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Ferromagnetic state in ultrathin orthorhombic CrAs films: Thickness, lattice distortion,
and half-metallic contributions
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Orthorhombic CrAs thin films were investigated using first-principles spin-polarized calculations in the
full-potential linearized augmented plane-wave method. Our results consider two different geometry optimi-
zation processes and show that the ferromagnetic state is favored by b-axis expansion, being more stable than
the antiferromagnetic state for film thickness below approximately 24 A. The calculated maximum magnetic

moment per formula unit is near 3 up and decreases with increasing film thickness, in good agreement with the
observed saturation magnetization. The electronic structure of very thin films with expanded b axis suggests a

half-metallic behavior.
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The search for zinc-blende (ZB) half-metallic (HM) com-
pounds among 3d transition metal chalcogenides is justified
because of the high technological interest in the so-called
spintronics, which requires polarized spin-injection de-
vices.! A strong effort from the theoretical point of view,
coupled to experimental evidence, has supported the view
that ZB compounds of transition elements with atoms of
groups V and VI may achieve epitaxial growth on semicon-
ductors, preserving the HM characteristics for a few mono-
layers thickness.*~® In spite of the theoretical prediction that
ZB CrAs on GaAs is ferromagnetic with half-metallic char-
acter, Etgens ef al. found that CrAs grown on GaAs is
ferromagnetic,7 however, being orthorhombic near the inter-
face. This orthorhombic ferromagnetic structure is mainly
due to a b-axis deformation from 3.445 to 3.63 A. Therefore,
the main question to be answered concerns the origin of the
magnetic behavior of orthorhombic CrAs films. This paper
calculates the effects of lattice distortion and film thickness
on the existence of ferromagnetism and half-metallic fea-
tures.

Ferromagnetic phase stabilization depends on the charac-
teristics of film. thickness and constraints due to the substrate
lattice, in addition to interfacial features. In fact, ferromag-
netism occurs for Cr, CrAs, or even arsenized Cr films pre-
pared on GaAs substrates.® It is worth noticing that the mag-
netic moment per formula unit decreases as film thickness
increases; it is quite generally accepted that the magnetic
signal originates in the layer near the interface with GaAs.””

The orthorhombic ferromagnetic phase stability of a
MnP-type (Pnma symmetry group) CrAs thin film is inves-
tigated, together with the magnetic moment and half-
metallicity evolution as a function of film thickness and lat-
tice parameters. We carried out energy minimization, within
the scope of the Powell method, ' as a function of all seven
parameters (lattice and internal), searching for a new ortho-
rhombic CrAs phase, based on the known bulk orthorhombic
parameters.!! This was performed from first-principles spin-
polarized electronic band-structure calculations, based on the
density functional theory,'? using the general gradient ap-
proximation according to the Perdew-Burke-Ernzerhof
parametrization.!® For the self-consistent solution of the
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Kohn-Sham equations we have applied a full-potential lin-
earized augmented plane-wave (LAPW) formalism, based on
the WIEN code.!*! Relativistic effects are taken into account
in the scalar approximation, but we have neglected spin-orbit
coupling effects. The muffin-tin radii were chosen to be
2.3 A for both Cr and As atoms. Inside the atomic spheres
the charge density and the potential are expanded in spheri-
cal harmonics up to /=6. The maximum [/ value for partial
waves used inside atomic spheres is /,,,,=10. The nonspheri-
cal potential contribution to the Hamiltonian matrix has an
upper limit of /=4. The plane-wave cutoff is RK,,,=7.0 and
we have used around 100 k points in the first irreducible
Brillouin zone. Self-consistency was considered attained
when the difference in total energy per cell was smaller than
11077 Ry.

Thin films of different thicknesses were considered in the
geometry optimization processes adopting the orthorhombic
structure, where the a and b axes of the CrAs are in the plane
parallel to the GaAs(001) surface and the ¢ axes is perpen-
dicular to the growth direction. This crystal orientation was
chosen based on the experimental results found by Etgens et
al.” Geometric and magnetic structures of orthorhombic
CrAs, are shown in Fig. 1. In the Pnma symmetry group
there are four Cr and four As inequivalent atoms. Thus, the
ferromagnetic (FM), Fig. 1(a), and the three most likely
magnetic orders involving Cr atoms, Figs. 1(b)-1(d), were
considered in the total energy minimization procedures.
Among the antiferromagnetic (AFM) configurations, the
lowest total energy corresponds to the configuration shown
in Fig. 1(c), and we called it the AFM state. We should
mention that the paramagnetic phase corresponds to the
highest-energy state.

The surface effects on the CrAs thin film were taken into
account by introducing a film-vacuum interface in a super-
cell scheme, with a vacuum region corresponding to about
six atomic layers of CrAs, considered large enough to pre-
vent interaction between films. Substrate effects were as-
sumed to constrain the a and b axes of CrAs to fixed values.
Based on experimental evidence the possible interfacial re-
action is considered to be negligible.?

Bulk and ultrathin films of 8, 12, 16, and 32 atomic lay-

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.74.172411

BRIEF REPORTS

b| 1 |
L@ LG
© | @€
(a) < (b) ]

@ @ ¢«@ @

FIG. 1. Geometric and magnetic structures for orthorhombic
CrAs in the Pnma symmetry group. The magnetic structures con-
sidered are a ferromagnetic state (a) and three antiferromagnetic
states (b), (c), and (d).

ers, corresponding to thicknesses up to 24 A, were investi-
gated. All films have an equal number of Cr and As atoms
and belong to a Pnma symmetry group, determined by three
lattice parameters (a, b, and ¢) and four internal parameters
(Xcr Xas Zep and zu,). The configuration that minimizes the
total energy for orthorhombic thin films and bulk, as a func-
tion of all lattice and internal parameters, was calculated and
compared, and from now on, this procedure is called free (F)
minimization. The ferromagnetic total energy is also ana-
lyzed, considering the orthorhombic structure with a and b
parameters parallel to the CrAs/GaAs interface with a
=5.74 A and b=3.63 A7 and optimizing all the other param-
eters, calling this the restricted procedure (R). The most
stable configuration for films and for bulk orthorhombic
CrAs is found by comparing the total energy of all systems
considered in this investigation.

The minimizations of total energy of CrAs, as a function
of the structural parameters for bulk and thin films are shown
in Fig. 2. In order to simplify the discussion, let us denoted
by AEx=(EArp)r—(Ery)r the difference between the total
antiferromagnetic energy and the total ferromagnetic energy
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FIG. 2. Difference between antiferromagnetic (E ;) and ferro-
magnetic (Epy,) total energy (in meV) for orthorhombic CrAs thin
films against 1/N, where N is the number of atomic layers. The
points (N=8, 12, 16, 32, and bulk) were optimized for restricted
(AER) and free (AEfR) geometries. The inset presents the difference
between the restricted and free optimizations AEpr=AEp—AEp.
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TABLE 1. Optimized lattice and internal parameters of CrAs
thin films with 8, 12, and 16 atomic layers in both free (F) and
restricted (R) optimization processes.

a b c Xcr XAs Zcr ZAs
8 layers F 570 342 630 0.008 0.215 0.222 0.574
12 layers F 5.70 3.54 620 0.006 0.214 0.218 0.586
16 layers F  5.73 3.51 6.14 0.001 0.216 0.214 0.586
8 layers R 5.74 363 6.13 0.009 0.210 0.218 0.589
12 layers R 574 3.63 6.17 0.002 0.220 0.221 0.586
16 layers R 5.74 3.63 6.15 0.005 0.220 0.220 0.586

minimized as a function of the structural parameters for the
restricted optimization process, and, similarly, AEp
=(Eppm) p— (Eppy)p for the free optimization process. Also let
AER-=AEr—AE} be the difference between the differences
of the restricted optimization and free optimization pro-
cesses. In the case of bulk CrAs, the antiferromagnetic phase
showed lower total energy than the ferromagnetic phase, that
is, AER<<0 and AE;<<0, as expected. It is important to no-
tice that the total energy difference between the FM and
AFM phases for restricted optimization is smaller than in the
case of free optimization, that is, AEgz>0. Thus, a b-axis
expansion contributes to stabilization of a ferromagnetic
phase; however, this is less stable than the bulk antiferro-
magnetic phase.

The surprising result occurs for thin films, where the fer-
romagnetic phase is more stable considering the restricted or
free optimization process, as shown in Fig. 2. The most rel-
evant feature is the intrinsic thickness effect that, for all con-
sidered thicknesses the difference between the total energies
of FM and AFM phases increase when we keep a and b fixed
(AEgy is always positive). In conclusion, the ferromagnetic
phase is stabilized as the thickness decreases, which agrees
with most literature results.”® Moreover, as the AE; (AE)
values become smaller as the film thickness increases a
phase transition from ferromagnetic to antiferromagnetic is
expected at some finite thickness, when the bulk antiferro-
magnetic CrAs is recovered. Our theoretical results indicate
that the magnetic phase transition occurs for 32-atomic-layer
films, corresponding to a thickness bellow 24 A, in very
good agreement with experimental results.” The inset in Fig.
2 presents the difference between restricted and free optimi-
zation AEpp=AEr—AEy. The results suggest an increase of
AEgr as the thickness decreases, showing a saturation below
N=8.

Now, the most interesting question is to find out what are
the most sensitive parameters that cause the magnetic phase
transition. Table I compares optimized values for thin films
with 8, 12, and 16 atomic layers, showing that the b axis is
the one that changes most significantly. This larger modifi-
cation of the b axis also agrees with experimental results,’
following the assumption of Etgens ef al. that the role of the
GaAs substrate is, mainly, to enlarge the b axis as compared
to that of bulk CrAs. The ¢ parameter in Table I is to be
understood as the lattice parameter along the ¢ axis, when the
vacuum region is not considered, therefore giving an idea of
how it changes relative to the bulk.

Another relevant feature is concerned with the effect of
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FIG. 3. Magnetic moment per formula unit for CrAs films as a
function of the inverse of the number of atomic layers (N). The
inset presents the magnetic moment at Cr atoms for restricted opti-
mization, starting from the most external toward the inner layers, up
to the fourth Cr, considering a film with N=16.

the substrate strain and film thickness on the spin polariza-
tion. Figure 3 shows the values of magnetic moment for a
unit cell of CrAs as a function of the inverse of film thick-
ness, considering films with N atomic layers for restricted
and free optimization processes. Both processes show a clear
increase of magnetization as the thickness of the film de-
creases. For the restricted optimization, the magnetization
changes from 2.5up (bulk) to 2.9up (eight-atomic-layer
film). The substrate effect increases the magnetic moment of
Cr atoms up to 6.5%.

The magnetic moments for Cr atoms from surface to inner
layers, in the restricted optimization for the film with N
=16, can be seen in the inset of Fig. 3. Our results show that
the most external Cr atom has the highest magnetic moment,
reaching values above 3 ug, while the next Cr atom has about
2.9ug. The values of the magnetic moment at the most ex-
ternal Cr atoms for 8 and 12 atomic layers are also close to
3ug. The corresponding values for the free optimization (not
shown) are a little smaller, but the behavior is very similar.

From the applications point of view the half-metallic na-
ture of this CrAs films is the most relevant aspect, so that the
electronic density of states is now considered. The curves of
spin-polarized density of states (DOS) for the three films (8,
12, and 16 layers) are presented in Fig. 4, considering the
restricted optimization, showing that spin-up electrons have
a metallic behavior for all cases. However, in the case of
spin-down electrons there is a decreasing density of states
near the Fermi level, so that, for eight atomic layers film
(N=8), in the restricted optimization, a small energy gap
appears just below the Fermi level. The same decreasing
tendency of the density of states near the Fermi level (not
shown) is also observed for free optimization; however, no
energy gap is reached even for the eight-atomic-layer film.
These results indicate that a half-metallic behavior is likely
to occur for very thin films with expanded b axis. Therefore,
the orthorhombic ferromagnetic phase of ultrathin CrAs
films brings a quite strong change on the electronic structure.
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FIG. 4. Spin-resolved densities of states for CrAs films, with
N=8, 12, and 16 layers in the restricted optimization. An energy
gap is observed near the Fermi level for N=8.

The exchange splitting of the d bands produces the ferromag-
netism and further pushes to higher energy the minority-spin
bands above the Fermi level. This is the origin of the energy
gap (in the eight-atomic-layer film) and of the valley (in the
other films) near the Fermi level on the minority-spin density
of states, as shown in Fig. 4.

To make clear the discussion about the electronic struc-
ture of the orthorhombic ferromagnetic CrAs phase, and to
get some insight into the bonding properties, we present in
Fig. 5 spin-dependent energy-resolved contour plots of the
charge density along a plane perpendicular to the b axis for
the film with 16 atomic layers. This plane crosses both Cr
and As atoms. We selected three energy regions in the occu-
pied band. In the first region, between —6.0 and —4.0 eV, the
hybridization of the 4p As and the 3d Cr orbitals results in an
almost equal participation of the electrons from both atoms.
The contour plot for the majority spin, shown in Fig. 5(a),
clearly suggests the bonding character of the electrons on
this energy range. The result of the minority spin (not shown)
is practically the same as obtained for the majority spin.
Moving the spectrum toward higher-energy regions, we have
found an increase in the charge concentration around Cr at-
oms sites, and a smaller number of spin-down electrons rela-
tive to the number of spin-up electrons, consistently with the
fact that the minority-electron d states are shifted signifi-
cantly with respect to majority-electron d states by the ex-
change interaction. Our results for the energy region between
-3.0 and —1.0 eV are shown in Figs. 5(b) (spin up) and 5(c)
(spin down). We have noticed that, in this energy region, the
majority electrons occupy nonbonding states, while the mi-
nority electrons occupy bonding states. In the third energy
region, near the Fermi energy, the number of minority elec-
trons drops drastically, as compared to the majority electrons,
but both spin-polarized states present a nonbonding character
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FIG. 5. Contour plots of
charge densities for selected states
of ferromagnetic CrAs film with
N=16 layers. (a) Occupied
majority-spin states, in the energy
range —6.0 to —4.0 eV, showing
evidence of As-Cr bonding char-

acter. (b) and (c) Occupied major-

ity and minority-spin states, re-
spectively, between -3.0 and
-1.0eV. While majority-spin
states present a nonbonding char-
acter, the minority-spin states
present a bonding character. (d)
Occupied majority-spin  states
near the Fermi level, showing
nonbonding character.

and the contour plot of the majority electrons can be seen in
Fig. 5(d).

In summary, we have performed an optimization process
by minimization of the total energy as a function of the struc-
tural parameters for bulk and ultrathin films of orthorhombic
CrAs. The results show that a ferromagnetic phase is stabi-
lized for very thin films. The theoretical results predict a
ferromagnetic to antiferromagnetic phase transition, when
the b axis expands to reach the Etgens ef al. value for a film
thickness around 32 atomic layers. In addition, the film
thickness plays two fundamental roles. The first is to stabi-
lize the ferromagnetic phase with increasing magnetic mo-
ment as the thickness decreases. The second is to modify the
total density of states at the Fermi level, which shows a gap
for spin down, but metallic behavior for spin up, as a typical

half-metallic material. The calculation shows also that the
magnetic moment at Cr atoms increases as surface is ap-
proached, reaching values slightly above 3 ug, at the surface
of very thin films, decreasing quickly as thickness increases.
The optimized lattice parameters are in good agreement with
those of Etgens et al., and clearly indicate that b-axis expan-
sion is the main lattice parameter that causes the magnetic
ordering. The magnetic moment per formula tends to 3up
and quickly decays as the thickness of the film increases.
Finally, our results indicate the future possibility of stabili-
zation of a half-metallic regime in orthorhombic room tem-
perature ferromagnetic ultrathin CrAs films.
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