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Oxygen incorporation in the Ti2AlC MAX phase and TiC was investigated in the electron microscope using
spatially resolved fine-structure electron energy-loss spectroscopy analysis. Corresponding fine structures were
calculated within the full-potential-linearized augmented plane-wave framework. In the calculations, oxygen
was substituted for aluminum and carbon in Ti2AlC as well as for carbon in TiC, in concentrations of 3.1, 6.2,
and 12.5 at %. Comparison of calculated and measured spectra shows that oxygen is incorporated on the
carbon site in both TiC and Ti2AlC. These findings reveal the existence of MAX phase oxycarbide MA�O,C�
alloys and O as a third X element in addition to C and N.
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Mn+1AXn phases are a family of nanolaminated ternary
materials,1 where M is an early transition metal, A is a group
IIIA or IVA element, and X was until recently believed to be
carbon and/or nitrogen only.2,3 These materials have recently
attracted increased attention due to their unique combination
of metallic and ceramic properties. Although synthesized pri-
marily as bulk materials,4 they have also been prepared by
thin-film growth, using magnetron sputtering as well as ca-
thodic arc deposition.5,6

Presently, around 60 “pure” MAX phases, of which about
ten are nitrides, have been synthesized. A large number of
MAX phases have also been synthesized by M and/or A-site
alloying, e.g., �Ti,V�2AlC or Ti3�Al,Sn0.2�C2.2,7,8 Here, the
incentive is to reach alloy properties which deviate from a
mixture of the corresponding two phases. This hypothesis
has been confirmed by both theoretical and experimental,
results with, e.g., an increased hardness of the alloy.9,10

X-site alloys are less common but Ti2Al�C,N� and
Ti3Al�C,N�2 have, for example, been investigated.8,11 Natu-
rally, the permutation space is limited if X is restricted to two
elements only.

Recent investigations have shown that MAX-phase thin
films can incorporate significant levels of oxygen
��15 at %� while apparently retaining the MAX crystal
structure.12,13 Residual gas impurities which are present dur-
ing physical vapor deposition have been suggested as a pos-
sible source for the incorporated oxygen.13 A second source
recently suggested is the decomposition of an Al2O3
substrate.12 However, MAX phases such as Ti2AlC, typically
contain a small amount of cubic TiC, which is known to
readily incorporate oxygen by the formation of an
oxycarbide.14 Grain boundaries and structural imperfections
are also known to getter oxygen,15 hence it is not yet clear
whether the oxygen is actually incorporated in the MAX
structure, in the TiC residual or both. A previous investiga-
tion demonstrated an anticorrelation between carbon and
oxygen along a concentration depth profile, which suggests
oxygen substitution on carbon sites.13 However, this is in
contradiction with a theoretical investigation suggesting that
corresponding substitution in Ti3SiC2 results in structural
instability.16 Also, in a recent study, oxygen was suggested to

be incorporated as an interstitial, causing Al vacancy
formation.17

If the oxygen is in fact incorporated in the MAX crystal
structure, adjusting its concentration presents a new alloying
opportunity to tailor the material’s properties. However, in
order to predict and tailor new properties, through theoretical
approaches, an understanding of the oxygen incorporation in
the structure is required.

In this Brief Report, the incorporation of oxygen in
Ti2AlC and TiC is investigated experimentally and theoreti-
cally using spatially resolved electron energy-loss spectros-
copy �EELS� spectrum imaging and first-principles compu-
tational methods. Specific attention is given to the fine
structure of the oxygen K edge. It is shown, by comparing
experimental and theoretical data, that oxygen is incorpo-
rated on the carbon site in both Ti2AlC and TiC. This finding
reveals O as a third X element, indicates the existence of
MAX-phase oxycarbides, and proposes, in analogy to pure
MA�C� and MA�N� phases, the existence of a MA�O� phase.

A single epitaxial thin film containing Ti2AlC and TiC
phases was deposited on an Al2O3 substrate using a filtered
cathodic arc source, described elsewhere.18 By x-ray
diffraction methods, the deposited phases were found to
assume the following orientations: TiC�111� �Al2O3�0001�,
TiC�110� �Al2O3�1̄100� and Ti2AlC�0001� �Al2O3�0001�,
Ti2AlC�1̄21̄0� �Al2O3�1̄100�. A significant amount of oxygen
was incorporated into the structure as measured by elastic
recoil detection analysis, �see Ref. 12 for details�.

A cross-sectional sample for scanning transmission elec-
tron microscopy �STEM� was prepared by conventional
methods followed by low-angle Ar-ion milling. A VG601
STEM operated at 100 kV and a Gatan Enfina spectrometer
was used for imaging and EELS spectrum imaging. For
spectroscopy, an objective aperture allowing for 11 mrad
convergence angle and a collector aperture allowing for 2
mrad acceptance angle were used. Spectrum images were
recorded in low-loss and core-loss regions and the core-loss
spectrum image was subsequently deconvolved for multiple
scattering using the Fourier-ratio method. Determination of
the relative oxygen concentration was performed using the
GATAN DIGITAL MICROGRAPH software and the oxygen con-
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tent was estimated to 5–10 at % depending on the choice of
cross-section model, background, and signal widths.

The WIEN2K code19 was used to calculate the electronic
structure �site- and symmetry-projected density of states,
PDOS� of the Ti2AlC and TiC, where oxygen was substitut-
ing for aluminum or carbon in the MAX phase and for carbon
in TiC. Oxygen substituting for titanium was not simulated
because the titanium concentration remains near 50 at % in
these films even though they contain 15 at % oxygen.12

An appropriate supercell was chosen based on the crite-
rion to mimic a random alloy. This can be achieved by simu-
lating a solid solution of C and O on the C sublattice by the
so-called special quasirandom structure method.20 By look-
ing at the convergence in total energy for various oxygen
configurations in Ti2AlC0.5O0.5, a supercell based on 2�2
�1 unit cells with a total of 32 atoms were chosen for both
the Ti2AlC and TiC structures. The oxygen concentration
was then varied by placing one, two, or four oxygen atoms in
the supercell. When replacing carbon in Ti2AlC, the posi-
tions were �0,0,0�, �1/2,1/2,0�, �0,1/2,1/2�, and �1/2,0,1/2�
while for aluminum they were �1/3,1/6,1/4�, �5/6,2/3,1/4�,
�2/3,1/3,1/4�, and �1/6,5/6,1/4�. For TiC, the corresponding
carbon positions were �1/4,1/4,1/2� �3/4,3/4,1/2�,
�1/4,3/4,1/2�, and �3/4,1/4,1/2�. This resulted in �3.1, 6.2,
and 12.5 at % O in the cells. The cells were then subject to
relaxation of internal structural parameters such that the
forces were less than 2 mRy/Bohr. Finally, the energy-loss
near-edge structure �ELNES� spectra of these structures were
simulated, given the known experimental conditions, and
broadened by a Gaussian function to account for system
broadening. For all calculations, the exchange-correlation
potential of Perdew et al.21 was used. The l expansion of the
nonspherical potential and charge density inside the muffin-
tin �MT� spheres was limited to lmax=12. The plane waves
were cut off at a kmax such that RMTkmax=7, where RMT is the
average radius for the MT spheres. The number of k points in
the Brillouin zone was set to 2000, based on test calculations
showing that more k points only give a minor change in the
DOS, which is not visible in the energy-loss spectrum. A
self-consistency cycle was iteratively converged until the en-
ergy difference between iterations was less than 0.1 meV.

Figure 1 shows the STEM and EELS imaging results. The
bright field �BF� STEM image in Fig. 1�a� shows a cross

section of the film, with the Al2O3 substrate at the bottom of
the image and the film on top. The film exhibits a varying
structure near the substrate with an abundance of stacking
faults. This region is composed of both cubic TiC and hex-
agonal Ti2AlC stacked in a random order as determined by
transmission electron microscopy. This mixed layer is fol-
lowed by two crystalline grains �one dark and one bright�
separated by a sharp boundary. The inserted frame in Fig.
1�a� indicates the region used for collection of the EELS
spectrum image. A higher magnification image of the bound-
ary between the two grains is presented in Fig. 1�b�. From
this image it can be seen that the dark grain contains lattice
fringes with about 1 nm spacing whereas the bright grain
does not. Based on the known epitaxial relationships, the
fringe structure identifies the Ti2AlC while the bright grain is
TiC. Finally, Fig. 1�c� shows the background-subtracted and
multiple-scattering-deconvolved titanium L2,3 core-loss spec-
trum image. Here it can be seen that the grains indicated in
Fig. 1�a� provide enough contrast to be identified also in the
spectrum image. Consequently, all individual spectra in these
different regions were averaged to reduce the spectrum noise
and treated as three different spectra, from Ti2AlC, TiC, and
a mixture thereof, in regions I, II, and III, respectively.

The ELNES information as acquired from the spectrum
image is shown in Fig. 2, revealing the appearance of the
Ti L2,3 and O K edges in regions I-III. The difference in the
fine structure and relative intensity of the O K edge between
these regions is negligible. A stronger intensity can be seen
for II, which is related to the more weakly diffracting �hence
brighter BF image� TiC grain. Normalizing the spectra �I-III�
gives identical intensities of both Ti and O edges �not
shown�. The appearance of the fine structure is not purely
O K as it appears to be superimposed on Ti L2,3 far-edge
peaks. Furthermore, the Ti L1 peak is located at 563 eV. The
spectra suggest two things: that the chemical environment of
the oxygen atoms is similar for both Ti2AlC and TiC and that
the oxygen is uniformly distributed in the film without pref-
erence for segregation to either phase looking at the O K
edge with onset at 531 eV. Disregarding the superimposed

FIG. 1. �a� BF STEM image of a cross-sectional sample where
the frame highlights the area used for EELS spectrum imaging.
Also indicated is the grain boundary between Ti2AlC MAX phase
and TiC. The same boundary is magnified in �b�, visualizing the c
axis lattice fringes in the Ti2AlC. The Ti L2,3 spectrum image is
shown in �c� with the Ti2AlC, TiC and mixed regions indicated as I,
II, and III.

FIG. 2. The averaged background-subtracted and deconvolved
spectrum image data from regions I-III, for the Ti L2,3 and O K
edges.

BRIEF REPORTS PHYSICAL REVIEW B 80, 092102 �2009�

092102-2



features from the Ti L2,3 edges, and the additional Ti L1
peak, the O K edge is characterized by a sharp peak centered
at 533 eV followed by a less pronounced peak centered about
10 eV after the first peak.

The simulated ELNES spectra are shown in Figs.
3�a�–3�c� for the different oxygen concentrations, materials,
and substitutional sites. For comparison, the experimentally
obtained O K edge from Ti2AlC, with subtracted Ti L2,3 far-
edge peak, is shown in Fig. 3�d�. For �a� and �b� where
oxygen is replacing carbon, the spectra appear rather similar.
An initial distinctive peak, centered at �2 eV from the edge
onset, is followed by two broader and more shallow peaks at
�12 and �30 eV after the edge onset. The fine structure,
however, reveals differences between the two. The second
peak is stronger in TiC than in Ti2AlC and there is a small
shift of the second peak for the MAX phase with increasing

oxygen concentration. Looking at �c� however, where oxy-
gen is replacing aluminum in Ti2AlC, the spectrum differs in
appearance from the previous two. It is characterized by an
initial sharp and narrow peak with near exponentially de-
creasing intensity, and weak peaks, e.g., at 10 eV after the
onset. This is in contrast to the experimental O K edge,
where two peaks can be identified at �2 and �12 eV after
the edge onset, neglecting the Ti L1 peak at �32 eV after
the edge.

The experimentally obtained Ti2AlC peak positions are
identical to those in the calculated spectra for oxygen on
carbon sites. The peak widths also match while peak heights
correspond better to the TiC calculation. The peak heights
are, however, strongly dependent on the correct removal of
the Ti L2,3 peak. It is not surprising that the calculated spec-
tra, for Ti2Al�O,C� and Ti�O,C�, appear so similar, since the
oxygen in both these cases is surrounded by an octahedron of
titanium atoms. In contrast, the coordination of the titanium
atoms around the aluminum site is trigonal prismatic.

The close resemblance of experimentally acquired O K
spectra from Ti2AlC and TiC, as well as the simulated spec-
tra of oxygen on carbon sites for these materials, leads us to
conclude that oxygen substitutes for carbon in both the
Ti2AlC and the TiC structures. It further leads us to conclude
that the Ti2AlC material investigated is actually a
MAX-phase oxycarbide; MA�O,C� and that O is a third X
element. Having a third X element increases the parameter
space of the possible MAX combinations significantly.

The above results are not surprising given the preference
for oxygen to reside on a carbon site in TiC. TiC and TiO
both have the same fcc structure �space group 225_Fm3m�
and nearly identical lattice parameters �4.330 and 4.293 Å,
respectively�. This allows for easy alloying of an oxycarbide
Ti�O,C� with a presumably complete miscibility. Considering
the same octahedral environment of the carbon atom in
Ti2AlC, it is surprising that MAX-phase oxycarbides have
not been reported in the past. Now that these alloys have
been identified, the full-alloying miscibility between MA�C�
and MA�O� phases expands the MAX permutation space, and
the associated materials properties are available for explora-
tion.

In conclusion, we have provided evidence that oxygen is
as easily incorporated on the carbon site in the Ti2AlC MAX
phase as in TiC. This leads to the conclusion that oxygen is a
third X element in addition to C and N. The here presented
finding also identifies the possibility of growth of MA�C,O�
oxycarbides with notable changes in materials properties.
Given the complete miscibility of TiC and TiO, the possibil-
ity of a MA�O� phase cannot be excluded.
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Academy of Sciences for financial support. J. Rosén ac-
knowledges financial support from the Swedish Foundation
for Strategic Research. The Australian Research Council
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FIG. 3. ��a�–�c�� Calculated O K edge spectra for the various
structures, substitutional sites, and oxygen concentrations. �d� For
comparison: the experimentally acquired Ti L2,3 subtracted O K
spectrum. The vertical lines in ��a�–�d�� indicate the positions of 2,
12, and 30 eV after the edge onset, to highlight the shift and posi-
tions of respective peaks.
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