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Electrical and magnetic properties of thin films of the spin-filter material CrVTiAl
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The spin-filter material CrVTiAl is a promising candidate for producing highly spin-polarized currents at room
temperature in a nonmagnetic architecture. Thin films of compensated-ferrimagnetic CrVTiAl have been grown,
and their electrical and magnetic properties have been studied. The resistivity shows two-channel semiconducting
behavior with one disordered gapless channel and a gapped channel with activation energy �E = 0.1–0.2 eV.
Magnetoresistance measurements to B = 35 T provide values for the mobilities of the gapless channel, leading
to an order of magnitude difference in the carrier effective masses, which are in reasonable accord with our
density-functional-theory-based results. The density of states and electronic band structure are computed for
permutations of the four sublattices arranged differently along the (111) body diagonal, yielding metallic (Cr-V-
Al-Ti), spin-gapless (Cr-V-Ti-Al), and spin-filtering (Cr-Ti-V-Al) phases. Robustness of the spin-gapless phase
to substitutional disorder is also considered.
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I. INTRODUCTION

In order to fully utilize the electron spin in spintronic de-
vices, it is necessary to produce highly spin-polarized currents
at room temperature [1,2]. Spin-filter materials (SFMs) are
semiconductors with exchange splitting 2�Eex between the
two spin channels. When employed as a tunneling barrier
as shown in Fig. 1, electrons with one spin direction can
tunnel more easily through an SFM barrier to produce a spin-
polarized current. Since the tunneling probability depends
exponentially on the band gap, even a small exchange splitting
can yield a large spin polarization [3]. In addition, because the
barrier material itself is spin polarized, the metallic contacts
need not be magnetic. Furthermore, when using an antifer-
romagnetic or compensated ferrimagnetic SFM, the entire de-
vice can be free of fringing fields and effectively nonmagnetic.

The europium chalcogenides have been shown to produce
nearly 100% spin-polarized currents when used as tunneling
barriers [4,5]. However, their magnetic transition tempera-
tures are below T = 70 K, making them ineffective for room-
temperature applications. Thus, it is necessary to find SFMs
with high magnetic transition temperatures.

Heusler compounds have gained increasing interest as
spin-polarized materials, as they span the gauntlet of spin-
dependent band structures [6–8]. However, while a plethora of
half metals and spin-gapless semiconductors have been found
both theoretically and experimentally among the Heusler
compounds, only a handful of SFMs have been predicted
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(CrVXAl and CoVXAl, where X = Ti, Zr, Hf, by Galanakis
et al. [9,10] and Ti2CrSn by Jia et al. [11]). Among these
Heusler SFMs, CrVTiAl is a promising candidate material
that could be utilized at room temperature, as it is a fully com-
pensated ferrimagnet with a predicted TC > 2000 K [10,12].
Previous experiments on bulk CrVTiAl have established that
TC is in excess of 400 K and that partially disordered sam-
ples show semiconducting behavior with a magnetic moment

FIG. 1. Schematic of a spin-filter device. The SFM is sand-
wiched between two nonmagnetic metallic contacts. As the barrier
heights for the electrons with different spin directions are different,
the spin with the smaller band gap (barrier height) dominates the
tunneling current.
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that is small and nearly temperature independent [13–15].
Density-functional-theory studies have revealed that the semi-
conducting phase of CrVTiAl is stable under Cr-V swapping,
but the material becomes metallic under Ti-Al mixing [15].

An outline of this paper is as follows. The introductory
section is followed by a discussion of the experimental results
in Sec. II and the computational results in Sec. III. Sec. II con-
tains three subsections: the measured zero-field conductivity,
illustrating two-channel semiconducting behavior in the films
(Sec. II A); magnetoresistance up to fields of B = 35 T, along
with fits to a two-channel conduction model and extraction
of the mobilities of the two channels (Sec. II B); and Hall
resistivity and its relationship to a small magnetic moment
saturating by B = 15 T (Sec. II C). Section III contains two
subsections: densities of states (DOSs) of the three ordered
structures generated by permuting the atoms along the (111)
body diagonal (Sec. III A) and effects of substitutional disor-
der among the sublattices (Sec. III B). Section IV gives a short
summary of our findings

II. EXPERIMENTAL PROCEDURES AND RESULTS

Films of CrVTiAl were grown on Si/SiO2 substrates using
magnetron sputtering and capped with 1 nm of Al. Growth
temperatures were in the range 300 to 600 ◦C and films were
post-growth annealed in the range 500 to 700 ◦C. Films were
typically 30 to 40 nm thick. This paper focuses on measure-
ments of a film grown at 400 ◦C and subsequently annealed to
600 ◦C and 700 ◦C. The three films will be simply denoted
as F400, F600, and F700, respectively. Stoichiometry was
confirmed to be within 3% of the ideal using energy disper-
sive x-ray spectroscopy. Magnetization measurements were
performed in a Quantum Design MPMS-XL magnetometer
at temperatures T = 2 to 400 K and magnetic fields up to
B = 5 T. Low-field resistivity measurements were performed
in the magnetometer using a modified transport probe [16].
High-field resistivity measurements up to B = 35 T were
performed at the National High Magnetic Field Laboratory
DC Field Facility.

A. Electrical conductivity

Figure 2 shows the temperature-dependent conductivity
σ (T ) for the CrVTiAl thin films (points). σ (T ) is observed
to increase linearly for moderate temperatures characteristic
of spin-gapless (SGS) behavior, while at higher temperatures
it follows an exponential dependence indicative of the pres-
ence of a semiconducting gap. Modeling this temperature-
dependent σ (T ) provides information about carrier activation
energies, which are related to semiconducting band gaps.
This, in turn, allows one to infer the nature of the band
structure near the Fermi energy, whether it is gapped, gapless,
or metallic.

The measured σ (T ) dependence can be described here by
a two-carrier conduction model along the lines of previous
studies [17–19]. The model assumes two parallel conducting
channels: one gapped and one gapless. The conductivity in the
gapless channel is given by

σSGS = σ0

[
1 + 2ln(2)

kBT

g

]
, (1)

FIG. 2. Zero-field conductivity versus temperature for three dif-
ferent films of CrVTiAl (F400, F600, and F700). The increasing
conductivity indicates semiconducting behavior. The points are ex-
perimental data, and the solid curves are fits to Eq. (2).

where σ0 is the zero-temperature conductivity, g denotes the
overlap between the bands in the gapless channel, and kB is
the Boltzmann constant [19]. Combining this in parallel with a
conventional semiconducting conduction channel with a ther-
mal activation energy �E gives the temperature-dependent
resistivity ρ(T ),

1/ρ(T ) = σ (T ) = σSGS + σSCe−�E/kBT , (2)

where σSC is the zero-temperature contribution to the semi-
conducting component.

The solid curves in Fig. 2 show fits to the model in
Eq. (2), giving the following activation energies �E and band
overlaps g for the three films. Activation energies are �E =
104 meV for F400, 114 meV for F600, and 170 meV for F700.
Band overlaps are g = 60 meV for both F400 and F700 and
g = 46 meV for F600. The activation energy increases with
increased annealing temperature, while g is at a minimum for
the F600 film.

B. Magnetoresistance

The magnetoresistance (MR) shows four distinct charac-
teristics: (1) two-channel positive MR, (2) a positive weak
localization cusp, (3) suppressed MR at low fields and higher
temperatures, and (4) the onset of Shubnikov–de Haas quan-
tum oscillations at higher fields. These features are discussed
in the following sections.

1. Two-channel positive MR

Figure 3 shows the magnetoresistance as a function of
magnetic field and temperature. The field dependence has
an overall positive MR for different annealing conditions.
The MR(B) behavior is illustrated best in the as-grown
sample (Fig. 3, F400). Here, at higher temperatures the
MR is predominantly quadratic in B, but as the temperature
decreases, the MR at high fields becomes linear in B. Then at
the lowest temperatures, T < 5 K, there is an inflection point
near B = 10 T.
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FIG. 3. Magnetoresistance as a function of applied field for CrVTiAl films (labeled F400, F600, and F700; as described in the text),
measured up to B = 35 T at temperatures from T = 1.5 to 50 K. The solid curves for the as-grown 400◦C sample (F400) for T � 20 K are
fits to Eq. (5). All three samples generally show quadratic-in-B behavior at high temperatures and linear-in-B behavior at low temperatures.

The MR(B) dependence over the entire field range can be
modeled as two parallel and independent conduction chan-
nels. The field-dependent conductivity associated with the ith
channel is given by

1

ρi(B)
= σi(B) = σi,0

1 + μ2
i B2

, (3)

where σi,0 is the zero-field conductivity and μi is the carrier
mobility for the ith channel. By combining ρ(B) for the
two channels in parallel, and labeling light- and heavy-mass
channels, denoted as l and h, respectively, the total ρ(B) can
be expressed as

ρ(B) =
(
1 + μ2

l B2
)(

1 + μ2
hB2

)
σl,0

(
1 + μ2

hB2
) + σh,0

(
1 + μ2

l B2
) . (4)

The magnetoresistance is then given by

MR(B) = ρ(B) − ρ(0)

ρ(0)
. (5)

The field-dependent magnetoresistance in Fig. 3 (F400)
was fit to Eq. (5) for the as-grown sample. The solid curves
show fits for all of the T � 20 K data, which are in good
accord with both the low-field and high-field regions. Inter-
estingly, the two-channel model produces a linear-in-B MR at
high fields, a feature observed in many other materials.

Figure 4 (left panel) shows the mobilities obtained from
the MR curve fits as a function of temperature for the F400
film. The mobility in both channels decreases with increas-
ing temperature due to increased carrier scattering. At low
temperatures the mobilities for the two channels differ by
an order of magnitude, where the high-mobility channel has
μh = 920 cm2/V s and the low-mobility channel has μl =
48 cm2/V s at T = 1.5 K. The ratio of these mobilities is plot-
ted as a function of temperature in the inset of Fig. 4. These
mobilities can be related to carrier effective masses within
the Drude model by μ = eτ/m∗, where τ is the scattering
time and m∗ is the effective mass [20]. If τ is the same for
both carriers, the ratio of mobilities will be inversely equal
to the ratio of effective masses. This ratio decreases from
μh/μl = 19 at 1.5 K to μh/μl = 7 at 20 K.

2. Additional MR features

There are several other interesting features in the MR
in addition to the two-carrier resistivity behavior, including
a weak-localization cusp, suppression of the quadratic MR
at high temperatures, and the onset of Shubnikov–de Haas
oscillations. These smaller features show both negative and
positive MR and occur at various temperature and field ranges.

Weak-localization cusp. In the F600 film a sharp MR cusp
is observed for B < 1.5 T and temperatures less than 5 K. This
negative MR cusp is characteristic of weak localization (WL)
arising from quantum interference of the wavelike nature of
the scattering carriers. WL is well described by the Hikami-
Larkin-Nagaoka model of quantum coherence and was used to
fit the experimental cusp. The inelastic electron-electron and
magnetic scattering terms are found to dominate, giving char-
acteristic fields Bi = 0.26 T and Bs = 0.39 T, respectively.
These correspond to quantum coherence lengths of li = 44 nm
and ls = 35 nm [21]. This strong electron-electron and mag-
netic scattering arises from the compensated ferrimagnetism.

Suppression of MR. At higher temperatures, the dominant
positive MR found in all of the films is slightly suppressed by
an additional small negative MR. This suppression is present

FIG. 4. Left: Electron mobilities for the light (blue) and heavy
(red) carriers derived from the two-carrier magnetoresistance of the
as-grown CrVTiAl film. Above T = 13 K, μl does not contribute
significantly to the MR in the measured field region. Right: MR(B)
with the high-field linear background removed, showing the onset of
Shubnikov–de Haas oscillations.
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FIG. 5. Hall resistivity of CrVTiAl films as a function of field
measured at T = 20 K for F400, F600, and F700. The Hall resistivity
consists of (a) a linear-in-B component due to the ordinary Hall effect
and (b) a small saturating component from the anomalous Hall effect
that saturates by B = 15 T.

in all samples above T = 20 K and is strongest in the F700
sample, where the suppression begins to appear at T = 9 K
and extends out to B = 15 T by T = 50 K. The suppression
by the negative MR at relatively low fields is unusual in that
it appears only for higher temperatures, rather than at lower
temperatures. This suppression is related to the saturating
magnetization that is observed in the anomalous Hall effect
(AHE). The Hall results shown in Fig. 5(b) exhibit a small
change in the Hall conductivity that saturates by B = 15 T, a
field that coincides with the disappearance of the suppression
in the MR. This ferrimagnetic component in the magnetic
moment would give rise to a negative MR that saturates at
higher fields, which is expected and usually observed when
carrier scattering decreases as the moments become aligned at
high fields.

High-field oscillations. All three films in Fig. 3 show small
ripples in the MR at the highest fields and lowest tempera-
tures. This appears to be related to the onset of Shubnikov–de
Haas quantum oscillations (right panel of Fig. 4), which are
likely to be observed for the relatively high-mobility carriers
with μh = 920 cm2/V s. The oscillations give a period of
�(1/B) = 0.008 T−1, corresponding to a Fermi surface area
of A = 1.3 × 1014 cm−2. Higher fields will be required to
elucidate this further.

C. Hall effect and magnetization

Figure 5 shows the Hall resistivity ρxy(B). We find a linear
field dependence that is associated with the ordinary Hall
effect (OHE). The slope gives an effective carrier density of
n ∼ 1022cm−3, which, although high for a semiconductor, is
comparable to other Heusler compounds. The effective carrier
density is seen to vary with annealing by up to a factor of 2.
In addition to the major linear-in-B OHE, a small saturating
component is present. After subtracting a linear component,
Fig. 5(b) shows a clear saturating AHE, which is about 10%
of the overall Hall voltage. This AHE saturation near B = 15
T is associated with a saturating magnetic moment, consistent
with observations from other compensated ferrimagnets [22].
However, the high saturation field observed in CrVTiAl
is indicative of the presence of exceptionally large mag-
netic exchange within the material. This saturation field

FIG. 6. Relative change in magnetization of CrVTiAl as a func-
tion of temperature for the F400, F600, and F700 films, measured
at a field of B = 0.10 T. A paramagnetic component appears below
T = 50 K, but M(T ) increases monotonically up to T = 400 K.
The increasing moment is indicative of a compensated ferrimagnet
with TC > 400 K. Note that the Si substrate contributes a negative
temperature-independent diamagnetic offset.

corresponds to the field range of the MR suppression, as
noted previously.

Figure 6 shows how the magnetization M(T ) changes as
a function of temperature. The values are negative because
of the large linear-in-B diamagnetism of the Si substrates. As
diamagnetism is temperature independent, any changes in the
magnetization with temperature can be attributed to the films.
M(T ) is seen to increase monotonically from T = 50 to 400 K
for all three annealing conditions. There are two temperature
regions, below and above T = 50 K. At low temperatures
the magnetization decreases as 1/T for increasing tempera-
ture until reaching a minimum near T = 50 K, after which the
moment increases monotonically. In compensated ferrimag-
nets the moment is at a minimum at the compensation point,
after which it increases to a maximum before going to zero
again at the Curie temperature [23]. This behavior stems from
increased thermal fluctuations with increasing temperature.

III. THEORETICAL MODELING OF ELECTRONIC
AND MAGNETIC STRUCTURES

A. Ordered atomic arrangements

In order to understand our experimental results, we com-
puted the ground-state electronic and magnetic properties of
CrVTiAl alloys. In particular, we performed first-principles
calculations on all the unique atomic arrangements of the
quaternary Heusler structure as follows. The space group
of the quaternary Heusler compounds is F -43m (No. 216),
occupying Wyckoff positions a, b, c, and d . For four dis-
tinct atomic species, X, X′, Y, and Z, arranged on the four
Wyckoff sites, 4! permutations can be made. However, this
number can be reduced by two constraints. Since the Wyckoff
positions lie along the body diagonal of the conventional
cubic cell, cyclic permutations must form an equivalence
relation between permutations, resulting in six equivalence
classes. Furthermore, since space group 216 belongs to cubic

224207-4



ELECTRICAL AND MAGNETIC PROPERTIES OF THIN … PHYSICAL REVIEW B 99, 224207 (2019)

FIG. 7. (a)–(c) Site-projected densities of states and (d)–(f) crystal structures for various arrangements of Cr, V, Ti, and Al. A zoomed-in
view of the region around the Fermi level is shown in the center column. A schematic representation of the cubic quasiantiferromagnetic lattice
with a compensating body-center site is shown on the far right.

Bravais lattices, there is no preferred cardinal direction, forc-
ing XX′YZ to be equivalent to ZYX′X. We thus adduce
that only three unique arrangements of atoms are possible:
XX′YZ, YXX′Z, and X′YXZ. Mapping the atomic species Cr,
V, Ti, and Al to X, X′, Y, and Z, we obtained the ground-state
electronic and magnetic structures for each of these unique
atomic arrangements. We label these arrangements by their
electronic phases: SFM, SGS, and metallic, which correspond
to the atomic ordering along the (111) body diagonal as Cr-
Ti-V-Al, Cr-V-Ti-Al, and Cr-V-Al-Ti, respectively.

Electronic structure calculations were performed using
the pseudopotential projector augmented-wave method imple-
mented in the Vienna Ab initio Simulation Package (VASP)
[24–26] with an energy cutoff of 400 eV for the plane-
wave basis set. Exchange-correlation effects were treated
using the Strongly Correlated and Appropriately Normed
(SCAN) meta-generalized gradient approximation (meta-
GGA) scheme [27], where an 18 × 18 × 18 �-centered k-
point mesh was used to sample the Brillouin zone. All sites
in the unit cell along with its dimensions were relaxed using
a conjugate gradient algorithm to minimize energy with an
atomic force tolerance of 0.05 eV/Å and a total energy
tolerance of 10−4 eV. The computed structural parameters
agree with the corresponding experimental values [28,29].

Figure 7 shows the CrVTiAl crystal and its magnetic
structure along the corresponding site-projected DOSs for the
three arrangements considered. Figure 7(a) shows the DOS
for the SFM phase, exhibiting a large 0.551 eV band gap
formed in the transition-metal bands. Here, the valence band
is dominated by V and Ti atomic character, and the conduction
band is dominated by Cr and Ti character. The semiconducting
behavior is consistent with previous first-principles studies.
The formation of the band gap in the Cr, V, and Ti hybridized
band exhibits characteristics of covalent magnetism, as ex-
plained by Williams et al. [30].

In the SFM phase (Cr-Ti-V-Al), the opening of the band
gap is facilitated by the stabilization of a fully compensated
ferrimagnetic order on a tripartite lattice formed by the Cr, V,
and Ti sites [10]. The Cr and V atoms form a simple cubic cell
in the quaternary Heusler structure, shown in Fig. 7(d), with
Ti or Al occupying the body-center position. The predicted
values of the Cr, V, Ti, and Al moments are −3.319μB,
2.665μB, 0.669μB, and 0.004μB, respectively. These values
agree with previous studies [10,15]. The sum of the V and
Ti magnetic moments cancel the Cr spin moment since the
Al atom carries only a negligible moment. References [31,32]
discuss the zero total spin magnetic moment in the unit cell in
terms of the Slater-Pauling rule.

In the phase with the arrangement Cr-V-Ti-Al along the
body diagonal [Fig. 7(e)], the positions of Ti and V are
swapped with respect to the preceding SFM case, resulting
in weaker antiferromagnetic (AFM) exchange couplings be-
tween the neighboring Cr and Ti atoms. This arrangement
yields magnetic moments on Cr, V, Ti, and Al of −3.063μB,
1.905μB, 1.231μB, and −0.005μB, respectively. The sum of
the V and Ti moments still cancels the substantial Cr spin
moment, leaving a zero total spin magnetic moment in the
unit cell. Due to the weakening of exchange couplings, the
majority-spin channel in the DOS is metallic [Fig. 7(b)].
The minority-spin channel maintains a 0.584 eV band gap,
yielding a fully compensated ferrimagnetic spin-gapless semi-
conductor.

In the metallic phase with the atomic arrangement Cr-V-
Al-Ti along the body diagonal, antiferromagnetic correlations
are further weakened by swapping Cr and Ti [see Fig. 7(f)].
We now find a distinct change in the magnetic moments on
Cr, V, Ti, and Al with −1.319μB, 1.800μB, −0.435μB, and
0.009μB, respectively, leading to a marginal total magnetic
moment of 0.3148μB in the unit cell. The corresponding
DOS in Fig. 7(c) shows the disappearance of the band gap.
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TABLE I. Comparison of various theoretically predicted proper-
ties for the three unique atomic arrangements in pristine CrVTiAl.
The three structures involve different permutations of the four sub-
lattices along the (111) body diagonal, as discussed in the text.

Cr-Ti-V-Al Cr-V-Ti-Al Cr-V-Al-Ti

Electronic phase SFM SGS Metallic
Lattice parameter (Å) 6.185 6.163 6.083
Relative energy (eV) 0.000 0.731 2.471
Majority gap (eV) 0.750
Minority gap (eV) 0.967 0.571
Valence band exchange 0.1986 0.2077
splitting (eV)
Electronic gap (eV) 0.551
Cr moment (units of μB) −3.319 −3.063 −1.319
V moment (units of μB) 2.665 1.905 1.800
Ti moment (units of μB) 0.669 1.231 −0.435
Al moment (units of μB) 0.004 −0.005 0.009
Wigner-Seitz magnetic 0.0 0.0 0.3148
moment (units of μB)

However, a slight perturbation in the magnetic exchange
splittings or atomic hybridizations could open a gap given
the minimal DOS weight at the Fermi level in the minority
channel.

There is a delicate balance between the AFM and
ferromagnetic (FM) correlations, which drives the
characteristic differences between the SFM, SGS, and
metallic phases. In the SFM phase, the two strongest
magnetic elements (Cr and V) are placed on the simple
cubic lattice, enabling strong AFM coupling. In the SGS and
metallic phases, the magnetic atoms are substituted away to
the body-center position, weakening the AFM correlations.
Moreover, as the stronger magnetic atoms are placed in line
with Al, FM double-exchange interactions are enhanced. The
interplay of these two opposing interactions is reflected in the
electronic structure through the gradual closing of the gap.
These theoretical observations, along with the experimental
results, show that CrVTiAl forms in the SGS phase, with
Cr-V-Ti-Al arranged consecutively along the (111) direction.
This structure is the quaternary equivalent of the inverse
Heusler XA structure, where the chemical formula X2YZ
corresponds to X-X-Y-Z along the diagonal.

A summary of the lattice, electronic, and magnetic struc-
tures along with total energies for each atomic arrangement is
given in Table I.

B. Substitutional disorder

Our theoretical modeling predicts that the SFM phase
is energetically more favorable. However, the experimental
results indicate the presences of a majority SGS phase in our
thin films. To further delineate the stability of the SGS (Cr-V-
Ti-Al) electronic and magnetic structure against substitutional
disorder, we considered all pairwise mixings and important
simultaneous substitutional disorders (see Table II for details).

The effects of substitutional disorder were investigated via
ab initio calculations carried out using the all-electron,
fully charge and spin self-consistent Korringa-Kohn-
Rostocker coherent-potential-approximation (KKR-CPA)

TABLE II. Comparison of the theoretically predicted total ener-
gies (relative to the SGS ground state), net Wigner-Seitz magnetic
moments, and the electronic phases of the various disordered struc-
tures of CrVTiAl in the SGS phase. The disordered phases were
obtained by exchanging 50% of the atoms.

Atomic Relative Net Wigner-Seitz Electronic
substitutions energy (meV) magnetic moment phase

(units of μB)

None 0 0.0 SGS
Cr-V 17.69 0.0 SGS
V-Ti 191.84 0.0 SGS
Ti-Al 208.17 0.0 Metal
Cr-V, Ti-Al 292.52 0.0 Metal
V-Al 383.68 0.50 Metal
Cr-Ti 391.84 0.56 Metal
Cr-Al 393.20 −0.25 Metal
Cr-V-Ti 424.50 0.46 Metal

scheme [33–37]. The KKR-CPA approximates the average
properties of the disordered system by averaging these
properties over a site embedded in a self-consistently
determined effective medium. The KKR-CPA goes beyond
the simpler virtual crystal approximation and average t-matrix
approximation [38]. Moreover, KKR-CPA does not rely on
ad hoc free parameters and thus provides a more satisfactory
treatment of disorder effects. Exchange-correlation effects
were treated using the local-spin-density approximation [39],
where the charge and spin densities were converged to 10−4

Ry. A muffin-tin radius of 2.51 a.u. was used for all four
atomic species. The experimental value of the lattice constant
of 6.136 Å was used [13].

Table II compares the total energies relative to the SGS
ground state, where the magnetic moments and electronic
phases (SGS, semiconducting, or metallic) of the various
disordered structures are considered. Overall, most disordered
states lie at energies greater than 200 meV and are predicted
to be metallic, with the states above 300 meV producing a net
total Wigner-Seitz magnetic moment of 0.25μB to 0.50μB.

Figure 8(a) compares the total DOS of the pristine SGS
phase1 to the energetically favorable Cr-V and V-Ti disordered
states. Figure 8(b) shows the persistence of the SGS state,
albeit with a reduction in the band gap. The reduction in
band gap is a direct result of transforming the SFM phase
to the SGS phase under Cr-V swapping, driving the system
towards metallicity. Figure 8(c) shows a similar persistence of
the SGS state but with an increased band gap. Swapping V
and Ti atoms transforms the SFM phase to the metallic phase,
enhancing AFM correlations. Overall, we find the SGS state
to be quite robust under substitutional disorder perturbations.

In order to connect our result for the SGS phase to the
MR(B) measurements in Sec. II B, we estimate the relevant

1The calculations in Fig. 7(b) were performed using the new SCAN
meta-GGA functional which captures stronger AFM coupling, com-
pared to those predicted by local-density approximation in Fig. 8(a),
along with various local on-site potential renormalizations. Together,
this results in the band shifts observed when comparing Figs. 7(b)
and 8(a).
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FIG. 8. Total densities of states for various structures of CrV-
TiAl. (a) Fully ordered structure. SGS behavior of the fully ordered
phase is preserved for the two lowest-energy disordered states.
(b) Cr-V mixed and (c) V-Ti mixed disordered phases.

effective-mass ratios to provide a baseline. The effective-mass
ratio in the SGS phase is calculated using (m∗)−1 = 1

h̄2
∂2E (k)

∂k2

for k along the high-symmetry directions. We obtain a ratio of
6–20, within an energy window of ±30 meV about the Fermi
level to account for any intrinsic doping of the experimental
sample [20]. The calculated mass ratios fall within the range
of measured mobility ratios. A more rigorous modeling of the
transport process is, however, required to obtain deeper insight
into the origin of the large observed ratio of carrier mobilities.

Notably, our first-principles calculations predict that the
SFM phase in which the magnetic atoms are arranged in the
order Cr-Ti-V-Al along the (111) body diagonal is energet-
ically the most favorable phase. However, the experimental
results indicate the presence of a majority SGS phase in
the thin films. Our first-principles results indicate that the
atoms arranged along the body diagonal in the SGS phase
will lie in the order Cr-V-Ti-Al. However, to obtain the fully
compensated SFM phase, the magnetic atoms must arrange

in the order Cr-Ti-V-Al along the body diagonal; the weaker
magnetic atom (Ti) would then lie in the center of the bcc cube
that is created by the two strongly magnetic atoms (Cr and V).
With increasing disorder, as the larger moments are placed in
the bcc center, the system transforms into the SGS phase, and
with further disorder it transforms into the metallic phase.

IV. SUMMARY

In the investigated CrVTiAl films, we have shown the
presence of two parallel conducting channels in both ρ(T )
and MR(B) measurements. The results of ρ(T ) measurements
indicate a two-channel semiconducting SGS character. The
gapless channel is found to have a small overlap of ∼0.05 eV,
while the gapped channel has an activation energy of �E =
0.1–0.2 eV. The results of M(B) measurements identify high-
and low-mobility carriers having a large mobility ratio varying
from μh/μl = 7 to 19, in reasonable accord with our theo-
retical estimate of the effective mass ratio in the SGS phase.
We have investigated the electronic and magnetic structures
for a variety of ordered and disordered phases of CrVTiAl
alloys using self-consistent first-principles calculations. Our
results suggest that in order to successfully design a room-
temperature spin filter, it will be important to investigate other
quaternary compounds to determine which set of atoms will
more easily form the desired SFM phase.
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[31] K. Özdoğan, E. Şaşıoğlu, and I. Galanakis, J. Appl. Phys. 113,

193903 (2013).
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