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‘We report the structural, magnetic, and transport properties of the polycrystalline CrVTiAl alloy along with first-
principles calculations. The alloy crystallizes in a LiMgPdSn-type structure with a lattice parameter of 6.14 Aat
room temperature. The absence of the (111) peak along with the presence of a weak (200) peak indicates the antisite
disorder of Al with Cr and V atoms, which is different from the pure DO; type. Magnetization measurements
reveal a magnetic transition near 710 K, a coercive field of ~100 Oe at 3 K, and a moment of ~1073ug /f.u. These
observations are indicative of fully compensated ferrimagnetism in the alloy, which is confirmed by theoretical
modeling. The temperature coefficient of resistivity is found to be negative, signaling the semiconducting nature.
However, the absence of exponential dependence indicates the semiconducting nature with gapless/spin-gapless

behavior. Electronic and magnetic properties of CrVTiAl for all three possible crystallographic configurations are
studied theoretically. All the configurations are found to be different forms of semiconductors. The ground-state
configuration is a fully compensated ferrimagnet with band gaps of 0.58 and 0.30 eV for the spin-up and -down
bands, respectively. The next-higher-energy configuration is also fully compensated ferrimagnetic but has a

spin-gapless semiconducting nature. The highest-energy configuration corresponds to a nonmagnetic, gapless
semiconductor. The energy differences among these configurations are quite small (<1 mRy/atom), which hints
that, at finite temperatures, the alloy exists in a disordered phase, which is a mixture of the three configurations. By
taking into account the theoretical and experimental findings, we conclude that CrVTiAl is a fully compensated
ferrimagnet with a predominantly spin-gapless semiconducting nature.
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I. INTRODUCTION

Spintronics is an emerging branch of electronics in which
the spin degree of freedom is added to the charge degree of
electrons to realize many advantages such as nonvolatility,
high processing speed, low power consumption, high stor-
age density, etc., over conventional electronics [1-7]. The
utilization of the spin degree of freedom i.e., in spintronic
devices, can be found in spin diodes used in magnetic hard
disks, read heads, magnetoresistive random access memory,
spin transistors, tunnel diodes, vortex oscillators, etc. [8—12].
Torealize spintronic devices, special materials are required; for
example, their electrical conduction should be restricted to only
one type of spin carrier. Such a phenomenon is seen in half-
metallic ferromagnets (HMFs), spin-gapless semiconductors
(SGSs), semiconducting spin filters, etc. [3,13—16]. Among the
discovered materials, fully compensated ferrimagnetic (FCF)
materials have gained a lot of interest recently [17—-19]. Leuken
and de Groot have theoretically shown that this new class of
materials can show 100% spin polarization without having a
net magnetic moment and gave it the name half-metallic anti-
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ferromagnets (AFMs), which was later renamed half-metallic
fully compensated ferrimagnets [20-22]. However, for the
antiferromagnets, symmetry demands identical densities of
states (DOSs) for spin-up and spin-down bands [19,23]. Due
to symmetric bands and DOS, both the spin channels equally
contribute to electrical conductivity, which results in zero net
spin-polarized current. On the other hand, such a scenario is
not true for FCF materials, which usually contain three or
more magnetic ions with moments aligned in such a way that
the net magnetization is nearly zero. AFM materials contain
an even number of magnetic ions in order to have inversion
symmetry, whereas FCF materials must contain three or more
magnetic ions to break the inversion symmetry. In certain
materials, the magnetic ions are identical, while in others
the ions are different. For example, in Mn3Al, two Mn ions
occupy the tetrahedral sites with a moment of 1.40up each
(aligned in the same direction), while the other Mn occupies
the octahedral site and possesses a moment of —2.79 . This
results in a fully compensated ferrimagnetic system [24]. Its
crystal structure possesses inversion symmetry, whereas the
magnetic structure does not. Breaking the inversion symmetry
in magnetic structure is a requirement for spintronic ma-
terials (ferromagnetic, ferrimagnetic, and fully compensated
ferrimagnetic). Thus, fully compensated ferrimagnets are a
special case of ferrimagnets, and they should not be confused

©2018 American Physical Society
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FIG. 1. Schematic density of states of various types of semicon-
ductors. (a) Conventional semiconductor (CS) in which both spin-up
(1) and -down () bands have finite and equal band gaps. (b) A gapless
semiconductor (GS) where both the spin bands have a vanishing band
gap. (c) A magnetic semiconductor (MS) in which the band gaps of
spin-up and -down bands are finite but unequal. (d) A spin-gapless
semiconductor in which any one band (up or down) is gapless while
the other has a finite gap.

with antiferromagnets, which must possess magnetic inversion
symmetry. Some of the unique properties and advantages of
FCF materials are (i) the nearly zero magnetic moment, which
creates no external stray fields, resulting in low energy losses,
(ii) spin sensitivity without stray magnetic fields, which allows
them not to disturb the spin character and makes them ideal
for spin-polarized scanning tunneling microscope tips and
improved density of circuit integration in a chip [25], (iii)
the low shape anisotropy, which helps in applications in spin
injection, etc. These properties make them superior to HMF
materials and are very much in demand today.

Although Heusler alloys have been known for many
decades, they have gained renewed interest because of the
developments in the field of spintronics [4,26-30]. Ozdogan
et al. studied the electronic and magnetic properties of quater-
nary Heusler alloys (QHAs) theoretically by using the full-
potential nonorthogonal local-orbital minimum-basis band
structure scheme [31]. Among the studied alloys, CrVTiAl has
attracted a lot of interest, and preliminary band structure studies
indicated it is an antiferromagnetic semiconductor [31]. Later,
it was called a fully compensated ferrimagnet with distinct
magnetic moments at the Cr, V, and Ti ions [21,22]. To make it
clear, although a few authors have used the term AFM and
others have used FCF, they essentially arrived at the same
result, and as such, this is just a difference in terminology.
The difference lies in the symmetry; that is, AFMs possess
inversion symmetry with an even number of magnetic ions,
while FCF lacks inversion symmetry and contains more than
two magnetic ions, as in the case of CrVTiAl

The schematic densities of states of different classes of
semiconductors are displayed in Fig. 1. Figure 1(a) is a con-
ventional semiconductor (CS) in which both spin-up and spin-
down bands have equal band gap A E,. In thermal equilibrium,
the intrinsic charge carrier concentration is given by [32]

ks T \*/?
ni=2(—2nh2> (momp) e BESAD ()

Here m, (my,) is the effective mass of an electron (hole).
The conductivity in CS is dominated by the exponential term.
Figure 1(b) is a special case in which the gap closes (AE, ~ 0;
for example, HgTe), in which n; varies as T3/233]. Figure 1(c)

shows a conventional magnetic semiconductor in which band
gap for each spin band is finite but not equal, resulting in
spin-polarized intrinsic carriers and hence its use in spin filters.
Figure 1(d) is a special class of magnetic semiconductors in
which one of the spin bands encounters zero gap (AEgy ~ 0)
while the other has a finite gap [14,15,34]. In this case, the
concentration of intrinsic spin-up carriers n4, which varies as
T3/2, dominates in comparison to that of spin-down carries
n, which varies in an exponential manner, and as a result, the
temperature dependence of the total concentration of intrinsic
carriers slightly deviates from purely 732 at not too high
temperatures.

An experimental investigation carried out by Stephen et al.
has shown CrVTiAl to be a magnetic semiconductor [35],
but they attributed the resistivity behavior to a combination
of metallic and semiconducting contributions. According to
them, the magnetization depends linearly on the field, unlike
in our case. As is evident in the following sections, our
experimental results for the same alloy show some striking
differences. With the aim of shedding more light on the
anomalous properties exhibited by this alloy, we have carried
out a joint theoretical and experimental study, which reveals
certain hitherto unknown aspects of the structure-property
correlations of this alloy.

II. EXPERIMENTAL AND THEORETICAL DETAILS

The polycrystalline CrVTiAl alloy was prepared by arc
melting the stoichiometric proportions of constituent elements
with a purity of at least 99.99%. Room-temperature x-ray
diffraction (XRD) patterns were collected using an X’ Pert Pro
diffractometer using Cu Ko radiation. The crystal structure
was analyzed by Rietveld refinement using the FULLPROF
suite [36].

The crystal structure of QHAs of the type X X'Y Z (where
X, X', and Y are transition elements, and Z is the main group
element) can be described by three distinct (symmetrywise
inequivalent) possible arrangements of atoms [4,37]. The
structure consists of four Wyckoff sites, 4a, 4b, 4c, and 4d.
By fixing Z at the 4a site, the distinct configurations are (I) X
at4b, X’ at 4c, and Y at the 4d site, (II) X at 4c, X’ at 4b, and
Y at the 4d site, and (IIT) X at4d, X’ at4c, and Y at the 4b site.
The structure factor for the first configuration is given by

Fuu = 4(f. + fyem(h+k+z> + fxe%’(h-t-k-&-l) + fx,e—%(h-&-k-k—l))
(2

with unmixed (hkl) values. Here f., f,, fx, and fy are
the atomic scattering factors for atoms Z, Y, X, and X',
respectively. Therefore, the magnitudes of

Fin :4[(fz_fy)_i(fx_fx’)]’ (3)
Fao = 41(f; + /) — (fs + fo), “4)
Fao =4Lf; + fy + fi + fr] %)

are used to classify the order of the crystal structure.
Magnetization measurements (2—400 K) were performed

using a field-cooled warming protocol at 500 Oe us-

ing a vibrating sample magnetometer (Quantum Design).
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High-temperature magnetization measurement was carried out
using a superconducting quantum interference device magne-
tometer (magnetic property measurement system, Quantum
Design). Resistivity p measurements were carried out using
a physical property measurement system (PPMS; Quantum
Design) using the four probe method, applying a 5 mA current.
In order to understand the type of charge carriers and the
variation of their density with temperature, we performed Hall
measurement using the PPMS with a five-probe method by
applying 1 A of current. Isothermal variation of Hall resistivity
with field was measured at several temperatures, and its slope
was used to estimate the concentration of charge carriers at
those temperatures.

Theoretical details

Spin-resolved density functional theory as implemented in
the QUANTUM ESPRESSO (QE) package [38] was used to cal-
culate the band structure and magnetic properties of CrVTiAl
The exchange-correlation functional was taken within the gen-
eralized gradient approximation (GGA) in the parametrization
of Perdew, Burke, and Ernzerhof (PBE) [39]. The pseudopo-
tentials in the projector augmented-wave method [40] were
generated using PSLIBRARY and QE. Self-consistent calcula-
tions were carried out using a 24 x 24 x 24 k-point mesh
with Methfessel-Paxton smearing with a width of 0.005 Ry,
resulting in 413 k points in the irreducible wedge of the
Brillouin zone. The energy convergence criterion was set to
10~° Ry. The kinetic energy of the plane-wave expansion
(energy cut-off E) was restricted to 60 Ry, and charge density
expansion was restricted to 700 Ry. Non-self-consistent field
calculations were carried out using a 48 x 48 x 48 k-point
grid. The projected density of states was extracted with an
smearing width of 0.0025 Ry.

The thermal charge carrier concentration was calculated
using the theoretical DOS D(E). The electron density above
the Fermi energy Ef at finite temperature 7 is D(E)f(E).
Hence, the total number of thermally created electrons is

no(T) = / D(E)f(E)dE. ©)

Here Er is taken as the reference level, and f(E) = 1/[1 +
exp(—E/kgT)] is the Fermi function. In a similar manner, the
total number of thermally created holes can be found using the
expression

0
ny(T) = /E DB~ f(E)E. ™

In an intrinsic semiconductor, at thermal equilibrium, the
number of thermal electrons is equal to the number of created
holes i.e., n, = np = /n.ny,. In addition to the thermally
created charge carriers, there exists a finite number of charge
carriers n,y even at T = 0. So the total number of intrinsic
carriers at a given T is n = 2./n.n, + n.. To obtain the
number of total spin-resolved carriers, one has to replace D(E)
with the spin-resolved density of states. The intrinsic spin
polarization is obtained with the following expression:

_ I’lT(T) — ni(T)

P = ny(T) +ny(T)

x 100. 8)
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FIG. 2. (a) Rietveld refined room-temperature XRD pattern of
CrVTiAl along with the best fit obtained for configuration II with
antisite disorder of Al with Cr and V. The inset shows the fit near the
(200) peak. (b) The corresponding crystal structure for the best fit.
(c), (d), and (e) The expanded region of XRD fit near the (200) peak
with no disorder, B2 disorder, and pure DOj disorder, respectively,
for configuration II.

III. EXPERIMENTAL RESULTS

A. Crystal structure

CrVTiAl is found to crystallize in the LiMgPdSn (space
group F43m, No. 216) prototype structure (or Y structure)
with a lattice parameter of de, = 6.14 A. Figure 2(a) shows
the XRD pattern along with Rietveld refinement. The inset
shows a zoomed-in region near the (200) peak. The absence
of the (111) superlattice peak and the presence of the (200)
superlattice peak usually indicate the existence of B2-type
disorder. For this type of antisite disorder to occur, there
should be a simultaneous disorder between two pairs of atoms
occupying the octahedral sites and the tetrahedral sites, i.e.,
disorder between one pair of X and X’ and another pair of Y
and Z. Because of this, the resulting structure resembles the
CsCl-type structure. However, the Rietveld refinement with B2
disorder did not fit well for the (200) peak for any of the three
configurations mentioned earlier. As a representative case, the
fit for configuration II is shown in Fig. 2(d). The observed
peak intensity was much less than the calculated value for
this peak. Subsequently, it was fitted to a DOs-type antisite
disorder (for the three configurations), which underestimated
the intensity of the (200) peak. Figure 2(e) shows the fit for
configuration II with DOj3 disorder. The best fit was obtained
by considering an antisite disorder (25% each) of Al at Cr and
V sites for configuration II [see the main panel of Fig. 2(a); its
structure is in Fig. 2(b)]. This is due to the fact that Cr, V, and
Al have nearly the same electronegativity values. Therefore,
our detailed Rietveld refinement clearly shows that the alloy
crystallizes in configuration I with antisite disorder of Al with
Cr and V. It may be noted that the disorder is neither B2 nor
purely DOs.
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FIG. 3. (a) Temperature dependence of magnetization of CrV-
TiAl The inset shows the data in the high-temperature regime. (b)
Field dependence of magnetization at 3 K. The inset shows the
magnetization on a zoomed-in scale.

B. Magnetic and transport properties

For QHAs composed of at least two elements with less than
a half-filled number of d electrons, the saturation magnetiza-
tion obeys the Slater-Pauling (SP) rule [31,41,42],

M = (N — 18)up/f.u., C)
where N is the total number of valence electrons in the alloy.

Figures 3(a) and 3(b) show the M-T and M-H data,
which clearly indicate a very small moment on CrVTiAl
(~103ug/f.u.) and a high magnetic ordering temperature
[~710 K; see the inset of Fig. 3(a)]. The M-H curve, as shown
in Fig. 3(b), has a low, but nonzero, hysteresis (see also the
inset). The observation of hysteresis is in contrast to the data
reported by Stephen et al. [35]. The linear part is found to
be in agreement with that reported by Stephen et al., while
the ferromagneticlike component shows a saturation value of
1.0 x 10~3ug/f.u. The nonzero hysteresis may be due to the
different temperature dependencies of the three sublattices (Cr,
V, and Ti), giving rise to a ferromagneticlike behavior in our
completely phase pure sample. However, at this point it is
not possible to rule out some contribution from any small
deviation from the 1:1:1:1 stoichiometry. We would also like to
mention that such low, but finite, hysteresis is not uncommon
in FCF alloys, as has been reported in Mn; sFeV( sAl [18] and
MnCrVAI [43], which are known to be FCF. Furthermore, the
outcome of nearly zero moment is consistent with the SP rule,
which is a prerequisite for spintronics materials. Therefore,
results of M-T and M-H measurements prompt us to believe
that CrVTiAl is a fully compensated ferrimagnet and not a
simple antiferromagnet, as also revealed by our theoretical
results.

Figure 4(a) shows the temperature dependence of the elec-
trical resistivity of CrVTiAl in a few representative magnetic
fields. A cursory look at the data suggests a semiconducting
behavior with a negative temperature coefficient (dp/dT < 0).
There is no regime of temperature in which the sample shows
the metallic behavior, unlike in the report by Stephen et al.
[35]. It is also found that the dependence of resistivity on
field is almost negligible. The larger resistivity seen in our
sample compared to that of Stephen et al. is in agreement with
the prediction of a purely semiconducting nature (as per our
theoretical calculations). Generally, for intrinsic semiconduc-
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FIG. 4. (a) Temperature dependence of electrical resistivity in
different fields for CrVTiAl. (b) Variation of electrical conductivity
with temperature in zero field along with the fit (above 100 K)
using Eq. (10). (c) Hall resistivity as a function of field at 50 K.
(d) Temperature dependence of hole-carrier concentration.

tors, the carrier concentration n(7") is dominantly described by
exponential dependence, as given in Eq. (1). The absence of
such a term in CrVTiAl along with the quasilinear temperature
dependence indicates two possibilities: simple gapless or spin-
gapless semiconducting behavior.

Two-carrier model. In order to further understand the
gapless behavior and the type of charge carriers, we have
adopted a two-carrier model [24,32] according to which the
conductivity o can be modeled as the sum of electronic and
hole contributions as follows:

o(T) =0, + o = eneph, + eny iy, (10)

where e and h refer to the electronic and hole compo-
nents, respectively. Here n, ~ n.gexp(—AE,./kgT),andn; ~
npoexp(—AEy,/kgT). AE are the gaps for the two carriers.
The mobilities are given by u; = (a;T + b;)~! = wio/ (@ T +
1), where each carrier (electron or hole) channel i has different
values of a and b. The term involving a results from electron-
phonon scattering, while those involving b correspond to
the mobility due to defects at 7 = 0 K. Incorporating these
expressions, the final equation (10) can be expressed as

o(T) = A(T)e” AE/BT) 4 AL (T)e™BAE/T (1)

Here, A;(T) = en;opio/(1 +a.T) for i = e and h. The above
equation is fitted to the conductivity data from 100 to 400 K,
as shown by the red curve in Fig. 4(b) for zero field. Fitting
to this model gives temperature coefficients a, and a;, that are
negligibly small (close to zero), suggesting that the mobility of
CrVTiAl is significantly dominated by defect scattering rather
than phonons. The estimated gaps are AE, ~ 63.4 meV and
AE;, ~ 0.3 meV. Because the coefficients a; are negligibly
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TABLEI. Relaxed lattice parameter ay, atom-projected magnetic
moments, total moments g, and total energy E, for configurations
I, 11, and III of CrVTiAl

Type ag (A) m< mY mT m™a  Ej (Ry/atom)
1 6.08 0.00 0.00 0.00 0.00 —171.370934
I 6.15 225 —126 —098 0.00 —171.370997
111 6.19 280 —229 —-049 0.00 —171.371658

small, A,(T) and A,(T) can be considered to be almost T
independent, and their fitted values are A, ~ 696 S/cm and
A ~ 3810 S/cm. It is observed from Fig. 4(c) that the Hall
coefficient carries positive sign, indicating that the majority
carriers are holes. Thus, the estimated low-gap term associated
with the holes [in Eq. (11)] is justified. The lower bound on the
ratio (o3, /o,) at elevated temperatures (kg7 > AE,)is ~5. At
T =300 K, o, = 3770 S/cm, while o, & 60 S/cm; that is,
the hole contribution to the conductivity is nearly 60 times the
electron contribution.

We have also measured the Hall resistivity oy, as a function
of field at a few representative temperatures. Figure 4(c) shows
pxy(H) at 50 K. The hole-carrier concentration is found by
neglecting the electron contribution in the following equation
[44]:

2 2
Uplth — Hhe

RH - 5>
e(/'l“hnh + Mene)z

(12)
which reduces to 1/(nje). The estimated carrier concentration
is plotted as a function of temperature in Fig. 4(d). The
carrier concentration is in the range of 10?>/cm?, which is
an order higher than our calculated value. The difference may
be partly attributed to the neglect of the electron contribution.
Additionally, the presence of disorder can, of course, play an
important role in creating additional states around the Fermi
level, contributing carriers to the conduction. The calculated
mobility of holes is found to be ~2.2 cmz/V s, which is
typically low for semiconducting materials, and this supports
the presence of impurity states at the Fermi level arising due
to disorder.

IV. THEORETICAL RESULTS

We have fully relaxed the experimentally formed crystal
structure (space group 216) in three distinct configurations, I,
IL, and I1I, as described in Sec. II. The whole idea of performing
these simulations was to get a better understanding of the XRD
results [e.g., the absence of the (111) peak], which is notenough
to clarify a few of the structural aspects. Table I shows the
relaxed lattice parameter ay, total and atom-projected magnetic
moments, and the total energy E for the three configurations.

Among these, configuration III was found to be energeti-
cally the most stable one, with lattice parameter ay = 6.19 A.
The total energy difference among the three configurations is
less than 1 mRy/atom which hints that at finite temperatures,
CrVTiAl could be a mixture of these three configurations,
leading to the observed disorder. In order to understand the
effect of this disorder, we studied all three configurations in
detail.
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FIG. 5. Spin-polarized band structure and DOS for configurations
I, 11, and III of CrVTiAl at relaxed lattice parameters a,. Left bands
correspond to spin up, while the right column shows spin down.

The calculated spin-polarized band structure and DOS for
all three configurations are shown in Fig. 5. Calculations for
all of them were initiated with a ferrimagnetic arrangement of
spins with moments at Cr atoms aligned antiparallel to those
of V and Ti. This was done keeping in mind the vanishingly
small experimental net moment (see the previous section) and
other theoretical reports where a ferrimagnetic arrangement
was proposed to be the stable phase. In our case, configuration
I converged to a nonmagnetic phase with identical spin-up and
-down bands, and consequently, it has the lowest magnetic
ordering temperature. Both spin-up and -down bands are
gapless, with nearly zero DOS at Ep, indicating the gapless
nature. It acquires an indirect band gap with a conduction
band minimum touching at the X point and a valence band
maximum at the other k point. Figure 6(a) shows the Fermi
surface plot for configuration I. As expected, both the spin-up
and -down Fermi surfaces are identical, with a tiny spherical
shape, and are shared by neighboring Brillouin zones. The
essential features of the DOS and band structure remain
unchanged at acp, and hence, physical properties in this
configuration (I) (transport and magnetic) are robust.

In the case of configuration II, irrespective of the initial
magnetic moments at each site, the calculations converged in a
ferrimagnetic arrangement with Cr moments aligned antiparal-
lel to V and Ti. For this configuration, DOS and band structure
for the spin-down channel mostly resemble those of configura-
tionI, except for the shape and size of the Fermi surface at the X
point, indicating the gapless nature for the spin-down channel.
The shape of the Fermi surface, as shown in Fig. 6(b), is oblate,
centered at the X point, and equally shared by neighboring
Brillouin zones. The size of the surface is more than double
that of configuration I. There is almost no change in the DOS
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(a)

FIG. 6. (a) The Fermi surface (FS) is the same for both spin-
up and -down bands of configuration L. It has a spherical shape and
crosses at the X point. (b) The Fermi surface for the spin-down band
of configuration II. It has an oblate shape and crosses at the X point.
Configuration III does not have a FS.

(b)

and band structure of the spin-down channel with ag and dexp,
indicating that gapless nature of spin-down channel is robust
against small changes in a. On the other hand, DOS and band
structure for the spin-up channel show a clear indirect band gap
of AE g = 0.36 eV, revealing a semiconducting nature. There
is no observable change in AE ; with the lattice parameter,
indicating that the semiconducting nature of the compound is
also robust against small changes in a. Due to the absence of a
symmetric DOS and band structure along with relatively high
absolute magnetization (4.64 ug/f.u.), its magnetic ordering
temperature is expected to be very high. Such a phase with zero
gap in one spin band and finite gap in the other gives rise to a
fully compensated ferrimagnetic, spin-gapless semiconductor.

Similar to configuration II, configuration III is also found
to be ferrimagnetic. However, the latter has AE 1 —058eV

and AE; = 0.30 eV at ay, indicating that it is a magnetic
semiconductor. Spin-up and -down gaps are reduced to 0.55
and 0.25 eV, respectively, at aeyp. The absence of Fermi
surfaces (no states at Eg) for both spin channels also confirms
the magnetic semiconducting nature. The presence of large
exchange-splitting gaps and a large absolute magnetization
(5.92pup /f.u.) indicates a large magnetic ordering temperature.

CrVTiAKI

All the properties of configuration III (such as magnetic
state, AE ; ¥ etc.), which correspond to ground-state one, are
in good agreement with the earlier reports by Ozdogan et al.,
with the exception of the sign of moments on the three ions. As
aresult, DOS and band structure are interchanged for spin-up
and -down electrons. In addition, Ozdogan et al. reported a
small positive moment on Al ions which also has an opposite
sign in the current study. Notably, Cr and V moments are
aligned in opposite directions, and the resulting moment is
compensated by Ti ions (see Table I).

It is important to note that all the configurations show
different forms of semiconductors, with two of them converged
to the ferrimagnetic state. In order to understand the true
nature of the semiconductor, it is quite important to study
the temperature dependence of the transport properties, i.e.,
the intrinsic carrier concentration and the spin polarization
P. Figure 7 shows the calculated temperature dependence of
these quantities for the three configurations. Configuration I,
being almost nonmagnetic, has a negligible spin polarization,
although it indeed has a finite carrier concentration due to the
small number of states at the Fermi level Eg. For configurations
II and 111, the spin-up carrier concentration is negligibly small
due to the vanishing states at Egr. The spin-down carrier
concentration, on the other hand, is large but has a very different
nature of 7 dependence for the two configurations (II and
II). Interestingly, in the case of configuration III, n shows
an almost straight-line behavior, which is neither exponential
nor 73?2, The magnitude, however, is much smaller (by two
orders of magnitude) than in the other two configurations.
Spin-polarization values for these two configurations (I and
III) are high.

V. DISCUSSION AND CONCLUSION

Experimental results indicate the possibility of CrVTiAl
being a fully compensated ferrimagnet with antisite disorder
of Al with Cr and V atoms. First-principles calculations within
the GGA approximation predict configuration III is the ground
state, which is a fully compensated ferrimagnet with unequal
band gaps for spin-up and -down bands. However, the energy
differences among the three configurations (I, II, and III) are

CrVTiAI-II
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FIG. 7. Spin-resolved intrinsic carrier concentration (left axis) and spin polarization (right axis) vs temperature (3—400 K) for configurations

I (left), II (middle), and III (right) of CrVTiAlL
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small (<1 mRy &~ 158 K), which indicates the possibility of
a mixed phase (disordered) at finite 7. One can consider
the disordered state to be a linear combination of all three
independent configurations (with probabilities proportional to
their Boltzmann factors), yielding either a spin-gapless semi-
conductor, gapless semiconductor, or magnetic semiconductor
with reduced band gaps. This concept originates from the
fact that the disordered Kohn-Sham (KS) orbitals @y can
be written as a linear combination of KS orbitals ® of each
configuration, i.e., @45 = c;Pr + cn@n + e P, where ¢;
exp(—E{/kgT). Such a linear combination is possible due to
the fact that all three pure configurations have a vanishing DOS
at the Fermi level, unlike most of the reported cases in which
certain configurations alone have a finite number of states at
Er. At the observation level, the above linear combination
presents itself as having a predominantly SGS nature because
the first term is energetically least attainable and nonmagnetic,
while the third term is not effective as the DOS Dy | (E)is zero
at the Fermi level (E g " > kgT). In fact, our XRD refinement
indeed shows that configuration II is the most preferred one by
considering antisite disorder. The above scenario can change
if there are impurities, which will alter the SGS nature seen in
our sample [35].

In conclusion, we identified the true crystallographic and
magnetic ground states of CrVTiAl with the help of a joint
theoretical and experimental investigation. While the mag-
netic ground state is uniquely identified as a fully com-
pensated ferrimagnet, the balance between the spin-gapless
nature and the magnetic semiconducting nature appears to
be quite delicate, according to the theoretical calculations.
However, by combining the experimental (x-ray diffraction,
resistivity, and Hall) and theoretical results, we feel that it
is reasonable to conclude that the alloy is predominantly a
spin-gapless semiconductor at temperatures close to room
temperature.
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