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Structural and magnetic phase transitions in Fe;Ge: A neutron diffraction study
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A detailed neutron diffraction study of a stoichiometric Fe;Ge alloy with different initial states in a wide tem-
perature range (up to 1000 K) made it possible to accurately reveal the features of magnetic and structural phase
transformations in it. The use of complementary x-ray diffraction and analysis of neutron diffraction patterns
by the Rietveld method allowed reliably separating the nuclear and magnetic contributions to the intensity of
the diffraction peaks and performing refinement of the Fe;Ge magnetic state characteristics. Both main phases
appearing in Fe;Ge are ferromagnetic with 7z = 629 K (hexagonal, D0,9) and Tc = 714 K (cubic, L1,). In
D0y, the presence of a spin-flip transition (7 = 385 K) was confirmed and the temperature dependence of the
components of magnetic moment along the hexagonal axis and in the basal plane was obtained. It was shown that
the transformation between ordered L1, and DO, structural states, predicted by the equilibrium-phase diagram,
includes three steps: two diffusional stages (L1, — Al, A3 — D0,9) and one displacive stage (A1 — A3). The
obtained structural data suggest that in Fe-Ge, as well as in Fe-Ga alloy, direct transitions between ordered phases
are impossible. They should include a transition between disordered states.

DOLI: 10.1103/PhysRevMaterials.7.063603

I. INTRODUCTION

Recently, interest in studying the structural properties of
various iron-based binary alloys is mainly associated with
elucidating their similarities or differences with the properties
of Fe-Ga alloys, in which the effect of giant magnetostriction
was discovered in the early 2000s. In particular, this applies
to Fe-Al, Fe-Ge, and Fe-Si alloys, for which their structural
and magnetostrictive properties are compared with those of
Fe-Ga in many papers, including one of the first reviews on
this topic [1]. A more detailed quantitative comparison of the
magnetostrictive properties of binary alloys at the level of
tetragonal magnetostriction constants (3/2)X¢g, and energies
of magnetoelastic coupling was performed in Ref. [2]. From
the data given in this paper, it follows that the maximum value
of the positive magnetostriction constant of the Fe-Ge alloy is
~?2 and ~3 times less than that of the Fe-Al and Fe-Ga alloys,
respectively, and only slightly larger than that of Fe-Si (all
alloys were in slow-cooled state). In the same paper, it was
shown that in three types of alloys (Fe-Ga, Fe-Al, and Fe-Ge),
the maximum (3/2)A;100 Was reached in the concentration
region of the iron-substituting element corresponding to the
transition between the disordered and ordered states of the
crystal structure. The mentioned features have not yet been
properly understood; accordingly, an in-depth study of the
details of the structural states of these alloys is required.

For the Fe;Ge intermetallic compound, another interesting
point is the structural transition between the face-centered
cubic phase L1, (structure prototype: CuzAu) and the hexag-
onal phase D0y (structure prototype: NizSn). According to
the known equilibrium phase diagrams [3,4], in a narrow
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concentration range (24-26 at. % Ge) at room temperature
(RT), this composition should be in the two-phase state
D05 (structure prototype: BiF3) + B8, (structure prototype:
Ni,In), which, if heated, first transforms (at 673 K) into L1,,
and then (at 973 K) into D0;9. Both close-packed phases
(L1, and DO0y9) are ordered versions of the disordered Al
(structure prototype: Cu) and A3 (structure prototype: Mg)
structures, and, unlike the well-studied transition A1 — A3,
the details and kinetics of the transition between L1, and
D0y structures are not fully known. As will be shown
below, in the Fe;Ge alloy, in some temperature intervals, the
coexistence of ordered and disordered states of face-centered
cubic structures (L1, + A1, from now referred to as fcc) and
hexagonal close-packed structures (DOj9 + A3, from now
referred to as hcp) is possible.

It has been suggested several times in the literature
that the formation of the DO;9 phase from a structure
with an fcc lattice should proceed through intermediate
disordered states. For example, in Ref. [5] the applica-
tion of x-ray-diffraction (XRD) and transmission electron
microscopy (TEM) methods hinted that the transformation
between L1, and D09 phases in the CoCrTa alloy is a com-
bination of displacive and diffusional atomic rearrangement
with an intermediate A1 — A3 transition between disordered
structures. A similar situation occurs for the transition be-
tween the ordered D03 and L1, phases in the Fe;Ga alloy.
Based on neutron diffraction (ND) data, it was suggested in
Ref. [6] and later justified in Ref. [7] that the DOs; — L1,
transformation does not proceed directly, but through the
disordered A2 and A1 phases, namely, the sequence D03 —
A2 — Al — L1, being implemented. This means that the
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transformation of DO; into L1, is a complex one of the
diffusional/displacive type combining diffusion (D0; — A2
and A1 — L1,) and displacive (A2 — Al) stages. Accord-
ingly, it is interesting to what extent such a scheme is
applicable to the transition between ordered close-packed
phases in Fe;Ge alloy.

The magnetic properties of Fe;Ge are most fully described
in Refs. [8,9], where the susceptibility, magnetization curves,
and Mossbauer spectra were measured (see also Ref. [10]). In
the hexagonal phase D09, the magnetic state is ferromagnetic
(FM) with a Curie temperature 7¢ =~ 640 K and with an iron
magnetic moment of about 2.0 ug at RT [8]. For this structure,
a plane-to-axis spin-reorientation transition (73, ~ 380 K) was
also reported [8,9]. The coexisting cubic phase L1, is also
ferromagnetic with Tc = 740 K and pug. = 2.2 ug at RT [8].
At temperature above 750 K, this alloy is obviously in a
paramagnetic (PM) state. Neutron diffraction studies of the
magnetic structure have been done for Fe;Ge, (ferromagnet,
Tc =~ 470 K [11]) and FeGe (collinear antiferromagnet, Néel
temperature 7Ty =~ 410 K [12]) intermetallics, but they have
not yet been performed for Fe;Ge.

This paper presents results obtained in neutron- and x-
ray-diffraction experiments with the Fe;Ge alloy subjected to
various temperature regimes. The analysis of neutron diffrac-
tion patterns measured in situ during continuous heating up
to 1000 K, subsequent exposure and cooling down to RT, and
high-resolution diffraction patterns measured at certain fixed
temperatures made it possible to exhaustively characterize the
features of the emerging structural and magnetic states.

II. SAMPLES, EXPERIMENTS, AND DATA PROCESSING

The Fe-Ge alloy was produced by rapid solidification
in a copper mold using Fe (of commercial purity) and
Ge (99.99%) by induction melting under the protection of
high-purity argon gas in an Indutherm MC-20 V furnace.
Using energy-dispersive spectroscopy, the chemical compo-
sition of the cast button was confirmed as 25.9 at. % of Ge,
which is very close to the stoichiometric 3:1 composition
and hereinafter referred to as Fe;Ge. Rectangular samples
4x8x30 mm in size were cut from the ingot. The diffraction
patterns were measured on three samples: in the initial state
after casting (hereinafter referred to “as cast”), after exposure
for 24 h at 873 K and quenching in water (hereinafter referred
to “annealed-24"), and after exposure for 48 h at 8§73 K and
quenching in water (hereinafter referred to “annealed-48").

The dependence of magnetization (M) on temperature in
the range of 300-1000 K in an external magnetizing field
of 5 kOe was measured by a vibrating sample magnetometer
VSM-130 with heating and cooling rates of 6 K/min. Curves
for the as-cast and annealed-48 samples are shown in Fig. 1.
As will be shown below, before heating, in the as-cast sample
there are two FM structural phases, B8, and D09, with T¢
values of about 470 and 630 K, accordingly, that also exist
after heating-cooling. In the annealed-48 sample there are
three FM structural phases (B8, D09, and L1,) with T¢ of
about 470, 630, and 730 K, accordingly. Only two of them
persist after heating-cooling. Signs of these transitions are
clearly seen in Fig. 1.
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FIG. 1. Temperature dependencies of the specific magnetization
during heating (up, red curve) and cooling (dw, blue curve) at a rate
of 6 K/min for the as-cast (a) and annealed-48 (b) samples. Dashed
lines indicate (conditionally) the FM < PM transition temperatures
for B8, (1), DOyy (2), and L1, (3).

The neutron diffraction spectra were measured on a time-
of-flight (TOF) correlation diffractometer high-resolution
Fourier diffractometer (HRFD) [13] operating at the IBR-2
pulsed reactor at Joint Institute for Nuclear Research (JINR)
(Dubna). High-resolution TOF spectra were measured for
all samples (Ad/d =~ 0.0015, exposition time 1 h). They
were used to determine the phase state, analyze the profiles
of diffraction peaks, and accurately determine the unit-cell
parameters. The diffraction spectrum measured in the high-
resolution mode on the as-cast sample is shown in Fig. 2. The
dominant phase in the sample is the structurally ordered phase
DO0,9, which is recognized by the presence of superstructure
peaks with odd Miller indices /4 and k (100, 101, 110, etc.).
Approximately 10 vol. % of the B8, structure is also detected
in this sample.
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FIG. 2. High-resolution neutron diffraction spectrum of Fe;Ge
in the as-cast state, measured at RT. Vertical ticks indicate calculated
peak positions of the main D09 and subsidiary B8, phases. Miller
indices of several high-d peaks of the D0y phase are specified.
Small negative dips at both sides of the peak profiles are associated
with special features of the high-resolution correlation mode of data
acquisition at HRFD.

To obtain diffraction data during heating or cooling of the
alloys, the HRFD was switched to a high-intensity medium-
resolution mode (Ad/d ~ 0.015) with an exposure time of 1
min for the entire spectrum. The temperature was increased
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(up to ~1000 K) and then continuously lowered with a
constant rate of 2 K/min. On cooling, the diffraction spectra
were measured at certain fixed temperatures to observe pos-
sible relaxation processes. Phase transformations that occur
with temperature changes or exposures are clearly visible on
2D maps of diffraction spectra. An example of such a map is
presented in Fig. 3, which shows the changes of the diffraction
spectra of the annealed-48 sample. This sample was heated up
to 1000 K, annealed for 1 h, cooled down to 873 K, annealed
for 4 h, and finally cooled down to RT. Temperature variations
are shown in Fig. 3 and in more detail in Fig. S1 in the
Supplemental Material [14].

Since structures DOj9 and L1, are ferromagnetic up to
several hundreds of kelvin; they make a magnetic contribution
to all the intensities of the fundamental and superstructure
diffraction peaks. To separate structural and magnetic effects,
x-ray-diffraction patterns were measured in both ex situ (at
RT) and in situ (during continuous heating up to 1070 K with
a rate of 2 K/min) modes. Co-K, radiation (A ~ 1.789 A),
the penetration depth of which into iron-based alloys is ~4
times greater than Cu-K,, radiation, was used on a PANalyti-
cal Empyrean diffractometer equipped with a high-efficiency
position-sensitive Pixel3D detector. An iron filter was used
to suppress Ky radiation. An example of the XRD pattern
of the annealed-24 sample is shown in Fig. S2 [14]. All
superstructure peaks of both main phases (D0j9 and L1,)
are clearly visible, which means that in addition to magnetic
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FIG. 3. The 2D map of the evolution of the neutron diffraction patterns of the annealed-48 Fe;Ge sample measured in sifu mode upon:
continuous heating up to 1000 K (2 K/min), exposure at this temperature for 1 h, cooling down to 873 K, exposure at this temperature for
4 h, and cooling down to RT (2 K/min). Temperature (on the right) and time (on the left) axes go from bottom to top; d-spacing axis goes from
left to right. At RT the sample is in the three-phase (D09 4+ L1, + BS,) state, which is characterized by several characteristic fundamental and
superstructure diffraction peaks. Final (after cooling down to RT) state is almost pure D09 phase. Measurement time of one spectrum was 1
min; in total, 2D map contains about 1000 patterns. Map is divided into two parts due to strong difference in intensities of fundamental (left
part) and superstructure (right part) peaks. Corresponding scale bars are shown above plots.
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one there is a well-designed atomic order in these structural
states.

Quantitative processing of the measured spectra consisted
of determining the temperature dependencies of the integrated
intensities, positions, and breadths of several fundamental
and superstructure peaks (FITYK [15] software packages was
used). These data were then translated into temperatures of
structural and magnetic transitions, into volume fractions of
structural phases, and parameters of their unit cells. For the
analysis of weak superstructure peaks, the diffraction spec-
tra were summed by 4, i.e., for them the effective exposure
time was 4 min. The Rietveld method (FULLPROF program
[16] with the internal tables for neutron scattering lengths
and magnetic form factors) was used for the refinement of
the magnetic contribution to the diffraction intensities, which
made it possible to determine the temperature dependences
of the ordered magnetic moments of the FM phases. Due
to strong correlations between some free parameters, it was
necessary to increase the measured statistics, so the diffraction
spectra were summed by 10 before processing.

To interpret the observed changes in the intensities of the
diffraction peaks of different phases, it should be taken into
account that, assuming the absence of grain preferred orien-
tations, the integrated intensities of the fundamental (/) and
superstructure (Ig) peaks depend on temperature as

Ir ~ V(T) juaLiga |Fr 12, Is ~ V(T) ju Lia&*(T)IFs|*, (1)

where V(T') is the volume fraction of the phase, Ly is the
Lorentz factor (L, ~ d,;‘kl for TOF diffraction), ju is the
multiplicity, (hkl) is a particular set of Miller indices, Fg
and Fy are structure factors of fundamental and superstruc-
ture peaks, respectively, and &£(7') is the degree of atomic
ordering, 0 < £(T) < 1. The structure factors include the
Debye-Waller factor, "™, which can be different for Fe
and Ge and where both thermal and static atomic displace-
ments are considered. In the case of unpolarized neutron beam
scattering on a ferromagnet, the nuclear, Fy, and magnetic,
Fyy, structural factors add up quadratically (the interference
term vanishes):

Ty ~ Fh2kl,N + thkZ,M' (2)

Nuclear and magnetic contributions to the intensities of
the diffraction peaks can be easily estimated. For example,
in the L1, phase of Fe;Ge compound Fe and Ge atoms are in
positions (3¢) (0, ¥2, ¥2) and (1a) (0, 0, 0), respectively, and
the Fe magnetic moment is about 2.2 ug. Simple calculations
of structural factors lead to the following expressions:

Fry = 3bge + bge,
Fry =3by,  Fsy = bwm, 3)

Foy = bFe_bGea

where bg. = 0.945 and bg. = 0.819 are nuclear coherent
scattering lengths for Fe and Ge; by ~ 0.36 is magnetic scat-
tering amplitude of Fe atoms (all b values are in units of
10~'2 cm). The calculation of by; was made assuming that the
magnetic form factor is equal to 0.75 for 110 diffraction peak

at djp = 2.6 A, and averaging over equivalent reflections in a
cubic lattice was carried out. It follows from (2) and (3) that

Ff = (3bpe +bge)* + 3bu)*,  F§ = (bre — bge)* + b’
4)

and substituting numbers, the following values can be ob-
tained for individual terms:

F2y =13.35, F}, =117,
F3, =0.016, F2, =0.13,
FZ/F§ ~ 100, Fg,/Fey ~ 8.

F? =14.52,
F§ =0.146,

A comparison of particular peak intensities should also
include the Lorentz factor. Its consideration makes the dif-
ference in the intensities of fundamental and superstructure
diffraction peaks less dramatic; for example, for 200 and 100
peaks supposing the full order, £(T") = 1, the intensity ratio
is Ir(200)/15(100) = 100/24 ~ 6. For the D09 phase, the
situation is about the same, except that in a hexagonal lattice
the averaging factor strongly depends on a particular set of
Miller indices. From these calculations one can conclude that
the observation of superstructure peaks in Fe;Ge is difficult
for both D09 and L1, phases, and at RT the magnetic contri-
bution to their intensity is noticeably higher than the nuclear
one.

The dependence of the Debye-Waller factor on tem-
perature and dp; is described by the formula D(T, d) =
exp[—B(T)/(4d?)]. Analysis of the high-resolution neutron
spectra showed that at room temperature B(T) ~ 0.4 A2 and
in the dp; range from 1 to 4 A, the deviation of D(T,d) from
unity does not exceed 10%. The magnetic form factor rapidly
decreases with djy;; therefore, a significant magnetic contri-
bution to the intensity of diffraction peaks is present only if
dhkl > ZA

III. RESULTS

A. Initial and final (after heating-cooling cycle) structural states

According to Refs. [3,4], below 673 K, the Fe;Ge al-
loy transforms into the cubic phase D03 (Fm3m) and the
hexagonal phase B8, (P63/mmc). However, in our samples,
as follows from the ND high-resolution data (Fig. 2), in
the as-cast state, the main phase is metastable at RT DOy
(P63/mmc). The structure of the stoichiometric composition
of this phase can be completely ordered; all atoms are in
(2a) and (6h) special positions, Ge and Fe, respectively. Or-
dering leads to a doubling of the unit-cell parameters of the
initial disordered phase A3 in the plane and the values are
a~5.185A and ¢ ~ 4.225 A, with N = 8 atoms per unit cell.
The B8, phase (a =~ 4.030 A, c~5.028 A, and N= 6) content
is relatively low (~10 vol. %). The atomic structure of this
defective phase for the composition Fes 34Ge, is described in
Ref. [11] in detail. In this work the magnetic characteristics of
the B8, phase are provided: Curie temperature, 7c = 470 K,
which coincides with our data on magnetization (Fig. 1), and
iron-ordered magnetic moment, up. ~ 1.7 ug.

After the first annealing (24 h at 873 K) and subsequent wa-
ter quenching, the L1, phase was formed (~10% of the sam-
ple volume, cubic structure, Pm3m, a~3.664 A, and N=4).
Additional annealing (48 h at 873 K) followed by water
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TABLE I. Observed structural and magnetic states in annealed-48 sample during heating to 1070 K and subsequent cooling to RT after
additional isothermal annealing of sample at 873 K during 4 h. At heating, volume fractions of both D09 and L1, phases are close to 50% up

to 978 K. At cooling, L1, phase is practically absent.

Heating Cooling
State T range, K hep fcc T range, K hep
| <385 Dolg, FM, (/LX, MZ) le, FM, Mx
I 385-629 D09, FM, 1, L1,, FM, p, <340 D09, FM, 1t
I 629-714 D09, PM L1,, FM, p, 382-340 D09, FM, (tty, i)
v 714-978 D09, PM, ~50% Al, PM, ~50% 621-382 D0y9, FM, p,
v 978-1070 D0,y + A3, PM Al,PM, <2% 1070-621 DOy + A3, PM

quenching leads to an increase in the fraction of the L1, phase
to almost ~50%.

The evolution of x-ray-diffraction patterns during the heat-
ing process of the annealed-24 sample is shown in Fig. S3
in the Supplemental Material [14]. The superstructure peaks
of the D09 phase (101 and 110) remain clearly visible up to
1070 K. In addition, despite helium atmosphere, the oxidation
process took place and quite intensive diffraction peaks of
Fe;O,4 oxide appeared at high temperature. Intensive x-ray-
diffraction peaks of the L1, phase are outside the measured
range of scattering angles in Fig. S3 [14], but in the neutron
2D map (Fig. 2) it is clearly visible that this phase fully
disappears at around 1000 K. The peaks of the B8, phase
are present up to highest temperatures in both neutron- and
x-ray-diffraction patterns.

High-resolution diffraction spectra were measured for the
annealed-48 sample before it was heated to 1000 K and after
subsequent cooling (see Fig. S4 in the Supplemental Material
[14]). In the ND pattern measured before heating, the peaks
of both structures (D09 and L1,) are recorded. After cooling,
the main structure is D09, all superstructure peaks of the L1,
structure disappeared, and only a couple of weak peaks from
the Al phase are recorded (especially, peak 200 is visible).
As for the B8, phase, after cooling its fraction in the sample
volume is practically the same as in the state before heating.

B. Phase transitions during heating and cooling

Based on the results obtained by x-ray- and neutron
diffraction during heating-exposure-cooling procedure of the
annealed-48 sample, five different states have been distin-
guished in the temperature range from 300 to 1070 K (Table I).

The hep phase is ferromagnetic up to ~629 K; the change
in the easy-magnetization direction from the plane to the axis
occurs at approximately 385 K. According to the equilibrium-
phase diagram [3], this phase retains a high degree of the Fe
and Ge ordering up to ~1400 K. The fcc phase is ordered fer-
romagnetic up to ~714 K; at higher temperatures it is param-
agnetic and disordered (the L1, — Al transition takes place).
The fcc (A1)— hcp (A3) transition is observed at ~978 K.
These states and transitions are illustrated in Figs. 4-6.

In Fig. 4 the temperature dependencies of the fundamen-
tal diffraction peak intensities are shown during heating and
subsequent cooling. From these dependencies the volume
fractions of the fcc and hep phase can be easily obtained. Dur-
ing the heating of the annealed-48 sample, both main phases

(hcp and fcc) are present in approximately equal amounts.
A gradual decrease in the intensities of their characteristic
diffraction peaks is associated with the temperature depen-
dence of the Debye-Waller factor. As can be seen in Fig. 4,
none of the transformations mentioned in Table I manifest
themselves in any way; only the fcc — hcp transition at T
~ 978 K is clearly visible. On the contrary, in the temperature
dependencies of the intensities of the superstructure peaks, the
transformation between structural and magnetic states appears
very clearly (Fig. 5).

First, it can be seen that the change of the magnetization
direction in the D09 phase near 380 K leads to noticeable
changes in the intensities of 100 (increasing on heating and
decreasing on cooling) and 101 (changes are opposite) peaks.
Obviously, this is due to the factor |sin 7|, to which the
magnetic contribution to the intensities of the diffraction

Fe,Ge
heating-
cooling

g, D

fce

Intensity (arb. units)

300 400 500 600 700 800 900 1000

Temperature (K)

FIG. 4. Intensities of characteristic fundamental neutron diffrac-
tion peaks of structural phases present in the annealed-48 sample of
Fe;Ge upon its heating up to 1000 K (arrows point left to right) and
cooling down to RT (arrows point right to left) after annealing at
873 Kin4h.
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FIG. 5. Intensities of characteristic superstructure neutron diffraction peaks in annealed-48 Fe;Ge sample measured upon heating (a) and
subsequent cooling (b). At heating, both D09 and L1, phases are present in shown temperature range. At cooling, the L1, phase is absent, and
all Miller indices are attributed to D0Oyy. Types of structural and magnetic states are indicated according to Table I.

peaks is proportional, I p ~ |sin nwal® (see, for instance,
Ref. [17]). Here, ny is the angle between the direction of
the magnetic moment of the atom and the scattering vector.
The FM <> PM transitions in D09 (Tc = 629 K on heating,
Tc = 621 K on cooling) are seen from the disappearance of
the magnetic contribution to the intensities of 100 and 101
peaks. All superstructure peaks of the L1, phase disappear
at ~743 K, which indicate the transition into disordered A1l
state. The FM — PM transition in the L1, phase occurs close
to this temperature (7c = 714 K), which is in agreement with
the M(T) curves (Fig. 1).
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1 FeSGe Temperature —» L
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300 4 annealing ]
| fee
2 ’ £ 950 _
2 ] I g
E 600 - o
S I
= - 900 E
2 i I
2 400 - =
g ] .
k= - 850
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] - 800
0 L B B A | ' 4 T : T
250 300 350 400
Time (min)

FIG. 6. Time evolution of intensities of 200 fundamental neutron
diffraction peaks of fcc and hep phases and total intensity of several
superstructure peaks of D09 phase (Iss) (left axis) of annealed-48
Fe;Ge sample upon heating up to 1000 K and annealing at this
temperature. Temperature variations are also shown (right axis).

The two-phase state (A1 4+ D0j9) exists up to 7~ 978 K; at
this temperature the fcc — hcp transition begins, the course
of which over time is shown in Fig. 6. A detailed quantita-
tive examination shows that the increase of the D09 content
begins at 7=(978 &£ 2) K: the increase of its volume fraction
to 0.95 occurs in 8 min; reaching a stationary value of 0.98
takes another 10 min. An obvious observed feature of this
process is the absence of a distinct increase in the intensity of
the superstructure peaks of the hep phase, despite an increase
in its volume fraction in the sample by 2 times. This means
that the fcc — hcp transition takes place without ordering,
forming the A3 structure. Lowering the temperature to 873 K
and annealing for 4 h practically does not change the vol-
ume fraction of D0y9; at the end of exposure it decreases
by only ~0.01. The content of the Al phase reaches ~0.03
at the end of exposure at 873 K (Fig. S5 [14]), which indi-
cates very high thermal stability to overcooling and sluggish
diffusion-controlled D09 to L1, phase transition. This is a
completely different kinetic of this transition compared with
the same transition in Fe;Ga alloys (see Ref. [18] and refer-
ences therein).

Upon further cooling to RT, the volume fractions of the A1l
and B8, phases did not change much (Fig. 4). At Tc ~ 621 K
(Fig. 5), the process of magnetic ordering of the D09 phase
takes place, which follows from a rapid increase in the inten-
sity of its superstructure peaks. The expected appearance of
the D03 phase, as it is described in Ref. [4], and proposed by
equilibrium-phase diagram, was not observed in our in situ ex-
periments, confirming sluggish diffusion-controlled eutectoid
reaction in this system.

C. Magnetic structures

As mentioned, both phases DOjg and L1, are ferromag-
netic, and the Rietveld method was used to separate the struc-
tural and magnetic contributions to the intensity of the diffrac-
tion peaks and to determine the temperature dependencies
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FIG. 7. Neutron diffraction pattern (high resolution) of annealed-
24 Fe;Ge sample collected at RT and processed by the Rietveld
method. Experimental points, calculated (red) and difference (blue)
lines are shown. Vertical bars are calculated peak positions of D0,
L1,, and B8, phases (from top to bottom).

of the magnetic moments. The parameters of three structural
(D019, L1,, B8,) and two magnetic (D0j9, L1,) phases were
refined. The magnetic characteristics of the B8, phase were
not refined due to its overall negligibly small amount in the
samples (~10 vol. %) and the relatively small value of the or-
dered magnetic moment (g, ~ 1.7 ug, [11]), which led to a
very small magnetic contribution to the intensity of diffraction
peaks. The high- and medium-resolution diffraction spectra
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measured ex situ were processed together, which improved the
statistics and increased the processing reliability. For spectra
measured in situ with continuous temperature scanning at
heating and cooling, only data measured at medium resolution
were processed. The refined structural parameters were vol-
ume fractions of phases, their unit-cells parameters, isotropic
Debye-Waller factors for both Fe and Ge atoms, and the com-
ponents of the Fe magnetic moment. An example of Rietveld
refinement of the high-resolution pattern for annealed-24 sam-
ple is shown in Fig. 7. It is evident that the refinement quality
is good enough. For high-resolution patterns the x> and Ry
values, describing the correspondence between experimental
and calculated data, are x> ~ 2 and Rw ~ 3%; for medium-
resolution patterns variations of these values are 2.2—4.3 and
3.8-5.2%, respectively. The processing quality did not depend
on the specific direction of the D09 magnetic moment in the
basal plane, and the direction [100] was used for certainty.
The values of the magnetic moment of Fe atoms obtained
during heating and cooling of the annealed-48 sample are
shown in Fig. 8, and the numerical data are summarized in
Table II. The refined structural characteristics are provided in
the Supplemental Material (Table S1) [14]. The temperature
dependencies of the magnetic moments were approximated by
a phenomenological power-law function for the spontaneous
magnetization (T) = po[l — (T/T¢)*1?, which is usually
true over the entire temperature scale. In this equation, p is
the saturated magnetic moment at 7= 0, T¢ is the Curie tem-
perature, and « and 8 are the refinable exponential parameters.
At temperatures close to ¢, this formula is modified to the
standard expression u(7) ~ [1-T/ Tc1?, where the critical
exponent § is ~0.5 for the mean-field model. For the D09
phase the refined values (7¢, Ty, and wo93) for the heating
procedure are in satisfactory agreement with the Mossbauer
data reported in Ref. [8] (Tc = 640 K, Ty =380 K, and

Fe,Ge

cooling
a2
3
~~
o
=
=1

Mtot
0.0 —————T— L L L B L B
300 J 400 500 600 700

Temperature (K)

FIG. 8. Temperature dependences of Fe-ordered magnetic moments of D0y and L1, phases at heating (a) and DOy phase at cooling (b) in
annealed-48 sample. For D0,y phase, total magnetic moment and its components in basal plane (i) and along hexagonal axis (u,) are shown.
Lines through total magnetic moment are drawn according to phenomenological power-law function (see text). Lines through w, and i, points

are guides for the eyes.
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TABLE II. Summary of magnetic characteristics of Fe;Ge alloy
(annealed-48 sample) obtained during heating and cooling and ap-
proximated by the relation u(7) = o[l — (T /T¢)*1P. T and Ty are
Curie and spin-flip transition temperatures, (o and p,93 are total or-
dered magnetic moments at 7= 0 and 293 K. Numbers in parentheses
are statistical errors with respect to the last significant digit.

Heating Cooling
Quantity L1, D0y DOy
Tc, K 714(7) 629(9) 621(8)
T, K 385(10) 382(4)
o> B 2.80(10) 2.20(10) 2.02(5)
4293, LB 2.59(7) 2.12(7) 1.89(9)
o 2.1(5) 4(1) 2.9(6)
B 0.41(6) 0.41(10) 0.51(8)

U293 = 2.03), whereas for the L1, phase the differences are
far beyond the possible errors (Tc = 740 K and py93 = 2.21).

For the parameters of the elementary cells of the D09 and
L1, phases refined by the Rietveld method, the average coef-
ficients of linear thermal expansion in the temperature range
(300-800) K are 17x107° for a parameter of L1,, 19x107°
and 7x107% (in K~! units) for a and ¢ parameters, accord-
ingly, of D0O19. The effect of spontaneous magnetostriction can
be traced only for the hexagonal axis of the D09 phase. The
relative “jump” of the ¢ parameter is small (Ac/c ~ 0.0005)
but it is clearly seen, especially for the c/a ratio. The corre-
lation of this effect with the formation of the FM structure is
shown in Fig. 9.

0.816
1Fe,Ge

] cooling
0.815

0.814

< ]
< 0.813

p(Fe) (up)

0.812

0.811 - 0.5

0.81 ] LA L AL B L B L R B L B L [ 0
900 800 700 600 500 400 300
Temperature (K)

FIG. 9. Temperature dependencies of total magnetic moment ob-
tained at cooling (right axis) of Fe;Ge in annealed-48 state and ratio
c¢/a of unit-cell parameters (left axis). Straight lines are a description
of cell parameters by linear functions. The “jump” of the ratio shown
by a vertical line coincides with appearance of FM order in D0,
phase.

The Curie and spin-flip transition temperatures indicated in
Table II generally correspond well to our magnetization data
(Fig. 1) and the data published in Refs. [8,9].

IV. DISCUSSION

According to the results presented in this paper, neither
in the as-cast state nor after a relatively long annealing at
873 K does the phase composition of the Fe;Ge intermetal-
lic compound correspond to the equilibrium phase diagram.
According to Refs. [3,4], at RT this compound should be
in the two-phase DO; + B8, state, which, when heated, first
transforms (at 673 K) into L1,, and then (at ~973 K) into
DO0y9. As clearly follows from the neutron diffraction data, in
the as-cast state (rapid cooling of a 50-g ingot in a copper
mold), only the high-temperature phase D09 is detected in
the sample. Annealing at 873 K for 24 and 48 h leads to
the transition of part of this structure (~10% after 24 h and
~50% after 48 h) to L1,, i.e., the DO;9 — L1, transformation
rate upon annealing is rather slow. This feature of Fe;Ge was
noted in Ref. [19], where D09 <> L1, transitions were stud-
ied at the level of microstructure changes (electron backscatter
diffraction (EBSD) and TEM methods). Also, it was no-
ticed that the transition between disordered states of these
phases (A3 — Al) and the transition L1, — D09 at heating
are much faster compared to the D09 — L1, transition at
cooling.

The annealed-48 sample is characterized by a two-phase
structure (L1, + D0j9) with practically equal phase-volume
fractions. During heating, ~50% of the volume occupied by
the L1, phase transforms into the disordered A1 phase, then
(at 978 K) in this part of the sample volume fcc — hcp trans-
formation occurs quite quickly. This transformation proceeds
without ordering (the A3 phase appears); only some subtle
tendency of increasing of superstructure peak intensities is
visible in Fig. 6. Perhaps, with a longer exposure at 1000 K,
ordering of the A3 phase, i.e., the A3 — D09 transformation,
would be more noticeable. Such a sequence of transitions
confirms the assumptions (e.g., Refs. [5,20]) about the need
for an intermediate disordered hcp state during the formation
of the D09 phase from a structure with fcc lattice. This means
that the transformation from L1, into D09 is not direct, but
has a complex nature combining diffusion (starting L1, — Al
and final A3 — DO0j9) and intermediate displacive (A1 — A3)
stages.

The transformation between the states L1, and D09 during
continuous heating was also observed in Fe-xGa alloys with
a Ga content of about 25-28 at. %. It can be deduced from
the data presented in Ref. [21] that in Fe-xGa this transfor-
mation proceeds much faster than in Fe;Ge: the transition
temperature is lower (~903 K instead of ~978 K) and the
transition temperature range is approximately 2 times shorter.
The reason for the slower kinetics of transformations between
the fcc (L1, or A1) and hep (DOjg or A3) structural states
in Fe-Ge (compared to Fe-Ga) could be a higher difference
in the atomic volumes, V, (the fraction of the unit-cell vol-
ume per atom): ~0.04 A3 in Fe-Ge and ~0.02 A3 in Fe-Ga
(Fig. S6 [14]). This leads to a higher potential barrier for
the transition in Fe-Ge and a corresponding slowdown in the
kinetics, which was noted in Refs. [4,19]. The volumetric
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coefficients of thermal expansion of the fcc and hcp phases
(indicated in Fig. S6 [14]) are the same in the two-phase state
in the Fe-Ge alloy, slightly different in the Fe-Ga alloy, and
approximately correspond to the pure iron.

Another interesting result is the behavior of the ordered
magnetic moment of the D09 phase. The presence of spin-
reorientation transition from plane to axis (7y; & 380 K) in the
hexagonal Fe;Ge was known since the middle 1970s from the
Mbossbauer effect and magnetization measurements [8]. Later,
the magnetocrystalline anisotropy of this phase was studied
in detail in Ref. [9] and described in terms of the Carr model
for localized moments [22]. In the neutron diffraction data,
the spin-flip transition is seen clearly from the temperature
behavior of the superstructure peak intensities, for which the
magnetic contribution is much higher than the nuclear one
(Fig. 5). The Rietveld refinement helped to allocate contribu-
tions to the total moment from w, and p, components and
showed the absence of the preferred direction in the basal
plane. This is consistent with the Mossbauer data showing a
random distribution of the moment orientations in the basal
plane. There is an error-exceeding difference in Curie temper-
atures determined from neutron and Mdssbauer [8] data for
both L1, (714 vs 740 K) and D09 (629 vs 640 K) phases,
which can be attributed to some difference in the germanium
content in the alloys.

V. CONCLUSIONS

Neutron diffraction experiments were performed on the Fe-
Ge alloy with the composition close to stoichiometric Fe;Ge
and underwent different temperature treatments. The real-time
analysis of structural and magnetic phase transitions during
heating (up to 1000 K) and subsequent cooling was carried
out. At RT, the B8, state, predicted by the equilibrium-phase
diagram, was observed only in a small amount (~10 vol. %),
and its volume fraction in the samples is practically indepen-
dent of their initial state (as cast or annealed) and remains
constant upon heating up to 1000 K and subsequent cooling.
In the as-cast sample, the D09 is the dominating phase; in
the structure of the studied sample over the entire temperature
range no traces of L1, were found.

In the sample annealed for 48 h at 873 K, the initial state
is a three-phase one (L1, + D09 + BS,) with the volume
fraction ratios 0.46:0.48:0.06. Based on the diffraction data,
it can be unambiguously concluded that if the studied sample
is heated to 1000 K, only the FM — PM (T¢ ~ 629 K) tran-
sition occurs in the D09 phase; no structural transitions are
observed. In the L1, phase, the FM — PM transition (1¢ ~
714 K) and two structural transitions occur: L1, — Al (Ty =
743 K)and A1 — A3 (T; =~ 978 K). These results suggest that
the first-order transition between ordered phases is impossi-
ble. First, a disordered phase (A1) must appear, then transform
into another disordered state (A3), from which an ordered state
(D0y9) can then be formed. A similar sequence of transforma-
tion between ordered structures in a Fe-Ga alloy was found for
the transformation of D05 into L1,: D03 —-A2 — A1 — L1,
[71, which is also a complex transition combining the diffu-
sional and displacive stages.

The obtained neutron diffraction data made it possible to
identify the magnetic contributions to the intensity of the
superstructure peaks of both main phases (D09 and L15,), de-
termine the temperature dependence of the ordered magnetic
moment, and confirm the presence of a moment-reorientation
transition in the D09 phase from planar to axial when heat-
ing and back when cooling. The refined value of the critical
exponent S is close to the prediction of the mean-field model.

The results obtained in the real-time mode with continu-
ous heating allowed us to find a possible explanation for the
different kinetics of transformations between the fcc and hep
states in Fe3;Ge and Fe;Ga. It is based on the difference in
the atomic volumes of the A1 and A3 phases, which leads to
a higher potential barrier for the A1 — A3 transition in Fe-Ge
and a corresponding slowdown in the kinetics.
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