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Self-consistent first principle calculations within the local density approximation were used to study the
effect of lattice distortions on the electronic and magnetic properties of halfsNiMnSbd and full-Heusler
sCo2CrAld compounds. We find that NiMnSb is half-metallic from −2% to +3% uniform strain, whereas
Co2CrAl is half-metallic from −1% to+3%. Theloss of the half-metallic character is primarily due to a shift
in the density of states relative to the Fermi energy. Under tetragonal distortions, high spin polarization at the
Fermi level is maintained over a larger range, but the gap width is strongly affected. Therefore, only nonuni-
form strain should not be the expected reason for the poor performance of Heusler compounds in spintronic
devices. The impacts of these results on spintronic devices are discussed.
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Since de Grootet al.1 predicted NiMnSb to be the first
half-metallic ferromagnet, Heusler compounds have received
much study due to their potential as key materials for spin-
tronic devices.2,3 Further Heusler compounds like Mn2VAl, 4

Co2MnX sX=Si,Ge,Snd,5 Co2MnZ (Z=sp elements),6

Ru2MnZ (Z=Si, Ge, Sn and Sb),7 Co2MnZ sZ=Si,Ged8 at-
tracted also much attention. At the Fermi energysEFd one
spin direction is metallic and the other has an energy gap,
resulting in 100% spin polarizationsPd. Thus they can be
used for perfect spin filters,9 spin-injection devices10 or mag-
netoresistive devices with infinite magnetoresistance(MR).
Research groups investigated different physical properties of
the Heusler alloys. Magneto-optical properties11 and noncol-
linear spin ordering12 of the Heusler alloys were studied.
Lately the interest has been focused on the origin of the
half-metallic gap13–15 and spin-orbit interaction16 in these
compounds. Non-Heusler half-metallic ferromagnets
exist,17–20but the Heusler compounds are desirable for appli-
cations due to their high Curie temperatures and low coer-
civities. Some results assume that a symmetry break of the
high ordered surfaces takes place and 100% spin polarization
occurs under careful conditions at NiMnSb/CdS-interfaces.21

The interface geometry and their influence on the electronic
and magnetic properties has been investigated also for
Co2MnGe/GaAs interfaces.22

Unfortunately, other direct observations23–25 have only
found P values up to 58%. High MR has not been observed
in spin valves using Heusler layers,26 but has been observed
in powder compacts,27 suggesting that highP in thin films is
particularly difficult to obtain. Thin films are far from the
perfect, infinite crystals used for band structure calculations.
Impurities like the small Pt doping influenceP the electronic
and magnetic properties of the Heusler compounds.28 More-
over, are the surface and interface properties of half-metallic
materials potentially of crucial importance to their proposed
spin-electronic device applications.29,30Band structure calcu-
lations suggest that atomic site disorder31 and structural

defects32 reduce the half-metallic character. Miuraet al. con-
firmed these results in a recent publication for the full-
Heusler alloys Co2sCr1−xFexdAl.33 However, the impact of
structural deviations from the perfect crystal structure onP
has not been studied sufficiently.

In this paper we present the results of self-consistent first
principle calculations which show the effect of uniform
strain and tetragonal distortion on the electronic and mag-
netic properties of selected Heusler compounds. We compare
results from half-Heusler sNiMnSbd and full-Heusler
sCo2CrAld compounds. In particular, we find that deviations
of a few percent from the bulk lattice parameter result in a
loss of 100%P. These result from two mechanisms: a shift
of EF away from the gap and a closing of the gap width,Egap.
Both effects are observed for both uniform strain and tetrag-
onal distortion. However, we find that the loss inP can be
primarily attributed to the shift inEF for the uniform strain
case and the closing ofEgap for the tetragonal distortion case.
In addition, our band structure calculations with the linear
augmented plane wave method34 confirmed our presented re-
sults for the same study.35

In the present work, we used the tight-binding linear
muffin-tin orbital in the atomic sphere approximation.36 We
used the exchange-correlation potential suggested by von
Barth and Hedin37 with the assumption of a magnetic ground
state (spin-polarized calculation), as these yielded more
stable total energies due to the magnetic ordering. Thek
integrated functions were evaluated by the tetrahedron
method38 in a grid of at least 1800k points in the irreducible
part of the Brillouin zone.39 The positions and radii of the
interstitial spheres were calculated using an automated pro-
cedure developed by Krieret al.40 The scalar relativistic
Kohn-Sham-Schrödinger equations were solved taking all
relativistic effects into account except for the spin-orbit cou-
pling. Calculations were performed for infinite crystals to
isolate the effects of strain and distortion. The effects of thin
layers and interfaces are planned for a future publication.
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We calculated the electronic structure by using a supercell
structure with 4 formula units(f.u.) in the cell. Starting point
for the calculations were the compounds with 0 percent
strain and lattice parameters ofa=5.903 Å for NiMnSb,
5.727 Å for Co2CrAl, respectively.41 Calculations were per-
formed for uniform strains from −10% to +10% relative to
the experimental lattice parameter 5.313–6.493 Å for
NiMnSb and 5.154 Å–6.300 Å for Co2CrAl. A nonuniform
strain is more likely in a layered system where epitaxial
strains from adjacent layers can be significant. Thus, we also
studied the effect of a tetragonal distortion with thec axis
varied from −15% to +15% relative to the equilibrium with
the volume of the unit cell constant(a=6.414–5.514 Å,
c=5.452–6.341 Å for NiMnSb). Co2CrAl changes the lattice
parameters fora from 6.212 to 5.340 Å andc from 5.280 to
6.142 Å. While the extremes of these strains are quite large,
they were chosen for three reasons. First, the shape memory
Heusler alloys have shown the capacity for tetragonal distor-
tions of 9%.42 Second, the lattice mismatches expected in a
spin valve are also rather large. Copper is often used in spin
valves applications due its long spin-diffusion length, but the
mismatch between Cusa=3.61 Åd and Co2CrAl is 37%.43

Last, the range of distortions was chosen to clearly show the
trends in the density of states(DOS) results.

A detailed description of the unstrained NiMnSb band
structure is given in Ref. 1, but some important features from
our calculations must be mentioned to describe the influence

of the uniform strain and distortion. NiMnSb is a half-metal
with a total spin moment of 4mB/f.u. due to the strong ex-
change splitting of the Mn 3d s3.73mBd electrons. Com-
pared to this, the Ni 3d electrons are weakly spin-polarized
s0.29mBd. Sb has a spin moment of −0.06mB. The Ni-Mn
interactions, as the strongest bonding interactions, determine
the formation of the gap of 0.25 eV.

Our calculations show that Co2CrAl has local magnetic
moments of 0.77mB on Co and 1.54mB on Cr. The interac-
tion between the transition metals is ferromagnetic, leading
to a total calculated moment of 3.0mB. The calculated total
DOS(TDOS) shows a gap of 0.18 eV for minority spin elec-
trons. The gap in the minority bands is due to the Co-Cr
interactions as the strongest bonding interactions. This cova-
lent hybridization is the reason for the formation of bonding
and antibonding states and determines the position ofEF.27

Cr states are completely polarized, with an exchange split-
ting of 1.1 eV. The splitting between the Co majority and
minority bands is smallers0.8 eVd. The Al states are only
slightly polarized, due to a weak bonding between Cr and Al.

The spin-projected TDOS of the uniformly strained com-
pounds are shown in Figs. 1(a) and 1(b) sNiMnSbd and 1(c)
and 1(d) sCo2CrAld. Hereafter the DOS presented on the
upper half plane of each figure corresponds to the minority
and the lower to the majority channel. The vertical lines

FIG. 1. DOS for half- and full-Heusler compounds under uni-
form strain. Shown are NiMnSb(a) minority and(b) majority and
Co2CrAl (c) minority and (d) majority spins. Data are shown for
+10%, −10% and the unstrained case.

FIG. 2. Effect of uniform strain on spin polarization and gap for
NiMnSb (a) and (b) and Co2CrAl (c) and (d). The gap center is
shown via points andEgap is shown via error bars. Data points are
hollow for the cases with 100% spin polarization. The spin polar-
izations,(a) and(c), are 100% near zero strain. The Fermi energy is
shown by the horizontal lines in(b) and (d).
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indicate the position ofEF sEF=0d. The centers of the gaps
shift relative toEF. Egap changes slightly with strain, how-
ever, the lattice strain does not change the general shapes of
the TDOSs of NiMnSb and Co2CrAl. The trends forP, the
center position and width of the gap are shown in Fig. 2. We
calculated the spin polarization as the ratiosn↑−n↓d / sn↑
+n↓d, wheren↑ andn↓ are the majority and minority DOS at
EF, respectively.P is shown in Figs. 2(a) sNiMnSbd and 2(c)
sCo2CrAld. We observe that 100%P is only observed from
−2% to +3% for NiMnSb and from −1% to +3% for
Co2CrAl. P drops rapidly for negative strains in both com-
pounds and for NiMnSb with positive strain. The polariza-
tion remains.90% up to +10% strain for Co2CrAl. The gap
center is plotted relative to the Fermi energysEF=0d in Figs.
2(b) sNiMnSbd and 2(d) sCo2CrAld. The gap center is shown
via points, andEgap is shown via error bars. The gap center
has a positive slope, as expected.44 Egap in the minority chan-
nel decrease monotonically for strains between −10% to
+10% from 0.42 to 0.13 eV for NiMnSb. The trend for
Co2CrAl is not monotonic.Egap has a maximum of 0.25 eV
at −3% and is missing at the extremes. The slope is much
steeper for NiMnSb.

The principal reason for the loss of the half-metallic char-
acter is due to the shift of the bands relative toEF. Negative
strain corresponds to a squeeze of the lattice. The resulting
smaller volume of the unit cell causes broader bands. Due to
steeper bands the dispersion of the electronic states is larger.
A charge transfer from the majority so the minority spins
takes place. Positive strain has the opposite effect. The
changes of the center and the width of the gap from negative
to positive strain can be described as follows: The electrons
become more localized and the exchange coupling increases.
Due to that the minority bands are shifted higher relative to
the majority bands, with the consequent increased depopula-
tion of the minority bands. Figure 3 shows how the magnetic

moments vary with strain. An integral total moment is a nec-
essary condition for 100%P. The total magnetic moment of
NiMnSb is exactly 4mB [Fig. 3(a)]; mNi decreases andmMn
increases as the lattice is expanded. As long as the changes of
the magnetic moments compensate each other, the half-metal
behavior is retained. The widening of the lattice is associated
with a weaker bonding between the transition metals. The
noticeable strong covalent bonding interactions between the
transition metals is a particular property of the Heusler
phases. When the covalent hybridization between the transi-
tion metals decreases it is combined with a loss of the half-
metallic character.45 The band character of Mn is more iso-
lated and the moments converge to the values of the single
atom, i.e., to 5mB. The compression has the opposite effect
up to −7% strain. At less than −7% the partial magnetic
moments on Ni also decrease. The behavior of the partial
magnetic moments in Co2CrAl is similar for an expansion of
the lattice and is similar to NiMnSb. Therefore, the change of
the partial magnetic moment for a compression of the lattice
is different. It lowersmCo for ,−2% strain, concurrently,mCr
is also decreasing, but earlier compared to NiMnSb. As a
consequence, a rapid lowering of the total magnetic moment
appears for,−3% strain.

The TDOS is shown in Fig. 4 for tetragonal distortion.
The shifts inEF are very small compared to the uniform
strain case. Figure 5 displays the influence of tetragonal dis-
tortion on P and Egap. NiMnSb is not very sensitive to te-

FIG. 3. Total magnetic moment and partial magnetic moment of
Ni and Mn in NiMnSb(a) and Co and Cr in Co2CrAl (b) in units of
mB per f.u. as function of axial strain.

FIG. 4. DOS for half- and full-Heusler compounds under tetrag-
onal distortion. Shown are NiMnSb(a) minority and (b) majority
and Co2CrAl (c) minority and(d) majority spins. Data are shown
for +10%, −10% and the unstrained case.
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tragonal distortion with retention of the half-metallic charac-
ter in the range from −7.5% to 7.5%. This fact is surprising
due to the resulting lowering of the symmetry and compared
to the behavior of NiMnSb on uniform strain. Co2CrAl is
more sensitive to tetragonal distortion, withP=100% only
for the range −2% to 2%[Fig. 5(c)]. The higher sensitivity is
due in part to the smallerEgap for Co2CrAl. The trend ofEgap
with distortion is not monotonically decreasing as with
NiMnSb. In addition, pseudogaps appear when the lattice is
compressed more than −6% and expanded over +6%. The
formation of pseudogaps is also known from the full-Heusler
phase Fe2VAl (Ref. 46) and destroys the half-metallic char-
acter.

The trends in the local magnetic moments underline the
earlier behavior. For both NiMnSb[Fig. 6(a)] and Co2CrAl
[Fig. 6(b)] the moments of the constituent atoms vary much
less than in the uniform strain case. For NiMnSb, the slopes
of the mNi andmMn follow opposite trends as in the uniform
strain case.mNi andmMn complement each other leading to a
4.0 mB total moment over a large range. For Co2CrAl, mCo
and mCr compensate each other well over the range from
−10% to +2.5%. They diverge above 2.5% leading to the
drop in P observed in Fig. 5(c). Negative tetragonal distor-
tion decreases the hybridization between Co and Cr. Cr con-

verges to the spin moment of the atomic value. The positive
distortion causes a decrease of both spin moments. The hy-
bridization between Co and Cr is weaker than in the undis-
torted structure. The remarkable fact is due to a simultaneous
decrease of the spin moments.EF is shifting in the same
direction to higher energies for tetragonal expansion or com-
pression.

The loss of 100%P due to stain and distortion has a direct
impact on the application of Heusler compounds to devices.
Sputtered films can have stresses of ±1GPa due to the depo-
sition process alone.47 Thus, careful control of deposition
conditions will be required for optimal results. As noted ear-
lier, the epitaxial mismatches with Cu are very large. The
same will be true for most elemental or simple alloy layers,
so some ordered alloy is likely required. Thus, we need to
find a spacer layer which can meet three criteria:(1) a long
spin diffusion length,(2) a good lattice match, and(3) a good
band match with the Heusler compound.

In conclusion, the self-consistent band structure calcula-
tions indicate that the half-metallic character of the Heusler
phases is lost with only a few percent uniform stress or te-
tragonal distortion of the lattice. We find that for uniform
strain the loss is primarily due to a shift ofEF away from the
gap. For tetragonal distortion the loss results from a closing
of the gap. We explained this behavior with the varying
changes of the hybridization between the transition elements
which is the important feature for the formation of the half-
metallic gap.
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