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Metastable surface oxide on CoGa(100): Structure and stability
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We investigated the structure and formation of a surface oxide and bulk B-Ga,O; on CoGa(100) from
ultrahigh vacuum to 1 bar oxygen pressure in a temperature range from 300 to 1040 K. We combined in situ
surface x-ray diffraction with scanning tunneling microscopy, atomic force microscopy, and density-functional
theory calculations. We find that the two-dimensional epitaxial surface oxide layer exhibits a p2mm symmetry
with an additional mirror plane as compared to the bulk oxide. The surface oxide layer is found to form under
metastable conditions at an oxygen chemical potential ~1.6 eV above the stability limit for bulk 8-Ga,0s.
The formation of the bulk oxide is kinetically hindered by the presence of the oxygen-terminated surface oxide,
which most likely hampers dissociative oxygen chemisorption. We observe that below 620 K, the surface oxide
is surprisingly stable at 1 bar oxygen pressure. Substrate faceting accompanies the bulk oxide formation at

temperatures higher than 1020 K.

DOLI: 10.1103/PhysRevB.81.115402

I. INTRODUCTION

Oxidation of metals and metallic alloys is of crucial im-
portance for different technological applications such as het-
erogeneous catalysis, microelectronic devices, gas sensors,
and high-temperature resistant coatings. In general, in situ
investigations of the oxide stability at industrially relevant
conditions of temperature and oxygen pressure, as well as a
precise structural and chemical analysis of the oxide layers
are desired, in order to have a fundamental understanding of
the processes governing the aforementioned applications. In
this context, the limited applicability of the conventional sur-
face science methods under high-pressure environments led
to the emergence of the so-called “pressure gap,” an issue
closely related to heterogeneous catalysis but also important
for fundamental studies on oxide stability on metallic sys-
tems. Sustained scientific efforts have been recently made in
order to close the pressure gap: an important tool for getting
insight into this problem is the combination of different ex-
perimental methods with ab initio thermodynamics. Many of
the reported studies were conducted on oxidation of transi-
tion metals since these systems are highly important in het-
erogeneous catalysis. Ultrathin oxides (also called surface
oxides) composed of an oxygen ion double layer were found
to form on late 4d transition-metal surfaces,' showing a re-
markable stability against transformation to bulk oxides. The
formation of surface oxides is not restricted to noble-metal
surfaces: ultrathin, epitaxial oxide layers with a thickness in
the subnanometer regime, and a well-defined interface to the
substrate form under controlled conditions by the selective
oxidation of alloys, i.e., NiAl>® FeAl’ CoGa,'®!" and
Cu-AL'? Such oxide films are used as insulating barriers in
magnetic tunnel junctions!? and are known to play a critical
role in the device performance. For instance, spin-dependent
electron tunneling was shown to occur through a gallium
oxide layer used as an insulating tunnel barrier.'* Besides
having the desired properties, requirements for practical ap-
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plications include a homogeneous chemical composition,
thickness in the 1 nm regime, as well as stability and repro-
ducibility in preparation of the oxide layer. Ultimately, the
optimization of device performance renders the investigation
of the structure and stability of the oxide layers mandatory.

The present study focuses on the oxide formation on the
CoGa(100) surface by varying the temperature from 300 to
1100 K and oxygen partial pressures ranging from ultrahigh
vacuum (UHV) to 1 bar. Stoichiometric CoGa—an interme-
tallic B2-ordered alloy—exhibits selective oxidation of Ga
when exposed to oxygen environments. Bulk Ga,0j; exists in
different phases based on close-packed oxygen lattices.!>!6
B-Ga,05 is the only known thermodynamically stable bulk
phase of Ga oxide.!” It has a monoclinic structure as depicted
in Fig. 1(a) with oxygen ions forming a distorted fcc lattice
and Ga atoms occupying octahedral and tetrahedral sites.

Formation of a crystalline ultrathin gallium oxide film on
CoGa(100) was previously observed upon exposure at rela-
tively low oxygen partial pressures and temperatures higher
than 550 K.'®!° The atomistic structure and the growth
mechanism of the ultrathin oxide layer formed during the
initial stages of CoGa(100) oxidation have been recently
discussed.!!

In the present work we give additional information on the
structural refinement of the ultrathin gallium oxide layer
based on surface x-ray diffraction (SXRD), scanning tunnel-
ing microscopy (STM), and density-functional theory (DFT)
calculations, including local bonding configurations, symme-
try, and STM image simulation. We find that the surface
oxide structure is compatible with p2mm symmetry, differing
from Ga,0O; bulk oxide exhibiting only one mirror plane
(space group C2/m).

In addition, we followed the transition from the surface
oxide to bulk 3-Ga,05 as a function of temperature 7" and
oxygen partial pressure p by means of in sifu surface x-ray
diffraction measurements. In this way, the oxide (p-T) stabil-
ity diagram was mapped out and compared to results from ab
initio thermodynamics. We find that the formation of the sur-
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FIG. 1. (Color online) Schematic representation of the
CoGa(100) substrate and possible arrangement of the Ga,O3 bulk
structure on it. (a) Side view of two Ga,03 mirror domains. (b) Top
view of two rotational domains. The bulk structure is made up by a
stacking of Ga ions in octahedral (oct) and tetrahedral (tet) coordi-
nation within the distorted fcc oxygen sublattice. The lattice con-
stants of 3-Ga,05 are at 2732 K: ay=12.214 A, by=3.037 A,
and cy=5.798 A and @=90°, B=103.83°, and y=90° (Ref. 17).
[The “M” subscripts indicate the monoclinic coordinates]. (¢) Out-
of-plane reciprocal (H,0,L) plane of CoGa (black open circles).
Superimposed are the reflections arising from the two mirror do-
mains of 8-Ga,0s3, indicated by the dark gray (blue) and light gray
circles.

face oxide layer takes place under metastable equilibrium
conditions at an oxygen chemical potential considerably
above the one for Ga,0; bulk oxide formation. The forma-
tion of the bulk oxide, in turn, is governed by strong kinetic
barriers, which most prominently manifest themselves in the
stability of the surface oxide layer at 1 bar oxygen pressure
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at room temperature. At temperatures above 1000 K the
CoGa(100) surface undergoes oxidation-induced faceting, as
revealed by in situ SXRD and ex sifu atomic force micros-
copy (AFM) experiments.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A nominally CosyGas single crystal with a diameter of 8
mm and a thickness of 2 mm was used for all the experi-
ments presented here. The specimen was cut and polished
parallel to the (100) planes and oriented by x-ray diffraction
better than 0.05°. The main impurities of the CoGa sample
are carbon, oxygen, and sulfur. After several oxidation-
desorption and sputtering-annealing cycles, no impurities
could be detected by means of Auger electron spectroscopy
measurements.

The crystal truncation rod (CTR) measurements for the
surface oxide structure determination were performed in an
in situ UHV chamber?® at beamline ID32 at the European
Synchrotron Radiation Facility, Grenoble using an incident
photon energy of 20 keV. The CTR data were background
subtracted and standard correction factors were applied.?! A
complete structural analysis was made by measuring 16
nonsymmetry-equivalent surface rods and four independent
crystal truncation rods (in total 850 independent structure
factors). The simultaneous fit of the surface and crystal trun-
cation rods was performed using the software package
ROD.?? Relaxations of the atoms in x, v, and z directions were
allowed conserving p2mm symmetry. For the fit, an equal
distribution of (2X 1) and (1X2) domains was assumed.
The in situ near atmospheric pressure oxidation measure-
ments were carried out in a portable UHV—high-pressure
compatible diffraction chamber at the MPI-MF beamline?® at
Angstromquelle Karlsruhe using a photon energy of 10 keV.
The sample temperature was controlled by a Chromel-
Alumel type K thermocouple spot welded to its side. The
oxygen pressure was determined by a Pirani gauge above 5
X 1073 mbar and by a cold cathode gauge at lower pres-
sures. Above 5X 1073 mbar the chamber was isolated from
the turbo molecular pump and the experiments were per-
formed under static conditions. The STM measurements
were performed at room temperature using a customized
commercial STM (Omicron u-STM). The STM images were
obtained in Vienna using constant current mode and an elec-
trochemically etched tungsten tip conditioned by sputtering
with Ar* under UHV conditions. The AFM measurements
were performed in contact mode at ambient conditions.

The computational investigations on the surface oxide
structural stability were performed using the Vienna ab initio
simulation package,?* employing the projector-augmented-
wave method®2¢ and the local-density approximation of
Ceperley and Alder.”’?® The valence wave functions were
expanded in a plane-wave basis set with a kinetic-energy
cutoff of 400 eV. Brillouin-zone integration was performed
using grids of (5X9 X 1) k points in the (2 X 1) surface cell
for all calculations. The CoGa bulk lattice constant obtained
with this setup is @y=2.82 A and the bulk 3-Ga,O5 lattice
parameters a=12.15 A, b=3.02 A, c=5.76 A, and B
=103.8°, in good agreement with the experimental results.
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The CoGa(100) substrate was modeled by a slab of four Co
and four Ga (2 X 1) layers. The bottom four layers were kept
fixed, whereas the top four layers were allowed to relax. The
oxide layers were placed on top of the relaxed side of the
slab (asymmetric setup). Periodic images were separated by
at least 10 A of vacuum.

STM image simulations were based on the Tersoff-
Hamann model.?*3! In this model the STM tip is described
by a s-type wave function, tip-substrate interactions are ne-
glected and the tunneling process is treated within a pertur-
bational approach. Hence the tunneling current is propor-
tional to the charge density of sample states at the position of
the tip apex atom, including only states that satisfy elastic
tunneling conditions corresponding to the applied tip-sample
bias voltage. In accordance with the experimental tip polarity
and bias voltage, the density of (occupied) states was inte-
grated from —50 meV up to the Fermi level.

III. RESULTS
A. Surface oxide structure determination

For the surface oxide structure determination, an ultrathin
oxide layer was prepared by oxidation at 723 K and 5
X 1077 mbar O, for 480 s. The two-dimensional surface ox-
ide grows epitaxially on the substrate and forms a (2X 1)
superstructure in two domains rotated by 90°,'%1% as indi-
cated in Figs. 1(a) and 1(b).

As a starting model for determining the structure, we have
taken B-Ga,0O; because its lattice match to the CoGa sub-
strate opens up the possibility of epitaxial growth: by pos-
sesses a misfit of +5.5% and cy/2 a misfit of +0.7% with
respect to the CoGa(100) surface with ac=2.878 A (the sub-
script “M” stands for the monoclinic 8-Ga,0j5 structure). The
by and ¢y axes are in the surface plane and oriented parallel
to the CoGa(010) and CoGa(100) directions, respectively,
building up the (2 X 1) superstructure. The ay; axis is tilted
by 14° with respect to the surface normal and in principle
two types of out-of-plane domains for each in-plane domain
exist: the oxide unit cell can be rotated by 180° around the
surface normal or mirrored, still fulfilling the epitaxial rela-
tionships described above, as shown in Fig. 1(a). It must be
noted, however, that the 14° tilt of the unit cell is only a
consequence of finding the smallest unit cell; the oxygen
anions in B-Ga,0; form a distorted fcc(100) lattice showing
only negligible tilt (0.1°). The primitive, nonorthorhombic
unit cell, and the existence of mirror domains are caused by
the distribution of octrahedral and tetrahadral Ga sites in the
cell, which does not exhibit mirror symmetry with respect to
a plane perpendicular to the cy; axis.

The x-ray diffraction data are presented using the recip-
rocal lattice of the CoGa substrate. The out-of-plane recipro-
cal (H 0 L) plane of CoGa (black open circles) together
with the reflections arising from the two mirror domains of
B-Ga,0; (indicated by the blue and gray circles) are shown
in Fig. 1(c). (The subscript “C” indicates the cubic coordi-
nates). Due to the (2 X 1) periodicity, the oxide reciprocal
lattice exhibits additional rods of scattered intensity at non-
integer H and K values, the so-called surface rods. At integer
H and K values all oxide domains contribute and the crystal
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FIG. 2. (Color online) (a) Structure factor amplitude calculated
for two surface rods—(0.5, 0) and (0.5, 1)—corresponding to one
Ga, 03 unit cell (dashed, blue line), for a five (solid, red line), and a
three layers slab (dotted, green line) as highlighted in Fig. 1(a). The
experimental structure factors as a function of the reciprocal-lattice
coordinate, L, perpendicular to the surface for different in-plane
momentum transfers (H,K) are indicated by the black open circles.
(b) Experimental (black symbols) and calculated (solid, red curves)
structure factors for the best-fit structure as a function of the
reciprocal-lattice coordinate, L. Out of the complete data set, two
surface rods and two CTRs are plotted. For comparison, the struc-
ture factors calculated for two other DFT-relaxed structures (dashed
(blue) and dotted (green) lines) are plotted (see text for details).

truncation rods contain information on the registry of the
overlayer with respect to the substrate while the surface rods
are only sensitive to the oxide structure.

As a first step, the finite film thickness oscillation period
on the surface rods was used to determine the thickness of
the oxide layer. Structure factors were calculated for a full
bulk unit cell and for slabs with different thickness and com-
pared to the data, as shown in Fig. 2(a). The slabs used for
calculations are highlighted in Fig. 1(a) [five layers slab
(0Ga*'0-Ga™-0-Ga"*'-0Ga*'O)—Ileft rectangle and three
layers slab (0Ga*'O-Ga'*'-O)—right rectangle]. We note that
the structure factors calculated for the five layers thick slab
match the period of the oscillations on the surface rods best.

Second, all possible slabs with the same thickness and
both Ga and Co substrate terminations were considered for
the x-ray and DFT refinement. The structures were relaxed
and structure factors of configurations characterized by a
DFT energy minimum were compared with the diffraction
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FIG. 3. (Color online) (a) Side view, (b) detailed bottom view of
the bonding configuration, and (c) top view of the best-fit surface
oxide model [see Tables I and II]. The oxygen atoms located close
to the interface are represented by the light gray (blue) spheres for
clarity.

data. As an example, Fig. 2(b) shows a comparison between
the experimental x-ray diffraction structure factors (black
symbols) and the calculated structure factors for two DFT-
relaxed structures with Ga and Co interfacial termination.
The two models were derived from the five layers slab high-
lighted in Fig. 1(a) having bulk stoichiometry. However, the
comparison between the experimental and calculated struc-
ture factors makes the poor agreement immediately apparent
[see Fig. 2(b)].

The best fit to the data (y>*=0.96) was achieved for the
structural model shown in Figs. 3(a)-3(c), only allowing re-
laxations that obey p2mm symmetry and including two do-
mains rotated by 90° as shown in Fig. 1(b). The finite thick-
ness of the ultrathin film and its position on high-symmetry
sites of the substrate introduces a second mirror plane as
compared to the bulk structure. This model was derived from
the above-mentioned five-layer model by a complete re-
moval of the interfacial oxygen ion layer. It consists of an
oxygen ion double layer similar to two fcc(100) layers; Ga
ions at the surface occupy truncated octahedral and tetrahe-
dral sites, reflecting the structural elements of 3-Ga,0; (Fig.
3). At the interface, Ga ions occupy hollow and bridge sites
of the Co-terminated substrate, which results in a pro-
nounced buckling of the interfacial Ga layer. The lower
(hollow-site) interfacial Ga ions bind to an oxygen ion di-
rectly above; the higher (bridge) ones are between two O
ions; thus the buckling of the oxygen layer above the inter-
facial Ga is the inverse of the Ga below.

The average Ga*-O distance is 1.88 A and the O-Ga'*-O
angles are in the range 102.0°-128.5°, indicating distorted
tetrahedral coordination geometry. The average Ga®'-O dis-
tance is 1.89 A and the 0-Ga®'-O angles are in the range
76.5°—-100.6°. These values compare well to those corre-
sponding to B-Ga,05: Ga'*'-O and Ga®*'-O distances are 1.84
and 1.99 A, respectively, and the O-Ga*'-O and O-Ga°*'-O
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TABLE I. Bond lengths of the surface oxide vs bulk 8-Ga,05.
The bonds are labeled according to Figs. 3(b) and 3(c).

Bond Surface oxide (A) Bulk oxide (A)
3-1 1.87 1.94
3-1' 1.87 2.07
3-4 1.96 1.94
2-1 1.91 1.83
2-5 1.85 1.83
2-1' 1.91 1.86
6-5 1.85 1.94
7-4 1.82 1.83

angles are in the range 105.9°-119.6° and 80.9°-94.1°,
respectively.!” A direct comparison between the bond lengths
and angles of the bulk and the surface oxide is given in
Tables I and II, respectively. The bonds and angles are la-
beled according to Figs. 3(b) and 3(c). All oxygen atoms in
the surface oxide have bonds to three Ga ions in an almost
planar configuration. Also in the bulk oxide, most O ions
have three bonds but some have four.

The layer sequence and stoichiometry of the ultrathin ox-
ide cell is O,-Ga,-0,-Ga,, different from the Ga,O; bulk
stoichiometry. Similar to the ultrathin alumina films,* we
must consider the interfacial Ga layer partly metallic; a
charge-neutral film is obtained if we assign a formal valency
of +1 to these Ga atoms.

Because of the low x-ray scattering contrast between Co
and Ga, it is not directly possible to distinguish between Co
or Ga termination at the interface from the fit of the x-ray
data. However, the DFT-relaxed structure with Ga substrate
termination below the interfacial Ga layer is by 0.94 eV/
oxygen atom less favorable than the one with Co termina-
tion. This is in line with the obvious property of the ordered
CoGa alloy that Co-Ga bonds are favored with respect to
Co-Co and Ga-Ga bonds. Comparing the experimental
(SXRD) and calculated (DFT) atomic positions, we find re-
markably good agreement, with only slight indications of
underbinding in DFT evidenced by the larger interlayer dis-
tances in the oxide layer (Table III).

TABLE II. O-Ga-O bond angles of the surface oxide vs bulk
B-Ga,05. The angles are labeled according to Figs. 3(b) and 3(c);
“oct” and “tet” stand for octahedral and tetrahedral coordination of
Ga, “int” denotes Ga at the interface.

Surface oxide Bulk oxide
Angle Ga coordination (deg) (deg)
1-3-1' oct 76.5 80.9
1-3-1 oct 100.6 94.1
1-2-5 tet 105.9 105.9
5-2-5 tet 102.0 111.9
1/-2-1 tet 128.5 119.6
1'-2-5 tet 105.9 106.8
4-7-4 int 104.1 119.9
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TABLE III. Atomic positions of the surface oxide, in fractional coordinates with respect to unit cell

PHYSICAL REVIEW B 81, 115402 (2010)

marked by the shaded (yellow) rectangle in Fig. 3 [a=5.756 A and b=c=2.878 A].

Atom label Atom type Xexp XDFT Yexp YDFT Zexp ZDFT

11’ Co 0.753 0.753 0.500 0.500 -0.504 -0.505
11 Co 0.247 0.247 0.500 0.500 -0.504 -0.505
10 Ga 0.500 0.500 0.000 0.000 -0.007 -0.015
9 Ga 0.000 0.000 0.000 0.000 0.026 0.023
8’ Co 0.744 0.743 0.500 0.500 0.493 0.485
8 Co 0.256 0.257 0.500 0.500 0.493 0.485

7 Ga 0.500 0.500 0.000 0.000 0.988 0.975

6 Ga 0.000 0.000 0.500 0.500 1.152 1.143

5 (0] 0.000 0.000 0.000 0.000 1.544 1.576

4 (0] 0.500 0.500 0.000 0.000 1.631 1.643

3 Ga 0.500 0.500 0.500 0.500 2.036 2.053

2 Ga 0.000 0.000 0.000 0.000 2.223 2.246
1’ (0] 0.799 0.779 0.500 0.500 2.325 2.377
1 O 0.201 0.221 0.500 0.500 2.325 2.377

To further corroborate the structural model, we have per-
formed high-resolution STM measurements. Figure 4(a)
shows an atomically resolved overview image, exhibiting al-
most perfect (1 X 1) structure with a lattice constant of about
2.87 A. A comparison with the simulated STM image for the
structure described above exhibits good agreement [see Fig.
4(b) upper panel]. As observed for other oxygen-terminated
surface oxides,"*® the topmost oxygen ions appear as protru-
sions (bright). They are only slightly displaced toward to
each other by 0.17 A along the [100] direction according to
the DFT-determined structure (0.28 A according to SXRD;

FIG. 4. (Color online) (a) STM image of the surface oxide on
CoGa(100) obtained at a sample voltage of —49 mV and a tunnel
current of 0.3 nA imaging occupied states. (b) Simulated STM im-
age (upper panel), structural model for the topmost O-Ga ion layer
and the Ga ion layer below the surface (middle panel), and zoom in
the experimental STM image in (a) (lower panel). Small spheres
correspond to Ga ions, large spheres to oxygen ions. (¢) STM image
obtained under similar tunneling conditions exhibiting a much
stronger (2X 1) contrast.

here we consider DFT more accurate because oxygen is a
weak scatterer for x rays). In some STM images a much
stronger (2X 1) contrast was observed, with alternating
bright and dark oxygen rows [Fig. 4(c)]; the same was also
reported in a previous study.'® This type of image is not
reproduced by the STM image simulations and must be
therefore explained by an asymmetric tip of the STM.

B. Transition from surface oxide to bulk B-Ga,0;

The stability diagram of the gallium oxide and its forma-
tion on CoGa(100) from room temperature to temperatures
up to 1043 K, was mapped out by means of in situ SXRD
measurements. The surface oxide formation was observed as
follows: the CoGa(100) crystal was first heated at a chosen
temperature and subsequently exposed to oxygen. The inten-
sity evolution was followed in real time on an surface oxide-
sensitive reciprocal space position, i.e. (0, 0.5, 0.96), which
corresponds to a maximum of intensity along the (0,0.5,L)
surface oxide rod. The O, pressure was subsequently in-
creased in time steps of about 600 s.

To test the stability of the surface oxide layer toward bulk
oxide formation, a fresh surface oxide layer was prepared for
each temperature at 723 K and 2 X 1077 mbar oxygen pres-
sure for 1800 s. Subsequently, oxygen was applied at differ-
ent pressures while the sample was held at temperatures be-
tween room temperature and 923 K. The transformation of
the surface oxide layer was monitored by following the in-
tensity of a bulk oxide-sensitive reciprocal space position at
(0.5, 0, 1.08) and subsequently performing L scans. This
point in reciprocal space corresponds to the (401),; Bragg
peak of B-Ga,0;.

The stability conditions for surface or bulk gallium oxide
at different temperatures and partial oxygen pressures as ob-
served experimentally are indicated in Fig. 5. The white area
marks the regime in which the clean surface or a chemi-
sorbed oxygen phase is stable (not determined), whereas the
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FIG. 5. Experimental (p-T) stability diagram of gallium oxide
formation on CoGa(100). The open circles and rectangles indicate
the onset of surface and the bulk oxide formation, respectively,
whereas the crosses mark the conditions at which the surface oxide
was found to be stable. The solid line represents a constant oxygen
chemical potential of Aug=-1.92 eV. Note that the Au line cal-
culated for the stability limit of the bulk oxide lies about 20 orders
of magnitude in pressure below. The dotted line is a guide to the eye
for the transition from the surface oxide to the bulk oxide.

light and the dark gray areas correspond to the surface and
bulk gallium oxide stability region, respectively.

1. Surface oxide formation

Depending on the temperature, the surface oxide was
found to form at oxygen pressures between 2 X 10~ and
2.6X 107 mbar, as indicated in Fig. 5. In the temperature
range between 790 and 1045 K the formation/decomposition
of the surface oxide was found to be reversible while the
oxygen pressure was increased or decreased, respectively.
These (T,p) data points of the transition can be used to ob-
tain the oxygen chemical potential o (T, p), above which the
surface oxide gets more stable than an oxygen chemisorption
phase which very likely exists at lower oxygen surface cov-
erage (not investigated here).3? The solid line in Fig. 5 is a fit
to the data corresponding to Aupg(T,p)=-1.92 eV. In addi-
tion, the decomposition of the surface oxide layer was ob-
served at 793 K under UHV conditions (residual pressure 2
X 107 mbar, partially water vapor), consistent with this
value of the oxygen chemical potential.

2. Stability of surface oxide and bulk oxide formation

First we discuss the stability of the surface oxide layer at
temperatures below 623 K. The room-temperature results are
given as an example here. The (0.5, 0) surface oxide rod is
plotted in Fig. 6(a). Upon oxygen exposure up to 1 bar, no
significant change in the surface oxide signal takes place,
indicating a high kinetic stability of the surface oxide layer.

At 623 K the formation of very thin bulk oxide islands
was observed after one hour exposure at 0.1 bar O, (scan not
shown here). The diffraction signal along the (0.5, 0) rod
changed much more rapidly as the temperature for the oxy-
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FIG. 6. (Color online) (a) Diffracted intensity along the (0.5, 0)
rod for the as-prepared surface oxide layer (open circles) and after
exposure to 1 bar of oxygen at room temperature (filled squares).
(b) Diffracted intensity along the (0.5,0,L) reciprocal-lattice direc-
tion after bulk oxide growth at 723 K (open (black) circles) and 773
K [open (red) squares].

gen exposure of the surface oxide layer was increased to 723
K and above. Several peaks appeared along the (0.5, 0) rod at
L=0.37, 0.61, 0.85, 1.09, and 1.33, as plotted in Fig. 6(b).
These reflections can be indexed in monoclinic bulk
B-Ga,05 coordinates. Rocking scans (with the rotation axis
perpendicular to the surface) through the (401),,; oxide peak
(not shown here) exhibit a distinct maximum with a full
width at half maximum of 5.5°, indicative for the epitaxial
growth of a defective layer.

The monoclinic ¢* axis points out of the surface and the
bulk oxide exhibits a commensurate (2 X 1) superstructure in
the surface plane; in spite of the 5.5% misifit, commensura-
bility was still observed at a bulk oxide thickness of 3 nm.
We always find pairs of reflections with indices (H 0 L)y

and (H 0 L)y, giving evidence for bulk oxide mirror do-
mains as pictured in Fig. 1(a). Since no finite-thickness os-
cillations are observed along the (0.5, 0) rod, the oxide sur-
face must be rather rough. From the width of the (401)y; and

(401)y; reflections an average saturation oxide film thickness
of about 3.1 nm at 723 K and 4.4 nm at 773 K is determined.

Similar experiments were performed at different tempera-
tures between 623 and 1043 K and the corresponding oxygen
pressures for the onset of bulk oxide growth range from 102
to 2.5X 107> mbar, as plotted in Fig. 5. With increasing oxi-
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FIG. 7. (a) AFM image (10X 10 um) of the CoGa(100) surface
after oxidation-induced faceting. (b) Line scan along the white line
in (a). The slope of the (102) and (102) planes is indicated by
dashed lines.

dation temperature, the bulk oxide was found to form at
lower oxygen partial pressures, indicative for strong kinetic
barriers present during bulk oxide formation. The average
oxide thickness was found to be 9 and 12 nm for the oxide
grown at 873 and 923 K, respectively. A diffraction signal
characteristic for a truncated crystal (so-called truncation
rod) without thickness oscillations was observed from the
oxide film (not shown here), which points to the formation of
oxide domains with large thickness variation and a locally
flat surface in the order of the x-ray coherence length (sev-
eral thousand angstroms).

3. Oxygen-induced substrate faceting

After oxidation above at a temperature of 973 K a quali-
tatively new situation was observed: the CoGa(100) surface
undergoes a strong roughening, which was evidenced by ex
situ AFM investigations. Figure 7(a) shows an AFM image
measured after oxidizing the sample at 1023 K and 5
X 1075 mbar O, for 500 s. Under these conditions, charac-
teristic holes by ~1 um width and ~100 nm height were
observed in the AFM images. In Fig. 7(b) a line scan through
one of the holes is given. The change in surface morphology
was in addition characterized by in situ SXRD experiments:
Fig. 8(a) shows H scans parallel to the (100) substrate direc-
tions at K=1 and different L values. Apart from the peak at
(0, 1) due to the crystal truncation rod, additional peaks are
observed as shoulders on both sides of the CTR exhibiting an
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FIG. 8. (Color online) (a) Line scans performed in the H direc-
tion at K=1 and different L values. The contribution from the facets
is given by the side peaks (gray), whereas the CTR signal is repre-
sented by the middle peak. (b) Schematic representation of the
(001){102} planes of the CoGa viewed along the [010] direction.

increase in H with increasing L. This is a direct proof of facet
formation since any facet gives rise to a crystal truncation
rod signal perpendicular to its surface. In order to determine
the angle between the (001) CoGa surface and the newly
formed facets, each of the H scans in Fig. 8(a) was fitted and
the position of the side maxima was accurately determined.
The angle was determined to be 26.36° = 0.3°, correspond-

ing to the (102)- and (102)-type facets of the substrate. The
{102} type of planes consist of two-atom-wide (101) terraces
separated by monoatomic steps approximately 10 A apart. A
schematic representation of the CoGa(001)/{102} planes pro-
jected along the [010] direction is shown in Fig. 8(b). The

presence of symmetry equivalent (012) and (012) facets
[+£90° rotated with respect to the (102) facets] was evi-
denced by performing scans in the K direction [not shown
here] at H=0 at different L values around the (011) substrate
Bragg peak. The formation of facets with fourfold symmetry
is inline with the observed squared shape of the holes visible
in the AFM images. In addition, the direction of the (102)
planes [plotted as dashed lines in Fig. 7(b)] agrees well with
the slope of the holes, as observed by AFM.

C. Discussion

In the previous section we have demonstrated that the
formation of the surface oxide layer takes place under qua-
siequilibrium conditions at an oxygen chemical potential of
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FIG. 9. (Color online) Surface phase diagram for the ultrathin
Ga oxide layer on CoGa(100). The adhesion energy Ay of the ul-
trathin surface oxide as calculated from DFT is plotted as a function
of the oxygen chemical potential Aug (solid, red line). The chemi-
cal potential for bulk oxide formation is marked as a solid vertical
line and the experimentally determined chemical potential for the
surface oxide formation as a dashed vertical line.

Au=-1.92 eV. The question arises if the surface oxide is a
thermodynamically stable phase or if its growth is only pos-
sible because of the strong kinetic barriers obviously present
for the bulk oxide formation over the whole pressure and
temperature regime investigated in this study. The theoretical
adhesion energy Ay for a surface oxide structure can be writ-
ten as

1 .
Ay= X[E(’Mde — 16aNGa = oNo]. (1)

where ug, and uq are the chemical potentials of Ga and O.
A is the surface area of the unit cell, E°*9 ig the difference of
the energies with and without oxide layer, and Ng, and N
are the number of Ga and O atoms in the oxide unit cell; for
the surface oxide Ng,=Np=4. In Eq. (1) the quantity ug, is
not directly accessible in a simple way from the DFT calcu-
lations; nevertheless we can estimate it from (temperature-
dependent) experimental values of the Ga partial Gibbs free
energy of CoGa formation and the chemical potential for
pure Ga (for the latter we use the DFT energy of pure Ga,
—3.52 eV/atom, when calculating the surface oxide stability
by DFT).33-3

The resulting Ay(Aug) diagram is pictured in Fig. 9 for
an intermediate temperature of 923 K. The clean Co-
terminated CoGa surface serves as a reference with Ay=0.
The chemical potential for bulk oxide B-Ga,0; formation
is indicated by a solid vertical line at Apug=-3.55 eV, as
it is calculated from experimental values of the heat of for-
mation of B-Ga,0; (-3.76 eV/oxygen atom) and the Ga
partial Gibbs free energy of CoGa formation.33343 It is
apparent that in this phase diagram the surface oxide is
thermodynamically more stable than the clean Co-terminated
surface above Aug=-4.17 eV up to the oxygen chemical
potential for bulk oxide formation. It must be noted, how-
ever, that this range is at far lower Ay, than accessed ex-
perimentally and we also have to expect oxygen adatom
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phases in this range. We have not calculated the phase sta-
bility of such phases since their detailed structure (crystal
termination, oxygen Ssites, possible reconstruction) is un-
known.

The experimental value for Aug, above which the surface
oxide is found to be stable, is indicated as a dashed vertical
line in Fig. 9. It is not found in the calculated phase diagram
but it is likely that its intersection with the A+ line of the
surface oxide marks the transition between an unknown oxy-
gen adsorption phase (not calculated) and the surface oxide.
Obviously the surface oxide forms at an oxygen chemical
potential far above the chemical potential for bulk oxide for-
mation (note that at 923 K the bulk Ga,05 should already
form at an oxygen partial pressure of 102> mbar under equi-
librium conditions). This implies that the surface oxide for-
mation takes place in a metastable equilibrium with the sur-
rounding oxygen atmosphere.

In addition, our experimental observations indicate a
strong kinetic hindrance for the formation of the bulk oxide:
many orders of magnitude higher oxygen pressures are
needed to form the Ga,05 phase, i.e., global thermodynami-
cal equilibrium is not reached. A similar behavior was re-
ported for the other systems, i.e., the rhodium oxide on
Rh(111),3 \5 surface oxide on Pd(100),38 and the ultrathin
aluminum oxide on NiAl(110).%

We may speculate on the microscopic origin of such ki-
netic barriers. Further growth of the oxide layer may be lim-
ited by two factors: oxygen dissociation, and electron and
ion transport through the growing oxide layer and by the
diffusion of Ga from the substrate. The surface oxide forms a
flat, two-dimensional, oxygen-terminated layer, which does
not promote oxygen dissociation. Therefore, higher tempera-
tures and oxygen pressures are needed in order to increase
the probability for oxygen dissociation, e.g., at thermally in-
duced defects. Diffusion of Ga through the CoGa substrate
obviously does not play a role, otherwise we would not ob-
serve the formation of the Ga-rich surface oxide at tempera-
tures much below bulk oxide formation. Thermal diffusion of
ions through the oxide layer may play a role, especially for
thicker oxides. The average thickness of the bulk gallium
oxide was found to increase with increasing oxidation tem-
perature ranging from 3 to 12 nm for temperatures between
723 and 923 K. This is inline with an ion diffusion controlled
oxidation process.*

Substrate faceting accompanies the bulk oxide formation
at temperatures higher than 1023 K. The development of a
similar substrate morphology was observed after the high-
temperature oxidation of NiAl (Refs. 41 and 42) and poly-
crystalline CoGa.® According to Ref. 43, vacancies on the
gallium sublattice develop due to the loss of gallium in the
alloy surface. These vacancies are not stable and react with
regular cobalt atoms to form a cobalt antisite Co defect and a
cobalt vacancy on nearest-neighbor sites. If the supersatura-
tion of defects near the surface is large enough, the formed
voids may ultimately condense to macroscopic defects or
cavities near the metal-oxide interface. Faceting may be also
driven by the misfit between the oxide and the substrate,
however, as demonstrated for PdO in Ref. 44.
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IV. CONCLUSIONS

In conclusion, we have investigated the structure of the
surface oxide grown on CoGa(100) and its transition to bulk
B-Ga, 05 as a function of the oxidation temperature and par-
tial oxygen pressure. An atomic level understanding of the
ultrathin gallium oxide structure was achieved by means of
SXRD, DFT, and STM investigations. An excellent agree-
ment between the SXRD and STM data and the DFT-based
calculations was obtained.

The stability diagram of gallium oxide on the CoGa(100)
surface was mapped out by means of in situ SXRD measure-
ments. Both a surface oxide and the bulk B-Ga,O; phase
were identified, even though, in thermodynamical equilib-
rium, only the bulk B-Ga,05; is predicted to exist at any of
the investigated (p,T) values. The surface oxide is only
metastable under the experimental conditions observed for
its formation. Its structure was preserved at room tempera-
ture even at pressures as high as 1 bar O,, maintaining its
high degree of crystallinity. Growth of the bulk oxide was
found to be limited by kinetics, which hinder its formation
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for temperatures lower than 623 K (within the experimen-
tally accessed time scale and pressure range). At higher tem-
peratures, three-dimensional bulk Ga,O; islands grow epi-
taxially on CoGa(100) at pressures decreasing with
temperature before oxidation-induced faceting sets in at tem-
peratures higher than 1020 K.

This study shows that the thickness and structural perfec-
tion of the oxide layers on alloys can be tailored by the
appropriate choice of oxygen pressure and temperature,
which is of crucial importance for all applications involving
ultrathin oxide films.
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