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Abstract

We report the electronic band structure, and transport properties of the Heusler compound Co,CrAl. The band
structure calculation shows that Co,CrAl is a true half-metallic ferromagnet with a magnetic moment of 3 ug per
formula, characterized by a full indirect band gap of 0.475eV at around the Fermi level in the minority-spin band. The
electronic resistivity shows a power-law 7°!'° temperature dependence at low temperatures ascribed to the
unconventional one-magnon scattering processes. A negative MR maximum of —0.33% is obtained for Co,CrAl at

300K.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The rapidly developing field of spintronics [1,2]
holds much promise for the future. Widely
possible applications are in non-volatile magnetic
random access memories, but also an increase of
the efficiency of the optoelectronic devices and
even a self-assembled quantum computer are
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envisaged [3]. In particular, most magnetoelectro-
nic devices rely on an imbalance in the number of
majority- and minority-spin carriers, with the ideal
material exhibiting a complete (100%) spin polar-
ization at the Fermi level (i.e., a half-metallic
ferromagnet—HMF) [4]. Within this framework,
the first HMF was predicted by de Groot et al. [4],
in the Heusler alloys in 1983; in succession, some
Heusler alloys have been theoretical predicted as
HMFs with a unity spin polarization [4-8]. Much
effort has been paid to investigate the mechanism
behind the HM magnetism and to study its
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implication in various physical properties. At the
same time, great effort is being made to find new
members of this family of HMFs, which are more
promising for applications. This has motivated us
to investigate the electronic band structure, and
transport properties of the Heusler compound
Co,CrAl. Although the magnetic properties were
reported by Buschow et al. [9], the transport
measurement and the electronic band structure
calculation can give us a deeper understanding of
this compound.

2. Computational and experimental details

The full-potential linearized augmented plane
wave plus local orbitals method based on the local
spin density approximation for the exchange-
correlation potential within the framework of
DFT [10] was used in our calculations, where the
potential and charge density are treated with no
shape approximation. The relativistic effect was
taken into consideration in the scalar style, but the
spin—orbital coupling was neglected. The muffin-
tin sphere radii R used were both 2.4 a.u. for Co,
Cr and Al atoms. Inside the atomic spheres the
charge density and the potential were expanded in
crystal harmonics up to / = 6. The radial basis
functions of each linearized augmented plane wave
were calculated up to / = 8 and the non-spherical
potential contribution to the Hamilton matrix had
an upper limit of /=4. The Brillouin-zone
integration was done with a modified tetrahedron
method [11] and we used 3000 k-points in the
irreducible part of the Brillouin zone (IBZ).
The density plane-wave cutoff was RKp.x = 8.0.
The self-consistency was better than 0.001 me/a.u.?
for charge density and spin density, and the
stability was better than 0.0l mRy for the total
energy per cell.

The ordered alloy Co,CrAl was prepared by
repeated melting of appropriately composed mix-
ture of high-purity metals (Co, Cr and Al with 3N
or better) in an arc furnace under argon atmo-
sphere. The weight loss during melting was
small. Subsequently, the ingots were annealed in
vacuum at 800°C for 5 days and cooled down
to room temperature. The resistivity and the

magnetoresistance (MR) measurements were car-
ried out using the four-point DC technique in a
commercial superconducting quantum interference
device magnetometer.

3. Results and discussion
3.1. Electronic structure

In Fig. 1, we have gathered the spin-dependent
total and partial DOS for Co,CrAl. As seen in
Fig. 1, the valence band extends more than SeV
below the Fermi level. In the majority-spin
component, Cr 3d states are occupied and
hybridized with Co 3d electrons; on the other
hand, in the minority-spin part, local and mostly
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Fig. 1. The spin-dependent total DOS (a), and partial DOS
(b) plots for Co,CrAl. (a) (—) total DOS; (b) partial DOS plots,
(- - -) s orbitals, (—) the p orbitals of Al atoms or the d orbitals
of Co and Cr atoms. The Fermi level is defined as the zero point
of the energy axis.
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non-hybridized Cr 3d states are found at about
1.1eV above Eg. The Al atom provides s—p states
to be hybridized with d electrons and determines
the degree of occupation of p—d orbitals. It is clear
that the majority-spin electrons are metallic
whereas there is an energy gap of about 0.475¢V
around the Fermi level in the bands for the
minority-spin electrons. Thus, Co,CrAl is a typical
HMF. The magnetic moments of the atoms Co,
Cr, and Al are 0.650 ug, 1.745 ug, and —0.045 py,
respectively. Thus the total spin magnetic moment
is 3.000 ug per formula unit, which is equal to an
integral number of Bohr magneton expected for an
HMF. From the density of states at the Fermi level
(N(Eg)=3.292 states/eV -cell) of the both spin
bands and using independent-clectron theory, the
coefficient y of the electronic specific heat
(C = yT) has been estimated as y = 7.76 mJ/mol deg”.

Furthermore, we present the spin-dependent
energy bands along high-symmetry directions in
the Brillouin zone, as shown in Fig. 2. The main
characters of our results are similar with several
other calculations of electronic structure of the
half-metallic full-Heusler alloys [12,13]. Further-
more, the discussion on the electronic band
structure of the full-Heusler alloys can be found
analytically in Ref. [12]. With the help of the DOS,
it is clear that the energy region that is lower than
—3 eV consists mainly of s and p electrons of the Al
atoms and the band structure is almost identical
for both spin directions, and the energy region
between —3 and 2eV consists mainly of the d
electrons of Co and Cr atoms. In particular, the Al
s electrons transform following the I'; representa-
tion at the I" point, being unaffected by the Co and
Cr exchange interaction; we do not show this band
in Fig. 2 as it very low in energy and it is well
separated by the other bands. The upper dispersed
bands are due to the strong hybridization of Cr d
and Co d electrons, including a contribution from
Al p states in the occupied valence states. The p
electrons of the Al atom transform following the
I'ys representation and they hybridize with p
electrons of the Cr and Co atoms, which transform
with the same representation. Above this point
there is a double-degenerated I'j, point which
corresponds to the e, orbitals. The Co e, orbitals
with T';,’ symmetry above the Fermi level cannot
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Fig. 2. The band structure of Co,CrAl at the experimental
lattice constant of 0.573 nm.

mix with others, as leads to the I';,’ bands rather
flat. In the cubic crystal field, the Cr d states are
spit into a doublet with e, (I'j2) symmetry and a
triplet with t,, (I'25) symmetry, respectively. They
will hybridize with Co d orbitals with the same
symmetry. From the observation, these I';5 and
I'y, levels are below and above the Fermi energy,
respectively.

The majority-spin band structure is strongly
metallic, while the minority-spin band structure
shows a semiconducting gap around the Fermi
level. The calculated indirect T—X band gap for
minority carriers is 0.475 eV, while the Fermi level
lies 0.294eV above the highest minority-spin
valence bands. Hence, the “spin-flip gap (HM
gap)”, i.e., the minimum energy required to flip a
minority-spin electron from the valence band
maximum to the majority-spin Fermi level, is of
0.181eV. The non-zero HM gap implies that
Co,CrAl is a true HMF. The band gap in the
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minority bands basically arises from the covalent
hybridization between the d states of the Co and
Cr atoms, leading to the formation of bonding and
antibonding bands with a gap in between, as is
illustrated in detail in Refs. [12-14]. It is worth
noting that in our calculations the spin—orbital
coupling is not taken into account, which can
slightly lift the band degeneracy. However, when
the calculated indirect gap is sufficiently large, the
spin—orbit coupling does not destroy the half-
metallicity.

3.2. Structure

Fig. 3 shows the X-ray diffraction pattern
(XRD) of the sample, which is consistent with
what is expected from a single-phase sample. All
diffraction lines can be indexed with the cubic
structure. Ordering of the Cr and Al sublattice is
indicated by the presence of the (1 11) superlattice
diffraction peak and ordering of the Co sublattice
is indicated by the presence of the (200) super-
lattice peak. The presence of both (11 1) and (200)
peaks confirms the L2, structure. The lattice
parameter was found to be a=5.74+0.03 A,
consistent with earlier work [9]. In general, the
degree of atomic disordering can be estimated by
comparing the experimental values of relative
intensities of even (h+k+/=4n+2) and odd
(h, k, I=all odd) superstructure lines of L2;
structure with those expected from ideal atomic
ordering. But, in practice, measuring disorder
between Co and Cr sublattices with XRD is
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Fig. 3. XRD spectra for Co,CrAl.

extremely difficult due to the little difference of
the scattering factor between Co and Cr atoms.

3.3. Transport properties

The resistivity p as a function of temperature is
shown in Fig. 4(a). The resistivity decreases upon
the temperature decreasing and characters a
typical metallic behavior. The striking character
of the data is that the residual resistivity is quite
large (56 uQcm), while the overall variation with
temperature is weak. The compound has a residual
resistivity ratio (RRR) of 1.1, whose magnitude is
much lower than that of Co,MnSi single crystal,
6.5 [15]. Small amount of defects and impurities
can have dramatic effects on the RRR, and as for
the Heusler compounds, a reduced RRR can result
from scattering contributions from impurities or
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Fig. 4. (a) p vs. T plot for Co,CrAl, and (b) In(p—p,) vs. In(7)
plot.
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antisite defects. Raphael et al. [15] reported a Co-—
Mn antisite disorder of around 10-14% for the
arc-melted sample of Co,MnSi whose RRR has a
magnitude of 2.7. Therefore, it is a reasonable
estimation that there exist a relatively large
amount of antisite defects in Co,CrAl. Since
Orgassa et al. [16] reported that for NiMnSb only
5% disorder can move the Fermi level outside of
the gap or lead to the gap disappearance, here the
disorder defects in Co,CrAl can possibly have a
remarkable effect on the half-metallicity and the
electronic transport properties.

An analysis of the resistivity data for Co,CrAl is
given in Fig. 4(b). By assuming the functional form
p = py + ¢TI for our data, a plot of In(p—p,) as a
function of In(7") will yield a curve whose slope
corresponds to the exponent n. Our analysis shows
that the resistivity p behaves according to a~ 7313
power law in the critical low-temperature region
T<35K, and afterwards the dependence trans-
forms from a 7315 dependence to a T'3 behavior
upon temperature increase.

In the conventional metallic ferromagnets the
contribution of the magnetic scattering to the low-
temperature transport properties is governed
primarily by the one-magnon scattering processes,
which give rise to a 7° temperature dependence
due to absorption and emission of a single magnon
[17]. For HMFs, conduction electrons are perfectly
spin-polarized, and the Fermi surface is absent in
the minority bands. Based on the rigid-band
picture, Kubo and Ohata [18] have shown that
while one-magnon processes are exponentially
suppressed by a factor exp(—E,/kgT), where E,
is the minority-spin band gap at the Fermi level,
the two-magnon processes can lead to a 7°7°
temperature dependence. However, Furukawa [17]
have shown that resistivity is strongly influenced
by spin fluctuations. At a finite temperature, spin
fluctuations induce a minority band and once the
thermally activated minority band is created and
occupied, the unconventional one-magnon scatter-
ing processes are allowed, which can lead to a T°
temperature dependence [17]. It is clear that the
resistivity of Co,CrAl at low temperature agrees
well with the theory of the unconventional one-
magnon scattering processes. At higher tempera-
tures, there does not exist any new character for
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Fig. 5. MR as a function of the magnetic field at 5, 100, 200,
and 300 K.

the resistivity behavior of Co,CrAl with respect to
the ordinary ferromagnets.

In magnetic alloys, the MR reflects the reduc-
tion in magnetic disorder caused by the applica-
tion of a magnetic field at a given temperature [19].
Fig. 5 shows that at low-temperatures MR is
positive, but is increasingly dominated by a
negative component as temperature increases,
and the MR of Co,CrAl at 300K is —0.33%.
The behavior in Fig. 5 can be interpreted in terms
of the competition between the positive contribu-
tion, due to the effect of the Lorentz force during
the itinerant electrons mean free path, and a
negative contribution due to the extinction of
inelastic s—d—s scattering as the magnetic field
increases [20,21]. At the lowest temperature, the
inelastic scattering is at a minimum and MR is
dominated by the positive contribution; increasing
the temperature reduces the positive contribution
to MR and increases the negative component of
MR because the new inelastic scattering channels
are opened [21].

4. Summary

We have studied the electronic band structure,
and the transport properties of Co,CrAl. Co,CrAl
is predicted to be a true HMF with a magnetic
moment of 3.0 ug per formula unit and a spin-flip
gap of 0.181eV by the electronic band structure
calculations. Temperature dependence of resistivity
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for Co,CrAl reveals a small RRR (p350k /05 1)-
which reflects the relatively large amount of Co—Cr
antisite defects. The electronic resistivity shows a
T35 power-law temperature dependence, which
may be attributed to the unconventional one-
magnon process by considering the spin-fluctua-
tions beyond the rigid-band approximation out-
lined by Furukawa [17] A negative MR maximum
of —0.33% i1s obtained for Co,CrAl at 300 K.
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