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Gd impurities effect on Co2CrSi alloy: ﬁrst-principle calculations
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Abstract. First-principle calculations have been performed to study Gd impurities doping effect on the physical properties
of the Heusler half-metallic ferromagnet Co2 CrSi using the density functional theory in the local spin density approximation
with an additional Hubbard correlation term for the rare-earth 4f states. The results show that the gadolinium moment is
aligned antiparallel to that of transition metal atoms for both Co16 Cr7 GdSi8 and Co15 GdCr8 Si8 . The analysis of the doped
material band structures shows that the half-metallic properties are completely conserved if Gd substitutes Cr atoms, while
the minority-spin gap is ﬁlled and half-metallicity is lost when Gd substitutes Co atoms.
Keywords.

Half-metallic; spin polarization; Heusler alloys.

1. Introduction
Half-metallic ferromagnets have been intensively studied in
the ﬁeld of spintronics. In these compounds only one spin
channel presents a gap at the Fermi level, while the other
has a metallic character, leading to 100% carrier spin polarization at the Fermi energy (E F ) [1,2]. Therefore, since
the ﬁrst prediction of half-metallicity for the half-Heusler
compound NiMnSb in 1983 [1], intensive research on halfmetallic materials has been carried out [3–11]. Most of the
Co-based full-Heusler compounds in the cubic L21 structure
are ferromagnetic (FM) with a high Curie temperature and a
signiﬁcant magnetic moment [4] and many of them were predicted to be half-metallic [5,8–11]. Miura et al [12] found that
Co-based Heusler alloys exhibit over 70% spin polarization.
These materials include Co2 CrAl (99.9%), Co2 CrSi (100%),
Co2 CrGa (93.2%), Co2 CrGe (99.8%), Co2 MnSi (100%) and
Co2 FeAl (86.5%).
Operation of spintronic devices should be avoided at
too low temperature; however, many half-metallic systems
exhibit a dramatic suppression of spin polarization well below
room temperature [2–13]. The electronic correlation seems
to play a crucial role in depolarization effects by introducing incoherent nonquasiparticle (NQP) states just above the
Fermi level in the minority spin channel [14–16], which
are connected with spin-polaron processes. The existence of
the NQP states was reported in the Co2 MnSi-based tunnel
junctions [17]. To eliminate the NQP states, it is necessary to suppress ﬁnite-temperature magnonic excitations,
preserving at the same time the minority spin gap. Attema
et al [18] proposed to increase the magnetic anisotropy and

thus the magnon gap by doping with rare-earth atoms in
the half-metallic material. For NiMn1−x REx Sb compounds
with RE = Nd, Pm, Ho and U [2,19], it was reported
that the half-metallic gap is not affected and that large
3d–4f coupling is obtained in the case of Nd substitution. Burzo et al [20] used the linear mufﬁn-tin orbital
(LMTO) method within the LDA+U , with effects of doping of holmium impurities into the full-Heusler FM alloy
CoMnSi. Their experimental results and theoretical calculations showed that substituting Ho on Co sites introduces
ﬁnite densities of states (DOS) in the minority spin gap, while
substitution on the Mn sites preserves the half-metallic character. Grasin et al [21] reported experimental and theoretical
studies on the effect of Gd impurity on the physical properties of the Co2 MnSi, and showed that the half-metallic
properties are completely conserved if Gd substitutes Mn
atoms.
In this work, we study the effect of gadolinium substitution
on the physical properties of Co2 CrSi-based alloy. The substitution of Gd in both Co or Cr lattice sites is analysed. The
magnetic properties and band structures of the doped compounds are studied.

2. Computational details
The electronic structure calculations are based on the densityfunctional theory in the local spin-density approximation
(LSDA) with an additional Hubbard correlation term that
describes on-site electron–electron repulsion associated with
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the 4f narrow bands (LSDA+U approach) [22,23]. The
ﬁrst-principle band-structure approach applied in this work
is the scalar relativistic full-potential linear-augmented-plane
wave plus local orbital (FPLAPW+lo) method [24,25]
(Wien2k implementation [26]).
For Co2 CrSi, we used the standard representation of L21
structure with four interpenetrating face-centred-cubic (fcc)
sublattices. Two of the sublattices are equally occupied by Co
and combine to form a simple cubic sublattice. The atomic
positions are (0, 0, 0) for Co1, (1/2, 1/2, 1/2) for Co2, and (1/4,
1/4, 1/4) and (3/4, 3/4, 3/4) for Cr and Si, respectively, where
Co1 and Co2 sites are equivalent. The Gd-doped Co2 CrSi was
modelled using a 32-atom supercell of 2 × 2 × 2 constructed
using the primitive unit cell. The atomic structure is shown in
ﬁgure 1. The Co/Cr3d and RE 5p 4f electrons are explicitly
treated as valence electrons. We have used mufﬁn-tin radii of
2.2 Bohr for both Co and Cr and 2.3 and 2.0 Bohr, respectively,
for Gd and Si, respectively. In the total-energy calculation,
the factor Rmt kmax is chosen to be 8.5. The Brillouin-zone
integrations were performed using 5 × 5 × 5 Mokhorst–Pack
special k-points [27].

Figure 1. The atomic structure of Co16 Cr8 Si8 .

3. Results and discussion
Using the experimental lattice constant of 5.65 Å [28] for
Co2 CrSi within the LSDA, we calculate the energy band
structure as shown in ﬁgure 2. The spin direction is taken
as the direction of the rare-earth spin (↑ for majority spin
direction and ↓ for minority spin). All energies are relative to
the respective Fermi level. According to ﬁgure 2, the Fermi
energy E F lies in the pronounced gap of the minority-spin
states, determining the half-metal character of this compound.
The bandgap is estimated to be 0.56 eV. Our results agree
well with earlier DFT studies [9,29,30]. Figure 3 exhibits
the partial DOS of Co2 CrSi. We report a large DOS of the
majority spins at Fermi energy of N (↑, E F ) = 0.66 states
eV−1 spin−1 atom−1 . This is related to the fact that the E F
cuts through localized states of mostly Cr-d-like character
as shown in ﬁgure 3. The Co-d states contribute fairly to
N (↑, E F ). In agreement with previous calculation [29,30],
an integer total magnetic moment of 4.00 μB is obtained. We
also fully optimize the Co2 CrSi crystal structure and report a
lattice parameter of 5.52 Å, which is slightly underestimated
in comparison with the experimental one estimated by linear
extrapolation using the concentration dependence [28]. Calculations with the inclusion of Hubbard potential (LSDA+U )
of the properties of the Co2 CrSi [29] have been performed by
Rai et al [29]. Except the overestimated lattice parameter (of
5.699 Å), only small qualitative changes were reported in
the band structure and DOS. Hence, the LSDA gives a good
description of the properties of the Co2 CrSi, which is not the
case of the rare earths, where the LSDA is not suitable to
describe strong correlation of the 4f states.
To simulate the doping of the Co2 CrSi by gadolinium,
we have performed calculations using supercells containing 32 atoms. We study the electronic structure of the
Co16 Cr7 GdSi8 supercell to simulate Gd substitution at the
Cr sites and for Co15 GdCr8 Si8 cell when Gd replaces Co. In
order to investigate the sensitivity of the results with respect
to the Coulomb interaction parameter U , we have performed
calculations by varying U −J from 7 to 12 eV. For all
values, half-metallic characters are obtained. The variation

Figure 2. Spin-polarized band structure of Co2 CrSi using LSDA.
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of the difference between the bottom of the conduction band
(E b ) and the Fermi level, E b−E F , with the Gd spin moments
as a function of the average Coulomb parameter is given in
ﬁgure 4. No signiﬁcant dependence in the studied range of the
U parameter was reported: The maximum E b –E F difference
is on the order of 8 meV and the magnetic moment varies
slightly from 6.91 to 6.97 μB . Therefore, in our calculations
we choose the value of 7 eV for the U−J parameter.
The calculations were done considering a FM and an
antiferromagnetic (AFM) coupling of Gd(4f) and Cr/Co(3d)
spins. The calculated DOS of Co16 Cr7 GdSi8 and
Co15 GdCr8 Si8 for both FM and AFM coupling are presented
in ﬁgures 5 and 6, respectively. For Co16 Cr7 GdSi8 (ﬁgure 5),

the half-metallic state is stable in both cases with a bandgap
of 0.5 eV magnitude with the Fermi level, which moves
slightly towards the valence band. We also note that the
behaviour of DOS near E F is very similar to the undoped case
(ﬁgure 5), and that Gd(4f) orbitals do not hybridize with the 3d
orbitals near E F ; hence, the nature of the carriers around E F is
not changed. The half-metallic properties are completely conserved if gadolinium atoms substitute the chromium atoms.
This effect is determined through the coupling between the
Gd(4f) spin and the Cr(3d) itinerant electron spins. We evaluate such a coupling by calculating the total energy of
compound for a parallel and antiparallel f–d coupling [20].
Given the geometry of the cell, when Gd is substituted into

Figure 3. Projected densities of states of the Co2 CrSi Heusler alloy
obtained by LSDA.

Figure 4. The minority spin half-metallic gap and magnetic
moment of Gd as a function of the average Coulomb parameter U.

Figure 5. Densities of states of the Co16 Cr7 GdSi8 supercell with the ferromagnetic
(FM) and antiferromagnetic (AFM) coupling of Gd4f and Cr3d spins. For comparison,
the Co2 CrSi densities of states using the same supercell are also plotted.
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Figure 6. Densities of states of the Co15 GdCr8 Si8 supercell with the FM and AFM
coupling of Gd4f and Co3d spins.
Table 1. Calculated partial and total magnetic moments for Co16 Cr8 Si8 , Co16 Cr7 GdSi8 and
Co15 GdCr8 Si8 compounds, in the case of ferromagnetic coupling (FM) and antiferromagnetic coupling
(AFM) (the additional Hubbard correlation term is used only for the rare-earth 4f–Gd states).
Calculated magnetic moments (μB )
Compounds
Co16 Cr8 Si8
Co16 Cr7 GdSi8
Co16 Cr7 GdSi8
Co15 GdCr8 Si8
Co15 GdCr8 Si8

Magnetic coupling MCo

MCr

MGd

MSi

Mtot

E tot (eV)

1.01
0.99
0.99
0.86
0.98

1.91
1.96
1.97
1.70
1.66

—
6.91
−7.03
7.04
−7.01

−0.02
−0.02
−0.03
−0.02
−0.03

32
35.99
21.98
40.47
21.04

−65924.3736
−86372.4636
−86372.4698
−105450.8702
−105450.8933

FM
AFM
FM
AFM

the Cr sublattice, 12 pairs of Gd(4f)–Cr(3d) are formed [20];
thus, the f–d coupling constant is calculated as the E FM –E AFM
energy corresponding to a pair. The value of this, with the
calculated magnetic moments, is given in table 1. The E
energy is estimated to be 71.95 K, with the minimum in the
case of AFM coupling between Cr(3d) and Gd(4f) spins. The
stability of the AFM phase was reported experimentally and
theoretically for Co2 MnSi doped by Ho [20], and theoretically for Gd-doped Co2 MnSi [21]. Our E value is close to
that calculated for Co16 Mn7 GdSi8 using the FPLMTO within
the LSDA+U [21], where similar properties are reported. The
resulting total magnetic moments of the supercell were 35.99
μB for FM coupling and 21.98 μB for AFM coupling. A small
negative moment was found on silicon due to the hybridization effects.
In the case of Co15 GdCr8 Si8 supercell, the DOS (ﬁgure 6)
show that the substitution at Co sites ﬁlls the minority spin
gap for both FM and AFM coupling of Gd(4f) and Co(3d)
spins. In addition, in this case the antiparallel conﬁguration
is the most stable one (table 1). The occupied Gd(4f) states
are located around −6.5 eV and the unoccupied ones are

around 5 eV and show no signiﬁcant contribution around the
Fermi level. For total magnetic moment, we report values of
40.47 μB for FM coupling and 21.04 μB for AFM coupling.
A small and negative moment is also induced on silicon, due
to the hybridization effect, with a value of −0.02 μB . Finally,
we report that the metallic AFM Co15 GdCr8 Si8 is lower in
energy than the half-metallic AFM Co16 Cr7 GdSi8 (table 1).

4. Conclusion
Electronic structure and magnetic properties of the Heusler
half-metallic ferromagnet Co2 CrSi doped by Gd have been
investigated, taking into account the strong correlation of
the RE f-electrons using the LSDA+U approach. The results
show that the AFM conﬁguration is the most stable one when
Gd substitutes the Cr and Co sites. Based on the electronic
structure calculation results, substituting Gd on Cr sites preserves the half-metallic character while substitution on the Co
sites introduces ﬁnite DOS in the minority spin gap.
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