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Bipolar magnetic semiconducting behavior in VNbRuAl
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We report the theoretical prediction of a class of spintronic materials, namely, bipolar magnetic semiconduc-
tors (BMSs), also supported by our experimental data. BMSs possess a unique band structure with unequal band
gaps for spin-up and spin-down channels and thus are useful for tunable spin-transport-based applications such
as spin filters. The valence band and conduction band in BMSs approach the Fermi level through opposite spin
channels and hence facilitate reversible spin polarization that is controllable via applied gate voltage. We report
the quaternary Heusler alloy VNbRuAl to exactly possess the band structure of a BMS. A rigorous normal x-ray
diffraction (XRD) fitting along with synchrotron XRD data confirms that this alloy crystallizes in the LiMgPdSn
structure with partial B2 disorder. Transport measurements show a two-channel semiconducting behavior and
a quasilinear dependence of negative magnetoresistance, indicating the possible semiconducting nature. The
thermoelectric power data not only confirm the semiconducting nature but also give a strong indication of
the BMS nature. Interestingly, VNbRuAl also appears to show features of a fully compensated ferrimagnetic
(FCF) behavior with vanishing magnetization and significantly high ordering temperature (>900 K). Theoretical
simulations of the special quasirandom structure predict partial B2 disorder to be mainly responsible for the
coexistent BMS and FCF-like behavior. This study opens up the possibility of finding another class of materials
for antiferromagnetic spintronics, with great significance for both fundamental and applied fronts.

DOI: 10.1103/PhysRevB.104.134406

I. INTRODUCTION

Heusler alloys are exhilarating due to their exotic physical
properties with potential applications in areas such as spin-
tronics, topological quantum matter, spin filters, etc. Many of
them are known to have excellent stability, high Curie tem-
perature TC, high spin polarization [1], and compatibility to
grow thin films. Spintronic technology has several advantages
over the conventional electronics [2–5]. One of the earliest
classes of materials used was that of half-metallic ferromag-
nets (HMFs) [6,7]. Later, spin gapless semiconductors (SGSs)
[8,9] were discovered. Magnetic semiconductors (MSs) [10]
and spin semimetals [11] constitute other unique classes. A
number of these classes of materials have been reported by
our group in the past [6–9,11]. In this paper, we report yet
another interesting class, namely, bipolar magnetic semicon-
ductors (BMSs). BMSs bridge the gap between conventional
semiconductors (CSs) and MSs. A CS has equal band gaps in
both spin channels, whereas an MS possesses unequal values.
BMSs acquire a band structure similar to that of MSs with
a key difference that the valence band (VB) and conduction
band (CB) shift towards the Fermi level (EF ) in opposite
directions with respect to spin. This unique electronic feature
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enables BMSs to achieve reversible spin polarization which
can be controlled via an applied gate voltage Vg. Schematics
of the density of states (DOS) for CSs, MSs, and BMSs are
shown in Fig. 1. BMSs can be characterized by three impor-
tant energy parameters, �ε1, �ε2, and �ε3. �ε1 is the energy
gap between the VB spin-up and CB spin-down channels,
while �ε2 (�ε3) is the gap between the CB (VB) edges of
the two spin channels, as depicted in Fig. 1(c). Also, �ε1 +
�ε2 (= Eg ↑) and �ε1 + �ε3 (= Eg ↓) are the band gaps for
the spin-up and spin-down channels, respectively. One of the
potential technologies where BMSs can be extremely useful
is spin filters, where EF can be tuned into either the spin-up
VB or the spin-down CB by varying Vg, and hence achieve a
tunable spin polarization.

There exist a few theoretical proposals for BMSs in the lit-
erature [12–14]. The purpose of this paper is to first establish
the BMS property in a quaternary Heusler alloy, VNbRuAl,
using first-principles calculations. Next, we demonstrate some
of the experimental evidence to confirm the necessary features
of a BMS in VNbRuAl. In addition to being a BMS, experi-
mental data show a unique nature of magnetism in this alloy
which is consistent with a fully compensated ferrimagnet
(FCF) with vanishing magnetization. Due to the B2 disor-
der, VNbRuAl does not follow the Slater-Pauling (SP) rule
[15]. An FCF possesses several advantages over other spin-
tronic materials, making it ideal for antiferromagnetic (AFM)
spintronics.
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FIG. 1. Schematic density of states n(E ), for a typical (a) con-
ventional semiconductor, (b) magnetic semiconductor, and (c) bipo-
lar magnetic semiconductor

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Experimental details

A polycrystalline sample of VNbRuAl was synthesized
using arc melting in a high-purity argon environment of the
constituents in stoichiometric proportion and with a purity
of 99.99%. To obtain a single phase, after melting, the in-
got was annealed for 2 weeks at 800 ◦C in a sealed quartz
tube, followed by furnace cooling. A room-temperature x-ray
diffraction (XRD) pattern was taken using Cu-Kα radia-
tion with the help of a Panalytical X-pert diffractometer.
Crystal structure Rietveld refinement was done using FULL-
PROF Suite software [16]. Magnetization measurements at
various temperatures were performed using a vibrating sam-
ple magnetometer (VSM) attached to the physical property
measurement system (PPMS, Quantum Design) in fields up
to 70 kOe. High-temperature magnetization measurements
(300–900 K) were carried out using a superconducting quan-
tum interference device magnetometer (magnetic property
measurement system, Quantum Design). Temperature- and
field-dependent resistivity measurements were carried out
using the PPMS (DynaCool, Quantum Design) with the elec-
trical transport option (ETO) in the traditional four-probe
method, applying a 10 mA current at 18 Hz frequency. In
order to understand the type of charge carriers and the vari-
ation of their density with temperature, Hall measurements
were performed using the PPMS with the van der Pauw
method again using 10 mA of current at 18 Hz frequency.
Thermoelectric power (TEP) in zero applied magnetic field
was measured using the differential dc sandwich method
in a homemade setup in the temperature range 4–300 K
[17].

B. Computational details

Ab initio calculations were performed using the spin-
resolved density functional theory (DFT) [18], as imple-
mented within the Vienna ab initio simulation package (VASP)
[19–21] with a projected augmented-wave (PAW) basis [22].
The pseudopotential formalism with the Perdew, Burke, and
Ernzerhof (PBE) exchange-correlation functional [23] was
used for primary electronic structure calculations. To perform
the Brillouin zone integration within the tetrahedron method,
a 24 × 24 × 24 �-centered k-mesh was used. A plane-wave
energy cutoff of 500 eV was used for all the calculations. All
the structures were fully relaxed with total energies (forces)
converged to values less than 10−6 eV (0.01 eV/Å). The

TABLE I. For VNbRuAl, relaxed lattice parameters a0, total and
atom-projected magnetic moments (in μB), and relative energy �E
of the three configurations with reference to the type-III configura-
tion within the HSE06 functional.

Type a0 (Å) mV mNb mRu mtotal �E (eV/f.u.)

I 6.26 2.53 0.38 −0.28 2.6 1.24
II 6.19 0.00 0.00 0.00 0.00 0.7
III 6.24 2.72 −0.10 0.18 2.80 0

PBE functional is known to underestimate the band gap of
semiconducting materials. In the present case, because we are
dealing with magnetic semiconductors, it is essential to go
beyond the PBE calculation. To make a more accurate pre-
diction, we employed the Heyd-Scuseria-Ernzerhof (HSE06)
[24] functional and HSE06+GW approximation [25]. A
16-atom conventional cell and its symmetric 2 × 2 × 2
supercell have been used while simulating ferromagnetic
(FM) and different antiferromagnetic (AFM) configurations.
To incorporate the B2 disorder, we have generated a 64-atom
special quasirandom structure (SQS) [26]. An SQS is an
ordered structure, known to mimic the random correlation
accurately, for disordered compounds. Alloy Theoretic Auto-
mated Toolkit (ATAT) [27] was used to generate the SQSs. The
generated SQSs perfectly mimic the random pair correlation
functions up to third-nearest neighbors.

III. THEORETICAL RESULTS

VNbRuAl crystallizes in the LiMgPdSn prototype struc-
ture (space group F 4̄3m) with measured lattice parameter
6.15 Å. The structure can be seen as four interpenetrating
fcc sublattices with Wyckoff positions 4a, 4b, 4c, and 4d . In
general, for an XX′YZ alloy, there exist three energetically
nondegenerate structural configurations (fixing the Z atom at
the 4a site). They are as follows: for type I, X at 4c, X′ at 4d ,
and Y at 4b; for type II, X at 4b, X′ at 4d , and Y at 4c; and for
type III, X at 4c, X′ at 4b, and Y at 4d .

Using first-principles calculations, all three configurations
were fully relaxed for VNbRuAl. Table I shows the relaxed
lattice parameters, the total and atom-projected moments,
and the relative energy differences among the type-I, type-
II, and type-III configurations calculated using the hybrid
HSE06 functional. The type-III configuration turns out to
be the energetically most stable. The theoretically optimized
lattice parameter for this configuration is 6.24 Å, which
matches fairly well with the experimental value of 6.15 Å.
The simulated net magnetization is 2.8 μB. Figure 2 shows the
spin-polarized band structure and DOS for this configuration,
which clearly confirms the BMS behavior. The DOS plot also
highlights the three energy parameters �ε1, �ε2, and �ε3,
characterizing the BMS feature, as listed in Table II. For
applications such as tunable spin polarization, it is desirable to
achieve a small value of �ε1 and large values of Eg ↑ and Eg ↓
(in comparison to Vg), which is indeed true for VNbRuAl. We
have also performed the GW calculations [25] (going beyond
the standard DFT framework), which again confirm the BMS
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FIG. 2. For the pure type-III configuration of VNbRuAl, the spin-polarized band structure and density of states at the relaxed lattice
parameter a0 using the HSE06 functional.

nature of VNbRuAl with slightly different energy parameters.
The detailed output of the HSE+GW calculations is given in
the Supplemental Material (SM) [28].

IV. EXPERIMENTAL RESULTS

A. Crystal structure

Figure 3 shows the room-temperature XRD pattern of VN-
bRuAl along with the Rietveld refinement for configuration
type III with 50% disorder between the V and Ru atoms and a
small amount of disorder between the Nb and Al atoms. Inset
(ii) shows a zoomed-in view of the fitting near the (111) and
(200) peaks. Inset (i) shows the refined data for pure configu-
ration type III (with no disorder), which clearly do not fit well.
For B2 disorder, we have considered several disorder variants,
5, 10, 25, and 50%, between the V and Ru sites and between
the Nb and Al sites for all three configurations. However, the
best fit was found with 50% antisite disorder between the V
and Ru sites and 10% disorder between the Nb and Al sites in
the three configurations. Although Fig. 3, inset (ii), and Figs.
S4(b) and S4(d) of the SM [28] look similar, the best overall
fitting was obtained only for configuration type III with the
lowest χ2 value (2.64). The χ2 values for configuration types
I, II, and III considering 50% antisite disorder between the
V and Ru sites and 10% disorder between the Nb and Al
sites are 3.63, 3.09, and 2.64, respectively. Further details
are shown in Sec. III A of the SM [28]. In order to probe
the structure in more detail, we have carried out synchrotron
XRD measurements as well. The synchrotron XRD data fully
support the results of the structural analysis as obtained using
the normal room-temperature XRD data. The detailed findings
are presented in Secs. III A and III B of the SM [28].

TABLE II. For the pure type-III configuration of VNbRuAl, the
relaxed lattice parameter (in Å), energy parameters �ε1, �ε2, and
�ε3 (all in eV), and band gaps for majority (Eg ↑= �ε1 + �ε2) and
minority (Eg ↓= �ε1 + �ε3) spins using the HSE06 functional.

Type a0 �ε1 �ε2 �ε3 Eg ↓ Eg ↑
III 6.24 0.65 0.52 0.47 1.12 1.17

B. Magnetic properties

Figures 4(a) and 4(b) show M-vs-T and M-vs-H curves
for VNbRuAl. Interestingly, the net magnetization turns out
to be negligibly small (∼10−3 μB). The inset of Fig. 4(a)
suggests an ordering temperature > 900 K, much larger than
that of other reported FCF materials [29]. The M-H curve
at 2 K shows a small, but nonzero hysteresis, with a small
coercivity of 20 Oe [see inset (i) of Fig. 4(b)]. In particular,
this curve does not saturate up to 90 kOe, indicating the
compensated-ferrimagnetic-like behavior [30]. There can be
various plausible reasons for such a vanishing moment, e.g.,
(i) compensated ferrimagnetism, (ii) long-range AFM, and
(iii) B2 disorder.

C. Transport properties

1. Resistivity

Figure 4(c) shows the T dependence of the longitudinal
resistivity ρxx at different fields [inset (i) of Fig. 4(c)]. ρxx

FIG. 3. Room-temperature powder XRD pattern of VNbRuAl,
including the Rietveld-refined data for configuration type III with
partial B2 disorder, i.e., 50% disorder between the V and Ru sites and
<10% disorder between the Nb and Al sites. Insets (ii) and (i) show
zoomed-in views near the (111) and (200) peaks with and without
disorder, respectively.
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FIG. 4. For VNbRuAl, (a) M vs T in zero-field cooled (ZFC) and
field cooled (FC) modes in H = 100 Oe. The inset shows the high-T
regime. (b) M vs H at 2, 10, and 300 K. Insets (i) and (ii) display
zoomed-in views at 2 and 300 K, respectively. (c) Resistivity ρxx vs
T , along with a two-carrier model fit in zero field. Inset (i) shows ρxx

vs T at three different fields, inset (ii) shows a log(ρ ) vs log(T ) plot
fitted in the T range 30–110 K, and inset (iii) shows a zoomed-in
view of ρ in the high-T regime (>100 K). (d) MR vs H at 5 and
25 K.

increases with T in the low-T region and goes through a maxi-
mum (at ∼220 K) before falling as T increases further towards
300 K. The T variation of ρxx is quite similar to that seen
in a few other Heusler systems [31,32] with semiconducting
behavior. The order of magnitude of ρ in VNbRuAl is quite
similar to that of other semiconducting materials [33]. At a
glance, it appears that the low-T region of ρxx is metallic,
and beyond 200 K, it shows semiconductinglike behavior.
The peak at ∼220 K [see inset (iii) of Fig. 4(c)] could be
due to the competition between the positive T coefficient of
resistivity (dρ/dT > 0) and the negative dρ/dT at higher
T due to semiconducting behavior. In many semiconducting
materials with metalliclike behavior at low T [31,32], the
low-T resistivity varies as T α with 2 < α < 3. In order to
check this, we have plotted log(ρxx ) vs log(T ) and fitted a
straight line [see inset (ii) of Fig. 4(c)]. Such a fit is good only
in the range of 30–110 K, and the value of α turns out to be
0.012, which is surprisingly very small. An extremely slow
increase in ρxx with T implies that the metallic character is
quite weak. Thermally activated carriers (electrons and holes)
of the semiconducting sample seem to be responsible for the
behavior at higher T .

The conductivity data are fitted in the T range of 120–
320 K with the modified two-carrier model [29,34],

σ (T ) = e(neμe + nhμh), (1)

where ni = ni0 e−�Ei/kBT (i = e, h) are the carrier concentra-
tions of electrons and holes with mobilities μi and pseudogaps
�Ei. μi can be written as μi = (aiT + bi )−1 = μi0/(a′

iT +
1). Here, a corresponds to carrier-phonon scattering, while b

arises from the mobility due to defects at 0 K. Equation (1)
then takes the form

σ (T ) = [
Ae(T ) e−�Ee/kBT + Ah(T ) e−�Eh/kBT

]
, (2)

where Ai(T ) = eni0μi0/(a′
iT + 1). Equation (2) is used to

fit the zero-field ρ(T ) data between 100 and 320 K [see
Fig. 4(c)], and the energy gaps (�Ei) turn out to be 64.3 and
0.2 meV. The very fact that the two-carrier model describes
the behavior of ρ over such a wide T range indicates that
semiconducting behavior is dominant from 100 K itself. In-
terestingly, the zero-field ρ peak at ∼220 K gets suppressed
at higher field and shows a nearly saturated behavior with T
[35].

2. Magnetoresistance

Figure 4(d) shows the field dependence of magnetoresis-
tance (MR), MR(H ) = [ρ(H ) − ρ(0)]/ρ(0), at two different
values of T . The magnitude of MR increases with H , and
a sharp peaklike feature arises near 5 K within ±2.5 kOe.
The sensitivity of this peak to H suggests its magnetic origin.
There is a similar sharp rise in ρxx below 6 K in zero-field ρ

(which gets suppressed at higher H) and a sharp rise in both
ZFC and FC magnetization [see Fig. 4(a)]. These observations
suggest some kind of spin reorientation below 6 K; further
experimental investigations such as neutron diffraction are
required to get a better understanding of this. At or near 5 K,
the spins might be misaligned to give higher ρ, but when the
field aligns them, ρ drops sharply. With increasing T , the MR
is reduced significantly and shows a quasilinear dependence
on H , without any sign of saturation till 140 kOe, even at 5 K
[see Fig. 4(d)]. The slope of this linear regime decreases with
increasing T . Such a behavior reflects a gapped semiconduc-
tor [36], as reported in various systems by Abrikosov [37].

3. Hall effect

The Hall resistivity ρxy vs H , at different T , shows a linear
dependence (see Fig. S4 of the SM [28]). The carrier concen-
tration n at 5 K is 3.5 × 1019 cm−3, which is comparable to
that of other Heusler alloys having a semiconducting nature
[1]. n increases marginally (from 3.5 × 1019 to 4.7 × 1019)
with increasing T , again indicating the robust semiconduct-
inglike behavior of VNbRuAl. The positive slope of the
ordinary Hall coefficient suggests that holes are the majority
charge carriers.

4. Thermoelectric power

The variation of the thermoelectric power S with T is
shown in Fig. 5. The dependence of S on T is almost linear
throughout the temperature range (30–300 K). The positive
slope of the S-vs-T plot corresponds to a purely hole-driven
TEP. The linear behavior of S, which is very similar to that
of other reported narrow-band-gap semiconductors [38,39],
suggests the dominant contribution of diffusion thermopower
to TEP. The magnitude of S matches well with that of other
reported semiconducting systems [40].

To understand the behavior of the density of states and the
carrier density near the Fermi level, we have fitted the TEP
data in the temperature range of 50–300 K with the equation
Sd = S0 + sT , where Sd denotes the diffusion thermopower,
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FIG. 5. Thermoelectric power S vs T for VNbRuAl. The inset
shows a linear fitting to the S-vs-T curve in the temperature range
of 50–300 K. This illustrates the linear behavior of the diffusion
thermopower (Sd = S0 + sT ) in this regime.

S0 is a constant, and s = π2kB
2

3eEF
. From this fitting we obtained

EF to be 1.16 eV, and hole density n = 5.7 × 1021 cm−3,
which matches quite well with the semiconductor carrier den-
sity. For intrinsic semiconductors, S has a large value with an
increase in T as EF lies within the band gap. However, for
the nondegenerate semiconductors or BMSs (in which one of
the spin channels has a very small gap, as seen in VNbRuAl),
the EF can move into the valence or conduction bands due to
excitation (thermal or electric field induced) or impurity in one
of the spin channels. This gives a small difference between the
DOS above and below EF [41]. As a result of this, S becomes
small and increases linearly with T , as seen in VNbRuAl.
Therefore the TEP data almost give direct evidence of the
BMS nature of this alloy.

V. EXPLAINING FCF-LIKE BEHAVIOR

As mentioned earlier, magnetization measurements yield
a negligibly small moment for VNbRuAl, which may arise
due to various reasons, e.g., (1) a unique AFM order and/or
(2) complete or partial B2 disorder. To understand the exact
reason, we first simulated a few distinct AFM configurations
involving V atoms; see Fig. S3 of the SM [28]. As evident
from Fig. S3 [28], the AFM-III phase lies only 10 meV above
the FM phase. This makes AFM-III almost equally probable
to occur, giving rise to a zero moment. The band structure of
AFM-III, however, does not show BMS behavior.

Taking a hint from the experimentally observed crystal
structure, we further simulated the effect of B2 disorder (fully
homogeneous disorder between V and Ru and between Nb
and Al) on the electronic and magnetic properties of VN-
bRuAl. For this, we generated special quasirandom structures
(SQSs) [26] corresponding to three ordered configurations
(see Table I). Table III shows the relative energies (�Etot)
among the three fully B2-disordered configurations, and the
average spin-↑ and spin-↓ moments on V, Nb, and Ru atoms.
Evidently, B2 disorder in type III is energetically most fa-

TABLE III. For VNbRuAl, relative energies �Etot (in eV/f.u.)
and average spin-up and spin-down moments (in μB) at the V, Nb,
and Ru atoms for homogeneous B2 disorder of three configurations,
types I, II, and III. Type-III B2 disorder is the most stable.

Type �Etot mV
↑ mV

↓ mNb
↑ mNb

↓ mRu
↑ mRu

↓

I 0.434 0.00 0.00 0.00 0.00 0.00 0.00
II 0.136 0.00 0.00 0.00 0.00 0.00 0.00
III 0.0 +0.73 −0.62 +0.01 −0.02 +0.04 −0.01

vorable. Once again, in spite of giving a negligibly small net
moment, the electronic structure of this configuration does not
show BMS behavior.

We have then simulated a partial B2 disorder in the type III
configuration where V and Ru atoms are fully mixed keeping
Nb and Al sites fixed (it may be recalled that XRD fitting
indicated a nominal, 10% disorder between Nb and Al). The
spin-polarized DOS is shown in Fig. 6 (the inset shows the
SQS). Interestingly, this partially disordered phase gives the
BMS and FCF (not simply AFM) behavior simultaneously.
This is also energetically more stable (by ∼80 meV/f.u.)
than the completely disordered B2 phase. This results in the
composite quantum property (BMS and FCF) of VNbRuAl.

VI. SUMMARY AND CONCLUSION

In this paper, we report a class of spintronic materials
which showcases the coexistence of two quantum phenom-
ena, namely, a bipolar magnetic semiconductor and possibly
fully compensated ferrimagnetism. Using a combined theo-
retical and experimental study, VNbRuAl is proposed to be
a candidate system that exhibits this unique coexistence. It
crystallizes in the cubic Heusler structure with partial B2
disorder, as revealed by our structural analysis using normal
as well as synchrotron XRD. Resistivity data indicate two
parallel channels of conduction, while MR and Hall data
indicate a semiconducting nature. The thermoelectric power
data not only support a semiconducting behavior but also give

FIG. 6. Spin-polarized density of states for VNbRuAl with par-
tial B2 disorder (i.e., complete disorder between V and Ru, and
no disorder involving Nb and Al sites). The inset shows the corre-
sponding SQS. This structure supports both BMS behavior and the
vanishing magnetization.
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a strong indication of BMS nature. Theoretical simulations
predict partial B2 disorder (in VNbRuAl) to be responsible for
the coexistence of BMS and FCF properties. The vanishingly
small moment and nonzero hysteresis can be attributed to the
FCF-like behavior. The possibility of any such coexistence of
different interesting properties (BMS, FCF, and high TC) in
a single material opens up new opportunities for spintronics
applications, e.g., room-temperature spin filters.
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