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GdN and GaN are both insulators, the former being also a ferromagnet. Despite a lattice mismatch of
10.1% and different crystal structures, lattice-matched interfaces where GdN adopts the smaller lattice
parameter of GaN can be formed. We study isotropically and epitaxially strained GdN, as well as the
nonpolar (011) GAN/GaN interface by first-principles calculation. We show that upon compressive strain
(isotropic or biaxial) corresponding to the strain imposed by the GaN lattice, GAN becomes a half-metallic
ferromagnet. In the interface calculation, however, no magnetization of GaN at or away from the interface
is observed. The interface exhibits a Schottky connection with the GAN Fermi energy 1.19 eV above
the GaN valence band (close to midgap); i.e., the system can be used as a rectifier and possibly also for

spintronic applications.
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I. INTRODUCTION

Rare-earth pnictides (R-V) in rocksalt structure are often
metallic and offer a lattice-matched contact to tetrahedral
-V semiconductors. In particular, ErAs/GaAs and
ErAs/InGaAs are widely studied as a prototype system
for various applications ranging from thermoelectric power
generators [1,2] to gigahertz-to-terahertz sources and detec-
tors [3-5]. The GAN/GaN interface [6] emerges as the wide
band gap and transparent alternative to ErAs/GaAs systems,
with the additional prospect of spintronics applications due
to the ferromagnetism of GdN. Despite the recent success of
GdN nanoisland-based GaN tunnel junctions [7], the physi-
cal properties of the underlying GAN/GaN interface remain
poorly known. To this end, we investigate the GAN/GaN
interface by first-principles calculation.

GdN is an indirect-gap insulator with a rocksalt structure
and a ferromagnet with a Curie temperature of 7 ~ 60 K
[8-14]. The lattice mismatch between GdN and GaN
is approximately 10%, GdN being larger than GaN.
Nonetheless, lattice-matched epitaxial films and nanois-
lands have been successfully grown on GalN substrates
[6,7,15,16] or even MgO substrates with an even larger
lattice mismatch of approximately 19% [17]. Combining
these observations with the fact that GaN is harder than
GdN suggests that thin films or nanoislands of GAN adopt
the GaN lattice parameter and are heavily strained. This
diversifies the physics of the GAN/GaN interface, because
on the one hand, interface strain is likely to affect the
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band lineup, and on the other hand, the electronic and
magnetic properties of GAN are reportedly very sensitive to
strain [18,19].

We first show that GAN becomes a half-metallic ferro-
magnet upon biaxial (or hydrostatic) strain such as imposed
by the GaN substrate. In principle, this can be the ideal
interface for spin injection [20-22]. We investigate this
system by direct calculation of the nonpolar (011) interface
of rocksalt GAN and zinc-blende GaN. Band profiles along
the interface normal show that while GAN maintains its
half-metallic properties, there is little to no magnetization
of GaN, which, thus, also maintains its nonmagnetic
properties. We further evaluate the band lineup of this
interface, which we find to be a Schottky-type contact with
the GAN Fermi level inside the GaN band gap at 1.19 eV
above the GaN valence-band top. This confirms that the
GdN/GaN interface, indeed, is very similar to ErAs/GaAs
[23] and offers a wide band-gap transparent alternative
to ErAs/GaAs systems with the additional feature that
GdN is a ferromagnet at low temperatures. Moreover, the
GdN/GaN interface as such is already a rectifier, which
means it could offer an alternative to applications based
on p-n junctions. GAN may also become useful as a spin
injector into GaN, or ferromagnetic Mn-, Fe-, or Gd-doped
GaN (see, e.g., Refs. [24-31]).

II. DETAILS OF CALCULATION

In order to describe structural and electronic properties
of the GdN/GaN interface, first-principles total-energy
calculations within the projector augmented-wave (PAW)
method [32] are carried out using the VASP code [33,34].

© 2014 American Physical Society
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Plane waves are included up to the cutoff energy of 350 eV.
The exchange correlation energy is approximated by
the Perdew-Burke-Enzerhof (PBE) generalized gradient
approximation (GGA) functional, where, however, includ-
ing +U corrections on Gd d and f electrons is crucial to
reproduce the correct band structure of GdN [13,35-37].
We use the potential parameters U, =34, J,;, =0,
U; =80, and J;=1.2 (in eV) given by Larson and
Lambrecht [35]. The Ga d electrons, on the other hand,
are treated as core electrons, i.e., not explicitly included in
the PAW potential. Inclusion of the Ga d electrons with
appropriate +U correction leads to the shrinking of the
GaN lattice parameter by approximately 5% [38], which
will exaggerate the interface strain in slab calculations. We
consider GaN in the zinc-blende structure to construct a
nonpolar slab model for the interface described below.

A. Interface model

To study an interface, we consider a slab model con-
sisting of N layers of GdN followed by N layers of GaN,
repeated periodically, called an “N/N slab” henceforth. We
limit this study to the [011] direction, which is nonpolar
for both rocksalt and zinc-blende structures; a slab con-
structed in a polar direction contains two different inter-
faces whose interface properties cannot unambiguously be
deconvoluted, and one also may encounter artificially
created electric fields by charge densities accumulated at
the interface [39,40]. Because GaN is harder and practical
applications are likely to involve nanoislands or thin films
of GdN deposited on bulk GaN, we assume GdN to adopt
the lateral lattice constant of GaN q;,; this assumption
seems reasonable for nanoislands of only a few nanometers
in size, covered by GaN on both sides as described in
Refs. [7,16] but may fail for thin films as the film thickness
increases beyond some threshold value. The slab width L is
relaxed, as are all nuclear coordinates inside the slab

(a) slab side view
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supercell. A schematic illustration of a 7/7 slab is given
in Fig. 1. Convergence tests for the slab width are described
together with the calculation results. Brillouin-zone sam-
pling is done by a Monkhorst-Pack 13 x 9 x 1 k mesh.

B. Band alignment

GdN under biaxial strain due to the GaN substrate
becomes a metal, and to characterize the semiconductor-
metal interface, we calculate the band alignment or band
offset at this interface. In the Schottky-Mott limit, the band
alignment of two materials is simply the difference between
the metal work function and semiconductor band edge.
Local-density functionals, like the PBE GGA used in the
present work, notoriously underestimate the band gap,
mostly attributed to a too-low-lying conduction band, so
we focus on the alignment of the valence-band edge ey
and metal work function (Fermi level) E. We calculate the
(p-type) Schottky barrier height ¢, as [41,42]

¢p :EF_SVBM_A‘:/' (1)

Here, AV is the change in average electrostatic potential
across the interface (positive, if higher on the semicon-
ductor side), calculated using the macroscopic averaging
method [43-45]. Er and eygy are given referenced to the
average electrostatic potentials of the respective (strained)
bulk materials. For a Schottky-type connection, 0 < ¢, <
E, (E, is the semiconductor band gap); otherwise, the
connection is Ohmic.

III. BULK MATERIALS

GaN is a direct-gap semiconductor that exists in both
wurtzite and zinc-blende phases, wurtzite being the ground-
state structure. Both structures are wide-gap semiconduc-
tors with similar properties; the zinc-blende phase has a
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(a) Schematic representation of the slab of the 7/7 model of the rocksalt-zinc-blende (011) interface and (b) the (011) layers of

the rocksalt and zinc-blende structures. The shaded region of (a) indicates the slab unit cell. L and a;, are the slab width and the in-plane

lattice parameter, respectively.
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TABLE 1. Lattice parameter a, elastic constants C;;, C;,, and
Cyy, and the bulk modulus B calculated for (zinc-blende) GaN
and GdN.

GaN GdN
a 459 A 5.11 A

B 180 GPa 138 GPa
Ch 255 GPa 274 GPa
Ch 143 GPa 69.5 GPa
Cu 173 GPa 108 GPa

slightly smaller band gap of approximately 3.3 eV than
the wurtzite-phase band gap of approximately 3.4 eV. Our
calculation gives a gravely underestimated band gap of
1.47 eV due to the well-known local-density approximation
(LDA) error. The lattice constant of a = 4.59 A as well as
elastic constants as shown in Table I are well in agreement
with available experimental and calculated values (see, e.g.,
Refs. [46—49] and references therein).

GdN is a ferromagnetic indirect-band-gap semiconductor.
We find an equilibrium lattice parameter of a = 5.11 A;
the (unstrained) band structure calculated at this equilibrium
is given in Fig. 2. Initially, there was much controversy
of whether GdN is a semimetal with small band overlap
(half-metallic ferromagnet), a zero-gap semiconductor,
or a finite-gap semiconductor. Much of this controversy
is caused by the band-gap error of local-density approx-
imations, which erroneously predicts a half-metallic band
structure. Experimentally, GdN is a semiconductor [12,13],
and correcting the band-gap error by onsite +U corrections
on Gd d and f electrons [13,35-37] predicts a ferromagnetic
semiconducting band structure as shown in Fig. 2. The
valence-band top is at I', and the conduction-band bottom
at X. The bands are spin polarized, so majority (+)
and minority (—) spin components have different gaps
Epx, =0.28¢eV (0.12 eV) and Epy =1.06eV (1.25 eV);
the direct X-X gaps are Egap . =0.66 eV (0.57 eV) and

Efbfap, =1.29 eV (1.39 eV)—the values given in paren-

theses are those calculated by Larson and Lambrecht [35],
well in agreement with the present work.

3

Energy (eV)

r X w

FIG. 2. GdN band diagram. The solid (red) and dashed (blue)
lines denote majority and minority spin components, respectively.
The valence-band top is set as zero energy.

The elastic constants and bulk modulus calculated for
GdN are given in Table 1. These agree well with those
given by Mankad et al. [50] despite the fact that their
ground-state structures are metallic due to the band-gap
error in their local-density functional. This confirms that
the elastic properties of GAN are not that sensitive to band-
gap errors or even to the qualitatively different electronic
structures (metal vs insulator). GAN does not exhibit
transitions from low to high spin states or other dramatic
changes in electron structure that will require special
corrections, such as, e.g., position- or strain-dependent
+U corrections [51-53]. We follow by investigating how
the band structure of GdN evolves under hydrostatic and
epitaxial strain.

Figure 3 shows that upon small hydrostatic compression
(—8% < 6 < —4%) GdN becomes a semimetal with zero
band gap. Upon compression, the valence bands are shifted
to higher energies. The shift is not rigid; i.e., the con-
duction-band bottom at X is lowered with respect to the
valence-band top, and at the same time, the valence-band
shoulder at X is shifted upwards in energy, closing up the
direct gap Efg(ap _, until at a compression of approximately
8% or more, the X gap closes up [Fig. 3(b)]. Notice that the
gap is closed up only for the majority spin component; i.e.,
the band structure is half-metallic. Hydrostatic expansion,
on the other hand, opens up E’g‘ap, but a conduction-band
local minimum at I' approaches the valence-band top, as
seen in Fig. 3(c). These trends in band structure due to

L r X w

FIG. 3. GdN band structure under hydrostatic strain of
(a) 6 = —4%, (b) 6 = —8%, and (c) 6 = +8%. The solid (red)
and dashed (blue) lines denote majority and minority spin
components, respectively. The highest-occupied electronic state
(valence-band top for semiconductor, Fermi energy for metal) is
set as zero energy.

054009-3



TOSHIYA KAGAWA AND HANNES RAEBIGER

PHYS. REV. APPLIED 2, 054009 (2014)

, (@) (001): 8 = +8%, 7 = -35%

(b) (011): & = +8%, y = -2.7% (©) (111): 8 = +8%, y = -3.8%

r zZr - F
(f) (111): 6 = -8%, y= +3.9%

Energy (eV)

r zZr F

(h) (011): 5 = =10.1%, y = +6.8%

(i) (111): 5= =10.1%, y= +5.1%

“x r ZT

r zZr F

FIG. 4. GdN band structure under biaxial strain. Tensile and compressive stress of of § = +8%, —8%, and —10.1% in (001), (011),
and (111) orientations with perpendicular distortion y as indicated in panels (a)—(i). Legend and energy scale as in Fig. 3.

hydrostatic strain are qualitatively similar as shown by
Duan et al. [18], albeit the conclusions are strikingly
different. Duan et al. predicted a metallic ground state
for GdN (due to the LDA error) and show that hydrostatic
expansion opens up the gap to form a half-metal, semi-
metal, or semiconductor. Our ground state is semiconduct-
ing, and we show that compression closes up the gap,
making GdN a half-metal. The upshot is that such com-
pression can be achieved by epitaxially growing GdN on a
substrate with a smaller lattice constant, albeit that gives
biaxial strain rather than isotropic strain.

We consider biaxial strain for the (001), (011), and (111)
orientations. We fix the in-plane lattice parameter to a
value strained by o, with positive and negative 6 meaning
tensile and compressive strains, respectively. When strain
is applied biaxially, a perpendicular relaxation also takes
place: tensile (compressive) strain of (+)5 yields compres-
sion (expansion) of (F)y in the perpendicular direction.
The relation y/5 is well described by &= lz—fy with the
relatively small Poisson ratio of v ~ 0.2 (in agreement with
Duan et al. [18]).

The biaxially strained band structures for the (001),
(011), and (111) orientations are given in Fig. 4. The effects
are essentially the same as described above for the isotropic
strain: tensile strain opens up the gap, whereas compressive
strain closes the gap and turns GdN into a half-metal.
However, due to the strain, the symmetry of the Brillouin
zone has changed, which may lead to different (anisotropic)
conductive properties than in the isotropically strained
system. Upon biaxial strain in the (001), (011), and
(111) directions, the unit cell becomes body-centered

tetragonal, body-centered orthorhombic, and rhombohe-
dral, respectively. For (001) strain, we have four equivalent
X and two Z points corresponding to the six equivalent X

: : . X
points of the unstrained system; here, only the Eg,, closes

up, leaving a small direct band gap Egap, which may limit
conductivity perpendicular to the interface. For (011)
strain, both EL,, (fourfold symmetry) and E%, (twofold
symmetry) close up individually, and for (111) strain, the
closing of Egap (sixfold symmetry) is as discussed above
for the isotropic strain. Interestingly, the valence-band spin
splitting for GdN biaxially compressed in the (001) and
(011) directions seems to be inverted at the fourfold X
and T points, respectively. Nonetheless, there is still a gap
for minority spin bands at these points, and even at
0 =—10.1%, we expect half-metal behavior. However,
larger compression is likely to induce a transition from
half-metallic to a metallic (ferromagnetic) phase.

IV. GAN/GaN (011) INTERFACE

The lattice mismatch between GdN and zinc-blende GaN
for our optimized structures is 6 = —10.1%. Compressing
the GdN biaxially to match the GaN lattice gives an
expansion of y =6.8% in the perpendicular direction,
which yields a separation of 1.93 A between the GAN
(011) layers. The separation between the GaN (011) layers
is 1.62 A. We carry out calculations for 7/7, 9/9, and
11/11 interface slabs, and find that the layer separations in
both GdN and GaN regions farthest away from the interface
correspond to the biaxially strained bulk values within
+0.01 A; i.e., all slabs considered are sufficiently large to
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(a) slab snapshot
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FIG. 5. (a) Snapshot of relaxed GdN/GaN interface.
(b) Schematic illustration of slipping parallel to the interface;
cf. “ideal interface” in Fig. 1(a). Purple, green, and gray spheres
represent Gd, Ga, and N atoms, respectively.

reproduce bulk strain properties far away from the inter-
face. Unless otherwise stated, the results and data presented
henceforth are calculated for the 9/9 slab.

Both zinc-blende and rocksalt structures are based on fcc
sublattices for both anions and cations. Thus, in principle,
the nitrogen sublattice can be perfectly continuous across
the interface. However, as seen in Fig. 5, the lattice planes
are slipped parallel to the interface by about 15% of the
GaN lattice constant (approximately 0.7 A), which is larger
than the 10% slipping at the GaAs/ErAs (011) interface
[23]. We follow by evaluating real-space band structures
and band lineups.

To visualize the real-space band structure across the
interface, we evaluate the real-space density of states
p(z; E) projected onto the normal direction z of the inter-
face [54—61]. This projection is calculated for majority and
minority spins ¢ = &£ as

po(zi) = [ [ dsas i MPOE =), (@)

Energy (eV)

| [¥imorty spn |

8 6 -4 -2 0 2 4 6
Perpendicular distance (A)

[(1190 A8)/e-0L] SetelS Jo AlsueQ

FIG. 6. Band profile perpendicular to the (011) GdN/GaN
interface. Fermi energy is set as zero energy. The interface
is at 0 A; GAN and GaN layers are on the negative and
positive sides, respectively. Density-of-states values p(z; E) >
1073 states/(eV cell) are truncated (yellow area).

3T
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FIG. 7. Electrostatic potential and Schottky barrier evaluation.
The planar electrostatic potential (red line) exhibits lattice plane
oscillations, which are filtered out by macroscopic averaging
(blue line). The GAN E; and GaN eypy are evaluated with
respect to the average electrostatic potentials of (strained) GAN
Vgan and (unstrained) GaN Vg, respectively.

Here, v, and ¢;, are Kohn-Sham orbitals and eigenvalues,
respectively, and S is the cross section of the slab supercell.
p+(z;E) and p_(z;E) shown in Fig. 6 show that for
majority spin, the band gap closes immediately at the
interface, whereas the minority spin bands maintain a band
gap; i.e., GAN recovers its bulk properties almost immedi-
ately (first ML) away from the interface. GaN recovers its
bulk band structure more smoothly, but at four to five ML
(>6 A) away from the interface, GaN recovers its GGA
band gap. Despite the strong spin polarization (half-
metallic behavior) of GdN, there is no noticeable spin
polarization of GaN. Thus, both materials maintain their
bulklike magnetizations. The Fermi energy (set as zero in
Fig. 6) is inside the GaN band gap, so based on the band
profile, the interface exhibits a Schottky connection. Notice
that Fig. 6 shows the spatial region where electronic states
exist [p(z; E) # 0] but not necessarily gives an accurate
estimate of Schottky barrier heights. Far away from the
interface, p(z; E) does converge to the bulk density of
states, but its convergence is much slower than that of
the charge density, and using p(z; E) to estimate Schottky
barrier heights will require larger slabs and a larger k mesh
for Brillouin-zone sampling [56].

We calculate the Schottky barrier height of ¢, =
1.19 eV using Eq. (1), as shown in Fig. 7, where Ep
and eypy are evaluated from the strained (6 = —10.1%)
and unstrained bulk calculations of GAN and GaN, respec-
tively. The above ¢, is calculated for the 9/9 slab, and
for final confirmation of slab convergence, we evaluate
¢, =123¢eV and ¢, = 1.20 eV for the 7/7 and 11/11
slabs, respectively. Spin-orbit coupling effects neglected
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here lead to an uncertainty in this numerical value, but we
expect the effect to be in the order of approximately 0.1 eV
here [62]; many-body corrections may lead to a further
uncertainty (of similar magnitude) to the GaN valence-band
edge, as the GGA band-gap error is mostly due to a too-
low-lying conduction band (see, e.g., Refs. [30,38,63]).
Thus, we may safely conclude that the GAN Ej is in the
middle of the GaN band gap, and the n-type Schottky
barrier can be evaluated as ¢, = E,,, — ¢, ®# 2.1 €V using
the experimental value for the GaN band gap.

The GdN Fermi level with respect to Vggy is 5.09 and
5.07 eV for systems strained in the (001) and (111)
directions with 6 = —10.1% corresponding to the GaN
host, i.e., nearly the same as for the (011) strained value of
5.05 eV. Thus, any significant difference to ¢, = 1.19 for
different orientations can be due only to the band lineup
AV. The bonding and polarity and interface relaxations
differ for the different interface orientations, and AV is
not likely to be constant. For the ErAs/GaAs system, the
Schottky barrier differs by approximately 0.2 eV for (001)-
and (011)-oriented interfaces [23], which may indicate
the order of magnitude of differences AV in the different
orientations. Thus, we may safely assume that also
the (001)- and (111)-oriented interfaces are Schottky
connections.

V. CONCLUSION

We present a first-principles calculation of the (011)
GdN/GaN interface together with a study of GdN under
isotropic and epitaxial strain. We first show that unstrained
GdN is a ferromagnetic indirect band-gap insulator, which
under compressive strain exhibits a transition to a half-
metal state. This transition occurs under both isotropic and
biaxial compressive strain in (001), (011), or (111) direc-
tions, and the threshold strain for this transition lies in the
range 6 = —4%,...,—8% for isotropic strain; biaxially
strained GAN with strain greater than 6 = —8% is a half-
metal regardless of strain direction. In particular, GdN
biaxially strained by 6= —10.1% exhibits half-metal
properties, which corresponds to the lattice strain of
nanoislands or thin films of GdN deposited on GaN
substrates.

We carry out detailed calculations of the (011) GAN/GaN
interface, which we find to exhibit a Schottky connection
with the GAN Fermi level (work function) 1.19 eV above the
GaN valence band, i.e., Schottky barrier of ¢, = 1.19 V.
Assuming that differences in band lineup for other interface
orientations are not larger than this Schottky barrier, also the
(001) and (111) interfaces will be Schottky connections,
albeit with a slightly different Schottky barrier. Despite the
half-metallic ferromagnetism of GdN, spin polarization of
GaN at and away from the interface is negligible. GdN
recovers its (strained) bulk properties already in the first or
second layer next to the interface, and GaN becomes
bulklike at four to five ML (>6 A) away from the interface.

The interface inherently behaves as a rectifier and may also
be useful for spintronics applications.
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