PHYSICAL REVIEW RESEARCH 8, 043125 (2026)

Geometric origin of oxygen ordering and the solubility limit in niobium
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We investigate early-stage Nb oxidation by combining first-principles calculations with high-resolution trans-
mission electron microscopy. An ordered ¢ phase is identified, in which O atoms occupy octahedral interstitial
sites in an alternating layered configuration. Oxygen incorporation proceeds through geometrically open surface
sites and is directed toward octahedral interstitial sites. A descriptor-based analysis shows that O-O separations
within this interstitial sublattice capture the dominant trend in incorporation stability. As oxygen concentration
increases, unfavorable short-range O-O interactions become unavoidable, leading to a rapid increase in free
energy and providing a geometric mechanism that limits further oxygen incorporation.
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I. INTRODUCTION

The interaction of oxygen with body-centered cubic (bcc)
metals is a problem of broad scientific and technological
significance, governing high-temperature oxidation, corrosion
resistance, and hydrogen embrittlement in structural alloys
[1,2]. A characteristic feature of bcc metal-oxygen systems
is the remarkable diversity of oxide phases that can form,
including oxygen-deficient suboxides, stoichiometric com-
pounds, and phases with complex crystallographic structures
[3-9]. Interstitial ordering of oxygen in bcc metals has been
recognized for decades: Superlattice reflections attributed to
ordered oxygen arrangements have been observed in niobium
(Nb), vanadium (V), tantalum (Ta), etc. [10-13]. However, the
precise atomic structure of many of these ordered phases—
and the physical principles that govern their stability—has yet
to be established.

Nb is a technologically important bcc metal, widely
utilized in superconducting radio-frequency cavities, high-
temperature structural applications, and corrosion-resistant
systems owing to its combination of mechanical strength,
thermal stability, and electronic properties [14—19]. The Nb—
O system is particularly complex: Nb oxides form a rich
family of phases and polymorphs, and previous studies have
reported contradictory results [20]. Under oxygen-rich con-
ditions, Nb forms a series of stable oxides, including NbO,
NbO,, and Nb,Os, which have been extensively studied in
both bulk and thin-film forms [21-23]. In addition, Nb-O
systems are known to exhibit a variety of oxygen-deficient
suboxide phases with complex crystallographic structures [3].
At low oxygen concentrations, oxygen atoms occupy intersti-
tial positions within the Nb lattice. The reported O solubility
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depends strongly on temperature and preparation method,
with O concentrations up to NbOy 7 (14.5 at. % O) reported
for electrolytically prepared Nb(O) solid solutions [24], while
equilibrium solubilities are generally lower [25]. Similar oxi-
dation complexity is also observed in other bcc metals [7,26].
Although interstitial ordering in Nb—O has been observed and
surface adsorption and diffusion have been studied extensively
[27-32], the precise atomic structure of the ordered phases
that emerge during early oxidation, and the physical mecha-
nism governing their stability and the observed concentration
limit, have remained unresolved.

In this work, we combine high-resolution transmission
electron microscopy (HRTEM) with corresponding image
simulations, together with density functional theory (DFT)
calculations, to investigate oxygen incorporation in Nb. We
identify a previously unreported ordered ¢ phase that emerges
during the early-stage oxidation of Nb and determine its
atomic structure through combined experimental and the-
oretical analysis. DFT calculations are then employed to
understand the physical origin and stability of this structure.

To understand why this ordering emerges, we analyze
oxygen incorporation pathways, interstitial-site energetics,
and concentration-dependent thermodynamic stability. Our
analysis shows that the alternating layered configuration ac-
commodates local structural distortions without requiring
significant global lattice deformation, thereby enabling the
formation of a metastable phase. Oxygen in Nb preferentially
occupies octahedral interstitial sites (OIS), as reported in pre-
vious theoretical [32] and experimental [33,34] studies. Our
calculations confirm this preference and further show, through
structural relaxation, that it is associated with the local Nb—
O bonding environments in the ¢ phase. As more oxygen
is incorporated, not all atoms can maintain these favorable
environments simultaneously, and configurations with short
O-0 separations become unavoidable. This leads to a rapid
increase in free energy with oxygen concentration, providing
a microscopic, geometry-based mechanism for the experimen-
tally observed solubility limit.

These results provide a consistent physical picture of
oxygen incorporation, ordering, and stability in Nb. Oxy-
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gen incorporation is selectively guided by wider surface
openings, which provide pathways into subsurface regions
connected to favorable OIS configurations. Once incor-
porated, oxygen is stabilized in an alternating layered ¢
phase, where O-free Nb layers buffer local O-induced dis-
tortions between O-containing layers. At higher oxygen
concentrations, short O—O separations become increasingly
unavoidable, leading to a rapid increase in oxygen incor-
poration free energy. This geometry-driven framework links
surface entry, interstitial-site preference, oxygen ordering, and
concentration-dependent stability in Nb, and may provide a
useful perspective for other bcc metal-oxygen systems.

II. METHODS

A. Computational details

We employ a real-space pseudopotential DFT code, PAR-
SEC [35,36], for all electronic structure calculations. The
convergence criterion of the self-consistent residual er-
ror is 2 x 107 Ry (0.002 72 eV). The grid spacing is
0.16 A. We incorporate Troullier-Martins norm-conserving
pseudopotentials [37]. We use the local density approxi-
mation by Perdew-Wang [38] for the exchange-correlation
functional, following our previous Nb surface calculations
[30]. Monkhorst-Pack k-point grids [39] (8 x 12 x 1) and
(4 x 4 x 4) are used for Brillouin zone integration for slab
and bulk calculations, respectively.

We model the Nb(110) surface as a four-layer 2 x 2 slab
with a bec structure, using a supercell with a = 6.55A, b =
4.63 A, and a slab width of 22.54 A, with a vacuum layer
of 15.60 A. We keep the optimized O, bond length (1.19 A)
constant. After bond dissociation, we study the adsorption of
atomic O.

The adsorption energy, E,q, is calculated using

Eu = Esys — (Exv110) + Eo,/0(R)), M

where Egy, Env110), and Eo, 0(R) represent the calculated
electronic energies of the system, the bare surface, and the iso-
lated O, or atomic O located at the corresponding adsorption

position, R, respectively. Accounting for the R dependence of
the total energy of the O, molecule eliminates any artifacts
associated with the energy changing for an isolated molecule
when it is moved over the real-space grid [30,40].

The net magnetic moment (NMM) of the system is cal-
culated through the integration of the difference in spin-up,
p4(r7), and spin-down, p,(r~), electron densities over the
full domain, €2, using [41]

NMM = ‘ / [or(7) = p, (F)Idr|. 2)
Q

Bulk Nb is modeled using a 2 x 2 x 2 bcc supercell with
supercell lattice vectors of 6.55A. O atoms are placed at
either OIS or tetrahedral interstitial sites (TIS) to represent
Nb-O configurations at different concentrations. The effect
of supercell size is further examined using 1 x 1 x 1 and
4 x 4 x 4 cells, as discussed in Appendix C. We perform
structural relaxations with a maximum residual force of 0.01
Ry/a.u., which allows us to retain distinct local configurations
for comparison.

The formation energy per O atom is calculated as

Exv.o, — Exy, — 2E
E(formation) = No-On N~ 2 Oz, 3)
n

where Enp, 0, 1s the energy of the oxygen-containing supercell,
Enw, is the energy of the supercell, Ep, is the energy of an
isolated O,, and x and n are the number of Nb and O atoms in
the supercell, respectively.

A two-dimensional potential energy surface (PES) scan is
performed to characterize the penetration pathway. The force
acting on O is obtained from the negative gradient of the PES.

The change in Gibbs free energy is calculated per O atom
as

Exv.0, — Env, — npo(T, p)

AG(n, T, p) = “
n
where the oxygen chemical potential is defined as
po(T, p) = 31Eo, + Apo, (T, p)l. ®)

with
Apo,(T, p) = [H(T) — H(0)] — TS(T) + ksT In (f).
0

(6)

Here, H(T') and H(0) are the enthalpies of gaseous O, at
temperature 7 and 0 K, respectively, and S(T') is the entropy
of gaseous O, at temperature 7. Thermodynamic corrections
are taken from the NIST-JANAF tables at 7 = 298.15 K and
po = 1 bar. We neglect vibrational contributions from the
solid phase.

To quantify the effect of oxygen distribution on thermo-
dynamic stability, we characterize each oxygen configuration
using three geometric parameters: N,, N N and N f3a» COTTE-
sponding to the numbers of O-O pairs separated by different
distances, where a (3.3 A) is the nearest-neighbor O—O sep-
aration on the octahedral interstitial sublattice defined by the
underlying Nb lattice. The fitted Gibbs free energy per O is
expressed using a linear model,

AG=a+c N, + CQNﬁa + C3N«/§a' 7)

The coefficients are obtained by least-squares fitting to
DFT-calculated AG values using the pair counts listed in Ta-
ble I. These coefficients have units of eV per pair and describe
how each class of O-O separation correlates with the stability
of oxygen configurations within the selected OIS sublattice.

B. Experimental details

Pure Nb metal sheet (0.004 inch in thickness, 3N5, from
ESPI Metals) was used to prepare transmission electron mi-
croscopy (TEM) lamellae following conventional methods.
We punched 3 mm discs from the metal sheet. They were
mechanically polished to 50 wm, then dimpled to 10 um,
and finally ion milled (Gatan PIPS 691). The regions ex-
amined by HRTEM were ~30 nm thick, as estimated by
electron energy loss spectroscopy (EELS), while the areas
selected for selected-area electron diffraction (SAED) also
included regions thicker than 50 nm. To introduce oxygen
into the thinned samples, one set of clean TEM lamellae
(after ion milling) was exposed in air (humidity, 55%) for 48
h, and the others were treated by a plasma cleaner (Ar:O,,
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FIG. 1. Oxygen adsorption, dissociation, and penetration on the Nb(110) surface. (a) Surface structure and adsorption sites, including A,
LB, SB, TH, and AS. (b) NMM during O, approach. (c), (d) Adsorption energies of molecular O, and atomic O as a function of distance
from the surface. The shaded windows in panels (b)—(d) indicate three distinct regimes: a molecular adsorption window (2 2 2.2 A, blue), a
transition window (1.6 A < h < 2.2 A, blue-to-red gradient), and an atomic penetration window (h < 1.6 A, red).

80%:20%) for approximately 20 min. In both cases, TEM
revealed the ordered e phase described below rather than
equilibrium niobium oxides. We performed SAED, TEM,
HRTEM, and EELS on a Titan Cubed Themis 300 double
Cs-corrected scanning/transmission electron microscope with
a spatial resolution of 80 pm, operated at 200 kV. HRTEM
image simulations were performed in the NCEMSS software
package based on the multislice formulation of Cowley and
Moodie [42].

III. RESULTS AND DISCUSSION
A. Oxygen adsorption and penetration on Nb(110)

To establish the initial stage of oxidation, we examine
the interaction of O, with Nb surfaces using DFT calcula-
tions, focusing on the Nb(110) surface and comparing it with
our previous study on Nb(100). We consider several repre-
sentative adsorption sites on Nb(110), including atop (A),
long bridge (LB), short bridge (SB), pseudo-three-fold hollow
(TH), and an additional site (AS), as shown in Fig. 1(a).

We analyze O, dissociation based on the system’s NMM
[Fig. 1(b)]. As O, approaches the surface, the NMM decreases
from its triplet ground state (2up) to zero, indicating pro-
gressive activation of O, and quenching of its gas-phase spin
character by the Nb surface. Three regimes can be identified
[Figs. 1(b)-1(d)]: molecular adsorption at large distances (A
= 2.2 A, blue window), a transition region with progressive

0, activation (1.6 A < h < 2.2A, gradient window), and an
atomic-adsorption-dominated region at short distances (7 <
1.6 A, red window).

At shorter distances, the strong quenching of the O, spin
state indicates substantial activation by the Nb surface. The
adsorption behavior in this region is therefore better described
by the atomic-O adsorption energy shown in Fig. 1(d). Com-
pared to molecular O,, atomic O binds significantly more
strongly to Nb. A clear site selectivity emerges: the LB site
becomes strongly favored. Notably, at small distances, the
LB site develops an additional driving force that pulls O
atoms into the subsurface, which can be attributed to the
larger geometric opening associated with this configuration. A
similar behavior is observed on Nb(100) [30], where O, also
approaches the surface via the A site at large distances, but
penetrates through the hollow (H) site. The H site on Nb(100)
corresponds to the most open surface geometry, analogous to
the LB site on Nb(110). These results indicate that, although
the specific entry sites depend on the surface orientation, O
consistently penetrates into Nb through locations with rela-
tively large openings.

Overall, oxygen penetration into Nb follows a geometry-
driven mechanism. O, molecules approach the surface via
atop sites, undergo surface-induced activation/dissociation,
and the resulting atomic O preferentially penetrates through
surface locations with larger geometric openings, such as
the LB site on Nb(110) and the H site on Nb(100). This
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FIG. 2. TEM characterization of the ordered ¢ phase in partially oxidized Nb. (a) A typical TEM image of the ¢ phase. The inset in panel
(a) shows an Ok edge in the EELS pattern. (b) Five SAED patterns of the ¢ phase. The rotation angles of the adjacent patterns are also given.
(c) Experimental HRTEM image of the ¢ phase viewed along the [110], direction. The small white box highlights a representative supercell
showing the periodic contrast. The inset in panel (c) shows the corresponding simulated image generated using the NCEMSS software package
based on the alternating layered configuration of O occupation in the ¢ phase, with the projected atomic positions of the ¢ unit cell overlaid. (d)
Experimental HRTEM image of an untreated Nb lamella, prepared by the same procedure, viewed along [111]y,. Panels (a)—(c) were obtained

from a lamella oxidized in air for 48 h.

establishes a direct link between surface dissociation and
site-selective penetration, where wider openings facilitate O
entry into the subsurface. This atomic-scale description of O
penetration complements the Cabrera-Mott mechanism pro-
posed for the growth of the native Nb oxide layer at room
temperature [43].

B. TEM characterization of the ordered ¢ phase

Figure 2(a) shows the bright-field image of the partially
oxidized region in the TEM sample. The inset displays an Og
edge in the EELS pattern, confirming the presence of O atoms.
Diffraction analysis and HRTEM image simulation together
reveal that oxygen incorporation into Nb forms a metastable
Nb-O phase, which we denote as the ¢ phase. We determined
the crystal structure of the ¢ phase from the SAED patterns
in Fig. 2(b), with the corresponding rotation angles indicated.
The primary diffraction spots are consistent with the bcc-Nb
lattice (A2 type, space group: Im3m), as marked by the white
quadrangles. The weaker spots indicate a periodic modulation
of the Nb lattice associated with the formation of a new or-
dered structure (e phase). The ¢ phase is orthorhombic, with
the space group Cmmm and lattice parameters a, = 0.3301
nm and b, = ¢, = 0.4668 nm, and the O atoms occupy OIS
in an unsaturated state (see Appendix A for details).

We performed HRTEM measurements and image simula-
tions. The experimental observations reveal the emergence of
an ordered oxygen-containing phase during the early stage of

oxidation. Figure 2(c) shows a representative HRTEM image
of the oxidized Nb along the [110], direction. In comparison
with pristine Nb imaged along the corresponding direction
in Fig. 2(d), the oxidized regions exhibit additional periodic
weak contrast superimposed on the underlying bcc lattice.
These features indicate ordered occupation of interstitial sites.

To determine the atomic configuration responsible for the
observed contrast, we performed HRTEM image simulations
using structural models with different oxygen occupancies.
We find that a model in which O atoms occupy OIS in an
alternating layered configuration (see Fig. 5 and Table II)
reproduces the experimental images. As shown in the inset of
Fig. 2(c), the simulated image accurately captures both the pe-
riodicity and weak contrast features observed experimentally.
The resulting structure consists of alternating Nb and Nb +
O planes, indicating that O atoms occupy OIS in alternating
Nb planes. This ordered arrangement naturally explains the
additional periodic contrast observed in the HRTEM images.
Based on this experimentally validated structural motif, we
identify the oxidized phase as an ordered ¢ phase formed dur-
ing early oxidation. Because both the superlattice reflections
in Fig. 2(b) and the additional periodic contrast in Fig. 2(c)
are commensurate with the bce-Nb lattice, the ¢ phase resides
within the metallic Nb rather than within the native surface
oxide, consistent with the enrichment of subsurface interstitial
oxygen reported for Nb(110) [44]. The ¢ phase is an ordered
interstitial phase formed at room temperature, distinct from
the equilibrium niobium oxides NbO, NbO,, and Nb,O5 [45].
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FIG. 3. Site preference and penetration pathway of interstitial oxygen in Nb. (a) Atomic model of the ¢ phase, in which O atoms occupy OIS
in an alternating layered arrangement. Green: Nb; red: O; white: other available interstitial positions. (b) The corresponding TIS configuration.
(c) Formation energy per O as a function of O-O separation. Filled symbols correspond to the one-O configurations, and open symbols
correspond to two-O configurations. For the two-O cases, only OIS and TIS configurations with the same initial O—O separation are compared.
Black symbols correspond to configurations consistent with the e-phase arrangement, while green symbols represent configurations with O
occupying other available positions. (d) Atomic model illustrating the geometrically open LB site and its connection to the nearest subsurface
OIS. The force map in the yz plane along the LB-OIS pathway is embedded to show the local force field driving O penetration. (e) Force
map in the yz plane showing the force acting on O during penetration from the LB site toward the nearest OIS, with the low-energy pathway

obtained from the PES scan.

Identifying this ordered & phase raises two related
questions: How oxygen enters the Nb lattice and ac-
cesses favorable interstitial sites, and why the resulting
oxygen-containing structure adopts an alternating layered ar-
rangement. We address these questions below using DFT
calculations of penetration pathways, interstitial-site prefer-
ence, and concentration-dependent stability.

C. Interstitial site preference and penetration pathway

The HRTEM results indicate that the ¢ phase is char-
acterized by O occupying OIS in an alternating layered
configuration. To understand the origin of this structure, we

compare the stability of O at OIS and TIS using DFT calcu-
lations. Figure 3(a) shows the e-phase configuration with O
at OIS. We construct the corresponding TIS configuration by
translating the O atom along the x direction by a/4, as shown
in Fig. 3(b). For a single O atom, the OIS configuration is
significantly lower in energy (0.79 eV) than the TIS configura-
tion, indicating that OIS is the preferred site. We then examine
configurations containing two O atoms. Only OIS and TIS
cases with the same initial O-O separation are compared.
As shown in Fig. 3(c), OIS remains lower in energy than
TIS for all separations. This trend holds for both configura-
tions consistent with the e-phase arrangement (black symbols)

043125-5



FAN, CHENG, ZHAO, AND YAO

PHYSICAL REVIEW RESEARCH 8, 043125 (2026)

6 T 3]
' Z
“(a) (b) L (d) 0,(g)
4| [1.24] i ()
3 1 . e S
= N 'S £ ok
> 2 | X 57 1. 0, dissociates above
2- © r 7.
5 ; d g’/ the Nb surface
« 1 3 L i /
i + - - Most Stable Config
. 14.5 at.% /
| ! K
2+ :é___a’ x Other Config
" - Reported Exp Limit
———— -4 . i . . L 1 2. Atomic O enters through
2 2 & o I 2 3 4 5 6 7 8 9 wider surface openings and
’ o , 2 No. of O in every 16 Nb occupies subsurface OIS
I
™ ! O-free
(C) } buffer layer o 0 o 3
N, al ' @ Empty OIS 0 inserted O inserted + Alternating O-containing
! o . (unoccupied) (unrelaxed) (relaxed) and O-free layers
R?=0.8042 4 e
! 2 -contaming Qusi ; Q o L 9 o stabilize the € phase
laye 3 9%) g 2:3
4 . T 040 090 660
s . AN e e "
Nr~L R e 17T O I 9 1}
Vaa " q, e e Ousa 234 Q234 234 ¢ 234
I B4 e L6A v 20A
T g a0 © O-free
? ! “o o o ¢ buffer layer o Q Q
| 1 2% ° "
[—_Center cell : N TILT v =) Overall mechanism:
o ognbor.cells Via[ © ! Pa 0, dissociation —>entry through wider openings —
Vacant OIS (solid = center, t = neighb - g 2 4 O occupation in OIS —> ¢ phase stabilization by O-free buffer I
e o i : o1 o o Bt Gt i ol i R
layer1=a L 1 1 L L 1 L ] o -
A 02 01 0 01 02 03 04 05 06 © Noom @ Oztom L) BRI
layer 3=vV3a

Fitted coefficient (eV per pair)

FIG. 4. Geometric origin of oxygen ordering and solubility limit in niobium. (a) Representative oxygen configurations based on the e-phase
lattice, illustrating the available interstitial sites and characteristic O—O separations (a, \/Ea, and \/§a). An enlarged view of the central cell
(indicated by a dashed arrow) labels the eight available oxygen sites (1-8) associated with the ordered e-phase structure. (b) Change in
Gibbs free energy AG as a function of oxygen concentration (number of O atoms per 16 Nb atoms). The most stable configurations at
each concentration are connected by a dashed line, while other configurations are shown as crosses. The vertical dashed line indicates the
experimental limit of NbOyg 17 (14.5 at. % O) reported for electrolytically prepared Nb(O) solid solutions [24], corresponding to ~2.7 O per 16
Nb. (c) Regression using geometric descriptors based on O—O separations. Fitted coefficients are shown together with the correlation between
DFT-calculated and model-predicted AG (inset, R* = 0.8042). (d) Schematic illustration of the overall mechanism. All AG values in panels

(b)—(c) are reported per O atom.

and those where O occupies other available positions (green
symbols).

Having established the thermodynamic preference for OIS
occupation, we further examine how oxygen can access these
sites during penetration from the surface. Figure 3(d) illus-
trates the geometric connection between the open LB site
on Nb(110) and the nearest subsurface OIS. To quantify this
connection, we performed a two-dimensional PES scan in the
yz plane along the LB-OIS pathway. The resulting force map
in Fig. 3(e) shows that, once O enters through the LB site,
the local force field directs it toward the nearest OIS. The
low-energy trajectory obtained from the PES scan therefore
provides a mechanistic link between the geometry-selected
surface entry site and the preferred subsurface interstitial con-
figuration.

Analysis of the relaxed structures shows that this prefer-
ence is governed by the local Nb—O bonding geometry. In both
OIS and TIS, Nb-O bond lengths are similar (~2.0 A), while
the coordination differs: O in OIS bonds with two Nb atoms,
whereas in TIS it is coordinated by four. This preference sug-
gests that the relaxed OIS geometry provides a more favorable
local Nb-O coordination environment, with near-optimal Nb—
O distances achieved without imposing excessive constraints
on the surrounding Nb lattice. These results highlight the
dominant role of local Nb—O environments in determining
stability. This local bonding preference also clarifies why the ¢
phase adopts an alternating layered arrangement rather than a

uniformly oxygen-filled interstitial lattice. Oxygen incorpora-
tion produces local distortions around occupied OIS. When O
atoms occupy every adjacent layer, these distortions overlap
and impose a larger elastic penalty on the Nb framework.
In contrast, the alternating layered & structure separates O-
containing layers by O-free Nb layers. These O-free layers
provide structural flexibility and serve as buffer layers, allow-
ing the lattice to accommodate local Nb—O distortions while
preserving the overall Nb framework.

D. Oxygen ordering and the concentration limit

Building on the connection between surface penetration
and OIS occupation, we next examine how multiple incorpo-
rated O atoms arrange within the OIS sublattice. Using this
sublattice as the structural framework for subsequent oxygen
incorporation and ordering, we evaluate the relative stability
of different multi-O configurations in a Nb supercell derived
from the experimentally identified ¢ phase. As shown in
Fig. 4(a), this supercell contains eight available oxygen sites,
labeled from 1 to 8. A representative configuration with three
oxygen atoms occupying sites [1,6,8] is illustrated, together
with the corresponding O-O separations at characteristic dis-
tances.

Figure 4(b) compares AG for the three possible three-O
configurations: [1, 6, 8], [1, 2, 4], and [1, 4, 6]. Among these,
[1, 2, 4] is significantly less favorable, whereas the other two
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exhibit comparable stability. Since these configurations differ
primarily in their O-O separations, this comparison suggests
that geometric factors associated with O-O distances play an
important role in determining stability.

To further quantify this effect, we construct a simple linear
model based on the counts of O—O pairs at characteristic
separation distances (N,, N, S and N ﬁa)~ Figure 4(c) shows
the fitted coefficients. The coefficient for N, is positive and
substantially larger than those for the longer-distance pair
counts, indicating that O—O pairs at a separation of a im-
pose the strongest energetic penalty. The correlation between
predicted and DFT-calculated AG [Fig. 4(c), inset] shows
that this simple geometric model captures the dominant trend
in AG.

These results indicate that O—O separations serve as effec-
tive geometric descriptors for capturing the stability of oxygen
configurations, particularly through the energetic penalty
associated with O-O arrangements. As the oxygen concentra-
tion increases, configurations inevitably introduce O-O pairs
at short separation distances. This leads to a rapid increase in
AG and provides a geometric origin for the experimentally re-
ported concentration limit in electrolytically prepared Nb(O)
solid solutions [24].

We further examined the effect of supercell size (Fig. 6).
Scaling down to a 1 x 1 x 1 cell gives a AG essentially
identical to that of the corresponding 2 x 2 x 2 configuration.
Representative calculations using a larger 4 x 4 x 4 supercell
reproduce the energetic trend of the 2 x 2 x 2 calculations at
low and intermediate O concentrations, where the & frame-
work remains relatively stable. At high O concentration,
however, the larger cell permits more extensive structural
relaxation, and the ¢ framework undergoes pronounced struc-
tural collapse. Thus, the rapid increase in AG in the smaller
cell and the structural collapse in the larger cell both indicate
a loss of stability of the ¢ structure at high O concentration.

IV. CONCLUSIONS

In this work, we present a unified picture of early-stage
oxidation in Nb by combining first-principles calculations
with HRTEM observations. We identify an ordered ¢ phase
in which O atoms occupy OIS in an alternating layered con-
figuration, consistent with experimental imaging.

By analyzing O, dissociation and penetration pathways,
we show that oxygen incorporation into Nb is governed by
surface geometry, where O, dissociates above the surface
and atomic O preferentially enters through sites with larger
geometric openings. This connects surface processes to OIS
occupation and provides an atomistic entry point for under-
standing subsequent e-phase ordering.

At the bulk level, O energetically favors OIS over TIS
due to its local bonding environment. The alternating layered
¢ phase further stabilizes incorporated oxygen by separating
O-containing layers with O-free Nb layers, which buffer local
O-induced distortions and reduce the elastic penalty asso-
ciated with oxygen incorporation. As oxygen concentration
increases, short-range O—-O interactions become increasingly
unavoidable, driving a rapid increase in AG. Thus, oxygen in-
corporation, ordering, and thermodynamic stability in Nb can
be understood within a geometry-driven framework: Surface

geometry guides oxygen entry, local Nb—O bonding favors
OIS occupation, alternating O-containing/O-free layers sta-
bilize the & phase, and short O-O separations limit further
oxygen incorporation.

More broadly, these results demonstrate that oxygen or-
dering and solubility limit in Nb can be understood in terms
of simple geometric constraints. This perspective provides a
physically transparent framework for understanding oxygen
behavior in Nb and potentially other bcc metal-oxygen sys-
tems. It may also serve as a starting point for developing more
comprehensive descriptions of oxygen behavior in Nb, where
complex structural evolution and diverse electronic properties
are known to emerge across a wide range of compositions [3].
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APPENDIX A: STRUCTURE DETERMINATION
OF THE ¢ PHASE

The five SAED patterns in Fig. 2(b), together with the rota-
tion angles between the adjacent patterns, show unequivocally
that the ¢ phase possesses an orthorhombic crystal structure
with the point group mmm. The bright spots correspond com-
pletely to the period of bcc-Nb, while the weak spots show
a periodic change of the bcc-Nb lattice, the corresponding
plane spacings being changed accordingly. Taking the lattice
parameter of the Nb phase as anp = 0.3301 nm, the lattice
parameters of the ¢ phase are calculated from the relationship
between the & and Nb reflections in the composite patterns by
an internal standard method: a, = 0.3301 nm, b, = 0.4668
nm, and ¢, = 0.4668 nm. Based on the reflections observed

926990

[o10],

FIG. 5. (a) A lattice model to illustrate the phase transformation
from bce-Nb to the ¢ phase. (b) The proposed crystal structure of the
¢ phase with oxygen at (0, 0, 1/2).
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FIG. 6. (a) Change in AG as a function of O concentration for 1 x 1 x 1, 2 x 2 x 2, and 4 x 4 x 4 Nb supercells. The 4 x 4 x 4
calculations reproduce the energetic trend obtained with the 2 x 2 x 2 cell at low and intermediate O concentrations. At 31.91 at. % O
(Nbj250¢0), however, the ¢ structure in the 4 x 4 x 4 cell undergoes structural collapse during relaxation and is therefore shown separately.
The vertical red dashed line indicates the reported experimental limit. (b), (c) Initial and relaxed structures, respectively, of the 4 x 4 x 4 cell
containing 60 O atoms, illustrating the pronounced structural collapse at high O concentration. All AG values are reported per O atom. Green:

Nb; red: O.

to be absent, the Bravais lattice of the ¢ phase is base-centered
orthorhombic and the space group is Cmmm.

The € phase can therefore be described as a Nb supercell,
marked by the dashed lines in Fig. 5(a). Filling this supercell
according to the character of the space group Cmmm places
Nb on the 2a and 2c¢ positions and leaves four equivalent
positions that coincide with OIS or TIS of the Nb supercell
as the possible sites for O (Table II). The structure obtained
with O on 24 (0, 0, 1/2) is shown in Fig. 5(b). If this site
were fully occupied, one cell would contain four Nb and two
O atoms, corresponding to a limiting composition of Nb,O
(33.3 at. % O).

The three remaining candidates: 8n (0, 1/4, 1/4) (OIS), 8m
(1/4, 1/4, 1/4) (TIS), and 8n (0, 3/8, 1/8) (TIS) were also
examined. All of them have a much higher oxygen content
in a unit cell (NbO, rather than Nb,O), and the distances
between the two nearest oxygen atoms, or between Nb and
oxygen atoms, are so short that the atoms cannot be occupied
at the same time. Moreover, their reflection conditions do not
agree with our experimental results.

The lattice parameters of the Nb supercell are, however,
not measurably changed by the diffusion of oxygen atoms,
which indicates that the 24 sites are far from fully occupied
and that the oxygen content of the & phase is well below
33.3 at. %. Its precise value cannot be determined from the
present measurements. The oxygen atoms in the ¢ structure
are therefore in an unsaturated state and occupy the 2d equiv-
alent positions randomly (Table II). This is consistent with our
first-principles calculations, which show that at 31.91 at. %
O, close to the composition of a fully occupied Nb,O, the ¢
framework collapses during structural relaxation (Fig. 6). The
proposed atomic model is further verified by HRTEM imaging
and the corresponding image simulation.

APPENDIX B: LINEAR REGRESSION MODEL
FOR OXYGEN-OXYGEN INTERACTION

Throughout this analysis, AG is reported per O atom. To
quantify the effect of oxygen distribution on thermodynamic
stability, we construct a linear model based on O-O pair

counts at characteristic separations. The Gibbs free energy is
expressed as

AG =a+ciNy+ aN 3, + 3N 5,

where N,, N N and N fa denote the numbers of O-O pairs

separated by distances a, «/Ea, and \/§a, respectively, within
the octahedral interstitial sublattice. The fitted coefficients
area = —1.7314 eV, ¢; = 0.5856 eV per pair, ¢, = —0.0164
eV per pair, and ¢3 = —0.1432 eV per pair. The coefficient
of determination is R? = 0.8042, indicating that the model
captures the dominant correlation between O-O arrangements
and AG.

Pair counts are evaluated for periodically repeated configu-
rations. For each configuration, O atoms in the central cell are
paired with those in neighboring periodic images, and the total
counts are divided by 2 to obtain unique pair multiplicities per
cell.

Table I lists all configurations used in the regression, along
with the corresponding pair counts, DFT-calculated AG, and
model-predicted AG.

APPENDIX C: SUPERCELL-SIZE DEPENDENCE
AND STRUCTURAL RELAXATION

To examine the effect of supercell size, we performed
additional calculations using both smaller and larger Nb su-
percells, as summarized in Fig. 6. All AG values discussed
below are reported per O atom.

We first scaled the 2 x 2 x 2 supercell used in the main
calculations downtoa 1 x 1 x 1 cell. Because the 1 x 1 x 1
bee cell contains only two Nb atoms, introducing a single O
atom already corresponds to an O concentration of 33.3 at. %.
Therefore, only one configuration can be directly compared
with the 2 x 2 x 2 calculations. As shown in Fig. 6(a), the
AG obtained with the 1 x 1 x 1 cell is essentially identical to
that of the corresponding 2 x 2 x 2 configuration. This agree-
ment confirms the consistency of the calculated energy for the
same periodically repeated structure upon scaling down the
supercell.

We then increased the supercell size to 4 x 4 x 4. Com-
pared with the 2 x 2 x 2 cell, the larger supercell contains
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substantially more structural and configurational degrees of
freedom, making an exhaustive calculation of all possible
O configurations computationally impractical. We therefore
examined representative configurations at several O concen-
trations. At low and intermediate O concentrations, where
the ¢ structure is maintained after relaxation, the 4 x 4 x 4
calculations reproduce the energetic trend obtained with the
2 x 2 x 2 cell [Fig. 6(a)]. This indicates that the 2 x 2 x 2
cell provides a reasonable description of the energetics in this
concentration range.

At high O concentration, however, the larger supercell
shows qualitatively different structural behavior. In the 2 x
2 x 2 cell, the stronger periodic constraint limits long-range
structural relaxation, and the destabilization at high O load-
ing is mainly reflected by the rapid increase in AG. In
contrast, the 4 x 4 x 4 cell allows more extensive long-
range and symmetry-breaking relaxation. For the Nbj3O¢

J

configuration, corresponding to 31.91 at. % O, the initially
constructed ¢ structure undergoes pronounced structural col-
lapse during relaxation [Figs. 6(b) and 6(c)]. Eighty-two
percent of the O atoms are displaced by more than 0.5 A and
48% are displaced by more than 1.0 A. These large collective
displacements indicate that the relaxed structure can no longer
be described as the original € structure.

The scaling calculations therefore show two different man-
ifestations of the effect of high O loading. In the smaller
cell, the ¢ structure is strongly constrained by periodicity,
and its destabilization is reflected by a rapid increase in AG.
In the larger cell, additional relaxation degrees of freedom
allow the system to lower its energy by leaving the & struc-
tural framework, resulting in structural collapse. At lower O
concentrations, before this collapse occurs, the 4 x 4 x 4 cal-
culations remain consistent with the energetic trend obtained
using the 2 x 2 x 2 cell.

APPENDIX D: ADDITIONAL TABLES

This Appendix collects the tabulated data used in the preceding analysis. Table I lists the oxygen configurations considered in
the linear regression of Appendix B, together with the corresponding O—O pair counts and the DFT-calculated and fitted Gibbs
free energies per O atom. Table II lists the Wyckoff positions of Cmmm that coincide with octahedral or tetrahedral interstitial
sites of the Nb supercell, as used in the structure determination of Appendix A.

TABLE I. Oxygen configurations and corresponding geometric parameters, together with DFT and fitted Gibbs free energies per O.

Occ sites N, N s, N s, AG (DFT, eV) AG (fit, eV)
1 0 0 0 —2.9919 —1.7314
1,8 0 0 8 —2.8237 —2.8768
1,7 0 4 0 —2.6559 —1.7969
1,5 2 0 0 —2.7010 —0.5602
1,4,6 0 12 0 —2.3486 —1.9278
1,6,8 2 4 8 —2.4661 —1.7710
1,2,4 4 4 0 2.3746 0.5455
1,4,6,7 0 24 0 —2.1224 —2.1242
1,3,6,8 4 8 16 —2.1832 —1.8106
1,6,7,8 4 12 8 1.3340 —0.7307
1,2,6,8 6 8 8 1.3721 0.5059
1,2,3,5 6 12 0 1.4291 1.5858
1,2,3,4 8 8 0 4.8493 2.8225
1,2,3,5,8 6 24 8 0.8312 0.2441
1,3,4,6,8 8 16 16 0.8073 0.4009
1,2,4,6,8 10 16 8 0.9880 2.7174
1,3,4,5,6,8 12 24 24 3.0243 1.4671
1,3,4,6,7,8 12 28 16 2.8427 2.5469
1,3,4,5,7,8 14 24 16 2.9161 3.7836
1,2,3,4,5,6,7,8 24 48 32 5.7707 6.9562

TABLE II. Equivalent positions for the & phase with the space group of Cmmm. The four O positions listed are the Wyckoff positions of
Cmmm that coincide with OIS or TIS of the Nb supercell; only the 2d position is consistent with the experimental diffraction patterns.

No. Equivalent positions Atom

1 2a mmm 0,0,0 Nb

2 2¢ mmm 1/2,0, 172 Nb

3 2d mmm 0,0,1/2 O (OIS)
4 8n m 0, 1/4, 1/4 O (OIS)
5 8m 2 1/4, 1/4, 1/4 O (TIS)
6 8n 0, 3/8, 1/8 O (TIS)
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