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The oxidation of Ti-terminated NiTi surfaces is investigated with density functional theory. The surfaces
considered are �001� and �110� of the austenite phase �B2� and �010� of the martensite phase �B19��. The
favored adsorption sites for atomic oxygen are fourfold hollow on B2 �001�, and twofold bridged between two
surface Ti atoms on B2 �110� and B19� �010�. Adsorption of one oxygen molecule per surface Ti atom results
in the formation of a rutilelike protective layer of TiO2. The oxidation results in outward and inward movement
of surface Ti and Ni atoms, respectively, signaling depletion of Ni atoms from the surface region. Substitution
of Ni by K near the surface is found to enhance the formation of TiO2 at the expense of TiO, and increase the
stability and facilitate the growth of thicker layers of titanium oxides on the NiTi surfaces. This is of impor-
tance for the biofunctionality of the alloy.
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I. INTRODUCTION

NiTi alloy with equiatomic composition �Ti-50 at. % Ni�
is known to be a shape memory material.1,2 By application of
force or temperature, it undergoes a change in structure from
the parent austenite phase �B2� to the martensite phase
�B19�� or vice versa.2 If an impact is applied and released in
one of the phases, the original shape would be recovered in
the other phase. The intermetallic composition is also being
tailored for various purposes by varying the Ni content in the
binary alloy or making a ternary alloy by replacing some of
the Ni atoms with other transition metals.1,3 However, this
will typically lead to significant loss of the initial shape
memory property. The alloy has also been confirmed to be
biocompatible with body tissue, and as a consequence it is
being used in various medical applications including den-
tistry, orthopaedics, and vascular surgery.1,4,5

The best biofunctionality of the NiTi alloy is achieved
when the presence of Ni atoms at the surface is minimized.
This follows from numerous reports showing that high
amounts of Ni atoms at the surface could result in a leakage
to the body and cause hazards.6,7 Appropriate surface treat-
ment or coating is widely seen as the best remedy to this
problem. Titanium oxides including TiO and TiO2 are in gen-
eral considered to offer good chemical stability and
biocompatibility.8–10 It is noted that TiO2 is the most stable
form and TiO is a transient phase to TiO2. Under ultrahigh-
vacuum conditions, TiO2 is found to dominate at low tem-
peratures and TiO is found to dominate at high
temperatures.8 Under high-pressure conditions, TiO domi-
nates at low temperatures and TiO2 dominates at high
temperatures.9,10 Several studies have been devoted to quan-
titative characterization of surface oxidation, where exposure
of the surface to a sufficient amount of oxygen was found to
result in the formation of a TiO2 protective layer.8,11,12 In
addition to increasing the corrosion resistance of the NiTi
alloy surface,13 a TiO2 layer is believed to promote its
biofunctionality.14

The B2 phase of NiTi has a CsCl type structure and exists
at temperatures higher than about 330 K.15,16 The B2 phase

has also been found in several Ti-based alloys17,18 and even
in NiTi-based ternary alloys.19,20 However, the B19� phase
with monoclinic structure is unique to the NiTi alloys and
exists at temperatures lower than about 320 K. The B19�
phase is sensitive to the composition of the alloy, and as a
consequence, Ti- and NiTi-based alloys with different com-
position histories have different martensite transformation
processes and martensite start temperatures �Ms�.8,15–17,19–21

The �near� equiatomic NiTi alloy attracts attention because it
undergoes the structural transformation from B2 to B19� in
just one step �i.e., with no other intermediate structure in
between�.1,22 Increasing the Ni content or alloying with a
third transition metal by replacing some of the Ni atoms,
extends the number of steps to at least two, with an interme-
diate structure of rhombohedral R �Refs. 20 and 21� or ortho-
rhombic �B19�,22 provided that the amount of Ni replace-
ment is significant. When the amount of Ni replacement is
small, the transformation occurs in just one step where the
Ms temperature decreases slightly below 320 K, depending
on the type of added transition metal.23 However, it is not
clear what health impact these transition metals have when
used in alloys in medical implants. Alkali metals, typically
Na and K, when present in small amounts, are known to be
harmless for the body. They have been found to promote
oxidation of semiconductor surfaces.24 A recent experimental
study8 showed that the presence of a thin layer of K on the
NiTi surface enhances the oxidation of surface Ti atoms to
TiO2.

In addition to the many experimental efforts carried out to
characterize the oxide growth on NiTi, ab initio atomic level
investigations have recently also been reported.11,25,26 In the
present work, we use density functional theory �DFT� to ad-
dress the oxidation of selected surfaces of NiTi in the B2 and
B19� phases. On the basis of both experimental and theoret-
ical reports, we focus on the �110� and �001� surfaces of B2
and the �010� surface of B19�. Coverages ranging from 0.5
to 2.0 oxygen atoms per surface Ti atom are explored, result-
ing in various TiO and TiO2 surface layers that are conve-
niently compared with, and categorized in terms of, the cor-
responding clean titanium oxide surfaces. The influence of
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exposing the NiTi surfaces to potassium is addressed by re-
placing near surface Ni atoms with K.

The paper is organized as follows: in Sec. II, details of the
computational method are presented. In Sec. III, we report
the results of our calculations. We close the paper with a
discussion in Sec. IV and a conclusion in Sec. V.

II. COMPUTATIONAL METHODS

All calculations presented are based on DFT. The Kohn-
Sham equations are solved within the generalized gradient
approximation, using Vosko, Wilk, and Nusair’s parametriza-
tion �VWN, Ref. 27� of the correlation energy within the
local-density approximation �LDA�, contribution and the
PW91 �Ref. 28� gradient corrections to the exchange and
correlation energy.

A slab type model with five layers of NiTi is used for the
surface calculations. Three layers are constrained to the bulk
geometry while two layers are allowed to relax together with
the adsorbate �O or O2�. In most of our calculations, an ad-
sorbate coverage of one or two oxygen atoms per surface Ti
atom is being used. We refer to this as 1 ML O and 1 ML O2
�ML=monolayer�, respectively. In these calculations, prior
to oxidation, the undoped �1�1� supercell contains five Ti
and five Ni atoms. The influence of K �K doping� is modeled
by replacing one Ni atom near the surface by K, i.e., the
�1�1� supercell contains one K, five Ti, and four Ni atoms.
A lower coverage of 0.5 O per surface Ti requires a �2�1�
supercell with ten Ti and ten Ni atoms �undoped surface�.
The influence of K doping is also in this case modeled by
replacing one near surface Ni by K, i.e., the supercell prior to
oxygen adsorption consists of one K, ten Ti, and nine Ni
atoms.

Calculations with �1�1� supercells are performed with
the ADF/BAND program package.29 The electronic wave func-
tions are constructed as linear combinations of atomic
orbitals.30 The wave functions of the core electrons �O: 1s;
K, Ti, Ni: 1s, 2s, 2p� are expressed in terms of Herman-
Skillman-type numerical atomic orbitals �NAOs� whereas
those of the valence electrons are described by one NAO
plus two Slater-type orbitals, in what is called triple � quality.
To allow for angular flexibility, two shells of higher angular
momentum have been included in the basis set, i.e., triple �
plus two polarization functions. Relativistic effects in a sca-
lar form31 have been included in the kinetic energy of the
electrons. This typically lowers the energy by about 1 eV pr
unit cell. Consequently, the calculated adsorption energies
are not much affected �less than 0.1 eV� by including rela-
tivistic effects. The k-space integrations employ a quadratic
tetrahedron method,32 with the KSPACE parameter equal to
5. Depending on the degree of symmetry, the number of
symmetry unique k points typically ranges from 15 to 34 in
the slab calculations.33

Isolated adsorbates, O �atomic oxygen� and O2 �molecular
oxygen�, were optimized in a cubic structure with lattice
constant 15 Å. This is sufficient to avoid adsorbate-
adsorbate interactions prior to adsorption. For both O and
O2, a triplet ground state is found, with a preference over the
lowest singlet state of 1.52 eV and 1.16 eV, respectively, in

reasonable agreement with experimental and theoretical val-
ues in the literature.34,35 The reaction O+O→O2 is found to
be exothermic by 6.83 eV with the chosen method. Except
for the isolated adsorbates, all calculations presented in Sec.
III are spin restricted �i.e., spin unpolarized�. Test calcula-
tions allowing spin polarization indeed predict net atomic
magnetization in some of the slab models, and typically, the
surface Ti atoms are predicted to have the largest spin values,
up to 1.4 �B. However, the energy differences between the
spin restricted and spin unrestricted calculations are small
�less than 0.5 eV�, and will not affect the trends in our cal-
culations. The relaxed geometries are also little influenced by
this choice. Therefore, only spin restricted calculations have
been included. For all the relevant bulk systems �B2 and
B19� NiTi and hcp Ti�, the ground states possess no spin
polarization.

With �2�1� supercells, i.e., for an adsorbate coverage of
0.5 oxygen atom per surface Ti, the computational time
turned out to become prohibitively long with the ADF/BAND

program. For these systems, the plane-wave-based DFT pro-
gram DACAPO �Ref. 36� was used. In DACAPO, Vanderbilt37

ultrasoft pseudopotentials are implemented, and relativistic
effects are not taken into account. The comments above, con-
cerning spin restricted vs spin unrestricted calculations, are
equally valid when the DACAPO program is used for these
systems, i.e., energy differences after geometry relaxation
with and without allowance for spin polarization are below
0.5 eV, and geometry differences are negligible. In our DA-

CAPO calculations, the triplet ground state of O and O2 are
favored by 1.96 eV and 1.10 eV, respectively, over the lowest
singlet state, and the O+O→O2 reaction is exothermic by
5.59 eV.

In DACAPO, the system is always periodic in all three di-
mensions, so for the slab calculations, a vacuum layer of
10 Å is introduced to minimize artificial interactions be-
tween the slabs.38 A k-point mesh of 4�4�1 is used for the
slab calculations. For the bulk crystals, a k-point mesh of
4�4�4 is used. The k points are chosen based on the
Monkhorst-Pack scheme.39 The electron wave functions are
expanded in plane waves with a cut-off energy of 400 eV.

Clearly, the adsorption energies calculated for �2�1� su-
percells with DACAPO cannot be directly compared with
those calculated for �1�1� supercells with ADF/BAND. How-
ever, the DACAPO results do indicate certain trends concern-
ing low �submonolayer� oxygen coverage.

We define the adsorption energy as

Eads = − �ES+O − ES − EO� , �1�

for adsorption of a single oxygen atom. The coverage is then
0.5 and 1.0 oxygen atoms per surface Ti, i.e., 0.5 and 1.0 ML
O, respectively, for the �2�1� and �1�1� supercells. The
adsorption energy is defined as

Eads = − �ES+O2
− ES − EO2

� , �2�

for adsorption of an oxygen molecule. This corresponds to a
coverage of 1.0 and 2.0 oxygen atoms per surface Ti, i.e., 0.5
and 1.0 ML O2, respectively, for the �2�1� and �1�1� su-
percells. Here ES+O, ES+O2

, ES, EO, and EO2
are total energies,
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per supercell, of surface with one adsorbed oxygen atom,
surface with two adsorbed oxygen atoms, clean surface, and
isolated atomic and molecular oxygen, respectively. A posi-
tive Eads implies an exothermic reaction. The reader who
prefers to refer Eads to molecular oxygen also in the case of
adsorption of a single oxygen atom, should subtract half of
the calculated dissociation energy for molecular oxygen,
3.42 eV �2.80 eV for the DACAPO calculations with �2�1�
supercells�, from the energy values in Tables I–IV.

In ADF/BAND, atomic charges are calculated based on a
Mulliken analysis. In addition, the electronic structure is dis-
cussed in terms of the partial density of states �PDOS� on Ti,
O, and K atoms, at or near the surface. Whenever the adsor-
bate is O2, the PDOS for oxygen represents a sum of the
PDOS of the two O atoms in the supercell.

In the discussion of the surface structures that result
from adsorption of oxygen on the various Ti-terminated NiTi
surfaces, we have found it convenient to make comparison
with TiO �rocksalt structure� and TiO2 �rutile structure�, and
in particular with selected low-index surfaces of these
oxides. The oxide layer grown on the three different NiTi
surfaces that we have investigated, has a geometric and elec-
tronic structure that compares well with one particular

as cleaved single layer of TiO or TiO2. Hence, we categorize
the grown oxides on NiTi accordingly. We justify this
categorization by comparing the surface Ti and O PDOS of
the grown oxide on NiTi with the Ti and O PDOS of the as
cleaved single layers of TiO or TiO2. Since rutile TiO2 has a
unit cell with two Ti and four O atoms, a “single layer of
TiO2” is a slab with a thickness given by the unit cell. Hence,
the supercell of this slab contains two Ti and four O atoms.
The Ti PDOS is for the Ti atom with coordination equal to
the coordination of the Ti atom in the oxide grown on
NiTi. The O PDOS is obtained by summing over the
three oxygen atoms that are bonded to the chosen Ti atom,
i.e., one of the four O atoms is not included in the PDOS
sum.

Finally, in order to assess the calculated adsorption ener-
gies, it is of interest to compare oxidation of NiTi with the
corresponding adsorption reactions on surfaces of pure Ti
�hexagonal close-packed structure�. For bulk hcp Ti, we have
calculated lattice parameters a=b=2.93 Å and c=4.67 Å,
which are subsequently used for obtaining slab geometries
representing the �001� and the �110� surfaces of Ti. Oxide
formation on NiTi will be compared with oxygen adsorption
on the triangular Ti�001� and the rectangular Ti�110� sur-
faces.

TABLE I. Adsorption of oxygen on the B2 phase of Ti-terminated NiTi. In each case, one O atom or one
O2 molecule is adsorbed. zTi−zNi is the �vertical� distance between the surface Ti layer and the first Ni layer
below, and �zTi-Ni is the change in this distance upon oxidation of the surface, �both measured in angstrom�.
�Q is the total �Mulliken� charge gained by the adsorbate �number of gained electrons per O atom or O2

molecule�. Eads is the adsorption energy per O atom or O2 molecule �in electron volt�.

Surface, supercell Figure Adsorbate zTi−zNi �zTi-Ni Eads �Q

�001�, �1�1� 1�a� and 1�b� O 1.89 0.39 8.87 0.88

�001�, �1�1� 3�a� and 3�b� O2 2.52 1.02 8.00 1.30

�001�, �1�1� 3�c� and 3�d� O2 2.85 1.35 8.17 1.42

�001�, �2�1� O 1.92 0.62 8.48

�001�, �2�1� O2 1.80 0.50 10.76

�110�, �1�1� 1�c� and 1�d� O 0.62 0.48 8.30 0.70

�110�, �1�1� 3�e� and 3�f� O2 1.12 0.98 7.52 1.41

�110�, �1�1� 3�g� and 3�h� O2 0.90 0.76 6.76 1.31

�110�, �2�1� O 0.54 0.23 7.64

�110�, �2�1� O2 0.63 0.32 9.56

TABLE II. Adsorption of oxygen on the B2 phase of K-doped Ti-terminated NiTi. In each case, one O
atom or one O2 molecule is adsorbed. zTi−zNi is the �vertical� distance between the surface Ti layer and the
first Ni layer below, and �zTi-Ni is the change in this distance upon oxidation of the surface, �both measured
in angstrom�. �Q is the total �Mulliken� charge gained by the adsorbate �number of gained electrons per O
atom or O2 molecule�. Eads is the adsorption energy per O atom or O2 molecule �in electron volt�.

Surface, supercell Figure Adsorbate zTi−zNi �zTi-Ni Eads �Q

�001�, �1�1� 5�a� and 5�b� O 7.95 −0.15 9.67 0.98

�001�, �1�1� 7�a� and 7�b� O2 8.55 0.44 9.68 1.47

�110�, �1�1� 5�c� and 5�d� O 2.01 0.27 9.23 0.91

�110�, �1�1� 7�c� and 7�d� O2 1.99 0.25 10.94 1.75

�110�, �2�1� 5�e� and 5�f� O 0.34 0.16 7.35

�110�, �2�1� 5�g� and 5�h� O 0.29 0.11 8.99
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III. RESULTS

A. Adsorption of oxygen on the B2 phase of NiTi

1. Bulk B2 NiTi and its low index surfaces

The bulk modulus of the B2 phase of NiTi is estimated
from a Birch fit40 to be 160.7 GPa. This is in good agreement
with experimental �140.3 GPa �Ref. 41�� and calculated
�157.8 GPa �Ref. 42�� values. The lattice constant is calcu-
lated to be 3.02 Å, in good agreement with the experimental
value of 3.00 Å.16

Cleavage of the crystal along planes that result in �001�
and �111� surfaces will inevitably lead to both Ni and Ti
terminated surfaces. However, since oxygen preferably re-
acts with Ti, only the Ti-terminated surfaces are considered
here. The as cleaved �110� surface has equal amounts of Ni
and Ti atoms in the surface layer. However, upon geometry
relaxation, the Ti atoms move outward and the Ni atoms
move inward, resulting in an essentially Ti terminated sur-
face. This is consistent with previously reported
calculations.11,25

For the three Ti terminated surfaces, we find that the �001�
surface is 0.35 eV more stable than the �110� surface and
1.64 eV more stable than the �111� surface. These values are
based on total energies per supercell �i.e., per Ni5Ti5�. Since
the supercell surface area is smallest for the �001� and largest
for the �111� surface, an evaluation of surface energies per
unit area reveals the highest stability for the �110� surface
and approximately equally stable �001� and �111� surfaces. In
this work, we have limited ourselves to investigating oxida-
tion of the �001� and �110� surfaces of the B2 phase. In Sec.
II, we discuss the undoped NiTi surfaces. In Sec. III, we
study the effects of potassium doping, i.e., substitution of
near surface Ni atoms by K.

2. Oxygen adsorption on undoped B2 NiTi (001) and (110)

Both the �001� and the �110� surfaces of B2 NiTi interact
strongly with oxygen. The calculated adsorption energies are

large �in the range 7–11 eV�, both for atomic and molecular
oxygen, and both for low and high oxygen coverage �see
Table I�. These values are comparable to the heat of forma-
tion of TiO2, 9.9 eV.43

On the �001� surface, at coverage �up to� one O per sur-
face Ti, i.e., 1 ML O, oxygen adsorbs most favorably at the
fourfold hollow site where it is bonded to four Ti atoms
�Figs. 1�a� and 1�b��. The adsorbed oxygen has equal bond
distance 2.09 Å to each Ti atom. It is natural to categorize
the grown surface layer as TiO�001�, and we will call the
structure TiO�001�/NiTi�001�. A corresponding notation will
be used in the following. In Fig. 2, the electronic structure of
the oxide layer in TiO�001�/NiTi�001� is compared with a
single layer of TiO�001�, as cleaved from the bulk TiO crys-
tal. Here, the PDOS is plotted for the Ti and O atoms in the
surface layer of TiO�001�/NiTi�001�, Fig. 2, �II�, as well as
for the single layer of TiO�001�, Fig. 2, �III�. Both the Ti and
O PDOS curves are indeed very similar in Fig. 2, �II� and
�III�. The calculated Mulliken charges on oxygen are also
similar, 0.88e for TiO�001�/NiTi�001� and 1.01e for the
single layer of TiO�001�.

The adsorption energy of 8.87 eV suggests the formation
of strong Ti-O bonds. In comparison, for the adsorption of
atomic oxygen in the threefold hollow site on the �001� sur-
face of hcp Ti, we find an adsorption energy of 8.02 eV. In
other words, a stronger oxide seems to be formed on the NiTi
alloy than on the pure Ti crystal. This difference may be
ascribed to weaker bonds between Ti and Ni atoms in the
alloy than between Ti atoms in the Ti crystal. It appears that
the presence of Ni below the Ti surface stabilizes the grown
oxide layer without affecting its electronic structure signifi-
cantly.

Increasing the coverage of oxygen to 1 ML O2 leads to
the formation of one TiO2 layer on the parent NiTi�001�
substrate. The most stable structures are shown in Figs. 3�a�
and 3�b� and Figs. 3�c� and 3�d�, for which the adsorption
energies are 8.00 and 8.17 eV, respectively. Common to the

TABLE III. Adsorption of oxygen on the B19� phase of Ti-terminated NiTi. In each case, one O atom or
one O2 molecule is adsorbed. zTi−zNi is the �vertical� distance between the surface Ti layer and the first Ni
layer below, and �zTi-Ni is the change in this distance upon oxidation of the surface, �both measured in
angstrom�. �Q is the total �Mulliken� charge gained by the adsorbate �number of gained electrons per O atom
or O2 molecule�. Eads is the adsorption energy per O atom or O2 molecule �in electron volt�.

Surface, supercell Figure Adsorbate zTi−zNi �zTi-Ni Eads �Q

�010�, �1�1� 9�a� and 9�b� O 0.95 0.67 8.01 0.65

�010�, �1�1� 9�c� and 9�d� O2 1.71 1.43 7.49 1.42

�010�, �2�1� O 0.70 0.32 7.54

TABLE IV. Adsorption of oxygen on the B19� phase of K-doped Ti-terminated NiTi. In each case, one O
atom or one O2 molecule is adsorbed. zTi−zNi is the �vertical� distance between the surface Ti layer and the
first Ni layer below, and �zTi-Ni is the change in this distance upon oxidation of the surface, �both measured
in angstrom�. �Q is the total �Mulliken� charge gained by the adsorbate �number of gained electrons per O
atom or O2 molecule�. Eads is the adsorption energy per O atom or O2 molecule �in electron volt�.

Surface, supercell Figure Adsorbate zTi−zNi �zTi-Ni Eads �Q

�010�, �1�1� 11�a� and 11�b� O 2.00 0.05 9.00 0.92

�010�, �1�1� 11�c� and 11�d� O2 2.38 0.42 12.63 1.73
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two geometries is the O atom in the fourfold hollow site. The
second O atom is located on top of Ti in Figs. 3�a� and 3�b�
whereas in Figs. 3�c� and 3�d� it is in a bridging position
between two Ti atoms. In Figs. 3�a� and 3�b�, the Ti-O bond
lengths are 2.14 Å and 1.61 Å for O in the fourfold hollow
site and on top of Ti, respectively. In Figs. 3�c� and 3�d�, the
Ti-O bond lengths are 2.25 Å and 1.83 Å for O in the four-
fold hollow site and in the twofold bridging site, respec-
tively.

Whereas the adsorption of 1 ML O on NiTi�001� clearly
suggested a comparison with TiO�001�, similar comparisons
with specific surfaces of TiO2 are in general less obvious.
However, on the basis of the coordination of the Ti and O
atoms involved, the oxide layers formed in Figs. 3�a� and
3�b�, and Figs. 3�c� and 3�d�, are best categorized as
TiO2�100� and TiO2�110�, respectively. As shown by Perron

et al.,44 the TiO2�110� surface contains Ti�5�, Ti�6�, and
bridging O�2� and O�3�. Here, Ti�5� means fivefold coordi-
nated Ti, etc. The TiO2�100� surface contains Ti�5� bonded to
bridging O�2� at the surface and subsurface O�3�. The sur-
face structures in Figs. 3�a� and 3�b�, and Figs. 3�c� and 3�d�
have Ti�5� and Ti�6�, respectively. Hence, the suggested cat-
egorization. In Fig. 2, �IV� and �V�, the surface Ti and O
PDOS are plotted for TiO2�110� /NiTi�001�, i.e., the struc-
ture in Figs. 3�c� and 3�d�, and for a single �as cleaved� layer
of TiO2�110�, respectively. �Actually, Ti2O4, see Sec. II for a
description of which Ti and O atoms contribute to the PDOS
plotted in Fig. 2, �V�.� The comparison is perhaps not quite
as evident as in the case of TiO�001�/NiTi�001�. However,
both for O and Ti, the PDOS curves reveal similar profiles, in
particular below the Fermi level. A comparison between the
structure in Figs. 3�a� and 3�b� and a single layer of
TiO2�100� �not included here� reveals corresponding simi-
larities in the PDOS curves.

Note the reduced value of the surface Ti PDOS at the
Fermi level as a result of the oxidation, i.e., going from clean
B2 �001� NiTi in Fig. 2, �I� via a coverage of 1 ML O in Fig.
2, �II� to a coverage of 1 ML O2 in Fig. 2, �IV�, where a layer
of TiO2 has formed on the surface. This is a general trend in
all our calculations, and a clear signature of the reduced me-
tallic character of the surface, as one would expect. A similar
effect was pointed out by Nolan et al.25

As with atomic oxygen, we find significantly higher ad-
sorption energies for dissociative adsorption of molecular
oxygen on NiTi�001� than on the �001� surface of Ti. Adsorp-
tion of 1 ML O2 on the Ti�001� surface is exothermic by only
3.37 eV per oxygen molecule. This, again, underscores the
catalytic role played by Ni atoms, due to their relative inert-
ness toward oxygen.

On the B2 NiTi�110� surface, at a coverage of one O per
surface Ti �1 ML O�, oxygen preferably adsorbs in a twofold
bridge site between two Ti atoms, as shown in Figs. 1�c� and
1�d�.45 The Ti-O bond distance is 1.84 Å. We categorize the

(a) (b) (c) (d)

FIG. 1. �Color online� Adsorption of 1 ML O on B2 NiTi; �a� and �b� side and top view, fourfold hollow site on the �001� surface; �c�
and �d� side and top view, twofold bridge site on the �110� surface. Colors �size, grayscale�: Ti-blue �large gray�, O-red �small, gray�,
Ni-white �large, white�.
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FIG. 2. �Color online� Partial density of states of Ti and O
atoms: �I� clean Ti-terminated B2 NiTi�001� surface; �II� I+1 ML
O adsorbed �Figs. 1�a� and 1�b��; �III� one layer of TiO�001�; �IV�
I+1 ML O2 adsorbed �Figs. 3�c� and 3�d��; �V� one layer of
TiO2�110�.
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grown surface layer as TiO�110�. In Fig. 4, �II� and �III�, the
PDOS of surface Ti and O atoms are plotted for the structure
in Figs. 1�c� and 1�d� and a single �as cleaved� layer of
TiO�110�, respectively. As in the case of NiTi�001� discussed
above, the PDOS curves have similar features, with compa-
rable peak profiles, although not as striking as in Fig. 2, �II�
and �III�. In Figs. 1�c� and 1�d�, oxygen has gained a total
charge of 0.70e from the surface, which is close to the value
0.78e in the single layer of TiO�110�.

The adsorption energy of atomic oxygen on NiTi�110� is
8.30 eV, which is about 0.6 eV less than for oxygen adsorbed
in the fourfold hollow site on NiTi�001�. Adsorption of
atomic oxygen in a similar bridging site on the �110� surface
of Ti is found to be exothermic by 7.84 eV. Hence, the pres-
ence of Ni atoms near the NiTi�110� surface has a stabilizing
effect on the grown oxide, as found for the NiTi�001� sur-
face.

Increasing the adsorbate coverage to 1 ML O2 leads to the
growth of one TiO2 layer on the NiTi�110� substrate. The
most stable structure that we have found is shown in Figs.
3�e� and 3�f�. The adsorption energy is 7.52 eV. In this ge-
ometry, all Ti atoms in the grown oxide are fourfold coordi-

nated, with bonds to two bridging surface O atoms �1.81 Å�
and two “in-plane” O atoms �2.20 Å�. The latter O atoms

(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 3. �Color online� Adsorption of 1 ML O2 on B2 NiTi; �a� and �b� side and top view, hollow and top sites on the �001� surface; �c�,
and �d� side and top view, hollow and bridge sites on the �001� surface; �e� and �f� side and top view, bridge and in-plane sites on the �110�;
�g� and �h� side and top view, bridge and bridge sites on the �110� surface. Colors �size, grayscale�: Ti-blue �large, gray�, O-red �small, gray�,
Ni-white �large, white�.
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FIG. 4. �Color online� Partial density of states of Ti and O
atoms: �I� clean Ti-terminated B2 NiTi�110� surface; �II� I+1 ML
O adsorbed �Figs. 1�c� and 1�d��; �III� one layer of TiO�110�; �IV�
I+1 ML O2 adsorbed �Figs. 3�e� and 3�f��; �V� one layer of
TiO2�001�.
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are also bonded to Ni �1.88 Å�. As shown by Perron et al.,44

the presence of Ti�4� is a signature of TiO2�001�, which leads
us to categorize the grown structure as
TiO2�001� /NiTi�110�. The calculated oxygen charges are al-
most identical in the geometry in Figs. 3�e� and 3�f� �0.68e
and 0.73e� and in the single �as cleaved� layer of TiO2�001�
�0.67e�. In Fig. 4, �IV� and �V�, the PDOS of Ti and O are
plotted for TiO2�001� /NiTi�110� �Figs. 3�e� and 3�f�� and a
single layer of TiO2�001�, respectively. The oxygen bands
below the Fermi level are shifted to lower energies in
TiO2�001� /NiTi�110� compared to the single layer of
TiO2�001�. However, both in Fig. 4, �IV� and �V�, there are
overlapping oxygen bands, both at the lowest energies
shown, and for energies a few electron volts below the Fermi
level.

Also in this case, the surface Ti PDOS at the Fermi level
diminishes upon oxidation, as expected, see Fig. 4, �I�, �II�,
and �IV�. However, the effect is less pronounced than for
oxidation of the B2 �001� surface �Fig. 2�. This is an indica-
tion that the coverage of 1 ML O2 on B2 �001� yields an
oxide layer which is more “bulklike” than on the B2 �110�
surface. This observation is consistent with the difference in
coordination of the Ti atoms in the two oxides grown: On B2
�001�, the grown oxide can have either Ti�5� or Ti�6�, but on
B2 �110�, the grown oxide has only Ti�4�. The former is
closer to the perfect and stoichiometric Ti�6� coordination of
bulk TiO2.

Adsorption of 1 ML O2 on the Ti�110� surface is exother-
mic by only 2.60 eV. This is significantly less than for ad-
sorption of 1 ML O, and consistent with the trend observed
with the Ti�001� surface.

As expected, in most cases, the adsorption energy in-
creases when the oxygen coverage is reduced to submono-

layer values. This can be ascribed to a reduction in repulsive
interactions between the adsorbed oxygen atoms. The
changes in Eads seem to correlate well with the “oxygen den-
sity” on the surface, which decreases in the order O2 on B2
�001�, O2 on B2 �110�, O on B2 �001�, and O on B2 �110�.
The corresponding changes in Eads are 2.59, 2.04, −0.39, and
−0.66 eV �see Table I�. Note that these numbers are based
on a comparison of ADF/BAND adsorption energies for
�1�1� supercells and DACAPO adsorption energies for
�2�1� supercells. Test calculations with DACAPO on a few of
the �1�1� supercells indicate that these adsorption energy
changes are somewhat too low, by about 0.5 eV, but the
observed trend should be reliable.46

3. Effect of potassium doping of B2 NiTi (001) and (110)

In the experiments reported by Tollefsen et al.,8 nitinol
samples with submonolayer �about 0.3 ML� coverage of K
were studied. Our goal here is to address the influence of the
presence of K atoms on the oxidation of NiTi surfaces. To
enable valid comparisons with the results obtained for oxi-
dation of undoped NiTi, we have chosen to model the K
doping by replacing near surface Ni atoms with K atoms in
the five layer slab structures discussed in the previous sec-
tion. In the typical case, the �1�1� slab supercell is retained
by replacing one of the five Ni atoms by K. This corresponds
to a coverage of 1 ML K. However, we have also modeled
0.5 ML coverage of K by using a �2�1� slab supercell and
replacing only one of the two near surface Ni atoms by K.
For simplicity, we will refer to the replacement of Ni atoms
by K as “K doping” and the corresponding slab structures as
“K-doped” surfaces. This terminology is also used in the
relevant literature.8

(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 5. �Color online� Adsorption on B2 NiTi with K doping; �a� and �b� side and top view, 1 ML O, fourfold hollow site on the �001�
surface; �c� and �d� side and top view, 1 ML O , twofold bridge site on the �110� surface; �e� and �f� side and top view, 0.5 ML O, twofold
bridge site on the �110� surface �2�1 supercell with only half of Ni in top layer substituted by K; K-O distance is 5.02 Å�; �g� and �h� side
and top view, 0.5 ML O, twofold bridge site on the �110� surface, �2�1 supercell with only half of Ni in top layer substituted by K; K-O
distance is 2.57 Å�. Colors �size, grayscale�: K-green �huge, light gray�, Ti-blue �large, gray�, O-red �small, gray�, Ni-white �large, white�.
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The Ti-terminated K-doped �001� surface of B2 NiTi is
structurally similar to the undoped surface, and as expected,
the favored site for adsorption of atomic oxygen is the four-
fold hollow site, as found with the undoped surface. The
resulting geometry, with a coverage of 1 ML O, is shown in
Figs. 5�a� and 5�b�, and should be compared with the corre-
sponding undoped structure in Figs. 1�a� and 1�b�. The ef-
fects of K doping are a reduction in the Ti-O bond from
2.09 Å to 2.06 Å, and an increase in the oxygen charge
from 0.88e to 0.98e. The adsorption energy increases, from
8.87 eV to 9.67 eV, indicating that the presence of K facili-
tates the growth of an oxide layer on the substrate surface.
With reference to the discussion of the undoped case above,
the structure in Figs. 5�a� and 5�b� is categorized as
TiO�001�/KNiTi�001�.

Increasing the adsorbate coverage to 1 ML O2 results in
low energy K-doped structures similar to the undoped ver-
sions of Figs. 3�a�–3�d�. The geometry analogous to Figs.
3�c� and 3�d� is shown in Figs. 7�a� and 7�b�, where one O is
located in the fourfold hollow site and the other in a bridging
position between two Ti atoms �cf. Figs. 3�c� and 3�d��. The
Ti-O bonds are 2.14 and 1.59 Å, and the oxygen charges are
0.87e and 0.60e for the O atom in the fourfold hollow site
and in the bridging position, respectively. These values are
almost the same as without K doping �Figs. 3�c� and 3�d��.
However, the adsorption energy of 9.68 eV is about 1.5 eV
larger than without K doping. As found for adsorption of 1
ML O, it is evident that the presence of K, also with 1 ML
O2, has a positive effect on the formation of the oxide layer.
The similarity between Figs. Figs. 7�a� and 7�b� and 3�c� and
3�d� suggests a categorization of the former as
TiO2�110� /KNiTi�001�. The K-doped analogy of the struc-
ture in Figs. 3�a� and 3�b� has Ti-O bond lengths and oxygen
charges very similar to the undoped structure. The adsorption
energy is 9.47 eV, which is about 1.5 eV more than without
K doping. This structure �not shown here� is categorized as
TiO2�100� /KNiTi�001�, in analogy with the structure in
Figs. 3�a� and 3�b�.

The similarities between the undoped and K-doped struc-
tures discussed above are reflected also in the Ti and O

PDOS curves, as shown in Fig. 6, �II�–�V�. There are only
minor changes in the band widths and positions as a result of
the K doping, both with a coverage of 1 ML O �Fig. 6, �II� vs
Fig. 6, �III�� and with a coverage of 1 ML O2 �Fig. 6, �IV� vs
Fig. 6, �V��. As expected, the surface Ti PDOS at the Fermi
level is reduced upon oxidation, also for the K-doped �001�
surface �see Fig. 6, �I�, �II�, and �IV�� but to a lesser extent
than for the undoped B2 �001� surface.

Replacement of the near surface Ni atom by K in the
�110� surface of B2 NiTi results, upon geometry relaxation,
in a structure which is markedly different from the undoped
�110� surface. In the undoped case, the Ti atoms move out
and the Ni atoms move in, when compared with the as
cleaved �bulklike� �110� NiTi layers. With Ni replaced by K,
the K atoms move out and the Ti atoms move in. This is
essentially caused by the K atoms having a much larger ra-
dius than Ni.

With such a K-terminated �110� surface as the “reactant,”
oxygen atoms can be adsorbed in a variety of sites, both
above and below the K atoms. The lowest energy configura-
tions have oxygen below the surface layer of K atoms, en-
abling the formation of a TiO or TiO2 layer, depending on
the oxygen coverage.

At a coverage of 1 ML O, the favored adsorption site on
KNiTi�110� is in the bridging site between two Ti atoms, see
Figs. 5�c� and 5�d�. This geometry is similar to the corre-
sponding undoped structure shown in Figs. 1�c� and 1�d�,
and therefore categorized as TiO�110�/KNiTi�110�. However,
each O atom is now also bonded to two K atoms, resulting in
a longer Ti-O bond length, 1.91 vs 1.84 Å, and a higher
oxygen charge, 0.91e vs 0.70e, when we compare with the
undoped case, Figs. 1�c� and 1�d�. The adsorption energy for
the structure in Figs. 5�c� and 5�d� is 9.23 eV, which is al-
most 1 eV higher than the undoped version in Figs. 1�c� and
1�d�. Again, the presence of potassium has a stabilizing ef-
fect on the grown oxide layer.

At a coverage of 1 ML O2 on KNiTi�110�, the energeti-
cally most favored structure has a TiO2�001�-like oxide layer
below the surface layer of K atoms. This geometry is essen-
tially obtained from the one discussed above, Figs. 5�c� and
5�d�, by adding an oxygen atom to a “vacant site” in the
uppermost Ti layer, on top of Ti in the layer below. The
resulting structure is shown in Figs. 7�c� and 7�d�. The Ti-O
bonds are 2.13 Å �in plane� and 1.90 Å �vertically� for the
threefold coordinated oxygen atom added to the vacant site.
For the O atom in the bridging site between two Ti atoms,
and also with bonds to two K atoms, the Ti-O bond length is
1.91 Å, i.e., the same as for the corresponding O atom in
Figs. 5�c� and 5�d�. The total charge on the two O atoms is
1.75e, which is partly donated by Ti atoms in the upper two
layers, and partly by the K atoms on the surface. The adsorp-
tion energy for the structure in Figs. 7�c� and 7�d� is 10.94
eV, which is 3.4 eV higher than for the structure in Figs. 3�e�
and 3�f�, which represents the undoped version of 1 ML O2
on B2 NiTi�110�. Clearly, the K doping has made possible a
particularly stable layer of TiO2.

In Fig. 8, the electronic structures of K-doped and un-
doped versions of oxidized B2 NiTi�110� are compared in
terms of PDOS curves for Ti, O, and K. The similarities
between TiO�110�/KNiTi�110�, Figs. 5�c� and 5�d�, and
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FIG. 6. �Color online� Partial density of states �B2 �001�� of Ti,
O, and K atoms: �I� clean K-doped NiTi�001�; �II� I+1.0 ML O
adsorbed �Figs. 5�a� and 5�b��; �III� 1.0 ML O adsorbed on
NiTi�001� �Figs. 1�a� and 1�b��; �IV� I+1 ML O2 adsorbed �Figs.
7�a� and 7�b��; V� 1 ML O2 adsorbed on NiTi�001� �Figs. 3�c� and
3�d��.
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TiO�110�/NiTi�110�, Figs. 1�c� and 1�d�, are reflected in Ti
and O PDOS curves in Fig. 8, �II� and �III� sharing several
common features. Further, based on the discussion above, the
K-doped structure with 1 ML O2 adsorbed, Figs. 7�c� and
7�d�, can be related both to the K-doped structure with 1 ML
O adsorbed, Figs. 5�c� and 5�d�, and to the undoped structure
with 1 ML O2 adsorbed, Figs. 3�e� and 3�f�. This is reflected
in the PDOS curves of Fig. 8, �IV� having common features
with the corresponding curves in both Fig. 8, �II� and �V�. A
comparison of Fig. 8, �I�, �II�, and �IV� shows a reduced
value of the surface Ti PDOS at the Fermi level upon oxida-
tion of the surface. However, the Ti PDOS reduction is more
pronounced for the undoped surface.

For the K-doped B2 NiTi�110� surface, we find interesting
differences in the adsorption energy at submonolayer oxygen
coverage, depending on the relative positions of the oxygen
and potassium atoms. For the geometry shown in Figs. 5�e�
and 5�f�, the adsorption energy is 7.35 eV. Here, the distance
between K and O atoms is large, and the stabilizing effect of
K on the grown oxide layer is absent. However, as is evident
from the top view in Fig. 5�f�, the O atom could alternatively
be located in a Ti-O-Ti bridging position between two K
atoms. In this alternative geometry, see Figs. 5�g� and 5�h�,
the positive influence of the K atoms is reflected in a much
higher adsorption energy of 8.99 eV.

B. Adsorption of oxygen on the B19� phase of NiTi

1. Bulk B19� NiTi and its low index surfaces

For the monoclinic B19� phase of NiTi, we have used
experimentally determined values for the lattice parameters,
a=2.89 Å, b=4.62 Å, c=4.12 Å, and �=96.8°.47 There
has been a lack of consensus in the literature on the position
of atoms in the unit cell,48,49 although the lattice parameters
are all in good agreement. This inconsistency has been noted
over the last few decades.47 In this study, we have chosen the
atomic positions described by Kulkova et al.48 and consider
oxygen adsorption on the �010� surface, which is found to
have a lower energy than the �001� and �100� surfaces.11

The as cleaved �010� surface consists of equal amounts of
Ni and Ti atoms, and upon relaxation of the geometry, the Ti
atoms move out and the Ni atoms move in, creating an es-
sentially Ti-terminated surface. As such, the �010� surface of
B19� is similar to the �110� surface of the B2 phase.

(a) (b) (c) (d)

FIG. 7. �Color online� Adsorption of 1 ML O2 on B2 NiTi with K doping; �a� and �b� side and top view, hollow and bridge sites on the
�001� surface; �c� and �d� side and top view, bridge and in-plane sites on the �110� surface. Colors �size, grayscale�: K-green �huge, light
gray�, Ti-blue �large, gray�, O-red �small, gray�, Ni-white �large, white�.
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FIG. 8. �Color online� Partial density of states �B2 �110�� of Ti,
O, and K atoms; �I� clean K-doped NiTi�110�; �II� I+1 ML O
adsorbed �Figs. 5�c� and 5�d��; �III� 1 ML O adsorbed on NiTi�110�
�Figs. 1�c� and 1�d��; �IV� I+1 ML O2 adsorbed �Figs. 7�c� and
7�d��; �V� 1 ML O2 adsorbed on NiTi�110� �Figs. 3�e� and 3�f��.
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2. Oxygen adsorption on undoped B19� NiTi (010)

Oxygen adsorbs at a bridge site between two Ti atoms,
corresponding to 1 ML O coverage, as shown in Figs. 9�a�
and 9�b�. One layer of TiO�110� is formed on the substrate
surface, similar to the growth on the NiTi�110� surface in the
B2 phase. The Ti-O bond length of 1.83 Å is almost the
same as the value of 1.84 Å for TiO�110�/NiTi�110�, Figs.
1�c� and 1�d�. The adsorbed oxygen atom has gained a
charge of 0.65e, which is similar to adsorption of 1 ML O on
the B2 �110� surface. However, there appears to be a larger
contribution of charge transfered from the Ni atoms to O in
TiO�110�/NiTi�010� than in TiO�110�/NiTi�110�. Based on
the Ti and O PDOS curves in Fig. 4, �II� and Fig. 10, �II�, we
conclude that these two geometries have a similar electronic
structure at the surface. Also, the adsorption energy of 8.01
eV for TiO�110�/NiTi�010� is similar to 8.30 eV found for
TiO�110�/NiTi�110�.

Increasing the oxygen coverage to 1 ML O2 results in the
growth of a TiO2�001�-like oxide layer, shown in Figs. 9�c�
and 9�d�. All Ti atoms in the grown oxide are fourfold coor-
dinated, with bonds to two bridging surface O atoms
�1.79 Å� and two in-plane O atoms �2.05 Å�. The total
charge gained by the two oxygen atoms is 1.42e, and the
adsorption energy is 7.49 eV, to be compared with 1.41e and
7.52 eV found for adsorption of 1 ML O2 on the B2 �110�
surface �Table I and Figs. 3�e� and 3�f��. We also note that a
reduction to submonolayer oxygen coverage �0.5 ML O� on
the B19� �010� surface results in an increased adsorption
energy �see Table III�, similar to the behavior of the B2 �110�
surface �see Table I�.

The electronic structure of undoped B19� �010�, with and
without oxygen adsorbed, is visualized in terms of Ti and O
PDOS curves in Fig. 10, �I�–�III�. Comparison should be
made with the corresponding PDOS curves for the B2 �110�
surface, Fig. 4, �I�, �II�, and �IV�. Note, again, that the sur-
face Ti PDOS at the Fermi level is reduced upon oxygen
adsorption, in particular at high oxygen coverage �i.e., 1 ML
O2�.

3. Effect of potassium doping of B19� NiTi (010)

Replacement of the near surface Ni atom by K in the
�010� surface of B19� NiTi results in K moving out of and Ti
moving into the surface, similar to what was found with the
B2 �110� surface. The energetically favored geometries upon
adsorption of 1 ML O and 1 ML O2 have their natural B2
�110� counterparts. This is apparent if one compares the
structure in Figs. 11�a� and 11�b�, B19� KNiTi�010�+O, with
the one in Figs. 5�c� and 5�d�, B2 KNiTi�110�+O, and the
structure in Figs. 11�c� and 11�d�, B19� KNiTi�010�+O2,
with the one in Figs. 7�c� and 7�d�, B2 KNiTi�110�+O2.
Values for adsorption energies and oxygen charges are com-
parable, see Tables IV and II. Also for the B19� �010� sur-
face, the K doping results in significantly higher adsorption
energies than for the undoped NiTi surface. At a coverage of
1 ML O, Eads increases from 8.01 eV �undoped� to 9.00 eV
�K-doped�, and at a coverage of 1 ML O2, Eads increases

(a) (b) (c) (d)

FIG. 9. �Color online� Adsorption of oxygen on B19� NiTi�010�; �a� and �b� side and top view, 1 ML O, twofold bridge site; �c� and �d�
side and top view, 1 ML O2, bridge and in-plane sites. Colors �size, grayscale�: Ti-blue �large, gray�, O-red �small, gray�, Ni-white �large,
white�.
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FIG. 10. �Color online� Partial density of states �B19� phase� of
Ti, O, and K atoms; �I� clean NiTi�010�; �II� I+1 ML O adsorbed
�Figs. 9�a� and 9�b��; �III� I+1 ML O2 adsorbed �Figs. 9�c� and
9�d��; �IV� clean K-doped NiTi�010�; �V� IV+1 ML O adsorbed
�Figs. 11�a� and 11�b��; �VI� IV+1 ML O2 adsorbed �Figs. 11�c�
and 11�d��.
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from 7.49 eV �undoped� to 12.63 eV �K-doped�.
The electronic structure of K-doped B19� �010�, with and

without oxygen adsorbed, is visualized in terms of Ti, O, and
K PDOS curves in Fig. 10, �IV�–�VI�. Comparison should be
made with the corresponding PDOS curves for the K-doped
B2 �110� surface, Fig. 8, �I�, �II�, and �IV�. The surface Ti
PDOS at the Fermi level is somewhat reduced upon oxygen
adsorption but to a much lesser extent than for the undoped
B19� �010� surface.

IV. DISCUSSION

As pointed out in the previous section, the PDOS calcu-
lations, as presented in Figs. 2, 4, 6, 8, and 10, show that the
formation of TiO and TiO2 results in a lower Ti PDOS at the
Fermi level compared to the clean surface, with the Ti PDOS
corresponding to TiO2 formation being the lowest. In gen-
eral, a low density of states at the Fermi level is related to
high stability.49,50 The Ti PDOS at the Fermi level is less
reduced for the K-doped surfaces than for the undoped sur-
faces, in particular for B2 �110� and B19� �010�. This indi-
cates that the K-doped surfaces are more reactive toward
additional oxygen and have the best potential for growing
thicker oxide layers.

Upon oxidation of the NiTi surfaces, the vertical separa-
tion between the outermost Ti layer and the Ni layer below
increases in most cases. This is a sign of depletion of Ni
atoms from the surface region, consistent with a previous
study.51 In Fig. 12, we have plotted the change in this vertical
Ti-Ni separation upon oxide formation. The depletion of Ni
from the surface is most pronounced upon the formation of
TiO2, corresponding to two O atoms pr surface Ti atom.
From Fig. 12, the effect appears to be larger for the undoped
surfaces �solid lines� than for the K-doped surfaces �dashed
lines�. However, one should keep in mind that the Ti-Ni
separation prior to oxidation is significantly larger for the
K-doped than for the undoped surfaces. This is mainly be-
cause replacement of near surface Ni atoms with K trivially
removes Ni atoms from the surface region. In any case, it is

fair to say that K doping and oxide formation both contribute
to the depletion of Ni atoms from the surface.

Even with undoped NiTi surfaces, our calculations sug-
gest that O2 dissociates with practically no energy barrier.
Upon K doping, the adsorption energies increase �Table II vs
Table I, Table IV vs Table III�, and the Ti-O bond distances
are closer to the values in bulk TiO2. Thus, the catalytic role
played by the K atoms, for the enhancement of the stability
of the grown oxide layer, appears to be via electron donation
to the oxygen atoms, and not by a reduction in the energy
barrier of dissociation.

(a) (b) (c) (d)

FIG. 11. �Color online� Adsorption of oxygen on K-doped B19� NiTi�010�; �a� and �b� side and top view, 1 ML O, twofold bridge site;
�c� and �d� side and top view, 1 ML O2, bridge and in-plane sites. Colors �size, grayscale�: K-green �huge, light gray�, Ti-blue �large, gray�,
O-red �small, gray�, Ni-white �large, white�.
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FIG. 12. �Color online� Oxygen coverage dependence of the
relaxation of surface atoms for undoped �solid lines� and K-doped
�dashed lines� surfaces of B2 �001� �black�, B2 �110� �blue�, and
B19� �010� �red�, i.e., change in vertical Ti-Ni separation upon oxi-
dation. At 1 ML O coverage �one O pr surface Ti�, the data points
correspond to the geometries of Figs. 1�a� and 1�b� �black star,
solid�, 1�c� and 1�d� �blue plus, solid�, 9�a� and 9�b� �red triangle,
solid�, 5�a� and 5�b� �black star, dashed�, 5�c� and 5�d� �blue plus,
dashed�, 11�a� and 11�b� �red triangle, dashed�. At 1 ML O2 cover-
age �two O pr surface Ti�, the data points correspond to the geom-
etries of Figs. 3�c� and 3�d� �black star, solid�, 3�e� and 3�f� �blue
plus, solid�, 9�c� and 9�d� �red triangle, solid�, 7�a� and 7�b� �black
star, dashed�, 7�c� and 7�d� �blue plus, dashed�, 11�c� and 11�d� �red
triangle, dashed�.
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The present study is limited to the growth of a single layer
of TiO2. As shown in Fig. 12, the geometric relaxation ef-
fects increase with increasing oxygen coverage. Presumably,
two to three oxide layers could grow, but additional growth
is not expected to make a big difference, since it has been
found that O2 physisorbs on TiO2�110� once it has fully re-
sumed its passivating role.52 The surface treatment by K dop-
ing represents a real possibility to obtain more than a single
layer of Ti atoms at the surface, thereby enabling the forma-
tion of, say, two to three layers of TiO2 outside the outermost
Ni atoms. Clearly, this would require the adsorption of at
least 2–3 ML of O2. Our ambition here has not been to es-
tablish a mechanism for how Ni atoms near the surface are
replaced by K atoms but rather to identify the resulting ge-
ometries, assuming the replacement has taken place.

The XPS experiments reported by Tollefsen et al.8 show
that K doping enhances the formation of TiO2 at the expense
of lower oxides, e.g., TiO. Our results are in agreement with
this observation, since the adsorption energies Eads increase
significantly more upon K doping for the formation of TiO2
than for the formation of TiO. The effect is more pronounced
for the B19� �010� surface �0.99 eV vs 5.14 eV� and the B2
�110� surface �0.93 eV vs 3.42 eV� than for the B2 �001�
surface �0.80 eV vs 1.51 eV�. Here, the numbers in paren-
thesis represent the increase in Eads upon K doping for TiO
and TiO2 formation, respectively �see Tables I–IV�.

TiO2 is experimentally known to exhibit stable surface
indexes including rutile TiO2�110�, rutile TiO2�101�, and
anatase TiO2�101�.13,53 The former is the most stable.
NiTi�001� and NiTi�110� of the B2 phase, and NiTi�010� of
the B19� phase are the most investigated NiTi surfaces in
previous studies11,18 because of their high stability, which is
also found in the present study. We have considered these
three surfaces of NiTi since it is important to identify which
titanium oxide that will grow on which substrate surface.
Indeed, our investigation shows that the TiO2 growth on the
B2 NiTi�001� surface is best categorized as rutile TiO2�110�
�Figs. 3�c� and 3�d�� or TiO2�100� �Figs. 3�a� and 3�b��. As
shown by Perron et al.44 these two surfaces of rutile are
structurally rather similar. On the other hand, the oxide

growth on NiTi�110� in the B2 phase and NiTi�010� in the
B19� phase is better categorized as rutile TiO2�001�. It has
been shown44 that rutile TiO2�001� is of lower stability than
TiO2�101�, which in turn is less stable than TiO2�100�. Dop-
ing of the NiTi alloy with K atoms does not change this
growth pattern for the different surfaces. As discussed al-
ready, TiO2�001� is characterized by fourfold coordinated Ti
atoms, whereas TiO2�110� and TiO2�100� have sixfold- and
fivefold-coordinated Ti atoms. Since bulk rutile has sixfold-
coordinated Ti atoms, we expect a fully passivating oxide to
be obtained with about two layers of TiO2 on B2 NiTi�001�,
and with slightly more, about three layers of TiO2, on B2
NiTi�110� and B19� NiTi�010�.

V. CONCLUSION

The main results and implications of the present study can
be summarized as follows: �1� NiTi surface alloys react with
oxygen and form stable titanium oxides, with adsorption en-
ergies in the range 7–11 eV pr adsorbed atom or molecule, as
predicted by DFT calculations. �2� Based on their geometric
and electronic structures, the grown TiO and TiO2 surface
layers are conveniently categorized in terms of specific low-
index surfaces of these oxides. �3� Both TiO and TiO2 pro-
mote the biofunctionality of NiTi surface alloys by depleting
Ni atoms from the surface region. �4� By the growth of TiO2,
increased stability of the oxide and biofunctionality of the
NiTi surface is obtained. �5� Doping of the NiTi alloy, i.e.,
replacement of near surface Ni with K atoms, improves the
strength of the grown oxides, enhances the formation of TiO2
at the expense of TiO, and represents a surface treatment
mechanism that enables two or more successive layers of Ti
atoms at the surface, and thereby the possibility of growing
thicker passivating layers of TiO2.
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