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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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Fig. 1. Super-cells (equilibrium structures) used in the APW+lo calculations of (a) (001) pure a-Al2O3 surface and (b)–(g) Al2O3:Cd1-Al2O3:Cd6, respectively. In all cases the
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atom is identified as a red sphere. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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obtained from an equivalent plane-wave cutoff of 400 Ry. All the
atomic positions were fully relaxed using a conjugate-gradient
algorithm selecting a tolerance value for the forces of 0.02 eV/Å.
The full Brillouin Zone was sampled with a Monkhorst Pack grid
[37] of 10 � 10 � 1. All these parameters ensure the convergence
of both forces and total energy.

As mentioned before, SIESTA is a numerical and localized
basis-set code, that allows performing faster geometrical optimiza-
tions when comparing with all-electron and planewaves-basis-set
codes such as WIEN2k. This is true even in the case of
no-symmetry, just considering the translational symmetry pro-
vided for the P1 crystallographic space group. However, since an
important aim of this work is the determination of the EFG tensor,
a pseudopotential-based program (such as SIESTA) is not able to
account for this property. Hence, the EFG tensor is obtained using
WIEN2k for the most stable structures obtained with SIESTA.
3. Results and discussion

In order to investigate whether the presence of Cd impurities
localized at or below the surface produces a magnetic behavior,
in opposition to the case of the pure surface or Cd-doped bulk
Al2O3, we have calculated both the non spin-polarized and
spin-polarized Cd-doped surface reconstruction. Both calculations
predict basically the same relaxed final equilibrium atomic
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Table 1
Cd–O1 and Cd–O2 bond-length and Cd displacement (in Å) for Al2O3:Cd1–6 systems
and Cd-doped bulk a-Al2O3. The + (�) sign indicates that the Cd displacement (from
the Al position in the reconstructed pure a-Al2O3 surface) is outward (inward)
towards (from) the surface along the [001] direction.

d Cd–O1 d Cd–O2 Cd displ.

Al2O3:Cd1 2.11 – +0.78
Al2O3:Cd2 2.09 2.23 +0.25
Al2O3:Cd3 2.15 2.24 �0.04
Al2O3:Cd4 2.14 2.30 +0.24
Al2O3:Cd5 2.13 2.35 �0.08
Al2O3:Cd6 2.13 2.33 +0.20
Al2O3:CdBulk 2.07 2.26 –
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positions but, as we will discuss below, the ground state for the
doped surface is the spin-polarized solution.

In Fig. 1 we show the final equilibrium structure for all the cases
studied here. Besides the expected Cd–ONN bond-length relax-
ation already observed in many Cd-doped binary oxides, the Cd
atom is displaced along the [001] direction: while the Cd impurity
in Al2O3:Cd1 moves outwards from the surface, the rest move
towards the surface, with the exception of the Al2O3:Cd3 and
Al2O3:Cd5 systems in which the Cd atom is displaced towards the
bulk. This apparently strange ‘‘up and down’’ behavior along the
z axis of the Cd impurity relaxation (which is better appreciated
in Fig. 2) is in fact correlated with the corundum crystalline struc-
ture, i.e., the Cd atoms moves always towards the O1 plane for each
depth position (with exception of Cd1, due to the broken of the
crystal symmetry at the surface).

As expected, the reconstruction of the surface terrace as the Cd
impurity moves away from the surface towards the bulk tends to
that predicted for the pure a-Al2O3 [001] surface [22]. The final
Cd–O1 and Cd–O2 bond-lengths and the displacement of the Cd
impurity along the (001) axis are shown in Table 1 and Fig. 2. In
this figure, the depth of the Cd atoms is referred to the position
of the topmost Al atom in the pure optimized surface (Fig. 1a).
The horizontal dashed lines are the positions of the native Al atom
(replaced by the Cd atom) along the [001] axis in the pure surface.
The largest displacement of Cd is obtained in the Al2O3:Cd1 case,
were the topmost Cd atom moves around 0.7 Å outwards from
the surface. As can be observed in Fig. 2, the Cd–O1 and Cd–O2
bond-lengths tend to their values in Cd-doped bulk a-Al2O3, but
for a depth of around 5 Å they are still slightly larger. It is worth
mentioning that in the pure surface system the Al–O1 and Al–O2
bond-lengths are almost converged to the bulk values at this
depth. As in the bulk case, the Cd–ONN bond-lengths after relax-
ation tend to the Cd–O distances corresponding to the most stable
cadmium oxide, CdO (dCd–OCdO = 2.35 Å, solid (red)1 vertical line in
Fig. 2). It is noteworthy that, in the case of the doped surface, the Cd–
O2 bond-length localized at about 3–5 Å from the surface is closer to
the Cd–OCdO bond-length than in the case of the doped bulk case. It
is possible that in the Al2O3:Cd5 and Al2O3:Cd6 systems the ONN of
the Cd impurity present lower structural constraints to relax (com-
pared to those located into the bulk) due to the proximity of the
surface.

In Fig. 3 we plot the total energy for all the systems studied at
relaxed final equilibrium positions for spin-polarized calculations
as a function of the depth of the Cd atoms from the surface, along
the [001] direction. As we can see, the lowest energy corresponds
to the Al2O3:Cd1 case, i.e., when the Cd atom is located at the top-
most substitutional Al site, which can be considered as a surface Cd
deposition. In the rest of the cases the energy increases, and this
behavior could be attributed to the induced stress in the Cd substi-
tution that cannot be totally remove in the relaxation process. This
effect could be partially compensated as we move inwards from
the surface having the bulk-like relaxation behavior.

As mentioned before, the ground state of the Cd-doped surface
is the spin-polarized solution when the Cd atom approaches to the
surface, except for Al2O3:Cd2 for which it is not possible to deter-
mine the ground state solution since the energy difference
between magnetic and non-magnetic calculations is negligible.
As we move into the bulk, both spin- and non spin- polarized cal-
culations tend to the same total energy. In the case of the deepest
Cd atom (Al2O3:Cd6 system) both energies are the same, as occurs
for Cd atoms located in bulk a-Al2O3 [18], and as suggested by the
results coming from TDPAC experiments in 111Cd-doped bulk
Fig. 3. Total energy for all the systems studied at relaxed final equilibrium positions
as a function of the depth of the Cd atom from the surface, along the [001]
direction. The Z = 0 Å is the position of the topmost Al atom in the (001) pure a-
Al2O3 optimized surface.

1 For interpretation of color in Fig. 2, the reader is referred to the web version of
this article.
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a-Al2O3 [38,39], in which magnetic hyperfine interactions were not
observed. It is interesting to note that the magnetic behavior that
appears for Cd at the a-Al2O3 (001) surface is not present in pure
surface. This could be understood in terms of the presence of local-
ized states originated in under-coordinated nearest oxygen neigh-
bors of the Cd atom localized near the surface, which are prone to
be polarized in order to obtain a slight energetic stabilization of the
system. In order to clarify this point we compare in Fig. 4 the den-
sity of states (DOS) and the atom-resolved partial density of states
(PDOS) of the pure a-Al2O3 and Al2O3:Cd1 (001) surfaces. The
energy band gap in the pure surface is �1.5 eV smaller than the
band gap in pure bulk a-Al2O3 (6.2 eV) [18], in agreement with
the results of Ref. [5]. As we can see in Fig. 4(b and d), the presence
of the Cd atom in the Al2O3:Cd1 system introduces sharp electronic
Cd states at the bottom of the valence band and induces and polar-
izes acceptor O1 states at the top of the valence band. For the rest
of the systems (Al2O3:Cd2–6), the polarization is produced over
both O1 and O2 states, contributing each type of oxygen atom with
different relative weights on the appearance of the magnetic
moment (see Fig. 5, on the right). It is interesting to see the
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behavior of the DOS as a function of the Cd depth from the surface.
It is noteworthy to mention that DFT at the GGA level
sub-estimates the value of the energy gap but, for comparison pur-
poses, the methodology is valid and allow us to obtain trends along
all the Cd substitutions [18]. The presence of the topmost Cd atom
at the surface introduces empty O1 states in the middle of the band
gap, reducing it to �1.9 eV. This band gap is enlarged as long as the
Cd atom moves from the surface into the bulk, obtaining for
Al2O3:Cd6 a band gap of 4.0 eV, around 20% smaller then the band
gap of Cd-doped bulk a-Al2O3 [18]. This behavior is due to the dis-
placement of O1 and O2 empty states, introduced by the presence
of the Cd atom near the surface, towards the conduction band and
the displacement of the acceptor impurity levels towards inside
the top of the VB, as Cd moves into the bulk. The difference
between the band gap energy of doped bulk a-Al2O3 and
Al2O3:Cd6 system is due to the difference already present between
the band gap of the bulk and the surface in the pure system.

The behavior of the different contributions of Cd and ONN
atoms to the total magnetic moment of the cell, which is 1.0 lB

for all the doped systems studied here, is presented in Fig. 6. In
Cd-doped bulk a-Al2O3 the total magnetic moment of the cell is
also 1.0 lB, although the spin-polarized configuration is not the
ground state [18]. The magnetic moment is in all cases mainly
localized at the oxygen nearest neighbors to the Cd atom and in
lesser extent (�10%) at the Cd site, with the exception of the top-
most Cd atom case in which 90% of the magnetic moment of the
cell is localized only at the three O1 atoms. As long as the Cd atom
moves from the bulk to the surface, the magnetic moment
becomes more localized at the O1 and O2 atoms. The sum of the
rest of the contributions to the magnetic moment of the cell is
around 10% at the surface and increases up to �20% at 6 Å from
the surface (difference between black squares and open circles in
Fig. 6).

The predicted largest principal component V33 and the asym-
metry parameter g of the EFG tensor are shown in Fig. 7. In it, over
each V33 data point, an arrow indicates the V33 orientation with
respect to the [001] crystal axis, being a vertical arrow parallel
to this direction. As we can see for the topmost Cd atom, V33 is
along the [001] direction, i.e., perpendicular to the surface. For
the Al2O3:Cd2 and Al2O3:Cd3 systems, V33 is tilted with respect to
the [001] direction and it recuperates the bulk [001] direction
for deeper positions of the Cd atom.

When Cd moves away from the surface into the bulk
(Cd2 ? Cd5–6), V33 tends to values slightly lower than bulk doped
ones (dashed horizontal line). These relative lower values are in
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optimized surface. The 3-fold multiplicity of O1 and O2 atoms has been considered.
The horizontal dashed lines (on the right) show the partial contributions (in color)
to the total (grey) magnetic moment of the cell for Cd-doped bulk a-Al2O3. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
agreement with the slightly larger Cd–ONN bond-lengths in
Al2O3:Cd5 and Al2O3:Cd6 in comparison to the bulk doped system.
This is due to the r�3 dependence of the EFG, demonstrating the
extremely sensitivity of this physical quantity to sense local struc-
tural distortions. Particularly, for the topmost Cd atom, the calcu-
lations predict axial symmetry (g = 0), as in bulk Cd-doped Al2O3.
In Al2O3:Cd1, it is important to mention that Cd presents only three
nearest oxygen neighbors (O1) that relaxes in a symmetrical way,
even though the structural optimization process in our procedure
is not constrained by the symmetry imposed by the crystal struc-
ture (opposite to what occurs in other codes as, e.g., in Wien2k),
enabling the prediction of g values different from zero. In some
metal (e.g., Cu, In) and semiconductor (e.g., Si) free surfaces, V33

was experimentally determined applying the TDPAC method at
(111In?)111Cd atoms landed on their surfaces, being its direction
perpendicular to the surface (as in our predictions for the topmost
Cd atom), fact that occurs even for different surfaces studied in the
same compound [13–16,40]. In addition, and more impressive in
the case of 111Cd-doped metallic In thick film obtained by
(111In?)111Cd evaporation/deposition in ultra high vacuum
(UHV) conditions, the V33 value measured at 111Cd atoms located
at the surface is approximately 4 times larger than the value mea-
sured in bulk [13], in perfect agreement with our theoretical pre-
diction, V33(Al2O3:Cd1)/V33(Al2O3:Cd bulk) = 3.8 (see Fig. 7). In the
case of the (110) Cu surface, the experimental V33 measured at
111Cd atoms localized at substitutional terrace sites with respect
to that determined at the subjacent 2nd and 3rd monolayers are
about a factor of 1.6 and 8, respectively [16]. It should be noted
that the bulk EFG in Cu vanishes due to its high lattice symmetry;
hence a direct comparison of V33 values at surface and bulk sites is
not possible.

Regarding the asymmetry parameter behavior near the surface,
the abrupt increase in its value for Al2O3:Cd2 and Al2O3:Cd3 could
be due to the fact that at these Cd atomic positions the ONN atoms
(principal responsible for changes in the EFG at the Cd site) are
bonded (in addition to the Cd atom) to Al atoms with very different
character. For example, in Al2O3:Cd2 (Al2O3:Cd3) the O1 (O2) atoms
are bonded with Al atoms located in the terrace of the surface,
-5
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Fig. 7. Largest principal component V33 and asymmetry parameter g of the EFG
tensor as a function of the depth of the Cd atom from the surface, along the [001]
direction. Z = 0 Å is the position of the topmost Al atom in the pure a-Al2O3 (001)
optimized surface. In both cases, the dashed horizontal line indicates the predicted
values for bulk a-Al2O3.
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whereas the O2 (O1) atoms are bonded with bulk-like Al atoms
(Fig. 1). An increase of the g parameter at the different cation sites
is absent in the reconstruction of the pure a-Al2O3 (001) surface,
where the axial symmetry results to be preserved for all Al sites
[22], even though the SIESTA code, which allows structural
symmetry-breaking, was also applied to obtain the equilibrium
positions of the atoms. The different behavior of the ONN displace-
ments relative to the Cd site in the doped surface, which breaks the
axial symmetry, must have its origin on the strong ONN relaxations
produced by the presence of the impurity itself, fact that is absent
during the atomic structural refinement of the pure surface recon-
struction. All these strong differences in the EFG tensor found for
different positions of the Cd atom above and below the Al2O3 sur-
face could be valuable fingerprints of the 111Cd probe localization
in a real sample. For this reason, the combination of our results
with key TDPAC experiments at surfaces, such as those of Refs.
[13–16,40], could contribute to the understanding at the atomic
level of growth, adsorption, and diffusion of atoms in oxide sur-
faces and interfaces, Al2O3 in particular.
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Regarding the origin of the EFG, the contribution of Cd-p states
to V33 dominates over the d contribution at the Cd1 site. While at
sites Cd2 and Cd3 the p and d contributions to V33 are of the same
order of magnitude (and very much less intense), the p contribu-
tion dominates again over the d contribution for the deeper posi-
tions of the Cd atom, converging to the bulk behavior [18].

In Fig. 8(a) we plotted the electronic charge density correspond-
ing to the impurity states localized at the top of the VB (with ener-
gies from �0.6 to 0 eV, see Fig. 5), qimp(r), for different
representative depths of the Cd impurity from the surface. These
qimp(r) were calculated at the (001) plane that contains each Cdi

atom, being those for Cd2–4 very similar between them and those
for Cd5–6 very similar to the bulk. The more intense bonds point
to the three O1 atoms in all cases, which are closer to the Cd atom
and localized at a parallel plane.

Cd1 makes bonds with the O1 atoms only; this fact could be the
reason for having the most intense bond strength. These bonds
present axial symmetry, in agreement with the null g parameter
and with the V33 orientation normal to the (001) surface predicted
0.04

3

Cd3

Cd3

3 

3 

3 

3 

p of the VB (see text) calculated at (a) planes parallel to the (001) plane, containing
lanes parallel to the (001) plane localized below and above the Cd3 position. On the
01] axis. The dashed (red) lines indicate the relative position along the [001] axis of
nterpretation of the references to color in this figure legend, the reader is referred to
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at the terrace position. One way to roughly evaluate apparent
changes in the EFG tensor is to inspect the relative weights of
the different filled orbital components (pi and di) of the relevant
contributions (p and d) to the EFG. These partial charges are
obtained integrating the different Cd-projected PDOS along the
complete energy range of the valence band (see Ref. [18] for a
detailed description of partial charges calculation). The anomalous
extremely high V33 value found at this site has to be correlated
with a high asymmetry in the partial charges px, py, and pz of these
bonds, since the p-contribution to the EFG is dominant at this Cd
position. In effect, a close inspection to the Cd-projected PDOS of
p-states along the VB shows that px and py are almost equal and
very different with respect to pz (see Fig. 9), giving a high V33

modulus.
The other 3 oxygen atoms near Cd1 are second nearest oxygen

neighbors (ONNN), which are coplanar to the precedent O1 atoms
and a little amount of charge points towards them. These ONNN
atoms are also seen at Cd3, Cd6, and for the bulk, but with a much
less intensity (Fig. 8a).

At Cd2 and Cd3 the asymmetry parameter g is very high and V33

is almost null, even smaller than the bulk value. At these sites the
Cd-projected p-states along the VB are much more equal between
them than in the case of Cd1 (see Fig. 9), in agreement with the
strong decrease of the p-contribution. Also, the p-contribution
has the same order of magnitude than the d one, contributing to
diminish the total EFG at these sites. In these cases, in which the
d-contribution to the EFG is relevant, it is interesting to inspect
with more detail qimp(r) at, e.g., Cd3 (see Fig. 8a, 2nd row), since
in general the impurity levels localized at the top of the VB have
essentially d-character. In this plot the asymmetry in intensity of
the Cd3-O1 bonds is observed, in agreement with the high g
parameter predicted (this parameter reflects the asymmetry in
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Fig. 9. Cd-projected PDOS px, py, and pz for a-Al2O3:Cd1, a-Al2O3:Cd3, and a-
Al2O3:Cd6 systems.
the coordination geometry) and the tilted orientation of V33 with
respect to the [001] crystal axis. In addition, this asymmetry
should modify the relative weights of the partial charges of d-sym-
metry (and also those of p-character), affecting the total EFG, as
shown by the V33 calculation. In this plot (in green) it is also appar-
ent the presence of other bonds, 60� shifted from the Cd–O1 ones.
These bonds could be the images at this plane of the Cd coordina-
tion with the ONNN atoms (coplanar with the O1 atoms) or with
the coordination with the O2 atoms that are in another parallel
plane. To resolve this, in Fig. 8(b) we have plotted qimp(r) at differ-
ent planes parallel to the (001) surface, and very close to the Cd3

atom. When we move towards the O1 atoms, the Cd–O1 bonds
are enlightened, without the green contribution that was shifted
60� from this one. If we move towards the O2 atoms, the Cd–O2
bonds are now only present, showing that the green charge contri-
bution at Cd3 in Fig. 8(a) was the image of the Cd–O2 bonds and
not that of the Cd–ONNN ones. This charge is less intense just
because of the smaller Cd–O2 bond-strength and it disappears in
the first plot (Fig. 8(b), 1st row) because the Cd–O2 bond is concen-
trated nearer the Cd atom than in the Cd–O1 bond.

Finally, the inspection of qimp(r) at Cd6 is very similar to that for
Cd in bulk, with Cd–O1 bonds more intense than the Cd–O2 ones
(see Fig. 8(a)). At this site qimp(r) is again axially symmetric, in
agreement with the prediction of a null g parameter and a V33 ori-
entation parallel to the [001] axis, as in bulk. The magnitude of V33,
as mentioned before, is 4 times lower than that at the Cd1 site. This
can be understood knowing that the p-contribution to V33 is again
dominant, as for Cd1, but at Cd6 and at the bulk case now the
charge density is shared in two different groups of symmetric
bonds, Cd–O1 and Cd–O2, distributing the electronic charge more
homogenously in space, reducing the difference among the p-par-
tial charges, lowering the magnitude of V33. In effect, if we inspect
the p-PDOS corresponding to Cd6 (see Fig. 9), it is evident that they
are all very similar, explaining why the V33 magnitude in Cd6 is
lower than in Cd1.

When evaluating the relative stability of a Cd atom doping this
oxide at different depths from the surface, it is observed that the
most stable configuration corresponds to the superficial doping
(Al2O3:Cd1), as Fig. 3 shows. In this case, most of the strain is con-
centrated at Cd and its ONN atoms. This is not the case for the rest
of the systems, in which the strain is transferred also to next near-
est Al and O atoms. Subsurface doping, i.e. Z > 0 Å, is unfavorable
when compared to surface doping, nevertheless the total energy
decreases as we go deeper into the structure. This result could indi-
cate that superficial Cd atoms will hardly diffuse into the Al2O3

material, but once this energy barrier is jumped (e.g. using ion
implantation), they could diffuse into the bulk under certain exter-
nal physical conditions such as thermal treatments. Considering
the similar electronic configurations of Cd and In, this scenario is
in agreement with the difficulty observed to diffuse
111In(?111Cd) atoms into Al2O3 bulk samples using only thermal
treatments in order to localize 111Cd atoms at substitutional Al
sites [41], in opposition to the efficiency of ion implantation doping
in PAC experiments [38,39]. On the other hand, a Cd atom located
deep enough into the surface (around 5 Å), will hardly diffuse to
the external surface of the Al2O3 slab, even though it can diffuse
rather easily from the bulk towards the surface [41]. It is important
to mention that these statements are just based in relative ener-
gies, and that kinetic aspects have not been considered.
4. Conclusions

Applying a double theoretical approach for the surface recon-
struction and the electronic structure calculation of the (001)
a-Al2O3 surface using SIESTA and the APW+lo method,
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respectively, we have investigated the structural, electronic, mag-
netic, and hyperfine consequences of Cd doping for different
depths of the impurity from the surface.

For the most stable (001) a-Al2O3 surface, we demonstrated
that the inclusion of the Cd atom at substitutional Al sites produces
a ground state magnetic behavior at and near the surface. As long
as the Cd atom goes deeper into the bulk, the energy difference
between polarized and non polarized solutions vanishes as occurs
in the bulk. The total magnetic moment for all depths is 1.0 lB, and
is mainly localized at the O1 atoms for the topmost Cd1 atom, and
at O1 and O2 for the rest of the Cd2-6 positions.

The EFG at Cd1 atom localized just above the a-Al2O3 terrace
showed the same [001] orientation and a dominating p-contribu-
tion to V33 as at Cd substitutional sites in bulk Al2O3, but exhibits
an anomalous V33 magnitude four times larger than the value in
bulk. This change in V33 has been explained in terms of the very dif-
ferent behavior of the Cd-p states for both extreme situations.

The structural asymmetric relaxation around the Cd impurity
produced just below the surface (Cd2–Cd3) is responsible for the
strong change in the asymmetry (high g parameter), magnitude,
and orientation of the EFG tensor. The almost null value of V33 at
these Cd positions is due to the strong decrease of the p-contribu-
tion to V33 that results in the same order of magnitude but with
opposite sign than the d-contribution. All these changes in the
hyperfine properties have been correlated with the modifications
observed on the electronic charge density at the different Cd
depths from the surface and on the PDOS of the Cd p-states.

The significant differences on the hyperfine parameters
showed for different depths demonstrate that the 111Cd probes
could be used as efficient TDPAC probes for evaluating geometri-
cal and electronic distortions, particularly for positions quite close
to the reconstructed surface. Important electronic structure prop-
erties have been obtained and explained in terms of the local geo-
metrical distortions, thus explaining the origin of the observed
changes in the EFG. We hope that the highly local sensitivity
demonstrated for 111Cd probe-atoms to structural and electronic
changes in their subnanoscopic neighborhood at and near the
Al2O3 surface could also contribute to studies of growth, adsorp-
tion, and diffusion of atoms in oxide surfaces and interfaces
through the development of dedicated TDPAC experiments in
these kind of systems.

All these results suggest that the systems could present inter-
esting potentialities facing new technological challenges like
Quantum Computation. In particular, the capability to passivate
the magnetic noise in qubits systems based on (001) a-Al2O3 sur-
faces doped with Cd atoms at different depths should be investi-
gated in the future from first-principles.
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