loops, magnetic force microscopy, and magnetostriction measure-
ments. The chosen compositions cover an interval centered around
19−21 at. % where the best magnetostrictive response is supposed
to be found. The samples were also submitted to thermal treat-
ments and rapid cooling to promote the development of the A2
phase. The complementary information provided by these multiple
techniques helps in clarifying the complex metastable Fe–Ga phase
diagram in the studied Ga range and gives a comprehensive
description of the phases present in the different alloys and of how
they transform upon heating, making possible a direct relationship
between microstructure and magnetic properties, magnetic
domains configuration, and magnetostriction.

II. MATERIALS AND METHODS

Fe100�xGax , with x ¼ 18, 21, 23 at. % Ga, master alloys were
prepared by electric arc melting. Their composition was determined
through semi-quantitative energy-dispersive x-ray spectroscopy
(EDX) analysis on a SEM-FEG (FEI Inspect-F) using a standardless
ZAF matrix correction routine. The samples were labeled as Ga18,
Ga21, and Ga23, respectively. While EDX may not be very accurate,
in our case the reported compositions matched well with those
expected from saturation magnetization measurements (see
Table III later in the text). In any case, the sample compositions
were also checked using two additional independent methods.

For the first, selected portions of the three samples were dis-
solved using acid digestion in a microwave oven (Milestone
MLS-1200 MEGA). Sample aliquots were treated with 5 ml of aqua
regia in tetrafluoromethoxyl (TFM) bombs. Four heating steps of
5 min each (250, 400, 600, 250W power, respectively), followed by
a ventilation step of 25 min, were applied. At the end of the
full treatment, the samples appeared completely dissolved.
Subsequently, the resulting solutions were diluted to 20 ml with
highly purified water. A further dilution (1:50) was necessary as a
final step to determine Fe and Ga concentrations by inductively
coupled plasma–optical emission spectroscopy (ICP-OES, Optima
7000 DV Perkin Elmer) equipped with a PEEK Mira Mist nebu-
lizer, a cyclonic spray chamber, and an Echelle monochromator.
The wavelengths were 238.204 and 417.206 nm for Fe and Ga,
respectively. Each concentration value was averaged on the basis of

three instrumental measurements. Using this technique, the Ga
content turned out to be 17.3 at. % for Ga18, 19.3 at. % for Ga21,
and 20.9 at. % for Ga23 samples, respectively, therefore slightly
poorer in Ga with respect to the composition determined by EDX.

For the second, atom probe tomography (APT) was used to
investigate the redistribution of Ga in the Ga21 alloy. Two speci-
mens for APT measurements were prepared by the standard elec-
tropolishing method27,28 using the Ethanol/Perchloric acid
electrolyte in 75=25, 90=10, and 95=5-vol.%. The atom probe analy-
ses were performed on a CAMECA LEAP 4000 HR, at 50 K, with a
pulse fraction of 20% and a repetition rate of 200 kHz, with a detec-
tion rate of 0.15%. The data were processed using IVAS®3.6.8. soft-
ware.27,29 An example of the 3D reconstruction maps of the
analyzed volumes for Ga (shown in purple) and Fe (shown in
black) atoms is shown in Fig. 1. For both samples, three analyses
have been conducted, and the Ga atoms were homogeneously dis-
tributed in the analyzed volume. The sample shown in Fig. 1
turned out to be constituted by 21.3 at. % of Ga, whereas the other
sample contained 20.4 at. % of Ga, in excellent agreement with the
composition determined by EDX and inductively coupled
plasma-optical emission spectroscopy. For simplicity, the composi-
tion determined by EDX (Ga18, Ga21, and Ga23) will, therefore,
be retained for the subsequent discussion.

The raw ingots had a typical size of the order of
6� 5� 4 cm3 and were tempered in water. The cooling rate is
known to significantly affect the microstructure,30 but in ingots of
this size it is extremely difficult to control the cooling rate and to
ensure that it is homogeneous in the whole ingot volume. Therefore,
in the case of the as-cast samples, a non-homogeneous microstruc-
ture is expected. The samples were cut with diamond wire to obtain
parallelepiped-shaped samples � 1 mm thick. Finally, they were
mirror-polished with diamond paste (final polish 0.25 μm). In order
to promote both homogenization of the microstructure and phase
transformations, selected samples for each composition were furnace
annealed in vacuum (base pressure 1� 10�6 mbar) at 1000 �C for
24 h, in a quartz tube. After the annealing, they were cooled to room
temperature by removing the quartz tube from the furnace, ensuring
an initial average cooling rate of � 150 �/min down to 500 �C,
followed by an average cooling rate of � 40 �/min down to
300 �C. These cooling rates should be fast enough to minimize the
development of the L12 phase at the expense of the D03 one.

31

X-ray diffraction (XRD) analysis was conducted at room
temperature with a Panalytical X’Pert Pro diffractometer in the
Bragg–Brentano configuration (Cu radiation, λ ¼ 0:154 18 nm) on
polished samples. Since the XRD patterns of the A2, B2, and D03
phases were not available in the databases, the unit cells of the
disordered and ordered phases of interest were built by means of
the free software Vesta32 using space groups and lattice parameters
data reported in Ref. 10 and their diffraction patterns calculated
with the same software and used as a reference to index peaks in
the experimental patterns.

Structural and magnetic phase transition temperatures were
determined by differential scanning calorimetry (Pyris Diamond
DSC, PerkinElmer) with a heating and cooling rate of 5 �C/min
within a temperature range from 25 to 725 �C. The measurements
were done under an Ar flow of approximately 20 ml/min.
Each sample was subjected to two thermal cycles of heating and
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cooling in order to distinguish reversible transformations (e.g.,
Curie transition, equilibrium phase transformations) from irrevers-
ible ones (e.g., metastable phase transformations). The heat flux of
the empty copper crucible recorded in the same measurement con-
ditions was subtracted from the heat flux of each sample to get rid
of the baseline contribution to the measured signal, due to instru-
mental factors and to a slight oxidation of the copper itself.

Mössbauer Spectroscopy, performed at room temperature, was
also exploited to identify the different phases present in the samples
by properly evaluating the parameters resulting from the hyperfine
interaction (the hyperfine field Bhf and the isomer shift δ). The
CEMS technique (Conversion Electron Mössbauer Spectroscopy) has
a penetration depth of about 80–100 nm and is, therefore, useful for
analyzing the near surface region33,34 of the samples. CEMS experi-
ments were performed at room temperature and in normal incidence
by using a He-CH4 gas flow proportional counter.35 The radioactive
source was 57Co in a rhodium matrix with an activity of � 1:5 GBq,
moved in constant acceleration mode. Magnetic CEMS spectra were
fitted with a discrete distribution of hyperfine fields Bhf with a
least-squares procedure.36 A correlation between hyperfine field and
isomer shift δ was used to take into account the Fe environment
distribution.37–40 δ values at the 57Fe nuclei are given relative to α-Fe
at room temperature. Estimated errors for the hyperfine parameters
originate from the statistical errors σ given by the fitting program,
taking a confidence value of 3 (i.e., 3σ).

For magnetic characterizations, the samples were cut into
approximately 2� 2� 1mm3 pieces to be fitted into a vibrating
sample magnetometer (VSM, LakeShore 7410). Hysteresis loops
were measured at room temperature, whereas magnetization vs

temperature was measured up to 680 �C under an applied field of
500 Oe (50 mT). Saturation MS, remanence Mr , and coercivity Hc

have been extracted from hysteresis loops data, whereas Curie tem-
peratures TC were obtained from temperature-dependent curves.

Additional magnetic characterizations were performed by
magnetic force microscopy (MFM, Bruker Multimode V) exploit-
ing Co-Cr coated Si tips (Bruker MESP-HR) in intermittent-
contact lift mode with a typical lift scan height of 50 nm. The tips
were magnetized along their axis. The samples were analyzed by
MFM at their in-plane magnetic remanence state. In the MFM, in
addition to the height channel (AFM), the magnetic information
was obtained through the phase channel in pass 2.

The samples used for magnetostriction measurements were cut
into pieces having a size of �10 � 6 � 1mm3. Strain gauges with a
resistance of � 120Ω were glued with epoxy resin on the samples
surface, and the measurements were made at room temperature by a
Wheatstone bridge under an applied magnetic field aligned along the
6mm side of the sample. The measurements were performed by
aligning a saturating magnetic field (10 kOe = 1 T) along the 6 mm
edge, then by rotating the sample by 90� under the same saturating
field (now aligned to the 10mm side). The value Δλ representing the
difference of the reading of the strain gauge in the two configurations
allows one to calculate the saturation magnetostriction value accord-
ing to the expression λs ¼ 2

3Δλ.
41

III. RESULTS AND DISCUSSION

In the region the phase diagram9 relevant for the present
study, i.e., the portion with the Ga content within 18 and 23 at. %,

FIG. 1. 3D reconstruction of Ga (purple) and Fe (black) atoms in a Ga21 sample volume analyzed by atom probe tomography.
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the equilibrium phases are the A2 disordered bcc structure and the
L12 fcc superlattice. However, the bcc-ordered phases B2 and D03
can be quenched at room temperature due to the slow kinetics of
phase transformation.9,30 As a matter of fact, several authors24,30

report that as cast Fe–Ga alloys usually present a metastable struc-
ture, dependent on the Ga content: for Ga , 20% only the A2
phase is present, whereas for Ga between 20 and 27% D03 clusters
of increasing size30 are observed embedded in the A2 matrix.

The identification of ordered and disordered FeGa phases
through standard laboratory x-ray diffraction is a difficult task, since
the superlattice lines, produced by atomic ordering, are very weak and
difficult to detect since Fe and Ga have a similar atomic number
(Z = 26 and 31, respectively) and hence similar scattering factors.26,42

In addition, the fundamental lines of bcc-derived phases appear at
very similar angular positions since the atomic ordering does not

produce appreciable changes in lattice parameters. Peak splitting of
high angle reflections [e.g., (220)] has been used in addition to super-
lattice lines as a tool to detect two-phase mixtures of A2 and D03;

43

however, this approach requires high resolution diffractometers and
small peak FWHM. Figure 2 shows the calculated XRD patterns of
the disordered A2 phase and of the three ordered phases of interest
(B2, D03, and L12). The patterns were generated by building the unit
cells of each phase (displayed on the right of Fig. 2) with Vesta free
software32 using the lattice parameters reported in Ref. 10 for the fol-
lowing compositions: Fe80Ga20 (A2), Fe75Ga25 (D03 and L12), and
Fe61Ga39 (B2). As one can see, the patterns of all the bcc phases are
very similar, differing only for the presence of low intensity reflections
due to atomic ordering in a superlattice.

X-ray diffractograms of the as-prepared and annealed samples
are reported in Fig. 3. The Ga18 sample is essentially a single phase

FIG. 2. Comparison of calculated XRD patterns of the ordered and disordered phases in the Fe-rich region of the Fe–Ga phase diagram (λ ¼ 1:540 59 Å). The square
root of intensities is presented to better display the low-intensity superlattice reflections due to atomic ordering. The unit cell of each phase is represented on the right
(not-to-scale). Green spheres represent Ga atoms, brown spheres Fe atoms, while double-colored spheres represent positions where either Fe or Ga atoms can be
present.
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material with an A2 disordered structure. In this sample, only
minimal traces of peaks attributable to L12 phase are visible. After
the heat treatment at 1000 �C, no substantial change in peak posi-
tions of the A2 phase has been observed. On the other hand, the
minor peaks of L12 were not detected, although they might have
been missed owing to the lower overall intensity of the annealed
sample pattern due to the reduced sample size of the annealed
specimen. In the XRD pattern of the as-cast Ga21 sample, a weak
superlattice line is visible at low angles, revealing that this sample
may contain a certain proportion of ordered bcc phase (either B2
or D03) embedded in the A2 matrix, together with the L12 fcc
ordered phase. After annealing at 1000 �C, both the superlattice
lines and the L12 peaks disappeared, leaving a single phase material
with peaks shifted toward higher angles, indicating a decrease in
lattice parameter of the cell possibly due to a phase transformation
from D03/B2 structure to A2 structure.43 The main peaks of
sample Ga23 are well matched by the reflections of the D03
ordered phase, since, in addition to a weak superlattice line at low
angle, other lines unique to this phase are visible around
2θ � 105�. The appearance of these reflections at high angle and,
more generally, the deviations of relative intensities from the ones
expected for a random powder, observed in all the samples, are
likely due to the coarse grain size of the alloy (400�700 μm), that
causes only a few crystals to diffract, especially at high angles. As in
previously described samples, the disordered A2 phase cannot be
excluded: indeed, at a closer inspection, the peaks of the fundamen-
tal lines appear quite asymmetrical with a shoulder on the low
angle side of the profile, possibly revealing the coexistence of differ-
ent phases with the same crystal structure but slight differences in
lattice parameters. Upon annealing, the reflections of the D03
phase disappear. In addition, the peaks of the L12 phase are detect-
able both in the as-cast and in the annealed state.

In general, therefore, the studied samples in the as-cast state
follow the behavior already observed by other studies,26 where faint
superlattice lines were observed starting for alloys with Ga at. %
greater than 21%,44 revealing that the out-of-equilibrium solidifica-
tion conditions were able to quench a certain amount of the
ordered phase stable at temperatures >588 �C, whereas after anneal-
ing, the D03 phase, when present in the as-cast samples, transforms
into the A2 one, eventually disappearing as expected owing to its
metastability at room temperature.

Mössbauer spectroscopy (Fig. 4) gives a direct link between the
samples crystal structure and their magnetic properties, as it is sensi-
tive to the environment in which the Fe atoms are placed. All spectra
reported in Fig. 4 for the as-prepared samples display a sextet, typical
of ferromagnetic behavior, with relatively large peaks, suggesting a
disordered crystal structure, which evolves into a slightly more
ordered one (narrower peaks) as the Ga content is increased. All
three compositions show a peak of the hyperfine field distribution
around 300 kOe (30 T), attributed to a Fe-rich phase. As the width of
the peak is rather large, this phase must be disordered; therefore, this
peak can be assigned to the A2 phase. The fit was improved by
adding a paramagnetic quadrupolar doublet with a quadrupole split-
ting value of about 1.2mm/s, assigned to a minority phase, not
detected by XRD. The relative spectral area of this paramagnetic
minor phase increases with Ga content. This paramagnetic contribu-
tion is attributed to a Ga-rich phase. The average hyperfine field

FIG. 3. Diffractograms of the x ¼ 18 (a), 21 (b), and 23 (c) at. % Ga samples,
as-cast and annealed. Patterns have been vertically translated for a better eval-
uation of the details.
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value decreases with Ga content, as reported in Table I and in agree-
ment with the literature.45 Average values of the isomer shifts do not
show a significant variation within this small range of compositions.
However, the highest value of , δ . is obtained for the Ga23
sample, in agreement with an increase in isomer shift with Ga
content reported in the literature.45,46

Complementary information comes from differential scanning
calorimetry, which is able to detect phase transformations occur-
ring as a function of temperature. Table II lists the magnetic and
structural transformations possible in the Fe–Ga alloys of selected
compositions, whereas Fig. 5(a) displays the DSC traces of the
as-cast samples. For each sample, the first heating and first cooling
curves are reported to evaluate the reversibility of the observed
signals. The signal derivatives are reported in panel (b) to better
detect the small changes observed mainly in a region of rapid varia-
tion of the baseline signal. For sample Ga18, only the FM ! PM
transition [t18-1] is expected within the temperature range of the
DSC (see Table II); as a matter of fact, there are no significant fea-
tures highlighted by the DSC curve, considering that even its deriv-
ative signal is completely flat in the high temperature region shown
in Fig. 5(b): this is in agreement with XRD data, since this sample
is mainly composed of stable phases (A2 and L12). As a general
rule, the Curie temperatures of all Fe–Ga magnetic phases decrease

with increasing Ga content, with a steep decrease in the range of
Ga 15–25 at. %.45 An increase in the Curie temperature could
appear only if large amounts of the L12 phase were present, which
is not our case. According to the available literature data,9 the A2
phase should have a Curie temperature within the DSC measure-
ment range for Ga > 18 at. %. However, since the heat capacity
change associated with magnetic transitions is very small (roughly
0.1 Jg�1 �C�1),47 Curie temperature is often missed by conventional
DSC measurements, because its signal can be lost in baseline curva-
ture and related DSC cell effects. Samples Ga21 and Ga23, instead,
display a richer set of possible transformations upon heating (see
Table II) and show clear peaks in the high temperature range of the
DSC measurement, especially evident in the cooling curves, thus
related to reversible phenomena. However, the exact attribution of
the observed signals to a particular physical process is difficult,
owing to the complexity of the multiphase system and to the subtle
differences between the phases.

In the DSC traces of sample Ga21, only two of the five pre-
dicted events are detected: the heating curve has extremely faint
variations in the steep descendent portion, but looking at the deriv-
ative two minima are apparent, that seem to indicate two distinct
processes occurring at close, but different temperatures: namely,
645 and 660 �C. This is qualitatively consistent with the observed
thermomagnetic behavior, although temperature differences are
observed between calorimetric and magnetic data for the event at
lower temperature. The same features have been observed in the
second heating and second cooling runs (not shown) as well, indi-
cating a fully reversible thermal behavior.

Ikeda et al.9 have performed DSC experiments on Fe–Ga
alloys of a composition (Ga 21.5 at. %) similar to ours: they
observed three signals that were attributed to processes [t21-1],
[t21-2], and [t21-4] mentioned in Table II, although the signal of
process [t21-1] was quite faint and they did not consider the possi-
ble transformations of L12 phase that was also present in their
samples. In our case, even if the D03 quenched phase is present in
this sample, we may have missed its magnetic transition in DSC
measurements owing to the baseline curvature in that temperature
region. On the contrary, the D03 FM ! PM transition was evident
in the M(T) curve, as we will discuss later. We assume that the pro-
cesses detected by calorimetric measurements in Ga21 are [t21-2]
and [t21-4].

DSC curves of sample Ga23 show a peak easily detected in the
heating and cooling traces; the signal derivatives do not reveal addi-
tional peaks, although the signal in the high temperature portion of
the derivative is quite broad and may represent convoluted pro-
cesses. These processes occur at the highest temperature among the
studied samples; this is consistent with the phase diagram, since on
increasing Ga content the temperature of the order–disorder trans-
formation increases, while the Tc of the A2 phase decreases, thus
making processes [t21-2] and [t21-4] progressively closer until they
practically coincide for x ¼ 22:8% (see Table II). So, the signal
observed in the DSC trace of Ga23 may be associated with an
order–disorder transformation occurring between paramagnetic
phases that will not be detected by thermomagnetic measurements.

The phase transformations occurring during annealing have,
therefore, also been observed by means of magnetization vs tem-
perature measurements, under an applied field of 500 Oe (50 mT),

FIG. 4. CEMS spectra at room temperature and the corresponding hyperfine
field distributions of the Ga18 (a), Ga21 (b), and Ga23 (c) alloys.

TABLE I. Average values of hyperfine field <Bhf >, isomer shifts <δ >, and spectral
area Ap of the paramagnetic phase, deduced from the fit of the Mössbauer data of
the Ga18, Ga21, and Ga23 as-prepared samples.

Ga (%) <Bhf > (kOe) <Bhf > (T) <δ > (mm/s) Ap (%)

18 281 28.1 0.19(3) 4
21 279 27.9 0.18(7) 6
23 258 25.8 0.20(3) 9

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 132, 183912 (2022); doi: 10.1063/5.0097930 132, 183912-6

Published under an exclusive license by AIP Publishing

 05 July 2023 13:44:34

https://aip.scitation.org/journal/jap


reported in Fig. 6. All three samples are ferromagnetic at room
temperature, and their magnetization initially increases slightly
with temperature because of the progressive increase in the mag-
netic permeability at the applied field value when the temperature
is increased: in fact, at 500 Oe (50 mT), the samples are not satu-
rated. Then, all samples display one or more processes where their
magnetization drops, which mark the Curie temperatures of the
crystalline phases present in the samples. For the Ga18 specimen,
there is one huge drop of the magnetization at� 690 �C,24,48

whereas for the Ga21 and Ga23 samples minor drops of the mag-
netization at � 530 and � 400 �C, respectively, are observed before
the last drop at � 660 and 490 �C, respectively, indicating the pres-
ence of a minority phase whose Curie temperature is lower. For the
Ga21 sample, after the first magnetization drop with temperature, a
subsequent increase is observed, clearly indicating that the phase
having the lower Curie temperature is transforming into the one
with the higher Tc.

20 This could be the case for the Ga23 sample as
well, but the amount of the minority phase is so small that it

TABLE II. List of magnetic and structural transformations for the selected compositions of Fe–Ga alloys. Transformations are listed in each column in order of increasing
temperature, and labeled with an identification code [in square brackets] used as a reference in the text. FM indicates ferromagnetic phases; PM indicates paramagnetic
phases; q postfix indicates a quenched, metastable phase.

Sample Ga 18 at. % Ga 21 at. % Ga 23 at. %

Phase composition from XRD A2 D03q + L21 D03 + L21
Transformations A2 FM → A2 PM D03q FM → D03q PM D03q FM → D03q PM

T � 690 �C [t18-1] T ¼ 536 �C [t21-1] T � 520 �C [t23-1]
magnetic transition magnetic transition magnetic transition

D03 PM → A2 FM L12 + D03→D019
T � 600 �C [t21-2] T ¼ 605 �C [t23-2]
order-disorder reverse eutectoid

L12 + D03→D019 D03 PM → A2 PM
T ¼ 605 �C [t21-3] T � 650 �C [t23-3]
reverse eutectoid order-disorder
A2 FM → A2 PM D019 → B2
T � 670 �C [21-4] T ¼ 680 �C [t23-4]
magnetic transition congruent reaction

D019 → B2
T ¼ 680 �C [t21-5]
congruent reaction

FIG. 5. DSC traces of the studied samples recorded with a temperature rate of 5 �C/min. (a) Heat flux of the first heating and first cooling segments of the measurement
(the arrow represents the direction of the temperature ramp). (b) Signal derivatives in a reduced temperature range. The colors identify the samples in the same way in
both graphs. The curves have been vertically translated for clarity.
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weakly contributes to the magnetization signal. The Curie tempera-
tures extracted from the curves in Fig. 6 are also reported in the
figure: they are in excellent agreement with the values reported in
the literature for similar compositions.11

For the Ga18 sample, the Tc � 690 �C perfectly matches with
the Curie temperature of the A2 phase,9,12,49 that is indeed the
dominating one as detected by XRD and Mössbauer ([t18-1], see
Table II). No phase transformations are detected during heating, in
agreement with XRD and DSC data. For the Ga21 sample, the first
Curie temperature at � 530 �C matches very well with the
FM ! PM D03 transition [t21-1],9 as also confirmed by XRD.
Then, the paramagnetic D03 phase transforms into the A2 one

[t21-2], giving rise to the increase in the magnetic signal at �
600 �C in Fig. 6, that will eventually reach its Curie temperature,
slightly decreased to � 660 �C20 and in excellent agreement with
DSC data [t21-4]. Finally, the Ga23 sample displays a first event at
approximately 400 �C, which probably marks the overlapping
occurrence of the ferromagnetic to paramagnetic transition of the
D03 phase [t23-1],9,20 and the transformation of the D03 phase
into the A2 one, still ferromagnetic. Finally, the drop of the magne-
tization at Tc � 490 �C marks the Curie temperature of the result-
ing A2 phase: in fact, the progressive decrease of the Curie
temperatures of all phases in the annealed samples is due to the
decrease in the average magnetic moment per Fe atom as Ga
content increases.11,45

The effect of annealing on the magnetic properties of the
Fe–Ga alloys is shown in Fig. 7. All hysteresis loops display soft
magnetic behavior, with a low-field slope that is due to the demag-
netizing field arising from the sample geometry and the open mag-
netic circuit measurement configuration [Fig. 7(c)]. The accurate
determination of the coercive field through VSM is difficult, as Hc

is of the order of the Oe [Fig. 7(b)], therefore of the same order of
the applied field step. With an increase in Ga content, the satura-
tion magnetization decreases [Fig. 7(a)], in perfect agreement with
the literature11,45 (see Table III). Annealing at 1000 �C for 24 h
induces the phase transformations that have been investigated
through XRD, DSC, and Mössbauer techniques: the overall increase
in the disordered A2 phase at the expense of the ordered D03 one is
accompanied by a slight increase in the saturation magnetization.11

Representative images of the surface magnetic domain config-
urations at the magnetic remanence for all the as-cast and annealed
samples, acquired by magnetic force microscopy, are shown in
Fig. 8. Since the crystals size, as observed from electron microscopy
(data not shown here), is in the 400–700 μm range for all samples,
the images in Fig. 8 cover individual grains, except for the presence
of small inclusions or precipitates that could have a narrow and
long shape. As a function of the Ga content, and also before and
after annealing, there are strong variations of the domains configu-
ration that are a consequence of the different phases present in the

FIG. 6. Magnetization as a function of temperature on the Ga18, Ga21, and
Ga23 samples, measured under an applied magnetic field of 500 Oe.

FIG. 7. (a) Evolution of the saturation magnetization with Ga content for the as-cast and annealed (1000 �C 24 h) samples. (b) The same for the coercive field. (c) Room
temperature hysteresis loops of the Ga18, Ga21, and Ga23 samples, as-cast and annealed 1000 �C 24 h.
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samples. The Ga18 sample in the as-cast state is characterized by
stripe domains, with irregular borders, more or less aligned along a
common direction, that according to Ref. 8 is the local [100] direc-
tion of the A2 crystal. The irregular borders are sometimes

associated with the presence of precipitates in the A2 phase.50 Our
XRD data confirm the presence of traces of the L12 phase in the
predominant A2 matrix. After annealing, the irregularities on the
stripes borders become so pronounced that a domain configuration
starting to resemble a dendritic one appears. The presence of such
features is commonly attributed to the presence of D03 or other
precipitates in the A2 matrix;8,51 however, in our case XRD data do
not reveal any significant changes in the crystal structure of the
annealed sample with respect to the as-cast one; therefore, this
explanation must be ruled out. However, it is important to remark
that the Ga18 samples display the largest magnetostriction (see
below). As it has been pointed out in Refs. 52 and 53, the polishing
process required to prepare the samples surface for the MFM inves-
tigations can induce an additional anisotropy term, possibly com-
peting with the crystalline one. The MFM images reported in
Figs. 8(a) and 8(b) may therefore display artifacts: the dendrites or
stripes with irregular borders might only appear at the surface and
not be representative of the bulk domain structure.

The as-cast Ga21 sample is characterized by a disordered mag-
netic configuration, with regions having a decreased contrast.
Indeed, this sample consists of B2 or D03 phases, the latter along
with a higher amount of the L12 phase are possibly responsible for
the low-contrast areas.13,51 After annealing, the present phases

FIG. 8. MFM images at the magnetic remanence of Ga18, Ga21, and Ga23 samples in the as-cast [a.c., panels (a), (b), and (c), respectively] and annealed [ann., panels
(d), (e), and (f ), respectively] states. In the insets, FFT transforms of the same images.

TABLE III. Saturation magnetization MS as a function of Ga content. Values marked
with an asterisk * are taken from Ref. 45; values marked with a double asterisk **
are taken from Ref. 11 and rescaled to 298 K by assuming a Langevin-type depen-
dence of the saturation magnetization with the T

TC
ratio.

Ga% MS (emu/g) or (Am2/kg)

0 220*
5 210*
10 195*
18 156
18 159**
20 160*
20 153**
21 142
23 133
23 131**
25 130*
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transform into the A2 one, according to XRD and M vs T mea-
surements, giving rise to the maze- or stripe-domain structure (for
the same reasons as discussed for the Ga18 sample).

The Ga23 sample in the as-cast state, instead, is mostly consti-
tuted by the D03 phase, according to XRD data. This results in a
very weak magnetic contrast, with large domains,13 with small
regions displaying some very disordered maze- or stripe-domains,
that can be attributed to the possibly present A2 phase. After
annealing, a domain configuration similar to the one of the Ga21
annealed sample develops, although with more irregular borders,
compatible with the co-presence of the A2 phase with L12 precipi-
tates, in agreement with XRD data.

All MFM images reported in Fig. 8 have also been analyzed by
2D-FFT, the respective results appearing in the insets. The FFTs
provide a visual indication of the degree of order (or disorder) of
the magnetic domain configuration of the corresponding samples.
All three as-cast alloys are characterized by FFT images consisting
of large halos, indicating that there is no long-range order in the
domains configuration. The same applies to the Ga18 annealed
sample, that even though has a slightly different domain pattern,
does not display a significant evolution of its structure, as discussed
earlier. Conversely, the Ga21 and Ga23 annealed samples show
FFT images consisting of rings, indicating that there is a certain
degree of order in the magnetic domains configuration, although
isotropic, with typical features size of the order of 500 nm.

The saturation magnetostriction results are reported in Fig. 9,
as a function of Ga content, for both the as-cast and annealed
samples. It is important to remark that the samples are polycrystal-
line with non oriented grains, therefore inducing magnetostrictive

responses quite different from single-crystal samples.54 The as-cast
samples are characterized by lower values of magnetostriction,
oscillating between 50 and 60 ppm (parts-per-million) as a function
of the Ga content. The presence of the D03 phase at least in the
as-cast Ga21 and Ga23 samples might affect this relatively low
value of magnetostriction.8,51 After annealing, a significant increase
in the saturation magnetostriction is observed for Ga18 and Ga21
samples due to the transformation of the D03 phase into the A2
one.8 The large increase in the saturation magnetostriction in the
annealed Ga18 sample with respect to the as-cast one is notewor-
thy: its larger domains size should indeed favor a better magneto-
strictive response,51 even though apparently the domains are less
aligned along a common direction. The progressive reduction of
the magnetostriction, in the annealed samples, with the Ga
content, instead, is expected in this range of compositions.8

IV. CONCLUSIONS

Fe–Ga alloys were prepared in bulk form with compositions
equal to 18, 21, and 23 Ga at. %. While all three alloys already
display a moderate magnetostriction in their as-cast state, annealing
at 1000 �C for 24 h significantly improves the magnetostrictive
response. The combined use of multiple techniques, such as x-ray
diffraction, Mössbauer spectroscopy, differential scanning calorime-
try, temperature-dependent magnetization curves, and magnetic
force microscopy, allowed to assess the structure–property relation-
ships in the studied alloys and to evaluate the transformations
occurring during annealing. As Ga content is increased, the disor-
dered A2 phase is accompanied by the ordered D03 one, which is,
however, detrimental to the development of the magnetostriction.
With the high-temperature annealing and the subsequent rapid
cooling, the D03 phase transforms into the A2 one. Even if the hys-
teresis loop properties are not significantly affected, apart from a
�5%–6% increase in the saturation magnetization, the phase trans-
formations imply profound changes in the magnetic properties,
affecting the magnetic domains and the magnetostriction: the best
performance is obtained with compositions close to 19%: in our
case, the alloy having 18 at. % of gallium reached almost 240 ppm
of saturation magnetostriction after annealing.

With this study, we have contributed to clarifying the
out-of-equilibrium Fe–Ga phase diagram in the 18–23 Ga at. %,
and the phase transformations occurring with temperature, affect-
ing the magnetic and magnetostriction properties of the alloy.
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