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We report a combined theoretical and experimental study of the topological semimetal CrFeVGa with
an emphasis on the role of atomic disorder on the magnetoelectronic properties. CrFeVGa belongs to the
quaternary Heusler alloy family and crystallizes in the cubic structure with B2 disorder. It is found that the
disorder plays a crucial role in quenching the magnetization (net moment ~ 5 x 1072 13 per formula unit)
and other anomalies. Ac and dc magnetization data reveal the occurrence of Griffith’s-phase-like behavior
in the presence of small magnetic clusters with a weak antiferromagnetic or ferrimagnetic ordering. A
nonsaturating, linear positive magnetoresistance is observed even at 70 kOe, in a wide temperature range,
which is attributed to the quantum linear magnetoresistance arising due to the zero- or small-gap band
structure. Hall measurements show some anomalous behavior (including an anomalous Hall conductivity
00 =270 S cm™! and an anomalous Hall angle of 0.07 at 2 K) with a significant contribution from the
semimetallic bands. Hall data analysis also reveals the presence of some non-negligible topological Hall
contribution, which is significant at low temperatures. Ab initio calculations confirm the topological Weyl
behavior of CrFeVGa, which originates from a unique combination of broken time-reversal symmetry
and noncentrosymmetry. The nontrivial band topology stems from the p and d states of vanadium, which
overlap near the Fermi level. The presence of multi-Weyl points (24 pairs) near the Fermi level causes a
large Berry curvature and hence reasonably high anomalous Hall conductivity. The coexistence of so many
emerging features in a single material is rather rare and thus opens up new avenues for future topological

and spintronics-based research.
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I. INTRODUCTION

In the field of spintronics and multifunctional quantum
materials, Heusler alloys are being studied ubiquitously
due to their promising physical properties and novel appli-
cation potential. A large number of interesting magnetic
materials, such as half-metallic ferromagnets [1], spin-
gapless semiconductors [2], bipolar magnetic semiconduc-
tors [3], and spin semimetals [4], belong to the Heusler
family. Compared to other spintronic materials, Heusler
alloys are superior due to their stable structure, high spin
polarization, and high ordering temperature, and hence are
suitable for various applications. However, these alloys are
highly prone to atomic and antisite disorder due to var-
ious factors like the electronegativity of the constituent
elements, sample preparation conditions, etc. In general,
imperfections such as disorder, defects, and impurities in
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materials modify electronic and magnetic properties. For
magnetic materials, such disorder can give rise to complex
magnetic and electronic features by altering the original
electronic band structure. As such, they are the backbone
of many advances, and hence have drawn immense interest
in the condensed-matter community. In Heusler alloys, the
major interest is to understand the role of atomic disorder
on magnetoelectronic properties.

In this paper, we report a combined theoretical and
experimental study on a new (XX'YZ) quaternary Heusler
alloy (QHA) CrFeVGa with an emphasis on the effect of
antisite disorder on magnetic, transport, thermal, and elec-
tronic properties. CrFeVGa crystallizes in a cubic structure
(space group F43m) with robust B2 disorder, which is
confirmed by normal x-ray diffraction (XRD) and syn-
chrotron x-ray diffraction (SXRD) measurements. Dc and
ac magnetization data reveal no magnetic ordering down
to 2 K with a moment 5 x 1072 up per formula unit.
Interestingly, the dc susceptibility deviates from the ideal
Curie-Weiss law, but shows Griffith’s-phase-like (GP-like)
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behavior, which is attributed to the antisite disorder present
in the system. The magnetization data indicate the possi-
bility of small magnetic clusters, mediated by the atomic
disorder, which give rise to a complex magnetic structure.
Magnetoresistance (MR) data indicate nonsaturating linear
positive magnetoresistance (LPMR) in a wide temperature
range. A careful analysis hints at the zero- or small-gap
electronic structure near the Fermi level (Er) as the origin
of the quantum LPMR. Hall data further reveal anoma-
lous behavior, chiefly arising from the contribution of the
unique band structure, and support the resistivity and MR
findings. Heat-capacity data also support the magnetic and
transport behavior.

Our ab initio simulation confirms a unique semimetal-
lic feature with high spin polarization. A nontrivial band
topology originating from the overlap between the p and
d states of vanadium atoms is observed. Spin-orbit cou-
pling (SOC) plays a crucial role in the formation of the
multi-Weyl points with %1 chirality in the vicinity of Ef.
Simulation confirms a high anomalous Hall conductivity
(AHC), originating from a large Berry flux contributing
to its intrinsic part. The present study highlights the role
of atomic disorder in altering the physical properties of a
Weyl semimetal (WSM) and hence opens up new direc-
tions for future applications of potential semimetals in
electronic devices such as those in broadband infrared pho-
todetectors, spin topological field effect transistors, etc. [5].
Moreover, various fascinating properties such as the high
mobility, large LPMR, and high AHC value of CrFeVGa
offer a lot of promise for other applications, such as high-
speed electronics and next-generation spintronics. Apart
from this, being a topological semimetal, CrFeVGa may
draw immense attraction for next-generation topotronics
(future topological electronics) and the spin-momentum
locking nature of the topological surface states valuable for
future spintronics. With a large Berry curvature near Er,
CrFeVGa can also be efficient for spin-Hall-effect-based
devices for the conversion of charge current to spin current
[6]. Interestingly, there has been recent theoretical progress
in designing and fabricating topological catalysts for real-
life applications using robust surface states of topological
semimetals, which can help to enhance the surface-related
chemical processes of traditional catalysts [7]. Topological
semimetals such as CrFeVGa may also be considered as a
future promising material along this direction.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of CrFeVGa were synthesized
using an arc melting system in a high-purity Ar atmosphere
using the stoichiometric amount of constituent elements
having a purity of 99.99%. In order to compensate for loss,
2% excess Ga was used. To achieve perfect homogene-
ity, the samples were melted several times and a weight

loss of 0.50% was observed after the final melting. Room-
temperature XRD data were taken using Cu K« radiation
with the help of a Panalytical X-pert diffractometer to
study the crystal structure. For the crystal structure anal-
ysis, FullProf Suite software [8] was used. Synchrotron-
based powder x-ray diffraction measurements were carried
out on well-ground powder samples at the extreme con-
ditions angle dispersive/energy dispersive x-ray diffrac-
tion (ECAD/EDXRD) beamline (BL-11) at the Indus-2
synchrotron source, Raja Ramanna Centre for Advanced
Technology (RRCAT), Indore, India. Measurements were
performed in capillary mode and the capillary was rotated
at approximately 150 revolutions per minute to reduce
orientation effects. The desired wavelength for angle-
dispersive x-ray diffraction experiments was selected from
the white light from the bending magnet using a Si(111)
channel-cut monochromator. The monochromatic beam
was then focused on the sample with a Kirkpatrick-Baez
mirror. A MAR345 image plate detector (which is an
area detector) was used to collect two-dimensional (2D)
diffraction data. The sample-to-detector distance and the
wavelength of the beam were calibrated using National
Institute of Standards and Technology standards LaBg and
Ce0;,. Calibration, conversion, and/or integration of the
2D diffraction data to one dimension, intensity versus 26,
were carried out using FIT2D software.

Magnetization measurements at various temperatures
were carried out using a vibrating sample magnetome-
ter attached to a physical property measurement system
(PPMS) (Quantum Design) for fields up to 60 kOe. ac sus-
ceptibility (ACS) measurements were carried out using the
ac measurement system option attached to the PPMS in
the temperature range of 3—200 K at varying frequencies
with an applied ac field of 5 Oe. Temperature- and field-
dependent resistivity along with the MR measurements
were also carried out using the PPMS, with the help of
the electrical transport option in the traditional four-probe
method, applying a 10 mA current at 21 Hz frequency. Hall
measurements were carried out using the PPMS with the
van der Pauw method by applying a 5 mA current at 21 Hz
frequency. The thermoelectric power (TEP) in zero mag-
netic field was measured using the differential dc sandwich
method in a homemade setup in the temperature range of
4-300 K.

II1. COMPUTATIONAL DETAILS

To study the ground-state structural and magnetic con-
figuration, and the electronic and topological properties
of CrFeVGa, ab initio calculations were performed using
spin-resolved density-functional theory [9] implemented
within the Vienna ab initio simulation package (VASP)
[10—12] with a projected augmented-wave basis [13].
The electronic exchange-correlation potential proposed by
Perdew, Burke, and Ernzerhof [14] within the generalized
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gradient approximation (GGA) was used. Brillouin-zone
integration was done using the tetrahedron method with a
24 x 24 x 24 k-mesh. A plane-wave energy cutoff of 450
eV was used for all the calculations. All the structures
were fully relaxed with total energies (forces) converged
to values less than 10~° eV (0.01 eV A ~!). The Wan-
nier90 [15—17] simulation tool was used to compute the
tight-binding Hamiltonian. Further, the WannierTool [18]
program was used to examine the topological electronic
structure properties such as Weyl points, surface states,
Berry curvature, and AHC. To incorporate the B2 disorder,
we have generated a 32-atom special quasirandom struc-
ture (SQS) [19]. SQS is an ordered structure, known to
mimic the random correlation accurately, for disordered
compounds. The Alloy Theoretic Automated Toolkit [20]
was used to generate the SQS structures. The generated
SQS structures perfectly mimic the random pair correlation
functions up to third-nearest neighbors.

IV. EXPERIMENTAL RESULTS

A. Crystal structure
1. X-ray diffraction

The quaternary Heusler alloy CrFeVGa crystallizes in
the LiMgPdSn prototype structure (space group F43m).
The experimental lattice parameter was found to be 5.87
A from the Rietveld refinement. This structure can be seen
as four interpenetrating fcc sublattices with Wyckoff posi-
tions 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 general, for a XX'YZ QHA,
there exist three energetically nondegenerate structural
configurations (keeping the Z atom at the 4a site). The
three types are

(I) Xatdd,X atdcandY at the 4b site,
(II) X at4b, X" at4d and Y at the 4c site, and
(II) X at4d, X" at4b and Y at the 4c site.

For a detailed XRD analysis, the structure factor consider-
ing configuration type I can be written as [21]

Fhkl — 4[,(‘2 +f Yeﬂi(h+k+l) +er(7Ti/2)(h+k+l)
+f)(/€_(”i/2)(h+k+l)], (1)
with different (4, k,[) values. Here fy, fy', fy, and f; are
the atomic scattering factors for the atoms X, X', Y, and Z,

respectively. For superlattice reflections, (111) and (200),
the structure factor can be written as

Fin=4[(fz — fr) — i(fx —fx)], (2)

Fao = 4[(fy +/2) — (fx +/x)]. (3)
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FIG. 1. For CrFeVGa, (a) room-temperature powder XRD

pattern and (b) synchrotron XRD pattern, including the Rietveld-
refined data for configuration type I with 50% disorder between
Cr and Fe, and 50% disorder between V and Ga atoms. Insets (I)
to (IV) in panel (a) show enlarged views near the (111) and (200)
peaks (superlattice peaks) with ordered structure (Y-type), L2,
structure, A2-type disorder, and B2-type disorder, respectively.
Inset (i) in panel (b) shows an enlarged view of superlattice
peaks with B2-type disorder; and insets (ii) and (iii) show prim-
itive crystal structures corresponding to the Y-type order and the
B2-type disorder, respectively.

Figure 1(a) shows the room-temperature XRD pattern of
CrFeVGa along with the Rietveld refinement for con-
figuration type 1 with 50% disorder between tetrahedral
sites, i.e., Cr and Fe (X and X') atoms, and 50% disor-
der between octahedral sites, i.e., V and Ga (Y and Z)
atoms. As is evident from Fig. 1(a), superlattice peaks are
absent, indicating the possibility of disorder in the sys-
tem. For the constituent elements having almost the same
values of scattering factors, it becomes very difficult to
identify an accurate structure from conventional XRD. To
find out the correct structure, we have performed rigor-
ous structural analysis considering all possible ordered and
disordered structures in all the configurations. Insets (I)
to (IV) of Fig. 1(a) show enlarged views near the (111)
and (200) peaks (superlattice peaks) with ordered structure
(Y-type), L2, structure, A2-type disorder, and B2-type dis-
order, respectively, for configuration type I (as for the rest
of the configurations, XRD did not fit well).

We started with the refinement to the pure configura-
tion as shown in inset (I) of Fig. 1(a), which clearly did
not fit well. For L2 |-type [see inset (II) of Fig. 1(a)],
refinement considering antisite disorder between V and Ga
atoms resulted in x? = 1.40. Refinement considering A2-
type disorder (random mixing among all the sites) resulted
in x2 = 2.40, which also did not fit well [see inset (III)
of Fig. 1(a)]. For B2-type disorder, refinement considering
50% antisite disorder between Cr and Fe, and between V
and Ga atoms, has been performed for all three configura-
tions. The best fit with the lowest x? (1.30) was found in
configuration type I [see inset (IV) of Fig. 1(a)].

As conventional XRD cannot give very accurate struc-
tural assessment for this system, we have gone further and
carried out SXRD using a synchrotron radiation source
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FIG. 2. For CrFeVGa, M vs T in field-cooled cooling (FCC)
mode in H = 100 Oe. Inset (i) shows the T variation of inverse
susceptibility along with the Curie-Weiss fit. Inset (ii) shows the
Curie-Weiss fit for H = 50 kOe. Inset (iii) shows M vs T curves
for FCC and field-cooled warming (FCW) data in 50 kOe. Inset
(iv) shows M vs H curves at 3, 10 and 300 K.

(A = 0.6525 A) to understand the local atomic order-
disorder. The synchrotron XRD pattern along with the
Rietveld refinement for configuration type I with B2 dis-
order is shown in Fig. 1(b). Interestingly, the SXRD data
confirm the presence of the (200) superlattice peak [see
inset (i) of Fig. 1(b)], indicating the existence of B2-type
disorder in this system. Hence, we conclude that CrFeVGa
crystallizes in cubic structure with a B2-type disorder with
50% disorder between tetrahedral sites, i.e., Cr and Fe (X
and X') atoms, and 50% disorder between octahedral sites,
i.e., V and Ga (Y and Z) atoms. The crystal structure cor-
responding to the Y-type order and the best fit with B2
disorder are shown in insets (ii) and (iii) of Fig. 1(b).

B. Magnetic properties

Figure 2 and inset (iii) of Fig. 2 show M vs T for
CrFeVGa measured at H = 100 Oe and H = 50 kOe,
respectively. The FCC curve taken at H = 100 Oe shows a
sharp rise below 25 K, whereas both FCC and FCW curves
taken at 50 kOe show a monotonic increase below 75 K.
This type of sharp rise in the M vs T data indicates the
possibility of magnetic ordering at very low 7. Inset (iv) of
Fig. 2 shows M vs H curves at various 7.

The magnetic moments (m) can be calculated by con-
sidering the total number of valence electrons (n,) of the
constituent elements [22]. According to the Slater-Pauling
rule [23,24], the magnetic moment (m) for a completely
ordered alloy is given by

m= (n, —24) up fu.= " “4)

CrFeVGa should possess 2.0 13 f.u.~! in the fully ordered
state. But interestingly, the observed moment turns out
to be negligibly small (5 x 1072 pp fu.”!). The pres-
ence of B2 disorder can be a plausible reason for the
quenching of the moment. The susceptibility data (H =
100 Oe) have been fitted (solid red line) above 145 K (the
Curie-Weiss law deviates below 150 K) using the Curie-
Weiss law, x ' = 1/(xo0 + C/(T — 6p)). From the fit, we
obtained xo = 3.74 x 10~* emu mol~' Oe~' and Weiss
temperature 6 = —25 K. The latter indicates the presence
of antiferromagnetic (AFM) interactions in the system.
The nonsaturating behavior (even up to 60 kOe field) of
the low-T' M vs H curves, along with negligible hystere-
sis and very low moment, indicate superparamagneticlike
behavior, possibly attributable to the B2 disorder.

Furthermore, the 1/x vs T plots [see insets (i) and (ii)
of Fig. 2] depict a deviation from the Curie-Weiss behav-
ior below 150 K for H = 100 Oe and below 100 K for
H = 50 kOe, respectively, indicating the possibility of
GP-like behavior in this system [25]. We have defined
the Griffith’s temperature 7 as the temperature at which
1/x deviates from the Curie-Weiss law. Thus 7 is the
highest temperature at which there exists a short-range fer-
romagnetic (FM) ordering, while the system is completely
paramagnetic above 7. For the H = 100 Oe and H = 50
kOe data, T is 149 K and 100 K, respectively. As the field
is increased, Tz decreases, which is a characteristic fea-
ture of the Griffith’s phase [25]. This is because, at lower
fields, the moments of FM clusters can easily prevail over
the paramagnetic regime, while the same does not happen
at higher fields. Generally, GP is observed in frustrated
magnetic systems [25] and rarely seen in Heusler systems.
The presence of antisite disorder expedites the possibility
of GP in this system, and in turn plays a significant role
[26,27], leading to interesting magnetic features. The com-
petition between FM and AFM phases can also be a source
of occurrence of GP. The existence of GP-like behavior in
CrFeVQa can be explained on the basis of quenched disor-
der and the coexistence of competing FM and AFM phases
[27]. Griffith’s singularity [28] is represented by a power
law of 1/x as

x =T -T1%' (5)

where TF is the random critical temperature and A is
the susceptibility exponent (0 < A < 1), which means the
deviation from the Curie-Weiss (CW) behavior. In the
paramagnetic regime (above 7g), A should ideally be zero
[28].

Figure 3(a),(b) show fits to our x ~! data [using Eq. (5)]
to look into the presence of GP-like behavior. From the fits,
we obtained A = 0.88 &£ 0.05, which is in good agreement
with the expected range of 0 to 1, and comparable to that
of other reported systems from the Heusler family [29,30],
indicating the presence of GP-like behavior. The calculated
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FIG. 3. For CrFeVGa, the power-law fit (solid red line) to x !

at (a) 100 Oe and (b) 50 kOe according to Eq. (5). (c) Arrott plots
at 3 K and 10 K and linear fitting (solid green line).

value of T Ié is 25 K (as Ocw is negative in our case, and no
magnetic ordering is found down to 2 K, we have approx-
imated T’ Ié = |6cw]) [25], which is also above the ordering
temperature. We found A = 0.88 & 0.05 from fitting the
100-Oe data, which is higher than that for the 50-kOe
data (A = 0.79 £ 0.02 for 50 kOe). Thus A is higher in the
lower field, again a characteristic feature of GP-like behav-
ior [25]. To further analyze this behavior in more detail,
we have checked the Arrott plots along with a linear fit,
as shown in Fig. 3(c). The presence of nonlinear behavior
indicates the presence of magnetic inhomogeneities [25]
and the absence of any spontaneous magnetization, which
again confirms the presence of GP-like behavior.

To further investigate the magnetic properties of
CrFeVGa, we have performed frequency-dependent ACS
measurements in the range of 3200 K using ac frequen-
cies of 10 Hz to 9 kHz. Figure 4 shows the T variation
of the real (x’) and imaginary (x”) components of ACS,
which agree with the dc magnetization data. The absence
of a prominent peak confirms no magnetic ordering down
to low 7. The absence of any frequency dependence in
the ACS data rules out spin-glass nature in this system.
Thus, dc and ac magnetization data reveal the possibil-
ity of small magnetic clusters in the paramagnetic regime,
formed by weakly interacting magnetic moments, where
no spontaneous magnetization is observed (as revealed
from the Arrott plot). This also confirms the absence of
coherent long-range order in this system, because of the
atomic disorder.

C. Transport properties
1. Resistivity

Figure 5(a) shows the T dependence of longitudinal
resistivity (o) at zero field and at different fields [see inset
(iii) of Fig. 5(a)]. In the low-T region, it is a bad metal,
as py, increases with 7' very slowly. This has also been
verified by plotting log, (py,) vs log,(7) in the T range of
18-100 K along with a perfect linear fit [see inset (i) of
Fig. 5(a)]. From the fit, we obtained the value of expo-
nent « to be 0.02, which is negligibly small, indicating the
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FIG. 4. For CrFeVGa, T variation of ac susceptibility x’ (real
part) for various frequencies driven at 5 Oe ac field. The inset
shows the T variation of out-of-phase ACS (x").

semimetallic nature of CrFeVGa. On the other hand, the
resistivity data show a semiconductinglike behavior above
a temperature 7, (~ 200 K) at which p,, reaches a maxi-
mum, and this maximum could be due to the competition
between positive and negative temperature coefficients of
resistivity in this disordered alloy, while the effective car-
rier density remains constant (this is also revealed by the
electronic structure calculations shown later) [31].

From the variation of the resistivity data, it appears that,
in the high-T regime (200390 K), semiconductinglike
behavior dominates, possibly due to the effect of ther-
mally activated carriers. In the present case, the resistivity
increases because the effective carrier density remains con-
stant [also confirmed by constant density of states (DOS)
near the Fermi level] and the phonon scattering increases
with 7. At higher T (> 200 K), the transport becomes
activated, and the resistivity decreases with increasing 7
[32]. The semiconductinglike [negative temperature coef-
ficient of resistivity (TCR)] behavior for 7 > 200 K is
attributed to the disorder and/or point defects. For clean
systems (pure metal and alloys), resistivity behavior is
dominated by phonon scattering (increase in resistivity
with 7) following the semiclassical Boltzmann transport.
But in a disordered alloy (such as CrFeVGa), the resistivity
behavior deviates from the conventional classical behavior
reflecting sign change of TCR.

In order to further investigate the transport nature, we
have fitted the conductivity data with a modified two-
carrier model, Eq. (7) [33,34] (in the T range of 200390
K). This is shown in inset (ii) of Fig. 5(a).

We have considered the two-carrier model, for which

o (T) = e(nepte + nupin), (6)
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range of 18—100 K at 0 kOe. Inset (ii) shows the longitudinal conductivity (o) vs T in zero field along with a two-carrier model fit
[Eq. (7)] in the semiconducting regime (200390 K). Inset (iii) shows py, vs T at two different fields. (b) Plot of MR vs H at various

temperatures in the 7 range of 5-100 K.

where n; = ne 2Ei/%7 (; = e, h) are the electron and hole
carrier concentrations, and u;, and AE; are the mobilities
and pseudogaps, respectively. Equation (6) can be written
as

o (T) = [Ac(T)e™ F/BT 4 4, (Tye 25/M8T) ()
From the two-carrier model fitting, the energy gaps (AE))
turn out to be negligibly small.

2. Magnetoresistance

Another interesting feature of the present system is the
observation of nonsaturating LPMR in a wide T range.
Figure 5(b) shows MR vs H at different 7, where the
MR ratio is defined as Ry, (H) = {[p(H) — p(0)]/p(0)} x
100%. MR increases with H in a perfectly linear fashion
in the entire field range, and the low-temperature MR is
still linear at 70 kOe. At 3 K, we have obtained ~ 4% MR
at H = 70 kOe, which is remarkably high in a disordered
system as compared to other reported systems [35,36]. The
slope of the linear region decreases with increasing 7, and,
above 100 K, the magnitude of MR becomes very small
(~ 0.01% at 300 K). The occurrence of LPMR is indeed
anomalous, as the R, (H) dependence is usually quadratic
with H. The origin of such a feature is ambiguous, and it
may arise due to several reasons, e.g., (i) disorder-mediated
mobility fluctuations [32], (i) quantum linear MR behav-
ior in the zero- or small-gap electronic band structure
near Er [37,38], etc. For CrFeVGa, LPMR possibly arises
due to the second reason [36]. Such large nonsaturating
LPMR can be quite promising for high-speed electronics
and next-generation spintronic devices. As the origin of

LPMR depends mainly on the mobility and carrier concen-
tration parameters, we have further investigated the Hall
effect as described below.

3. Hall measurements

Interestingly, the Hall resistivity (the MR contribu-
tion is removed using the expression oy, = [pxy(H)—
Py (—H )] /2) also shows several anomalies such as (1) a
characteristic humplike feature in topological Hall effect
(THE) data (maximum at 2 K), (2) nonlinear behavior at
low fields while linearity is observed at higher fields, (3)
switch of sign from negative to positive at low field and
low T, and (4) a crossover from p-type to n-type character
[see Figs. 6(a)-6(d)]. To better understand these anoma-
lies, we have considered the empirical Hall resistivity
expression for a magnetic material as

Psy = Py + pf, = RoH + R4M, (8)

where ,ofc\; and pfy are the normal and the anomalous
Hall effect resistivity (AHE) contributions, and R, and
R4 denote the ordinary and anomalous Hall coefficients,
respectively. The AHE contribution can be scaled as pfy =
Sy ,oixM , where Sy is independent of field and p,, is the
longitudinal resistivity.

We have experimentally observed a reasonably large
anomalous Hall conductivity (|0, = ou/ (05, + p3,)) of
270 S cm~! at 2 K, as shown in Fig. 7(d). We also esti-
mated the carrier concentration n = 1.26 x 10'° cm™3 at 2
K, which is in the same order as the narrow-gap semicon-
ductor or semimetal carrier density. To further quantify the
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FIG. 6. For CrFeVQGa, (a)«(d) Hall resistivity (poy,) vs H at 2,
5, 20, and 300 K, respectively. (e),(f) Plots of MR vs M? with
linear fit (solid line) at 3 and 25 K, respectively.

AHE, we have used another scaling parameter, the anoma-
lous Hall angle, defined as cr;; [Oxx = (Ony — ag) /0. The
maximum value of the AHA reaches 0.07, as shown in
the inset of Fig. 7(d). This AHA value is remarkably high
among bulk materials [39], as compared to other single-
crystal systems, such as Mn3Sn (AHA < 0.02) [40], and in
line with Mn;Ge (AHA ~ 0.05) [41].

However, p,, was found to deviate from the Hall resis-
tivity fit of Eq. (8), as shown in Figs. 7(a) and 7(b). This
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FIG. 7. For CrFeVGea, (a) total Hall resistivity (o, ) vs H at 2

K (black curve). The red curve shows the sum of the normal and
anomalous Hall contributions, while the blue curve indicates the

topological Hall contribution (p}""). Notice the change of sign

in p1"* at about 2 T. (b) Plot of py, vs H at 5 K along with the
normal, anomalous, and topological Hall contributions. (c) Plot

of pryHE vs H at 5, 10, and 300 K. The inset shows ,oxTyHE vs H at

4 K. (d) AHC (U;;) vs H at 2 K. The inset shows the anomalous
Hall angle (AHA) vs H.

clearly hints toward the existence of an additional contri-
bution, namely the topological Hall effect p,, [42]. Hence,
the total Hall resistivity is expressed as

;Oxy(T) = p)lc\)]} + pfy + '();CI;}HE = R()H + SAIO)%)CM + p;,HEs
©

where pJ'" is the topological Hall resistivity. To scale the
AHE and THE contributions, we have performed a lin-
ear fit to the py,/H vs p2M/H curve in the high-field
regions, as THE vanishes at a high A value. From this fit-
ting, the parameters Ry and S, are obtained, and THE is

extracted by subtracting ol + pf, from Eq. (9) [43]. This

pay'" component is shown in Figs. 7(a) and 7(b).

In addition, pIHE

VS H at various 7T is shown in Fig. 7(c).
From these fits, a large THE contribution (~ 4 L2 cm) was
observed at 2 K. The amplitude of THE decreases rapidly
with T, but its contribution was found to exist over a wide
T range. The presence of a humplike maximum [44] and
sign switching [45] are typical signatures of THE in topo-
logical systems [43]. The origin of this may be attributed
to the existence of some spin texture [42] and/or the non-
trivial band topology near Er, associated with the complex
magnetic structure of this system mediated by atomic dis-
order. The sign change in p"F mainly arises due to the
spin-chirality fluctuations related to the fictitious magnetic
field of the spin textures [46]. Furthermore, the presence of
complex magnetic texture is also supported by the linear fit

of MR vs M? [45] [see Figs. 6(e) and 6(f)].

4. Specific heat

Figure 8 shows the specific heat C, vs T for various
applied fields. The low-T C, data have been fitted with
the equation C(T) = y T + BT?, where the first and second
terms indicate the electronic and the low-T phonon contri-
butions to C,, respectively. Inset (i) shows the linear fit of
zero-field C,, data while inset (ii) shows a C, /T vs T’ 2 plot.
The Sommerfeld coefficient, y = 0.0194 J mol™! K2, is
obtained from this fit. We have then extracted the den-
sity of states at the Fermi level, n(Ep) ~ 0.5 states eV ™!
fu.~!, using the equation n(Er) = 3y /(7w2k3) [4]. This
value matches fairly well with the simulated DOS value
(described in the next section). This is also in good agree-
ment with the small semimetallic DOS value near Er
reported for other semimetals, and hence supports our
transport and theoretical findings. From the fitting, the
Debye temperature is found to be 6p = 254 K using 8 =
1.188 x 10™* J mol~' K~*. Interestingly the C,/T vs T°
curve shows a shallow minimum in the low-7 region,
which vanishes with the field [see inset (ii) Fig. 8]. The
existence of a possible spin texture may be the reason for
the anomalous low-temperature behavior of C,,.
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respectively.

5. Thermoelectric power

Figure 9 shows the 7 dependence of the TEP S for
CrFeVGa. It shows a perfect linear dependence until 150
K, beyond which there is a slight change in the slope,
which resembles the changeover in the resistivity data.
The positive slope indicates a dominant hole transport out-
weighing electron transport. The linear variation of S sug-
gests a dominant contribution of diffusion thermopower,
which is very similar to other reported narrow-band-gap
semiconductors [47]. The magnitude of S is in line with
that of other reported semiconducting systems [3], but dif-
fers from that of intrinsic semiconductors, for which the
magnitude is much higher [47]. However, in small- or zero-
gap semiconductors, Er can switch to the valence band
(VB) or conduction band (CB) in one of the spin chan-
nels (with a very small gap) due to excitation or impurity
states. This leads to a low S value and a slow linear varia-
tion of S with 7'[3]. For small-gap semiconductors such as
spin-gapless semiconductors or bipolar magnetic semicon-
ductors, the Seebeck values are reported to be small (1-7
wV K1) and found to vary linearly with T [3].

In contrast, for typical (intrinsic) semiconductors, S val-
ues are larger with a nonlinear variation with 7 as Er lies
within the band gap. However, for nondegenerate or semi-
conductors with a small gap in one of the spin channels
(as seen in various spin-gapless semiconductors as well as
our CrFeVGa), the Fermi level can pierce into the valence
or the conduction band of one of the spin channels due
to thermal excitation or impurities, leading to a small dif-
ference between the DOS just above and below the Fermi

FIG. 9. For CrFeVQGa, thermoelectric power S vs T along with
a linear fit in the 7 range of 20—150 K. The inset shows the power
factor S%0 vs T.

level [48]. This makes the Seebeck value small in magni-
tude. To find out the DOS and carrier density near £z, TEP
data have been fitted with the following equation in the two
T ranges (20150 K and 150300 K),

Sy =Sy +sT", (10)

where S; is the diffusion thermopower, Sy is a constant, and
the slope s = 72k%/3eEr. From these fits, we obtained Er
to be 0.8 eV (20—150 K) and 0.2 eV (150300 K) with
n=1.0and n = 0.7 in the two T ranges, respectively. The
inset of Fig. 9 shows the T dependence of the power factor
(S%0) [49].

V. THEORETICAL RESULTS

To study the electronic structure of CrFeVGa, we first
simulated the energetics of various structural and mag-
netic states including ferro-, antiferro-, and ferrimagnetic
configurations. Of these, configuration type I with ferri-
magnetic order turns out to be energetically the most stable
one. Table I shows the simulated results for the theoret-
ically optimized lattice parameters (ag), atom-projected
local moments, and total energy for a few of the lowest-
energy configurations. Figure 10 shows the spin-resolved
band structure and density of states for configuration type I
with ferrimagnetic disorder. A negligible overlap between
the CB and VB, and the presence of negligibly small
DOS at Ef, indicate a weak semimetallic behavior in this
system. Interestingly, we observe the occurrence of topo-
logical nontrivial bands and Weyl points near £y around
the X point, as highlighted by the red dashed rectangle in
Fig. 10(a) (more details are given below). In the majority-
spin channel, small hole pockets appear with a small band
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TABLE I. For CrFeVGa, relaxed lattice parameter ay, atom-projected and total magnetic moments m, and relative energy AE for
configuration types I, II, and III (with respect to configuration type I) within the GGA approximation.

Type ay (A) m (ug) m* (1up) m (1u5) ' (1up) AE (eV fu.™)

I 5.88 1.83 0.88 —0.75 1.94 0

I 5.85 —0.96 1.29 1.56 1.91 0.54

11 5.93 2.39 1.98 —0.5 3.8 0.64

gap (~ 0.05 eV) very close to the Er at the I point. Disor-
der can play a crucial role to push the Er towards the VB
or CB, which can impact the overall electronic structure of
the material.

It is worth mentioning that the DOS remains almost
unchanged in the energy range of —50 to 50 meV, as shown
in the inset of Fig. 10(b). This may arise due to the constant
carrier density in the vicinity of Er [31]. Theoretically,
the relaxed lattice parameter (ag = 5.88 A) matches fairly
well with the experimental value (ap = 5.87 A). We have
obtained a simulated net moment of ~ 2 up fu.~!, which
does not follow the experimentally measured value. This
difference can be attributed to the B2 disorder present in
the system.

To further investigate the semimetallic nature, we
have performed band-structure calculations considering
the effect of SOC. Figure 11(a) shows the atom and orbital
projected band structure of CrFeVGa with SOC. Because
of the effect of SOC, the bands around the X point split.
This splitting mediates a tiny gap opening along the X -
U high-symmetry direction and slight overlap between the
VB and CB [see enlarged Fig. 11(b)], which reconfirms the
semimetallic nature of CrFeVGa.

The interesting band profile around the Fermi level
inspired us to further inspect the topological properties
of CrFeVGa. It is apparent that the combination of bro-
ken time-reversal symmetry and the noncentrosymmetric
nature of CrFeVGa allow the possibility of occurrence of
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FIG. 10. For CrFeVGa, spin-polarized band structure and den-
sity of states at the relaxed lattice parameter (ay) for configuration
type I with ferrimagnetic ordering. The red dashed rectangle in
panel (a) highlights the topological nontrivial bands and Weyl
node near the Er at and around the X point. An enlarged view of
the DOS near EF is highlighted in the inset of panel (b).

Weyl nodes in the bulk band structure. In order to exam-
ine the nontrivial band topology, we have considered the
p and d projected electronic band structure, as shown in
Fig. 11. In CrFeVGa, the band inversion stems from the
overlapping of vanadium p and d states around the X point.
The search for nodal points in the entire Brillouin zone
revealed 24 pairs of Weyl points near the Fermi level with
=+1 chirality. The vanishing of the net chirality value is in
agreement with the Nielsen-Ninomiya theorem [50].

Figure 12(a) shows the band dispersion around one such
Weyl point. A highly linearized dispersive band nature
is evident. Such a topologically nontrivial feature can
be useful for several applications such as those in spin
topological field effect transistors, broadband infrared pho-
todetectors and topotronics. Further, we have examined the
Berry curvature in the k,-k, plane, as shown in Fig. 12(b).
Clearly, the magnitude of the Berry flux is significantly
high, which is possibly due to the existence of multiple
Weyl points near the Fermi level that act as the source
or sink of the Berry curvature. The surface states origi-
nating from the bulk nontrivial band crossing are one of
the important parameters in topological materials, which
are ideally protected against small external perturbations.
Figure 12(c) shows the surface state projected on the (001)
surface originating from one of the Weyl points. Such
robust surface states can help to enhance the surface-
related chemical processes of traditional catalysts [7].

In the vicinity of the Fermi level, one can observe
the contributions of other surface states and arc, which
arises from other Fermi pockets in the band structure of

o
S
T
_
D
e

7M1 0.03
d

BB (eV)
e S <
=3 N
/
L
2

\ / / 1 \’ 0.00

_0‘4\/ ,\\ \ %/ /_0.03.

—0.06
w

FIG. 11. For CrFeVGa, (a) atom and orbital projected band
structure including spin-orbit coupling (SOC) for configuration
type I of CrFeVGa. Vanadium p (d) states are shown by green
(violet) color. (b) Enlarged view of the band structure around the
X -point highlighting the slight overlap of the VB and CB near
Er, confirming the semimetallic nature of CrFeVGa.

044071-9



JADUPATI NAG et al.

PHYS. REV. APPLIED 19, 044071 (2023)

10°

(b)

10°

.
4 bt 0

S X _10t

-10?

e

r \gv ot

E(k)-Ey (eV)

L ~
E 0.1 / &
~ ss 5 g
& -
A 0.0 o
) =
1] A, 2
r S
—0.1- \ /
—0.2 = - —400! ! ‘ ,
T WP T -1.0 -05 0.0 0.5 1.0

E(K)-Er (V)

FIG. 12. For CrFeVGa, (a) energy dispersion around a Weyl
point, (b) simulated Berry curvature in the kc-k, plane at the
Fermi level, (c) surface spectra around the Weyl point on the
(001) surface, where ss stands for surface state, and (d) energy-
dependent AHC (o).

CrFeVGa. Magnetic WSMs are well known for anomalous
transport behavior. In order to check that, we have calcu-
lated the intrinsic contribution of AHC originating from
the topological Berry curvature. Since the magnetization of
the alloy is directed along the z direction, one needs to ana-
lyze the transverse conductivity parameter (o, ). We have
simulated the AHC using the equation

e? &k
LEED) /B e GO

where f,(k) is the Fermi-Dirac distribution function, and
€2, (k) is the z component of the Berry curvature for the
nth band. Our AHC is calculated at 0 K, and hence f,, (k) =
L.

Figure 12(d) shows the calculated energy-dependent
AHC for CrFeVGa. As expected, the magnitude of AHC
in the vicinity of the Fermi level is significantly high
(0w (Er) ~ 305 Q7! cm™"), which is in good agree-
ment with the experimentally obtained AHC value (~
270 ! ecm™"). Further, along the positive side of energy,
the AHC value is found to increase and attain a maximum
value of 616 Q7! em™! at 0.12 eV. Such a high AHC value
for CrFeVGa is comparable with other reported topolog-
ical materials in the literature [51,52], and can be useful
for different applications, e.g., spin topological field effect
transistors, topotronics, etc.

As mentioned earlier, magnetization measurements
yield negligibly small moment for CrFeVGa, which may
arise due to the B2 disorder, as confirmed from our exper-
imental XRD data. In order to check it, we have simulated
the effect of B2 disorder (fully homogeneous 50% disor-
der between tetrahedral sites, i.e., Cr and Fe atoms, and
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FIG. 13. Spin-polarized density of states for CrFeVGa with B2
disorder (i.e., 50% disorder between Cr and Fe atoms, and 50%
disorder between V and Ga atoms).

between octahedral sites, i.e., V and Ga atoms) on the
electronic and magnetic properties of CrFeVGa. For this,
we generated special quasirandom structures [19] corre-
sponding to the energetically most favorable type I ordered
configuration (see Table I). Figure 13 shows the spin-
polarized DOS for this SQS structure. Interestingly, the
disordered phase also shows a semimetal behavior for
CrFeVGa, with finite DOS in one spin channel and almost
zero gap in the other. Energetically, this phase differs only
by a few millielectronvolts per formula unit as compared
to its corresponding ordered counterpart. The disordered
phase, however, gives a much smaller net magnetization
(~ 0.2 up), which is in accordance with the experimental
finding.

Further, we have also simulated the electronic structure
of the B2 disordered phase using a 64-atom SQS unit cell.
The DOS remains almost the same, but the net moment
reduces further to ~ 0.11 wp, in better agreement with the
measured value.

VI. SUMMARY AND CONCLUSION

We report a topological semimetallic system, CrFeVGa,
which belongs to the quaternary Heusler alloy family.
CrFeVGa crystallizes in a cubic structure with 50% B2
disorder between tetrahedral sites, i.e., Cr and Fe atoms,
and between octahedral sites, i.e., V and Ga atoms, as con-
firmed by the synchrotron XRD measurement. We have
used a combined theoretical and experimental study to
investigate the effect of atomic disorder on the structural,
magnetic, transport, electronic, and topological properties
of this alloy. B2 disorder is found to play a crucial role
in the electronic and magnetic behavior of the system
and possibly gives rise to the quenching of moment (~
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5% 1072 pp fu.7!) and other anomalies. ac and dc mag-
netization data indicate that the antiferromagnetic inter-
action between ferrimagnetic clusters is responsible for
the Griffith’s-phase-like behavior, which eventually leads
to anomalous magnetic transition. A nonsaturating linear
positive magnetoresistance is observed till 70 kOe, in a
wide temperature range, which possibly originates from
a quantum linear MR feature in the zero- or small-gap
electronic band structure near £r. Hall measurements sup-
port the transport data and display a few anomalies, which
were further explained by the simulated band structure
of the alloy. A low-temperature anomaly in the specific
heat data supports the possible existence of spin texture,
as also observed in Hall measurements. 4b initio density-
functional calculations reveal the topological nontrivial
features, including band inversion, Weyl points, and large
Berry curvature for pristine CrFeVGa. The simulated value
of the intrinsic anomalous Hall conductivity of CrFeVGa
matches fairly well with the experiment, and is found to
originate mainly from the large Berry flux. Simulation of
the special quasirandom structure confirms the B2 disorder
as being mainly responsible for the quenching of net mag-
netization. The present study is crucial to get an insight into
the effect of inhomogeneous phases on the critical behavior
of weak magnetically ordered systems. The coexistence of
different and emerging features such as topological band
structure, possible spin texture, large LPMR, and high
AHC value in a single material is remarkable, and opens up
new frontiers for future topological and spintronics-based
research.
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