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Ultra-thin FeAs is of interest both as the active component in the newly identified pnictide super-
conductors, and in spintronic applications at the interface between ferromagnetic Fe and semicon-
ducting GaAs. Here we use first-principles density functional theory to investigate the properties of
FeAs/GaAs heterostructures. We find that the Fermi surface is modified from that characteristic of
the pnictide superconductors by interactions between the FeAs layer and the As atoms in the GaAs
layers. Regardless of the number of FeAs layers, the Fe to As ratio, or the strain state, the lowest
energy magnetic ordering is always antiferromagnetic, offering an explanation for the failure of spin
injection across Fe/GaAs interfaces. However, such antiferromagnetic layers could be incorporated
into heterostructures as an exchange-bias layer.



I. INTRODUCTION

FeAs-based materials have attracted much attention in recent years, first due to their potential as magnetic semi-
conducting systems!®, and more recently for their unexpected high-T, superconductivity®.

Magnetic semiconducting systems are of interest because they could in principle enable so-called “spintronic” devices
that exploit the spin degree of freedom of the electron as well as its charge’. One route to spintronic behavior is
through hybrid structures, in which magnetic metals are used to inject spin-polarized electrons into semiconductors®.
Here the Fe/GaAs system is particularly appealing because of the high ferromagnetic Curie temperature of Fe, the
well-established semiconducting properties of GaAs, and the close lattice match between body-centered cubic Fe and
zincblende GaAs. However spin injection in Fe/GaAs has not yet proven successful?. One possible reason for this is
the formation of other phases at the interface; indeed FeAs and Fe,As have both been reported experimentally!0-13,
and ab initio calculations suggest that Fe penetrates the GaAs lattice, breaking the Ga-As bonds in favor of Fe-As
and elemental Ga'4.

The recent and entirely unanticipated discovery of superconductivity at ~ 50K in layered rare earth oxide / iron
arsenide compounds has generated tremendous excitement within the condensed matter community!®*¢. Previously,
all known conventional high temperature (high-T¢.) superconductors contained copper-oxygen layers; in fact the pres-
ence of oxygen and the absence of magnetism were believed to be requirements for high-T, behavior!”'®. In the new
materials, however, superconductivity occurs in the magnetic iron-arsenic planes, in complete violation of previous
understanding; they therefore provide an invaluable new handle for exploring the long-sought-after mechanism un-
derlying high temperature superconductivity. Density functional calculations have revealed correlations between the
superconducting Curie temperature and the normal-state structural and electronic properties of the fluorite-structure
Fe-As layer. In particular, the out-of-plane Fe-As bond length, the striped antiferromagnetic order of the undoped
parent compound, and the Fermi surface nesting that occurs between bands derived from Fe-d states seem to be
important.

In this work we use first-principles density functional theory to calculate the structural stabilities and electronic
properties of a range of FeAs/GaAs superlattices. The goal of our work is two-fold: First to search for superlattices
within this family with desirable spintronic properties such as half-metallicity or ferromagnetism, and second to explore
whether the signature electronic properties of the FeAs layers in the pnictide superconductors can be reproduced in
this artificial system. Our model heterostructures consist of n layers (n = 1, 2, 3) of zincblende GaAs alternating
with m layers (m = 1, 2, 3) of FeAs in either the zincblende structure or the antifluorite structure found in the FeAs
superconductors. Here n : m gives the ratio of Fe:Ga in the heterostructure.

II. COMPUTATIONAL DETAILS

Our density functional theory (DFT) calculations were performed using the Vienna ab initio Simulation Package
(VASP)1920, We expanded the electronic wave functions and density using a plane-wave basis set, and used the
supplied VASP PAW potentials?’ with the Perdew-Burke-Ernzerhog (PBE) exchange-correlation functional?23 for
core-valence separation. A 10x10x10 Monkhorst-Pack?* k-point mesh with a Gaussian smearing of 0.2 eV was used
for the Brillouin Zone integrations; these are suitable values for metals. The plane-wave cut-off was set to 400 eV, and
for structural relaxations we allowed the ions to relax until the Hellmann-Feynman forces were less than 1 meV /A=,

We treated the exchange-correlation functional within the spin-polarized generalized gradient approximation plus
Hubbard U (GGA+U) method? to account for electron correlations and chose a U of 0.5 eV as implemented in the
Dudarev scheme. While there has been much discussion in the literature of the relative appropriateness of various
functionals (hybrids, LDA4+U, GGA+U, etc.) and U parameters, we find that GGA+U with U=0.5 eV gives good
agreement with both hybrid functional calculations and experimental structural properties for bulk MnP-type FeAs?S.
In common with all functionals that have been tested to date, the local magnetic moments are over-estimated compared
with those reported experimentally?”; it remains a matter of debate whether this is a consequence of the neglect of spin
fluctuations in the density functional formalism?® and/or the difficulties associated with rigorously defining a local
moment experimentally in such a broad-band metallic system?® The magenetic moments are calculated by projecting
the planewave states into the PAW sphere of the magnetic ions (in this case, Fe).
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FIG. 1. (a) Structure of MnP-type FeAs with ground state AFM ordering indicated. (b) Structure of zincblende FeAs with
arrows indicating ground state AFM ordering.

ITII. RESULTS — BULK PROPERTIES OF FeAs AND Fe;As
A. Properties of bulk FeAs in MnP and ZnS structural variants

We begin with a comparison of bulk FeAs in its experimentally observed ground state MnP structure®, and the
zincblende structure that is of interest for our spintronic superlattice calculations.

Fig. 1 shows the structures of the MnP-type and zincblende FeAs. The former (1(a)) consists of octahedrally
coordinated Fe ions with the octahedra edge-shared. The octahedra are distorted with the Fe ions shifted from their
centres. In both cases the magnetic ground state is antiferromagnetic indicated by the arrows, with each Fe being
antiferromagnetically coupled to all its Fe nearest neighbours.

Zincblende FeAs (1(b)) consists of interpenetrating face-centered cubic sublattices of Fe and As that are shifted by
(i, %, i) along the (111) direction relative to each other. As a result, both the Fe and As atoms are tetrahedrally
coordinated, with corner-sharing polyhedra, and the packing density is lower than in the MnP case.

The calculated lattice parameters for MnP FeAs are given in Table I. Our calculations correctly obtain the AFM-
ordered MnP structure as the ground state, with the zincblende structure 1 eV per 2-atom formula unit higher in
energy. Fig. 2(a) shows the relative stabilities of MnP-type and zincblende FeAs as a function of volume of a 2-atom
formula unit, set by uniformly scaling the equilibrium lattice parameters. The MnP-type structure is the ground state
until an expanded volume of 40 A3 per 2-atom formula unit. At the equilibrium lattice volume of GaAs (45 AB), the
zincblende structure is the lowest energy structure, suggesting that it could be the stable phase in coherently grown
GaAs/FeAs heterostructures, although our calculated lattice constant for zincblende FeAs — 5.36 A — is smaller than
that of GaAs.

Also in Fig. 2(a) are the relative energies for various magnetic orderings of the zincblende FeAs structure. We
compare the relative energies of non spin-polarized, ferromagnetic and antiferromagnetically ordered structures. A
G-type AFM solution was obtained in all cases when the moments on the Fe sites were initialized to C, A or G-
type ordering and non-constrained calculations were performed. Projection of the plane wave states into the PAW
sphere gave a local magnetic moment of 2.4 pp per iron atom at the equilibrium lattice constant. This value is
intermediate between high-spin and low-spin configurations for a nominally Fe?t ion in a tetrahedral crystal field.
Our FM solutions were obtained by fixing a total magnetic moment of 2.75 up per Fe atom so as to avoid confusing
multiple local minima; this value is obtained when a FM arrangement with initial magnetic moments of 3 p per Fe is
allowed to relax to its local minimum and is close to that obtained in our local projections for the AFM solutions. The
“paramagnetic” results are obtained from a non-spin-polarized GGA calculation. We find that the antiferromagnetic
or non-magnetic solutions are lower in energy than the ferromagnetic over the entire volume range studied. The
crossover between the AFM and non-magnetic solutions corresponds to the volume collapse shown in Fig. 2(b).

Finally, to explore the spintronic properites, we calculated the spin-polarized density of states for hypothetical
ferromagnetically ordered zincblende FeAs at our calculated equilibrium volume (38.5 A3 ), and at the experimental
volume of GaAs (45 A3) (Fig. 3). As expected, we find a narrowing of the bands as the volume is increased. In
addition, the exchange-splitting between majority and minority bands is more pronounced at the expanded volume,
resulting in almost half-metallic behaviour, similar to that previously reported for zincblende MnAs.3!. It is likely
that half-metallicity will be achieved with the additional band narrowing provided by quantum confinement in thin
layers of FeAs in heterostructures.
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FIG. 2. (a) Calculated energy-volume curves for MnP-type and zincblende FeAs with various types of magnetic orderings.
The volume shown is for one 2-atom formula unit of FeAs. The FM curve was calculated by constraining the total moment to
11pup for 4 Fe ions. Antiferromagnetic ordering becomes stable above V = 35A4%, and remins more stable than FM with cell
expansion. The MnP structure is stable over a large range of volumes. (b) Absolute value of magnetic moment per Fe for the
zincblende structure with AFM ordering as a function of volume.

TABLE I. Calculated and experimental crystal structure parameters for MnP-type FeAs and CuzSb-type Fez As.

FeAs |FeAs|| FesAs |FesAs
GGA+U|Exp® || GGA+U | Exp®2
a(A) || 5.471 [5.442] 3.627 |3.627
b(A) 3.276 | 3.372 3.627 | 3.627
c(Ad) || 6.050 |6.028 5980 |5.981
Fe(z) || 0.0020 [0.0027 - -
Fe(z) 0.202 |0.1194|| 0.329 | 0.318
As(z)|| 0.201 |0.1193 - -
As(z) 0.573 |0.5774 0.266 0.266

LM

A
v

I
-1 0
“ g E. (eV)

DOS (states/eV)

|
1 2 3 4

FIG. 3. Spin-polarized density of states for hypothetical FM ordered zincblende FeAs. The Fermi level is set to 0 eV. Calculated
at (a) the equilibrium volume of 38.5 A® per 2-atom formula unit, and (b) at the experimental GaAs volume of 45 A%,



FIG. 4. FezAs in the antifluorite structure. The calculated ground state magnetic ordering is shown with arrows.

B. Properties of bulk Fe:As in Antifluorite and Cu2Sb structural variants

The Fe-pnictide superconductors consist of a layer of FesAs in the antifluorite structure sandwiched between a
plethora of other constituents. Antifluorite (as opposed to fluorite because the anion and cation positions are ex-
changed) is made up of three interpenetrating face-centred cubic sublattices with the Fe(I) sublattice shifted by
(1,1,1) and the Fe(II) sublattice shifted by (1, 3,1) along the (111) direction with respect to the As lattice at the
origin. It can also be considered as ‘stuffed zincblende’ with four interstitial zincblende sites occupied with extra Fe
atoms. The Fe and As atoms are tetrahedrally coordinated forming edge-shared tetrahedra as shown in Fig 4.

In its ground state, bulk FeaAs adopts the CugSb-type (C38) structure shown in Fig. 5(a)32. There are two Fe
cation sites, Fe(I) and Fe(II), with each a — b plane containing a single cation type. These Fe(I) and Fe(II) planes
are then alternated in the c-direction. Half of the Fe ions are tetrahedrally coordinated with As, and the others form
octahedra with six neighbouring As ions. These tetrahedra and octahedra are stacked to form an edge-sharing array.

Fig. 6 shows the results of our energy-volume calculations for antifluorite and CusSb-type FesAs. The Cus Sb-type
structure was found to be stable over the whole range of volumes calculated, with antifluorite FesAs less stable by
0.98 eV per formula unit compared to the ground state CuySb-type structure at its lowest-energy volume. Both
calculations were carried out with their respective ground state AFM order. Our calculated structural parameters for
the CupSh-type FesAs are compared with the experimental values in Table 1.

For CusSb-type FeaAs, DFT correctly obtains the experimentally determined magnetic ordering shown in Fig.
5(b)33. This is a tri-layer A-type magnetic ordering consisting of three layers of FM-coupled Fe atoms coupled
antiferromagnetically to the next three FM layers; the measured T is 353K. The values of magnetic moment on the
two inequivalent Fe sites were calculated to be 1.25up, and 2.18up, very close to the experimental values of 1.28up
and 2.05u53*. This good agreement between DFT-GGA and experiment is significant because the magnitudes of the
magnetic moments in pnictide superconductors are notoriously poorly reproduced by most flavors of density functional
theory. The next lowest energy magnetic ordering that we obtained in our calculations was another type of AFM
ordering, with a destabilization energy of 0.4 eV per formula unit. For the range of volumes studied, no other magnetic
ordering was found to be lower in energy than the experimentally found AFM ordering.

The calculated ground state magnetic ordering for hypothetical bulk antifluorite FesAs was found to be A-type
with striped antiferromagnetically ordered single a — b plane layers coupled ferromagnetically in the c-direction as
shown in Fig. 4. FM was the next most stable ordering, with a destabilization energy in this case of only 0.17 eV per
formula unit at the lowest energy volume.

IV. RESULTS — FeAs/GaAs SUPERLATTICES
A. Zinblende FeAs/ Zincblende GaAs: Spintronic Properties

While our calculations indicate that ferromagnetic order is not stable for bulk zincblende FeAs, we now consider
whether it can be stabilized in thin films. We studied superlattices with alternating layers of zincblende structure
FeAs and GaAs (see Fig. 7). We relaxed the structures within the constraint of keeping the in-plane lattice parameter
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FIG. 6. Calculated energy versus volume (of one 3-atom formula unit) for the CuzSb-type and antifluorite FeaAs, for various
magnetic orderings. Both were found to have AFM ground states as shown in Fig. 4 and Fig. 5. The volume was varied by

uniform scaling of the calculated equilibrium lattice parameters. The CuzSb-type structure is stable across the whole range of
volumes studied.

fixed at 5.65 A, the experimental lattice parameter of GaAs. In all cases we obtained a checkerboard AFM ground
state. Our calculated magnetic moments and relative total energies for different magnetic orderings for superlattices
with different numbers of FeAs and GaAs layers are summarized in Table II.

For all of the calculated structures, the ground state magnetic ordering is checkerboard antiferromagnetic. Increasing
the ratio of FeAs layers to GaAs does not have an impact on the relative stability of the AFM order with repect to
the FM order. The values of the magnetic moments are in the range of 2-3up per Fe, which is very similar to that
of bulk zincblende FeAs. The value of the magnetic moment increases as more layers of GaAs are added and seems
to correlate with an increase in the out-of-plane Fe-As bond-length as the number of GaAs lazers is increased. To
confirm this correlation we repeated the calculation with the Fe, Ga and As ions in the ideal zincblende positions.
Comparing the resulting magnetic moment magnitudes of the frozen bond-lengths with those obtained by relaxing
the ions shows that the increase in magnitude is not solely a result of quantum confinement, but is caused primarily
by the larger Fe-As distance.
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FIG. 7. Zincblende structure (FeAs),:(GaAs), heterostructures studied in this work.

TABLE II. Calculated relative energies of different magnetic orderings (antiferromagnetic, ferromagnetic and paramagnetic)
in bulk zincblende FeAs, and in zincblende FeAs/GaAs superlattices fixed to the experimental GaAs lattice parameter. All
energies are per Fe atom, and are relative to the ground state AFM order. The values of the Fe magnetic moment, m, in the
last column are those for the equilibrium AFM structure.

EAFM/Fe EFM/FE EpM/Fe m

@) | (V) | V) |[us)

FeAs 0 0.174 0.209 || 2.15
(FeAs):(GaAs), 0 0.181 | 0.482 | 2.89
(FeAs)1:(GaAs)s 0 0.010 0.345 | 2.82
(FeAs)1:(GaAs)s 0 0.246 0.323 || 2.68
(FeAs)s:(GaAs); 0 0.115 | 0.202 ||2.52
(FeAs)2:(GaAs), 0 0.207 | 0.280 || 2.63

The densities of states for the FeAs:GaAs configurations of 1:1, 1:3 and 3:1 are compared with that of bulk zincblende
FeAs in Fig 8. Despite the change in heterostructuring, the densities of states are very similar in the region surrounding
the Fermi level. All except for the 3:1 superlattice are metallic with Fe states crossing the Fermi level. There is a
broad band of Fe-d states, with peaks at -3eV and 0.5eV. These Fe states hybridize with the As-p states from the
FeAs layers. There is only a small contribution from the As-p states in the GaAs layers around the Fermi level.
However, the main change in increasing the number of GaAs layers is to recover the semiconducting nature of the
bulk GaAs material. A gap opens up in the (FeAs);(GaAs)s heterostructure as shown in the last panel of Fig. 8.

In summary for this section, all of the zincblende structure FeAs/GaAs heterostructures that we have studied show
robust antiferromagnetic ordering and are therefore unpromising for spintronic applications. Indeed, their absence
of ferromagnetism and/or half-metallicity might explain the experimental difficulties associated with spin injection
across the Fe-GaAs interface.

B. Antifluorite Fe;As/ Zincblende GaAs: Possible Superconducting Behavior

The FeAs-based superconducting materials all have a signature nested Fermi surface comprising holes and pockets at
the Fermi level, resulting from their isolated antifluorite Feg As layers. Here we investigate whether such a Fermi surface
can be reproduced in antifluorite FeaAs / zincblende GaAs heterostructures. We studied two specific superlattices,
both with one layer of FeAs alternating with a single layer or two layers of GaAs. Note that, while the bulk antifluorite
structure has the formula Fes As, a 1:1 Fe:As ratio is obtained by taking a slice of the unit cell to reproduce the structure
found in the superconducting compounds.

First we calculate the equilibrium structures of the two heterostructures. As before, the in-plane lattice parameter
was held fixed at the experimental GaAs lattice parameter of 5.65 A, and the out-of-plane lattice parameter and
internal coordinates were relaxed with this constraint. In Table I1I we summarize our calculated Fe-As bondlengths
and As-Fe-As bond angles; the latter have been previously shown to correlate with the superconducting transition
temperature in the parent pnictide compounds, with angles closest to the ideal tetrahedral angle of 109.47° yielding
the highest T,.s3°. Of the two heterostructures studied, we find that our (FeAs);(GaAs), structure has an As-Fe-As
bond angle closest to the ideal tetrahedral angle as a result of the slightly larger FeAs distance in the bilayer structure.

Next we evaluate the magnetic properties of the superlattices. We find that the antifluorite FeAs layer maintains
several of its bulk magnetic characteristics, as well as those of the Fe-pnictide superconductors. The ground state
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FIG. 9. (FeAs),:(GaAs),, heterostructures for antifluorite FeAs on zincblende GaAs.

magnetic ordering for both of the heterostructures was found to be striped antiferromagnetic, which is the same as both
bulk FesAs and the Fe-pnictide superconducting parent compounds. The average calculated value of the magnetic
moment on the Fe sites is 1.6up, whereas for the Fe-pnictide compounds the calculated value varies between 1-2 pp.
However, experimentally the Fe magnetic moment value is less than half of these values. This known discrepancy
between DFT and experiment is proposed to be a result of spin fluctuations and/or the ambiguity of precisely defining
the magnetic form factor in a metal with itinerant magnetism. In view of this, we also expect our calculated values
of the magnetic moment to be larger than those determined experimentally.

Finally, we calculated the electronic structures and Fermi surfaces of the two heterostructures. The band structures

TABLE III. Calculated FeAs bondlengths and angles for antifluorite FeAs / zinblende GaAs superlattices.

Fe-As bond length | As-Fe-As bond angle
(A) (degrees)
Fe:Ga 1:1 2.36 106.6
115.5
Fe:Ga 1:2 2.38 107.1
114.3
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FIG. 10. Band structures and densities of states for paramagnetic antifluorite FesAs/ zincblende GaAs superlattices. In all
plots, the Fermi level is set to 0 eV. The total densities of states are given by the black line. The orbitally-projected states of
Fe-d, As-p (from the FeAs layers) and As-p (from the GaAs layers) are shown by the dashed orange, green, and shaded blue
lines respectively. (a) Single layer FeAs with single layer GaAs. (b) Single layer FeAs with double layer GaAs.

and densities of states of the two heterostructures in their paramagnetic state are shown in Fig 10. In both cases we
find electron and hole pockets in the I' and M directions, characteristic features of the Fe-pnictide superconducting
parent compounds.

As in the pnictide superconductors, the regions surrounding the Fermi level comprise Fe-d and As-p states. In
contrast, however, we find contributions close to the Fermi level from components other than the Fe-As layers, in
particular from As-p states derived from the GaAs layers at -0.5 eV. This contribution increases with the addition of
more layers of GaAs.

In Fig. 11 we show our calculated Fermi surface, and its varation with doping using a rigid band model, for the
heterostructure with double layers of GaAs. In order to compare it to the protypical Fe-pnictide superconducting
parent compound, we also include the Fermi surface for LaOFeAs at zero doping. The Fermi surface of the FeAs/GaAs
heterostructure shares some features with the superconducting Fe-pnictide surfaces: At Ep, the centre of the Brillouin
zone consists of a distorted cylinder with a sphere nested inside. The zone edges have another cylinder with pockets
at the corners. Reducing the electron count, the inner sphere disappears and the cylinders begin to shrink. At an
energy of 0.2 eV below the Fermi level, the central cylinder splits into two cylindrical shapes. Unlike the supercon-
ducting pnictides, however, single cylinders rather than double cylinders occur at the I' and M points. Therefore, the
characteristic Fe-pnictide nesting between the zone centre and zone edges cannot occur. In addition the surface is
manifestly three dimensional, whereas that of the superconductors is two dimensional.

V. SUMMARY

We studied two types of FeAs/GaAs heterostructures, both with GaAs in the zincblende structure, and with FeAs
in the antifluorite structure or the zincblende structure.

The zincblende/zincblende heterostructures allowed us to investigate possible spintronic applications of FeAs/GaAs.
Our calculations suggest that desirable half-metallicity and/or ferromagnetism are unlikely, however. Instead, the
robustly stable AFM ordering offers a possible explanation for the failure of spin injection across the Fe/GaAs interface.
While this is detrimental to spin-injection, it offers an alternative route to exchange-bias devices if incorporated into
a more complicated heterostructure.

Antifluorite Fea As/GaAs heterostructures would allow direct integration of superconductors into ITI-V semiconduc-
tor technologies if they reproduced the key features of the Fe-pnictide superconductors. While we see several features
in common with the ferropnictide superconductors — the same AFM ordering, Fe d and As p states around the Fermi
energy and some similarities in the positions of the hole pockets in Fermi surface — we find that covalent bonding with
the As-p states from the GaAs layers causes the Fermi surface to be unfavorably three-dimensional and inhibits the
electron-hole pocket nesting that is characteristic of the Fe-pnictide superconductors. A possible route to avoid this
Fermi level mixing is to use a more dissimilar spacer layer than GaAs such as GaN.
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FIG. 11. Fermi surface of LaOFeAs and of FeAs/GaAs heterostructures for various levels of electron doping relative to the
Fermi level. (a) LaOFeAs (b) Er (c) Er - 0.1eV (d) Ep - 0.2eV (e) Ep - 0.3eV
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