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ABSTRACT: Changes in the shape of X-ray photoemission (XPS) spectra can be
related to changes in the local structure of a transition metal. By combining Crystal
Field Multiplet calculations and well-controlled molecular beam epitaxy growth of Q-
Cr203(0001) thin films on a-Al,O3(0001) substrates, we prove that it is possible to link
the features of Cr 2p XPS spectra with local distortions of CrOs octahedra and d-orbitals
reorganization. Hence, we show that the splitting of the Cr 2p3, envelope is related to
the degeneracy of the 2, orbital triplet, which corresponds to a fully relaxed structure.
Conversely, the broad unstructured Cr 2p3, envelope relies on splitting of 72, orbitals
and it is the fingerprint of large trigonal distortions of CrOs octahedra. Then, using the
Cr 2p XPS as a structural tool for a-Cr.03, we show that the Cr.O3 protective layer
formed by oxidation of polycrystalline Ni30Cr alloy exhibits in-plane strains at early

oxidation stages and grows preferentially along the c-axis.
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1. INTRODUCTION

Ni-Cr binary alloys are usually used for high temperatures applications due to their
excellent mechanical properties and resistance to corrosion [1-3]. When exposed to
oxidizing atmospheres, these alloys can develop a Cr2Os protective layer that slows
down the oxidation kinetic and extends the material lifetime. A number of studies have
been performed to evaluate the growth kinetics and the microstructure of the oxide
scales during oxidation of Ni-Cr binary alloys [4—6] and, recently, the focus has been on
the early stages of the alloy oxidation [7,8]. It has been shown that the initial reactions
control the continuous growth of the oxide coating and therefore actively influence the
performance of the metallic alloy.

Owing to the thinness of the oxide layers formed on early stages of the alloy
oxidation, the study of their chemical and microstructure evolutions can be very
challenging. In this regard, surface sensitive analytical techniques, such as X-ray
photoemission spectroscopy (XPS), have proven to be well suited for giving chemical
insights into the growth of oxide layers [9,10]. Combined with structural information
provided by diffraction techniques [11], one may obtain a rough understanding of the
oxidation process [12,13].

Interestingly, the transition from the initial state of oxide nucleation to the thickening
of complete Cr,03 layers introduces changes in the binding energy and the multiplet
splitting features of the Cr 2p XPS spectra. These changes rely on the evolution of the
local structure of chromium. Yet, a comprehensive investigation of the XPS spectra
acquired through the growth of chromium oxide is still lacking.

Accounting for the shape evolution of the Cr 2p XPS spectra of Cr.O3 compound is in

fact a challenging task. Many-body effects, such as multiplet splitting and shake-up,
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promote additional fine structure to the spectral core lines, drawing complex multi-
peaks envelopes. For a long time, these extra peaks have complicated the understanding
of the spectra, leading to diverse interpretations in literature [14]. Theoretical
calculations of the multiplet structure have shown that this fine structure could be a
useful tool to detect differences in surface chemistry [15]. The multiplet peaks are
sensitive to changes in the local crystal field geometry, the formal oxidation state of the
metal ion, or even to effects of charge transfer from back bonding [16].

The present work investigates the subtleties of the Cr 2p XPS spectrum acquired
during the growth of the Cr O3 protective layer on Ni30Cr alloy. A multi-electronic
semi-empirical method is applied to understand the effect of the local crystal field
geometry in the redistribution of intensity of the spectral lines. First, spectra from
monocrystalline a-Cr.O3(0001) thin films are acquired to evaluate the crystal field
parameters used in the theoretical calculations. Then, the problem is transposed to
polycrystalline samples of Cr.O3 grown by exposing the Ni30Cr alloy to an oxygen-rich
environment at high temperature. Here, the aim is to draw a comprehensive link

between the chromium local geometry and its XPS spectral shape.



2. EXPERIMENTAL AND THEORETICAL DETAILS

2.1 Symmetry considerations

Chromium oxide, a-Cr203, crystallizes in a corundum-type structure described by the
R3c space group [17]. The hexagonal unit cell (a = 0.492 nm and ¢ = 1.37 nm) contains
four formula units. The local Cr** site symmetry is a trigonal distorted octahedron with
three Cr—O bonds of 1.97 A length and three of 2.02 A, and two O-Cr-O angles of
81°24” and 99°00°, as depicted on Figure 1a. The Cr** is displaced (upward in Figure
1a) along the Cs axis relative to the octahedral center, making two equilateral triangles
formed by three oxygen ions each. Due to a slight rotation of the upper and lower
oxygen ions triangles (Figure 1b), the exact symmetry of the Cr** environment in Q-
Cr203 is C3. However, since the angle of rotation is very small (about 2°57”), the system

can be reasonably approximated by the Csy point group [18-20].

Figure 1. Representations of the Cr** local site in a-Cr,O; along two different crystallographic
orientations. The bond distances (orange) and O—-Cr—O angles (purple) are represented in (a).

The rotation angle between the upper and lower triangle (black dotted line) are represented in

(b). Color coding: Cr (green) and O (red).



2.2 Preparation of Cr203 samples

Epitaxial thin films of a-Cr,03(0001) of different thicknesses were grown on a-
Al>O3(0001) monocrystalline substrates by Oxygen-plasma-assisted Molecular Beam
Epitaxy (O-MBE) [21], as detailed in the Supporting Information. Reflection high-
energy electron diffraction (RHEED) patterns were monitored in real time during the
growth of each sample (Figure S1) in order to control the crystalline structure of the
atomic layers. The number of monolayers (ML) was calibrated in situ using a quartz
balance (Cr evaporation rate around 0.26 A-min™') and confirmed ex situ by X-ray
reflectivity measurements (Figure S2). Here, one ML has a thickness of 0.23 nm, which
includes one close-packed layer of O and 2/3 ML of Cr in the corundum (0001)
direction. Two samples were grown: one made of 5 ML (i.e. 1.1 nm) and the other of 23
ML (i.e. 5.3 nm). Following the growth, the phase and crystalline quality of the films
were verified by X-ray diffraction (Figure S3). Then, ex situ XPS measurements were
performed (see Results and Discussion).

Polycrystalline samples were prepared by exposing a polished Ni30Cr sheet (5 x 10
mm?, 99.5% in purity) to a controlled leak of oxygen. In order to remove any surface
contaminations and the native oxide layer, the alloy sample was cleaned in situ by Ar*
sputtering. Then, the oxidation was performed at 700 °C under 1 X 10” mbar of pure O
atmosphere. The growing of the oxide layer was followed by in situ X-ray
photoemission spectroscopy (XPS) measurements, acquired with parabolic time steps (¢
=0,1,4,9, 16, 25, 36 and 64 min) until no further changes were noticed in the spectral
shape. As expected, only pure Cr,Os layers were formed, without any oxidation of
nickel (see Supporting Information). Thicknesses for 1 and 4 minutes were estimated by

the attenuation of the Ni 2p3. substrate peak (Figure S4) and subsequently extrapolated
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using the Wagner-parabolic law (see Supporting Information). Herein, we estimated that
the Cr2O3 layers obtained at 1, 4, 9, 16, 25 minutes have thicknesses of respectively 0.7,

4.4,8.1,11.8 and 15.5 nm.

2.3 X-ray Photoelectron Spectroscopy measurements

The X-ray Photoelectron Spectroscopy (XPS) analyses were carried out with an
Escalab 250 X1 (Thermo Fisher Scientific Inc.) using a monochromatic Al K, source
(hv = 1486.6 eV). For the a-Cr03(0001) epitaxial thin films, a low-energy electron
flood gun was used during spectral acquisition and the binding energies were corrected
by fixing the contamination /s line of carbon at 285.0 eV. For the in situ Ni30Cr alloy
oxidation, there was no need for charge compensation. High-resolution spectra were
acquired using a 5 eV pass energy and an analysis spot of 900 pm of diameter. The data
was treated using the commercial Avantage software (Thermo Fisher Scientific Inc.). A

Shirley-type background was used for all spectra.

2.4 Crystal Field Multiplet calculations

Semiempirical crystal field multiplet (CFM) calculations were performed to simulate
chromium 2p XPS spectra using the quantum many-body script code Quanty [22-24]
within the graphical interface Crispy [25]. In CFM theory [26-28], the solid system is
mimicked by considering the transition metal as an isolated ion embedded in a crystal-
field potential. The multi-electronic states are described in terms of the 3d-3d and 2p—
3d Coulomb (F*u, F*,4) and exchange (G*,q) interactions, the 2p ({2,) and 3d ({34) spin-
orbit coupling, and the local symmetry. The Cr** electronic configurations of relevance

in our description are 3d° for initial states and 2p°34° for final states. In the Cr 2p XPS
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of Cr203, the satellite peak assigned to charge transfer excitations sits close to the 2p;.»
position, broadening this line [29,30]. Since this zone of the spectrum is not interesting
for our study (see Results and Discussion), additional electron configurations resulting
from ligand charge transfer (e.g. 3d "'L) were neglected.

In order to account the iono-covalent behavior of the Cr-O chemical bond, the ab
initio Hartree-Fock (HF) values of the Slater-Condon integrals were scaled down (see
Table 1). The reduction factors of F?4 and F4 for the initial state were obtained by
comparison of the HF values with the ones determined by the experimental Racah B
and C parameters (B = 9F% — 5F% 4 and C = 5 F?44/63). For experimental B = 0.057 eV
and C = 0.433 eV [31], the HF values of F?4; and F*4; are reduced by 54 % and 81 %,
respectively. The same scaling factors were applied for F?4 and F*4; in the final state.
For F?p4, G pa, G°pa and (, the HF values were set according to literature. More details
are available in literature [19,28] and in the Supporting Information.

The effects of the local symmetry are accounted by the crystal field (CF) parameters
in the Csy point group (Dg, Do and DT, following [32]). These parameters were fitted to
the spectrum obtained in each oxidation stage. The procedure to optimize them and the
link to the local electronic structure are discussed in the following section. As shown in
Table 1, both Dg and Do have constant values, while D7 ranges from -0.33 up to -0.25
according to the thickness of the Cr20O3; sample.

For all simulated spectra, the ground state was populated according to a Boltzmann
distribution at 300 K. The isotropic spectra were calculated by solving Green’s
functions in second quantization. The resulting sharp peaks were convoluted with a
Lorentzian function (FWHM = 0.3 eV) and a Gaussian function (FWHM = 0.7 eV) to

mimic the experimental broadening of the spectral lines.
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Table 1. Energy values (in eV) and reduction factor of the electronic structure parameters
of Cr** used for calculating the XPS spectra of Cr,O;. The value of D1 parameter varies

according to the thickness of the Cr,O3; sample.

Parameter Ground state 3d* Final state 2p°3d?® Reduction factor
Fu 5.819 6.262 0.54
Fu 5.471 5.890 0.81
szd - 5.285 0.80
G - 3.876 0.80
G3pd - 2.450 0.90
$op - 5.668 1.00
$a 0.035 0.047 1.00

10 Dg 2.08 2.08 ;
Do 0.60 0.60 -
Dr -0.33t0 -0.25 -0.33t0 -0.25 -




3. RESULTS AND DISCUSSION

3.1 In situ XPS of Ni30Cr oxidation

We start by depicting the oxidation of Ni30Cr as measured by XPS, from clean alloy
up to 64 minutes under oxygen leak. Overall, Figure 2 describes a typical evolution of
the Cr 2p XPS spectrum with oxidation time, as already reported elsewhere [13]. Before
exposure to oxygen (spectrum at the bottom), the XPS spectrum exhibits features of
metallic chromium. We recognize two single asymmetrical peaks for Cr 2p3» and Cr
2p1 envelopes, centered respectively at 573.8 eV and 583.1 eV. Then, at the first stage
of the oxidation (spectrum at 1 minute), two broad peaks — at 576.5 eV for Cr 2p3/2 and
at 586.1 eV for Cr 2p1» — belonging to chromium oxide smoothly grow at the expense
of the ones of metallic chromium. These peaks eventually take over after 4 minutes of
oxygen exposure. The Cr 2p envelopes show complex multiplet structures (e.g.
spectrum at 25 minutes), related to the coupling between the 2p core-hole and the
unpaired electrons in the 3d outer shell.

For more than 4 minutes of oxidation and up to 64 minutes (not shown), minor
changes in the multiplet splitting features are observed in the Cr 2pi» envelope.
Conversely, a striking splitting of the Cr 2p3» envelope is discernable, along with a
shoulder in the high-energy part (~ 577 eV) unveiled as the oxide layers grow. These
features can be rationalized using a standard peak-fitting procedure [16]. Hence, the Cr
2p32 envelope was fitted with five multiplet splitting peaks having FMHW of ~0.9 eV
and separations of 0.6 to 1.0 eV. The peaks obtained are reported on Figure 2 and their
parameters are available in the Supporting Information (Table S1). We see that the
binding energies of the multiplet peaks in the Cr 2ps3» envelope witness moderate

evolutions: they decrease by only a few tenths of an eV. At the opposite, the intensities
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of the peaks are considerably redistributed. This is particularly pronounced for the first
and fourth peaks highlighted respectively in red and yellow in Figure 2. The intensity of
first multiplet peak (~575 eV) increases from 20 % to 30 %, while the intensity of the

fourth multiplet peak (~577 eV) decreases from 24 % to 15 %.

Cr2p 2p3),
2p,)

25 min

9 min

Normalized Intensity (a.u.)

A
___5765ev ___

586.1 eV

Cr
metal

593 589 585 581 577 573 569
Binding Energy (eV)

Figure 2. High-resolution Cr 2p XPS spectra as function of oxidation time of Ni30Cr alloy. For
the spectrum of the Cr(IIl) oxide only (¢ > 4 min), the peak fitting of the Cr 2ps» envelope is
depicted in dotted red lines. Highlighted the peak 1 (red) and the peak 4 (yellow), which present
the major redistribution of intensity upon oxidation. The fitted spectra (not shown) follow the

experimental line. In the fitting procedure, each multiplet splitting peak was convoluted with 30
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% ratio of Lorentzian-Gaussian functions, preceded by a subtraction of the Shirley-type

background.

3.2 Ex situ XPS of a-Cr203 epitaxial films

We now turn to the analysis of the Cr 2p core-levels spectra for a-Cr.O3(0001) thin
films with 5 ML (i.e. 1.1 nm) and 23 ML (i.e. 5.3 nm) of thickness reported on Figure
3. Interestingly, the general shape of both Cr 2p XPS spectra is comparable to the
previous ones for Ni30Cr. The Cr 2p12 envelope exhibits marginal changes as the film
grows, while the Cr 2p3/» envelope shows significant evolution. We see a minor splitting
of the Cr 2p3» envelope for the 5 ML sample, comparable to the 9 minutes spectrum of
Ni30Cr oxidation (Figure 2). This splitting becomes sizable for the 23 ML sample and a
shoulder in the high-energy part of the peak accompanies it, this time looking similar to
the 25 minutes spectrum of Ni30Cr oxidation.

For comparison sake, the 5 and 23 ML samples were also fitted using a similar set of
Gaussian-Lorentzian curves used in the polycrystalline samples, and their parameters
are available in the Supporting Information (Table S2). The monocrystalline samples
show the same trend of spectral shape evolution during film growth than the
polycrystalline samples. The binding energies of the multiplet peaks are nearly
unchanged, whereas the intensities of the peaks are redistributed. The intensity of the
first multiplet peak (~575 eV) increases from 26 to 31 % and the intensity of the fourth

multiplet peak (~577 eV) decreases from 19 to 17 %, as the film grows.
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Figure 3. High-resolution Cr 2p XPS spectra for a-Cr,03(0001) as a function of film thickness:

at the top, 23 monolayers (23 M[J) and at the bottom, 5 monolayers (5 MD).

Recalling that oxygen plasma leads to complete oxidation of chromium, XPS peaks
can be attributed to only one oxidation state (Cr*"). Additionally, the growth of epitaxial
films follows only one crystallographic direction: structural changes can thus be easily
evaluated. Therefore, both spectra provided by the 5 and 23 M[]of a-Cr.03(0001) films
will be considered as references to adjust the crystal field parameters of the CFM model

in the following section.

3.3 Crystal field parameters for epitaxial layers

The CF parameters (Dg, Do and Dr) are obtained through a comparison between the
experimental spectra of the epitaxial films (Figure 3) and the spectra calculated by
means of the CFM model (Figure 4). In order to reduce the number of possible free

adjustable parameters, Dg was set to the experimental value of 0.208 eV [31]. Then,
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several spectra were calculated using all combinations of Do and Dt values ranging
from -1.0 to +1.0 eV. The Do parameter shows itself marginally sensitive compared to
Dr. Variations of Do between 0.5 and 0.7 eV barely affect the Cr 2p XPS. Conversely,
variations of only 0.01 eV of Dt open a wide range of features, as we will discuss
afterwards. Hence, for both 5 and 23 ML samples, we set the value of Do to +0.600 eV.

For fixed values of Dg and Do, Figure 4 shows that the Dt parameter controls the
relative energies between the valence orbitals [28,31-34], which determine different
fine structure for the XPS spectra. For Dz positive (not shown) or lower than -0.34 eV
(left of region 1), the Cr 2p32 envelope appears mostly as a single asymmetrical peak. As
Dr value decreases from 0 to -0.34 eV, the relative intensity of the multiplet peaks
changes, leading to a progressive decrease in the intensity of the multiplet peak at lower
binding energy and the appearance of a shoulder at the left of the main peak (high-
energy part). Hence, for optimal Dg (0.208 eV) and Do (0.600 eV), two ranges of Dz
values (Figure 4) are particularly interesting for our study: region I where -0.330 < Dz <
-0.290 eV for spectra simulation of first epilayers, and region II where -0.280 < Dz < -
0.260 eV for thicker samples.

Indeed, the splitting and the relative stabilities of d-orbitals are closely related to the
values of CFM parameters. Thus, the lower the value of Dt (Figure 4), the lower the
energy of the e orbitals and the higher energy of the a; orbital. In region I, the a;(t2,)
orbital is destabilized in relation to the e(?2¢) orbital, whereas in region II these orbitals
are almost at the same energy level. Their exact degeneracy is at Dt = -0.27 eV. The
splitting between the orbital triplets (12, — a; + e) is a consequence of lowering the Oh

symmetry of the CrOs octahedral center to Csy. As a result, the orbital destabilization
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seen in the XPS spectrum for the first CroO3 epilayers is an evidence of the trigonal

distortions of the oxygen octahedron around the Cr** cation in this stage of growth.

Dt (eV)
-0.4 -0.35 -0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0

O

I

Relative energy (eV)

|
[\S]

aq (tZQ)

|
w

Figure 4. Evolution of the Cr** calculated spectral shape (inset at top) with the DT parameter
when Do = 0.60 eV and 10Dg = 2.08 eV. Highlighted in the right the calculated spectral shape
for region I and II, which correspond to the optimal values of D7 to simulate the spectra of first
epilayers and thicker samples, respectively. The relative energies of the valence orbitals (ai(t2g)
blue, e(ty) red and e(e;) green line) are determined by the CF parameters through the

relationship: a,(t,4) = —4Dq — 2Do — 6D, e(t,,) = —4Dq + Do + 2/3 Dt, and e(e,) = +6Dq + 7/3 D.

3.4 Geometry considerations

To analyze more precisely the relationships between the XPS spectra and possible
structural changes, RHEED patterns of the O-MBE samples have been recorded as a
function of the coverage (Figure 5). The in-plane lattice mismatch for a-Cr0O3 (a =
0.492 nm) growing on a-Al,O3 (a = 0.476 nm) being +3.36 %, a compressive strain is

expected at the early stages of the growth with a progressive relaxation of the in-plane
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lattice parameter to a value close to that of bulk a-Cr,O3. The RHEED patterns exhibit
sharp streaks for 5 M[] and 23 MI[| proving the high crystalline quality of the
monolayers and the existence of a bidimensional growth mode. No spots or extra
streaks are observed, indicating the lack of secondary phases. According to the spacing
between the (11) and (11) streaks extracted from the RHEED images (Figure 5), we
clearly confirm that the first epilayers are under significant lateral compression of 3.36
% for 5 ML (i.e. same streak position than the substrate). Meanwhile, the cell parameter
of the 23 MU film has already relaxed by about 1.91 %, imposing a residual in-plane

strain of 1.45 %.

Intensity (a.u.)

0 55 110 165 220 275
Pixel number

Figure 5. RHEED patterns and extracted profile lines as a function of Cr,Os film thickness: at
the top, the a-Al,03(0001) substrate, at the middle, the 5 M and at the bottom, 23 M[J a-

Cr,05(0001) film. The electron beam is aligned along the [1100] crystallographic orientation.
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For the 5 ML Cr203 spectrum, the precise set of CF parameters that best fitted the
experimental data is Dg = 0.208 eV, Do = 0.600 eV and Dt =-0.295 eV £ 0.005 (Figure
6a), while the 23 ML Cr20s3 spectrum is well fitted with Dg = 0.208 eV, Do = 0.600 eV
and Dt = -0.280 eV = 0.005 (Figure 6b). The orbital diagram determined by those
parameters for the 23 ML sample (Figure 6b, top left) shows a small splitting between
the a; and e orbitals of about 70 meV. This energy splitting is consistent with the
literature [31], where the trigonal CF parameter for this 7-state is calculated as ~2 meV
in a fully relaxed Cr2O3 crystal. On the other hand, the orbital diagram of the 5 ML
sample (Figure 6a, top left) shows a larger splitting of the #¢ orbital (~170 meV), where
a; orbital rises in energy while the e orbital falls.

In the Csy model [35], the components of the f2, set are z° for a; and a linear
combination of the other d components for e (see Supporting Information). By
compressing the xy plane, the top three as well as the bottom three ligands move closer
together [36,37] (Figure 6a, top right). This distortion limits the space of the z’
component, oriented along the Cs axis, and a; is destabilized. Hence, the increasing
energy of a; orbital in relation to e orbital for the first epilayers is a consequence of the
compression in the xy plane imposed by the lattice mismatch between a-Al,O3; and Q-
Cr203. These results are then in good agreement with the evolution observed in the
RHEED patterns shown in Figure 5§ and also with the analysis of the RHEED patterns
and high-resolution TEM micrographs reported in literature [11,38].

Similar evolution of the XPS spectra has also been reported for a-Cr.O3 epitaxial
films growing on Pt(111) [13,39]. Yet, divergent interpretations were given for the XPS
spectra, mainly provided by electron diffraction patterns (LEED or RHEED) of the

initial stages of growth. Zhang et al. [39] suggested that a metastable cubic spinel
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Cr304(111) layers composes the first stages of deposition with simultaneous presence of
Cr** and Cr’*. Meanwhile, in a more recent work, Chambers and Droubay [13]
interpreted the broad Cr 2p spectrum as being due to the formation of a metastable y-
Cr20s layer with Cr** ions distributed among tetrahedral and octahedral sites. We
provide a different explanation in light of the results obtained for a-Cr.O3; grown on a-
AL Os. The evolution of the XPS spectra for a-Cr,03 epitaxial films on Pt(111) is more
probably related to in-plane strain generated by the compressive misfit of 2 %, which

gently decreases with growth.

(a) 5 ML m (b) 23 ML m
S = - -
S |+0.56 m— 7 % 5 | +0.60 1
\m; + e(ey) : I_>y 55;  e(e,) l—"y
2|-0.26 mmm ai(ty,) § 2 (-0.35 g 21(t20)
D (-0.43 mmm () ¢ 2 |-0.42 = e(tzgg)
[} ()
= IS
-8 °
8 8
© ©
E £
o o
z pd

582 580 578 576 574 572 582 580 578 576 574 572
Binding Energy (eV) Binding Energy (eV)

Figure 6. Calculated Cr 2p XPS spectra (orange line) in comparison with the experimental
spectra (black circles) for 5 M (a) and 23 MU (b) of a-Cr,03(0001) thin films grown on Q-
AlO3(0001) substrates. Below each experimental spectrum, the theoretical spectrum (dotted

line) with stick diagrams (FWHM = 0.1 eV) are shown. At the top left, the 3d orbital diagram is

plotted for 10Dg =2.08 eV, Do=0.60 eV, Dr=-0.295 £ 0.005 ¢V (a) and D7 = -0.280 + 0.005
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eV (b). At the top right, a schematic representation of the octahedral distortion is depicted. Color

coding: Cr (green) and O (red).

3.5 Crystal field parameters for oxidation layers

The CF parameters for the Cr,O3 spectra acquired during the oxidation of Ni30Cr
alloy were derived out of the results obtained for the O-MBE films. The Dg and Do
values were kept to 0.208 eV and 0.600 eV respectively, while the Dt parameter was
adjusted to give the best fit possible to the experimental spectra. Similar to the epitaxial
films, Dt progressively increase with the oxide growth, taking a value of -0.329 + 0.001
eV at t = 4 min or 4.4 nm (Figure 7a), -0.325 £ 0.001 eV at t =9 min or 8.1 nm (Figure
7b), and -0.26 £ 0.01 eV at =25 min or 15.5 nm (Figure 7¢).

The fitting of the Cr 2ps3» envelope is not perfect for the polycrystalline samples at
very early oxidation stage (Figure 7a). Indeed, polycrystalline samples exhibit several
local structures, which may naturally broad the peaks in comparison to the calculated
spectrum. Moreover, at the very beginning of the oxide layer growth, chemisorbed
oxygen may be attached to the metallic surface and the Cr cations may be not complete
oxidized. This is suggested by the O 1s XPS spectra shown in Figure S4 in SL
Significant shifts towards lower energies of the core-level O Is are observed as the
oxidation proceeds: relative to the bulk (¢ = 25 min), the O /s shifts by 1.0 eV and 0.5
eV in the r = 1 and 4 min films, respectively. In addition, the O /s line at ¢ = 4 min
sample is very large, indicating two different degrees of oxidation for the oxygen
species. Similar trends were found during the initial oxidation reaction on the Ni-Cr
alloys surface years ago [40,41].

Even if the model cannot fully describe the spectrum at the very beginning of the

alloy-to-oxide transformation, geometry statements can be done for the evolution of Cr
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XPS spectra from 4 to 25 minutes of oxidation. One striking feature is the increase of
the parameter Dt with oxidation time — or sample thickness — from -0.329 £ 0.001 up to
-0.26 £ 0.01. This corresponds to the decrease of the splitting of e and a; orbitals to full
degeneracy (Figure 4). CrOs octahedra are therefore significantly distorted with respect
to their Csy site symmetry at the beginning of the oxidation, and then gently relax as the
oxidation proceeds. As a result, strains of a-Cr.O3 layer develop during Ni30Cr
oxidation in a similar manner as for epitaxial layers, keeping in mind that the strain is
in-plane during the oxidation growth and that the a-Cr;0Os; layer align its c-axis

preferentially perpendicular to the surface.
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Figure 7. Calculated Cr 2p XPS spectra (orange line) in comparison with the experimental
spectra (black circles) for 4 min (a), 9 min (b) and 25 min (¢) of exposure of the alloy to the
oxygen flow. Below each experimental spectrum, the theoretical spectrum (dotted line) with
stick diagrams (FWHM = 0.1 eV) are shown. At the top left, the 3d orbital diagram (ai(t2g) blue,

e(tzg) red and e(eg) green line) is plotted for D7=-0.329 + 0.001 eV (a), D7=-0.325 £+ 0.001 eV

(b) and D7=-0.26 = 0.01 eV (c).
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Some piece of information available in literature corroborate our findings. Actually,
the existence of residual stress and its relaxation with thickness is known for a long time
[42]. Residual stresses for a-Cr203 layer growing on Ni30Cr are usually compressive,
in the order of few GPa [4,43]. Additionally, recent experiments [6,44] point out that the
growth of a-Cr203 layer operates along the c-axis during the oxidation of Ni30Cr alloys
and also in pure chromium. Interestingly, similar evolution of the Cr 2p XPS spectrum
with oxidation time has been also reported for both systems [6,45], featuring a very
strong splitting of the Cr 2p3. peak for thick layer.

The growth stresses and relaxation mechanisms are intimately related to the detailed
mechanism of oxide growth. As shown in Section 3.4, for a-Cr>O3 grown epitaxially on
ALO3 (0001), the strain energy accumulates rapidly with film thickness due to the
lattice mismatch of +3.36 %. This system undergoes strain relief by nucleating misfit
dislocations and relaxes completely up to few nanometers [11]. However, for
polycrystalline Cr.O3 grown by Ni30Cr oxidation, the residual stress is a complex
summation of growth stresses and thermal stresses. The system relaxes via creep and the
critical thickness depends on the growth kinetics and the microstructure of chromia
scales [42]. In our study, a relaxed chromium oxide layers upon Ni30Cr oxidation were
found at tens of nanometers.

Whatever the microstructure (MBE layers [11], oxidation layers [45] or
polycrystalline powder [46]), the “relaxed” a-Cr,O3 layer provides a well-defined
splitting of the Cr 2p3» XPS envelope. It coincides to a fully degeneracy of e and a;
orbitals according to our estimation by CFM, with Dz closes to -0.27 eV. As a result,
well-defined splitting of Cr 2p3» XPS envelope can be considered as a fingerprint of

well relaxed CrOg octahedra in a-Cr;0s.
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4. CONCLUSIONS

We have investigated the photoemission spectra acquired during the growth of a-
Cr203 layers by Ni30Cr alloy oxidation and by chromium and oxygen co-evaporation in
the O-MBE setup. In both cases, the Cr 2p3» XPS envelope changes as the layer
thickens, featuring gradually a discernable splitting of the band and a shoulder in the
high-energy part. Herein, a comprehensive link between these spectral shape evolutions
and the local structure of the a-Cr2O3 layers has been established by means of Crystal
Field Multiplet calculations.

In the CFM approach, three crystal field parameters Dg, Do and Dt are required to
describe the relative energies of d-orbitals — a;(t2g), e(t2¢) and e(eg) — of Cr** in its Csy
site symmetry. After careful evaluation of those parameter using the XPS spectra of high
quality epitaxial a-Cr203 thin films grown by O-MBE, we have shown that only one
parameter (D7) controls the relative energies of the d-orbitals. These relative energies
are related to trigonal distortions of the local Cr** local environment and drives the fine
structure of Cr 2p3»> XPS. Hence, the broad band of Cr 2p3» XPS observed for the first
O-MBE epilayers originates from a sizeable in-plane strain of a-Cr.O3; — imposed by the
compressive misfit with a-Al2O3; substrate — which translates in large trigonal
distortions of CrOs octahedra. Conversely, the visible splitting of Cr 2p3» XPS arising
for thick layer relies on relaxed CrOg octahedra, encountered in bulk a-Cr20s.

Interestingly, using CFM calculations we are able to revisit the microstructure of the

0-Cr203 polycrystalline layer, which grows during the oxidation Ni30Cr. We have
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evidenced that (i) an in-plane strain does exist in a-Cr2O3 layer up to thickness of 8.1
nm; (ii) a-Cr203 crystallite shows a preferential orientation along the c-axis in the
hexagonal setting; and (iii) there is a strain relaxation with thickening.

More broadly, we believe that the shape and features of the Cr 2p3» XPS measured in
0-Cr203 can be used as structural tool when combined with CEM calculations. Such an
approach reveals to be very effective since it calls only for XPS measurements and

requires calculations with low computational cost.
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