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A Co2−xTixFeGe (0 � x � 1) Heusler alloy series has been synthesized and investigated in steps of x =
0.125. While the parent Co2FeGe composition was previously reported to exhibit multi-phase structures, the
novel substitution of Ti for Co is successful in stabilizing single-phase microstructures for compositions from
x = 0.125 to 0.625. The single-phase compositions crystallized in a face-centered cubic crystal structure. Soft-
ferromagnetic behavior and a very high Curie temperature, as high as 881 K, is obtained for alloys with the
lowest Ti concentration. Magnetic and electrical properties of these alloys suggest the possibility of half-metallic
behavior in them. Both experimental findings and theoretical calculations support that the substitution of Ti atoms
displaces Fe atoms towards vacated Co sites. The theoretical calculations also predict half-metallic character in
the alloys after Ti substitution. The alloys are found to be unusually hard, with Vicker’s hardness approaching
12 GPa for the most Ti-rich material.
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I. INTRODUCTION

Heusler alloys are a remarkable class of materials showing
a wide varieties of properties such as half-metallicity [1],
shape-memory [2], superconductivity [3], noncollinear mag-
netism [4], high-temperature ferri- and ferromagnetism [5],
tunable topological insulator property [6], large magneto-
optical effects [7], thermoelectric effects [8], and many more,
rendering them an extremely fruitful subject of research. Half-
metallic behavior is one of the most sought-after properties of
Heusler alloys because of its potential impact on spintronic
devices [9–11]. As far as half-metallic behavior in Heusler
alloys is concerned, Co-based Heusler alloys are considered
to be promising because they often have high Curie tem-
peratures (Tc), both calculated [12,13] and experimentally
observed [14,15].

Many candidate half-metals have been predicted and
the corresponding high-spin polarization has been mea-
sured at low temperature using tunneling magnetoresistance
(TMR) [16] and giant magnetoresistance(GMR) [17]. How-
ever, the TMR and GMR values decrease significantly at room
temperature [16,17], so it remains a challenge to find half-
metallic material with large magnetoresistance values at room
temperature for use in practical devices. Two main causes for
the decrease of magnetoresistance at finite temperature are
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usually noted: the interface of the half-metallic ferromagnetic
layer with a nonmagnetic layer in magnetic tunnel junctions
(MTJ) may destroy the local half-metallic properties or result
in reduced local exchange interactions, and the loss of bulk
half-metallic behavior at finite temperature [5]. The interfacial
issue can be in many cases mitigated by optimizing the growth
conditions, choosing a nonmagnetic layer with a compatible
electronic structure, and by minimizing the lattice mismatch
between the ferromagnetic electrode and the barrier layer. The
latter issue is related to the property of the ferromagnetic ma-
terial itself and can be addressed by making the half-metallic
behavior more robust. A method of doing this is to tune the
Fermi level to the middle of the energy gap in one of the spin
channels by substitution of one of the elements. Tremendous
efforts have been made to search for robust half metals in
substituted alloys and, several substitutional quaternary alloys
have been discovered with improved spin polarization at room
temperature [18–20].

While searching for a possible candidate alloy in order
to tune half-metallic behavior by means of substitution, we
found Co2FeGe to be a promising candidate. Previously,
ternary Co2FeGe was reported theoretically to be a stable
compound crystallizing in the L21 structure, but with no
half-metallic behavior due to the Fermi level falling within
the lower part of the minority conduction band [21]. Ex-
perimentally, Co2FeGe was observed to show a multiphase
bulk microstructure [21], suggesting that substitution might
be necessary to stabilize a single-phase L21 material and
tune the system toward half-metallicity. Varaprasad et al. [19]
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were able to tune some useful properties in Co2FeGe by
substitution of Ga for Ge as Co2Fe(Ga1−xGex) alloy series
and obtained spin polarization (P) up to 0.69. However, this
value of P is still less than expected for ideal half-metals.
Venkateswarlu et al. [22] studied a slightly different substi-
tutional series Co2(Ti1−xFex)Ge experimentally, but did not
find any signs of half-metallic behavior.

While the previous attempts of substitution were not com-
pletely successful, they motivated us to think about different
approaches to substitution in this system. Substitution is gen-
erally made either for Y site (low valent transition metal) or
Z site (main group element) of the parent X2Y Z alloy [20]
and to the best of our knowledge, there are only a few reports
on the substitution of X site (high-valent transition metal) in
case of Co-based full Heuslers [23,24]. The structural change
i.e., from L21 (X2Y Z , space group Fm3m, No. 225) to Y
(XX ′Y Z , space group F43m, No. 216) structure could be one
possible argument why X site substitution was overlooked
in past, as it makes identification of the exact structural
order after substitution more challenging, especially in the
intermediate substitution range. Thus a careful analysis of
how the structural order changes while substituting “on the
X site” with the goal of shifting the Fermi level towards the
band-gap are the primary purposes of this work.

In the case when the Fermi level falls at the edge of the
spin-down gap, Galanakis et al. [25] suggest that an expansion
of the lattice should shift the Fermi level deeper in energy
whereas the contraction should shift it higher in energy. In
light of this, an expansion of the lattice should restore half-
metallicity in the case of Co2FeGe in which the Fermi level
falls on the lower part of the minority conduction band. Ti,
which has larger atomic radii than Co [26] should expand
the lattice when substituted for Co. Hence, for the material
in this study, Ti is substituted for Co in the parent Co2FeGe
alloy. An additional attempt was also made to substitute for
Co with Fe, i.e., a (Co2−xFex)TiGe alloy series. However,
the compositions investigated (x = 0.5, 0.75) showed multi-
phase microstructures. Hence, in this paper, the synthesis
and characterization of a bulk (Co2−xTix)FeGe alloy series
is reported, with a focus on structural stability and magnetic,
electrical, and mechanical properties. Finally, a comparison of
experimental findings is made with the theoretical calculations
of electronic structure performed by using density functional
theory (DFT).

II. EXPERIMENTAL APPROACH

A. Sample preparation and characterization techniques

Polycrystalline ingots of (Co2−xTix)FeGe samples, with x
varying in the steps of 0.125, were prepared by arc melting
of the constituent elements (99.9 % pure, Alfa Aesar) in
an argon atmosphere at a base pressure of 0.02 Pa. After
each melting, the sample was flipped and remelted at least
six times to enhance the homogeneity of mixing. An energy
dispersive x-ray spectroscopy (EDS) detector equipped in
a JEOL 7000 field emission scanning electron microscope
(SEM) was used to ensure the target stoichiometry after the
arc melting. To enhance further homogenization and facilitate
the crystal growth, arc-melted pieces were sealed in evacuated

quartz tubes and annealed. To make the comparison uniform
across all compositions, only the samples which went through
similar heat treatments (i.e., 950 ◦C for 3 days) are chosen for
this work.

The heat treatments were followed by metallography [27]
to produce a metallic shiny surface for microstructure analysis
by optical and electron microscopes. After the heat treatment
and metallography, the composition and homogeneity of the
samples were again confirmed by using EDS. A Bruker D8
Discover x-ray diffractometer equipped with monochromatic
Co-Kα (λ = 0.179 nm) radiation was used to obtain the
x-ray diffraction (XRD) patterns to determine crystal struc-
tures. In order to minimize the influence of texturing in
the observed intensities of XRD patterns, the samples were
rotated in the phi (φ) direction while collecting the pattern.
To fit the experimental pattern, simulated XRD patterns were
generated by using commercial CARINE crystallographic 3.1
software [28] as well as custom in-house software [29],
and Rietveld refinement was carried out using a MATCH!
software based on the FULLPROF algorithm [30]. Electron
backscatter detection (EBSD) in the JEOL 7000 SEM was
used to further corroborate the structure observed in the XRD
pattern.

Transmission electron microscopy (TEM) imaging and
recording of electron diffraction (ED) patterns were per-
formed in an aberration-corrected FEI TITAN (80–300 kV)
microscope. High-resolution TEM (HRTEM) imaging was
recorded under the negative spherical aberration coefficient
(Cs) imaging condition with Cs ≈ − 35 μm and defocus of
≈8 nm, which gives bright atom contrast and helps in direct
interpretation of the structure [31]. The electron transparent
samples were prepared first by mechanical thinning to a
thickness of ≈20 μm and then Ar ion milling in Gatan PIPS
to generate large electron transparent thin areas.

The low-temperature magnetic and electrical transport
properties were studied in Quantum Design Physical Prop-
erties Measurement System (PPMS), while the high-
temperature magnetization was measured using the Lakeshore
VSM 7410. The mechanical properties were studied in terms
of Vicker’s hardness by using a Buehler model 1600-6100
microhardness tester.

B. Result and discussion

1. Microstructure analysis

Obtaining a phase-pure material so that the intrinsic prop-
erties of the substituted alloys can be determined is one of
the primary goals of this work. Particularly for assessing
magnetic properties, even a small percentage of an impurity
phase will render any conclusions questionable at best. X-ray
diffraction will not easily identify impurity phases if they are
only a few percents of the overall volume. Microscopy is the
most direct method of visualizing the surface morphology and
identifying possible impurity phases, and this was the starting
point of each investigation. Observing that there are areas
with different contrast in optical microscopy can suggest the
presence of impurity phases, and SEM with EDS allows one to
directly measure whether areas of different contrast represent
impurity phases or merely different crystallite orientations.
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FIG. 1. (Top) Optical and (bottom) electron micrograph of
Co1.5Ti0.5FeGe heat treated at 900 ◦C for 3 days. Uniform granular
structure can be seen with no other phases.

For all samples, a detailed surface analysis was performed
after careful grinding and polishing of the samples.

Multiphase behavior was clearly visible in the par-
ent Co2FeGe compound, in accordance with previous re-
ports [21]. However, with the substitution of Ti for Co,
the secondary phase began to disappear and uniform single-
phase behavior was observed in the composition range (x =
0.125–0.625). For the single-phase samples with less Ti (x =
0.125 to ≈0.250), a slightly different composition was ob-
served in the grain boundaries. On the other hand, samples
with high concentrations of Ti (x = 0.625) showed evidence
of secondary phases (though less than 1 %). For this reason,
we considered the samples with intermediate compositions
(x = 0.375–0.500) to be higher quality and focused more
effort on their characterization and understanding. More de-
tailed information on the evolution of single-phase behavior
and microstructure images of the samples are provided in
Ref. [27]. Figure 1 shows one such single-phase microstruc-
ture obtained for x = 0.500 with both optical and electron
microscope images. Within the grains, for all the single-phase
samples the stoichiometry measured by EDS was consistent
with the target composition within an (instrumental) uncer-
tainty of ≈5%. In the case of Co2FeGe (x = 0), however, the
composition was measured to differ from the target composi-
tion by more than 5%.

FIG. 2. The XRD patterns of Co2−xTixFeGe alloy series heat-
treated at 950 ◦C for 3 days collected using Co-Kα x-ray source.

2. Structure determination and atomic order analysis

In the experimental XRD pattern, shown in Fig. 2, for
Co2FeGe (x = 0), peaks from impurity phases are visible and
are marked with asterisks. The existence of impurity phases
is consistent with the literature reports and our observa-
tion of multiphase morphology in the metallography images.
However, for the Ti substituted samples, the impurity peaks
were not visible, suggesting single-phase behavior consistent
with our microscopy results. In the XRD patterns, for all
single-phase samples, only three types of reflection peaks
were observed; fundamental peaks with h + k + l = 4n (220,
400, etc.), even superlattice peaks with h + k + l = 4n + 2
(200, 222, etc.) and odd superlattice peaks with h + k + l =
2n + 1 (111, 311, etc.). The presence of low-angle superlattice
peaks is an indication of L21 type ordering in the alloys.
Further, there were no peaks indexed with mixed odd/even
indices (i.e., h, k, l are either all odd or all even). These facts
indicate that the alloys are crystallized in a face-centered cubic
structure.

It is challenging to determine the precise, detailed, atomic
order in our alloys series. The crystal structure of a full
Heusler alloy can be described using a 16 atoms unit cell,
where there are four sites; 4a (0, 0, 0), 4b (0.5, 0.5, 0.5), 4c
(0.25, 0.25, 0.25), and 4d (0.75, 0.75, 0.75) to be occupied.
These four sites can be partitioned into two sublattices. One
sublattice (A) consists of 4a and 4b sites, while the other (B)
consists of 4c and 4d sites. If two of these sites (say 4a and
4b) of the same sublattice (A) are filled by the same atom,
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FIG. 3. Schematic representation of unit cell of a full Heusler
(a) Co2FeGe alloy assuming L21 structure (b) CoFeTiGe alloy
assuming Y structure. Here, A and B refer to two sublattices.

i.e., forming an octahedron surrounding the sites (4c and 4d)
in another sublattice (B), then the structure is known as L21

(Space group Fm3m, No. 225) structure, generally written
as X2Y Z . However, if all four sites are occupied by four
different atoms, the structure is called Y (Space group F43m,
No. 216) structure and written as XX’YZ. In this structure,
all the sites have tetrahedral symmetry. The parent alloy in
the present case i.e., Co2FeGe (x = 0) has been reported to
have L21 structure with Co atoms occupying 4a and 4b sites,
whereas Fe and Ge atoms on the 4c and 4d sites respectively
as shown in Fig. 3(a) [19,21]. The other end member, i.e.,
CoFeTiGe has four different atoms [see Fig. 3(b)] and DFT
calculations indicate that Y structure with Co, Fe, Ti, and Ge
atoms occupying 4a, 4b, 4c, and 4d sites, respectively, is more
stable than other occupations of Y lattice in such case [32,33].

In the light of this, it can be seen that there is a change
in structural order from L21 (x = 0) to Y (x = 1) after Ti
substitution. One can also notice that Fe atoms occupy two
different sites; the 4c sites sharing the same sublattice with
Ge when x = 0 and the 4b sites sharing the Co sublattice
when x = 1. This is consistent with the general rules, which
predict that atoms sharing the same sublattice with the main
group element (Ge in the present case) should have the highest
difference in their electronegativity due to the ionic nature of
their bonding [5]. This makes Ti more likely to share the same
sublattice with Ge than Fe or Co. Hence, we presume that Ti
substitution will displace the Fe atoms towards vacated Co
sites and it will fill the site previously occupied by Fe sharing
the sublattice with Ge. We would like to stress here that this
is just a presumed structure and we do not want to rule out
the possibility of other types of chemical order at this stage.
More detail about possible alternative chemical orders will be
provided in Sec. III.

XRD is a useful tool to identify the exact chemical order in
the crystals, however, if the participating atoms have similar
x-ray scattering factors (as in the present case), it becomes
difficult to distinguish the difference between possible struc-
tures in which atoms with similar scattering factors have
been interchanged. The unknown degree of texturing in the
samples further adds to the complexity as it alters the relative
intensities of the peaks. Therefore, by relying only on the

FIG. 4. Rietveld refinement performed on Co1.5Ti0.5FeGe as-
suming first atomic configuration given in Table I. A good refinement
was achieved with slightly higher fitness parameters attributed to
sample texture and large grains size.

experimental XRD, we are unable to determine the precise
chemical order (see Ref. [27] for details).

Nonetheless, in an attempt to push the XRD based structure
analysis as far as possible, we performed Rietveld refinement
for Co1.5Ti0.5FeGe (x = 0.500). The refinement yielded a
reasonably good fit for all of the structures, but the best fit
was obtained for a structure that placed Co and Fe on the A
sublattice and Fe, Ti, and Ge on the B sublattice. This fit is
shown in Fig. 4 and the goodness of fit parameters are shown
in Table I.

The Rietveld fit parameters reported above are slightly
higher than those expected for a perfect fit, this can be at-
tributed to the sample texture altering the relative intensities of
the peaks compared to the calculated pattern. This is one of the
reasons why the different configurations produced nearly the
same fit parameters. In order to study the degree of texturing,
phase purity, and to shed more light on the crystal structure,
an EBSD inverse pole figure (IPF) map and phase map was
performed on a relatively large area (600 μm × 600 μm) of
a Co1.5Ti0.5FeGe sample. In the IPF [Fig. 5(a)], large grains
with preferred orientations were seen, resulting in higher than
expected intensity for some orientations, which could explain
the relatively high values of the Rietveld fitting parameters.
Similarly, in the EBSD phase map [Fig. 5(b)], more than 99%

TABLE I. Rietveld refinement goodness of fit parameters for
some possible atomic configurations of Co1.5Ti0.5FeGe (x = 0.500).
These configurations will be described in detail in Sec. III.

Configuration χ 2 RBragg

Co6Fe2-Fe2Ti2Ge4 1.9 15.2
Co5Fe3-CoFeTi2Ge4 2.6 15.1
Co6FeTi-Fe3TiGe4 2.7 16.1
Co4Fe4-Co2Ti2Ge4 2.6 14.8
Co4Fe2Ti2-Co2Fe2Ge4 2.7 16.6
Co2Fe4Ti2-Co4Ge4 2.6 15.5
Co6Ti2-Fe4Ge4 2.8 17.5
Co5FeTi2-CoFe3Ge4 2.2 20.0
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FIG. 5. (a) Inverse pole figure (IPF) color map of Co1.5Ti0.5FeGe
taken using EBSD in SEM showing grain orientation with respect to
sample x direction. Large grains with some preferred texture can be
observed. (b) The corresponding EBSD phase map of the same area
showing single-phase behavior.

of the entire microstructure was observed to be consistent
with the presumed structure (red-colored regions), with some
zero solution regions (black spots) due to pores and polishing
artifacts. All of the above provide plausible evidence for the
presumed structure in which the substituted Ti atom displaces
the Fe atom towards the vacated Co site as the crystal structure
of our alloys.

Cohen’s method with a Nelson-Riley error function [34,35]
was then utilized to extract a precise lattice parameter from the
experimental XRD data. The extracted lattice parameter was
observed to increase linearly with Ti concentration (Fig. 6).
This increase of lattice parameter is in agreement with Ve-
gard’s law [36] and can be explained in terms of the larger
atomic radii of Ti (176 pm) [26] compared to that of Co
(152 pm) [26]. Since practical device applications require thin
films, any newly synthesized material should have comparable
lattice mismatch with commonly used substrates in order to
grow high-quality films. An experimental lattice parameter
of 5.782 ± 0.002 Å was obtained for Co1.5Ti0.5FeGe. This
lattice parameter offers a favorable lattice match with some

FIG. 6. Variation of extracted lattice parameter with Ti concen-
tration, showing linear behavior.

of the most widely used substrates, in addition to being
tunable by varying Ti content, making it feasible to grow
high-quality epitaxial films. For instance, a lattice mismatch
of 0.8% with Al2O3 (110) can be expected for Co1.5Ti0.5FeGe
(110). Similarly, a mismatch of 2.95% with MgO (100) with
45◦ rotation is expected for Co1.5Ti0.5FeGe (100), and in fact
this mismatch is smaller compared to other predicted Heusler
half-metals (e.g., Co2FeAl0.5Si0.5, Co2Cr0.6Fe0.4Al, Co2FeSi,
etc.) [37,38].

HRTEM analysis was also performed on the
Co1.5Ti0.5FeGe sample. Both low-magnification TEM bright
field and HRTEM images confirmed the formation of a single
homogeneous phase. Bright-field and HRTEM images with
corresponding diffraction pattern taken along 〈111〉 zone
axis and its fast Fourier transform (FFT) are given in Fig. 7.
The TEM patterns taken along other zone axes are included
in Ref. [27]. No additional spots due to secondary phases
could be observed. The interplanar spacing was measured for
different planes with different zone axes, all of which gave
nearly the same value of lattice parameter (a = 5.74 Å) and
agreed quite well with the lattice parameter extracted from
x-ray diffraction. No dislocations or other kinds of defects
were observed in the TEM images.

3. Magnetic characterization

The temperature-dependent magnetization measurement of
a series of heat-treated Co2−xTixFeGe alloy with different x is
shown in Fig. 8(a). The magnetization was measured with a
1000 Oe magnetic field in the temperature range of 300 to
1000 K. These alloys show paramagnetic ordering at 1000 K,
and on cooling below 1000 K, the magnetic moments order
ferromagnetically at Curie temperature (Tc). The Tc of these
alloys is significantly above room temperature, and decreases
with increasing x from x = 0.125 to 0.625. We also studied
the field dependence of the magnetization M(H) measured at
5 K [see Fig. 8(b)] and 300 K (see Ref. [27]). These M(H)
curves indicate the presence of soft-ferromagnetic ordering
and the absence of a hysteresis loop at low field. The satu-
ration magnetization (Ms) was extracted from an Arrot plot,
i.e., by extrapolating the linear part of M2 versus to H/M to
H/M = 0 [see inset to Fig. 8(b)].
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FIG. 7. (Top) TEM bright field image showing formation of
homogeneous single phase, inset is the ED pattern along 〈111〉 zone
axis. (bottom) Corresponding HRTEM image and FFT pattern (inset)
confirming the single phase of the alloy.

The Ms determined from M(H) varies linearly with the
number of valence electrons of the alloys, see Fig. 9(a). The
deviation from linear behavior at x = 0 is consistent with the
presence of secondary phases as observed in XRD (see Fig 2)
and microscopy (see Ref. [27]). The Ms values of these alloys
at 5 K are close to the theoretical moment expected from the
Slater-Pauling rule, as shown in Fig. 9(a). The quantitative
agreement between the experimental and Slater-Pauling Ms is
an indication that these alloys may be half-metals. The linear
relation between Tc and Ms [see Fig. 9(b)] is because both Ms

and Tc show a linear dependence on the number of valence
electrons, as was reported for Co2-based Heuslers [13] in
the case where one of the sublattices (say A) is completely
filled by Co atoms. Srinivas et al. [23] studied the magnetic
properties of a Co2−xFe1+xSi alloys series, where the atomic
fraction of Co was also less than 2. However, the extracted
low-temperature saturation magnetic moments did not seem
to follow the Slater-Pauling behavior in their case. Here, the

FIG. 8. (a) Temperature-dependent and (b) field-dependent mag-
netization curves for samples x � 0.625.

system follows the Slater-Pauling behavior when the atomic
fraction of Co is less than 2, adding one more degree of free-
dom to make substitutions and tune magnetic properties. The
extracted lattice parameters, saturation magnetic moments,
and Curie temperatures are summarized in Table II.

We find that across the composition range studied that
these alloys have a very low Rhodes-Wohlfarth ratio, which
like the Slater-Pauling rule has been taken as another indi-
rect sign of potential half-metallic behavior [11,39–41]. The
Rhodes-Wohlfarth ratio is defined as pc/ps, where pc is the
effective paramagnetic moment per atom deduced from the
Curie constant and ps is the saturation moment extrapolated
to T = 0 K. The Rhodes-Wohlfarth ratio is also useful in
ascertaining the type of magnetism present in a material; for
local moment ferromagnets, one expects a ratio pc/ps = 1,
whereas for itinerant ferromagnets a ratio of greater than one
is expected. On the other hand, in the case of half-metals, the
ratio is expected to be substantially less than unity, which
can be explained neither by itinerant nor by the localized
model of magnetism. In order to explain a ratio pc/ps < 1,
Otto et al. [39] proposed a simple molecular field model by
taking into account both the local moments and spin-polarized
itinerant electrons. According to their model, the total magne-
tization has contributions from both local moments and the
itinerant holes, and antiferromagnetic exchange interaction
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FIG. 9. (a) Comparison of extracted saturated magnetic moment
with the expected moment from Slater-Pauling rule vs number of
valence electrons. (b) Variation of Curie temperature as a function of
saturation magnetic moment.

between the two reduces the Curie constant and therefore the
pc/ps ratio. Within this model, “particularly small” values
of pc/ps are expected for half-metallic ferromagnets. Their
experimental data on NiMnSb predicted to be a half-metal by
de Groot et al. [1], were consistent with the model proposed.

In a slightly different picture, however, Katsnelson
et al. [11] explain the reduced Rhodes-Wohlfarth ratio in

terms of a change of electronic behavior. In their picture,
the reduction of moments in the paramagnetic regime is a
consequence of a change in electron structure, and such a
change is expected to be large in the case of half-metallic fer-
romagnets, thereby decreasing the pc/ps ratio below unity. In
either picture, pc/ps < 1 is considered to be a novel property
of half-metallic ferromagnets. In agreement with Katsnelson
et al. [11] we consider this to be a preliminary, but clearly
not sufficient, an indicator of potential half-metallic behavior
making the system worthy of further study.

In order to determine the ratio pc/ps, ps can be ex-
tracted from extrapolating saturation magnetic moment to 0 K,
whereas pc can be determined by using the relation, pc =√

1 + μ2
eff − 1 [42]. The effective magnetic moment (μeff )

can be deduced by using the following relation [39]:

C = Naμ
2
eff

3MkB
, (1)

where M is the molecular weight, kB is the Boltzmann con-
stant, Na is Avogadro’s number, and C is Curie constant
which can be deduced from a fit to the Curie-Weiss law.
The temperature-dependent magnetization data above Tc were
fit to the Curie-Weiss law, as shown in Fig. 10. In general,
the magnetic susceptibility above Tc follows the Curie-Weiss
law with different slopes. This sort of deviating behavior
of the magnetic susceptibility has been observed previously
for several Heusler alloys [39,43,44] and is attributed to a
decrease of the effective magnetic moment and an increase of
paramagnetic Curie temperature with increasing temperature.
Nonlinear behavior of the inverse susceptibility is observed in
our samples (see Fig. 10), however, the nonlinearity is more
pronounced (a plateau region is present) in the alloys with
the higher Ti concentrations. For such samples, the effective
magnetic moment was extracted separately for two regions (A
and B in Fig. 10), and a reduction of the effective moment was
indeed obtained at higher temperature, as explained above.
The plateau can be observed in the usual M versus T plot
as well when plotting the magnetization axis on a log scale
(see Ref. [27] for details). However, the exact cause of this
behavior is not clear at this point. Nonetheless, the pc/ps

ratio, which is the quantity of interest here, was found to be
well below unity in every case. This further corroborates our
prediction of potential half-metallic behavior in the samples.
The extracted effective magnetic moment, paramagnetic Curie
temperature and pc/ps is displayed in Table III.

While the spontaneous magnetization curve follows the
Brillouin function reasonably well at high temperatures,

TABLE II. Experimental lattice parameter and the saturation magnetization of Co2−xTixFeGe (0 � x � 0.625) annealed at 950 ◦C for 3
days. As a comparison, the expected moment from following the Slater-Pauling (S-P) rule is also given. The number in parenthesis () is the
uncertainty in the last digit.

Sample a (Å) S-P (μB/f.u.) Ms(T = 5 K, μB/f.u.) Tc (K) Ref.

Co2FeGe 5.742(2) 6.000 5.68(2) 981 [21]
Co1.875Ti0.125FeGe 5.753(2) 5.375 5.45(2) 881(2) this work
Co1.75Ti0.25FeGe 5.762(2) 4.750 4.88(2) 820(2) this work
Co1.625Ti0.375FeGe 5.770(2) 4.125 4.19(1) 768(5) this work
Co1.500Ti0.5FeGe 5.782(1) 3.500 3.59(1) 714(5) this work
Co1.375Ti0.625FeGe 5.789(1) 2.875 2.95(1) 638(5) this work
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FIG. 10. Inverse susceptibility as a function of temperature for
the alloys (0.125 � x � 0.625). The solid line is Curie-Weiss law
fit.

at low temperatures, the curve should follow the expres-
sion Ms(T ) = M(0)(1 − AT 3/2) based on spin-wave the-
ory, the so-called Bloch T3/2 law [45]. This model fit is
useful in extracting the spin-wave stiffness coefficient D
in the spin-wave dispersion relation h̄ω = Dq2, with A =
2.612(V/S)(kB/4πD)3/2 [39,46]. In this relationship, V is
the volume per magnetic atom, S is the spin, and kB is the
Boltzmann constant. Knowledge of the spin-wave stiffness
coefficient is important as it relates to the thermal stability
of exchange interactions, and also affects the performance of
spintronic devices. The fitting of low-temperature data in the
case of Co1.5Ti0.5FeGe (see Fig. 11) yielded a best fit value
for A of 1.043 ± 0.007 ×10−5 K−3/2. With this value of A, the
corresponding value of D was calculated to be 287.3 meV Å

2
.

This value of D is comparable to the value of other known
half-metallic full Heuslers [47,48] and half Heuslers [49].

Knowledge of magnetic anisotropy is also critical for most
practical applications. However, determining the magnetic
anisotropy in these bulk polycrystalline samples with irregular
shapes is problematic. In order to gain some rough insight
into the magnetic anisotropy of these alloys, we utilized the
singular point detection technique (SPD) [50]. In the SPD

TABLE III. The effective magnetic moment above Tc, the param-
agnetic Curie temperature θ , and pc/ps for the alloys (0.125 � x �
0.625). The number in parenthesis () indicates uncertainty in the last
digit.

Sample μeff (μB/f.u.) θ (K) pc (μB/f.u.) pc/ps

Co1.875Ti0.125FeGe 2.75(6) 907(1) 1.93(4) ≈0.35
Co1.75Ti0.25FeGe 3.26(6) 859(2) 2.41(4) ≈0.49
Co1.625Ti0.375FeGe 3.07(3) 793(1) 2.22(2) ≈0.53
Co1.5Ti0.5FeGe(A) 3.3(1) 746(3) 2.45(7) ≈0.67
Co1.5Ti0.5FeGe(B) 2.1(2) 864(9) 1.3(1) ≈0.36
Co1.375Ti0.625FeGe(A) 3.29(3) 690(1) 2.44(2) ≈0.83
Co1.375Ti0.625FeGe(B) 1.9(1) 868(5) 1.15(6) ≈0.39

FIG. 11. Temperature-dependent magnetization curve measured
in the range 4–400 K at 1 T for Co1.5Ti0.5FeGe. The inset graph
shows the data for T < 100 K as function of T 3/2. The solid line
is a linear fit to the experimental data showing T 3/2 dependence of
magnetization at low temperature.

technique, the anisotropy field Ha is determined by perform-
ing successive derivatives of the magnetization-field curves.
While the order of the derivative depends on the particular
symmetry of the specimen, in case of cubic crystals the singu-
larity is usually observed in second or third derivatives [50].
Hence, from the d2M

dH2 versus H plot, an anisotropy field Ha

of ≈ 2.3 ×105 A/m was determined. Then, with Ms =
7 ×105 A/m and by using the relation Kμ = μ0HaMs

2 , an es-
timated value of ≈1 × 105 J/m3 was obtained for Kμ. Again,
we stress that our samples are polycrystalline, making this an
effective anisotropy at best, and given the irregular sample
shape, we are unable to correct for demagnetization. How-
ever, we have recently made epitaxial thin films of the x =
0.500 composition, where these issues are not present, and
ferromagnetic resonance measurements yield a very similar
in-plane anisotropy value. The growth and characterization of
thin films in this alloy series will be reported in a subsequent
paper.

4. Electrical transport measurement

The electrical transport properties were measured using the
van der Pauw method [51]. The samples utilized had approx-
imate dimensions of 5 mm × 5 mm × 2 mm. The electrical
resistivity was measured in the temperature range of 5–400 K
during both heating and cooling cycles. In the case of normal
ferromagnets, the scattering of conduction electrons is mainly
governed by three factors: scattering due to lattice defects
(ρ0), scattering due to lattice vibrations (ρph), and scattering
due to magnon excitations (ρmag). Hence the total resistivity of
a magnetic alloy can be expressed by following Matthiessen’s
rule [52] as

ρ(T ) = ρ0 + ρph(T ) + ρmag(T ) (2)
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The phononic contribution to the resistivity can be modeled
with the Bloch-Grüneisen formula:

ρph(T ) = α

(
T


D

)5 ∫ 
D
T

0

x5

(ex − 1)(e−x − 1)
dx. (3)

The magnetic contribution is rather complicated. In gen-
eral, a T 2 variation is expected due to one magnon scattering.
However, in half-metals, due to the presence of a gap in
one of the spin channels the T 2 variation is assumed to be
exponentially suppressed (i.e., no spin-flip scattering) at low
temperature [53]. Thus, in the case of half-metals, the usual
electron-magnon scattering could be modified by including a
Boltzmann factor as [54,55]

ρmag(T ) = βT 2e−�/T , (4)

where � measures the energy gap between the Fermi level and
the band edge of the unoccupied band. We chose only the sam-
ples with x = 0.375 and 0.500 for transport measurements,
as compositions in this range showed good single-phase
microstructure and excessive grain boundaries in the other
samples further complicate interpretation. The temperature
variation of resistivity is shown in Fig. 12. Metallic behavior
was observed for all samples. The residual resistivity (ρ0) is
relatively high in all samples. The large residual resistivity
is most readily attributed to scattering at grain boundaries,
impurities, and pores as seen in higher magnification in SEM,
but may also indicate a substantial degree of atomic disor-
der (which we are not able to quantify via XRD as noted
above). The residual resistivity ratio (RRR) of ≈1.2 further
indicates that the sample quality was not ideal for transport
experiments.

As shown in Fig. 12, the resistivity decreases with the
decreasing temperature down to 50 K. Below 50 K, the re-
sistivity was found to be nearly constant. The experimentally
measured data could be fitted over the entire temperature
range using Eq. (2) incorporating phononic and magnonic
parts from Eqs. (3) and (4), respectively. The insets in Fig. 12
display the fitting in the low-temperature regime (<100 K),
both with and without taking Boltzmann factor into consid-
eration. It can be observed that inclusion of the Boltzmann
factor resulted in a better fit for both samples. It reduced
the chi-square value by an order of magnitude (see Fig. 12
for chi-square values). The Boltzmann factor was then used
to determine the energy gap (kB�) which increases as we
go from x = 0.375 to 0.500. The value of the energy gap
and other best-fit parameters are displayed in Table IV. The
increase of energy gap suggests that the Fermi level shifts
left from the band edge of the minority conduction band
with increasing Ti content. Such a behavior can be related
to the expansion of the lattice with Ti concentration, which
shifts the Fermi level deeper in energy. This behavior also
agrees qualitatively with our theoretical findings, which will
be discussed below in Sec. III. These findings lend some
support to our argument that there is half-metallic behavior
in the intermediate composition (x ≈ 0.500).

Although the resistivity measurement and fit are consis-
tent with the idea suggested by Galanakis et al. [25] (that
lattice expansion shifts Fermi level deep in energy) and our

FIG. 12. Temperature dependence of resistivity in zero magnetic
field for (a) Co1.625Ti0.375FeGe and (b) Co1.5Ti0.5FeGe. The insets in
figure show fit of low-temperature data with and without considering
the Boltzmann term in the magnon scattering. The reported χ2 values
are obtained from the fit while including the Boltzmann factor (WB)
and while not including the factor (NB).

theoretical findings, the conclusion that this implies half-
metallicity should be considered speculative since the data
can also be fit very well without including the exponential
term at all. More to the point: of course, the fit is likely to
be better when adding another free parameter, this does not
necessarily imply the model is correct. Further experiments
with high-quality single crystal samples are necessary to draw
more reliable conclusions from the transport properties.

5. Mechanical properties

It became apparent while preparing these alloys for met-
allography that they are unusually hard. Hardness data on
Heusler alloys are relatively scarce, particularly for full
Heusler alloys. Further, several Heusler alloys have attracted
attention for thermoelectric applications, which requires good
mechanical robustness to withstand repeated thermal cycling.
Based on our initial observations an investigation of the hard-
ness of these alloys seemed warranted. Rogl et al. [56] sum-
marized the mechanical properties of half-Heusler alloys, with
the hardest alloys exhibiting Vicker’s hardness of 10–14 GPa.
For full Heuslers, Hakimi et al. [57] studied the hardness of
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TABLE IV. Fitted parameters of resistivity data for samples with x = 0.375 and 0.5.

Sample 
D (K) ρ0 (μ
 cm) α (μ
 cm) β (μ
 cm K−2) � (K) kB� (eV)

Co1.625Ti0.375FeGe 339(4) 122.22(4) 4.3(1) × 104 0.9(2) × 10−3 1400(103) 0.12(1)
Co1.5Ti0.5FeGe 303(2) 131.12(2) 3.03(4) × 104 3(1) × 10−3 2400(176) 0.20(2)

nanocrystalline Co2FeAl powder, finding a Vicker’s hardness
of up to ≈8.5 GPa, while Ouardi et al. [58] reported ≈7.3 and
≈7.9 GPa for bulk polycrystalline Co2MnGe and Co2MnSi,
respectively.

The hardness of the heat treated samples was measured in
a Buehler model 1600-6100 hardness tester using the Vickers
technique. In this technique, an impression is made with a
square-based diamond-pyramid indenter and the length of
the diagonals of the impression is measured to calculate the
hardness in terms of the Vickers number (Hv). The results
of hardness measurement performed for all the samples in
the series (0 � x � 1) are shown in Fig. 13. At least ten
indents were made for each sample to improve the accuracy
of the measurement. A significant enhancement in hardness
with increasing Ti concentration is observed. An increase of
hardness is anticipated with the substitution of atoms with
a larger atomic radius for the atoms with a lower atomic
radius [59], consistent with our substitution of Ti for Co. Sim-
ilarly, hardness is found to depend strongly on porosity, grain
size and on the phase separation [56]. From the microstructure
analysis, a decrease in grain size is observed on going from
x = 0 to 0.500. We argue that grain size reduction is one of the
key factors in the enhancement of hardness. In the case of x =
0.625, the grain boundaries were invisible which correlated
with a slight downturn in the hardness. From x = 0.625 to
1, however, microstructure analysis indicated the presence of
multiple-phases, thereby enhancing the hardness even further.
In Fig. 13, for the single-phase region and multi-phase region,
two different regimes of hardness enhancement can be ob-
served. This is expected as the source of hardness is different
for these regimes; for instance, grain size reduction enhances
the hardness for single-phase samples, whereas phase segrega-
tion is a key factor in the case of multi-phase samples. For high

FIG. 13. Measured hardness value for the alloys in the series
(0 � x � 1). Slightly different trend of hardness increment can be
seen for the single-phase and multiphase samples.

Ti concentration, the observed hardness is substantially larger
than those reported for Co2MnSi or Co2MnGe (or typical val-
ues for hardened steel, for example), and compares favorably
with the hardest reported half-Heusler alloys. Exploration of
different processing conditions to optimize the microstructure
may allow a substantial increase in hardness.

III. THEORETICAL APPROACH

To briefly summarize our experimental results; although it
seems to be difficult to synthesize a single-phase Co2FeGe
L21 compound, substitution of Ti for Co, i.e., Co2−xTixFeGe
for 0.125 � x � 0.625 allowed us to obtain single-phase
materials with XRD patterns consistent with L21. However,
the transition elements, especially Co and Fe, scatter x rays
so similarly that although we are confident there is an fcc
superstructure on the bcc base structure, it is not clear
how the Co, Fe, and Ti atoms are arranged. In this sec-
tion, we describe calculations using density functional theory
(DFT) aimed at obtaining further information about the likely
structure.

A. Calculation details

We have calculated the zero-temperature electronic struc-
ture, magnetic structure, physical structure and relative en-
ergies of a number of possible Co2−xTixFeGe structures.
These calculations were performed using 16-atom supercells,
i.e., 4 formula units of the underlying L21 compound. The
calculations employed DFT as implemented in the Vienna
ab initio simulation package (VASP) code [60] which uses
projector augmented wave (PAW) pseudopotentials [61]. The
Perdew-Burke-Ernzerhof (PBE) version of the generalized
gradient approximation (GGA) was used for exchange and
correlation [62]. The calculations were performed using 64
k points in the irreducible zone of the supercell. The energy
cutoff for the plane wave basis set was 520 eV. The (initially
cubic) cell dimensions and the atomic positions within the
cell were relaxed using the conjugate-gradient method. Our
calculations did not include spin-orbit interaction. The results
of our calculations are summarized in Table V.

Although we calculate zero-temperature energies and mag-
netic moments, we intend to use them to make inferences
about the relative free energy of different configurations of
the atoms in these materials at annealing temperatures on the
order of 1200 K where the atoms are sufficiently mobile to
achieve the minimum free energy configuration during the
3-day annealing period. Differences in entropic contributions
to the free energy will arise from the dependence of lattice
vibrations and magnetic excitations on the atomic configu-
rations. In addition, there will be a contribution to the free
energy from the antisite disorder that will ensure some degree
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TABLE V. DFT calculation results for some possible atomic configurations. In the table E , EL , M, MSP, and 〈a〉 represent calculated
energy, energy of most stable configuration, calculated moment, Slater-Pauling moment, and optimized lattice parameter.

E − EL M M − MSP 〈a〉 Tet.
Configuration 4a 4b 4c 4d (eV) (μB/f.u.) (μB/f.u.) (Å) (a/c -1)

x = 0
Co8-Fe4Ge4 4Co 4Co 4Fe 4Ge 0 5.7010 −0.2990 5.7475 0.000
Co7Fe-Fe3CoGe4 1Fe,3Co 4Co 1Co,3Fe 4Ge 0.2396 5.0850 −0.9148 5.7266 0.000
Co7Ge-Fe4CoGe3 1Ge,3Co 4Co 4Fe 1Co,3Ge 1.8915 5.0375 −0.9625 5.7694 0.011
x = 0.25
Co7Fe-Fe3TiGe4 1Fe,3Co 4Co 1Ti,3Fe 4Ge 0 4.7110 −0.0389 5.7710 0.000
Co7Ti-Fe4Ge4 4Co 1Ti,3Co 4Fe 4Ge 0.9101 4.7460 −0.0039 5.7928 0.000
Co7Ge-Fe4TiGe3 1Ge,3Co 4Co 4Fe 1Ti,3Ge 2.5386 4.6810 −0.0691 5.8196 0.000
x = 0.5
Co6Fe2-Fe2Ti2Ge4 1Fe,3Co 1Fe,3Co 2Ti,2Fe 4Ge 0 3.4995 −0.0005 5.7861 −0.013
Co5Fe3-CoFeTi2Ge4 1Fe,3Co 2Fe,2Co 1Co,2Ti,1Fe 4Ge 0.5638 2.8335 −0.6665 5.7722 0.005
Co6FeTi-Fe3TiGe4 1Fe,3Co 1Ti,3Co 1Ti,3Fe 4Ge 1.1019 3.5470 0.0466 5.8112 −0.006
Co4Fe4-Co2Ti2Ge4 4Co 4Fe 2Ti,2Co 4Ge 1.1203 2.2784 −1.2217 5.7521 0.011
Co4Fe2Ti2-Co2Fe2Ge4 2Fe,2Ti 4Co 2Fe,2Co 4Ge 1.9135 2.7250 −0.7749 5.8081 0.473
Co2Fe4Ti2-Co4Ge4 2Fe,1Ti,1Co 2Fe,1Ti,1Co 4Co 4Ge 1.9985 2.6060 −0.8943 5.7901 0.559
Co6Ti2-Fe4Ge4 1Ti,3Co 1Ti,3Co 4Fe 4Ge 2.4155 4.2920 0.7920 5.8576 0.000
Co5Ti2Fe-CoFe3Ge4 1Ti,1Fe,2Co 1Ti,3Co 1Co,3Fe 4Ge 2.6961 3.4904 −0.0096 5.8299 −0.020
Fe4Co2Ti2-Co4Ge4 4Fe 2Ti,2Co 4Co 4Ge 2.9207 3.4190 −0.0808 5.8298 −0.090
Co4Fe2Ti2-Co2Fe2Ge4 1Fe.1Ti,2Co 1Fe,1Ti,2Co 2Co,2Fe 4Ge 3.0697 2.9843 −0.5157 5.8123 −0.054
x = 0.75
Co5Fe3-FeTi3Ge4 2Fe,2Co 1Fe,3Co 3Ti,1Fe 4Ge 0 2.2500 0 5.8001 −0.011
Co4Fe4-CoTi3Ge4 4Co 4Fe 1Co,3Ti 4Ge 0.5701 1.4627 −0.7874 5.7800 0.000
Co5FeTi2-TiFe3Ge4 1Fe.1Ti,2Co 1Ti,3Co 1Ti,3Fe 4Ge 2.6404 3.4156 1.1656 5.8735 −0.012
Co5Ti3-Fe4Ge4 2Ti,2Co 1Ti,3Co 4Fe 4Ge 2.9803 3.4443 1.1943 5.8989 0.006
x = 1.0
Co4Fe4-Ti4Ge4 4Fe 4Co 4Ti 4Ge 0 1 0 5.8156 0.000
Co4Ti4-Fe4Ge4 2Ti,2Co 2Ti,2Co 4Fe 4Ge 2.8114 0.8055 −0.1945 5.8673 0.528
Co4Ti4-Fe4Ge4 4Ti 4Co 4Fe 4Ge 3.6451 2.9978 1.9978 5.9458 0.000
Co4Ge4-Fe4Ti4 4Co 4Ge 4Fe 4Ti 6.1077 0 −1 5.8805 0.000

of randomness in the site occupations. These uncertainties are
in addition to any errors inherent in the use of a mean-field
treatment of electronic structure.

Fortunately, we have some experience that may be useful in
our attempt to gain insight into which of the phases consistent
with the experimental data are more likely. Ma et al. [63]
investigated all inverse Heusler alloys reported as stable in
the Inorganic Crystal Structure Database (ICSD) [64,65] and
more recent literature. They found that DFT-calculated en-
ergies of the stable phases were within 0.052 eV/atom of
the DFT-calculated convex hull. In other words, most of the
experimentally stable inverse Heusler alloys were found to
be lower in DFT-calculated energy than competing phases.
The competing phases were drawn from the Open Quantum
Materials Database [66,67] which contains more than 500 000
phases. Those that were not lower in calculated energy than
all other phases or combination of phases in the database, yet
were observed experimentally, were within 0.052 eV/atom
in energy from the energy of that phase or combination of
phases.

We assert that although entropic contributions to the free
energy will certainly be different for different phases, calcu-
lated energy differences between structures in excess of about
0.05 eV/atom can be used to indicate which phase, consistent
with available experimental data, is more likely.

Additional valuable information is provided by the cal-
culated spin moments. The experimental moments of the
Co2−xTixFeGe alloys vary linearly over the range where
single-phase materials have been synthesized, the magni-
tudes being slightly greater than the value expected for a
Slater-Pauling half-metal with three electrons per atom in the
minority channel. These moments and their variation with
concentration are only consistent with the DFT calculations
(within experimental error and allowances for possible orbital
moments) if the Ti atoms occupy the 4c sites.

Below we discuss the calculations which are summarized
in Table V. In describing the atomic configurations, we will
use the occupation of the Wyckoff positions of Space group
216 (structure Y). Thus the compound, CoFeTiGe, generates
a 16 atom computational supercell in which four Co atoms,
four Fe atoms, four Ti atoms, and 4 Ge atoms occupy the 4a,
4b, 4c, and 4d sites of structure Y. We will also sometimes
refer to the A and B sublattices. The A sublattice consists of
the 4a and 4b sites. The B sublattice comprises the 4c and 4d
sublattices. The A and B sublattices (before relaxation) are
both simple cubic lattices. Every atom on the A sublattice
is at the center of a cube with eight B-lattice atoms at the
corners and every atom on the B sublattice is at the center
of a cube with eight A-lattice atoms at the corners. This
structure in which nearest neighbors of A atoms are B atoms
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and vice versa makes possible hybridization gaps near the
center of the d band often seen in the density of states (DOS)
of Heusler alloys. Relaxation of the structures to eliminate
the forces on the atoms will reduce the symmetry of the
cells because many of the configurations do not have cubic
symmetry. Most of these distortions are of the order of a few
percents or less. A few configurations, however, relaxed to
structures quite different from the initial ones and inconsistent
with the experimental XRD data. In Table V, the energy,
moment, and lattice constant in the table refer to the 16 atoms
computational cell after relaxation starting from a cubic cell.

B. Results and discussion

1. Co2FeGe

Three calculations were performed for the composition
Co2FeGe, one for the base L21 compound, one in which an
Fe and a Co atom were interchanged and one in which a
Ge and a Co atom were interchanged. The DFT electronic
structure of Co2FeGe is similar to that of Co2FeSi [68]. There
is a gap in the minority DOS after 12 states per formula unit
consistent with the Slater-Pauling rule, but with 30 electrons
per formula unit, it is not energetically favorable for the Co
and Fe atoms to generate the 6 Bohr magnetons of magnetic
polarization needed to place the Fermi energy in the gap.
The magnetization is 5.7 μB and the Fermi energy falls 0.15
electron/formula unit above the gap.

A simple explanation of why it is difficult for this com-
pound to generate magnetization of 6 μB per formula unit is
that Co only has about 1.6 unoccupied d states/atom and
Fe only about 2.6, so 6 μB would require the energetically
unfavorable occupation of s states above the top of the d
complex by majority electrons. This simple explanation is
based on the following s-d model construction. Co and Fe
have nine and eight electrons respectively. The ten d states per
atom are more or less degenerate with a broad s band that will
hold, approximately 0.5 electrons per atom below the Fermi
energy more or less equally distributed between up and down
spin channels. There remain about 8.5 and 7.5 d electrons per
Co and Fe atom respectively, leading to maximum moments
of about 1.5 and 2.5 μB per atom. The maximum moments can
vary slightly depending on the relative positions of the s and
d bands and amount of charge transfer between atoms

Interchange of one of the four Fe atoms with one of
the eight Co atoms in the 16-atom computational supercell
costs an energy of 0.24 eV, reduces the magnetic moment by
2.46 μB and eliminates the Slater-Pauling gap. Interchange of
one of the four Ge atoms with one of the eight Co atoms in the
computational cell costs 1.89 eV and reduces the magnetic
moment by 2.65 μB. It also eliminates the gap in the DOS.
Comparison of these two interchange energies indicates that
Co-Fe interchange is much more likely than Co-Ge inter-
change.

2. Co1.75Ti0.25FeGe

Possible phases with x = 0.250 were investigated in the
16-atom computational supercell using three calculations: (a)
one of the eight Co atoms is replaced by a Ti atom, and (b)
A Co atom is removed and a Ti atom is added, but the Ti

atom displaces an Fe atom going to the site vacated by the
removed Co atom. (c) The same as (b) but the Ti goes to a Ge
site with the displaced Ge atom going to the vacant Co site.
Configuration (b) has the lowest energy. Configuration (a) is
higher by 0.91 eV and configuration (c) is higher by 2.54 eV.
We infer from this result that at low concentrations, Ti prefers
to replace Fe on the FeGe sublattice. We also confirm the XRD
results that the Ge atoms form an fcc superstructure on the
underlying bcc lattice.

All three of the calculations yield a moment close to the
Slater-Pauling value of 19 μB per 16-atom computational cell.
Calculation (a) in which a Ti atom simply replaces a Co
atom yields 18.98 μB, (b) in which Ti replaces an Fe which
is displaced to the vacant Co site yields 18.84 μB, while (c)
in which Ti replaces a Ge atom yields 18.72 μB. The DOS
for calculation (b) appears very similar to that for Co2FeGe
with the exception that the Fermi energy is much closer to
the energy gap with the Ti substituting for Fe. The DOS
for calculation (a) shows the Fermi energy in a very small
region of very low density of states. However, we predict
a pseudogap rather than an actual gap. There is no sign of
a Slater-Pauling gap after three electrons per atom when Ti
substitutes for Ge.

Compared to Co2FeGe, the calculated lattice constant of
Co1.75Ti0.25FeGe is calculated to increase by 0.023, 0.045,
or 0.071 Angstrom depending on whether the Ti substitutes
for Fe, Co, or Ge, respectively. The increase in experimental
lattice constant is 0.020 Å.

3. Co1.5Ti0.5FeGe

Ten atomic configurations were calculated for
Co1.5Ti0.5FeGe as shown in Table V. The atomic configuration
with the lowest calculated energy has Co and Fe on sublattice
A (4a and 4b sites) with Fe, Ti, and Ge on sublattice B (4c
and 4d sites). This configuration is predicted to generate a
“near-half-metal” with a minority gap of slightly less than
0.1 eV. The Fermi energy is predicted to fall just above the
bottom of the conduction band in a region of extremely low
DOS. The predicted spin moment is only 0.002 μB less than
the Slater-Pauling value of 14 μB.

The next lowest energy configuration again has only Co
and Fe on the A sublattice, but one Co atom on the A sublattice
has been swapped with an Fe atom on the B sublattice. This
interchange costs 0.56 eV and reduces the calculated magnetic
moment by 2.66 μB.

The third lowest energy configuration has one Ti on the
A sublattice and one on the B sublattice while all of the Co
is on the A sublattice. This configuration is higher in energy
by 1.10 eV than the minimum energy configuration and the
moment is also slightly larger. There is a very narrow dip in
the DOS above the Fermi energy with a Slater-Pauling gap of
about 0.01–0.02 eV in width.

Almost degenerate in energy with the last configuration is
a configuration with equal amounts of Co and Fe on sublattice
A, and Co, Ti and Ge on sublattice B. There is another
narrow gap in the DOS well below the Fermi energy at 36
minority electrons per 16 atom cell (2.25 minority electrons
per atom). The moment of this configuration is less than the
Slater-Pauling value by nearly 5μB.
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Next higher in energy are two configurations that relaxed
to highly tetragonal structures. The relaxed structures have
little relation to the starting structures with, for example,
completely different nearest neighbors.

Next higher in energy among the investigated configura-
tions is the one that represents simple substitution of Ti for
Co. It is 2.42 eV higher in energy than the lowest energy con-
figuration. Its moment is 3.17 higher than the Slater-Pauling
value. The DOS shows no sign of a Slater-Pauling gap.

Next higher in energy above simple substitution is a con-
figuration that can be considered simple substitution of Co by
Ti plus an interchange of one of the remaining Co atoms on
the A sublattice with an Fe atom on the B sublattice. This
interchange costs an additional 0.28 eV of energy compared
to simple substitution. The calculated moment differs from
the Slater-Pauling value by about 0.04 but there is no Slater-
Pauling gap.

Calculations were performed for two additional configu-
rations with Ti on the A sublattice and more Co on the B
sublattice. The energies were about 3 eV higher than the mini-
mum energy configuration and they had tetragonal distortions
of about 5% and 9%.

To summarize the calculations for x = 0.500, the lowest
energy configuration has all Co atoms on the A sublattice and
all Ti and Ge on the B sublattice. Interchange of an Fe and
a Co such that one of the Co atoms sits on the B sublattice
costs about 0.56 eV. The “simple substitution” configuration
in which a Ti occupies the site of a missing Co on the A
sublattice is higher in energy by about 2.42 eV. The lowest
energy state is a Slater-Pauling “near-half-metal” with about
0.002 electrons in the conduction band.

4. Co1.25Ti0.75FeGe

Four configurations with x = 0.750 were investigated. The
lowest energy configuration (Co5Fe3-FeTi3Ge4) had all three
Ti atoms on the B sublattice with all of the Co on the A sub-
lattice. This configuration is predicted to be a Slater-Pauling
half-metal.

The next highest energy configuration (Co4Fe4-CoTi3Ge4)
also had all three Ti atoms on sublattice B, but compared
to the lowest energy configuration, one of the Co atoms on
sublattice A had been swapped with an Fe on sublattice
B. This interchange cost 0.57eV and reduced the magnetic
moment by 3.15 μB.

The next highest-energy configuration (Co5FeTi2-
TiFe3Ge4) had all of the Co atoms and 2/3 of the Ti
atoms on the A sublattice. It was higher in energy than the
lowest calculated configuration by 2.64 eV and had a larger
moment by 4.66 μB.

The highest energy configuration calculated was that of
simple substitution of Co by Ti on the A sublattice. Compared
to the minimum energy configuration, it was higher in energy
by 2.98 eV, and higher in moment by 4.78 μB.

5. CoTiFeGe

Three possible phases of CoTiFeGe with space group 216
are possible. If Co is assigned the 4a Wyckoff position, then
the 4b position may be one of Fe, Ti, or Ge. The 4a and
4b positions can be thought of as forming one sublattice

(A) while the 4c and 4d positions form a second sublattice
(B). All of the nearest neighbors of an atom on sublattice
A are on sublattice B and vice versa. Of these three phases,
the phase in which Co and Fe are on one sublattice, (e.g.,
A) and Ti and Ge are on the other (e.g., B) has the lowest
energy, −118.155 eV. Putting Co and Ti on the same sublattice
increases the energy by 3.645 eV or 0.228 eV/atom. Putting
Co and Ge on the same sublattice increases the energy by
6.108 or 0.382 eV/atom. CoFeTiGe with Co and Fe on the
A sublattice is predicted by DFT to be a Slater-Pauling half-
metal in agreement with Refs. [32,33].

One additional calculation was performed in which the
Co and Ti atoms occupied the A sublattice and Fe and Ge
occupied the B sublattice, but the cubic symmetry of space
group 216 was broken by allowing the allowing both the 4a
and 4b sublattices to be two Co and two Ti atoms. This system
relaxed to a highly tetragonal structure allowing the Fe and Ge
atoms to become nearest neighbors and the Co and Ti atoms
to become nearest neighbors.

C. Conclusions from calculations

The experimental and theoretical calculations can be ra-
tionalized with the following picture. Although the chemical
composition of the stable cubic phases of the Co-Ti-Fe-Ge
system, Co2−xTixFeGe, appears to imply that the Ti atoms
are substituting on Co lattice sites of the underlying Co2FeGe
system, it is more likely that Ti is substituting for Fe atoms
which are displaced to the vacant Co sites. This picture is
supported by the calculated energies (Table V). For all four
of the Ti concentrations for which we performed calculations,
the lowest energy structure had Co and Fe on the A sublattice
and Ti, Fe and Ge on the B sublattice. The energies of the
configurations with Ti on the B sublattice all had energies
much lower (e.g., exceeding our empirical 0.05/atom thresh-
old) than for Ti on the A sublattice. On the other hand,
some configurations with a small amount of Co on the B
sublattice cannot be ruled out energetically, because they are
only slightly higher in energy than the minimum energy con-
figurations. The best argument against these configurations is
that they yield moments significantly below those measured
experimentally.

Each of the minimum energy structures is a Slater-Pauling
half-metal—or nearly so (see Fig. 14), giving a linear vari-
ation of the magnetic moment with the Ti concentration in
agreement with experiment. The small systematic excess of
the experimental moment above the Slater-Pauling value and
the calculations may be due to orbital moments not included
in the calculations or possibly systematic experimental error.
Reference [27], provides the contribution of each element to
the total magnetic moment as well as the number of electrons
in the spin-up and spin-down channels calculated for the most
stable configuration.

A simple explanation for the variation of the moment with
Ti concentration and for the half-metallic nature of these
phases can be given as follows [63,69]. The Slater-Pauling
state in which a gap forms for L21 structures after 12 states per
formula unit in one of the spin channels requires: (a) sufficient
contrast between the position of the d states of the A and
B sublattices in the gapped channel to open a hybridization
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FIG. 14. Spin resolved density of states plot for Co2−xTixFeGe (0 � x � 1) alloy series. It can be observed that Ti substitution for Co tunes
a perfect half-metallic character in the parent Co2FeGe alloy after x > 0.500. In the insets, the magnified view of the vicinity of Fermi level is
shown to show relative position of the Fermi level with respect to the band gap.

gap between the d states of the transition metal atoms on the
A sublattice and their nearest neighbors on the B sublattice,
and (b) Sufficiently low symmetry that compatibility relations
do not eliminate the gap. Empirically, Heusler type structures,
especially the L21 phases are found to have both sufficiently
low symmetry and the property that sublattice A has only
B sublattice nearest neighbors and vice versa. B2 phases
for example, have the property that A sublattice atoms have
nearest neighbors that are on the B sublattice and vice versa,
but the high symmetry usually means that the compatibility
relations, i.e., how the bands connect the different symmetry
points do not allow a gap near the center of the d band.

If the Fermi energy is to fall in this gap, the average number
of electrons per atom in the gapped channel must be 3. The
requirement for contrast between the d states on the two
sublattices and the requirement that the average of the number
of electrons on the two sublattices be exactly three constrains

the possible configurations that can produce half-metals. Of
the four types of atoms in the Co2−xTixFeGe system, Ge
has no d states and is thus nearly impossible to appreciably
magnetically polarize. Likewise, although Ti has d states,
they naturally lie rather high in energy and are also difficult
to polarize. As a consequence, both Ti and Ge will have
approximately two electrons in both the majority and minority
spin channels. The low-lying d states of Co are narrow in
energy and so tend to be magnetically polarized. The moment
however, cannot be larger than about 1.5 without occupying
majority states above the d bands. Such highly dispersive
states are energetically expensive to occupy. Fe has a rather
malleable moment that can vary from 0, e.g., in Fe2TiSi to
about 2.6, e.g., in Co-Fe alloys. Thus Fe atoms can occupy
either the A sublattice or the B lattice without completely
spoiling the half-metal feature of the band structure. It does
this by having a small moment on the A sublattice (ideally
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FIG. 15. Comparison of experimental and calculated lattice con-
stants, magnetic moments with the Ti concentration. The experimen-
tal data for higher Ti concentration (x > 0.625) are not included, as
those exhibited multiphase microstructure.

zero so that it has four minority channel electrons), and a large
moment on the B sublattice (ideally three so that it has 2.5
minority electrons).

The calculated variation of the lattice constant and mag-
netic moment with Ti concentration is much closer to exper-
iment for the minimum energy solutions (Ti displaces Fe to
vacant site) than for simple substitution of Ti for Co as shown
in Fig. 15.

IV. SUMMARY

In summary, from the bulk synthesis and characterization,
single-phase microstructure in the Co2−xTixFeGe alloy series

were obtained by substituting Ti for Co, up to x = 0.625.
XRD analysis of polycrystalline samples revealed a face cen-
tered cubic crystal structure for all single-phase samples with
a linear increase of lattice parameter with Ti concentration,
which is needed to shift the Fermi level deeper in energy and
hence tune half-metallic behavior. Soft ferromagnetic behav-
ior with extracted saturated magnetic moments agreeing well
with Slater-Pauling behavior was observed, an indication of
possible half-metallic behavior. Very high Curie temperatures
with a seemingly linear relation with saturation magnetic mo-
ments were also obtained in case of single-phase samples. The
linear dependence of Ms and Tc with the number of valence
electron suggested that substituting the high-valent transition
metal is another general approach that can be utilized to tune
desired properties in Heusler alloys. The resistivity data could
be fit including an exponentially decaying term in the magnon
scattering factor. An increase of the extracted energy gap with
an increase in Ti concentration was observed from the resis-
tivity data fitting, in agreement with theoretical calculations
and consistent with half-metallic behavior. A micro-hardness
study revealed an enhancement in the hardness by a factor
of 2 for high Ti concentration alloys compared to parent
Co2FeGe alloy, thereby making these alloys a potential candi-
date for mechanical applications. The theoretical calculations
predicted atomic configuration in which the substituted Ti
atom displaces Fe atom towards vacated Co site as the most
stable configuration supported by the experimental findings.
The theoretical calculations also predicted near half-metallic
character in the intermediate substitution range (x ≈ 0.500)
and a perfect half-metallic behavior for x � 0.750.
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