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We present a first-principles study of the criteria governing the electronic and structural stability of
epitaxial, half-metallic ferromagnetic materials with zinc-blende structure. Upon their application to
vanadium pnictides and chalcogenides, we find that the criteria for structural stability are crucial
when the optimal match pattern of an epitaxial film with the substrate is considered. Our study
shows that thick zinc-blende epitaxial films are difficult to obtain by coherent epitaxial growth for
vanadium pnictides and chalcogenides. We suggest that more attention needs to be paid to spin
polarized ultrathin films �instead of the thick films� as high spin injection materials. © 2008
American Institute of Physics. �DOI: 10.1063/1.2973203�

I. INTRODUCTION

Recently, many advanced spintronic devices have been
designed1,2 for developing next generation electronic de-
vices. However, there is still a long way to go for practical
applications other than data storage devices1 mainly due to
the lack of ideal spintronic materials. In addition to exploring
spintronic materials by introducing magnetic ions into semi-
conductors, the efficient electrical injection of a highly po-
larized spin current into conventional semiconductors above
room temperature would be a big step toward the realization
of spintronic devices. Half-metallic ferromagnets �HMFs�, in
which one of the two spin channels is metallic, while the
other has an energy gap around the Fermi energy, have at-
tracted much attention as spin-injector materials. However,
the rutile structure of CrO2 �Ref. 3� and the perovskite struc-
ture of, e.g., La0.7Sr0.3MnO3,4 are restricted due to low Curie
temperature and low compatibility with traditional semicon-
ductors. With the Heusler compounds such as Co2MnGe, the
injected spin current polarization reportedly reaches only
27% at 2 K and decreases rapidly with increasing
temperature.5

Due to their excellent properties, such as high spin po-
larization at high temperatures, long spin coherence length,
and good compatibility with traditional semiconductors, the
early transition metal �TM� pnictides and chalcogenides with
a zinc-blende �ZB� structure are regarded as the most prom-
ising materials for spin injection. It is well known that, in
nature, the ground states of these materials are NiAs-type or
MnP-type structures rather than ZB structure. In order to
obtain appropriate TM pnictides or chalcogenides with ZB
structure, many investigations have been conducted through
both experimental testing6–10 and theoretical predictions.11–22

Using a nonequilibrium method such as molecular-beam ep-
itaxy, the ZB structures CrAs,6,7 CrSb,8,9 and MnAs �Ref. 10�
have been fabricated as ultrathin films on the ZB structure

substrates, but no half-metallic features were observed.11 Be-
sides these three compounds, many materials, such as CrSe,
VTe, CrTe, VAs, VSb, MnSb, etc., have also been predicted
by a first-principles study. Most of the theoretical work12–18

has been done under the isotropic expansion condition,
where many of the binaries mentioned above would show
half metallicity in a certain range of substrate lattice. In com-
parison with the isotropic expanded NiAs �or MnP� structure,
the corresponding ZB structure has a good chance to be en-
ergetically favorable. However, when TM pnictides or chal-
cogenides are grown on the surface of semiconductor sub-
strates, the lattice mismatch will only impose a biaxial strain,
and the atomic arrangement along the other dimension will
be adjusted to avoid remarkable bond length changes. There-
fore, the biaxial strain models may be more useful to simu-
late the epitaxial growth. Some studies19–21 have been done
on the stability of ZB HMF under the biaxial strain models.
In order to find possible thick films of binary half metals
from the pseudomorphic epitaxial condition, Zhao and
Zunger19 calculated the epitaxial total energies of some Cr
and Mn pnictides and chalcogenides, and they found that
they were rarely stabilized by coherent epitaxy. Miao and
Lambrecht20 calculated the half-metallic properties of Cr and
Mn pnictides and chalcogenides under the biaxial strain and
found that the spin-flip gaps �i.e., the gaps between the lower
edge of the conduction band and the Fermi energy� of the
binaries were changed only slightly in different substrates.

In this paper, we attempt to further discuss the criteria
for possible epitaxial HMF with a ZB structure as well as to
screen a set of vanadium pnictides and chalcogenides by ap-
plying these criteria. To find a promising epitaxial HMF, we
need to consider both the electronic stability and structural
stability of an HMF in its ZB epitaxial phase. From the view-
point of electronic stability, the candidate is required to have
the following features in its epi-ZB phase: �i� strong ferro-
magnetic �FM� favored and �ii� possessing an energy gap in
its minority spin channel at the available semiconductor sub-
strate. From the view of structural stability, the candidate is
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required to be �i� energetically bound as the substrate lattice
changes and �ii� energetically more favorable than another
epitaxial phase with an optimal interface pattern at the avail-
able substrates. While most of the issues have been discussed
in Refs. 19 and 20, here we pay more attention to the uni-
versality of the weak dependence of the spin-flip gap on the
substrate lattice and to the impact of an optimal interface
pattern on the structural stability of epi-ZB versus epi-NiAs,
exemplified by a set of vanadium pnictides and chalco-
genides. The crucial role of the structural stability �particu-
larly with the consideration of optimal interface pattern� for
the epi-ZB films is also demonstrated with our extended
study on CrSe and MnSb, the candidates for HMF suggested
by earlier works.19,20 The optimal interface pattern is also
discussed with a simplified mismatching area rate model,
which is found to be helpful in the structural stability study
of the epi-NiAs phase.

By applying the criteria on a set of vanadium pnictides
�VP, VAs, and VSb� and chalcogenides �VS, VSe, and VTe�,
we find that there are no significant changes of the conduc-
tion band minimum �CBM� of the minority spin relative to
the Fermi level, which is consistent with the observations
from Ref. 20. Furthermore, the epitaxial total energy of the
ZB structure is remarkably higher than that of the NiAs
structure when considering its optimal interface pattern at a
different substrate region. This shows that the criteria of
structural stability are stronger than those of electronic sta-
bility. In fact, the epi-ZB phase of VS, VSe, and VP does not
exhibit half metallicity in a wide substrate lattice range.
While VTe, VAs, and VSb show half metallicity under a
wide biaxial strain range, they are not energetically stable in
comparison with the epitaxial NiAs structure at their optimal
interface pattern. Thus, thick films of HMFs are difficult to
obtain from these vanadium pnictides and chalcogenides,
and new efforts may be required to find ideal candidates. In
addition, the aforementioned HMF candidates CrSe �Ref. 19�
and MnSb �Ref. 20� are found to be structurally unstable in
their epi-ZB phase, when considering the optimal interface
match. This demonstrates the crucial role of the interface
match in the structural stability of epi-ZB phases, and it
makes the thick films of the epi-ZB phases virtually unreach-
able for the binaries of NiAs �or MnP� ground state.

II. COMPUTATIONAL DETAILS

The calculations are conducted with the pseudopotential
plane wave method within the generalized gradient approxi-
mation �GGA� of PW91 formulas22 and the projector aug-
mented wave potentials, as implemented by the VASP

code.23,24 The charge density is obtained from the
Monkhorst–Pack k-space integration method, using a mesh
of 8�8�8 for ZB and 6�6�4 for the NiAs structures,
with an energy cutoff of 318.9 eV.

TABLE I. The predicted lattice constants �Å� and magnetic moment ��B� of the vanadium pnictides and
chalcogenides with the equilibrium ZB structure. Other theoretical results from the literature are also listed for
comparison.

This work Other work

a0

�Å /GGA�
�B a0

�Å /LDA�
a0

�Å /GGA�
VS 5.365 2.29 5.24a

VSe 5.728 2.75 5.56a

VTe 6.223 3.00 6.06a 6.271,b 6.27b

VP 5.433 1.98 5.27a

VAs 5.670 2.00 5.54,a 5.6c 5.66d

VSb 6.161 2.00 5.98,a 6.0c

aReference 12.
bReferences 14 and 17.
cReference 13.
dReference 25.

FIG. 1. Density of states �DOS� for �a� VTe and �b� VS under isotropic
�solid lines� and biaxial �dashed lines� strains. The imposed isotropic and
biaxial compression strains in the �001� plane are all 0.1 for VTe, but the
expansion for VS. Spin-up �down� DOS is denoted by positive �negative�
values, and the Fermi level is set to zero.
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III. RESULTS AND DISCUSSION

The equilibrium lattice constants a0 of the ideal ZB
structure are listed in Table I. Our calculated results are in
good agreement with other available GGA results. The GGA
results are greater than the local density approximation
�LDA� results by around 3% and are expected to be closer to
the “real” lattice constants of the ZB TM pnictides and
chalcogenides.12 Under the equilibrium lattice constant, VTe,
VAs, and VSb show half metallicity, while the others do not.
The integer magnetic moments listed in Table I correspond to
the half-metallic feature of the binaries.

Under the epitaxial growth condition, the overlayer co-
ordinates with the substrate, i.e., the lattice constants of the
in-plane axes, would decrease or increase along with the

change of substrate lattice. Assuming that the ZB binary
compound growth is along the �001� direction on the sub-
strate �a conventional semiconductor with ZB structure�, we
fix the a and b axes at the corresponding substrate lattice
constants and then relax the c axis in our calculation. The
subsequent change in half metallicity under the biaxial strain
is different from the isotropic strain. Generally, if the strain is
isotropic, the systems have a tendency to exhibit half metal-
licity on the expansion strains, even if there is no half me-
tallicity at equilibrium. This is caused by the stronger spin
splitting of the d bands, which originates from the weaker
interaction between the TM atoms and the surrounding an-
ions due to volume expansion. Similarly, the half metallicity
could disappear with the isotropic compression strain. For

FIG. 2. Changes of the VBM �square� and CBM �circle� in the minority spin channel with respect to the substrate lattice. The Fermi level is set to zero. aeq

is the equilibrium lattice constant of the ZB-type structure. �The results of VP at a substrate lattice greater than 6.0 Å are not shown in the plot since it
becomes paramagnetic.�

053709-3 Huang et al. J. Appl. Phys. 104, 053709 �2008�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



example, under the isotropic strain, VS becomes half metal-
lic when the substrate lattice constant is greater than 5.82 Å,
and the half-metallic character of VTe would vanish if the
substrate lattice constant is less than 6.10 Å.12 However un-
der the biaxial strain, the situation is different �c.f. Fig. 1�: at
an expansion strain of 0.1 �i.e., �a /a0=0.1, �a is the change
in the lattice constant�, VS still does not show half metallic-
ity under the biaxial expansion condition. VTe, however,
keeps half metallicity even at a biaxial compression strain of
0.1 �i.e., �a /a0=−0.1�.

In order to obtain the variation of the half metallicity
with the substrate lattice, we plot the valence band maximum
�VBM� and CBM of the minority spin in Fig. 2. Here, the
Fermi level is determined by the majority spin channel.
When the VBM of the minority spin channel is below the
Fermi level and the corresponding CBM is above it, the bi-
nary compound shows half metallicity. This is the case for
VTe, VAs, and VSb on most of the discussed substrate range.
If this premise does not hold true, the half metallicity disap-

pears. This is the case for VS, VSe, and VP on most of the
discussed substrate range. More accurate results can be ob-
tained from Fig. 2. It shows that the CBM of the minority
spin channel varies only slightly relative to the Fermi level.
This is consistent with the weak dependence of the spin-flip
gaps with different substrates in Cr and Mn pnictides and
chalcogenides reported by Miao and Lambrecht.20 The VBM
moves upward to the Fermi level with any imposed biaxial
strain. It is clear that the valance band is dominated by p-d
hybridization, while the conduction band mostly comes from
the d-orbital of vanadium, as can be seen by further analysis
on the partial density of states �PDOS� of VAs �c.f. Fig. 3�
and VTe �not shown in Fig. 3�. Since the d levels are more
localized than the p-d hybridization levels, the valance band
is more sensitive to the strain than the conduction band is.
This explains why the VBM moves upward to the Fermi
level markedly, while the CBM varies only slightly. Mean-
while, we find that under the expansion strain �c /a�1�, the
pz and dxy levels are squeezed and overlapped more with
their neighboring levels. As a result, the valence band width
increases. Under the compression strain �c /a�1�, the px-dyz

and py-dxz levels are squeezed, and the valence band width
increased as well.26 The asymmetry of VBM changes with
respect to aeq �c.f. Fig. 2� also reflects their different elec-
tronic contributions. Our calculation also shows that vana-
dium chalcogenides have greater gaps than its pnictides.

So far, we have discussed the half metallicity of vana-
dium pnictides and chalcogenides with the ZB structure and
found that VTe, VSb, and VAs have half metallicity in the
FM phase around the equilibrium lattice constants. Could
these ZB structures with half metallicity be stable under the
epitaxial growth condition? To answer this question, we have
performed the epitaxial total energy calculation for the ZB
structure and the NiAs structure of both FM and antiferro-
magnetic �AFM� spin arrangements.

Under the epitaxial growth condition, the stability of a
high-energy pseudomorphic ZB film is not decided by the
energy difference �bulk between the isotropic deformed ZB
materials and the ground state structure but rather by the
energetics of the biaxial deformed film relative to the ground
state, �epi.19 The critical thickness of the ZB-like film de-
pends on the lattice mismatch between the NiAs and ZB
phases at a given substrate and the corresponding �epi.

The experimental and calculated lattice constants and
c /a values for vanadium pnictides and chalcogenides are

FIG. 3. �Color online� PDOS for VAs for different substrate lattices under
the epitaxial growth condition.

TABLE II. The lattice constants and the c /a value of the NiAs-type structure of the six V pnictides and
chalcogenides. The calculated magnetic properties at the ground states are also listed.

Calculation Experiment

a
�Å�

c
�Å�

c /a Magnetic a
�Å�

c
�Å�

c /a Ref.

VS 3.176 6.107 1.923 PM 3.152 6.221 1.974 27
VSe 3.921 5.363 1.368 AFM 3.918 5.528 1.411 27
VTe 4.264 5.488 1.287 AFM 3.983 6.133 1.54 28
VP 3.138 6.263 1.996 PM 3.178 6.222 1.958 29
VAs 3.284 6.527 1.988 PM ¯ ¯ ¯ ¯

VSb 4.147 5.563 1.341 FM 4.27 5.447 1.276 30
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listed in Table II. The c /a values of VSe, VTe,31 and VSb are
close to 1.4, and it is close to 2.0 for VS, VP, and VAs �Ref.
32� in our calculations. Therefore, an appropriate match pat-
tern between the film and a given substrate needs to be in-
vestigated due to the large variation of c /a values. Experi-
mentally, some NiAs-type films, such as MnAs,33 have been

known to grow along the �11̄00� direction. Here, we assume
that most of the atoms are initially deposited at high symme-
try sites, such as top, bridge, or center, which is a general
property of surface adsorption. Based on these assumptions,
the NiAs E plane, with the ratio of two axes being equal to
c /a, is considered to match the A, B, C planes, which have
axes ratios of 1.5, 2.0, and 1.5, respectively �c.f. Fig. 4�. In
addition, the F plane of NiAs is considered due to its similar
axes ratio with the ZB D plane when the compound has a
large c /a value �i.e., close to 2.0�. In different substrate lat-
tice regions, the four possible patterns of E matching A, B, or
C, and F matching D are considered in this work.

When the structures of the binaries at the interface devi-
ate from the equilibrium, their energies will increase. The
energy change is determined by the degree of mismatching
and the elastic constants at the related directions. The pattern
of the lowest energy would be the appropriate growth mode
during the epitaxial growth. When the anisotropy of the elas-
tic constant of the binaries is not significant, the interface
patterns will be dominated by the ratio of the mismatching
area, Rmm, which is defined as

Rmm = �SZB + SNA−2Soverlap�/SNA. �1�

Here, SZB is the unit area of ZB substrate, which could be the
area of A, B, C, or D, as shown in Fig. 4�a�; SNA is the area
of the NiAs phase at the interface, which could be the area of
E or F, as shown in Fig. 4�b�; and Soverlap is the overlap area
of the two lattices.

The ratio of the mismatching area for VTe and VS is
plotted in Fig. 5 with respect to the substrate lattice. The
value of Rmm varies between 0.14 and 0.37 for VTe and 0.03
and 0.22 for VS in a reasonable substrate lattice range. It
indicates that the matching pattern with the lowest Rmm shifts
from the E-over-A pattern to E-over-C pattern as the sub-
strate size increases for VTe. With the increasing substrate
lattice constant, VS has E-over-B, E-over-C, and then
F-over-D subsequences. The Rmm values of VSe and VSb
�VP� have a similar configuration as VTe �VS� since VSe and

VSb �VP� have a similar c /a ration in the NiAs phase as VTe
�VS�. The substrate lattice constant for the ZB phase being
studied ranges within 85%–115% of its equilibrium lattice
constant a0.

Figure 6 shows the detailed results of the isotropic and
biaxial curves in both the FM and AFM spin arrangements
for these systems. For the ZB-type structures, the energy of
FM is always lower than the AFM except VP on a substrate
of lattice constant greater than 6.0 Å. It shows that the cri-
terion for FM stability for the ZB vanadium pnictides and
chalcogenides is rather weak and easy to realize. The biaxial
curves of ZB structure are weakly bound, especially for va-
nadium pnictides. The biaxial curves are much flatter than
the isotropic curve due to relaxation along the perpendicular
direction. The biaxial energy of the ZB structure is always
higher than the biaxial energy of the NiAs structure with the
optimal matching pattern, in accordance with its NiAs-type
ground state. The isotropic energy of the ZB structure could
be lower than the isotropic energy of the NiAs structure at a
certain range of the substrate lattice. The calculated epitaxial
NiAs energy curves of VTe and VS show the optimal match-
ing patterns of E-A to E-C, and E-B, E-C to F-D, respec-
tively, as the substrate lattice increases, which is consistent
with the mismatching curves in Fig. 5. It indicates that the
optimal match pattern could be estimated from the ratio of
the mismatching area. If we consider only one matching pat-
tern, the epitaxial NiAs curves could be higher than the ep-
itaxial ZB curve at a certain substrate range. For example,
the F-D pattern for VS is optimal at a range around 5.7 Å,

FIG. 4. The possible structural match patterns at the interface of NiAs-type
and ZB-type structures. The A-D planes could be translated to other high
symmetry sites with an equivalent mismatching area rate.

4.4 4.8 5.2 5.6 6.0 6.4
0.0

0.2

0.4

0.6

0.8

R
m
m

Substra te Lattice Constant(Å)

E -- A
E -- B
E -- C
F -- D

VTe
(a)

4.4 4.8 5.2 5.6 6.0 6.4 6.8
0.0

0.2

0.4

0.6

0.8

R
m
m

Substra te Lattice Constant(Å)

E -- A
E -- B
E -- C
F -- D

VS
(b)

FIG. 5. The mismatching rate Rmm of �a� VTe and �b� VS in relation to the
substrate lattice constants for different match patterns. The optimal interface
match pattern is highlighted by the shadows.
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but its energy curve is higher than the epitaxial ZB curve for
substrates with a lattice smaller than 5.4 Å. For all binaries,
the epitaxial NiAs energy with a C-E matching pattern is
usually lower than the epitaxial ZB energy. This shows that
the criterion for the structural stability of a ZB HMF is very
strong and hard to satisfy. An extensive search of optimal
matching patterns will only further reduce the structural sta-
bility of epitaxial ZB and thus will not change the conclu-
sion. Here, the impact of the interfacial energy is not dis-
cussed when it is negligible for the thick films. The situation
for ultrathin films could be different since the interfacial en-
ergy will play a much bigger role. Studies on epitaxial
growth and spin injection of ultrathin film may bring new
hope for a ZB HMF for high spin injection materials.

In order to further check the crucial role of the structural
stability of epitaxial films �particularly with respect to the

interface match�, we extend our studies to CrSe and MnSb,
which are the promising candidates for HMF suggested in
Refs. 19 and 20. The mismatching rates of various interface
patterns for NiAs-type epitaxial films of CrSe and MnSb are
plotted in Figs. 7�a� and 7�b�. This suggests that the optimal
match patterns are E-A, E-C, and F-D for CrSe, and E-A and
E-C for MnSb, respectively, as the substrate lattice increases.
The epitaxial energies of a NiAs-type structure of the sug-
gested optimal interface patterns of CrSe and MnSb are cal-
culated as well as their ZB-type isotropic energies and epi-
taxial energies �shown in Figs. 7�c� and 7�d��. The optimal
interface match patterns from the real calculations are con-
sistent with the suggested patterns from the mismatching
area rate plot. Figures 7�c� and 7�d� show that the epitaxial
energy of a ZB structure is also significantly higher than the
epitaxial energy of a NiAs structure with the optimal match-

Å Å

Å Å

Å Å

FIG. 6. �Color online� The calculated isotropic �solid lines� and biaxial �dashed lines� total energies for both ZB- and NiAs-type structures, with FM and AFM
spin arrangements denoted by green and black lines, respectively. �The isotropic energies of VP, VAs, and VS are not plotted for the E-C pattern, which is
actually a shift of another pattern along the x axis.�

053709-6 Huang et al. J. Appl. Phys. 104, 053709 �2008�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



ing pattern. Our earlier work19 gave evidence for the struc-
tural stability of the ZB epitaxial CrSe film for substrates of
lattice greater than 6.2 Å, when considering only one inter-
face match pattern �i.e., E matching A�. Unfortunately, it is
found here that the ZB epitaxial CrSe film will be energeti-
cally unfavorable in comparison with the NiAs-type epitaxial
film with the optimal interface pattern of F-D for substrates
of lattice greater than 6.2 Å. Meanwhile, the ZB epitaxial
MnSb was reported in Ref. 20 to always show half metallic-
ity regardless of the substrate constant, and it could be a
good candidate for ZB HMF. However, it turns out that
MnSb does not satisfy the structural stability constraint ei-
ther �see Fig. 7�d��.

IV. CONCLUSION

In summary, the electronic and structural stability of pos-
sible ZB HMF are discussed using first-principles calcula-
tions. After testing VS, VSe, VTe, VP, VAs, and VSb in this
way, it is found that the FM stability criterion is easy to meet
for the binaries. Epitaxial ZB VSe, VTe, and VAs systems are
also half metallic for a certain range of the available sub-
strate lattice. However, it is found that the energy of the
epitaxial ZB structure is always higher than that of the epi-
taxial NiAs-type structure with its optimal match pattern to
the substrate. This makes the epitaxial ZB structure difficult
to stabilize, even for the cases of candidates suggested ear-
lier, such as CrSe and MnSb. Thus, ultrathin epitaxial ZB

films need to be explored more for future spintronic devices
through spin injection.
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