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f the bulk and (001) surface of
NbFeCrAl and NbFeVGe Heusler compounds:
a first-principles prediction
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and X. F. Dai*a

Using first-principles calculations based on density-functional theory, the structural, electronic and

magnetic properties in the bulk and (001) surfaces of quaternary Heusler compounds NbFeCrAl and

NbFeVGe are investigated. For the bulk, the two compounds exhibit half-metallicity with band gaps of

0.4 eV and 0.2 eV in the majority-spin direction at their equilibrium lattice constants. The total magnetic

moments are 2 mB following the Slater–Pauling formula: Mt ¼ 24 � Zt rule. The half-metallicity can be

maintained in the range of 5.76–6.07 Å and 5.96–6.10 Å (lattice constant), and 0.971–1.035 and 0.962–

1.033 (c/a) for NbFeCrAl and NbFeVGe compounds, respectively. The half-metallicity is destroyed on the

Fe–Cr, Nb–Al, Fe–V, and Nb–Ge terminated (001) surfaces, and the spin-polarization ratio sharply

decreases below 50% for NbFeCrAl and NbFeVGe compounds.
1. Introduction

R. A. de Groot et al.1 rst reported a half-metallic ferromagnet
(HMF) in the half-Heusler compound NiMnSb in 1983. Aer-
wards, HMFs2–5 have received more and more attention as
promising candidates for electronic devices, such as tunnel
junctions, spin valves, etc.6,7 Many theoretical efforts using rst-
principles calculations were carried out to predict new HMFs in
Heusler compounds and other material systems. For HM
materials, the electronic structure shows a metallic feature in
one spin direction while it shows semiconductivity with a band
gap at the Fermi level (EF) in the other spin direction. Thus, the
HM materials are supposed to have a conduction electron spin
polarization ratio of 100%. Another essential feature of HM
materials is that the total spinmoment of one formula unit is an
integer. The half-metallicity can easily be destroyed by defects,
temperature and stress for the HM materials with a small HM
band gap. So it is necessary to search for new materials with
a large HM band gap for their application in the spintronic
devices.

Heusler compound is a huge material system and contains
rich functional properties, such as superconducting materials,
thermoelectric materials, phase transformation materials,
topological materials and also HM materials. Many Heusler
compounds with 3d transition elements, such as Sc-based, Ti-
, Hebei University of Technology, Tianjin
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hemistry 2017
based, V-based, Cr-based, Mn-based, Fe-based, Co-based and
Ni-based compounds,2,5,8–32 have been investigated widely and
synthesized successfully. Many of them, e.g. Co2CrGa,33 Mn2CoZ
(Z ¼ Al, Ga, Si, Sb),34 CoFeMnSi,35 Fe2CoSi,36 Co2Mn1�xFexSi6

and FeCoCrSi,37 have been found to exhibit HM character by
both theoretical and experimental studies. The thin lms of
Co2Cr0.6Fe0.4Al, which has large tunneling magnetoresistances
of 16% at room temperature and 26.5% at 5 K, have been re-
ported as a spin valve type tunneling junction by Inomata et al.38

Y. K. Takahashi et al. have successfully demonstrated the large
spin signal (DRS) of 12.8 mU with a highly spin-polarized Co2-
Fe(Ge0.5Ga0.5).7 Feng et al. have grown the lm of the novel
Ti2MnAl on Si (001) by using magnetron sputtering.39 Moreover,
the magnetization of these Heusler compounds is found to obey
the Slater–Pauling rule: Mt ¼ Zt � 18 or Mt ¼ Zt � 24, where the
Mt and Zt represent for the total magnetic moment and the
number of total valence electrons in per unit cell,
respectively.29,40,41

Very recently, some HM materials containing 4d transition
metal elements, for example, Zr-based,2,40,42–53 Ru-based54 and
Rh-based55 Heusler compounds, have been predicted widely by
rst-principles calculations. To the best of our knowledge,
experiments of a few quaternary Heusler compounds contain-
ing 4d elements, such as CoRhMnZ (Z ¼ Ga, Sn, Sb) and the
alloy Co0.5Rh1.5MnSb,56 have been investigated, but other
researches currently are focused on prediction theoretically for
HM materials. A very important characteristic for Heusler
compounds with 4d transition elements is that the width of HM
band gap is usually bigger than that only with 3d transition
metal elements, which is benecial to the stability of the half-
metallicity in practical applications. It is also worth to note
RSC Adv., 2017, 7, 31707–31713 | 31707
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Table 1 The atomic occupations of NbFeCrAl and NbFeVGe with
different atomic arrangement fashions

Type
4a
(0, 0, 0)

4b
(0.25, 0.25, 0.25)

4c
(0.5, 0.5, 0.5)

4d
(0.75, 0.75, 0.75)

Type I Cr (V) Nb Fe Al (Ge)
Type II Cr (V) Fe Nb Al (Ge)
Type III Nb Cr (V) Fe Al (Ge)
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that the Rh-based compounds Rh3Z (Z ¼ Si, Ge, Sn, Pb)55 obey
Slater–Pauling rule:Mt ¼ Zt � 28 rather thanMt ¼ Zt � 24 or Mt

¼ Zt � 18, which enlarge the scope to explore new HMmaterials
in Heusler compounds. The joint efforts of more new elements
and the extended Slater–Pauling rule will further promote the
development of new HM materials.

From these aspects, Nb element is one of the 4d transition
metal elements and one of the nearest neighbors of Zr in the
period table. The Nb-based Heusler compounds can be good
choice for developing HM materials because they are not only
promising to hold large HM band gap but also quite ease to
synthesize. Compared with many Zr-based quaternary
compounds,40,43,44,51–53 there are few investigations on Nb-based
quaternary Heusler compounds no matter in theory or in experi-
ment. In this work, we predict two Nb-based quaternary HM
Heusler compounds, named NbFeCrAl and NbFeVGe. The results
indicate they are both perfect HM materials with 100% spin
polarization under the ground state. The total magnetic moments
are 2 mB following the Slater–Pauling formula: Mt ¼ 24 � Zt rule.
Moreover, the half-metallic character is found be retained in
a large range of lattice distortion for both NbFeCrAl andNbFeVGe,
serving as another advantage for their practical applications. The
surface effect on their the half-metallicity is also discussed in
detail.
2. Computational details

For quaternary Heusler compounds (here, NbFeCrAl and
NbFeVGe) with space group F�43m (space group no. 216), there
are three possible atomic arrangement fashions (type I, type II,
and type III) as shown in Fig. 1 according to the different
occupation of Cr (V), Nb, Fe atoms to (0, 0, 0), (0.25, 0.25, 0.25),
(0.5, 0.5, 0.5) crystal sites while the Al (Ge) atom occupies (0.75,
0.75, 0.75) crystal site. The three possible atomic arrangement
fashions and the detailed atomic occupations are listed in Table
1. The electronic structures and magnetic properties of
NbFeCrAl and NbFeVGe compounds were performed by
CASTEP code. The CASTEP code is based on the pseudopoten-
tial method57 with a plane-wave basis set. We used the ultraso
pseudopotential to describe the interaction between the atom
core and valence electrons and performed the generalized
gradient approximation (GGA) in the scheme of Perdew–Burke–
Ernzerh (PBE) for the exchange-correction functional
methods.44,55 In order to ensure good convergence, the param-
eters were set as a cutoff energy of 400 eV and a mesh of 12 � 12
Fig. 1 Three possible atomic arrangement fashions of quaternary
Heusler compounds NbFeCrAl and NbFeVGe.

31708 | RSC Adv., 2017, 7, 31707–31713
� 12 k-points for bulk. Meanwhile, the calculations maintain to
ensure good convergence until the energy deviation is less than
1 � 10�6 eV per atom. The surface slabs were constructed by
cleaving the optimized bulk structure along Miller index (001)
crystal direction.58 Four kinds of (001) surfaces were studied by
adopting a slab model which included nine monolayers of atom
for NbFeCrAl and NbFeVGe compounds. The parameters were
set as a cutoff energy of 400 eV and a mesh of 6 � 6 � 1 k-points
for surface.
3. Results and discussion

In order to gain the equilibrium lattice constants of the
NbFeCrAl and NbFeVGe compounds, the total energies as
a function of lattice constant are shown in Fig. 2. We consider
the situations of nonmagnetic (NM) and ferromagnetic (FM)
states. It is clearly seen that the lowest energy appears in the
type I atomic arrangement fashion with FM state. The equilib-
rium lattice constants are 6.02 Å and 6.05 Å for NbFeCrAl and
Fig. 2 Total energy values as a function of lattice constant in the
nonmagnetic (NM) and ferromagnetic (FM) states for NbFeCrAl (a) and
NbFeVGe (b) compounds with three atomic arrangement fashions.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Band structures of NbFeCrAl (a) and NbFeVGe (b) compounds.
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NbFeVGe compounds, respectively. Subsequently, all the
further investigations only focus on type I atomic arrangement
fashions with FM state.

Fig. 3 shows the band structures of NbFeCrAl and NbFeVGe
compounds at their equilibrium lattice constants with type I
atomic arrangement fashion at FM state. The Fermi level
crosses some of valence bands inminority-spin direction, which
indicates a metallic interaction. In majority-spin direction, the
band structure shows a semiconducting nature due to a band
Fig. 4 The total density of states (TDOS) and partial density of states
(PDOS) projected on the 4d orbits of Nb atom, 3d orbits of Fe, Cr, V
atoms and p orbits of Al, Ge atoms for NbFeCrAl (a) and NbFeVGe (b)
compounds.

This journal is © The Royal Society of Chemistry 2017
gap of 0.4 eV (for NbFeCrAl) and 0.2 eV (for NbFeVGe) occurring
at the Fermi level. So band structures indicate that NbFeCrAl
and NbFeVGe compounds have a half-metallicity.

Fig. 4 shows the total density of states (TDOS) patterns and
partial density of states (PDOS) patterns of 4d orbits of Nb atom,
3d orbits of Fe, Cr, V atoms and p orbits of main group Al, Ge
atoms for NbFeCrAl and NbFeVGe compounds. It can be seen
that both NbFeCrAl and NbFeVGe compounds have a band gap
at the Fermi level in the majority-spin direction, while the Fermi
level locates at a side of a high DOS peak in the minority-spin
direction, which is corresponding to the band structures as
shown in Fig. 3 and indicates the half-metallicity of NbFeCrAl
and NbFeVGe compounds. The hybridization between the p
orbits of the Al, Ge atoms and the d orbits of transition atoms
makes mainly contributions to the distribution of the TDOS
around �5 eV. The strong hybridization between d states of Nb,
Co (Rh) and Cr atoms spread in the wide energy range from
�3 eV to +3 eV for NbFeCrAl and NbFeVGe compounds. With
the help of band structures, it is clear that the HM band gap in
the majority-spin direction occurs between eu and t1u states
originating from the hybridization between 3d states of Fe and
Cr (V) atoms. The calculated total spin moments of NbFeCrAl
and NbFeVGe compounds are both 2 mB. The integral value of
total spin moment is one of the essential features of half-
metallic compounds.59 The number of total valence electrons
in per unit cell are 22 for NbFeCrAl and NbFeVGe compounds,
so, these two compounds obey the Slater–Pauling formula:Mt¼
24 � Zt rule.

In practical application, the external stress and lattice
thermal expansion are two important factors to destroy half-
metallicity. To simulate and analyze the effect of the external
stress and lattice thermal expansion on the half-metallicity, the
effect of lattice distortion, including axial and uniaxial strain,
Fig. 5 The energy values of conduction band minimums (CBM, blue
square) and valence band maximums (VBM, red circle) in the majority-
spin direction as a function of lattice constant for NbFeCrAl (a) and
NbFeVGe (b) compounds.

RSC Adv., 2017, 7, 31707–31713 | 31709
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Fig. 6 The total and atomicmagnetic moments as a function of lattice
constant for NbFeCrAl (a) and NbFeVGe (b) compounds.

Fig. 7 The energy values of conduction band minimums (CBM, blue
square) and valence band maximums (VBM, red circle) in the majority-
spin direction as a function of c/a for NbFeCrAl (a) and NbFeVGe (b)
compounds, respectively.

Fig. 8 The total and atomic magnetic moments as a function of c/
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on half-metallicity were investigated. The energy values of
conduction band minimums (CBM, blue square) and valence
band maximums (VBM, red circle) are used to characterize the
half-metallicity under different lattice distortion for NbFeCrAl
and NbFeVGe compounds, as shown in Fig. 5. When the Fermi
level goes across conduction bands or valence bands, namely,
CBM shows a negative value or VBM shows a positive value, the
half-metallicity is destroyed. From Fig. 5, the half-metallicity
can be kept in the range of 5.76–6.07 Å for NbFeCrAl and in
the range of 5.96–6.10 Å for NbFeVGe. The maximum width of
band gap occurs near the equilibrium lattice constant and can
reach 0.42 eV and 0.2 eV for NbFeCrAl and NbFeVGe
compounds, respectively.

The total and atomic magnetic moments as a function of
lattice constant are shown in Fig. 6 for NbFeCrAl and NbFeVGe
compounds. It is clear that the total magnetic moments are
both 2 mB when the compounds show a half-metallicity. For
NbFeCrAl, the calculated magnetic moments of Cr and Nb
atoms increase while the magnetic moments of Fe and Al atoms
remain unchanged with increasing lattice constant (see
Fig. 6(a)). The magnetic moment of Cr atom is antiparallel to
that of Nb atom. So, the total magnetic moment is unchanged
with increasing lattice constant due to the mutual compensa-
tion between Cr atom and Nb atom. For NbFeVGe (see Fig. 6(b)),
the situation is similar to NbFeCrAl, but all atomic magnetic
moments have only a small change with increasing lattice
constant.

The effect of the uniaxial strain on half-metallicity was also
investigated for NbFeCrAl and NbFeVGe compounds. The
energy values of CBM and VBM under different c/a ratio are
shown in Fig. 7 for NbFeCrAl and NbFeVGe compounds. The
a and c represent the lattice constants in different directions
and the c/a indicates the degree of the tetragonal distortion.
31710 | RSC Adv., 2017, 7, 31707–31713
From Fig. 7, the half-metallicity of NbFeCrAl and NbFeVGe
compounds can be kept in the c/a range of 0.971–1.035 and
0.962–1.033, respectively. The largest gaps are 0.41 eV and
0.196 eV at c/a ¼ 1.01 for NbFeCrAl and NbFeVGe compounds.
The width of gaps decreases when c/a deviates from 1.01 to the
smaller or bigger values.

We calculated the magnetic moments with c/a from 0.9 to
1.1. The total and atomic magnetic moments as a function of c/
a for NbFeCrAl and NbFeVGe compounds.

This journal is © The Royal Society of Chemistry 2017
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Fig. 11 Total density of states (TDOS) of the Fe–Cr terminated (001)
surface (a), Nb–Al terminated (001) surface (b) of NbFeCrAl compound
and Fe–V terminated (001) surface (c), Nb–Ge terminated (001)
surface (d) of NbFeVGe compound. Fermi level EF is set at zero energy.

Fig. 9 (a) The nine layer Fe–Cr terminated (001) surface and (b) Nb–Al
terminated (001) surface for NbFeCrAl compound. (c) The nine layer
Fe–V terminated (001) surface and (d) Nb–Ge terminated (001) surface
for NbFeVGe compound.
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a are shown in Fig. 8. For NbFeCrAl, the total moment is 2 mB. All
atomic magnetic moments and the half-metallicity are main-
tained when the c/a changes in the range of 0.971–1.035. The
total magnetic moment and the magnetic moments of Fe and
Cr atoms increase when the c/a is out of the range of 0.971–
1.035. For NbFeVGe, the situation is similar to NbFeCrAl. The
total moment is also 2 mB. All atomic magnetic moments and
the half-metallicity are maintained in the c/a range of 0.962–
1.033. When the c/a is out of the range, the magnetic moment of
Fe atom increases with the increasing or decreasing c/a, which
leads to the increase of total magnetic moment.

For the practical application in spintronic devices, the HM
materials are usually fabricated to a thin lm. However, the
electronic properties of surface usually differ from that of the
bulk. The surface is possible to destroy the half-metallicity and
decrease the spin-polarization ratio. So, the investigation of the
Fig. 10 Majority-spin and minority-spin band structures of the Fe–Cr
terminated (001) surface (a), Nb–Al terminated (001) surface (b) of
NbFeCrAl compound and Fe–V terminated (001) surface (c), Nb–Ge
terminated (001) surface (d) of NbFeVGe compound.

This journal is © The Royal Society of Chemistry 2017
surface effect on half-metallicity is very important.32,60–66 Here,
we investigate the half-metallicity and spin-polarization
depending on the terminated (001) surface for NbFeCrAl and
NbFeVGe compounds. Owing to the atomic equivalent occu-
pation in the lattice, there are two kinds of terminated (001)
surface in type I structure. The corresponding slab models with
nine monolayers of atom are given in Fig. 9 and used in our
surface calculations for NbFeCrAl (Fig. 9(a) and (b)) and
NbFeVGe (Fig. 9(c) and (d)) compounds. To form an epitaxial
thin lm, internal ve atomic layers are xed as the slabs and
two atomic layers in two sides of the slabs are allowed to relax by
the total energy and atomic force calculations.

Fig. 10 shows the calculated band structures of the termi-
nated (001) surfaces for NbFeCrAl and NbFeVGe compounds. It
can be seen that for all the terminated (001) surfaces, the Fermi
level has a metallic intersection both in majority-spin and
minority-spin directions, which indicates that the half-
metallicity is destroyed on the terminated (001) surfaces for
NbFeCrAl and NbFeVGe compounds. Furthermore, the TDOSs
of the terminated (001) surfaces as shown in Fig. 11 are obvi-
ously different from the bulk as shown in the Fig. 3. Based on
the spin polarization ratio formula: P ¼ (Nup � Ndown)/(Nup +
Ndown), the P in Fe–Cr, Nb–Al, Fe–V and Nb–Ge terminated (001)
surfaces decreases to 32.5% and 44.6%, 9.5% and 45.2% from
the 100% in bulk, respectively.
4. Conclusions

In summary, the rst-principles calculations based on density-
functional theory were performed to investigate structural,
electronic and magnetic properties of quaternary Heusler
compounds NbFeCrAl and NbFeVGe. Their equilibrium lattice
constants are 6.02 Å and 6.05 Å, respectively. These two
compounds are predicted to be half-metallic materials with
band gaps of 0.4 eV and 0.2 eV at equilibrium lattice constants
in the bulk. The half-metallicity can be kept in the range of
5.76–6.07 Å and 5.96–6.10 Å (lattice constant), and 0.971–1.035
RSC Adv., 2017, 7, 31707–31713 | 31711
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and 0.962–1.033 (c/a) for NbFeCrAl and NbFeVGe compounds,
respectively. The total magnetic moment of 2 mB is satised with
the Slater–Pauling formula:Mt¼ 24� Zt rule. For (001) surfaces,
the half-metallicity is destroyed and the spin-polarization ratio
sharply decreases on all the terminated (001) surfaces for
NbFeCrAl and NbFeVGe compounds.
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