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Theoretical study based on a first-principles band structure calculation is carried out for new
room-temperature ferromagnets, zinc blende CrSb and CrAs. It is found from the total-energy
calculation that the ferromagnetic state is energetically favorable for both materials. By using the
value of the difference in total energy between ferromagnetic and the antiferromagnetic states, the
Curie temperatures of these ferromagnets are estimated as 1600—1800 K within mean-field
approximation of the Heisenberg model. The magnetic moment is evaluated to be 3 Bohr magnetons
per formula unit for both materials, which agrees well with the saturation moments estimated
experimentally. Furthermore, these ferromagnets are half metallic, and the spin polarization at the
Fermi level is almost unaffected even if spin—orbit interaction is taken into accounf003
American Institute of Physics[DOI: 10.1063/1.1558604

I. INTRODUCTION temperaturé.® These experimental investigations were moti-

. . .. vated by our preceding theoretical prediction.
Half-metallic ferromagnets have attracted increasing in- |, +this article, our theoretical study on the electronic

terest, since they are expected to be utilized as materials fQJ;n 4 strycture of zinc blende CrSb and CrAs is reported. The
spintronic device applications, such as a source of SpiN agnetic coupling between neighboring Cr spins and the de-
polarized carriers injected into semiconductors and an elecgree of the spin polarization are evaluated for these materi-
trode of magnetic tunnel junctions. Ferromagnets that have g5 and are discussed in comparison with observations. Fur-
highly spin-polarized band structure are required to improvethermore, the effect of spin—orbit interaction on spin
the efficiency of spin injection into semiconductors or thepolarization at the Fermi level is also investigated.

tunneling magnetoresistance ratio. The degree of the spin
polarization is defined by

Il. PROCEDURE
D,-D, First-principles electronic band structure calculation in
P= D, 4D, (1) the present work is based on density-functional theory within

the local spin-density approximatiofLSDA) for the

. , ) exchange-correlation energy and potential. The calculation
whereD,, denotes the spib-component in the density of a5 carried out by the full-potential linearized augmented-

states(DOS) at the Fermi level. In half-metallic ferromag- plane-wave (FLAPW) method and the linear-muffin-tin-

nets, the electronic band structure of one spin state is metayita| (LMTO) method within atomic sphere approximation
lic while the other semiconducting, leading to an ideal value ASA).

of spin polar?zation, i.e.J_3=1. Half metallicity h_as been In the FLAPW method, the potential and the chafge
foundztheoretlcally so far in some Heusler alld_ymnle-type spin) density in the crystal are treated with no shape approxi-
Cr0,,” F&0, (magnetitg, perovskite manganites, and oth- nation. The basis functions are expanded in terms of the
ers. spherical harmonics up =7 inside each muffin-tin sphere

Previously, we explored ferromagnets compatible withyny expressed as plane waves in the interstitial region. Here,
-V semiconductors and designed new half-metallic ferro-, o (axe about 300 basis functions per formula unit into ac-

magnets, zinc blende MnAs and CrAs theoretically by usingq . Relativistic effects other than spin—orbit interaction
first-principles electronic band structure calculatioisRe- ;¢ included, i.e., so-called scalar-relativistic treatment, in
cently, zinc blende CrAs and CrSb thin films were grown ony,e cajculation of radial wave functions in each muffin-tin
[lI-V semiconductors by molecular-beam epitaxy, and Weresphere.

confirmed to exhibit ferromagnetic behavior at room In the LMTO-ASA method, the potential and the charge
(or spin density inside each atomic sphere are assumed to
dElectronic mail: shirai@riec.tohoku.ac.jp have spherical symmetry. The basis functions are expanded
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FIG. 1. Total energy as a function of the lattice constant calculated by the  The exchange coupling constant between the nearest

FLAPW method for the nonmagnetic, ferromagnetic, and antiferromagnetic, 4 ; ;

states of zinc blend@ Crsb and(b) CrAs. ‘helghbpr Cr spins), can be_ esnmat.ed from the valuezk_)E,
assuming that the system is described well by the Heisenberg
model with the effective exchange interaction between the

in terms of spherical harmonics up =2 inside each nearest neighboring Cr spir§=3/2. The value ofJ/kg,
equal to each other for all constituent atoms and empty?4 and 58 K for zinc blende CrSb and CrAs, respectively.
sphere sites, so as to reproduce the overall features of thihat for zinc blende MnTe has been reported 886 K,
band structure obtained by the FLAPW method. Spin—orbiindicating that the coupling between Mn spins is antiferro-

interaction is included by the second variational treatment tgnagnetic in this materidlit should be noted that the mag-
the scalar-relativistic calculation. nitude of magnetic coupling for zinc blende CrSb and CrAs

is considerably larger than that for zinc blende MnTe. The
strong ferromagnetic coupling in zinc blende CrSb and CrAs
could originate from the remarkable hybridization between
Total energy was calculated as a function of the latticeCr 3d orbitals and Skior As) p orbitals as shown in Figs.

constant for the nonmagnetic, ferromagnetic, and antiferro2(a) and 2b).

magnetic states of zinc blende CrSb and CrAs. The results By using the mean-field approximation of the Heisen-
for zinc blende CrSh and CrAs are shown in Figea)land  berg model, the Curie temperatures of zinc blende CrSb and
1(b), respectively. It is found that the ferromagnetic state isCrAs are obtained to be about 1600-1800 K. Although the
energetically favorable for both materials. The delocalizedCurie temperature is generally overestimated in the mean-
character of Cr @ electrons may be responsible for stabiliz- field approximation, the estimate is consistent with experi-
ing the ferromagnetic state in these materials. The differencemental results that show the Curie temperatures of both zinc
in total energy between the ferromagnetic and the antiferroblende CrSb and CrAs are over 400 K. Furthermore, the
magnetic statesAE, which is a measure of magnetic cou- magnetic moment is predicted to be 3 Bohr magnetons per
pling between neighboring Cr spins, is evaluated as 0.28 anfbrmula unit for both materials according to the band struc-

Ill. RESULTS
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ture calculation. The result also agrees well with the saturalvV. CONCLUSION

tion moments estimated experimentaltf. First-principles band structure calculation was carried
The density of states calculated for the ferromagnetiGut for new room-temperature ferromagnets, zinc blende
state of zinc plende CrSb and CrAs is shown. in Fi@ 2nd  crsph and CrAs. It was found from the total-energy calcula-
2(b), respectively. These results were obtained by the SOon that the ferromagnetic state is energetically favorable for
called scalar-relativistic calculation, in which the spin—orbityoth materials. By using the value of the difference in total
interaction is neglected. It is founq that both zinc blendeenergy between the ferromagnetic and the antiferromagnetic
CrSb and CrAs have half-metallic band structures. INgiates, the Curie temperatures of these ferromagnets are esti-
minority-spin states with energy gaps near the Fermi levelymated as 1600-1800 K within the mean-field approximation
the wave functions near the top of valence bands are consf the Heisenberg model. Furthermore, it was found theoreti-
structed mainly of As # (or Sb %) orbitals which hybridize ¢4y that these ferromagnets are half metallic, and that the
with the Cr 3 orbitals, while those near the bottom of con- gpin polarization at the Fermi level is almost unaffected even
duction bands from Cr & nonbonding orbitals. In the it spin—orbit interaction is taken into account. In conclusion,
majority-spin state, on the other hand, the conduction bandginc plende CrSb and CrAs could be promising materials for
which cross the Fermi level are composed of WeII—hybridizedspimronicsl since they are compatible with Il1-V semicon-

Cr 3d and As 4 (or Sb %) orbitals and have an antibond-  gyctors and have highly spin-polarized conducting electrons.
ing character. The conducting electrons in the hybridized

bands may play an important role in stabilizing the ferromagACKNOWLEDGMENTS
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