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a b s t r a c t

A combination of two first-principles electronic structure calculation methods in the framework of
density-functional theory was applied to investigate the (001) a-Al2O3 surface reconstruction and its
structural, electronic, magnetic, and hyperfine properties when doped with Cd impurities at different
depths from the surface. The SIESTA approach was used to obtain the equilibrium positions of all atoms
and the Full-Potential Augmented Plane Wave plus local orbital (FP-APW+lo) method was employed in
order to obtain the electronic structure at these equilibrium positions and all the other physical proper-
ties. For the most stable (001) a-Al2O3 surface, we have demonstrated that the inclusion of the Cd atom
at substitutional Al sites at and near the surface produces a ground state magnetic behavior. The largest
principal component V33 of the electric-field-gradient (EFG) tensor at the Cd atom localized just above the
a-Al2O3 terrace showed the same [001] orientation and a dominating p-character as Cd does when it is
localized at bulk a-Al2O3, but exhibits an anomalous V33 magnitude four times larger than its value in
bulk. Just below the surface, the non symmetric structural relaxation around the Cd impurity is respon-
sible for the strong change in the asymmetry, magnitude, and orientation of the EFG tensor. The changes
in the hyperfine properties have been correlated with the modifications observed on the electronic
charge density at the different Cd sites and on the p-states of the Cd-projected partial density of states.
Accordingly, the significant differences on the hyperfine parameters showed for different depths suggest
that 111Cd probe-atoms used in Perturbed c–c Angular Correlation experiments could be used for eval-
uating geometrical and electronic distortions, particularly for positions quite close to the reconstructed
surface, as well as contributing to studies of growth, adsorption, and diffusion of atoms in oxide surfaces
and interfaces.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

The behavior of structural and electromagnetic properties as
long as one approaches surfaces and interfaces is fundamental to
get insight of the interatomic interactions present at these partic-
ular boundary conditions. The surface of a-Al2O3, and in particular
its (001) surface, is a major interface because of its extensive use
as substrates in microelectronics, spintronics [1,2], ultrathin tech-
nology [3,4] and, more recently, as substrate in superconducting
qubit devices [5]. Related with the use of Al2O3 substrates in qubit
devices for quantum computation applications, recent important
investigations were driven to unravel the origin of the magnetic

noise present in real samples, in order to passivate it [5]. In partic-
ular, the capability to passivate the magnetic noise in qubits sys-
tems based on (001) a-Al2O3 surfaces doped with metallic
impurities at different depths should be investigated from
first-principles. Therefore, the surface reconstruction and the
understanding of the behavior of the alumina surface properties,
in pure and as well as in doped systems, are relevant in both basic
and applied physics.

One way to obtain physical information at the atomic scale in
solids (among other systems) is to study hyperfine properties of
suitable probe-atoms in the material under consideration. The
magnetic hyperfine interactions at surfaces are important to
understand the exchange interactions, whereas the
quadrupole-electric hyperfine interactions are very sensitive to
local electronic and structural modifications of the probe-atom
neighborhood. Particularly, the electric-field-gradient tensor
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(EFG) at a given atom is a physical quantity strongly dependant on
subtle variations of the electronic charge density anisotropy
around the atomic nucleus (since the EFG depends on the distance
from the source charges as r�3). In effect, their components

Vijð~rÞ ¼ @2Vð~rÞ
@xi@xj

are defined as the second derivate, with respect to

the spatial coordinates, of the Coulomb potential Vð~rÞ originated
on the electric charges neighboring the nucleus. Since the EFG ten-
sor is traceless in its principal axes system, it can be completely
defined by only two quantities: V33 (its largest principal compo-
nent, using the standard convention |V33| P |V22| P |V11|) and the
asymmetry parameter g ¼ ðV11 � V22Þ=V33. In single crystalline
samples the direction of the EFG tensor, defined as the orientation
of the principal axes system with respect to the crystalline axes,
can also be measured.

Experimentally, many hyperfine techniques [6,7] have been
widely applied to nuclear condensed-matter physics in order to
investigate at the atomic level, electronic, magnetic, and structural
properties in both pure and doped systems, mainly in bulk [8].
Particularly, the subnanoscopic environment characterization of
native or impurity atoms in solids can be obtained employing the
Time-Differential Perturbed c–c Angular Correlations (TDPAC)
spectroscopy [9–12], through the precise determination of the
EFG tensor that it provides at diluted (ppm) suitable radioactive
probe-atoms.

In the case of surfaces, Körner et al. [13] and Klas et al. [14–16]
were the first to perform a detailed experimental TDPAC study of
the EFG tensor at 111Cd atoms located at the surface of metallic
indium and copper, respectively, showing the potential of this
technique to study surfaces through the characterization of the
EFG tensor.

Nowadays, the EFG can provide valuable information about the
studied system (structural deformations, localization and charge
state of defect centers and impurities, character of impurity levels,
etc.) confronting its experimental determination with very accu-
rate EFG theoretical predictions [10,17–19], using all-electron
(AE) ab initio electronic structure calculations in the framework
of the density functional theory (DFT) [20,21].

As previous steps to the present work, we studied the struc-
tural, electronic, and hyperfine properties of isolated Cd atoms
in bulk a-Al2O3 [18], and the local environment of reconstructed
pure (001) a-Al2O3 surface [22]. Here, we present a detailed the-
oretical ab initio study for determining structural, electronic, mag-
netic, and hyperfine properties of isolated Cd impurities located at
and near the (001) a-Al2O3 surface (at substitutional Al cationic
sites), i.e., as a function of the Cd’s depth with respect to this
surface.

In one of the previous works we successfully employed two
ab initio methods with different basis set (the Full-Potential
Augmented Plane Wave plus local orbital (FP-APW+lo) method
and a linear combination of numerical localized atomic-orbitals
basis set, implemented in WIEN2k and SIESTA packages, respec-
tively) for the understanding of the reconstruction of pure
a-Al2O3 (001) surface [22]. In order to determine the electronic,
magnetic, and hyperfine properties in the doped surfaces, we cal-
culated the EFG using the FP-APW+lo method at the equilibrium
atomic positions predicted by SIESTA since, as we showed in Ref.
[22] for the pure surface, this method predicts final equilibrium
structures with comparative lower energy than those predicted
by the FP-APW+lo method.

Now, understanding the surface reconstruction and obtaining
relevant electronic properties in the presence of Cd impurities,
allow us to demonstrate the importance of this extremely sensitive
local probe. Particularly, for evaluating electromagnetic and struc-
tural properties in the proximity of the Al2O3 surface.

2. Methodology

Following an analogous procedure for the study of the pure
(001) a-Al2O3 surface [22], we started with the bulk a-Al2O3 unit
cell in its hexagonal representation according to the R-3 c H space
group using the following cell and internal parameters: a
= 4.75999(3) Å and c = 12.99481(7) Å [23], u = 0.35219(1) and v
= 0.30633(5) [23]. According to this, each aluminum atom presents
six nearest oxygen neighbors (ONN), three of them located at
1.854 Å (O1) and the rest located at 1.972 Å (O2).

The (001) surface was modeled using the slab approximation,
utilizing a standard unit cell and introducing vacuum along the
[001] direction, see Fig. 1(a). A vacuum region of 14 Å probed to
be sufficient in order to avoid interaction between adjacent
images. The selected surface termination used as a starting point
of all our calculations corresponds to the most stable optimized
pure surface as determined in our previous work [22], which is
in agreement with X-ray diffraction [24] and ion-scattering exper-
iments [25,26]. In order to simulate an isolated impurity, a Cd atom
replaces one of the Al atoms localized at the lattice sites shown in
Fig. 1(b)–(g), obtaining a cationic impurity dilution of 1:12. In Ref.
[18] we showed that this dilution is sufficient to simulate a Cd iso-
lated impurity in bulk a-Al2O3. Thus, this dilution warrants the
absence of undesired Cd–Cd interactions, in bulk as well as in the
slab geometry, in order to be closer to the conditions of diluted
probe atoms used in hyperfine experimental techniques. The Cd
atom was located at the different Al cation sites shown in Fig. 1,
varying the Cd depth from the surface. From here on we establish
the following notation for the Cd-doped systems in the (001)
a-Al2O3 surface: Al2O3:Cd1 (Fig. 1(b)), when the Cd atom replaces
the topmost Al atom, whereas Al2O3:Cdi (i = 2–6), when the Cd
atom replaces the corresponding Al atoms as we move away from
the surface into the bulk (Fig. 1(c)–(g)).

Two different first-principles DFT implementations were
selected in order to get the full geometrical reconstructions for
the studied systems. The WIEN2k code [27] implements the
FP-APW+lo method [28,29]. In this case the wave functions are
expanded in spherical harmonics into non-overlapping spheres,
and plane waves in the interstitial region. The spheres are delim-
ited by the so-called muffin-tin radii (RMT), and we selected for
Al, O, and Cd the following values: 0.87, 0.85, and 1.10 Å, respec-
tively. We used 32 k-points for the sampling of the irreducible
wedge of the Brillouin Zone, using the tetrahedron method. The
size of the basis is controlled by the RMTKmax value, set to 7.0 in
our case. The Vii elements of the EFG tensor were obtained for each
atom in the final optimized geometries. These elements were
obtained from the V2M components of the lattice harmonic expan-
sion of the self-consistent potential [30]. The exchange and corre-
lation (Exc) effects were treated using both the local-density
approximation (LDA) [31] and the generalized gradient approxima-
tion (GGA). In particular for GGA we use the Perdew–Burke–Ernz
erhof (PBE) parametrization [32]. The results obtained from both
potentials probed to follow similar trends, for that reason we
decided to present here just the results from GGA-PBE
Exc-potential.

The SIESTA code [33–35] uses a linear combination of numerical
localized atomic orbitals for describing the valence electrons, and
norm-conserving non-local pseudopotentials for the description
of the atomic core. The pseudopotentials were obtained following
the Trouiller and Martins scheme [36]. We used a split-valence
with double-f basis set, including polarization orbitals in all the
atoms. The real-space extension of the numerical orbitals was
determined from an energy confinement of 50 meV. We selected
PBE-GGA for the description of the Exc-potential [32]. The charge
density and wavefunctions is projected in a real-space grid, as
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