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Abstract
We investigated the stability of the ferromagnetism of CrAs and CrSb in the
zinc-blende structure against the lattice distortion, systematically. A calculation
within the generalized gradient approximation using a full potential linearized
augmented plane wave method was performed. We compared the ferromagnetic
state and the antiferromagnetic state assuming tetragonal distortion with the
lattice constants a and c changing independently and determined the spin
polarization ratio in the ferromagnetic phase. The result shows that complete
spin polarization (half-metallic ferromagnetism) remains stable even in the
presence of large tetragonal distortion. On the other hand, our calculation
shows that two monolayers of CrAs is enough to produce a half-metallic state
in the CrAs/GaAs multilayer. Thus, the present result suggests that the half-
metallic nature persists in various atomic-scale superlattices made of distorted
CrAs or CrSb.

In recent years, there has been a great deal of research activity within a new discipline called
‘spintronics’ which aims at using the spins of electrons efficiently. To enhance the performance
of future spintronics devices such as tunnelling magnetoresistance devices and spin field-
effect transistors, it is desired to search for new materials having high spin polarization
with ferromagnetism at room temperature. As prospective candidates, zinc-blende (zb-)
CrAs and zb-CrSb have attracted the interest of many groups. Both zb-CrAs and zb-CrSb
are newly predicted materials having completely spin-polarized band structure according to
first-principles electronic structure calculations [1, 2] and they have now been synthesized
successfully in experiments utilizing low temperature molecular-beam epitaxy [3, 4].
Experimentally, the ferromagnetic transition temperature is estimated to be above 400 K.
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Unfortunately, the materials are not easy to obtain as bulk samples, since the
thermodynamically stable structures of CrAs and CrSb are MnP type and NiAs type,
respectively. In these experiments, zb-CrAs as well as zb-CrSb samples are grown as epilayers
or thin films on the (001) surfaces of compound semiconductors. Thus, it is reasonable to
assume that there is a certain amount of lattice distortion in the ferromagnetic substance
caused by the substrate, although neither the lattice constants nor the spin polarization ratio is
determined precisely in the experiments.

We performed first-principles calculations for zb-CrAs and zb-CrSb, where the lattice
distortion is considered explicitly. The elastic properties of these compounds are estimated in
the calculation. We show that half-metallic ferromagnetism remains stable even in the presence
of a large tetragonal distortion. In later experiments, CrAs/GaAs multilayers on the atomic
scale were successfully fabricated [5]. If we fabricate atomic-scale superlattices, a rather large
lattice distortion is expected. The group of Shirai and the present group have performed several
electronic structure calculations for atomic-scale superlattices made of CrAs and GaAs [6, 7].
By connecting the present result and findings on the superlattices, we conclude that the half-
metallicity is rather stable in various atomic-scale superlattices.

First-principles calculations based on density functional theory (DFT) were performed.
We utilized a full potential linearized augmented plane wave method. Calculations were done
using the WIEN2k code [8]. For the distorted lattice, we fixed the muffin-tin (MT) radii
to obtain systematic results. The MT radii are 2.08 au (Cr) and 2.12 au (As) for CrAs,
while they are 2.19 (Cr) and 2.24 (Sb) for CrSb. The RMT Kmax value is fixed at 8.00,
where RMT is a minimum MT radius and Kmax is the maximum reciprocal lattice vector.
We have used an angular momentum expansion up to lmax = 10 inside the MT sphere. The
criterion for the energy convergence is set to 0.1 µRyd. We have also checked the charge
distance between the last two iterations. 484 k-points are taken in the reduced Brillouin zone.
For the exchange–correlation functional we used both a local spin density approximation
(LSDA) and a generalized gradient approximation (GGA) [9]. The lattice constants of zb-
CrAs and zb-CrSb were determined. For zb-CrAs the lattice constants are 5.45 Å (LSDA)
and 5.65 Å. For zb-CrSb these values are 5.95 Å (LSDA) and 6.15 Å. Though the values
depend on the exchange–correlation energy functional (LSDA or GGA), on the whole, the
tendency of the GGA results including the other properties as presented later is better than
that of the LSDA. Thus, we choose the GGA results for discussing the physical nature of the
materials.

We determined the lowest energy state within the DFT calculation by comparing the
ferromagnetic state and the antiferromagnetic state. Within the calculated range of distortion,
we always have a ferromagnetic state, although non-half-metallic ferromagnetism may
appear.

The spin polarization ratios P for distorted Cr compounds are shown in figure 1. P is
defined by P = (D↑ − D↓)/(D↑ + D↓), where Dσ is the density of states for electrons with
spin σ at the Fermi level. The calculation was done on a mesh of lattice constants a and
c. For uniform compression of bulk structures, the spin polarization ratio decreases from the
saturation value, when the lattice shrinks more than ∼1% from the equilibrium lattice constant
for CrAs. The value is ∼6% for CrSb, showing strong stability of the half-metallic state of this
compound against lattice distortion. When the lattice undergoes tetragonal distortion, the half-
metallic state remains stable up to critical values of the lattice constants. The boundary line of
the critical points on the (a, c) plane, where the half-metallic gap closes, is approximately given
by a constant-volume line. If a thin film is made on a substrate, the lattice may distort, keeping
the volume of the unit cell constant. Therefore, the half-metallicity should be preserved by the
formation of a distorted lattice on a semiconductor surface.
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Figure 1. The spin polarization ratio P of (a) distorted zb-CrAs and (b) distorted zb-CrSb obtained
by the DFT–GGA calculation. The figure shows a contour maps of P .

We have another quantity relating to the stability of the half-metal. The band gap of the
minority spin is determined for the distorted lattices. In table 1, we summarize the values for
zb-CrAs and zb-CrSb. The values are larger for zb-CrAs than for zb-CrSb.

The elastic properties are calculated and tabulated in table 2. The values obtained suggest
that the elastic stiffnesses of zb-CrAs and zb-CrSb are almost the same as those of III–V
semiconductors. When the superlattices are formed, both the ferromagnetic layer and the
semiconducting layer may show lattice distortion.

To summarize our results,we have calculated spin polarization ratios of distorted lattices of
zb-CrAs and zb-CrSb. The results indicate that the half-metallic state is rather stable against
the lattice distortion. We can expect ferromagnetic behaviour in distorted films fabricated
on various substrates. Our numerical data of the CrAs/GaAs multilayer [6, 7] suggest that
the half-metallic state is stable in an atomic-scale layer, even if it is sandwiched by thick
GaAs layers. 2 ML of CrAs is enough to produce a half-metallic state on the layer. Thus, the
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Table 1. The band gap of the minority spin for (a) zb-CrAs and (b) zb-CrSb.

(a) zb-CrAs

(a, c) (Å) (5.8, 6.1) (5.8, 5.8) (5.8, 5.5) (5.8, 5.3) (5.3, 5.3) (5.3, 5.7) (5.3, 6.1)
Eg (eV) 1.85 1.94 1.79 1.62 1.22 1.21 1.15

(b) zb-CrSb

(a, c) (Å) (5.6, 5.6) (5.6, 5.9) (5.6, 6.2)
Eg (eV) 1.08 1.01 0.93

Table 2. The bulk modulus, B0, its pressure derivative, B ′
0, and elastic constants, C11 and C12, for

zb-CrAs and zb-CrSb in the zinc-blende structure. The data for zb-GaAs determined by calculations
and by experiments are shown for comparison.

B0 (GPa) B ′
0 C11 C12

zb-CrAs 69.8 4.81 82.9 78.3
zb-CrSb 49.1 5.01 44.1 40.7
zb-GaAs 60.0 4.35 101 43
zb-GaAs (exp.) 77 [10] 4.56 [11] 119 [12] 53.8 [12]
zb-GaSb (exp.) 56 [10] 4.75 [13] 88.34 [12] 40.23 [12]

thickness and lattice distortion do not have any great influence on half-metallic ferromagnetism
in atomic-scale superlattices made of zb-CrAs or zb-CrSb.
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