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ABSTRACT

We report a detailed experimental and theoretical study of the effects of V substitution for Fe atom
on the structural, magnetic, transport, electronic and mechanical properties of an off-stoichiometric
Fe;_,V,Ge intermetallic alloy series (0 < x < 1). Single phase microstructures are observed for
x < 0.75, whereas higher V content alloys x > 0.75 are multi-phased. Vanadium substitution is ob-
served to induce a diffusionless martensitic phase transformation from a Heusler-like L2, structure to
hexagonal DOq structure, as corroborated by Differential Scanning Calorimetry results. The vana-
dium substitution is also found to decreases the grain size, inhibiting the grain growth by pinning the
grain boundary migration. All the alloys in the series are found to be soft ferromagnets at 5 K with
saturation magnetic moment and Curie temperature decreasing as V concentration increases. The
low temperature saturation magnetic moment is in close agreement with the expected Slater-Pauling
values for the L2, phases, while the hexagonal samples have markedly higher values of saturation
moments. First-principle calculations agree with the experimental findings and reveal that V sub-
stitution energetically favours one of the Fe sites in Fe;Ge. The electrical resistivity measured over
the temperature range from 5 K to 400 K shows negative temperature coefficient of resistivity at high
temperatures with increasing the V concentration. Relatively high mechanical hardness values are
also observed, with the values increasing with increasing V content. Vanadium substitution is found
to play a central role in tuning the mechanical properties, stabilising the L2, structure, and shifting

the martensitic transformation temperature to higher values from that of parent Fe;Ge.

1. Introduction

Heusler alloys, first discovered by and named after Fritz
Heusler in 1903 [1], are very useful for applications in in-
formation storage and spintronics as well as many other ar-
eas [2—7]. For applications in magnetics and spintronics [2],
the inherently low magnetocrystalline anisotropy in cubic
Heusler alloys can be limiting factor [8]. Identifying a hexag-
onal Heusler analogue [3] that retains half metallicity and
exhibits a high magneto-crystalline anisotropy may be very
attractive for applications such as perpendicular media, cur-
rent perpendicular to plane giant magnetoresistance (CPP-
GMR), and spin-torque-transfer RAM (STT-RAM) [9-13].
However, half-metallicity has been predicted for some Heusler
analogues in the hexagonal DO;g (P6;/mmc, space group
no. 194 [14, 15]) crystal structure [3, 16, 17].

The intermetallic compound Fe; Ge is well known to crys-
tallise in two crystal structures, a cubic L1, phase (Pm3m,
space group no. 221 [14, 15]) at low temperatures (< 700°C)
and hexagonal DO ¢ phase at higher temperatures (> 700°C)
[18, 19]. In this compound, the forward L1, to DOq struc-
tural transformation takes place easily but the reverse DO q
to L1, transformation is difficult to achieve under normal
cooling conditions, and often one retains the high temper-
ature DOq crystal structure [19-21]. A few attempts have
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been made in the past on the substitution of V for Fe atom in
Fe;Ge alloy and structural transformations are studied. Nak-
agawa and Kanematsu [22], by means of X-ray and magnetic
studies have suggested the hexagonal DO, phase of parent
Fe;Ge transforms to a body centred cubic (A2) structure for
x > 0.50. They have reported the structure to be A2 due to
the absence of superlattice peaks in X-ray diffraction. How-
ever, later Beitollahi and Booth [23] have reported structure
to be L2 (Fm3m, space group no. 225 [14, 15]) based on
the presence of (111) superlattice peak in their room temper-
ature neutron diffraction patterns for nominally single phase
samples with x > 0.60. In spite of several investigations
[22, 23] aimed at understanding the structural phase transfor-
mation, the detailed mechanisms responsible for such trans-
formations are still far from being understood. Further, they
lack any microstructural analysis. Large magneto-optical
Kerr rotations have also been observed in the same system
[24].

To our best knowledge, there is not yet a detailed report
of the structural, magnetic, transport, and mechanical prop-
erties of Fe;_  V, Ge in the bulk form, neither experimentally
nor theoretically. Previous investigations focused on substi-
tuting V in one of Fe site in Fe;Ge under higher temperature
annealing conditions. Reports on low temperature annealing
conditions are not available thus far. In this study, we have
addressed different annealing conditions and systematically
studied the microstructure and phase purity, magnetic prop-
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erties, electrical transport, differential scanning calorimetry,
and hardness in addition to structure determination to under-
stand the structure-property relationships in this interesting
family of Heusler-like compounds. Particular attention has
been paid to metallography and microstructural analysis to
determine which regions of the phase diagram yield single
phase specimens.

2. Experimental details

Fe;_, V,Ge (0 < x < 1) bulk samples with x varying in
the steps of 0.125, were prepared by arc melting of stoichio-
metric amounts of the constituents in an argon atmosphere
at 10~ mbar (see details in Supplementary Information).
Care was taken to avoid oxygen contamination. As an oxy-
gen getter, Ti was melted inside the vacuum chamber sepa-
rately before melting the compound to avoid oxygen contam-
ination. The as-cast ingots were examined repeatedly using
scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDS) analysis in a JEOL 7000 Field
Emission Scanning Electron Microscope (FESEM) to con-
firm homogeneity and correct composition. After confirm-
ing the anticipated target composition, the polycrystalline in-
gots were then annealed in an evacuated quartz tube at dif-
ferent temperatures ranging from 650°C to 1000°C for dif-
ferent dwell times (5 days to 25 days), and at the end of each
annealing cycle, the samples were cooled slowly in the fur-
nace to get optimum crystallisation to promote the formation
of L2, structure.

Annealed ingots were polished for spectroscopic inves-
tigations (see details in Supplementary Information). The
polishing was done, first grinding using silicon carbide abra-
sive discs (120 through 1200 grit size) followed by diamond
suspension polishing. Colloidal silica suspension of grit size
0.02 pym was used at last for the finest polishing. After ob-
taining a smooth and reflective surface, the samples were
etched with Adler etchant (9 g of CuNH;Cl, 45 g of hydrated
FeCl,, 150 mL of HCI and 75 mL of DI Water) [25]. The
purpose of etching is that etchant attacks different phases
present in the samples at different rates, and provides high
quality surface contrast for microstructure characterisation.

The crystal structure was investigated by means of X-ray
diffraction (XRD) using a Bruker D8 Discover X-ray diffrac-
tometer equipped with monochromatic Co-Ka (4 = 0.179
nm) radiation. The polished samples were rotated around
the ¢ axis during the XRD measurement to minimise sur-
face effects. CaRlIne crystallography 4.0 software [26] as
well as in-house PYTHON code [27] including the disper-
sive corrections to the atomic scattering factors were used
to simulate the XRD patterns to compare with the experi-
mental XRD patterns. XRD analysis (Rietveld refinement)
was done using the CRYSTAL IMPACT MATCH! software
based on the FULLPROF algorithm [28] that uses the least-
square refinement between experimental and calculated in-
tensities. The crystal structures determined from XRD were

further confirmed using electron backscatter diffraction (EBSD)

phase mapping analysis in a JEOL 7000 FESEM system.

The low temperature magnetic and electrical transport prop-
erties were studied in Quantum Design Physical Properties
Measurement System (PPMS), while the high temperature
magnetisation was measured using the Lakeshore VSM 7410.
DSC measurements were carried out to confirm the diffu-
sionless martensitic transformation (with a ramp rate 10°C/min
during heating and cooling) in the temperature range up to
1200°C in a Setaram Labsys Evo. in Ar gas flux at the rate of
20 mL/min to prevent the possible oxidation of the samples.
The temperature and the heat reaction were calibrated using
high purity indium, aluminium, silver and nickel standards.
The mechanical properties were studied in terms of Vicker’s
hardness by using Buehler model 1600-6100 micro-hardness
tester.

3. Experimental Results and Discussions

3.1. Microstructural and Compositional analysis

XRD is not always sufficient to confirm the phase purity
if the impurity phase content is less than 5% of the overall
volume [29, 30]. In such case, optical microscopy and SEM
of polished and etched samples are the most direct ways to
characterise micro-structure by revealing grain boundaries,
phase boundaries, and inclusion distribution. Observing dif-
ferent contrast in etched sample seen from optical microscopy,
we can speculate the presence of impurity phases, and SEM
with EDS/EBSD can be used to directly quantify whether
areas of different contrast represent impurity phases or pos-
sible different crystallite orientations.

Starting from the fully stoichiometric Fe,VGe, multi-
phase microstructure was obtained in every heat treatment
performed at 800, 900, 950, or 1000°C for different dwelling
times; 3, 5, 7, or 14 days. However, with the substitution of
Fe for V, the secondary phase began to disappear and uni-
form single phase behaviour was observed in the V composi-
tionrange (0 < x < 0.625). All other higher V concentration
produced multiphase behaviour (see details in Supplemen-
tary Information). FIG 1 shows microstructure of all single
phase samples observed under high temperature annealing
conditions i.e., 7 days at 950°C using optical microscope.
The microstructure of the high temperature (> 700°C) phase
for x = 0 i.e., the parent Fe;Ge compound is also presented
in FIG 1 already known to be stable, annealed under similar
conditions [19-21].

In addition to high temperature annealing, we also at-
tempted to investigate low temperature annealing of our V-
substituted alloys (see details in Supplementary Information)
to check if the samples which showed single phase microstruc-
ture at high temperature annealing conditions were indeed
stable at low temperature as well, as low temperature an-
nealing is missing in previous works. Low temperature an-
nealing is also necessary to shed more light on the struc-
tural phase transformation as this alloy series is reported to
show structural phase transformation from low temperature
L1, or L2, to high temperature DO 4 phase, similar to par-
ent Fe;Ge [19-21]. Single phase granular microstructures
was observed for the intermediate compositions x = 0.50
and 0.25. In the case of Fe;Ge (x = 0), small amounts of
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Figure 1: (colour online) Optical micrograph of Fe,_ V Ge
(0 < x <1) heat treated at 950°C for 7 days showing the grain
structures. The samples were etched for 25 seconds using the
Adler etchant.

secondary phases were observed in agreement with detailed
studies on the parent Fe;Ge compound [8, 20, 22].

The composition of all the stable single phase samples
in the series are confirmed to be close to the target composi-
tion within ~ 5% instrumental uncertainty range using EDS
(see details in Supplementary Information). FIG 2 shows
the SEM images displaying the microstructure of all single
phase samples (see Supplementary Information for SEM im-
ages of low temperature annealed samples). Relatively small
grains are observed compared to high temperature annealed
samples. The effect of V substitution on the microstructure
is substantial. The average grain size is observed to decrease
dramatically with increasing the V content indicating the V
substitution can effectively inhibit the grain boundary mi-
gration. The dramatic increase in grain size with decreasing
V content is also accompanied by the increase of roughness
of certain grains, producing different color contrast between
neighbouring grains in bright-field as reported in the litera-
tures [31, 32].

3.2. Crystal structure and atomic order analysis
FIG 3(a) shows the XRD patterns of the Fe;_, V, Ge al-
loy series annealed at 950°C for 7 days after polishing and
etching, using a Co-K,, radiation source. The crystal struc-
ture obtained from the XRD data suggests the presence of
L2, Heusler structure for 0.375 < x < 0.75 and hexagonal
DOyq structure for 0 < x < 0.25, whereas the intermedi-
ate composition Fe, ¢g75V( 3125Ge showed the co-existence
of both phases and onset of structural phase transformation

Figure 2: (color online) SEM micrograph of Fe;_ V Ge (0 <
x < 1) heat treated at 950°C for 7 days showing the granu-
lar microstructure. The magnification of each micrograph is
indicated at the bottom, like X650 for x = 0.50.

(see FIG 3(a) fourth row from the top). FIG 3(c) shows the
XRD pattern of Fe;_ V, Ge alloys series annealed at 650°C
for 25 days. Interestingly, for the lower temperature anneal-
ing it showed Heusler like L2, ordering for x = 0.25, while
at higher temperature annealing it showed DO,y ordering.
The low temperature cubic L1, crystal phase of the parent
Fe;Ge compound is also observed with some impurity peaks
(represented by asterisks) with lattice constant a = 3.6667 A
as reported in the literature [33].

For all cubic single-phase compositions 0.375 < x <
0.75, only three distinct Heusler-like reflection peaks (4, k,
I all odd or even) are observed; fundamental peaks with 4 +
k + [ = 4n, even superlattice peaks with A+ k+ [ =4n+2
and odd superlattice peaks h+k+! = 2n+1. In Heusler-like
alloys, presence of (111) peak indicates the chemical order-
ing of atoms in octahedral positions, and (200) peak reflects
the superlattice reflections due to atoms in tetrahedral posi-
tions, while (220) peak is a principal reflection. None of the
low angle superlattice peaks are absent in all cubic structures
which indicates a degree of sublattice ordering. No mixed
odd/even indices are observed in reflection peaks indicting
that all cubic samples are crystallised in the face-centred cu-
bic Heusler-like structure. The intensity of superlattice peak
(111) is greater than that of (200) peak in all stable cubic
phases consistently, though as noted below texturing effects
makes it difficult to rely on XRD peak intensities.
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Figure 3: (color online) Experimental XRD patterns of Fe,_ V Ge alloy series annealed at (a) 950°C for 7 days and (c) 650°C
for 25 days using X-ray source, and (b) simulated powder XRD patterns using CaRIne. For (a), the upper indexing is for the
DO, structure and the lower indexing is for the L2, structure. For (c), the upper indexing is for the L1, structure and the lower

indexing is for the L2, structure.

Considering the fact that Heusler-like compounds can
crystallize in a number of structures, particularly the ordered
L2, (Fm3m, space group no. 225 [14, 15]) and X, (F43m,
space group no. 216 [14, 15]) as well as the disordered A2
and B2 phases, structure assignment should be undertaken
carefully. We can argue here that there is no complete A2
and B2 disorder on the basis of presence of low angle su-
perlattice peaks in all stable cubic compositions. Further-
more, the distinction between L2; and X, structure is rather
challenging from X-ray diffraction experiment if the partic-
ipating elements in the alloy have similar X-ray scattering
properties.

However, Beitollahi and Booth [23] previously proposed
an L2, structure for x = 0.6 to 1.0, which we corroborate
here (see Table 1). Our construction of possible structures
is as follows; starting from parent Fe;Ge compound, where
Fe atoms occupy 4b and 8c (or 4c and 4d) sites whereas Ge
atom fills 4a site. In this picture, the substituted V atom can
have several possible ways to fill the crystal structure; it can
replace the Fe atom on 4b site, or 4c site, or 4d site. It is also
possible for V atom to replace Ge atom to other site and fill
the vacant position, however in the experimental XRD pat-
tern we confirm that the Ge atoms form an fcc superstruc-
ture on the underlying bcc superlattice. Hence, we argue
that 4a site is completely ordered. Further, the replacement
of Fe atom on 4c and 4d site doesn’t alter the X-ray intensity
as these sites belong to the same sublattice (with octahedral
symmetry). In view of this, we are left with two possibilities
and we try to push further XRD based analysis to shed light

Table 1
Possible site assignments for cubic Fe;_,V, Ge assuming two
space groups; L2, (Fm3m) and X, (F43m).

Type Ge Fe,_ V. Fe Fe

L2, 42 (000) 4b(}17) & (11) 8¢ (iéé)
111 i :

Xa 4a (0,0,0) 4c (Z,Z,Z) 4b(5,5,5) 4d (Z,Z,Z)

on the exact atomic order of the alloys. To further narrow
down the exact atomic ordering, we simulated the XRD pat-
terns for Fe, sV 50Ge considering different crystal struc-
tures (see FIG 3(b)). The experimental XRD pattern ob-
served matches to L2, structure generated in either CaRlIne
4.0 simulations or CRYSTAL IMPACT MATCH, or our in-
house python code for Fe, 5,V 50Ge. The superlattice peaks
(111) and (200) have a little bit higher intensity than those
generated from simulations, which might be due to textur-
ing effects, given the large grain size we observe (~ 30 ym).
As the crystal structure of parent Fe;Ge is hexagonal DOq
at higher temperature (> 700°C) and cubic (L1,) at lower
temperature (< 700°C), the L1, crystal structure was also
simulated using CaRlIne 4.0 software, but none of the in-
tensities and peak positions matched with the experimental
pattern (see FIG 3(b)).

Rietveld refinement shows good agreement (reduced y2
= 1.4 and weighted average Bragg R-factor = 3.6) between
the observed XRD pattern and the calculated pattern for the
L2, (space group 225) structure with the experimental lattice
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Figure 4: (color online) (a) The Rietveld refinement of XRD pattern showing a signature of good fit with the proposed crystal

model L2, (b) IPF color map (c) The corresponding EBSD phase color map of the same area of Fe, s,V s,Ge in SEM (d) The
Rietveld refinement of XRD pattern for Fe, 4,5V ,5Ge with the proposed DO, crystal structure.

Table 2
Proposed site assignment for the hexagonal DO,y Fe,_ .V, Ge.

Wyckoff position

Coordinates Occupancy
Fe 6h,y =2  27.7) (20 =90) O =)0 =20.7) (20 03) (=9 923) 5
v 6h,y =2 ( 20.3) (F20 =2 )0 =2 )=y =203) (29, 3.3) (=9, 9.9) 2
1 2 1 21 3 p
Ge 2 G5g) Gad) !

parameter a = 5.7632 A as shown in FIG 4(a). The good-  map and phase map of Fe, 5,V 5,Ge were also performed to

ness of fit parameters (reduced y? = 5.2 and weighted aver-
age Bragg R-factor = 9.7) are always higher for X, (space
group 216) structure considered in Table 1. Having no evi-
dence to the contrary, we presume Fe and V mix randomly on
the 4b sites. This is also in good agreement with the Pauling
electronegativity rule. Because V and Ge have a higher elec-
tronegativity difference, they will tend to form a rock-salt
(NaCl) type lattice and coordinate octahedrally due to ionic
nature of their interactions. EBSD inverse pole figure (IPF)

determine the degree of texturing and purity of phase con-
sidered. Relatively large grains with some preferred orien-
tation is revealed from IPF as shown in FIG 4(b). Almost
95% of the selected microstructure is observed to match the
proposed L2, structure (red color in the EBSD map (see FIG
4(c)) with some zero solution regions (black spots) mainly
in grain boundaries due to the artefact of polishing and some
nominal Ge segregation. All these experimentally observed
facts support that the crystal structure of all stable cubic sam-
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Figure 6: (color online) Variation of lattice parameters of
Fe, .V, Ge annealed at 950°C for 7 days (except the red data
point representing x = 0.25 annealed at 650°C for 25 days) (a)
a versus V concentration, and (b) c versus V concentration.
The shaded region represents multiphase region.

ples 0.375 < x < 0.75 is L2, in agreement with Beitollahi
and Booth [23]. The L2, structure is shown in FIG 5(a).

In order to determine the atomic ordering in hexagonal
samples, x = 0.125 is chosen for Rietveld refinement due to
the visibility of all hexagonal peaks in XRD. Even though
the texturing effect from larger grains (~ 300 ym) is evident

in peak intensities, a final reduced y? = 7.7 is found. This
single digit goodness of fit parameter between the observed
XRD pattern and the calculated pattern for the hexagonal
DOyg (space group 194) indicates the reliability of the fit
(see FIG 4(d)). According to Rietveld refinement, the 6h
sites (with the parameter y = 5/6) are shared by Fe and V
with occupancy 0.958 and 0.042, respectively, in agreement
with the nominal composition, and the 2c sites are occupied
by Ge. Again, with no evidence to the contrary, we presume
that Fe and V mix randomly on the 6h sites. This DO struc-
ture is shown in FIG 5(c). The proposed site assignments are
summarised for DO, Fe;_ V Ge in Table 2 [17].

Lattice parameters of all cubic stable phases, calculated
using Cohen’s method with a Nelson-Riley error function
[34], are observed to increase linearly with increasing V con-
centration (see FIG 6(c)) which is expected according to Ve-
gard’s law [35] as the lattice constant of bec V (0.3024 nm)
is greater than that of bce Fe (0.2867 nm) [36]. Both lattice
parameters a and c increase with the increase of V concen-
tration for all hexagonal stable phases as shown in FIG 6.
The lattice parameters of all stable samples along with dif-
ferent annealing conditions for Fe;_, V Ge alloy series are
presented in Table 3.

3.3. Phase transformation behaviour and thermal
stability

Differential Scanning Calorimetry (DSC) is a simple but
an effective tool to identify phase transformation tempera-
tures. Since the local composition of our samples does not
change in going from one structure to another, this serves to
indicate that the transformation is a diffusionless martensitic
transformation, as observed in the parent compound Fe;Ge.
Continuous heating and cooling DSC curves of Fe;_,V, Ge
annealed at 950°C for 7 days measured at a heating/cooling
rate of 10°C/min are shown in FIG 7(a). FIG 7(b) shows the
DSC curves at heating/cooling rate 10°C/min for x = 0 and x
= 0.25 annealed at 650°C for 25 days. The phase evolution
is clearly seen from the DSC curves. The large, sharp en-
dothermic peaks around 1120°C corresponds to the melting
point which is in agreement with the reported melting point
~ 1100°C of parent Fe;Ge. Additionally, small endothermic
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Table 3

Experimental lattice parameters of Fe,_, V, Ge alloy series of different crystal structures with
annealing conditions, the experimental saturation magnetic moments at T = 5 K along with
the theoretical and Slater-Pauling (S-P) values, and the measured Curie temperature (T,).
The numbers in parentheses are the uncertainty in the last digit, e.g., 3.2(2) = 3.2 £ 0.2.

x Crystal Experimental lattice  Theoretical lattice Expt. M at T =5K Theor. M;  S-P M, T:
structure (A) (A) (up/fu) (up/fu)  (ug/fau) (K)
0 DO, a=5.1763(2) a=5.134 6.55(9) 6.48 4.00 640
c =4.2246(3) c=4.222
0 L1i a=3.6667(1) a=3638 6.55(9) 6.45 4.00 -
0.125 DO,,! a=5.1863(5) a=5.146 5.88(2) 6.07 363  620(10)
c =4.2298(5) ¢ =4.220
0125 L2, + DO,y* - - - - -
025 DO, a=5.1970(4) a=5.159 5.33(3) 5.72 325  603(12)
c =4.2395(3) ¢ =4.220
0.25 L2* a =5.7614(3) a=15753 3.91(3) 3.77 3.25 -
0375 L2, a=57623(3) a=5767 3.18(2) - 2.88 590(9)
040 L2, a=5.7626(1) - 3.09(3) - 2.80 -
050 L2, a=5.7632(3) a=5.788 2.64(3) 2.47 2.50 509(8)
0.625 L2,7 a =5.7640(4) a=5.802 2.24(2) - 213 450(5)
075 L2 a = 5.7653(6) a=5.806 - 1.62 1.75 .

T annealed at 950°C for 7 days, * annealed at 650°C for 25 days, * multi-phased samples.

peaks are seen in addition to the prominent melting point
peaks for all compositions having L2, structures, indicating
the signature of first order phase transformations.

No peaks are observed in those compositions which were
already crystallised in hexagonal DO 4 structure at room tem-
perature. Small endothermic peaks are also observed for

Table 4

The values 7|, T,, AS,, and T, of Fe;_ V Ge annealed at
950°C for 7 days measured in continuous heating at the rate
10°C/min. (The subscripts 1, p and m denote for on-set, L2,
to DO,4 transformation, and melting point, respectively.) The
numbers in parentheses are the uncertainty in the last digit.

x =0 (L1,) and x = 0.25 (L2,) annealed at 650°C for 25 X T,C) T,°C) AS, (J/eK) T,(°0)
days during heating cycle only. All these experimentally ob- 0 721 743 0.15(2) 1112
served facts indicate that transforming the L1, or L2, struc- 0.125 - - - 1115
ture to the DOq structure is relatively easy, but the reverse 0.25* 737 758 0.14(2) 1116
transition is relatively difficult for low V concentration [19, 0.375 828 849 0.17(2) 1118
20]. Additionally, XRD on samples with x = 0.25 annealed 0.40 842 865 0.18(1) 1121
at 950°C for 7 days and at 650°C for 25 days showed a DO 4 0.50 905 932 0.26(3) 1124
0.625 965 976 0.42(2) 1126

structure and a L2 structure, respectively, corroborating the
DSC measurements. Thus, we conclude that the small DSC
peaks observed correspond to the structural phase transfor-
mation from cubic L1, or L2; to hexagonal DO;q. The linear
shifting of the peak positions with increasing vanadium con-
centration, as shown in FIG 7(c), indicates an improvement
of the stability of the low temperature L2 structure with in-
creasing V content. Notably, this low temperature L2, phase
with V substitution is completely different from the low tem-
perature L1, phase of the parent Fe;Ge. The reproducibil-
ity of those peaks on cooling (with some hysteresis) and the
lack of local composition variation suggests the transforma-
tion to be of the diffusionless martensitic type. We note that
the hysteresis may be due to super-cooling (recall the heat-
ing/cooling rate of 10°C/min). The total entropy of phase
transformation also changes significantly with V concentra-
tion (see FIG 7(d)).

The onset temperatures (77), temperatures (Tp) and to-
tal entropy change (A.S),) of the phase transformation peaks,
and melting points (7,,), measured at heating rate 10°C/min
for samples annealed at 950°C for 7 days with different vana-

*Samples annealed at 650°C for 25 days.

dium concentrations are presented in Table 4.

Thus, the L2 to DO, martensitic phase transformation
is observed to depend on V concentration as well as anneal-
ing temperature conditions in off-stoichiometric Fe;_, V, Ge
intermetallic alloys, distinct from the temperature driven L1,
to DO,y transformation of the parent compound Fe;Ge. Af-
ter annealing at 950°C for 7 days, alloys for 0.375 < x <
0.75 are found to crystallize in the Heusler-like L2, struc-
ture, and alloys with 0 < x < 0.25, crystallize in the hexag-
onal DOg structure, which is the high temperature struc-
ture of the parent Fe;Ge. On the other hand, alloys with
0.25 < x £ 0.75 annealed at 650°C for 25 days are observed
to crystallize in L2, structure. Clearly two distinct crystal
structures are observed at room temperatures in x = 0.25;
L2, for sample annealed at 650°C for 25 days and DO 4 for
sample annealed at 950°C for 7 days, confirming the L2,
to DOyg fcc to hep phase transformation, likely similar to
those widely studied in cobalt and ferrous alloys [37, 38].
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Figure 7: (color online) (a) DSC scans of Fe,_,V,Ge alloy series heat-treated at 950°C for 7 days measured at heating/cooling
rate 10°C/min. (b) DSC scans for x = 0 and x = 0.25 heat-treated at 650°C for 25 days at heating/cooling rate 10°C/min. (c)
Temperature versus V concentration phase diagram of Fe;_ V, Ge alloy system. Martensitic phase transformation temperature:
blue data pints, Melting point: red data points, and dashed lines: proposed phase boundaries. (d) The total entropy of phase

transformation with V concentration.

According to the Shoji-Nishiyama mechanism, the atomic
arrangements of the (111) 7., plane and the (0001),,, planes
are parallel [37]. Since, both fcc and hcp are close-packed
structures, the only difference is in the stacking sequence of
atoms normal to these planes. The transformation from fcc
to hcp only requires the deformation of the atoms along the
(111) plane to form a stacking sequence from ABCABC ...
to ABABA ... type [39].

3.4. Magnetic Characterisation

The magnetic measurements for all single-phase sam-
ples were done using the VSM module of a Quantum design
PPMS Dynacool. FIG 8(a) shows the field dependent mag-

netisation M(H) curves of all stable samples in the Fe;_, V. Ge
series at 5 K. All the samples appeared to be ferromagnetic
at 5 K. The saturation magnetising field is observed to de-
crease with increasing V content, though all samples are
magnetically very soft. The saturation magnetic moments
(M) were extracted from an Arrot plot [41], i.e., by extrap-
olating the linear part of M? versus to H/M to H/M = 0 (see
inset to FIG 8(a)). The extracted M at 5 K is observed to de-
crease linearly with increasing V content, however two dif-
ferent trendlines are observed (see FIG 8(b). This anomaly
can be attributed due to different crystal structures (DO;q
structure for low V content and L2 for high V content) con-
sistent with our microstructural and XRD analysis. The ex-
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Figure 8: (color online) (a) The field-dependent magnetisation at 5K of Fe,_ V Ge alloy series annealed at 950°C for 7 days
except the sample x = 0.25 (L2,) which was annealed at 650°C for 25 days. The inset indicates the Arrot plot. (b) The magnetic
moment versus V concentration both experimental and expected from Slater Pauling rule. (c) Inverse susceptibility as a function
of temperature for the alloys (0.125 < x < 0.625) annealed at 950°C for 7 days. The inset is temperature dependent magnetisation
for x = 0.375 with H = 1000 Oe. (d) The variation of T, with V concentration (The blue data point is literature value of parent

c

Fe,Ge [21, 40]).

tracted values of saturation magnetic moment (M,) versus
V concentration plot presented in FIG 8(b) shows linear be-
haviour for all stable L2, phases, in good agreement with
Slater-Pauling rule (shown in blue data points). The Slater-
Pauling rule describes the dependence of the magnetic mo-
ment on the valence electron concentration (N,,) for ordered,
half-metallic ferromagnetic Heusler compounds. This de-
pendence is given by [4]

m=N,-24. )

The slightly higher extracted saturation magnetic moments
in the Fe rich members of L2, series are not unusual. Simi-
lar deviations from the theoretical values have been reported
previously for Fe based Heusler compounds elsewhere [4,
42]. The plot also shows linear behaviour for DOy com-
positions, but the values are much higher than values from
Slater-Pauling rule which simply indicates that the Slater-
Pauling rule is not expected to hold for the hexagonal struc-
ture. Dramatic changes in magnetic moment are observed at
x = 0.25 depending on the annealing condition, where we
clearly observed two distinct pure crystal structures, DO1q
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for sample annealed at 950°C for 7 days and L2, for sam-
ple annealed at 650°C for 25 days. The red coloured solid
square data point in FIG 8(b) represents the magnetic mo-
ment for x = 0.25 (L2,) annealed at 650°C for 25 days. All
experimentally extracted saturation magnetic moments are
in good agreement with those obtained from first-principle
calculations (see FIG 8(b)) (discussed in theory section be-
low).

The high temperature magnetisation of a series of heat-
treated Fe;_, V,Ge alloy were measured by means of a vi-
brating sample magnetometer VSM equipped with a high
temperature stage. The Curie temperatures of intermetallic
alloy series were extracted taking the average of values ob-
tained from linear fitting of the inverse susceptibility versus
temperature graph as shown in FIG 8(c) and the values ob-
tained by plotting dM/dT as a function of temperature. The
inset in FIG 8(c) shows the specific magnetisation as a func-
tion of temperature for x = 0.375. The measurements were
performed with a constant magnetic field of 1000 Oe in the
temperature range of 300 K to 1000 K. Even though the fer-
romagnetic Curie temperature T, of these alloys are all ob-
served to be above room temperature, and decrease with in-
creasing x as shown in FIG 8(d), the linear decrease of T,
of hexagonal samples x = 0.125 and x = 0.25 has different
slope than that of cubic ones. The T, values are well below
the melting point and martensitic phase transition tempera-
tures obtained by means of differential scanning calorimetry.

The saturation magnetic moments at 5 K and correspond-
ing Curie temperature of all stable samples along with dif-
ferent annealing conditions for Fe;_, V. Ge alloy series are
presented in Table 3 above.

3.5. Electrical resistivity

The electrical resistivity data were collected using the
van der Pauw method [43] in a PPMS Dynacool for sam-
ples with approximate dimensions 4 x 4 x 1.5 mm?>. FIG 9
shows the temperature dependence of the electrical resistiv-
ity for Fe;_,V,Ge measured during heating process in the
temperature range from 5 K to 400 K. The electrical resis-
tivity is observed to be sensitive to the composition change.
An increase of V substitution for Fe is found to increase the
residual resistivity that could be attributed due to atomic dis-
order arising from the substitution or sample quality. For x
= 0.25 the variation of resistivity with temperature is purely
metallic (see FIG 9), but for higher V concentrations, a typ-
ical metallic behaviour is observed only for the low tem-
perature range from 5 K up to 200 K. The resistivity is ob-
served to saturate at higher temperatures for x = 0.50, sug-
gesting a parallel contribution of the intrinsic resistivity and
a weakly-varying shunting resistance, possibly due to grain
boundaries[44, 45]. The pseudo gap near Fermi level present
in the minority spin channel of total density of state (see
FIG 13) for x = 0.50 might be responsible for this satura-
tion effect. According to Allen and Chakraborty [45], the
resistivity of a sub-band of electrons with an energy gap
at the Fermi level is high and independent of temperature
while the other sub-band has metallic character and resistiv-
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Figure 9: (color online) Temperature dependence of electrical
resistivity in Fe;_,V Ge (x = 0.25, 0.50, and 0.625, all annealed
at 950°C for 7 days respectively from bottom to top) in zero
magnetic field.

ity increases with temperature and saturates at high temper-
ature. The downturn in resistivity at higher temperature for
x = 0.625 indicates the semiconducting nature of the mate-
rial. This kind of anomalous behaviour of resistivity is quite
similar to those observed in Fe,_ V,, Al, Fe,_ Ti;, Sn,
(Fe_,V,);Ga, and (Fe;_, Ti,);Ga systems, where the ten-
dency toward negative temperature dependence of electri-
cal resistivity increases markedly with increasing x [46—49].
The anomaly that the resistivity reaches the maximum value
quickly at T < T,, decreases after that and reaches satura-
tion at higher temperature is observed in many half-metallic
Heusler alloys where the resistivity of one of the spin po-
larised sub-band with energy gap at Fermi level is expected
to have a semiconductor character at high temperature [50—
57]. The energy gap in down spin sub-band is observed to
fall at Fermi level for x = 0.75 (see FIG 13). The existence
of a gap in one of the spin-polarised sub-band near Fermi
level in total density of state for higher V concentration in
Fe;_, V,Ge can be considered as the anomalous decrease of
resistivity with increasing temperature. Elucidating the true
bulk transport properties unambiguously would ideally re-
quire single crystal or highly ordered thin films.
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Figure 10: (color online) Vickers hardness versus V concen-
tration in Fe,_ V, Ge with imprint of the indenter with radial
cracks for x = 0 [top left]. The black data points represent
the single phase compositions.

3.6. Vickers micro hardness

During specimen preparation, we found the samples to
be unusually hard, as evidenced by the polishing time re-
quired. For this reason, we decided to investigate the Vickers
hardness of our alloy series, since most of the previous stud-
ies on mechanical properties are theoretical in nature [58-
62] and only few are verified experimentally. The variation
of Vickers micro hardness of our alloy series (all annealed at
950°C for 7 days) with V concentration is presented in FIG
10 with corresponding values in Table 5. Hardness values
reported are the averages of data taken from at least 12 dif-
ferent regions of each sample with 0.2 kg load and 10 s load-
ing time. Relatively high hardness values are measured, ap-
proaching 10 GPa for x = 1, comparable with highest value
12 GPa reported for Co,_, Ti, FeGe Heusler system [30] and
higher than values reported for full Heuslers in the litera-
ture, e.g., ~ 8.5 GPa for powder Fe, VAl [63], ~ 8.5 GPa for
nanocrystalline Co,FeAl [64], ~ 7.3 GPa and ~ 7.9 GPa for
bulk polycrystalline Co,MnGe and Co,MnSi respectively
[65]. The hardness is observed to increase almost linearly
in going from hexagonal DOq phases (with low V concen-
tration) to L2, phases (with higher vanadium concentration)
and depend on grains size and phases present as reported in
the literature [66]. The grain size of the hexagonal phases
at low V concentration are bigger than those of cubic phases
at higher concentrations, and the cubic structure shows bet-
ter toughness than the hexagonal structure, presumably as
the fcc structure has more slip planes in which the atoms are
packed most closely relative to each other, and hence most
tightly bonded to each other [67].

Table 5

Vicker's micro-hardness of the Fe,_,V Ge alloy series.
X Vickers Hardness (GPa)
0 3.99 + 0.09
0.125 435+ 0.13
0.25 4.99 + 0.10
0.3125 4.81 £ 0.37
0.375 5.96 + 0.09
0.40 6.01 + 0.17
0.50 6.53 + 0.08
0.625 7.12 + 0.10
0.75 8.33 £ 0.12
0.80 8.40 + 0.32
0.85 8.57 + 0.10
1 9.66 + 0.13

4. Theoretical Calculations

4.1. Computational Methodology

The Vienna Ab initio Simulation Package (VASP) was
used for our density functional theory calculations (DFT)
[68]. We used potentials from the projector augmented-wave
(PAW) method and used the Perdew-Burke-Ernzerhof (PBE)
functional [69-71]. The Monkhorst-Pack scheme was used
to sample the Brillouin zone using a 9 x 9 x 9 k-point grid
for cubic structures and a 9 x 9 x 5 grid for hexagonal struc-
tures in addition to a plane wave basis set with a cutoff en-
ergy of 400eV [72]. Self-consistent field calculations of
the total and projected electronic density of states were car-
ried out with a Gaussian-type Fermi-level smearing width
of 0.05eV. To generate Fe;_, V,Ge structures with vary-
ing V concentrations, we used the Special Quasi-random
Structures (SQS) method implemented in the ATAT pack-
age [73, 74]. The formation energy Eg,., (in eV/atom) of
Fe;_ V. Geisdefinedas Eg,y = (Epe,_ v Ge—(1=%)Epe,ge—
xEy. ge), where Eg,. v . is the energy of a Fe;_ V, Ge
cell, Eg,, e is the energy of a Fe;Ge cell, and Ey, g, is the
energy of a V5Ge cell, all per formula unit. We then nor-
malised the x axis to start from x = 0 (Fe;Ge) to x = 1
(Fe, VGe). To obtain the charge distribution on the atoms in
the simulation cells, we used Bader charge analysis [75, 76].
The VESTA program was used to visualise of atomic struc-
tures [77].

4.2. Theoretical Results and Discussion

Previously, first-principles DFT has been used to suc-
cessfully calculate the electronic and magnetic properties of
Heusler alloys [78-80]. In order to confirm experimental
results and further investigate the electronic structure of this
particular Fe;_, V,Ge alloy system, we employed the Spe-
cial Quasi-random Structures (SQS) method to generate struc-
tures between x = 0 and x = 1 for the L2; and DO,4 phases.
When comparing with experiment, we were able to gener-
ate structures with all of the same alloying ratios as Table 3
except x = 0.40 for the L2; phase. We note that for certain
alloying ratios for the L2, phase such as x =0.375, x = 0.40,
and x = 0.625, the SQS method requires a larger supercell
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Figure 12: (color online) Comparison plot between experimentally extracted lattice parameters and theoretical values from
First-principles calculations of Fe,_ V, Ge (a) a versus V concentration, and (b) ¢ versus V concentration.

to preserve such concentrations. We propose that the SQS
method being unable to create structures near x = 0.40 is
due to the requirement of a significantly large supercell, be-
yond the capability of DFT. For x = 0.375 and x = 0.625, the
quasi-random structures are forced to be confined to a rect-
angular supercell rather than a cubic supercell to preserve
such alloying ratios without approaching the DFT limit (a
much larger cubic supercell). However, from these rectan-
gular structures, we are still able to obtain accurate lattice
parameters to compare with experiment where only the long
edges of the rectangular cell (b) are almost two times larger
than the (a) lattice constant.

FIG 11 shows the formation energy as a function of V
concentration x of the L2; and DO,q phases respectively.
The magnetic moment value is also depicted in the color axis
of FIG 11. We observe that at x =0.25, the L2, phase is more
energetically favourable than the DOq phase. As expected
for both phases, the increase of V concentration results in a
decrease in magnetic moment with Fe,VGe (x = 1) being
the least magnetic alloying concentration. As can be seen
in Table 3, calculated magnetic moments are in good agree-
ment with the experimentally measured values. The calcu-
lated values of magnetic moment for x = 0.375 (Mg ;,,, =
4.48 pp) and x = 0.625 (M ;,, = 3.61 pp) are almost 1
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figure insets include the optimised structures, magnetic moment values and average lattice constants.

up bigger than the experimental results due to considered
supercells being rectangular instead of cubic. For the low-
est energy structure (most energetically favourable) at each
experimentally observed alloying concentration, we calcu-
lated the electronic density of states (DOS). FIG 13 depicts
the atom projected DOS of the experimentally observed al-
loys for L2; (x =0.25, x =0.375, x = 0.50, x = 0.625, x =
0.75), DOy (x = 0, x=0.125, x=0.25) and L1, (x=0). The
spin up and spin down contributions to the DOS are indi-
cated by the black arrows. The insets of FIG 13 also include
the optimised geometry, the lattice constants and magnetic
moment values (excluding Mg for x = 0.375 and x = 0.625)
for the considered alloys. All the experimentally extracted
lattice parameters are within ~ 1% of theoretical values (see
FIG 12). Because the experiments were done at a finite tem-
peratures, this can cause the lattice parameters of the crystal
structure to change from the O K structures due to the ther-
mal expansion coefficient of the material and one might need
longer annealing time yet to reach the true ground state. This
also creates a margin of error such that all the structures gen-
erated with SQS lie in the range of thermal fluctuation at
a given concentration. Due to this fact, we report an aver-
age value for lattice constant given at each concentration. In
comparison to experiment, DFT calculations confirm that in-

creasing V concentration increases the lattice constant on av-
erage (see FIG 12). The metallic characteristics of the DOq
and L1, (for x = 0) Fe;Ge structures arise from the orbital
contribution of Fe atoms. Vanadium substitution can give
different contributions to the density of states according to
its position inside the material. For instance, if the V atom is
positioned close to Ge atoms, it gives a contribution similar
to the Ge contribution (see FIG 13 L2; for x = 0.50, and x
= 0.75). When V atoms are placed far from the Ge atoms,
specifically if they are surrounded by Fe atoms, their DOS
look similar to the DOS of Fe atoms (see FIG 13 L2, for x
=0.375, x =0.50, and x = 0.625). For the DO4 structures,
V atom substitution does not significantly effect the DOS of
the bare Fe;Ge structure due to low V concentration.

To understand the bonding type between the atoms and
to gain insight on the electronic mechanism of these struc-
tures, we performed Bader charge transfer analysis of the
Fe;_, V,Ge alloys. Bader charge analysis indicates that while
0.10 electrons (e™) transfer to Ge from Fe atoms for L1,,
0.30 e~ transfer for DOg at x = 0. This amount of elec-
tron transfer, in addition to the electronegativity difference
between Fe and Ge atoms (0.18 according to the Pauling
scale) indicate that there is non-polar covalent bonding be-
tween them. For DO, at x = 0.125 and x = 0.25, V (which
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has a lower electronegativity than Fe and Ge) loses 1.38 e~
and the three Ge atoms that are binding with this V atom
gain 0.50 e~. Bader charge analysis for L2 at x = 0 in-
dicates that charge transfer is different from DO,y and L1,
structures. Some Fe atoms which are binding with Ge donate
0.30 e~ and each Ge atoms take 0.13 e~ while some Fe atoms
take 0.07 e~. With the substitution of V atoms instead of Fe
atoms, polarisation increases between the Fe atoms. For x
= 0.50, Fe atoms that are close to Ge atoms donate 0.35 e~
while the remaining Fe atoms gain 0.35 e™. The increasing
of stability can be attributed to this increased polarisation.

5. Conclusion

In summary, an off-stoichiometric polycrystalline bulk
Fe;_, V,Ge intermetallic alloys series (0 < x < 1) was syn-
thesised by arc-melting and the structural, magnetic, elec-
trical transport and mechanical properties were investigated
under different heat-treatment conditions. V substitution was
observed to favour one of the Fe site in Fe;Ge energetically
to form L2; structure for higher V concentration and DO;4
structure for lower V concentrations, corroborated by first-
principles calculations. The L2; to DO,¢ martensitic phase
transformation was observed to depend on V concentration
as well as annealing conditions. DSC results also confirmed
the diffusionless martensitic phase transformation in the al-
loy series. All the alloys in the series were found to be soft
ferromagnets at 5 K with decreasing saturation magnetic mo-
ment with increasing V concentration. The sample with x =
0.25 crystallised in two different crystal structures L2, and
DO,g at two different annealing conditions, and they were
found to exhibit two different saturation magnetisations at
5K, with the magnetisation in the hexagonal phase being
substantially larger. In contrast to DO,q structures, the satu-
ration magnetic moments of all L2, structures were observed
to decrease linearly with V concentration in close agreement
with the expected Slater-Pauling values. The hexagonal sam-
ples were in all cases observed to have markedly higher val-
ues of saturation moments. The saturation magnetic mo-
ments extracted from experiment are found to be in good
agreement with those obtained from first-principles calcu-
lations. The ferromagnetic Curie temperature T, of these
alloys were observed to decrease with increasing V concen-
tration. The electrical resistivity measured over the tem-
perature range from 5K to 400K showed a negative tem-
perature coefficient of resistivity at high temperatures, more
so with increasing the V concentration. The residual resis-
tivity value is also found to increase with V substitution.
Relatively high mechanical hardness values are also mea-
sured, increasing as V content increased. Vanadium is found
to play a central role in tuning rich physical properties in
Fe;_,V,Ge, changing the mechanical properties, stabilising
the L2, structure not found in the parent Fe;Ge compound,
and shifting the martensitic transformation temperature to
higher values compared to that of parent Fe;Ge.
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