
Abstract. Discovered in the early 2000s, giant magnetostriction
prompted many experimental and theoretical studies. However,
the physical mechanism underlying this important functional
property has not been fully understood, despite 20 years of
continuous effort. The models currently under discussion are
based on the concept of specifically ordered microscopic regions
that emerge in a disordered crystal matrix. Of special impor-
tance in detecting suchlike structural states are techniques that
involve the scattering of X-ray (synchrotron), electron, and
neutron radiation. The current state of structural studies of
Fe ±Ga and Fe ±Al alloys is reviewed, with the focus on neu-
tron diffraction.

Keywords: FeÿGa and FeÿAl alloys, giant magnetostriction,
atomic structure, phase transitions, neutron diffraction

1. Introduction

Iron-based alloys exhibit many functional properties that
have been widely used in various technologies for a long
time. One of them is giant magnetostriction, discovered in the
early 2000s in FeÿGa alloys and actively studied over the
past 20 years. Classical magnetostrictionÐa change in the
size of a body if its magnetic state changes or if it is exposed to
an external magnetic fieldÐ is a well-studied physical
phenomenon, a detailed description of which can be found

in any textbook onmagnetic phenomena in condensedmedia.
Since the discovery of magnetostriction by J Joule in 1842,
this phenomenon has been fully understood, its microscopic
content determined, and a physical interpretation of it
provided; it is now widely used in technology.

The situation with what is meant by the term `giant
magnetostriction' looks less clear. K P Belov et al. [1]
published in 1983 in Physics±Uspekhi a review under this
very title. It contained a detailed description of magneto-
striction in rare earth metals (REMs) and some compounds
based on REMs and actinides. The appearance of this review
was associated with the discovery in the early 1960s of the
enhanced magnetostriction of metallic terbium and dyspro-
sium, which was at low temperatures � 100 times larger than
that of iron. This phenomenon, which was explained using
the model of interaction of an anisotropic electron cloud of
f-electrons with the crystal field of the lattice, was named by
Belov et al. `giant magnetostriction.' However, the magneto-
striction discovered much later in FeÿGa alloys, which is
approximately 20 times larger than that of magnetostriction
of Fe, was also referred to as `giant' (see, e.g., [2]), although
the physical mechanisms of its formation seem to be
completely different from those in the case of REMs.

It is noteworthy that a somewhat similar situation has
developed in relation to the phenomenon of high magneto-
resistance exhibited by multilayer heterostructures and
perovskite-like manganese oxides. Both effects, whose phys-
ical nature is completely different, were initially designated as
`giant magnetoresistance.' However, to avoid confusion, the
effect in manganese oxides was later referred to as `colossal
magnetoresistance.' The terminology for magnetostriction
apparently also needs to be refined.

This has not yet been done, and giant magnetostriction is
understood in this review as a phenomenon first found for
FeÿxGa alloys, the magnetostriction constant �3=2�l100 of
which in the range x � 18ÿ28 at.% is �250ÿ400� � 10ÿ6 in
poly- or single crystals, respectively [3]. This phenomenon, in
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contrast to REMs, is observed at room temperature and,
despite the fact that the magnetostriction of FeÿxGa alloys is
several times smaller than that in REMs, it was acknowledged
as a landmark for the materials science of magnetostrictive
materials and initiated a plethora of studies in this area.
However, despite almost 20 years of effort, themechanisms of
the formation of giant magnetostriction in FeÿGa alloys
remain unclear. No clear answer has been provided as yet for
several fundamental issues regarding the mechanism of the
crucial effect of nonmagnetic Ga on magnetostriction, the
emergence of twomaxima in themagnetostriction constant at
17±19 and 26±27 at.% of gallium content, and the growth of
the magnetostriction constant if a small amount (less than
0.1%) of rare earth elements are added to the FeÿGa alloy.
This list also includes the question of why the dependence of
magnetostriction on x in FeÿxAl alloys is almost the same as
in FeÿxGa and has a maximum at x in the region of about
18 at.%, but the second maximum is absent.

The models of giant magnetostriction currently under
discussion are based on the concept of a disordered (from the
point of view of the arrangement of Fe and Ga atoms)
crystalline matrix, within which microscopic regions contain-
ing Ga and REM atoms (La, Tb, etc.) ordered in a specific
way emerge. An alternative approach is possible in some
cases: namely, it may be assumed that the long-range crystal-
line order of thematrix is violated due to the emergence in it of
microscopic regions that are ordered but in a different way.

It should be noted that thermodynamically equilibrium
inhomogeneous states have long been recognized as an indis-
pensable attribute of the formation of many unusual physical
properties of crystals, including high-temperature supercon-
ductivity and the already mentioned colossal magnetoresis-
tance of manganites. Examples of discovered inhomogeneous
states in superconductors are charge-separated regions with
characteristic dimensions L � 20 �A, which are formed at the
electronic level, and coexisting mesoscopic dielectric and
superconducting regions with different contents of super-
stoichiometric oxygen �L � 1000 �A� in La2CuO4�d. Both of
these types of inhomogeneous states (`electronic' and
`chemical') are discussed in detail in review [4], in which
phase separation is identified as the common cause of their
appearance. An inhomogeneous state is observed in manga-
nites in the form of an equilibrium mesoscopic �L �
500ÿ2000 �A� stratification into ferromagnetic-metallic and
antiferromagnetic-dielectric phases, the formation of mag-
netic polarons being possible in the antiferromagnetic regions
[5]. The assumption that inhomogeneous states of FeÿGa
and FeÿAl alloys are a possible reason for the formation in
them of enhanced magnetostriction values may be recog-
nized, based on an analogy, as a correct avenue for the
ongoing search for models.

A special role in the diagnostics of inhomogeneous states
of crystals belongs to methods that involve the scattering of
X-ray, synchrotron, electron, and neutron short-wave radia-
tion. It is these techniques that enabled obtainment of the
information necessary for the development of physically
justified models regarding both the atomic structure of a
material and the organization of its submicroscopic structure,
i.e., atomic level microstructures. Another important area of
issues related to constructing the models that can be studied
using these methods is the occurrence of structural phase
transitions in ordered alloys with a change in temperature and
the formation of certain structural phases under various
conditions of alloy preparation and subsequent heat treat-

ment, since phases differ by their magnetostriction constants,
up to a difference in sign.

This review discusses the current situation with structural
studies of ordered iron-based alloys with an emphasis on
the use of neutron diffraction. Basic information on giant
magnetostriction is presented, and information on the struc-
tural phase states of FeÿGa and FeÿAl alloys and phase
transitions in them is systematically expounded. The main
focus is on FeÿxGa alloys, especially the wide range of
gallium content, up to x � 30 at.%. The FeÿxAl alloys are
considered primarily in what regards the similarities and
differences between their structural behaviors as a function
of x compared with FeÿxGa alloys. The specific features
of the microstructure of alloys are discussed on the basis
of electron microscopic and diffraction studies performed
recently. There are also relatively short sections on new data
on the kinetics of phase transitions in FeÿGa alloys and on
the relationship of the processes of ordering the structure with
the crystal lattice. The material-science properties of alloys
are omitted, since they are discussed in detail in our recent
review [6].

The structural states are presented in this review in
accordance with the `Strukturbericht designation,' notations
adopted in crystallography and materials science. A descrip-
tion of all the structural phases mentioned in the review can
be found in the appendix `Crystal Structure Descriptions' in
reference book [7], which contains images of the structure,
chemical formulas, Strukturbericht symbols, space groups,
etc. The notations of the composition of alloys also include
the atomic percentage of the 2nd, 3rd, etc. components,
which is also accepted in materials science. It is easy to
determine that, for example, a compound with the chemical
formula Fe3ÿaGa1�a is an FeÿxGa composition, where x �
100�1� a�=4 at.%. The designation `at.%' next to x is
omitted below for brevity. Also, for the convenience of
comparing the diffraction spectra of the phases derived from
the body-centered cubic (bcc) structure (A2, B2, and D03), a
unified system of Miller indices reduced to the cell of the D03
phase is used.

2. Magnetostriction and structural states
of FeÿGa and FeÿAl alloys
The phenomenon of magnetostriction consists of a change in
the linear dimensions of a crystalline material and, in some
cases, in its volume when magnetization of the material
changes. A distinction is made between spontaneous and
induced magnetostriction: the former occurs during the
transition from the para- to the ferromagnetic (FM) state in
the absence of an external magnetic field, while the latter
emerges if a magnetic field is applied. Magnetostriction in a
single crystal is usually anisotropic, and to describe it,
dimensionless magnetostrictive constants in some directions
are introduced. For example, in the case of crystals with cubic
symmetry, these are usually l100 and l111, which characterize
the relative changes in the edge lengths and the body diagonal
of the cube. It is customary to report the values l1 � �3=2�l100
and l2 � �3=2�l111, which are the coefficients in the expan-
sion of magnetostriction along the components of the
magnetization vectors and the direction of measurement.
For a polycrystalline material, averaging is carried out over
different crystallographic directions, and the value of lS is
presented, which is the magnetostriction constant when the
magnetization reaches saturation.
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It follows from the most general considerations based on
the Curie symmetry principle that the emergence of sponta-
neous magnetization in an FM crystal below the Curie
temperature, TC, and, consequently, magnetostriction, should
be accompanied by a change in the symmetry of the crystal. If
magnetization arises in the [100] direction of a cubic crystal
belonging to the class m3m, the crystal symmetry should
decrease to tetragonal �4=mmm�. However, spontaneous
magnetostriction is usually very small and, for example, it
is generally believed that the symmetry of a-Fe at room
temperature is cubic, despite FM ordering.

The anisotropy of magnetostriction arises due to two
main physical mechanisms: the already mentioned interac-
tion of the anisotropic electron cloud with the field of the
crystal lattice and the dipole interaction between themagnetic
moments of electrons. The first of these mechanisms is of
importance primarily for materials that contain rare earth
elements, while the second, for materials based on 3d metals.
An isotropic contribution is also distinguished, which arises
due to the modification of exchange interactions with a
change in the magnetization of the material. A detailed
presentation of knowledge about the magnetostriction of
ferromagnets can be found in both monographs and text-
books, for example, in [8, 9].

The first detailed study of the magnetic properties of
FeÿGa alloys in a gallium concentration range of 15±30%
was carried out in the early 1970s [10]. In particular, it was
determined in this work that the magnetic moments of iron in
two possible ordered phases D03 and L12 are 2:05 mB and
2:39 mB, respectively. However, interest in these alloys only
surged 30 years later after the publication of two studies by
Clark et al. [11, 12]. The main result of Ref. [11] was the
discovery of a tenfold increase in magnetostriction in the
Feÿ17Ga compound in comparison with pure iron. It was
found that �3=2�l100 � 311� 10ÿ6 (311 ppm) in Feÿ17Ga,
while the same value for a-Fe is about 30 ppm.Magnetostric-
tion wasmeasured in the next study by Clark [12] on FeÿxGa
single crystals for a wide range of concentrations, 44 x4 27.
The now famous dependence of �3=2�l100 on x with two
maxima at x � 18 and x � 26 was discovered. The measure-
ments were carried out for two types of samples: quenched
from 1000 �C in water and slowly cooled from the same
temperature in a furnace at a rate of � 10 �C minÿ1. The
magnetostriction in quenched samples turned out to be
slightly larger (by 15±25%), although, in general, its behav-
ior in both types of the samples was similar. A significant
change in magnetostriction depending on the prehistory of
the sample (quenching, annealing) naturally suggested that its
occurrence is somehow related to the formation of inhomo-
geneities (the appearance of ordered regions) of the structure.
It was mentioned in these first studies by Clark et al. that
the magnetostriction of FeÿxAl also has a maximum at
x � 15ÿ20 at the �3=2�l100 � 150 ppm level, as was found
as early as the late 1950s [13].

These results were refined and extended in subsequent
studies by various authors; they were presented (Fig. 1) in the
first review on this topic [3] in comparison with data on
FeÿxAl and FeÿxGa with additions of third elements (Ni,
Co, Sn, Si, Ge, etc.), which, as it turned out, decrease to some
extent the magnetostriction constant. It was asserted in [3]
that the critical issue for understanding the unusual behavior
of FeÿxGa alloys is the identification of structural phases
and phase transformations when varying the gallium content.
Attention was also drawn to the significant differences

between the equilibrium [14] and metastable [15] FeÿGa
phase diagrams. One of the main conclusions done in review
[3] is the hypothesis that stabilization of the inhomogeneous
structure is a key factor in enhancing the magnetostriction of
FeÿGa alloys. It was this assumption that was used later as
the basis for the development of numerous microscopic
models.

The types of structures observed in the compositions
FeÿxAl and FeÿxGa, depending on x and the temperature
prehistory, are largely similar, although FeÿxGa exhibits
greater diversity of these types due to the emergence in certain
temperature-concentration regions of close-packed ordered
phases based on A1- and A3-lattices, namely the L12 and
D019 structures. To avoid misunderstanding, considered
everywhere below will be the properties of samples after
casting (as cast state), unless otherwise stated. It is clear
that this state is metastable (nonequilibrium) and depends
on the ingot cooling rate. Both alloys have up to x � 19 a
bcc disordered a-Fe structure. A partially ordered D03
phase emerges at larger x, which exists up to x � 30 in
FeÿxGa and up to x � 35 in FeÿxAl. The D03 phase can
be completely ordered (up to thermal fluctuations) in the
composition with x � 25 alone, which corresponds to the
Fe3Ga�Al� structure. A partially ordered B2 phase is also
formed with a further increase in x, the total order in which
can only exist in the composition with x � 50. The fully
ordered B2 phase is indeed found in Feÿ50Al, whereas in
FeÿxGa, more complex phases emerge even at x > 35,
whose structure is still a subject for discussion. Recent
efforts have made it possible to understand the structure
of the Fe13Ga9 �Feÿ41Ga� intermetallic compound, the
atomic structure of which was determined from X-ray data
and confirmed later by neutron diffraction data and calcula-
tions based on the density functional theory [16], while the
structure of the b-phase of the Fe6Ga5 �Feÿ45Ga� inter-
metallic compound and its evolution in the process of heating
to high temperatures and subsequent cooling were refined in
[17].

No other phases, except for A2, D03, and B2, have been
found in the compositions FeÿxAl in the range 04 x4 50,
including cases where they are heated up to melting. The
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Figure 1. (Color online.) Magnetostriction constant �3=2�l100 for FeÿxAl

and FeÿxGa single crystals as a function of x. The measurements were

carried out on samples heated to the temperature of the transition to the
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dots and red triangles) or quenched in water (red squares and green

triangles). (Figure adapted from [3].)
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situation inFeÿxGa compositions up to x � 24 is the same as
in FeÿxAl; however, in the range 244 x4 30, after slow
cooling from 900 �C to room temperature, a mixture of D03,
L12, and D019 phases emerges in the proportions that depend
on x and on the cooling rate. The phases L12 and D019 are
partially ordered; complete order is also possible in them only
at x � 25. The destruction of the order leads to the transitions
L12 ! A1 andD019 ! A3, where A1 is a face-centered close-
packed cubic (fcc) structure and A3 is a hexagonal close-
packed structure. The main structural characteristics of these
phases are listed in the table, and the distribution of atoms
over crystallographic positions can be found in [18].

Three more versions of ordered structures are mentioned
in studies of FeÿGa alloys: namely D022, m-D03, and L60.
These structures are not present in any of the published
FeÿGa phase diagrams, but signs of their existence in the
form of locally ordered regions were found in a number of
experiments using electron diffraction (this issue is considered
in more detail in Section 4). The D022 structure is body-
centered tetragonal, space group I4=mmm, a � 3:70 �A, c �
7:20 �A, 8 atoms per cell,Va � 12:32 �A3. Considered in [2] as a
precursor of the L12 phase in the D03 ! L12 transition, it has
the same atomic pattern as L12 (the L12 cell doubled along the
c-axis). The modified D03 (m-D03) structure that repeats the
D03 structure, but with the positions of the pair of Fe and Ga
atoms swapped, is not independent, since it can be trans-
formed into L60 by changing the coordinate system, i.e., in
fact, m-D03 and L60 represent the same structure. Never-
theless, some authors prefer using m-D03 because it is more
convenient for comparing with D03. The L60 structure is
face-centered tetragonal (fct), the space group is P4=mmm,
a �a�D03�=

���
2
p � 4:10�A, c �a�D03�=2 � 2:98�A, 4 atoms

per cell, Va � 12:52 �A3.
Evidence of yet another nonstandard type of ordering was

found in the study of a Feÿ26:9Ga single crystal using a
synchrotron radiation beam [19]. Continuous scanning of a
large volume of reciprocal space enabled the observation of
many reflexes (� 90% of the total number), the presence of
which could be explained by assuming a tripled cubic cell of
theD03 phase. It turned out in the course of the further search
for their optimal description that they correspond to the
hexagonal lattice with a � ���

8
p

a0 and c � �����
12
p

a0, where
a0 � 0:287 nm is the lattice parameter of a-Fe. None of the
previously described superstructures derived from the bcc
lattice coincides in metric with the discovered hexagonal cell.
Unfortunately, a structural analysis of this phase turned out
to be impossible due to the twinning of the single crystal and

the complete overlap of the entire families of reflexes with the
peaks of the D03 phase.

The presented data on the boundaries of the existence or
emergence of certain phases should be considered as conven-
tional for several reasons. First, they depend on the cooling
rate of the alloy and, to some extent, on the dimensions of
the ingot, since cooling occurs at different rates on the surface
and in the bulk of the ingot. A detailed analysis of the so-
called TTT diagram (Time±Temperature±Transformation)
for the Feÿ27Ga composition, which reflects the correlation
between the cooling rate and the temperature of the appear-
ance and decomposition of structural phases in this composi-
tion, is presented in [20]. This study found, in particular,
two critical cooling rates that relate to the beginning and
completion of the appearance of the equilibrium L12 phase
from the metastable A2 or D03 phases. A more basic reason
for the uncertainties is the already mentioned possible forma-
tion in a disordered matrix of structurally ordered regions
with a wide range of characteristic sizes. A cluster structure is
formed, and a particular sample should be assigned then
according to some criteria to the A2 phase, while, according
to other criteria, to the D03 phase.

The magnetic and magnetostrictive properties of various
structural phases differ significantly. Both main ordered
phases D03 and L12 of compositions FeÿxGa with x � 27
are ferromagnetic at room temperature, but have different
Curie temperatures and different magnitudes and signs of
magnetostriction. For example, the magnetostriction con-
stant is lS � 100 ppm for polycrystalline Feÿ27:8Ga if the
sample is in the 100% D03 state but is lS � ÿ50 ppm for
100% L12. Consequently, a sample with virtually zero
magnetostriction can be obtained by controlling in some
way the ratio of these phases [21, 22].

3. Neutron scattering in alloy research

There are naturally a large number of standard (metallurgi-
cal, physicochemical, etc.) experimental methods to analyze
the physical properties and microstructure of alloys. How-
ever, it is apparent that, to determine the nature of the high
magnetostriction of FeÿGa alloys, it is necessary to use state-
of-the-art structural methods. They include transmission and
scanning electron microscopy, X-ray or synchrotron radia-
tion diffraction, and scattering of slow neutrons. It is the use
of these methods that made it possible to obtain comprehen-
sive information about the atomic structure of ordered alloys
and the arrangement of their microstructure, to reveal the

Table.Main characteristics of the structural phases observed inFeÿxGa andFeÿxAl alloys. The columns show the symmetry of the crystal lattice, space
group, unit cell parameters, number of atoms in the cell �N�, and atomic volume �Va� (the volume of the unit cell per atom) for FeÿGa. The values of cell
parameters are approximate since they depend on compositions and the temperature of measurement.

Phase Symmetry Space group FeÿGa FeÿAl N Va, �A3

A1 Cubic Fm3m a � 3:72 �A 4 12.87

A2 Cubic Im3m a � 2:90 �A a � 2:90 �A 2 12.19

A3 Hexagonal P63=mmc a � 2:64 �A
c � 4:28 �A

2 12.92

B2 Cubic Pm3m a � 2:92 �A a � 2:93 �A 2 12.45

D03 Cubic Fm3m a � 5:81 �A a � 5:79 �A 16 12.14

D019 Hexagonal P63=mmc a � 5:29 �A
c � 4:28 �A

8 12.92

L12 Cubic Pm3m a � 3:72 �A 4 12.87
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structural features in the bulk and on the surface of the
sample, to analyze phase transitions during various thermal
operations, etc.

The atomic structure of all the phases listed in the table is
very simple, since the atoms are located in particular posi-
tions, and only the unit cell parameters, position occupancy
factors, and (sometimes) the thermal factors of atoms are
subject to refinement in the course of structural analysis.
Information about the atomic structure that can be obtained
by the methods mentioned above is often complementary,
since none of them is universal. The fundamental reason for
this is the essential differences among the interaction of
electrons, X-ray (synchrotron) radiation, or neutrons with
matter. It is of no less importance that the subjects of research
should be prepared for each of these methods in a completely
different way. Practice shows that, in general, the employ-
ment of modern structural methods, especially if combined
with each other, makes it possible to obtain quite objective
information about the atomic structure of alloys.

The situation with studies of the submicroscopic structure
of alloys, which is customarily understood as any deviations
in the arrangement of atoms from the ideal long-range
crystalline order, is much more complicated. The usual
characteristics, such as the level and anisotropy of micro-
stresses in grains, the extent to which crystallographic texture
is pronounced, the density of defects, and the characteristic
sizes of coherently scattering domains (CSDs), are determined
reliably. However, problems are usually encountered in
relation to the attribute of utmost importance for alloys with
giant magnetostriction: the morphology of regions with an
ordered arrangement of atoms and the degree of ordering in
them. Nevertheless, there is some progress in studying the
submicroscopic structure of alloys (briefly referred to below
as the microstructure), and the information obtained is
discussed in the subsequent sections.

The basics of transmission electron microscopy, both
standard and high resolution (TEM and HRTEM), X-ray
diffraction (XRD), synchrotron (SXRD), and neutron radia-
tion (ND) are well known and have been extensively and in
detail expounded on in the literature [23±25]. Consequently,
only characteristic features of these methods and their
advantages and limitations as applied to the study of metal
alloys are briefly considered here.

The interaction of electrons with matter is determined by
the electrostatic potential of atoms, which consists of the
potential of nuclei and electrons. X-ray and synchrotron
radiation is actually scattered only by the electrons of the
atoms. Neutrons interact with the nuclei of atoms (strong or
nuclear interaction) and the effective magnetic moment of the
electrons of the atom (magnetic dipole interaction). The
physical principles that govern the formation of the diffrac-
tion pattern of a crystal are the same for any type of radiation,
and the specific features of the interaction are manifested
primarily in the scattering cross section and, consequently, in
the intensity of the diffraction maxima. All other things being
equal, it can be estimatedÐadopting the average intensity of
X-ray diffraction as a unitÐ that this figure for electrons will
be� 106, for SXRD, about 102, and for neutrons, about 10ÿ2.
If the completely different degree of absorption of these
various kinds of radiation in the matter is also taken into
account, it turns out that the characteristic thicknesses of the
layer of the substance used to form the diffraction pattern are
�10ÿ5ÿ10ÿ6�, �10ÿ3ÿ5� 10ÿ2�, and �0:1ÿ0:5� cm for elec-
trons, X-rays, and neutrons, respectively. This determines

the well-known features in the preparation of samples for
analysis and the setup of the diffraction experiment (for more
details, see textbook [26]). It may be asserted with some
simplification that electron microscopy makes it possible to
analyze the local structure, X-ray diffraction, the surface
structure, and neutron diffraction, the bulk structure of
alloys.

The penetration depth of synchrotron radiation can be
significantly increased by choosing a small (down to l �
0:15 �A) wavelength. The diffraction pattern can be recorded
in this case in transmission, i.e., information about the bulk
structure can be obtained. However, a very unfavorable
consequence of such a short wavelength is the need to
operate at small Bragg angles, which leads to a sharp increase
in the geometric contribution to the width of the diffraction
peaks. The inherent high resolution of SXRD deteriorates as
a result and can be significantly inferior to the resolution of a
neutron diffractometer. As for the measured intensities, it
follows from the above figures that neutron diffraction is
very much inferior to other diffraction methods. However,
due to the significantly larger irradiated sample volume, the
actual difference is not so catastrophic. As shown below, an
advanced neutron diffractometer can scan the entire diffrac-
tion spectrum in a time of the order of one minute, and
sometimes even faster, which is usually sufficient for studying
phase transformations in situ and in real time.

In studying the structure and microstructure of alloys, the
efficiency of neutron diffraction is primarily determined by
three circumstances: the capacity to distinguish elements
closely located in the periodic table, a large penetration
depth, and a large cross section of the neutron beam. The last
two points make it possible to avoid uncertainties associated
with the coarse-crystalline and inhomogeneous structure of
alloys and surface effects. For example, the typical dimen-
sions of a synchrotron beam on a sample are 0:15� 0:15 mm,
and in some cases as low as 0:05� 0:05mm; one single crystal
can be irradiated in this case with some contribution from
neighboring single-crystal grains, and Debye±Scherrer rings
look like a collection of individual spots. The neutron beam
size ranges from one to several centimeters, and the extent of
averaging over grain orientations may be very high. The
unique ability of neutrons to respond to the magnetic struc-
ture of thematerial in the case of ferromagnetic alloys is not of
utmost importance. This is due to the fact that magnetic
scattering is only added for the FM state to the regular
(nuclear) intensities of neutron diffraction peaks. Since the
ordered magnetic moment of iron is � 2 mB or less, this
contribution is not large, and it is difficult to distinguish it
against the background of very strong nuclear scattering. It is
easier and more reliable as a result to determine the magnetic
moment and, in general, the magnetic properties of samples
by measuring their magnetization and magnetic susceptibil-
ity.

A disadvantage of this method in comparison with
other diffraction techniques is the low intensity (luminosity)
and possible activation of the samples. After even a short
exposure to a neutron beam, the sample must often be kept
for several days or even weeks for the induced activity to
vanish.

The scattering of slow neutrons is usually characterized by
the coherent scattering length b, which for most isotopes is a
constant independent of the neutron energy (their values are
given, for example, in Ref. [27]). These quantities for the
elements mentioned in this review are bFe � 9:45, bGa � 7:29,
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bAl � 3:45, and bCr � 3:64 (in Fermi units; 1 fm � 10ÿ13 cm).
It is seen that these values are significantly different, and they
provide the necessary contrast for determining the character-
istics of ordered alloys. We now show this by the example of
the FeÿxAl alloy, which is in the ordered phases D03 or B2.
The diffraction peaks of the D03 phase can be divided into
two groups due to the ordering of the atomic structure:
fundamental and superstructure. The peaks of the first
group do not change their intensity when the ordering
disappears, i.e., in the transition D03 ! A2, while the peaks
of the second group vanish at this transition. The exclusion
rules in the D03 phase are such that the sum of the Miller
indices of the fundamental peaks must satisfy the condition
h� k� l � 4n (for example, 220, 400, etc.); all other peaks are
superstructure ones (for example, 111, 200, 311, etc.). The
following formulas are valid for the temperature dependences
of the intensities of these groups (fundamental/superstruc-
ture) of peaks:

IF�T � � VF�T �
��FF�hkl�

��2 exp �ÿW�T �� ; �1�
IS�T � � VS�T �x 2�T ���FS�hkl�

��2 exp �ÿW�T �� ;
where VF and VS are the sample volume and the volume
occupied by the ordered phase �VS 4VF�, FF and FS are
structural factors, x is the degree of ordering �04x4 1�, and
exp �ÿW� is the Debye±Waller factor. The structural factors
of the fundamental and superstructure peaks for the stoichio-
metric composition Feÿ25Al �Fe3Al� are FF � 3bFe � bAl,
FS � bFe ÿ bAl. Substituting the coherent scattering lengths
and assuming that ordering is complete �x � 1� and the entire
sample volume is in an ordered state, we obtain for the peak
intensity ratio IS=IF � 0:04, all other factors being equal.

Peaks with odd Miller indices (defined in the D03 phase
cell), i.e., 111, 311, etc., are forbidden in the B2 phase, but
superstructure peaks like 200, 222, etc. are allowed. For this
structure, FF � bFe � bAl, FS � bFe ÿ bAl, and we have for the
intensity ratio IS=IF � 0:22. The difference between the
scattering lengths of Fe and Ga is not as great as for Fe and
Al, and similar numbers for the FeÿxGa compositions are:
IS=IF � 0:004 for D03 and IS=IF � 0:13 for B2, i.e., super-
structure peaks will be about 10 and 2 timesweaker than those
in FeÿxAl.

To find the actual ratios of intensity in the case of
diffraction on a polycrystal, it is also necessary to take into
account the multiplicity and Lorentz factors for specific
peaks; in addition, the intensities can be distorted by the
effect of texture, and the degree of ordering may be
incomplete, but these numbers correctly represent the order
of magnitude. The form of neutron diffraction spectra of
compositions FeÿxAl in the D03, B2, and A2 phases is
displayed in Fig. 2. It can be seen, in particular, that the
intensities of superstructure peaks (111, 200, 311, 222, etc.)
are high enough to be reliably detected.

It is this feature that was noted as one of the main
advantages of neutron diffraction in studies of alloys in the
pioneering study, which became classical, of this issue by
K Shull, the future Nobel Prize winner [28]. Alloys have
subsequently been actively studied by neutron scattering
methods (diffraction, small-angle scattering, and inelastic
scattering) in virtually all of the world's neutron research
centers. The exploration focused on ordering effects, the
structure of alloys with light impurities (hydrogen, oxygen,
nitrogen), specific features of the magnetic structure, changes
in the structure under radiation exposure, etc. These studies

are naturally ongoing at present, although the situation with
neutron research in the world does not seem to be favorable.
The problem is that stationary nuclear reactors, a large
number of which were built in the 1960s±1970s, have
exhausted their service life and their operations have been
halted. For example, five major research reactors have been
closed in Europe alone in the last decade. Experiments are
also being carried out on pulsed neutron sources, but there are
still too few of them (there were only six sources worldwide in
2020). Especially interesting results in the study of alloys
using neutrons were obtained in Russia by V A Somenkov et
al. at the Moscow-based reactor operated by the Research
Center Kurchatov Institute (see the ``Metal hydrides as solid
solutions'' section in monograph [25]) and by BNGoshchits-
kii's laboratory (Mikheev Institute of Metal Physics, Ural
Branch of the Russian Academy of Sciences, Ekaterinburg),
where the structure of structural reactor steels was studied.
Neutron research of alloys has been actively carried out since
2015 at the Frank Laboratory of Neutron Physics of the
Dubna-based Joint Institute for Nuclear Research (JINR) at
the IBR-2 pulsed reactor. Detailed information on research
neutron sources in Russia and in the world and an analysis of
the European strategy for their development can be found in
review [29].

Most examples of neutron diffraction studies of FeÿxGa
and FeÿxAl alloys discussed in this review are taken from
the work performed on a high-resolution Fourier diffracto-
meter (HRFD) operating at the IBR-2 reactor at JINR
(Dubna) [30]. The HRFD is a time-of-flight diffractometer
(TOF diffractometer). Consequently, backscatter detectors
�2y � 152�� installed on it concurrentlymeasure the spectrum
in the dhkl range to 4:5 �A, which is sufficient to detect peaks
with the largest interplanar distances. The feature of the
HRFD of importance for studying alloys is its capacity to
switch between modes of high �Dd=d � 0:0015� and medium
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�Dd=d � 0:015� resolution, the intensity in the latter case being
significantly (� 10 times) higher. The first mode is used to
analyze structural and microstructural characteristics, while
the second one is intended to detect weak superstructure
peaks and perform in situ studies of phase transformations
(examples of both types of neutron diffraction spectra are
presented for Feÿ27Ga in [18]). For parallelepiped-shaped
alloy samples with standard dimensions of 4� 8� 50 mm,
an HRFD operating in the medium resolution mode needs
only 1 min to measure the complete diffraction spectrum
(measurements were carried out in some cases with a time
resolution of 1 s [31]). This performance is usually sufficient
for studying transient processes in alloys. This can be seen
from Fig. 3, which shows how phase transformations exhibit
themselves in the diffraction spectra measured upon heating
at a constant rate the Feÿ27Ga composition to 950 �C. The
disappearance of some superstructure peaks and the emerg-
ence of other peaks make it possible to reliably trace the
occurring sequence of transitions: D03! A2� L12! L12!
D019! A2.

Another important feature of the HRFD is the very simple
dependence of its resolution on the interplanar spacing,
namely �Dd �2 � C1 � C2d

2, where Dd is the total width of
the diffraction peaks (FWHM),C1 andC2 are some constants
determined in the experiment with a standard sample. An
additional contribution to the peak width arises in the case of
a real crystal in accordance with theWilliamson±Hall analysis
(see, e.g., [32]) due to the effect of microstresses, e, and the
finite size of the coherently scattering domains, Lcoh. This
contribution is described on the scale of interplanar distances
by the formula �Dd �2 � �2e�2d 2 � �k=Lcoh�2d 4, if the Gaus-
sian approximation is used for the distribution functions
(k is a dimensionless factor close to unity that takes into
account the shape of the coherently scattering domain
(CSD)). Combining both expressions, we obtain the follow-
ing formula for the dependence of the widths of the
diffraction peaks of a real crystal on the interplanar distance:

�Dd �2 � C1 � �C2 � C3�d 2 � C4d
4 ; �2�

where C3 � �2e�2 and C4 � �k=Lcoh�2. If the size effect is
negligible (large CSD), the dependence �Dd �2 on d 2 is linear;
otherwise, it is parabolic. Consequently, by plotting these
dependences in a sufficiently large interval of dhkl, e and Lcoh

can be found (Fig. 4). Experience operating the HRFD shows
that its resolution makes it possible to confidently determine
microstresses in crystallites at the level of e � 0:001 or more
and characteristic sizes of the CSD at the level of Lcoh �
3000 �Aor less. If the CSD size significantly decreases (to 50 �A
or less), diffraction (Bragg) scattering smoothly transforms
into diffuse scattering, the peaks are substantially broadened,
and special efforts are needed to separate them from the
background.

4. Specific features of the microstructure
of FeÿAl and FeÿGa alloys

It was noted in the Introduction that the currently discussed
models of giant magnetostriction in FeÿGa alloys are based
on the assumption that local ordering occurs in a disordered
crystal matrix, i.e., the matrix with a statistical population of
the crystallographic positions of the atoms that constitute the
alloy. Indeed, much evidence of the specific organization of
the microstructure of these alloys has been obtained using
microscopic research methods (HRTEM, XRD, SXRD, and
ND). If FeÿGa alloys without additions of rare-earth metals
(La, Tb, etc.) are considered, this evidence can be divided to a
first approximation into two groups. The first one includes
data on the bulk phase inhomogeneity of a material that
consists of nanoscale precipitates (clusters) of one of the
standard ordered phases in a disordered or less ordered
matrix. This conclusion is based on an analysis of the
characteristics of superstructure diffraction peaks and diffuse
scattering. The second group contains evidence of the
formation of tetragonal ordered phases that are nonstandard
for FeÿGa, such as m-D03, L60, and D022, which are
primarily obtained by the TEM and HRTEM methods. We
now examine this evidence in more detail.

It is well known that the formation of long-range order
regions in alloys strongly depends on the specific composition
and conditions of alloy preparation and its subsequent heat
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treatment. It is usually believed that this formation leads to a
microstructure that consists of antiphase domains (APDs) or
clusters of relatively small sizes �< 1000 �A� with an ordered
atomic structure which are dispersed in a structurally less
ordered matrix. The concept of antiphase domains, which are
understood as neighboring regions that have the same atomic
structure but are shifted relative to each other by a certain
fraction of the translation vector, appeared as early as the
1940s [33], and it is usually this structure that is assumed in
ordered alloys (see monographs [34, 35]). A modern descrip-
tion of this mechanism can be found in review [36]. A
substantiated concept indicating that another type of micro-
structure is possibly formed in ordering alloys was suggested
in the 1970s. This alternative concept assumes that bulk
clusters with long-range order emerge in the arrangement of
atoms embedded in a disordered matrix and is based on the
analysis of diffuse X-ray scattering [37] and the results of
transmission electron microscopy [38, 39].

Diffraction effects in the presence of APD or disperse
clusters in a crystal structure mainly relate to the width (in
the general case, to profiles) of diffraction peaks and differ
significantly for these two cases. The differences only consist
to a first approximation in the dependence of the peak widths
on the Miller indices. In the case of a structure formed as an
APD, the width depends on the symmetry of the crystal lattice
and on the specific set of Miller indices. For example, only
diffraction peaks with oddMiller indices are broadened in the
case of the Fe3Al superstructure [35]. On the contrary, the
broadening of the peaks for a structure in the form of amatrix
with clusters dispersed in it only depends on the absolute
value of the vector in reciprocal space, rather than on its
direction in the lattice. The magnitude of the broadening
effects is also different for these two cases. The sizes of
neighboring domains separated by a coherent antiphase
interface are usually comparable; therefore, the width of
superstructure peaks in the APD model is increased relative
to that of the fundamental peaks by a factor of 2±3. The
difference between the broadening of peaks from the matrix
and clusters in the model of dispersed clusters can be very
large (by a factor of 10 or more).

The hypothesis about the relationship between high
magnetostriction values with nanoscale clusters and various
variants of short-range order appeared in the literature
immediately after the publication of Clark's first papers.
The simplest version was based on the assumption that
gallium atoms tend to form oriented pairs, i.e., create a
quasi-B2 structure in separate, very local areas (see, for
example, [40, 41]). Somewhat later, a combination of B2
cells was considered instead of individual cells, leading to the
m-D03 structure (Fig. 5). The idea to combine two oriented
pairs of gallium atoms and thereby explain the increase in
magnetostriction was apparently presented for the first time
in [42]. A more complex structurally inhomogeneous model
was proposed in [2], where the tetragonal structure of D022
was considered to be nanoprecipitates. A model that takes
into account the role of magnetism in the formation of
various types of short-range order was considered in [43] (see
also thesis [44]).

Studies [45] (scattering of neutrons by single crystals with
various x), [46] (scattering of synchrotron radiation by single
crystals with various x), and [47] (X-ray scattering by a single
crystal with x � 18) are examples of comparatively recent
experimental studies of the initial stage of cluster formation
in the form of regions with short-range order in FeÿxGa

compositions. The short-range order correlation length
determined in these studies varies from 6 to 20 �A. An analysis
of diffuse scattering along various crystallographic directions
enabled an estimation of the shape of the short-range order
regions. For example, it was shown in [46] that they are
slightly elongated along the [111] direction in FeÿxGa at
x < 18, while the regions become spherical at x > 18.

Very detailed model calculations carried out in [48] to
substantiate the APD model showed that short-range order
regions with a characteristic size of L � 20 �A dispersed in a
disordered matrix emerge at the first stage of ordering. They
evolve upon prolonged isothermal annealing in such a way
that long-range order clusters are formed from them, from
which antiphase domains are subsequently created through-
out the entire volume of the material. Thus, a microstructure
in the APD form should be considered the limiting case of a
cluster microstructure.

It should be noted that the concept of structurally ordered
clusters in alloys is not strictly defined, as is shown, for
example, in monograph [49]. A correct description of the
transition from short-range order to long-range order
requires an analysis of the atomic distribution functions of
higher orders, which in fact has never been done. Computer
simulation of the ordering process predicts the emergence of
interpenetrating regions with blurred boundaries and com-
plex topology. However, this type of correlated disorder
cannot be described as a two-phase system, since there are
no spatially defined regions of phases or an interface between
them. A complete quantitative analysis requires in this case
the use of the transition state cluster model to describe 3D
diffuse scattering distributions. A review of work on this
topic, which analyzed diffuse scattering in nonstoichiometric
compounds, is presented in [50].

As to FeÿxGa and FeÿxAl alloys, the data needed for
the analysis of the transition state are still lacking. Therefore,
the concept of a cluster will be used in what follows in the
diffraction sense, i.e., it will be understood as a connected
region, the degree of order in which is higher than in the
matrix. A certain characteristic size can be assigned to a set of
such regions, which determines an additional (size) contribu-
tion to the width of the distribution of diffuse scattering
or diffraction peaks. The transition from the distribution
width to the characteristic size is carried out in the case of
diffraction scattering using the Scherrer or Williamson±Hall
approximations [32]. There is apparently no clear boundary
between diffuse and diffraction scattering; the width of
the superstructure maxima will smoothly decrease with an
increase in the cluster size, while their intensity will smoothly
increase with an increase in the degree of order in the
clusters.

The concept of the morphology of ordered regions can be
made more certain by analyzing the profiles of diffraction

Â b c

Figure 5. (Color online.) Oriented pairs of gallium atoms (yellow balls),

from which two unit cells with the B2 structure (a) and the m-D03 cell (b)

were formed. The D03 cell (c) is shown for comparison.
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maxima. For example, if they are described by 3D Lorentz
functions, the ordering parameter x is distributed in a
fluctuation manner, that is, the boundaries of the regions
are blurred. If the profiles of the maxima decrease faster, for
example, according to a Gaussian profile, it may be asserted
that a two-phase structure is formed. The knownmethods for
analyzing the size distribution of coherent scattering regions
[32], which are based on mathematical processing of peak
profiles, do not appear to be reliable in the case of a cluster
state, since the intensity of superstructure peaks is small and,
consequently, the profile shape fluctuations are large. There
is no doubt from general considerations that there is a
distribution of ordered clusters by size, and the width of this
distribution can be significant (� 100 �A or more). Moreover,
there should be a distribution by the degree of ordering in
addition to the size distribution of clusters. For example, a
hierarchical structure with various levels of ordering is
conceivable: local inclusions with an order close to perfect
state are embedded in areas whose level of ordering is already
higher than that of the matrix. Unfortunately, it should be
admitted that adequate experimental methods for extracting
the corresponding information are lacking as yet.

We now consider the knowledge about the formation of
the most frequently considered nonstandard structures in
FeÿAl and FeÿGa: D022, m-D03, and L60. The structures
D03 and m-D03 (see Fig. 5) differ by the positions of Fe and
Ga in the inner cube, which becomes the bcc unit cell of theA2
phase upon disordering of the structure. It was hypothesized
in [42] that such a rearrangement can lead to tetragonal
distortion of the lattice and, as a consequence, to an increase
in magnetostriction. In addition, structural factors were
calculated in this study, and it was indicated that m-D03
should yield other superstructure peaks that differ from the
normal D03 structures. Indeed, the model calculation (Fig. 6)
shows that there are no superstructure peaks where all
indices are odd (for example, 111) in the case of m-D03, but
there are peaks with mixed indices (for example, 110, 211,
310). The intensities of the allowed superstructure peaks are
comparable for both structures, while the intensities of the
fundamental peaks, i.e., those for which h� k� l � 4n (for
example, 220, 400 in the D03 cell) are the same.

Many experimental studies have been published after
Ref. [42], in which, in the opinion of the authors, the
formation of regions with the m-D03 structure was con-

firmed or refuted. A typical example is Ref. [51], where the
presence of m-D03 was confirmed on the basis of the splitting
of diffraction peaks and observations of TEM images for the
Feÿ15Ga composition. An opposite example is Ref. [52],
where eight FeÿxGa single crystals with 8:64 x4 35:2 were
studied (using TEM and SXRD), and m-D03 was not found
in any of them. It was rightly noted in the same study that
the splitting of peaks in the XRD spectra observed in [51]
may occur for various reasons, in particular, due to surface
deformation during sample preparation or precipitation of a
phase with a lower gallium content on the sample surface.

Evidence that regionswith them-D03 structure formunder
certain conditions was presented in [53, 54]. Fairly clear
electron diffraction patterns corresponding to the m-D03
structure were observed in Ref. [53] for a textured ribbon
� 50 mm thick with the Feÿ17Ga composition obtained by
sputtering from a melt. SXRD, SSAS (small-angle synchro-
tron radiation scattering), and EXAFS (extended fine struc-
ture of the X-ray absorption spectrum) spectra were studied
in [54] using the Feÿ17Ga composition in the form of single
crystals with various orientations and a textured ribbon
� 60 mm thick. A splitting of the diffraction peaks was
observed in the diffraction spectra from the ribbon; however,
it only occurred for peaks from some of its sections. The
relative difference between the parameters of the unit cells of
the A2 matrix and the m-D03 inclusions was Da=a � 0:0028.
Of no less interest is the splitting of peak 103 of the A2 phase
noted by the authors of [54]. In their opinion, this is the first
experimental observation of the previously predicted tetra-
gonal distortion of the A2 matrix. The degree of distortion is
very small, namely d � �cÿ a�=c � 0:0007, and it can only be
noticed if the diffractometer resolution is very high. It was
obtained from the SSAS data under the assumption of a
Gaussian-type size distribution of nanoprecipitates that they
are spherical with R � �14� 3� �A, and their volume propor-
tion is about 1%. This is sufficient in principle to observe the
m-D03 phase in a bulk sample, but the authors of [54] claim
that they failed to find any signs of it in the Feÿ17Ga single
crystal.

We now consider the situation with the L60 and D022
phases using the example of recent study [55], in which the
Feÿ26Ga and Feÿ27Ga compositions were studied using
XRD (bulk polycrystals) andHRTEM (films� 80 mm thick).
Blurred superstructure spots were found in the HRTEM
spectra of the quenched Feÿ27Ga sample at the positions of
211 sites of the D03 phase, which were assigned diffuse
scattering by L60 nanoprecipitates. The size of these forma-
tions increased to 100ÿ800 �A after annealing the film for 1 h
at 450 �C, and peaks 211 became significantly narrower. The
authors note that the bulk density of regions with the L60
structure also increased, but failed to estimate its value.
SAED (Selected Area Electron Diffraction) patterns were
obtained for the Feÿ26Ga composition, the analysis of which
led the authors to the conclusion that they correspond to the
D022 structure (they noted that this was the first observation
of the D022 structure in Feÿ26Ga alloys). A new concept for
the formation of the L12 structure from A2 and D03 was
proposed in [55] based on the experimental data obtained.
Namely, it was assumed that structural transitions A2!
L60 ! L12 and D03 ! D022 ! L12 are possible (for more
details, see Section 6). It was also hypothesized in this study
that the observed formation of the L60 and D022 structures
can be considered a basis for explaining the giant magneto-
striction in FeÿGa alloys.
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It should be noted in this regard that based on energy
considerations there is at present no doubt that the m-D03
�L60� and D022 structures can be formed in FeÿGa com-
positions. Similar to D03, they are nonequilibrium, and the
difference in the total energy of their formation is small (at the
level of 0.2 eV per formula unit). Consequently, similar to
D03, their formation is quite probable in the process of
quenching or under certain annealing conditions. As for the
diffraction data, there are several points that remain unclear.
For example, the volume fraction of regions with m-D03
ordering detected using TEM is usually sufficiently large to
observe not only the fundamental but also superstructure
peaks using SXRD or ND. However, no diffractogram
(except for electronic) has been published yet where the
corresponding superstructure peaks would be present. More-
over, the splitting of the peaks is clearly visible in the
diffraction patterns for ribbons prepared in a special way;
however, it is absent in the diffraction on bulk samples
performed with a resolution sufficient for its observation.
The same remark applies to the D022 structure observed in
[55]. Moreover, despite the validity of the assertions that
tetragonal distortions of the structure introduced by nano-
precipitates should contribute to increased magnetostriction,
their small number can hardly affect such a property of bulk
nature as magnetostriction.

5. Correlation of the microstructure of FeÿAl
and FeÿGa alloys with their magnetostriction

Attempts have been made in a fairly large number of studies
to find some correlation of the functional properties of
FeÿAl and FeÿGa alloys, primarily magnetostriction, with
the specific features of their microstructure organization. Of
particular interest are naturally those studies in which
correlations are analyzed systematically for a wide range of
Al and Ga concentrations. We consider the results that were
obtained for FeÿGa using diffraction of synchrotron and
neutron radiation.

Polycrystalline FeÿxGa compositions with 144 x4 31
and a step of 1% (18 samples) were analyzed in [56] using
high-energy synchrotron radiation diffraction (HE-SXRD),
E � 105 keV, which corresponds to l � 0:1181 �A. Such a
short wavelength enabled a significant increase in the
depth of radiation penetration into the samples, each of
which was a cylinder 2 mm in diameter. However, on the
other hand, Bragg diffraction was observed at very small
scattering angles due to the short wavelength. For exam-
ple, peak 220 for the D03 phase was located at 2y � 3:3�,
and, due to the large geometric contribution to the
resolution function (Dd=d � Dy= tan y, where Dy includes
all geometric uncertainties of the scattering process), the
peak width was relatively large �Dd=d � 0:0030�, and the
observation of its tetragonal splitting, as in [54], turned out
to be impossible.

In addition to the standard measurement of diffraction
spectra, relative changes in the interplanar spacing for
fundamental peak 200 were measured in [56] for some of the
samples with an external magnetic field of 0.76 T applied.
The obtained dependence with two peaks at x � 18 and x �
27ÿ28 repeated unexpectedly the behavior of the magneto-
striction constant �3=2�l100 in FeÿxGa shown in Fig. 1. The
surprising feature of the coincidence is as follows. It can be
found from the experimental data presented by the authors
and simple calculations that the width of peak 200 is

approximately �Dd �200 � 0:0038 �A, and the displacement of
the peaks under the effect of the field, Dd, varies from 0.00006
to 0:00018 �A (depending on the segment of the dependence
presented in [56]), i.e., the peak shifted by �1=20ÿ1=60� of its
width. Measuring of such small displacements on a set of
samples and obtaining at the same time a regular dependence
is a very challenging problem.

An analysis of these and other results enabled the authors
of [56] to identify four regions with changes in characteristics
in the studied range of Ga concentrations. In region I, at
x < 18, the alloys are in the A2 phase; the cell parameter
increases linearly with an increase in the Ga content; and no
signs of any ordered regions are observedÐ there are no
superstructure peaks and no broadening or splitting of the
fundamental peaks. In region II, up to x � 24:5, there are
superstructure peaks from clusters of the D03 phase, and the
cell parameter changes nonlinearly with a minimum at
x � 23:5. In region III, up to x � 27:5, where magnetostric-
tion reaches its second maximum, the intensity of super-
structure peak 111 attains its maximum and, as suggested by
the authors of [56], the entire volume of the sample is
occupied in this region by the D03 phase. At x > 28, region
IV, the intensity of peak 111 rapidly decreases, while the
intensity of peak 200 continuously increases, from which
one can conclude that the D03 ! B2 transition begins. The
authors associate the increase in the width of fundamental
peak 200 in region II at x � 21ÿ23 by a factor of� 2 with the
emergence of strong strains in the matrix due to the large
number of emerged clusters of the D03 phase.

Most of the results obtained by the HE-SXRD
method and published in [56] were confirmed and, in
addition, refined and expanded in neutron experiments
carried out later [57, 58]. Two sets of FeÿxGa samples
with 9:04 x4 32:9 were studied with the initial state as cast
and after air cooling. All the results discussed in this section
were obtained using an HRFD TOF diffractometer in the
high resolution mode �Dd=d � 0:0015�. The evolution of the
phase state of the FeÿxGa compositions was traced using
three characteristics: the presence of superstructure peaks in
the diffraction spectrum (examples of characteristic spectra
are given in [57]), the ratio of the widths of the fundamental
and superstructure peaks, and the behavior of the intensities
of superstructure peaks. Based on these features, the studied
range of Ga content was divided into four groups, essen-
tially the same as in [56], but with slightly shifted boundaries
of the intervals. They are shown in Fig. 7 along with the
behavior of the cell parameters, which were determined
from the positions of the fundamental peaks. The behavior
of the above characteristics is almost identical within these
groups for both types of samples (as cast and air cooled);
namely, it turned out that:

(1) x < 19, structure A2, the growth the cell parameter
changes at the end of the interval from linear to nonlinear;
and the widths of all peaks are described by the same
dependence;

(2) 194x < 23, D03 clusters are dispersedly distributed
in the A2 matrix; the cell parameter decreases; the widths of
the fundamental and superstructure peaks are described by
different dependences;

(3) 234 x4 27, homogeneous D03 structure; the cell
parameter increases; the intensity of peak 111 attains its
maximum; and the widths of all peaks are described by the
same dependence;

(4) x > 27, gradual transition D03 ! B2.
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A somewhat later analysis of the structure of the
Feÿ19:5Ga single crystal based on the SXRD data [19]
revealed that the intensity distribution in superstructure
reflexes, which correspond to D03 ordering and are broad-
ened in comparison with the fundamental peaks, has a
Lorentzian shape. As noted in Section 4, this form of the
correlation function does not correspond to any physical
object in real space.

A conspicuous feature in the behavior of the cell
parameter is the occurrence of a minimum at x � 21ÿ23.
The phenomenon of the decrease in the unit cell parameter in
the transition from a disordered to an ordered state was well
known long ago for FeÿGa binary alloys (see, for example,
[34, p. 215]); the experimental data displayed in Fig. 7 clearly
demonstrate the transition from A2 to D03, which occurs in
the range 174 x4 23. A similar dependence was obtained in
first principle calculations [59]. Of interest is the fact that the
deviation of the increase in the cell parameter with increasing
Ga content from the linear dependence occurs significantly
earlier than the superstructure peaks appear in the diffraction
spectra. This implies that the cell parameter turns out to be a
characteristic more sensitive to the incipient formation ofD03
phase clusters than the intensities of diffraction peaks. The
deviation actually begins at x � 17, i.e., before the first
maximum of magnetostriction; this observation agrees with
the information from experiments on diffuse and small-angle
scattering that the formation of short-range order begins in
this specific region of the Ga content.

Owing to the high resolution of the HRFD, it is possible
to obtain reliable data on the behavior of the width of
the fundamental and superstructure peaks, which provides
important additional information on the microstructural
state of alloys. Typical dependences of �Dd �2 on d 2 for alloys
with various Ga contents are shown in Fig. 8 (see also Fig. 4).
It is this kind of result that is fundamental for conclusions
about the development of the cluster state of the micro-

structure of compositions with 194 x4 23. There are no
superstructure peaks in the case of the composition
Feÿ18:6Ga (phase A2); the widths of the fundamental
peaks lie on a single curve that corresponds to formula (2),
wherein the coefficient at d 4 determines the characteristic size
of the CSD in the matrix, which isLM � 2300 �A. In the case of
the composition Feÿ20:7Ga, the diffraction spectrum con-
tains both types of peaks, fundamental and superstructure,
and the widths of the diffraction peaks are described by two
different dependences. It is almost linear for the fundamental
peaks, i.e., CSD sizes exceed 3000 �A, while for superstructure
ones it is parabolic, and the coefficient at d 4 of whichwas used
to determine that the characteristic CSD size in clusters is
LC � 500 �A. The diffraction spectra of compositions with
x5 23 contain both fundamental and superstructure peaks
(phase D03), but their widths lie on a single dependence (see
Fig. 4), which implies that the microstructure of these
compositions is homogeneous. Estimates of the character-
istic sizes of clusters obtained using the Williamson±Hall
method and the Scherrer formula for peaks 111 and 200
yielded consistent results: their linear growth occurs in the
range 204 x4 23 from� 200 to� 2000 �A to stabilize at this
value.

It should be emphasized once again that the quoted values
for Lcoh of the clusters are the characteristic sizes of coherent
scattering regions in them, which can be significantly smaller
than the sizes determined by means of optical or electron
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microscopy if the cluster periphery does not have a sharp
boundary. If the inevitable distribution in size and degree of
ordering is taken into account, it becomes apparent that
the numbers for Lcoh are nothing but estimates that only
represent the order of magnitude and the pattern of their
changes.

Figure 9 shows that the intensity of superstructure peak
111, which characterizes the D03 phase, and peak 200, which
characterizes the B2 phase, behave in a regular manner. To
remove possible texture effects, the intensity ratios of the
orders of reflection were calculated; the dependences of the
intensity ratios on the Ga content turned out in general to be
similar to those obtained by the HE-SXRD method in [56].
A decrease in the intensity of peak 111, which starts from
x � 27, concurrent with a continuing linear increase in the
intensity of peak 200, indicates a change in the D03-type
ordering in favor of B2-type ordering. No distinguished
regions are formed in this case, since all peaks (both
fundamental and superstructure) remain narrow, i.e., the
CSD size is large. The dependence of the width of the
fundamental peaks on the Ga content was determined
(Fig. 10), which turned out to be different from that in
Ref. [56] and, on the whole, similar to the x-dependence of
magnetostriction with two maxima. Two reasons for this
behavior of the peak width can be suggested: an increase in
lattice microstresses or a growth of tetragonal distortion of
the structure in the ranges x � 19ÿ20 and x � 26ÿ28. The
first mechanism may be associated with internal strains that
emerge in the region where the cluster structure is formed
(range 1) and at the beginning of the D03 ! B2 process
(range 2). The second mechanism may be due to an increase
in spontaneous magnetostriction in these ranges and, as a
consequence, an increase in tetragonal distortion. To make a
selection from the possible options, it is necessary to measure
the diffraction spectra with a resolution better than 0.001.

The results for the FeÿxAl compositions published in [60,
61] are similar to the those obtained for FeÿxGa: the same
A2! D03 ! B2 transitions with increasing x and the same
behavior of the cell parameter, but with the minimum shifted
to the region x � 35. It is noteworthy that clusters of the well-
ordered D03 phase in Feÿ27Al are not formed in the
completely disordered state A2, as in FeÿxGa, but in the B2

structure, which is more ordered than A2 but less ordered
than D03. Proof of this is provided by the Williamson±Hall
plot shown in Fig. 11, which shows that the widths of peaks
with even Miller indices, allowed in the B2 phase, fall on the
linear dependence, while the widths of peaks with odd Miller
indices, only allowed in the D03 phase, lie on the parabolic
one. An estimate of the characteristic CSD sizes for the
matrix (B2 phase) and clusters (D03 phase) yields � 3000
and � 230 �A, respectively.

The presented results (obtained by synchrotron radiation
and neutron techniques) provide unambiguous evidence of a
clear correlation between the structure (phase state) and
microstructure of FeÿGa and FeÿAl alloys with the
behavior of their magnetostriction constant. However, it
should be noted once again that the final stepÐunder-
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standing the physical reasons for this correlationÐcannot be
made as yet.

Of no less importance is obtaining, along with the data
on the microstructure of the FeÿAl and FeÿGa alloys,
comprehensive information on the occurrence of structural
phase transitions in such compositions and on the processes
accompanying them. Neutron diffraction enabled significant
progress along the path described, and it is these issues that
will be discussed in the next section.

6. First- and second-order phase transitions
in FeÿAl and FeÿGa

Only three structural phases, A2, B2, and D03, exist in
FeÿxAl in the range up to x � 50, and if the samples are
heated or cooled, phase transitions only occur among these
phases. A detailed analysis of the dependence of the unit cell
parameter on the Al content [62] and the data obtained in [63]
for the x-dependences of the cell parameters, peak widths,
and their intensities shows that, in the range 04 x4 23, the
main phase is A2, then up to x � 32, the state is mixed,
A2�D03 or B2�D03, and, depending on the temperature
regimes, the D03 phase can be present in the form of clusters
with sizes of several hundred angstroms or occupy the entire
volume of the sample. Studies [60, 61, 63] report data on phase
transitions upon slow heating and the subsequent cooling of
compositions with x � 27, 31, and 50 and upon replacing part
of Al with Cr [64]. The most complete results including data
for a single crystal (Fig. 12) were obtained for Feÿ27Al. The
intensity of peak 111, which is only allowed in the ordered
D03 phase, decreases to zero at T � 500 �C, then, at
T � 720 �C, peak 200, which characterizes the less ordered
B2 phase, disappears, and the sample structure becomes
disordered. A joint analysis of the temperature dependences
of the intensity and width of peak 111 made it possible to
establish the behavior of the order parameter in the D03
phase. The new data obtained have reliably confirmed that
the structural transformations D03 ! B2! A2 observed in
FeÿxAl up to x � 31 are typical second-order transitions.

If the Feÿ27Al composition, after being maintained at
900 �C, is quenched in water, its state corresponds to the B2
structure. If heating is slow (2 �C minÿ1), B2! D03 !

B2! A2 transitions occur, which are clearly observed in an
in situ neutron diffraction experiment. The first and second
transitions are accompanied by characteristic changes in the
linear increase in the cell parameter with temperature. This is
shown in Fig. 13, where the behavior of the intensities of the
main and superstructure diffraction peaks of the D03 phase is
shown along with the cell parameter. The microstructure of
the sample in the temperature range 240 < T < 490 �C is a
matrix of the partially ordered B2 phase with clusters of the
ordered D03 phase distributed in it in a dispersed way. It can
be seen that the deviation of the cell parameter from the
linear dependence begins slightly earlier than the emergence
of superstructure peak 311. It should be noted that the
appearance and disappearance of ordering does not affect in
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any way the intensity of fundamental peak 400, the slow
decrease in which corresponds to the behavior of the Debye±
Waller factor.

The development of structural phase transitions in
FeÿxGa was studied in a series of our neutron diffraction
in situ experiments [18, 20, 57, 65±67]. The spectra were
basically measured in the mode of heating the sample at a
constant rate of 2 �C minÿ1 to � 900 �C and subsequent
cooling to room temperature. Experiments with several
compositions were also carried out at various heating rates
(from 1 to 20 �C minÿ1) and under rapid heating to a certain
temperature followed by maintenance at this temperature for
several hours. The results obtained are too voluminous to be
discussed in detail in this review, and their general idea alone
is presented below.

No other structural phases, except for A2, appear in an
explicit way in compositions with x < 19 in the process of
heating-cooling. Compositions with x close to 19 are in a
boundary state; in some cases, D03 phase clusters are
observable in them immediately after casting, while in other
cases they only appear after heating and cooling. Up to
x � 23, the initial cluster state A2�D03 transforms upon
heating into A2� B2, and next into A2. Reverse transitions
occur during cooling: A2! B2! A2�D03. If the gallium
content is x � 27ÿ28, the overall scheme of transitions
becomes more complicated: observed upon heating are the
transitions D03 ! L12 ! D019 ! A2 (see Fig. 3), and upon
cooling, A2! B2! L12 �D019. Some variations of these
schemes consist, for example, in the fact that, at smaller x
�x � 24�, phases Al and A3 are formed instead of L12 and
D019, and at larger x �x � 29�, the D019 phase is not formed
during cooling. It should be noted that small changes in the
gallium content may result in significant changes in the
sequence of transitions and in the volume fraction of certain
phases. For example, the phase transitions in the composi-
tions Feÿ25:5Ga and Feÿ26:9Ga proceed upon heating in
the same way. However, when the Feÿ25:5Ga composition is
cooled, the D03 and A3 phases appear and then disappear,
and the L12 phase alone is formed in the final state, whereas in
Feÿ26:9Ga, the L12 and D019 phases are represented in the
final state in almost equal proportions [68].

A quantitative analysis of the data obtained in in situ
experiments consists in determining the intensities, positions,
and widths of a number of fundamental and superstructure
diffraction peaks. The intensities of the fundamental peaks
are used to establish the temperature dependences of the
volume proportions of the structural phases, and their posi-
tions, to determine the unit cell parameters and the atomic
volume (cell volume per atom) (Fig. 14). The behavior of the
volume fractions of the phases may be used to determine the
rate at which the transitions take place and in what tempera-
ture range they occur, while the behavior of the atomic
volume shows, for example, that the transitions D03 ! L12
and D019 ! A2 are accompanied by a large jump in the
volume, i.e., these are first-order transitions. Analysis of the
width of the diffraction peaks makes it possible to estimate
the magnitude of the microstresses that arise during the
transitions and the degree of their anisotropy. The peak
intensities may be analyzed in cases where the texture effects
are small using the Rietveld method, as was done in [18],
which enables extraction of information on the magnitude of
the ordered magnetic moment and the occupancy factors of
individual crystallographic positions. Interesting additional
information is provided by a comparison of the data obtained

during heating at various rates and in several successive
heating-cooling cycles. For example, Fig. 15 displays a
comparison of the volume fractions of the phases that
emerge upon cooling of the Feÿ27Ga composition at
various rates (1, 4, and 8 �C minÿ1). It can be seen that, as
the cooling rate increases, the temperature at which the D019
and L12 phases emerge shifts, and at low temperatures the
ratio of the phase fractions significantly changes in favor of
L12.

Results of fundamental importance were obtained in in
situ experiments carried out in the mode of rapid heating to a
certain temperature followed by maintaining this tempera-
ture for several hours [67]. These experiments made it possible
to reveal previously unknown structural features of the first-
order transition between differently ordered phases and
obtain new data on its kinetics. These results are based on
data partially presented in Fig. 16. The samples are initially
in the D03 phase, and when held at a constant temperature,
the D03 ! L12 transition occurs. The figure shows how the
temperature changed (heating at a rate of 20 �C minÿ1 and
holding at T � 405 and 435 �C) and how the intensities of the
fundamental and superstructure diffraction peaks associated
with the D03 and L12 phases changed over time. A specific
feature of these dependences is a gap in time between the
disappearance of the superstructure peaks of the initial phase
�D03; 111� and the appearance of superstructure peaks of the
new phase �L12; 100�. Moreover, there is a small but notice-
able gap in time between the disappearance of the peak
�D03; 111� and the appearance of the peak �A1; 200�. An
unambiguous interpretation of these facts is that, at first,
� 20 min after the start of heating, i.e., upon reaching
T � 400 �C, the ordered D03 structure transformed into the
disordered bcc state A2. Then, after some time lapsed (this
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interval diminishes with an increase in the holding
temperature), signs of the formation of the fcc structure
A1 appear. Finally, the last stage of the process begins after
one more incubation period, which consists of the forma-
tion of the ordered L12 structure. On the whole, this
process can be represented as a chain of D03 ! A2!
A1! L12 transitions, where the initial and final steps are
the second order transitions, and the central transition is
the first order one. A specific calculation based on the data
on the change in the unit cell parameters of these phases
shows that lattice strains in disordering �D03 ! A2� and
ordering �A1! L12� are small �e4 0:001� and uniform.
On the contrary, the A2! A1 transition is accompanied
by large and inhomogeneous deformations: tension along
the fourth-order axis �ec � 0:266� and compression in the
perpendicular plane �eab � ÿ0:105�. It is remarkable that

these values differ only slightly from the deformations
observed during the a-Fe! g-Fe transition [31].

The following features of the D03 ! L12 transition may
be distinguished. The atomic volume of the A1=L12 phases is
greater than that of the D03=A2 phases, although the latter
are a bcc structure, which in the case of base metals is less
densely packed than fcc. Calculations using the density
functional theory [59] confirm this effect, indicating its
association with the specific features of the electron density
distribution in such alloys. The intensity of the superstructure
peak �D03; 111� decreases faster than that of the fundamental
peak �D03; 400� at the initial segment of the rise in tempera-
ture. This implies that the degree of ordering of atoms, i.e., the
factor x�T � in Eqn (1), begins to decrease even upon slight
heating. The time during which a disordered state exists
in Feÿ27:2Ga, which is defined as the time between the
disappearance of the �D03; 111� peak and the appearance of
the �L12; 100� peak, decreases with increasing temperature as
a linear function of 1=T.

It is of importance to note that doubtsmay arise regarding
the formation of a completely disordered state, since super-
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structure peaks are of low intensity, and it can be assumed
that they are simply not visible at certain time intervals.
However, as can be seen from Fig. 16, the intensity of
fundamental peak 400 during the D03 ! A2 transition only
decreases by� 15%; consequently, should the bulk density or
ordering factor decrease by the same amount, superstructure
peak 111 should be reliably detected. A similar argument can
be applied to the fundamental and superstructure peaks of the
L12 phase. By the time peak 100 appears, the intensity of peak
200 is about 20±30% of the maximum, and should super-
structure peak 100 have appeared earlier, it would have been
detected. Since no diffraction peaks from any other phases
were observed during the entire time of the experiment, it can
be argued that in the time intervals indicated in Fig. 16 the
atomic structure of the studied samples is in a disordered
state, first as the A2 phase and next as A2�A1.

Various versions of how the conversion of D03 to L12
occurs can be found in the literature. It was assumed by
Khachaturyan and Viehland [2] that this transition can occur
through the intermediate ordered tetragonal structure D022.
The scheme D03! A1! L12 was considered in [69] on the
basis of XRD and TEM data. Study [55] was already
mentioned above, in which the D03 ! A2! L60 ! L12
version was proposed as the main one, and the D03 !
D022 ! L12 version, as an alternative. However, all these
assumptions weremade based on the observation of the initial
�D03�, final �L12�, and one or more (as in [69]) intermediate
states. The only experiments in which this transition was
traced with virtually continuous scanning in time are still the
neutron diffraction experiments discussed in [22] and [67].

There are two more important points worth noting. First,
the formation of a completely disordered state during a
transition between two ordered states is not surprising, since
the D03 ! L12 transition is accompanied by a large jump in
the atomic volume (� 1%). Second, the transition between
the disordered states A2! A1 seems to be completely
analogous to the a-Fe! g-Fe transition in pure iron, in
which the tetragonal distortion of the lattice hypothesized in
the Bain model is not manifested in diffraction experiments
similar to the FeÿGa alloy.

7. Relationship of ordering with the crystal lattice

It was already mentioned in Section 5 that the unit cell
parameter decreases during the transition of certain types of
binary alloys from a disordered to an ordered state. It is
illustrated by the data shown for FeÿxGa in Fig. 7. The
dependence of the unit cell parameter of FeÿxAl composi-
tions on the aluminum content has the same character [62];
only the minimum is slightly shifted towards higher x (x � 35
instead of x � 22 for FeÿxGa).

The reasons for this phenomenon are still a matter of
discussion. For example, it is discussed in review [70], based
on experimental data for a large number of binary alloys,
whether it is related to energy or geometric (difference among
ionic radii) factors. The author of Ref. [70] argues that the
correlation of the behavior of the parameter with the ordering
energy is more pronounced than the correlation with the
differences among the sizes of atoms. Hence, it may be
concluded that first principle calculations can yield a realistic
dependence of the unit cell parameter on the composition,
and this was actually confirmed in [59] for FeÿxGa.

An amazing fact which earlier had escaped researchers'
attention is that the cell parameters displayed in Fig. 7 for

FeÿxGaand presented in [62, 63] for FeÿxAl are determined
from the position of the fundamental peaks, i.e., for the
matrix, while ordering occurs in the clusters that only occupy
a certain (sometimes very small) fraction of the sample
volume. A nonlinear change in the cell parameter of the
matrix with an increase in the Ga or Al content implies that
the matrix is sensitive to the ordering process, first via the
short-range and next long-range order, and a very high degree
of coherence is maintained between the crystal lattices of the
matrix and clusters. Otherwise, one would expect that the
matrix cell parameter should increase linearly in a certain
range of Ga or Al content (as in the A2 phase). The difference
between the cell parameters of the A2 and D03 phases
(reduced to A2) predicted by first principle calculations for
FeÿxGa is Da � 0:02 �A �Da=a � 0:007�. If there were no
coherence between the lattices, the profiles of the funda-
mental diffraction peaks in high-resolution spectra should
be a sum of narrow peaks from the matrix and broadened
peaks from clusters with a reduced cell parameter. For
example, an incoherent mixture of A2 and D03 should lead
to the splitting of peak 400 into two components with
Dd � 0:01 �A, which is not observed in neutron diffraction
spectra. A specially performed analysis showed that the
profiles of the fundamental peaks from FeÿxGa actually
reproduce the profiles of the peaks from standard polycrys-
tals used to determine the diffractometer resolution function;
i.e., microstresses, the size effect, and the assumed difference
between the parameters of the matrix and cluster cells do not
introduce any significant broadening or shift.

Moreover, unit cell parameters of these phases can be
independently determined for ordered compositions FeÿAl
and FeÿGa that contain phases A2 (as a matrix) and D03
(in the form of clusters). To do so, the profiles of individual
fundamental and superstructure diffraction peaks were
analyzed and their positions on the dhkl scale were estab-
lished, after which the cell parameter value was calculated
individually for each peak. Examples of such an analysis (first
performed in [60]) are displayed in Fig. 17 for Feÿ25Alÿ9Cr
and Feÿ23:8Ga. It can be seen that the average values of the
cell parameter found in this way are within the range of
�0:0002 �A, i.e., Da=a � 3:5� 10ÿ5, and this value is tens of
times less than the expected differences. It can even be argued
that the degree of coherence between the crystal lattices of the
matrix and ordered regions is close to 100%.

These neutron diffraction results disagree with the X-ray
and synchrotron-diffraction data reported in many studies
where the splitting of the fundamental diffraction peaks into
two components was observed. The relative difference in
the observed positions of the components is quite large and
varies within the range Da=a � �1ÿ4� � 10ÿ3. This value is
� 100 times greater than the above estimate of the degree of
correspondence between the lattices of the matrix and clusters.

It is noteworthy that the two observed components are
interpreted in different studies in the opposite way. For
example, obtained in one of the first studies on this topic
[71] for peak 422 of the composition Feÿ19:5Ga were the
values for two observed components d1 � 1:1878 �A and d2 �
1:1853 �A, which correspond to Da=a � 2� 10ÿ3, and the
component with d1 was assigned to the A2 phase. The same
interpretation of the splitting of the fundamental peaks in the
Feÿ29Ga composition is suggested in [72]. Close values of
the splitting of the fundamental peaks were found in [53, 54,
73], but the components with a smaller interplanar spacing
were assigned to the A2 phase.
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These results are inconsistent with the observation that
any splitting whatsoever of the fundamental peaks of the A2
and D03 phases is absent, not only in neutron, but also in
X-ray and synchrotron diffraction spectra measured in bulk
samples of both FeÿAl andFeÿGa [56, 58, 62, 63]. The exact
reason for these differences is not yet known. One of the
possibilities is violation of the coherence of the lattices of the
matrix and clusters in thin layers of the material (in films and
near the surface), while coherence exists in the bulk. Another
reason may be the heterogeneity of the composition, which is
more pronounced in thin layers than in the bulk. Some
indications of the inhomogeneity of the composition were
obtained in [74], wherein it was found that, if the sample is
maintained in a vacuum, and this is usually done to prevent its
oxidation, the loss of gallium and the formation of a Ga-
deficient phase whose cell parameter differs from that of the
main phase may occur. Similar results have been obtained
recently in studying the effects of heating±cooling of the
Feÿ45Ga phase [17].

The effects associated with the coherence of the crystal
lattices of the A2, B2, and D03 phases can also be analyzed
using experimental data obtained during phase transitions
upon heating or cooling. A typical example of how the cell
parameter changes upon ordering and subsequent disorder-
ing during the B2! D03 ! B2 transitions in Feÿ27Al is
displayed in Fig. 13, which shows that the measured jump of
the cell parameter is about 0:0025 �A. This value is somewhat
less than would be expected based on the data of Ref. [62].
However, the magnitude of the jump should depend on the
degree of the attained order and decrease if the order in the
clusters is not complete.

The jump in the parameter in FeÿGa compositions can
attain the same or even somewhat larger values. Figures 18

and 19 show combined temperature dependences of the cell
parameter of the A2 and D03 phases and the intensity of
superstructure peak 311 during the D03 ! A2 transition in
the compositions Feÿ19:0Ga and Feÿ23:1Ga upon heating.
The deviations of a�T � from the linear dependence upon
disordering during heating clearly correlate with the behavior
of the intensity. It can be seen, in particular, that these
deviations begin significantly earlier than the intensity of
peak 311 begins to rapidly decrease, and end later than this
peak ceases to be visible. The magnitude of the jump in the
parameter clearly correlates with the degree of ordering in the
clusters and, apparently, with their bulk density. Thus, its
value in the composition of Feÿ23:1Ga approaches the
calculated one, which is an indication of an almost complete
structural order in the initial state.

Since the unit cell parameter is measured withmuch better
accuracy than the intensity of weak superstructure peaks, it is
this specific parameter that can be used to determine the
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temperature range of the transition. It should be noted that
the profiles of the fundamental peaks remain virtually
unchanged during these transitions, which confirms the high
degree of coherence of the lattices of the matrix and the
clusters.

8. Kinetics of phase transitions

Several structural phase transitions occur in heating cast
FeÿxGa samples with a gallium content x � 24ÿ29, of
which the first and, perhaps, the most important from a
practical point of view is D03 ! L12. This transition, which is
driven by the diffusion mechanism, requires the structure to
be rearranged, and its kinetics is slowed down due to the
relatively high energy barriers among the positions of atoms
in the D03 and L12 phases. This transition is used below as an
example to outline the type of kinetic data that can be
obtained in a neutron diffraction experiment (for more
details, see Ref. [67]). A modern presentation of the applica-
tion of diffraction on polycrystals to the analysis of the
kinetics of phase transformations can be found in mono-
graph [75]. It also contains a description of the Johnson±
Mehl±Avrami±Kolmogorov approach (JMAK model),
which was used in Ref. [67] to process and interpret neutron
data.

The JMAKmodel [76±78] is based on the assumption that
several conditions are fulfilled, the account of which enables
obtainment of the volume fraction of the formed phase, f �t�,
as a function of time t after the temperature is set (usually
referred to as the Avrami equation):

f �t� � 1ÿ exp
�ÿ�kt�n� ; �3�

where k is a kinetic coefficient that depends on temperature,
and the exponent n (Avrami parameter), which is determined
by the growth conditions and the rate of formation of new
phase nuclei, can be fractional. A summary table of the values
of n for various combinations of the rate, type, and geometry
of nucleus growth can be found in [79].

Equation (3) can be transformed as follows:

ln
�ÿ ln �1ÿ f �� � n ln k� n ln t ; �4�

whence it is seen that the parameters n and k can be
determined from a linear approximation of the experimental

dependence of ln �ÿ ln �1ÿ f �� on ln t. Based on the condi-
tions of the classical Avrami model, parameter n, i.e. the slope
of the straight line, must remain unchanged during the entire
transition; examples of such processes are given in [75].

Cast samples of Feÿ27:2Ga and Feÿ28:0Ga were heated
in HRFD experiments to a specified temperature at a rate of
20 �C minÿ1, and the diffraction spectra were measured at a
specific temperature for � 4 h. Isothermal measurements for
both compositions were made at nominal temperatures of
405, 435, and 470 �C, which was maintained with an accuracy
of �2 �C. These values were attained in 19, 21, and 23 min,
respectively, after the start of the temperature rise. The time
required for 50% of the L12 phase to form rangedÐ
depending on the holding temperatureÐ from 20 to 120 min;
therefore, the diffraction spectra were measured every
minute, which made it possible to trace the details of the
transition.

The time dependences of the integral intensities of the
fundamental peaks for D03=A2 and A1=L12 were found at
the first stage of processing the experimental data, fromwhich
the values f1�t� and f2�t�, the fraction of phases, as a function
of time were determined. It was checked that the sum of the
volumes occupied by these phases coincides with the volume
of the sample with an accuracy of several percent, i.e., the
nucleation of the A1=L12 phases occurs from the volume of
theD03=A2 phases. Further, the dependences ln �ÿ ln �1ÿ f ��
on ln t were plotted for both compositions at all three
temperatures of isothermal holding; it turned out that the
dependences were not linear throughout the entire process.
Differentiation of the obtained dependences made it possible
to determine the value of the so-called `local' Avrami
parameter, n�t�. The constancy of n�t� is only maintained in
the process at relatively small time intervals and, although
two intervals may be conventionally distinguished within
which n�t� � const, this approximation is very rough, since
the transition interval is fairly long (Fig. 20).

The values of the Avrami parameter for Feÿ27:2Ga at
the initial stages of growth of the L12 phase at all three
temperatures of isothermal holding are very close to each
other and fall within the range of 1.5±2.5, which, according to
[79], is typical of diffusion-controlled growth of new phase
grains with a decreasing nucleation rate. The subsequent
change in the fraction of the L12 phase is characterized by a
gradual decrease in parameter n to a value of 1.5 or below,
which correspond to the situation where the nucleation sites
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are exhausted, and the fraction of the new phase increases due
to the growth of already existing nuclei. Since n�t�, having
attained at the last stage of the transition a value of 1.5,
continues to decrease to� 0:5 at 405 and 435 �C and virtually
to 0 at 470 �C, it is inferred that the growth rate of grains of
the new phase gradually decreases.

If the temperature increases from 405 to 470 �C, a several-
fold decrease in the time of formation of 50%of the L12 phase
occurs (fourfold decrease for Feÿ27:2Ga). If the Ga content
in the alloy increases to x � 28, i.e., the deviation from the
stoichiometric composition of Fe3Ga increases, the rate of
transformation of the D03=A2 phases into A1=L12 decreases
in comparison with Feÿ27:2Ga at the same temperatures.
For example, the time of formation of 50% of the L12 phase
at a holding temperature of 405 �C is 1.6 times longer for
Feÿ28:0Ga.

It follows from the results obtained that the kinetics of
the entire transition cannot be described within the JMAK
model, since the value of the Avrami parameter n does not
remain constant with the exposure time, but decreases by a
factor of 3±4. This indicates deviations from the conditions
for the validity of the model, for example, the nucleation
mechanism and the process of the growth of nuclei can
change, and collisions of growing grains of a new phase can
occur. Nevertheless, it is possible to single out for the local
Avrami parameter the sections with n�t� � const for which an
interpretation may be provided. For example, the Avrami
parameter for the initial stage of the transition in the
Feÿ27:2Ga composition has values close to n � 2 for all
three temperatures of isothermal holding, which corresponds
to the model with a constant growth rate of grains of a new
phase with a decreasing nucleation rate. The values of n are
significantly lower for the Feÿ28:0Ga composition, which
may indicate the presence of hidden nuclei of the L12 phase in
the sample.

9. Conclusions

Diffraction of short-wave radiationÐelectron, X-ray, syn-
chrotron, and neutronÐmakes it possible to obtain very rich
information on the features of the structural arrangement of
binary iron-based alloys. The experimental material collected
to date seems, at least at first glance, to already be quite
sufficient to attempt to draw on its basis some definite
conclusions about the physical mechanisms of giant magne-
tostriction in FeÿGa alloys. However, despite considerable
efforts, this has not been done in a reliable way. The concepts
suggested in the literature so far only outline seemingly
promising paths to attain this goal. For example, it is
universally agreed that, to understand the mechanisms for
the formation of enhanced magnetostriction, a deeper under-
standing of the reasons for the appearance of inhomogeneous
structural andmicrostructural states of these alloys is needed.

The results of neutron diffraction studies are an essential
part of the collected experimental material. The bulk-related
nature of the information obtained using neutrons made it
possible to significantly clarify the situation with various
phase states of alloys, structural transitions between them,
and the arrangement of their microstructure. It is neutron
diffraction that has turned out to be the most informative
method for studying phase transformations in situ and in real
time. The dispersed cluster model, which has been convin-
cingly confirmed in neutron experiments, seems to be the
most adequate approach to analyze correlations between the

functional properties and the microstructure of alloys. A side,
but important, implication of its validity is the need for a new
look at the known phase diagrams of FeÿxMe alloys, for
which regions of coexistence of ordered and disordered
phases have been found, since in many cases the volume
occupied by an ordered phase in crystallites does not exceed
50%.

The FeÿGa alloys have been explored using neutron
scattering techniques other than diffraction. For example,
small-angle neutron scattering (SANS) was used in [80] to
measure spectra for the Feÿ19Ga single crystal. It was found
that the magnetizations of the clusters with an ordered
structure and that of the disordered matrix are different; this
difference essentially results in the emergence of magnetic
contrast and, as consequence, of small-angle neutron scatter-
ing. Based on the similar behavior of the SANS intensity and
the magnetostriction constant as a function of the applied
magnetic field, the authors reached a conclusion that it is
clusters that make a significant contribution to the bulk
magnetostriction of the sample.

The effects observed in inelastic neutron scattering were
analyzed in single crystals of Fe1ÿxGax (x � 10:8, 13.3, 16.0,
and 22.5) in Ref. [81]. The D03 phase was absent in the
compositions with x4 16; however, it occupied � 24% of
the volume in the sample with x � 22:5. If the gallium
content increases, all measured transverse and longitudinal
phonon dispersion curves become significantly less rigid (for
some of them, the energy almost halved). The authors noted,
however, that only a detailed comparison of the results
obtained with model calculations based on first principles
can provide an understanding of the fundamental mechan-
isms of the observed effects. New work using these methods
is likely nonexistent due to problems with the interpretation
of the data obtained in experiments on small-angle and
inelastic neutron scattering.

The interpretation of neutron diffraction data is more
unambiguous, but they generated several new questions that
have not been answered yet, although they seem to be of
importance for understanding the processes that occur in
FeÿGa and FeÿAl alloys, including those that are not
related to magnetostriction. The main issue is the coherence
of the crystal lattices of coexisting disordered and ordered
phases in FeÿGa and FeÿAl, since it involves the general
mechanisms of the emergence of equilibrium phase separa-
tion. At first glance, this issue has two unrelated aspects. Why
does the entire disordered matrix begin to respond to the
emergence of clusters of the ordered phase despite the small
volume they occupy? Why does the coherence of the lattices
of the matrix and clusters occur in the bulk of the sample but
is violated in thin layers? The problem of why the entire
D03 ! L12 transition in FeÿGa alloys cannot be described
in the JMAKmodel is also of interest for further experimental
and theoretical studies.

It should be emphasized once again in conclusion that the
structural and microstructural information obtained using
electron, X-ray, synchrotron, and neutron diffraction is
complementary, since none of these methods is universal.
This review presents examples of the results obtained by
various methods, which may agree with each other or differ
significantly. The main reasons for the disagreements are
quite apparent: they are primarily associated with a crucial
difference between the characteristic thicknesses of the layer
of the substance that forms the diffraction pattern and the
ensuing specific features of the preparation of samples for a
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diffraction experiment in which a particular type of radiation
is employed. However, some details still require further
analysis.

The experimental data on neutron diffraction discussed in
this review were obtained in cooperation with a number of
research centers in Russia and other countries with the
financial support of the Russian Foundation for Basic
Research (project nos 17-52-44024, 18-02-00325, 18-58-
52007, and 18-58-53032) and the Russian Science Founda-
tion (project nos 18-12-00283 and 19-72-20080). The authors
are grateful to their colleagues from FLNP JINR and MISIS
for their fruitful cooperation and joint publications cited in
the review. The authors are grateful to the Russian Founda-
tion for Basic Research (Expansiya contest, project no. 19-12-
50056) for financial support for writing this review.
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