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Here, we report synthesis of a novel quaternary Heusler alloy CoMnCrGa and its structural,
magnetic, transport and electronic properties using both experimental and theoretical methods.
DFT calculations on ordered crystal structure with specific atomic positions (Ga at 4a, Mn at 4b,
Cr at 4c and Co at 4d) reveals a half-metallic ferromagnetic (HMF) ground state having a very
high spin polarization of 96.1%. In this work we show that despite having a mix of Mn (4b) and
Cr (4c) atoms, CoMnCrGa exhibits all the signatures of HMF characteristic, viz., adherence to
Slater-Pauling (S-P) rule to isothermal saturation magnetization and absence of magnon scattering
in temperature dependent resistivity data. Given its high T¢ (~ 807 K), low magnetic moment
and very high spin-polarization, the compound is a promising candidate for room temperature

spintronics applications.

I. INTRODUCTION

Spintronics is a promising area of research for cre-
ating more efficient and powerful nanoelectronics. It
aims to reduce power consumption and enhance mem-
ory and processing capabilities [IH4]. Materials with
high spin-polarization are considered ideal for use in
spintronics technology [5]. Half-metallic ferromagnetic
(HMF) materials offer 100% spin polarization because of
their unique band structure, where one sub-band con-
ducts like a metal and the other acts like a semicon-
ductor [6H9]. This unique band structure of HMF have
made them attractive for a wide range of applications,
including spintronics, data storage, magnetic sensors [5],
spin valves [I0], spin injectors [I1], and magnetic tunnel
junctions [12]. Out of different existing classes of HMF
materials, Heusler alloys occupy a very special place as
their electronic structure can be tuned over a wide range
by appropriate elemental substitution at different crystal
sites. Heusler alloys are generally denoted by the formula
XoYZ, where X and Y are transition elements and Z is
from the s-p group element. These alloys have a L.2; crys-
talline structure (CusMnAl-type), in which the X, Y, and
Z atoms occupy 8¢, 4b, and 4a sites, respectively, in the
Fm3m space group (no. 225) [13]. If one of the X atoms
from X5 Y7 is swapped with a different transition element
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(X7), it will result in a quaternary Heusler alloy with a
Y-type crystal structure (LiMgPdSn type, space group:
F43m, no. 216) [14HI7]. As a result of this substitu-
tion, the crystal structure transforms to a lower symme-
try space-group, where the 8c site in F'm3m space group
splits into 4c and 4d sites in F43m space group. Re-
cently, quaternary Heusler alloys attracted a lot of atten-
tion of the research community due to their HMF [I8H22],
spin-gapless semiconductors [23H28], spin-semimetal [29],
spin glass [30], re-entrant spin glass [31] and bipolar mag-
netic semiconducting properties [32]. However, the struc-
tural disorder, which is quite inherent for Heusler alloy,
is known to have a significant impact on the magnetic as
well as the electronic structure. The electronic structure
of a material is altered by disorder, which changes the
density of states, generates local magnetic moments, and
narrows the band gap in the half-metallic ferromagnetic
materials. These changes result in a reduced magnetic
moment, lower magnetic ordering temperature [31], B3],
weakened magnetic anisotropy, and decreased electrical
conductivity. It makes sense that in order to preserve the
half-metallic ferromagnetic properties, either the com-
pound must be synthesized without defects or one must
find compounds where the properties are resilient to dis-
order. However, it is crucial to note that while theoreti-
cal predictions are promising [22], [34H39], there are many
more factors that are to be considered before the exper-
imental realizations of materials that can have potential
for technological applications. Additionally, many of the
predicted systems do not even form in single phase, and
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to the best of our knowledge, only few such compounds
have been experimentally realized so far. Recently, FeM-
nVAl [I9] and FeMnVGa [20] were found to show robust
half-metallicity even in the presence of structural disor-
der. However, the Curie temperature for FeMnVAl is 213
K and for FeMnVGa is close to room temperature (293
K). For practical applications at room temperature, com-
pounds having high transition temperature are highly de-
sirable. In this study, we have reported a novel quater-
nary Heusler alloy CoMnCrGa, having the valence elec-
tron count (VEC) 25. Combining different experimental
tools and theoretical DFT calculations, we have shown
that the compound exhibits half-metallic ferromagnetic
character despite having site disorder between Mn and Cr
atomic sites. The compound orders ferromagnetically at
a very hight temperature, 807 K, and hence is perfectly
suitable for room temperature practical application in
spintronics.

() Minority Spin

(b) Density of states (c) Majority Spin

FIG. 1. Spin-polarized band structure and density of states
of CoMnCrGa in ordered Type 2 structure: (a) minority spin
band (b) density of states, (c) majority spin band.

II. METHODS
A. Experimental Methods

The CoMnCrGa polycrystalline material was synthe-
sized through an arc melting process utilizing high pu-
rity (>99.9%) constituent elements. An extra 2% of Mn
was added to make up for its evaporation during the pro-
cess. To enhance homogeneity, the sample was melted 5-6
times in an argon environment and turned over after each
melting. Both neutron and X-ray diffraction techniques
were used to characterize the sample’s crystal structure
at room temperature. The powder neutron diffraction
data with A = 2.43 A was collected at 300 K at the
ECHIDNA beamline in ANSTO, Australia [40]. Room
temperature powder X-ray diffraction pattern was ob-
tained using a X-ray diffractometer (TTRAX-III, Rigaku
Corp., Japan) with Cu-Ka radiation. The single-phase
nature and crystal structure of the sample were deter-
mined through Rietveld refinement [41] of both the neu-
tron and X-ray diffraction data using the FULLPROF
software. The transmission electron microscopy (TEM)
measurement was performed in a FEI, TECNAI G2 F30,
S-TWIN microscope operated at 300 kV and equipped
with a GATAN Orius SC1000B CCD camera. Extended
X-ray absorption fine structure (EXAFS) was obtained
at the Energy Scanning EXAFS beamline (BL-9) lo-
cated at the Raja Ramanna Centre for Advanced Tech-

TABLE I. Different types of ordered structure of CoMnCrGa
4a 4b 4c 4d
Type 1 Ga Cr Mn Co
Type 2 Ga Mn Cr Co
Type 3 Ga Co Mn Cr

nology (RRCAT) in Indore, India. Standard EXAFS
measurements protocols have been used as detailed else-
where [20, 31]. High-temperature VSM (Model EV9, Mi-
croSense, LLC Corp., USA) was used to measure the
magnetization (M) vs. temperature (T) in the range of
300-900 K. M wvs. field (H) measurement was carried
out using superconducting quantum interference vibrat-
ing sample magnometer (Quantum design Inc.,USA) in
the magnetic fields up to 70 kOe at 5 K. Four-probe
resistivity measurement in the absence of magnetic field
was carried out in a Physical Property Measurement Sys-
tem (Quantum Design Inc., USA).

B. Computational

The enthalpy of formation, electronic structure and
spin polarization at 0 K had been determined through
DFT calculations using the projector augmented wave
(PAW) method [42] implemented in the Vienna ab ini-
tio simulation package (VASP)[43] [44]. The exchange-
correlation was described by the generalized gradient
approximation modified by Perdew, Burke and Ernzer-
hof (GGA-PBE) [45]. Calculations parameters were dis-
cussed in detail elsewhere in literature [19] 20, [31].

III. RESULTS AND DISCUSSION
A. Electronic band structure calculations

There are four different crystallographic sites in a qua-
ternary Heusler XX'YZ: 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). In most cases,
the sp element Z occupies the 4a position and the transi-
tion metals are located on the other three sites. In total,
6 configurations are possible but the permutation of the
atoms in the 4c¢ and 4d positions leads in energetically
invariant configurations. Hence, only three independent
configurations have been calculated. These configura-
tions are defined as Type-1, 2 and 3 and described in
Table [l The DFT calculations allow to determine the
most stable structure by comparing their enthalpies of
formation.

According to our calculations on the ordered structure,
Type-2 is the most stable configuration, with Ga in the
4a position and Mn in the 4b position, Cr at 4c¢ and
Co at the 4d position. Fig. [I] shows for the calculated
spin-polarised band structure and the density of states
(DOS) for the Type-2 configuration. As shown in the
DOS, the spin-down band exhibits a band gap at the
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FIG. 2. Electronic DOS (total and partial) of CoMnCrGa.

Fermi level (Ew) where the spin-up band is typical of a
metal. This unique band structure corresponds to that
of a Half-Metallic Ferromagnetic material. This result is
confirmed by the very high polarisation of the compound,

DOS"(Er)—DOSY(E :
P = DOSTEE§;+DOSLEE§§ = 96.1%. The total magnetic

moment is estimated to be 1.06 pp which is in accordance
with the Slater-Pauling rule [46H48]. Fig. [2Jrepresents the
partial density of states for the studied compound. The
element specific magnetic moments are estimated to be
Cr: -247 pp Co: 0.70 pp Mn: 2.88 up and Ga: -0.05
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B. Neutron diffraction
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FIG. 3. Rietveld refinement of the neutron diffraction pat-

tern (taken at 300 K) of CoMnCrGa, considering the crystal
structure only.

FIG. 4. Atomic arrangements in disordered structure. Grey,
blue, olive and blue color represents Ga, Co, Cr and Mn atoms
respectively.

All the constituents elements (Co, Mn, Cr and Ga) of
the studied compounds belongs from the same row of pe-
riodic table and have close-by X-ray scattering factors.
As a result, X-ray diffraction (XRD) data is not likely to
be reliable for determining the actual crystal structure
(discussed in detail in Sec. [[IIC). Extended X-ray fine
structure (EXAFS) measurement, however can satisfac-
torily provide the information about the crystalline disor-
der, particularly when the disorder is of B2 type [49] [50].
On the other hand, EXAFS fails when the disorder is of
DOj type [51]. Neutron diffraction have already proved
their merits for such difficult cases [20, B1I], B3] 52} H3].
Fig. [3] represents the powder neutron diffraction pattern
taken at 300 K. For Heusler alloys, presence of (111) and
(200) Bragg peaks in the diffraction pattern are gener-
ally considered to be indicative of well-ordered crystal
structure. As it can be clearly seen in the diffraction
pattern of CoMnCrGa (Fig. 7 both the above men-
tioned peaks are present, indicating towards an ordered
structure. However, despite the presence of (111) and
(200) Bragg peaks, the intensities of all the experimen-
tal data cannot be described by a simple ordered Type-2
structure, as proposed by DFT calculation (Sec. in
which Ga is at 4a, Mn at 4b, Cr at 4¢ and Co at 4d (space
group: F43m, no. 216). We have tried different combina-
tions of anti-site and swap disorder to fit the diffraction
data. A swap disorder of 55:45 between Mn (4b) and Cr
(4c) sites in the space group: F43m fits the experimental
data very well. The disordered structure is presented in
Fig. 4] The shape of the peak is not very well fitted, this
can result from some anisotropic peak broadening related
to the Mn/Cr disorder. It may however be noted that, as
we will see later (Sec. , the compound orders mag-
netically at 807 K, and hence the ND spectra at 300 K
would also consists of magnetic contribution. However,
for a VEC 25 compound, as is the case of CoMnCrGa,
the S-P rule suggests the maximum magnetic moment to
be 1 pup/fu. (Sec. [ITF). The contribution to magnetic
Bragg peaks are not known to yield more than 2-3% of



nuclear Bragg peaks [20, B1], B3]. Therefore, our analysis
of ND spectra at 300 K considering only the lattice Bragg
contributions would not be far off from that expected for
a paramagnetic state.

C. X-ray diffraction
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FIG. 5. Rietveld refinement of the powder XRD pattern of
CoMnCrGa assuming disordered structure & ordered struc-
ture measured at room temperature. The two fits got over-
lapped and remain essentially indistinguishable. Bragg peaks
are mentioned in vertical first bracket.

We have also measured the XRD pattern at room tem-
perature and analysed the data, to check the structural
model derived from the neutron diffraction result. More-
over, the shorter wavelength used in XRD measurement,
in comparison to neutron diffraction measurement, also
helps us to determine the lattice parameter more pre-
cisely. Very interestingly, the (111) and (200) Bragg
peaks, which are generally considered to be indicative
of crystal order and prominently present in the ND data
(Fig. , are almost completely absent in XRD data. A
simulation of XRD pattern considering the perfectly or-
dered Type-2 structure (Fig. |5 also does not show these
Bragg peaks any prominently due to the close by X-ray
scattering factors of the constituents elements. The scat-
tering factor for (111) and (200) planes can be written
as [30]

Finn=4(fz — fy) —i(fx — fx))
Fooo = 4[(fz + fv) — (fx + fx)]

Since all the elements of CoMnCrGa belongs to the same
row of the periodic table, f; - fy =~ 0, fx - fx/ = 0,
fz + fy = fx + fx/. Because of the very faint or non-
discernible nature of (111) and (200) peaks in the sim-
ulated diffraction pattern of the ordered structure, the
experimental XRD pattern can be explained well with or-
dered structure. However, the XRD analysis also shows

almost equally good fit, if not slightly better, if we use the
structural model obtained from neutron diffraction anal-
ysis. Since the disordered structure can simultaneously
explain both the ND as well as XRD data, one is inclined
to rely on the structural model obtained from analysis of
ND data. Fig. 5] represents the Rietveld refinement of
the powder XRD data assuming the disordered structure
taken at room temperature. The lattice parameter is
found to be a = 5.841(3) A.

D. Transmission electron microscopes (TEM)
Analysis and Chemical Composition

[221]fce

FIG. 6. (a) TEM image (thickness fringes running over the
image) (b) Selected area electron diffraction (c) Scanning
TEM-High angle annular dark-field image (d) Energy disper-
sive X-ray (EDX) spectrum from point 1 (e) EDX line-profile
from line 2 in (c) (f) Elemental mapping from area 3 in (c).

Fig. @(a) represents Transmission Electron Microscopy
(TEM) image, replete with discernible thickness fringes
traversing the micrograph. This portrayal exposes intri-
cate nanoscale structural features. The selected area elec-
tron diffraction (SAED) pattern from a region marked
by a dotted circle is shown in Fig. [6[b), which indi-
cates the single crystalline nature of the material. SAED
was indexed using the lattice parameters of cubic crys-
tal structure (lattice parameters, a = 5.841 A). To in-
vestigate the chemical composition of the compound,
we have performed energy dispersive X-ray spectroscopy
(EDX) in high-angle annular dark field (HAADF) scan-
ning transmission electron microscopy (STEM-HAADF)
mode. Fig. [6c) shows the STEM-HAADF image, and
Fig. @(d) showing EDX spectrums take at point 1 in-
dicated in Fig. @(c), clearly showing the presence of Co,
Mn, Cr and Ga. Fig. @(e) represents the EDX line-profile
analysis performed along Line 2 in image Fig. @(c) For a
detailed distribution of atomic content, elemental map-
ping of Co, Mn, Cr and Ga were performed using drift
corrected EDX spectrum imaging using STEM-HAADF
mode. The STEM-HAADF image in Fig. [f[c) and the



corresponding chemical maps from orange-boxed region
(marked 3 in Fig. [6{c)) for Co, Mn, Cr and Ga acquired
using Co-L, Mn-K Cr-K and Ga-K energy and overlay
of three images are presented in Fig. @(f), respectively.
Composite maps of Co, Mn, Cr and Ga were presented in
Fig. [6(f) confirm the single phase nature of the material
with Stoichiometry COO_ggMnCro_gGao_gg.

E. EXAFS

In our studied compound, the structural disorder is
neither B2-type nor DOs-type. To get any insight of
structural disorder between Mn (4b) and Cr (4¢) atoms,
we have probed the system using EXAFS, which in con-
trast to XRD, concentrates on the atomic surroundings
of the chosen atoms. In order to study the local environ-
ment of the Co, Mn, and Cr edges, we performed EXAFS
measurements on CoMnCrGa.

The normalized EXAFS ((u(E) versus E) spectra, mea-
sured at the Co, Mn, and Cr edges, are shown in Fig. [7}
The conventional technique was followed in processing
the analysis of the EXAFS data [54]. Briefly, the absorp-
tion spectra (u(E) vs E) have been transformed to the
absorption function x(E) given as follows to get quanti-
tative information on the local structure.

H(E) — po(E)

X(E) = Aio(Eo)

(1)

where po(Ep) is the background made up entirely of bare
atoms, Apug(Ep) is the absorption edge step in u(E)
value, and FEj is the absorption edge energy. The fol-
lowing relation converts the energy dependent absorption
coefficient x(F) to the wave number dependent absorp-
tion coefficient:

2m(E - E0>

K = 2

(2)
where m is the mass of an electron. To increase the
oscillation at high k, x(k) is weighted by &?, and the re-
sulting x(k)k? functions are then Fourier converted in
R space to produce the x(R) versus R plots in terms
of the actual distances from the absorbing atom’s cen-
ter. The aforementioned data reduction, which includes
background reduction and Fourier transformation, was
carried out using the ATHENA subroutine, which is a
component of the Demeter software package [55]. The
CoMnCrGa sample’s Fourier converted EXAFS spectra
at the Co, Mn, and Cr edges are presented in Fig. [§] as
X(R) versus R plots.

The goodness of fit has been determined by the value
of the Ryqctor defined by:

R _ Im(Xdas(ri) =xen (ro)]* +[Re((Xdat (1s) =Xt (r:)]*]?
factor [Tm(xaar (ri) 2 +TRe(Xaar (7)) )

where, X4qt and xp refer to the experimental and the-
oretical values respectively and Im and Re refer to the
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FIG. 7. Normalized EXAFS spectra of CoMnCrGa taken at
(a) Co edge (b) Mn edge and (c) Cr edge.

imaginary and real parts of the respective quantities. The
Demeter software package’s ATOMS and ARTEMIS sub-
routines have been used to generate theoretical routes
from crystallographic structures and fit experimental
data to theoretical simulations, respectively. The best fit
of theoretical spectra and experimental data are shown



TABLE II. Bond length (R), coordination number (N), and Debye-Waller or disorder factor () obtained by EXAFS fitting

for CoMnCrGa at Co, Mn and Cr edge.

Co edge

Mn edge

Cr edge

Path R (A) N o? Path R (A)

N o? Path R (A) N o?

Co-Cr
Co-Ga
Co-Mn
Co-Co
Co-Cr
Co-Ga

2.42+0.01 4 0.027740.0030
2.42+0.01 4 0.0060£0.0009
2.824+0.01 6 0.0062+0.0010
4.10£0.01 12 0.0168+0.0024
4.88+0.04 12 0.0109£0.0068
4.884+0.04 12 0.0091£0.0050

Mn-Ga
Mn-Cr
Mn-Co
Mn-Mn
Mn-Ga
Mn-Cr

2.42+0.01
2.42+0.01
2.8240.01
4.14£0.01
4.9240.01
4.9240.01

4 0.0143£0.0022
4 0.0277£0.0030
6 0.0062£0.0010
12 0.018240.0043
12 0.0160£0.0033
12 0.0083+0.0012

Cr-Mn
Cr-Co
Cr-Ga
Cr-Cr
Cr-Mn
Cr-Co

2.42+0.01 4 0.0143£0.0022
2.42+0.01 4 0.0277£0.0030
2.81+£0.01 6 0.0062+0.0010
4.124+0.04 12 0.018240.0043
4.891+0.02 12 0.0016040.0033
4.89+0.02 12 0.0083+£0.0012

TABLE III. Curie temperature, coercivity & saturation magnetisation (Msat) at ~5 K, Slater-Pauling value (Ms_p) for satu-
ration magnetisation and spin polarisation value of CoMnCrGa. For comparison, the same set of parameters of other two such
known Heusler alloys, FeMnVAI and FeMnVGa, are also provided.

Compound Curie Temperature Coercivity

Msat

Ms_p Spin Polarization reference

(K) (0c)  (us/fn) (up/fw) (%)
CoMnCrGa 807 50 1 1 96.1 This work
FeMnVAIl 213 125 0.84 1 92.4 ref [19]
FeMnVGa 293 54 0.92 1 89.9 ref [20]

together in Fig. and the best fit parameters are in-
cluded in Table [Tl EXAFS data can be fitted very well
assuming Type-2 ordered structure. As mentioned ear-
lier (Sec. , since the structural disorder we derive
from the analysis of ND data is not of B2 type, EXAFS
analysis can not detect the atomic disorder present in the
system due to the close by scattering factors between Mn
and Cr atoms.

F. Magnetic properties

DFT calculations suggest that the ground state of
CoMnCrGa is half-metallic ferromagnetic. To check
whether the compound really orders ferromagnetically or
not and also to determine the magnetic ordering temper-
ature, if any, we have measured temperature dependence
of the magnetization (M) in presence of 100 Oe applied
magnetic field. Indeed, the compound orders ferromag-
netically, and the Curie temperature is found quite high,
~807 K, which making it suitable for any ferromagnetic
application at room temperature. The important param-
eters related to magnetism and spin polarization of CoM-
nCrGa are given in Table [[T]]

The other theoretical prediction, i.e. the presence of
HMF state can be also checked by measuring the satu-
ration magnetization at low temperature. All the known
Heusler based HMF materials are known to follow the
Slater-Palling (S-P) rule, which relates the total valence
electron count (VEC) with the saturation magnetization.
The S-P rule states that the total magnetic moment for
Heusler alloy can be expressed as m = (VEC-24) pup.
Since CoMnCrGa has VEC 25, the S-P rule predicts the
saturation moment to be (25-24 =) 1 pyp/f.u. The experi-

mentally observed saturation magnetization measured at
5 K (Fig. indeed matches very closely to the theoreti-
cally predicted S-P rule with 1 up/f.u. This value is also
in agreement with the DFT calculation (Sec. , sug-
gesting CoMnCrGa to have a half-metallic ferromagnetic
ground state.

G. Resistivity

HMF materials are also known to show their signatory
imprint on the electrical transport properties [19, 20} [56].
We have measured resistivity, p(T), in the temperature
regime 5-300 K (Fig. . The residual resistivity ratio
(RRR=p300K /p5x) found to be quite low, ~1.05, similar
to that reported earlier in many other HMF Heusler
alloys [19, 20, 57, [58]. However, in the present case,
the p(T) behaviour shows an additional broad minima
near 60 K, followed by a slow upturn at further lower
temperatures. Such behaviour is generally attributed to
the disorder-induced coherent scattering of conduction
electrons, known as weak localization [59], and also
reported in several Heusler alloys [60H63].

To analyze the p(T) data over the whole temperature
range, we have followed the Matthiessen’s rule cover-
ing various contributing factors in a ferromagnetic mate-
rial [I5]. The said rule considers all the scattering pro-
cesses to be independent of one another and additive.
Accordingly, the total resistivity can be expressed as

p(T) = po+ pp(T) + pru(T) (4)

where pg is the residual resistivity resulting from lat-
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FIG. 8. Fourier transformed EXAFS spectra of CoMnCrGa
taken at Co, Mn and Cr edges.
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FIG. 9. Temperature dependence of magnetic susceptibility
of CoMnCrGa measured in a 100 Oe applied magnetic field.
Curie temperature, T¢, is determined from the minima in
dM/dT wvs. T plot.
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FIG. 10. Isothermal magnetization of CoMnCrGa measured
at 5 K. Inset shows the enlarged view of coercivity in low
field region.

tice flaws, irregularities, etc., and pp(T) and pp(T)
are temperature-dependent factors, representing phonon
scattering and magnon scattering, respectively. The
phonon scattering term is generally written as

©p

or = A(@TD> [ 1>ﬁ —en 6

where A is the phonon scattering constant and ©p is the
Debye temperature [64]. The standard magnon contribu-
tion due to spin-flip scattering (~T?) are generally not
found for HMF materials, as one of the sub-spin band
do not have any influence to charge conduction [19 [20].
Considering the aforementioned information and taking
the magnon contribution to be zero, we have first tried
to fit the resistivity data using eqn. [d] The theoretically
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FIG. 11. Temperature dependence of the electrical resistivity

measured in the absence of magnetic field in the temperature
range 5—300 K.

generated data fit the experimental data very well in the
region 300-100 K, however it fails to trace the experi-
mental data in the low temperature region (5-100 K).
The non-adherence of p(T) to eqn. [ is due to the de-
velopment of another contribution to resistivity at lower
temperature that causes a slow upturn in p(T), below 60
K as described earlier in the beginning of this section.
To fit the low temperature resistivity data we have used
another following equation

p(T) = po —

where -BT'/2 arises due to the disorder increased coher-
ent scattering of conduction electrons [59], CT® is the
low temperature phonon contribution (can be easily de-
rived from eqn. I 5| for low temperature approximation

and DT? is the electron-electron scattering. The eqn. |%|
fits the experimental data well in the low temperature
regime (inset of Fig. . The absence of magnon con-
tribution in the temperature dependent resistivity data
indirectly suggests towards presence of half-metallic fer-
romagnetic ground state.

BTY? 4+ CT® + DT? (6)

H. Anomalous Hall measurement

Hall measurements were conducted over a temperature
range spanning from 5-300 K to investigate the charge
transport characteristics of CoMnCrGa. Generally, the
total Hall resistivity (denoted as pg) can be divided into
two components: the ordinary Hall effect and the anoma-
lous Hall effect (AHE). Mathematically, it can be ex-
pressed as [65]:

pg = RoH + RsMg (7)

Here, Ry represents the ordinary Hall coefficient, Rg is
the anomalous Hall coefficient, and Mg signifies the sat-
uration magnetization. The product RgMg quantifies

PP <
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FIG. 12. (a) Field-dependent Hall resistivity curves at dif-

ferent temperatures. Inset shows temperature variations of
carrier concentration (b) Field-dependent Hall conductivity
curves at different temperatures. (c) Different contributions
in pag with temperature are plotted on the same scale. (d)
Fitting of the ratio of anomalous Hall resistivity and longitu-
dinal resistivity.

the magnitude of the anomalous Hall resistivity (pag).
Field-dependent data for py were recorded at various
temperatures, up to a maximum magnetic field of 70 kOe,
as depicted in Fig|12{a). The papg exhibits a sharp in-
crease up to a 3 kOe magnetic field due to the AHE. At
higher magnetic field strengths (> 3 kOe), pag exhibits
a linear increase with a positive slope, which is attributed
to the ordinary Hall effect. To distinguish between the
ordinary and anomalous Hall contributions, we applied
a fitting procedure using Eqn. [7] in the high-field region.
This fitting yielded the values of Ry and RgMg, corre-
sponding to the slope and intercept on the y-axis of the
fitted line, respectively.

The consistently positive value of Ry across the entire
temperature range (5-300 K) suggests that holes are the
dominant charge carriers in the transport process. The
carrier concentration (n), determined by the expression
n= ﬁ, was found to be 1022, and its temperature de-
pendence is illustrated in the inset of Fig [12(a). The
Hall conductivity (ocg) was determined using the equa-
tion [66]:

PH
og=-———"—"— 8
H (PH2+pm2) ( )

The field-dependent Hall conductivity taken at vari-
ous temperatures are presented in Fig b)7 where the
anomalous Hall conductivity (AHC) were determined by
extrapolating the high-field Hall conductivity data to
zero field. The obtained value of AHC is 22 S/cm at
5 K. To discern the individual contributions of extrinsic
and intrinsic mechanisms to the overall AHC, we ana-
lyzed the pp AL yersus p,, data (depicted as blue triangles

in Fig[12|d)) and fitted it with the following relation [67]:



PAR — 4 4 b )

xrx

In this equation, the parameters a and b contain infor-
mation about extrinsic skew scattering and the combined
effects of extrinsic side jump and intrinsic contributions,
respectively. The fitting yielded values of ¢ = —0.001 and
b =28 S/cm. The negative value of coefficient a implies
that the extrinsic skew scattering contribution opposes
both the side jump and intrinsic contributions due to
momentum space Berry curvature. The parameter b en-
compasses the contributions to AHC from both the side
jump and momentum space Berry curvature. By using
these coefficients a and b, we calculated the skew scat-
tering term (ap.,) and the intrinsic plus side jump term
(bpse?) and plotted them on the same scale, as shown in
Fig c). It is evident that the side jump, in conjunc-
tion with the intrinsic contribution, dominates over the
skew scattering contribution in the overall AHE within
the temperature range of 5-300 K. The AHC arising from

the side jump mechanism can be approximated using the
expression 2—2%; where Eg, represents the spin-orbit in-
teraction energy, and Ef is the Fermi energy [68], 69].
It is worth noting that %Sbf is typically less than 0.01
for ferromagnetic metals, indicating that the intrinsic
Berry-phase-driven contribution predominantly governs

the AHC, which is also evident from Fig|12(c).

IV. CONCLUSION

To summarize, the structural, electronic, magnetic,
and transport properties of a new quaternary Heusler
alloy CoMnCrGa were investigated using both experi-
mental and theoretical methods. First principle calcu-
lations reveals half-metallic ferromagnetic ground state
in this material. Neutron diffraction experiment reveals
that the compound crystalizes in disordered structure in
which Mn (4b) and Cr (4¢) atoms mixes with each other
in 55:45 ratio. Despite the structural disorder, the ma-
terial is found to order ferromagnetically at a very high
temperature (~807 K) and the total saturation magneti-
zation follows the S-P rule, commensurate with the HMF
characteristics predicted from DFT calculation. The ab-

sence of magnon contribution in the resistivity data fur-
ther supports the presence of HMF state. High value
of the T¢ along with high spin polarized ferromagnetic
state in this structurally disordered compound makes it
perfectly suitable for for practical application in the field
of room temperature spintronics. The low magnetic mo-
ment of CoMnCrGa is also advantageous for spintronics
applications. It results in a negligible stray magnetic
field, which is desirable in devices where magnetic in-
terference needs to be minimized. Additionally, a lower
switching current is required to flip the spin direction of
this alloy, enhancing its energy efficiency.
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