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Possible half-metallic behavior of Co,_,Cr,FeGe Heusler alloys: Theory and experiment
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This paper reports a combined experimental and theoretical study of structural, electronic, magnetic, and
mechanical properties of quaternary Heusler alloys Co,_,Cr,FeGe prepared by arc-melting with Cr concentra-
tions 0 < x < 1. Single-phase microstructures are observed for Cr compositions from x = 0.25 to x = 1. Lower
Cr concentrations are multiphased. X-ray diffraction patterns at room temperature reveal a face-centered cubic
crystal structure in all single-phase samples. The low-temperature saturation magnetic moments, as determined
from magnetization measurements, agree fairly well with our theoretical results and also obey the Slater-Pauling
rule for half-metals, a prerequisite for half-metallicity. All alloys are observed to have high Curie temperatures
that scale linearly with the saturation magnetic moments. Relatively high mechanical hardness values are also
observed. First-principles calculations also predict a finite band gap in the minority spin channel of the alloys,
increasing in size with increasing Cr concentration. Cr substitution brings the Fermi level toward the center of
this gap while also increasing the majority spin density of states near the Fermi level. As a whole, Co,_,Cr,FeGe

shows great promise as a half-metal with 100% spin polarization.

DOI: 10.1103/PhysRevB.104.014430

I. INTRODUCTION

Heusler alloys consist of a large family of intermetal-
lic compounds exhibiting varieties of magnetic phenomena.
Recently, the interest has been focused on those having half-
metallic character for their potential use in magneto-electronic
devices [1]. Co,-based full Heusler compounds with stoi-
chiometric composition Co,YZ, (Co,Y) being two transition
metals, and Z being main group element, crystallizing in the
L2, structure (space group Fm3m, No. 225 [2,3]) belong to
the most promising candidates of this family scientifically and
technologically [4—14]. These materials exhibit high Curie
temperature (T,), varying magnetic moments ranging from
0.3 up to 1.0 up at the Co site (depending on the constituents
Y and Z), compatible lattice mismatch with conventional
semiconductors, and 100% spin polarization at room temper-
ature, arising from the exceptional electronic structure with
an energy band gap at the Fermi level (Er) for minority spin
subband [1,6,15-19].

However, the experimentally observed spin polarization
values of most of the Co,-based ternary Heusler alloys are
always much smaller than the theoretical values. The dis-
crepancy between theory and experiment is expected due to
the structural disorder in the crystal lattices [9,20]. In many
cases, improvements in various properties such as structure,
magnetization, transport, critical temperature T,, magnetore-
sistance, as well as high spin polarization are realised in
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slightly disordered Heusler alloys by the substitution of a qua-
ternary element, as quaternary element additions are observed
to reduce the structural disorder and change the degree of
hybridization between the 3d orbitals of different elements
with consequent changes in the position of the Fermi level
with respect to the spin subband [21-26]. Ozdogan etal. [27]
have done the theoretical study of the doping effect of low-
valent transition metal atoms in ternary Heusler alloys. They
have observed the change in electronic structure opening the
energy gap around Fermi level in minority states by electron
doping, which gives 100% spin polarization, stabilizing the
half-metallic character. So, doping is considered as one of the
promising ways to stabilize Co,-based new robust half-metals
[28].

The Co,FeGe (CFG) system is of interest in spintronic
applications due to its high Curie temperature and is predicted
theoretically to be stable, crystallizing in the L2; structure
with Fermi level falling on the edge of the minority conduc-
tion band making the system shy from being half-metallic, but
it is observed experimentally to show multi-phase behavior
in bulk form [29-31]. High T. = 981 K and large magnetic
moment of 5.74 pp/fu. for disordered CFG is reported in
Ref. [30]. Balke et al. [32] have observed CFG to crystallize in
L2, structure by analyzing the EXAFS data. While quaternary
Heusler alloy CoFeCrGe (CFCG) is observed theoretically
and experimentally to be nearly half metallic with Fermi level
falling on the edge of the minority valence band, leading
to an unstable half-metallicity [33-36]. So, as we go from
CFG to CFCG, Fermi level is shifted from lower edge of
conduction band to upper edge of valence band in minority
spin channel, which is in accordance to the calculations by
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Galanakis et al. [37]. They have suggested that an expansion
of the lattice should shift the Fermi level deeper in energy
and the contraction should shift it higher in energy. There-
fore, one can expect robust half-metallicity with Fermi level
exactly at the middle of the band gap for some intermediate
Cr concentrations in CFG due to the expansion of the lattice
when Cr with larger atomic radius substitutes for Co [38].
The substitution of Cr to Co may be also seen as d-electron
deficiency.

There are some successful reports on CFG system where
substitution plays an important role to stabilize the L2 phase
and tune the Fermi level towards the minority band gap. The
band gap at the Fermi level can be tuned by substituting a
fourth element at X/Y /Zsite, i.e., Co,—, Y YZ,CorY |, Y}Z,
or Co,YZ,_,Z}, where Y, Y* are low valent transition ele-
ments and Z, Z* are main group elements [20,39-44]. The
substitution at X/Y site is more convincing as X/Y site el-
ement plays main role in tailoring the half-metallicity and
magnetic properties compared to Z site [37]. Ti substitution
for Co in disordered CFG is reported to stabilize the system
and tune the Fermi level towards the middle of the band gap
[31]. Venkateswarlu et al. [45] were able to obtain the stable
L2, phase in Co,Ti;_,Fe,Ge substitutional series in bulk form
with some antisite disorder. Varaprasad et al. [26] were able to
measure spin polarization as high as 0.69 in CFG by substitut-
ing Ga for Ge, i.e., CoFe(Ga;_,Ge,). All these approaches
have inspired us to synthesize CFG, a potential candidate
for spintronic applications, and investigate the effect of Cr
substitution for Co in CFG on structural, electronic, magnetic,
and mechanical properties. In particular, we present results
on the extent to which Cr can help to tune the half-metallic
character stabilizing the L2; structure in Co,_,Cr,FeGe
Heusler system.

II. METHODS

A. Experimental methods

The bulk Co,_,Cr,FeGe (0 <x < 1) stoichiometric
Heusler alloys were prepared by melting Co, Fe, Cr, and
Ge pieces of 99.99% purity in an arc furnace on a Cu
hearth provided with water cooling under argon flow at a
base pressure of 10~* mbar. The mixture was melted at least
6 times to ensure chemical homogeneity. As an oxygen getter,
Ti was melted inside the vacuum chamber separately before
melting the compound to avoid oxygen contamination. The
weight loss during the process was negligible. The resulting
ingots were cut into pieces and examined using an energy
dispersive x-ray spectroscopy (EDS) detector equipped in
a JEOL 7000 field emission scanning electron microscope
(FESEM) to ensure the target composition after the arc melt-
ing. These pieces were annealed in evacuated quartz tubes for
different heat treatments, and cooled slowly in the furnace
to get optimum crystallization to promote the formation of
L2, structure. To make the comparison uniform across all
compositions, only the samples annealed under similar heat
treatments (i.e., 1000 °C for 15 days) are reported. The heat
treatments were followed by metallography (see details in
the Supplemental Material [46]) 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 con-
firmed by using EDS.

Structural analysis was carried out by using x-ray diffrac-
tion (XRD) using a Bruker D8 Discover x-ray diffractometer
equipped with monochromatic Co-Ka (A = 0.179 nm) radi-
ation. The polished samples were rotated around the ¢ axis
during the XRD measurement to minimize surface effects.
CARINE crystallography 4.0 software [47] as well as in-house
PYTHON code [48] including the dispersive corrections to the
atomic scattering factors were used to simulate the XRD
patterns to compare with the experimental XRD patterns. Ri-
etveld refinement was done using a MATCH! software based
on the FULLPROF algorithm [49]. The low-temperature mag-
netic properties were studied in Quantum Design Physical
Properties Measurement System (PPMS), while the high-
temperature magnetization was measured using LakeShore
VSM 7407. The mechanical properties were studied in terms
of Vickers hardness by using Buehler model 1600-6100
micro-hardness tester.

B. Computational methods

We have performed density functional theory (DFT) cal-
culations employing the projector augmented wave (PAW)
pseudopotentials by Blochl [50], implemented by Kresse and
Furthmiiller in the Vienna ab initio simulation package (VASP)
[51]. We have adopted the generalized gradient approxima-
tion (GGA) in the scheme of Perdew, Burke, and Ernzerhof
(PBE) for the electronic exchange-correlation functional [52].
We have used a 16-atom supercell, i.e., 4 formula units of
the underlying L2; structure adopted by the perfect full-
Heusler compounds like Co,MnGe. The integration over the
irreducible Brillouin zone (IBZ) of cubic systems was done
with the automatic mesh generation scheme within VASP with
the mesh parameter (the number of k points per A~! along
each reciprocal lattice vector) set to 30, which generates a
10 x 10 x 10 I'-centered Monkhorst-Pack grid in the case
of cubic lattices [53]. Total energies were converged upto
10~7eV/cell with a plane-wave cutoff of 520 eV. Full re-
laxation of cell (initially cubic) volume, shape and atomic
positions were performed until the forces on each atom be-
come less than 1072 meV//cell using the conjugate-gradient
method. Our calculations did not include spin-orbit interaction
but the latter is not crucial for the half-metallic properties of
Heusler compounds [54].

III. RESULTS AND DISCUSSIONS

A. Experimental results and discussions
1. Microstructural and compositional analysis

XRD can not detect additional phases when the impurity
phase contents are either below the detection limit of XRD
(Iess than roughly 5% of the overall volume) or amorphous in
nature [31,55,56]. In such case, optical microscopy and SEM
of polished and etched samples are the most direct ways to
characterize the microstructure because they give a morpho-
logical image, which can clearly figure out secondary phases
and grain boundary segregation even for minor constituents.
Observing different contrast in etched sample seen from
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FIG. 1. Optical micrograph of Co,_,Cr,FeGe annealed at
1000 °C for 15 days followed by slow cooling showing the granular
microstructure. The samples were etched for 30 seconds using the
Adler etchant.

optical microscopy, we can speculate the presence of impurity
phases, and SEM with EDS can be used to directly quantify
whether areas of different contrasts represent impurity phases
or possible different crystallite orientations.

In accordance with previous reports of the full stoichiomet-
ric CFG [29-31,57], multiphase microstructure was obtained
for all the heat treatments performed at 900, 950, or 1000 °C
for different dwelling times; 3, 7, or 15 days. However, with
the substitution of Cr for Co, there is a rapid conversion
of this multiphase microstructure toward a single-phase mi-
crostructure for the samples annealed at 1000 °C for 15 days in
the composition range (0.25 < x < 1). Low Cr concentration
(x < 0.25) produced multiphase behavior. Figure 1 shows the
microstructure of all single-phase samples observed using op-
tical microscope. The contrast developed in micrograph (see
details in the Supplemental Material [46]) suggests signif-
icant compositional differences between phases in the case
of parent CFG (x = 0). The composition was measured to
differ from the target composition by more than 5% with the
secondary phase mainly located in grain boundaries and same
trend is observed with the chromium substitution x = 0.125
in place of Co, though the major granular phase was identi-
fied to be close to target and nominal secondary phase was
observed to segregate in grain boundaries, which can also be
seen from elemental mapping images of constituent elements
in homogenized Co,_,Cr,FeGe alloys presented in the Sup-
plemental Material [46]. The stoichiometry within the grains
of all the single-phase samples was confirmed as the target
composition within an instrumental uncertainty of ~ 5% using
EDS. Typical SEM images displaying the microstructure of
single-phase samples are shown in Fig. 2. Relatively large
grains are observed.

2. Crystal structure and atomic order analysis

Structural characterization has been performed with XRD
as the standard method. Although, XRD suffers from some

FIG. 2. SEM micrograph of Co,_,Cr,FeGe annealed at 1000 °C
for 15 days followed by slow cooling showing the granular
microstructure.

limitations due to very small differences in the atomic scat-
tering factors between constituent transition elements in
Co,_,Cr,FeGe, an important structural information concern-
ing atomic disorder can be obtained from the analysis of
the relative intensities of the superstructure reflection peaks
(111) and (200). Figure 3 shows the XRD patterns for
Co,_,Cr,FeGe alloys annealed at 1000 °C for 15 days, mea-
sured at room temperature, using a Co-K,, radiation source.
Single-phase behavior can be seen only for 0.25 <x <1
while low Cr concentrations are multiphase (impurity peaks
are represented by asterisks). Simple structural information
of a cubic single phase can be gained by indexing all XRD
peaks. For all cubic single-phase compositions, only three
distinct Heusler-like reflection peaks (A, k, [ all odd or even)
are observed; fundamental peaks with h + k + [ = 4n, even
superlattice peaks with &+ k + 1 =4n+ 2 and odd super-
lattice peaks with h + k 4+ [ = 2n + 1. Heusler alloys in the
ordered L2; structure are characterized by the presence of
superlattice diffraction peaks; the presence of (111) peak indi-
cates the chemical ordering of atoms in octahedral positions,
and (200) peak indicates the order for atoms in tetrahedral
positions, while (220) peak is a principal reflection, which is
independent of the state of the order [58].

In full Heusler alloys (FHA) of the type X, YZ, transition
metal atoms X are of the intermediate electronegativity values
and occupy 80(%, %, i) [or 40(%, %, i), and 4d(%, %, %)], the
low-valence transition metal atom Y with least electronega-
tivity occupies 4b(%, %, %), and the most electronegative main
group element Z occupies 4a(0,0,0) Wyckoff positions of the
space group Fm3m [9,59]. Here, we refer 4a and 4b sites
as A sublattice and 4c and 4d as B sublattice as shown in
Fig. 6. If one X is replaced by a different transition metal
X', a quaternary Heusler structure (or Y structure) with dif-
ferent symmetry (space group F43m No. 216) is obtained and
written as XX’ YZ. In the present system under study, one can
expect a change in structural order from L2; (x =0) to Y
structure (x = 1) after Cr substitution, as the parent alloy CFG
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FIG. 3. Experimental XRD patterns of Co,_,Cr,FeGe alloy
series annealed at 1000 °C for 15 days investigated at room tempera-
ture; here, * corresponds to the secondary phase/unknown impurity
phase. The first from the bottom is the simulated XRD pattern for
ordered L2; structure of CFG. The relative intensity (y axis) is
plotted in log scale so that all the peaks can be seen clearly.

(x = 0) has been reported to crystallize in L2; structure with
some disorder [26,29,30]. The intensities of superstructure
peaks are sensitive to different kinds of atomic disorders, e.g.,
(i) A2-type disordered structure with vanishing superstructure
peaks when all the atoms are randomly distributed over lattice
sites 4a, 4b, 4c, and 4d; (ii) disordered L2; structure (like
B2-type in FHA) with only the (200) superstructure peak and
vanishing (111) peak when there is a disorder between atoms
in 4a and 4b sites; and (iii) DO3 type when disorder is between
atoms in 4b, 4c, and 4d sites only [36]. This disordered struc-
ture DO; results (111) superstructure peak with much higher
intensity than the (200) peak. All these types of disorder in-
duce states at the edges of the minority-spin band gap leading
eventually to the loss of half-metallicity for a critical value of
disorder, the later being specific and depending on the kind of
disorder [43]. In such cases, the magnetic moments may still
follow a Slater-Pauling rule.

We present the enlargement of the experimental XRD
patterns between 29.5° and 37° for single-phase samples to
clearly show the superlattice reflections (111) and (200) in
Fig. 4(a) with corresponding simulated patterns of ideal L2,
structure (Y structure for x = 1) for comparison in Fig. 4(b);
the two diffraction peaks are clearly visible as expected
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FIG. 4. (a) Enlargement of (111) and (200) x-ray diffraction
peaks of single-phase samples and (b) the corresponding simulated
patterns for the ideal ordered structure.

for the defect-free ordered Heusler structure, indicating the
presence of a long range ordering in these samples. The mea-
sured and expected I;11/Ix0 and Iy /I are also labeled.
These values agree with each other qualitatively. Due to
the small differences in the atomic scattering factors between
the constituent 3d metals in Co,_,Cr,FeGe and the unknown
degree of texturing in the samples, which might alter the
relative intensity of XRD peaks, it is difficult to identify the
exact chemical ordering. Therefore, we performed Rietveld
refinement of experimental XRD pattern for x = 0.50, i.e.,
Co1.50Cros0FeGe considering four nondegenerate configura-
tions. Further detail about other possible chemical orderings
will be discussed in the forthcoming theoretical section. These
four nondegenerate configurations and corresponding good-
ness of fit parameters for x = 0.50 are shown in Table L.
Figure 5 shows the observed, calculated, and difference pro-
files for the best fit configuration (I) after performing the
Rietveld refinement. The crystal structure for this configu-
ration is shown in Fig. 6(b) (see the Supplemental Material
[46] for crystal structures for other possible configurations).
In this configuration, the Ge atoms occupy the 4a position, a
statistical distribution of the Fe and the Cr, which substitute
Co atoms in the chemical formula is expected at 4b, the Fe
atoms initially at these site in the perfect L2; structure migrate

TABLE 1. Possible site assignments for cubic Co,_,Cr,FeGe
with corresponding goodness of fit parameter for x = 0.50.

4a 4b 4c 4d
T}’Pe (0’070) (%s %! %) (%! %7 %) (%! %7 %) X)?:O,SO
1 Ge Fe] ,xCI'x CO] ,X/zFeX/z CO] ,X/zFeX/z 1.1
11 Ge Fe,_,Cr, Co;_,Fe, Co 1.7
11 Ge Coy_,Cr, Fe Co 1.9
v Ge Fe Coy_,Cr, Co 2.2
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FIG. 5. Rietveld refinement performed on Co; 50Crys0FeGe an-
nealed at 1000 °C for 15 days followed by slow cooling considering
first atomic configuration given in Table I.

to the tetrahedral sublattice B initially occupied purely by Co,
i.e., Co and Fe are on the tetrahedral sublattice B (4¢ and 4d)
and Fe, Cr, and Ge on the octahedral sublattice A (4a and 4b).
In Co,_,Cr,FeGe, Cr is the least electronegative (1.66 Pauli
units) [60]. Therefore, we presume that Cr substitution will
displace the Fe atoms towards vacated Co sites and it will
fill the site previously occupied by Fe forming an ionic-type
sublattice with Ge (which has a larger electronegativity of
2.01 Pauli units) rather than with Co and Fe and becomes
stable by donating its electrons to other elements in the alloy.
Ge tries to accept electrons from other elements. The Co and
displaced Fe atoms have intermediate electronegativities and
occupy tetrahedral sites [9,59]. This is also in agreement with
the Hume-Rothery condition of phase stability of substitu-
tional solid solution. According to this rule, the atomic size
difference between two elements should be no larger than 15%
and electron negativity difference no higher than 0.4 in order
to form substitutional solid solution [61-63]. In our case,
the atomic-size and electronegativity difference between Fe
(atomic radius 156 pm and electronegativity 1.83 Pauli units)
and Cr (atomic radius 166 pm and electronegativity 1.66 Pauli
units) are ~10% and —O0.11, respectively, and that between Co
(atomic radius 152 pm and electronegativity 1.88 Pauli units)
and Fe are ~3% and —0.03, respectively [38,60].

Lattice parameters were calculated using Cohen’s method
with a Nelson-Riley extrapolation [64]. Figure 7 displays the
dependence of the lattice parameter a on the Cr concentra-
tion x for Co,_,Cr,FeGe. It is clearly seen that the lattice
parameter increases linearly with increasing chromium con-
tent. This behavior is expected from Vegard’s law [65] due
to the larger atomic radius of Cr (185pm) compared with
Co (152 pm) [38].

3. Magnetic characterization

Most of the Co-based half-metallic Heusler alloys show a
Slater-Pauling-like behavior for the magnetization when crys-

(43)
Cr(4b)
e(4a

4

structure in unit cell
(b) Coy50Crgs0FeGe (I) configuration mentioned in Table I as-
suming L2; structure. The structures are shown in their ideal,
unrelaxed forms.

FIG. 6. Crystal of (a) CFG and

tallized in a fully ordered state [66]. The Slater-Pauling (SP)
rule relates the dependence of the magnetic moment with the
valence electron concentration (Z,) following a simple elec-
tron counting scheme for ordered, half-metallic ferromagnetic
Heusler compounds. If the value of the saturation magne-
tization changes with Cr concentration x according to the
Slater-Pauling rule of thumb for half-metals, then we expect
the total magnetization to be [6,9]

M, = [(2 — x)Zco + xZcx + Zpe + Zge] — 24, ey

where, M, is the total spin magnetic moment per f.u. in ug
and Z; is the number of valence electrons of each individual
atom. In Co,_,Cr,FeGe system, the total number of valence
electrons change from 30 in CFG to 27 in CFVG. Therefore,
the SP behavior predicts that the saturation magnetic moment
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FIG. 7. Variation of lattice parameter with Cr concentration
showing linear behavior. The black data point is the reported liter-
ature value [30,36].

should decrease with the partial substitution of Cr for Co. A
saturation magnetic moment of

M(x) =6 —3x 2)

is expected for Co,_,Cr,FeGe.

The low-temperature magnetic measurements for all
single-phase alloys were done using the VSM option of a
Quantum design PPMS Dynacool working in the temperature
range of T = 1.8 K to 400 K and with maximum possible
magnetic field of 9 T. Figure 8(a) shows the magnetization
curves measured at 1.8 K (see the Supplemental Material
[46] for magnetization curves at 300 K). The magnetization
curves shown in Fig. 8(a) are characteristic for ferromagnets.
All the alloys are saturated in magnetic field of about 5 kOe,
indicating small magnetocrystalline anisotropy. All the alloys
are observed to be magnetically very soft with low coercivity
(H.) of about 20 Oe [see inset to Fig. 8(a) for x = 0.50].
The spontaneous magnetizations (M) were determined from
an Arrot plot [67], i.e., by linear extrapolation to H/M=0
of M? vs H/M curve [see inset to Fig. 8(b)]. The saturation
magnetic moments deduced from the spontaneous magnetiza-
tion at 1.8 K are in good agreement with those expected for
Slater-Pauling half-metals (see red data points) and decrease
almost linearly with the increase of Cr content [see Fig. 8(b)].
The decrease of the total saturation magnetic moment with
the increase in Cr content can only be attributed to the de-
crease in number of Co atoms. The magnetic moment per
formula unit for x = 1, i.e., CoFeCrGe is measured to be
3.07 up, which is also in agreement with the observation of
Enamullah ef al. [36]. The slight deviation from integer value
of magnetic moment could be due to the slight variation in
the stoichiometry of the compounds, weighing and measure-
ment errors, partial surface oxidation, and the measurement
temperature of 1.8 K. All experimentally extracted saturation
magnetic moments are also in good agreement with those
obtained from first-principle calculations (see Table IV), as
described in the forthcoming section. Figure 9(a) shows the
temperature dependent specific magnetization of the investi-
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FIG. 8. (a) The field-dependent magnetization at 1.8 K of
Co,_,Cr,FeGe (0 < x < 1). The inset shows the enlargement for
x = 0.50. (b) The saturation magnetic moment vs Cr concentration,
both the experimental value and the value calculated according to
the Slater-Pauling rule for half-metals.The inset shows the Arrot
plot for x = 0.50. The black data points represent reported literature
values [30,36].

gated specimens, measured by means of a vibrating sample
magnetometer (LakeShore VSM 7407) equipped with a high
temperature stage. The measurements were performed in a
constant magnetic field of 100 Oe. The Curie temperatures
of intermetallic alloy series were extracted from the inflection
point, i.e., by taking the minima of the first-order derivative
of M(T) curves [see inset in Fig. 9(a)]. The Curie tem-
perature is observed to decrease with increasing Cr content
due to the weakening of the exchange interaction caused by
small magnetic moment of substituted Cr compared to Co.
The decrease in T, can also be attributed to the increase in
lattice parameter with the substitution of Cr changing the
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FIG. 9. (a) Temperature dependence of magnetization at 100 Oe.
The inset shows the first-order derivative of magnetization as a
function of temperature, the minima of which is used to extract T..
(b) Variation of Curie temperature as a function of saturation mag-
netic moment.The black data points represents reported literature
value [36].

distance between magnetic ions leading to a weak-exchange
interaction. Compared to other low valence transition metals
V and Ti, the large magnetic moment at the Cr sites due to
the exchange splitting between the Cr-d states in the spin-up
and the spin-down channels is responsible for the small vari-
ation of T, with the increase of Cr content [31,68]. A linear
dependence is obtained when plotting the Curie temperature
T, of all single-phase samples as a function of their satura-
tion magnetic moments [see Fig. 9(b)], which is expected in
half-metallic Co-based Heusler alloys [40]. According to this
plot, T, is the highest for those that exhibit a large magnetic
moment, or equivalently for those with a high valence elec-
tron concentration as derived from the Slater-Pauling rule.
The high values of Curie temperatures usually imply stable

TABLE II. Experimental lattice parameters and saturation mag-
netic moments at T = 1.8 K along with the Slater-Pauling (SP)
values, and the measured Curie temperature (T.) of Co,_,Cr,FeGe
alloy series. The numbers in parentheses are the uncertainty in the
last digit, e.g., 5.29(2) = 5.29 £ 0.02.

X Expt. lattice Expt. M, SP Tc
parameter A (up/fu.) (up/fu.) (K)
of a=>5.751(3) 5.71(3) 6.00 981[30]
0.25 a=5.756(1) 5.29(2) 5.25 952(4)
0.50 a=5.760(1) 4.53(3) 4.50 917(5)
0.75 a=15.765(1) 3.78(3) 3.75 864(5)
1 a=15.771(1) 3.05(2) 3.00 861(8)

TMultiphase specimen.

magnetism and half-metallicity over wide temperature range,
necessary in practical applications. By extrapolating a linear
dependence, T, is estimated to be 980 K for parent Co,FeGe
(x = 0) in good agreement with the reported value 981 K [30].

The experimentally determined lattice parameters, satura-
tion magnetic moments at 1.8 K and corresponding Curie
temperature of all single-phase samples in Co,_,Cr,FeGe
alloy series are summarized in Table II.

4. Vickers micro hardness

Adaptation of materials to industrial applications requires
mechanical robustness to undergo repetitive thermal cycling
and resist cracking from vibrations. Most of the previous
studies on mechanical properties are theoretical in nature and
only few are verified experimentally. The observed discon-
nect between the few available experimental results and the
various theoretical results requires the necessity of more ex-
perimental studies in this area. Fig. 10 shows the variation of
Vickers micro hardness of the alloy series with Cr concentra-
tion measured at room temperature with corresponding values
in Table III. Hardness values reported are the averages of data
taken from at least 12 different regions of each sample with
0.2 kg load and 10 s loading time. The Vickers hardness is

IO As-mealsured Vicklers hardneless I I

6.75 | § 16883
=
&
9 2
«6.50 16628 %
A 7]
¢ ; :
S6.25 163735
2 g
L =
= )
'©6.00 - % 6118 &
< =
= 2
5751 58633

550 | | , , , 15608

0.0 0.2 04 0.6 0.8 1.0
Cr concentration

FIG. 10. Vickers hardness vs Cr concentration in Co,_,Cr,FeGe,
all annealed at 1000 °C for 15 days, with imprint of the indenter with
radial cracks for x = 0.50 [bottom right].
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TABLE 1II. Vickers micro-hardness of the Co,_,Cr,FeGe
alloy series.

X Vickers hardness (GPa)
of 5.75 +0.26
0.25 6.00 £ 0.05
0.50 6.31 +0.04
0.75 6.59 +0.07
1 6.71 + 0.06

"Multiphase specimen.

calculated from
HV = 1.8544F /D?*[kg/mm?], 3)

where D is the diagonal length of the impression of the dia-
mond probe. Relatively high hardness values are measured,
approaching 6.71 GPa for x = 1, comparable to the values
reported for Heuslers in the literature [31,57,69-73]. The
hardness is observed to increase almost linearly with the in-
crease of Cr concentration and depends on phases present as
reported in the literature [74].

B. Theoretical results and discussions

From experiment, it is clear that the Cr substitution in
Co,FeGe stabilizes the Co,_,Cr,FeGe system with XRD
patterns consistent with L2; structure. But, small differ-
ences in the atomic scattering factors between the constituent
3d-metals Co, Fe, and Cr and the unknown degree of tex-
turing in the samples make it difficult to determine the
chemical order relying only on XRD data. In order to ob-
tain further information about the stability and chemical
ordering in Co,_,Cr,FeGe system, we have calculated the
zero-temperature electronic structure, magnetic structure, and
relative site preference energies for various possible atomic
configurations, considering the symmetry of L2, Y and other
disordered structures. The site preference energies of different
configurations are shown in Fig. 11. The magnetic moment
value is also depicted in the color axis on the right. The
highlighted data points correspond to the most stable con-
figuration (Type I in Table I). These calculations show that
the higher Cr content alloys are energetically most stable.
Various calculated parameters are summarized in Table IV.
To describe the atomic configurations, we have used the
occupation of the Wyckoff positions of space group 216
(structure Y) referring 4a and 4b sites as A sublattice and 4c
and 4d as B sublattice as implemented in Ref. [31]. Before
relaxation, both A and B sublattices are simple cubic with
every atom on A sublattice at the center of a cube with eight
B sublattice atoms at the corners and every atom on the B
sublattice at the center of a cube with eight A sublattice atoms
at the corners. The distortion from cubic symmetry in most
of the considered configurations after relaxation to eliminate
the forces on the atom is observed to be of the order of a few
percents or less.

From present calculations, the configuration with Ge and
Fe atoms occupying A sublattice and Co atoms on B sub-
lattice, which is L2, structure, appear to be energetically
favorable in the case of parent compound CFG (x = 0), con-

-6.60 T T T T T 6.00
-6.75 - 5.oo§
= S
E 690 * = |
S g
3—7.05 - o e . 3.oo§
& | g
E 720+ o] E 2.00%
= Pe ° %
fnd
735+ ' 4 1005
-7.50 0.00

0.00 0.25 0.50 0.75 1.00
Cr contentration

FIG. 11. Site preference energies (in eV /atom) for different con-
figurations of Co,_,Cr,FeGe as a function of Cr concentration
created manually. Each data point represents a different configuration
given in Table IV and the color axis indicates the magnetic moment
value for each structure.

sistent with the reported results [29-31,75]. However, the
configuration with Co, Fe, Cr, and Ge atoms occupying 4d,
4c, 4b, and 4a sites, respectively, which is Y structure, is
observed to be more stable in the case of other end member
CFCG (x = 1), which is also consistent with reported results
[34,36]. So, the crystal structure has changed as we go from
one end (x = 0, L2,) to the other end (x = 1, Y). It can also be
seen that the Fe atoms can occupy 4b sites sharing the same
sublattice A with Ge (x = 0) as well as 4c sites sharing the Co
sublattice B (x = 1).

Out of different possible configurations shown in Table IV,
only the configurations with Fe, Cr, and Ge on A sublattice
(4a and 4b sites) and Co and Fe on the B sublattice (4c
and 4d sites) appear to be energetically favourable after Cr
substitution. This is consistent with the electronegativity rule
as Cr is the least electronegative in the series and more likely
to form an ionic-type sublattice with the most electronegative
Ge rather than Fe or Co as discussed in XRD section above.
In the case of x = 0.50, the two Cr atoms, which substitute Co
atoms in the chemical formula occupy actually sites within the
A sublattice (4b sites) and the two Fe atoms initially at these
sites in the perfect L2, structure migrate to the B sublattice
initially occupied purely by Co atoms. The displaced two Fe
atoms occupy 4c and 4d sites one each together with Co atoms
in B sublattice. This pattern of atoms distribution among the
various sites was found to be the most favorable energetically
against any other configuration, that we have considered, as
shown in Table IV. The effect of Cr substitution seems to
be significant on structural parameters. The computationally
optimized lattice parameters are found to increase with the in-
crease of Cr content, consistent with experimentally observed
values. Due to the fact that experiments were done at a finite
temperature, the experimental lattice parameters are slightly
higher than those calculated from DFT (at 0 K) due to the
thermal expansion coefficient of the material.

Co-based Heusler alloys are potential candidates for var-
ious spintronic applications. They usually show metallic
behavior in the majority spin channel and give significant
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TABLE IV. Possible atomic configurations and corresponding parameters extraced from DFT calculations. In the table E, Eg, M, Mgp,
and (a) represent calculated energy, energy of most stable configuration, calculated magnetic moment, Slater-Pauling moment, and optimized
lattice parameter. The last column shows the tetragonality in the structure.

Configurations 4d 4c 4b 4a E-E, M M-Mgp (a) Tet.
€V)  (us/fu) (up/fu) (A (a/c-1)
x=0
Cog-Fe,Gey 4Co 4Co 4Fe 4Ge 0 5.773 -0.227 5.747 0.000
Co;Fe-Fe;CoGe, 4Co 1Fe,3Co 1Co,3Fe 4Ge 1.060 4.990 -1.010 5.719 0.012
Cog-Fey Gey 4Co 4Co 3Fe,1Ge 1Fe,3Ge  2.210 5.031 -0.969 5.731 0.020
Co,Ge-Fe,CoGes 4Co 1Ge,3Co 4Fe 1Co0,3Ge  3.104 4.932 —1.068 5.752 0.020
x =025
Co;Fe-Fe;CrGey 4Co 1Fe,3Co 1Cr,3Fe 4Ge 0 5.242 -0.008 5.753 0.000
Co,Cr-Fe,Ge, 4Co 1Cr,3Co 4Fe 4Ge 0.546 5.195 -0.055 5.752 0.000
Co,Ge-Fe CrGes 4Co 1Ge,3Co 4Fe 1Cr,3Ge 2421 5.512 0.262 5.798 0.000
x =0.50
CogFe,-Fe,Cr,Gey 1Fe,3Co 1Fe,3Co 2Cr,2Fe 4Ge 0 4.500 0 5.759 0.012
CogFe,-Fe,Cr,Gey 4Co 2Fe,2Co 2Cr,2Fe 4Ge 0.124 4.495 -0.009 5.755 0.015
CoyFes-Co,CryGey 4Co 4Fe 2Cr,2Co 4Ge 0.268 4.428 -0.072 5.757 0.024
CogCr,-Fe,Gey 4Co 2Cr,2Co 4Fe 4Ge 0.571 4.408 -0.092 5.768 0.010
CosFe;-CoFeCr,Gey 1Fe,3Co 2Fe,2Co 1Co0,2Cr,1Fe 4Ge 0.600 4.111 -0.389 5.785 0.025
CogFeCr-Fe;CrGey 1Fe,3Co 1Cr,3Co 1Cr,3Fe 4Ge 0.860 4.481 -0.019 5.749 0.003
CogCr,-Fe,Gey 1Cr,3Co 1Cr,3Co 4Fe 4Ge 0.903 4.458 -0.043 5.787 0.020
CoyFe,Cr;-Co,Fe,Gey 4Co 2Fe,2Cr 2Fe,2Co 4Ge 0.930 3.084 —-1.416 5.752 0.010
Cos5Cr,Fe-CoFe;Gey 1Cr,3Co 1Cr,1Fe,2Co 1Co,3Fe 4Ge 1.324 3.816 -0.684 5.702  -0.009
Co4Fe,Cry-Co,Fe,Gey  1Fe,1Cr,2Co  1Fe,1Cr,2Co 2Co,2Fe 4Ge 1.544 3.445 -1.055 5.790 0.020
CoyFe,Cr;y-CoyGey 2Fe,1Cr,1Co  2Fe,1Cr,1Co 4Co 4Ge 1.676 3.395 -1.105 5.961 0.089
Fe4Co,Cr,-CoyGey 2Cr,2Co 4Fe 4Co 4Ge 1.756 3.904 -0.596 5.860 0.064
x=0.75
CosFe;-FeCr;Gey 1Fe,3Co 2Fe,2Co 3Cr,1Fe 4Ge 0 3.750 0 5.764 0.000
Co,Fes-CoCr;Gey 4Co 4Fe 1Co,3Cr 4Ge 0.326 3.124 0.626 5.708 0.001
CosCr;-Fe,Gey 1Cr,3Co 2Cr,2Co 4Fe 4Ge 0.831 3.746 -0.004 5729 -0.013
CosFeCr,-CrFe;Gey 1Cr,3Co 1Cr,1Fe,2Co 1Cr,3Fe 4Ge 1.593 3.745 0.005 5.759 0.003
x=1
CoyFey-CryGey 4Co 4Fe 4Cr 4Ge 0 3.000 0 5.770 0.000
Co04Cr4-Fe Gey 4Co 4Cr 4Fe 4Ge 0.103 2.963 -0.037 5.759  -0.007
Co4Cry-Fe,Gey 2Cr,2Co 2Cr,2Co 4Fe 4Ge 0.233 2971 -0.029 5.817 0.021
Co4Gey-FeyCry 4Co 4Ge 4Fe 4Cr 2.230 0.611 -2.389 5.767 0.000

band gap in the minority spin channel. We have also simulated
the spin-polarized electronic structure for most stable config-
urations of Co,_,Cr,FeGe (x = 0, 0.25, 0.50, 0.75, and 1).
Figure 12 shows the calculated density of states (DOS) plots
for majority and minority spin channels where the Fermi level
is represented by the zero energy. It can be seen clearly that
the system exhibits half-metallic behavior after Cr substitution
because there is finite DOS at the Fermi level in the majority
spin channel, while a band gap exists in the minority spin
channel. In the case of parent compound CFG [Fig. 12(a)],
there is significant amount of DOS at the Fermi level on
both the spin channels. After Cr substitution, the Fermi level
is observed to shift deeper in energy-levels and falls at the
middle of the energy gap on spin down channel for x = 0.50
[Fig. 12(c)]. Further increase of Cr content shifts the Fermi
level towards the lower edge of energy gap due to lattice
expansion as reported by Galanakis et al. [6]. But, still Fermi
level lies within energy gap making the system half-metallic.
The energy gap is observed to increase with the increase of
Cr content. Computationally extracted minority spin gaps at
Fermi level for x = 0.50, 0.75, and 1 are respectively 0.121 eV,

0.173 eV, and 0.471 eV. It can be seen clearly that the
equiatomic CFCG system has a significant minority spin gap,
agreeing well with the reported results [34,36]. Although, the
calculated minority spin gap is the highest for x = 1, the half-
metallic gap is greater for x = 0.50. Here, the half-metallic
gap refers to the spin-flip gap and is the minimum between the
lower edge of the conduction bands with respect to the Fermi
level and the absolute value of the upper edge of the valence
bands in the minority spin channel [76,77]. In Co,_,Cr,FeGe
alloy series, the bottom of the minority conduction bands are
located at 0.041 eV, 0.145 eV, and 0.444 eV while the top of
the minority valence bands at -0.080 eV, -0.028 eV, -0.027 eV
for x = 0.50, 0.75, and 1, respectively. So, half-metallic gaps
are 0.041 eV, 0.028 eV, and 0.027 eV for x = 0.50, 0.75, and
1, respectively.

Figure 13 shows the calculated atom-resolved DOS plots
for x =0.50. In predicted most stable configuration (I)
(Fig. 14), it is clear that Fe(I) atoms, which share the same
sublattice A with Cr, and Fe(Il) atoms sharing the same
sublattice B with Co have different nearest neighbor envi-
ronment. Though all Co atoms occupy A sublattice, there are
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FIG. 12. Spin polarized total DOS for Co,_,Cr,FeGe (x = 0,
0.25, 0.50, 0.75, and 1). The blue arrow represents the majority spin
channel and red arrow represents minority spin channel. Number of
states in each figure is scaled with respect to one formula unit.

two different magnetic environments due to Fe atoms, which
are represented by Co(I) and Co(Il) in Fig. 14. Likewise, in
B sublattice, the nearest-neighbor environment of Ge(I) and
Ge(II) are different, but that of two substituted Cr atoms is

ar . —Co(
71 - = Co (1) 4

DOS (states/eV)

0.08— T T T T Ge (I) 7
0.04
0 :
-0.04 :
VB3> 1 0 1 2
E-E, (eV)

FIG. 13. Atom-resolved DOS for x = 0.50. I and II in paren-
thesis distinguishes the same atom type with different magnetic
environment. For simplicity same color is used for minority (lower-
half) and majority (upper-half) spin channels in each case.

same. The contribution to spin-resolved DOS from same atom
types with different nearest-neighbor environment is different,
which is depicted in Fig. 13. Further, the atomic spin magnetic
moments are calculated to be 1.027ug, 0.975ug, 2.795uz,
1.308up 1.964 g, —0.063 g, and —0.034 5 for Co(I), Co(ID),
Fe(I), Fe(Il), Cr, Ge(I), and Ge(II), respectively. We can safely
conclude that symmetry and the nearest-neighbors environ-
ment play a crucial role in the properties of the various atoms
in half-metallic Heusler compounds. Co(I) and Co(II) atoms
at the 4c and 4d sites have the same nearest neighbors [two
Fe(I) and two Cr atoms at the 4b sites and four Ge atoms at
the 4a sites] but different next-nearest neighbors. Both Co(I)
and Co(II) atoms have similar DOS as shown in Fig. 13 and
their atom-resolved spin magnetic moments differ by about
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FIG. 14. Crystal structure showing the different magnetic en-
vironments in unit cell of x =0.50 assuming I configuration
in Table IV.

Ge(l)

only 0.052u5. In the case of Fe atoms, the situation is more
complex. Fe(I) atoms share the same sublattice A with the
Cr atoms while Fe(II) atoms share the same sublattice B with
the Co atoms. Thus their nearest-neighbors environment is
completely different. As a result and as shown in Fig. 13
their DOS is completely different. The Fe(I) atoms present
a d-DOS, which shares a lot of features with the one of the
Cr atoms. There is a very large exchange splitting between
majority-spin occupied and minority-spin unoccupied d-states
resulting to a very large minority spin gap and a very large
Fe(I) spin magnetic moment of 2.795 5, which is more than
double the spin magnetic moment of the Fe(Il) atoms. All
3d atoms in Co,_,Cr,FeGe series have parallel spin magnetic
moments and are ferromagnetically coupled. The details of the
calculated atomic spin magnetic moments is provided within
the Supplemental Material [46].

If one looks at Cr DOS in Fig. 13, it has some very nice
characteristics, which make it ideal for using it as an impurity
in Heusler alloys. First, there is a large exchange splitting
between the occupied majority-spin and unoccupied minority-
spin states. This leads to large band gaps since the conduction

minority-spin states are located higher in energy with respect
to the Fermi level when compared to Co or Fe atoms. Second
and also very important, since Cr has less electrons than Co
or Fe, the width of the majority-spin d-bands is smaller in
the case of Cr and the Fermi level intersects almost the DOS
peak. This leads to considerable higher majority-spin d-DOS
at the Fermi level in the Cr-doped CFG compounds, which in
real world means that these compounds should keep a higher
degree of spin-polarization at the Fermi level.

IV. CONCLUSION

In conclusion, we performed a detailed experimental and
theoretical study on the structural, electronic, magnetic, and
mechanical properties of Cr-substituted Co,FeGe Heusler al-
loys. The alloys are found to crystallize in the face-centered
cubic structure for 0.25 < x < 1. The isothermal magneti-
zation curves showed that the saturation magnetic moment
decreases with the increase of Cr content and the values at
1.8 K are found in good agreement with the Slater-Pauling
rule of thumb for half-metals. High values of T, decreas-
ing with increasing Cr substitution from 952 K for x = 0.25
to 861 K for x = 1 are measured, allowing for applications
at room temperature and above. First-principles calculations
predicted finite band gap in the minority spin channel, with
half-metallic gaps 0.041 eV, 0.028 eV, and 0.027 eV for x =
0.50, 0.75, and 1, respectively. The small finite states at Eg
in the minority spin channel of CFG are observed to decrease
forming a finite band gap with the increase of Cr content. All
these properties, with a confirmation from both theory and
experiment, make Co,_,Cr,FeGe Heusler alloy a promising
material for spintronics application. However, experimental
study of other properties such as current spin polarization is
needed to confirm the above observations.
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