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Abstract. This review discusses the state of the art in two related
research areas: the surfaces of niobium and of its related group
IV-VI transition metals, and surface (primarily oxide) nano-
structures that form on niobium (and group IV-VI d-metals)
due to gas adsorption or impurity diffusion from the bulk.
Experimental (X-ray photoelectron spectroscopy, photoelec-
tron diffraction, scanning tunneling microscopy) and theoreti-
cal (ab initio simulation) results on d-metal surfaces are
summarized and reviewed.

1. Introduction

The question of the self-organization of atoms on the surface
of crystals and of the initial stages of phase formation are
among the key issues in modern physics and physical
materials science, being fundamental for the creation of
surface nanostructures for electronics and photonics, the
deposition of thin films and coatings, heterogeneous cataly-
sis, etc. The obvious success in studying crystal surfaces is
mainly related to the development of physical techniques of
surface analysis and correct theoretical methods for the
simulation of surface characteristics. The combined use of
these approaches makes it possible to obtain detailed
information on the morphology and structure of the surface,
localization of adsorbed atoms and molecules, electronic
structure, and nature of interatomic interactions in the
subsurface region and on the surface.
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At present, great attention is being paid to the develop-
ment of methods for the creation of new surface nanostruc-
tures with desired functional characteristics. The circle of
research objects is expanding substantially; more and more
complex systems, which are characterized by a large variety of
processes occurring on the surface, are involved in the
consideration.

Among such systems attracting considerable attention are
group IV-VI d-metal surfaces on which there occur, simulta-
neously and concordantly, processes such as the dissociative
chemisorption of an adsorbate, diffusion of adatoms into the
bulk of the metal or, on the contrary, segregation of atoms
from the bulk to the surface, formation of new structures on
the surface, and so forth.

In turn, niobium, as well as its alloys and compounds, is of
greatest interest among the d-metals primarily due to their
superconducting properties. For example, niobium is applied
for producing superconducting resonators in the accelerators
of elementary particles [1]. Niobium films are used in
magnetic-field sensors based on the Josephson effect [2].
Recently, the creation of a superconducting detector based
on NbN monolayers, capable of detecting individual photons
of infrared radiation, was reported, whose sensitivity and
operation speed are the thousand times greater (are equal to
several gigahertz) than those of the available semiconductor
detectors [3]. Various ways are being considered of creating
new niobium-compound-based memory devices using single-
electron transistors and rapid single-flux quantum logic [4, 5].
All these devices are based on Nb or NbN films, namely, on
very thin and maximally pure layers. The problem, however,
is that it is very difficult to obtain ‘pure’ niobium films, since
even niobium layers deposited at a vacuum level of ~ 10~ Pa
contain specific oxide structures on their surfaces. What do
these structures represent, and what is their composition,
chemical nature, atomic topology, and properties? How can
one avoid the formation of such structures or, on the
contrary, use them for practical purposes?
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In this review we shall attempt to generalize the modern
state of investigations of the pure niobium surface and of
surface (mainly oxide) nanostructures that are formed on
niobium due to the adsorption of gases from the gaseous
phase or due to the diffusion of impurities from the bulk of the
metal. These results are compared with the available data
for related systems—surface nanostructures on group IV-VI
d-metals. The low dimensionality of these structures deter-
mines the unique techniques for their preparation and
investigation. Therefore, the main focus is on the results of
an analysis of the surface of the above-mentioned systems by
the methods of X-ray photoelectron spectroscopy (XPS), X-
ray photoelectron diffraction (XPD) [8-10], and scanning
tunneling microscopy (STM) [11, 12], as well as by the
computational ab initio methods of the energy-band theory
of the condensed state, which proved to be efficient in solving
the above-mentioned problems and are widely applied in the
current practice of such studies.

2. Basic characteristics of niobium
and of the niobium—oxygen system

Niobium is a chemical element of group VB of the Periodic
System, atomic number 41, atomic mass 92.9064, and
electron configuration of the outer electron shell of an Nb
atom 4d*5s'. The main physical properties of metallic
niobium are given in Table 1.

Niobium has a body-centered cubic (bcc, space group
Im3m) lattice in which there exist two types of interstices:
octahedral and tetrahedral. The octahedral pores are located
in the (0,0,1/2) type positions and in those equivalent to
them; the tetrahedral pores are in positions of the (1/2,0, 1/4)
type (Fig. 1). The most close-packed structural elements in the
bec structure are planes of the (110) type, and directions of the
[111] type (Fig. 1d). These structural features of bcc Nb
determine the positions of the localization of the dissolved
atoms of metalloids (nitrogen, oxygen, carbon) and the
preferable mutual orientation relations with the lattices of
phases that are formed in the process of structural and
chemical transformations.

Table 1. Physical properties of niobium.

Property Magnitude
Atomic number 41
Atomic mass, a.m.u. 92.90638
Atomic radius, A 1.46
Density, g cm™ (293 K) 8.57
Electron configuration [Kr] 4d* 5s!
Superconducting transition temperature, K 9.25
Melting temperature, K 2741
Boiling temperature, K 5015
Vapor pressure, mmHg 10711 (1953 K);

1075 (2467 K);
10~* (2628 K)
Thermal conductivity, W m~! K~! (273-373 K) 54.1

Molar heat capacity, J K~! mol~! 0.268
Specific heat of sublimation, kJ g~!' atom~! (298 K) 722.2
Specific heat of boiling, kJ g~! atom™" (1) 683.7
Ionization potential, eV 6.77
Work function, eV 4.01

Lattice structure bce

Lattice period, A 3.294

Debye temperature, K 275

[001] a [001] b
[010]
[100]

[001] c

[010]
[100]

Figure 1. Lattice structure of bce niobium: (a, b) octahedral interstices;
(c) tetrahedral interstice, and (d) the most close-packed Nb(110) plane.

The most common and most important (from the
practical viewpoint) structures are the oxide ones that are
formed on the Nb surface upon adsorption of oxygen or its
segregation from the bulk of the metal.

The character of interactions in the Nb—O system is
illustrated by the phase diagram of this binary system
(Fig. 2) constructed for a pressure of 133 Pa [13]. Upon
interacting with oxygen, niobium forms an a-Nb(O) solid
solution with a bee lattice and three stable oxide phases: NbO,
NbO;, and Nb,Os, which exist to temperatures of 2218, 2188,
and 1768 K, respectively. The higher oxide Nb,Os has
numerous structural modifications; several intermediate
oxides with the composition NbO,4 »5 have also been
found. Upon heating in air or in an oxygen atmosphere, all
lower oxides are oxidized to Nb,Os.
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Figure 2. Phase diagram of the Nb—O system [13].
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Table 2. Crystal structure and lattice parameters of phases in the Nb—O system [17].

Unit cell parameters Number of formula Space group
Oxide Crystal system o om b om e nm Angle, deg units per unit cell

NbO Cubic 0.42101 — — — 3 Pm3m
o-NbO, Tetragonal 1.3690 — 0.59871 — 32 14, /a
B-NbO, Tetragonal 0.9693 — 0.59875 — 16 14
B-Nb2029 Orthorhombic 2.072 0.3825 2.899 — 4 Cmem
0-Nb12029 Monoclinic 2.073 0.3835 1.767 112.90 2 C2/m
Nb2Os4 Monoclinic 2.186 0.3822 1.575 122.50 1

Nb25O062 Monoclinic 2.990 0.3827 2.119 94.97 2 C2/m
Nb470116 Monoclinic 5.774 0.3823 2.118 105.32 2 —
o-NbyOs Orthorhombic 0.623 4.380 0.391 — 12

o’-NbOs Monoclinic 1.273 0.488 0.556 105.10 4 C2/m
B-Nb2Os Monoclinic 2.126 0.3821 1.935 119.74 14 P2

The crystallographic data for stable niobium oxides are given
in Table 2 and in Fig. 3; their thermodynamic properties are
listed in Table 3. Niobium exhibits high oxidation suscept-
ibility; all oxide phases have large values of formation
enthalpy and Gibbs energy.

Notice the following substantial structural and chemical
properties of phases in the niobium—oxygen system. First, the
a-Nb(O) solid solution exists only in a narrow concentration
range. This markedly distinguishes niobium from the group
IV transition metals (Ti, Zr, and Hf) with a hexagonal close-

packed (hcp) lattice. The maximum concentration of dis-
solved oxygen in the bec lattice of niobium does not exceed
7.5 at. %. Experiments on proton channeling and measure-
ments of internal friction show that the preferable sites for the
incorporation of oxygen atoms into the o-Nb structure are
octahedral interstices [14, 15]. All stable niobium oxides have
narrow homogeneity ranges. In addition, in the concentration
range between the a-Nb(O) and NbO phases there have been
revealed a number of metastable lower suboxides NbO,
(x ~ 1/6, 1/4, 1/2), which are formed upon the decomposi-
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Figure 3. (a) STM image of the Nb(110) surface of single-crystal niobium (V' = 0.1 V, I = 2.6 nA); (b) height profile of the surface; (c) survey XPS
spectrum, and (d) XPD patterns of Nb 3d electron scattering (left-hand pattern, experiment; right-hand pattern, single-scattering cluster (SSC)

calculations of normal photoelectron diffraction) [19].
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Table 3. Physicochemical properties of niobium oxides [18].

NbO NbO, Nb>Os
Melting temperature T, °C 1945 1917
Density p, gcm™3 7.26 5.98
Molar heat capacity C]?, 41.25 57.49
Jmol~! K~!
Formation enthalpy —AHJ ., 408.2 799.3 1900.8
kJ mol~!
Molar entropy of evaporation — 54.55 137.3
Stg, I mol~ ! K
Gibbs energy —AGiorm, kJ mol ™! 375.48 741.28 1772.71

tion of supersaturated solid solutions of oxygen in niobium
[16]. The suboxide phases are intermediate species corre-
sponding to a gradual transformation of the bcc lattice of
a-Nb(O) into the NbO structure. The low solubility of oxygen
in the bec lattice of niobium, the formation of lower suboxide
phases already at small concentrations of oxygen, and the
high magnitudes of the enthalpy and free energy of formation
of oxide phases (see Table 3) indicate the possibility of the
formation, along with stable oxide phases, of various
intermediate suboxide structures on the faces of single-
crystal niobium in a vacuum. Notice that all the above-
mentioned phases, including the metastable ones, were
revealed when studying the kinetics of niobium oxidation (in
the form of foils and bulk samples), with the suboxide
structures arising in the form of thin films at the initial stages
of Nb oxidation at low oxygen pressures.

For obtaining a pure niobium surface and for studying the
adsorption properties of the niobium—oxygen system, infor-
mation on the kinetic characteristics of the interactions in this
system is important. The kinetics of interaction in the
niobium—oxygen system at low pressures in the realm of the
bulk solid solution is characterized by high values of the
adsorption coefficients (r) up to high temperatures (2000
2200 °C); the rate of oxygen adsorption v = 1.16 x 10°rpo,,
where po, is the oxygen pressure. The processes of oxygen
dissolution and diffusion in niobium are not the limiting
stages. The competition of the processes of oxygen dissolu-
tion in niobium and the removal of oxides begin to show up at
temperatures above 1800 °C.

3. A pure niobium surface:
experiments and calculations

At present, there exist a very limited number of papers
devoted to the experimental investigations of a pure niobium
surface. This is explained by substantial technical difficulties
in the preparation of such a surface. By a pure surface, we
mean, first of all, single-crystal niobium faces free of
impurities and possessing a perfect atomic structure. Of
certain interest are also surfaces of polycrystalline niobium
samples (e.g., films) and niobium-based nanomaterials such
as niobium nanoparticles and nanoclusters. The available
evidences on the experimental and theoretical studies of a
pure niobium surface are collated in Table 4.

In bee niobium, the most close-packed structure elements
are Nb(110), Nb(100), and Nb(111) sectional planes (see
Fig. 1). The majority of investigations of pure niobium
surfaces and adsorption structures on niobium were per-
formed on these very faces.

The procedures that permit obtaining pure Nb(110) and
Nb(100) surfaces were described in detail in Refs [19, 20].
After mechanical and electrochemical polishing of an Nb
single-crystal face, the surface is subjected to bombardment
by a beam of argon ions and is annealed to approximately
2300 K in an ultrahigh vacuum (UHV) (more than 103 Pa)
by flash heating to remove argon implanted into the surface
layers and to form a perfect surface structure. The chemical
purity of the surface is controlled by the methods of XPS and
Auger electron spectroscopy (AES), while the structural
order employs the methods of low-energy electron diffrac-
tion (LEED), XPD, or STM.

Figure 3 displays a survey XPS spectrum, XPD patterns
of Nb 3d photoemission, and an STM image of a pure
Nb(110) surface prepared by the technique described in
Ref. [19]. Due to intense diffusion of niobium atoms at
high annealing temperatures, a smooth surface consisting
of extended Nb(110) terraces separated by monolayer (ML)
steps with faceted boundaries is formed. The crystal surface
obtained can be considered smooth, since the total
difference in height in a region with an area of ~ 2 pm? is
only 1.65 nm, and the steps correspond to one or two
monolayers of the Nb(110) face. The average height of a
step measures 2.3 A, which is close to the interplanar
spacing in the bulk bcc niobium in the [110] direction
(d=233A). The XPD data (Fig. 3d) confirm the
correspondence of the surface obtained to the (110) plane
of bcc niobium, and the XPS data indicate the oxygen
content on the surface at a level of a few percent.
Unfortunately, even under UHV conditions (~ 10~% Pa)
such a surface is retained only for a short time (several
dozen hours) and is gradually covered by oxide (apparently,
amorphous) structures.

An important issue in the characterization of the prepared
surfaces of an Nb single crystal is the investigation of the
effects of structural relaxation of surface layers, which can
lead to a noticeable change in the interplanar spacings near
the surface.

Experimentally, these effects can be studied invoking
XPS. The authors of Ref. [21] obtained XPS spectra of inner
Nb 3ds/, states from a single-crystal Nb(001) face using
synchrotron radiation (Fig. 4a). To enhance the sensitivity,
X-ray quanta with energies iv = 240 and 250 eV were utilized;
in this case, the kinetic energy of Nb 3d electrons is only
several dozen electron-volts and the probing depth does not
exceed two—four surface monolayers. The magnitude of the
chemical shift of the Nb 3ds , levels of niobium surface states
relative to the spectral line emitted from the bulk of the metal
(the so-called surface core-level shift, SCLS) for the outer-
most monolayer was S} = 0.49 + 0.01 eV [21] in the direction
of greater binding energies E}, counted from the ground state;
for the second monolayer, the appropriate shift is
S> =0.134+0.01 eV, being also taken in the direction of
greater Ep, which agrees well with the results of ab initio
calculations [22].

The surface states of Nb(001) in the valence band have
been studied [23] using ultraviolet (UV) spectroscopy and
photoemission initiated by synchrotron radiation. In the UV
spectra, the surface states (resonances) lie in the immediate
vicinity of the Fermi level (Ef); their binding energy is as
small as E, = —0.06 eV. In Fig. 4b, the surface states are
designated as S; the bulk 4d states of Nb are designated as B.
In the case of the UV spectra of the valence band of Nb(110),
an intense maximum due to Nb 4d states from the bulk of the
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Table 4. Studies of the pure niobium surface and of adsorption and oxide structures on the surface of polycrystalline and single-crystal niobium.

System Research methods * References
XPS, XPD [52]
Nb(110) VASP calculations [32]
NRL-TB calculations [31]
FP-LMTO calculations [30]
AES, LEED, TDS, CPD [38, 53]
LEED, HREELS [35]
STM, AES, XPS (45]
LEED, XPS, XPD [51]
O/Nb(110) STM, XPS, AES, LEED [47, 49, 50]
AES, RHEED, STM, STS [46]
AES, LEED, WF [41]
XPS, XPD [27, 54, 55]
XPS, UVS, AES [56]
Y>03/NbO/Nb(110) LEED, XPS, XPD [57]
C,0,H,0,CH;0H/Nb(110) HREELS, AES, UVS [24, 58, 59]
HREELS, AES, LEED [60]
CASTERP calculations [61]
N,/Nb(110) Uvs (62, 63]
UVS, electric conductivity [64, 65]
H,/Nb(110) Theoretical simulation [66, 67]
XPS, synchrotron radiation [21]
XPS, synchrotron radiation [23]
Nb(100) XPS, synchrotron radiation [68, 69]
NRL-TB calculations [31]
FP-LMTO [30]
XPD [70]
AES, LEED, STM [20, 41, 48, 71]
0/Nb(100) XPS, synchrotron radiation [72]
Energy-band calculations [28, 29]
AES, LEED, TDS, CPD (371
S/Nb(100) XPS [73]
STM, AES, LEED 74
N/Nb(100) LEED, AES [75,76]
N/Nb(100) XPS, synchrotron radiation (771
HREELS [78]
H/Nb(100) STM [79]
Molecular dynamics calculations [80]
Photoemission spectroscopy [81]
Nb(111)
NRL-TB calculations [31]
O/Nb(111) AES, LEED, TDS, CPD [39, 41]
Nb (polycryst.) ARXPS [82]
Nb (nanocluster) TBMD calculations [83]
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Table 4 (continued)
System Research methods * References
O/Nb XPS [84]
H/NbO, /Nb AES, TDS [85]
Nb,Os/Nb XPS [86]

* AES, Auger electron spectroscopy; LEED, low-energy electron diffraction; STM, scanning tunneling microscopy; TDS, thermal desorption
spectroscopy; CPD, contact potential difference; HREELS, high-resolution electron energy loss spectroscopy; XPS, X-ray photoelectron spectro-
scopy; ARXPS, angle-resolved X-ray photoelectron spectroscopy; UVS, ultraviolet spectroscopy; XPD, X-ray photoelectron diffraction; RHEED,
reflection high-energy electron diffraction; STS, scanning tunneling spectroscopy; WF, work function; FP-LMTO, full-potential linear muffin-tin
orbital method; NRL-TB, Naval Research Laboratory tight binding method.

crystal was observed, located 0.4 eV below Eg; no surface
states were resolved.

To determine the magnitude of the interlayer contraction
for two upper layers of the Nb(100) surface, an interesting
XPD experiment was performed in Ref. [25]. Intensities of
photoemission of Nb 3d electrons were measured depending
on the polar angle 0 for several azimuthal directions (at angle
¢) on the Nb(100) surface. The energy Av of incident quanta
amounted to 1253.6 eV (Mg K, radiation); at E,(Nb 3ds/,) ~
202.3 eV, the kinetic energy of the photoelectrons is
Eyxin ~ 1050 eV. At these high energies, the model of the
direct scattering of photoelectrons by atoms of the nearest
environments is realized, in which the geometry of the nearest
environment of niobium atoms can be estimated from the
maxima in the /(0) angular dependences. In addition, in
Ref. [25] calculations were performed of the angular depen-
dences of XPD in the approximation of multiple scattering of

photoelectrons (MSC-SW), and a model of an Nb(100)
surface was suggested which agrees quite well with experi-
ment. The so-called Pendry R factor was implicated [26],
which determines the average value of the discrepancy
between the experimental and theoretical XPD curves. It
turned out that the minimum value of R is achieved upon a
contraction of the upper Nb(100) layers by 12.7% relative to
the interplanar spacing in the bulk of the Nb crystal.
Analogous XPD experiments for the Nb(110) face were
performed in Refs [19, 27]. Figure 3d displays the total
2n  diffraction pattern of Nb 3ds;, photoelectrons
(Exin = 1050 eV). It can be seen that the distribution of the
main diffraction maxima of the (110) face exhibits a
characteristic twofold symmetry and agrees well with the
stereographic projection for the cubic structure with the
orientation along the [110] direction. The XPD calculations
in the approximations of single (SSC) and multiple (MSC)
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Figure 4. (a) Photoelectron Nb 3ds, spectra of the Nb(001) surface at T = 130 K recorded at the incident photon energies 240 and 250 eV [21]. States from
the bulk of the Nb(001) crystal (B), and from the first and second surface monolayers (S; and S,, respectively) are indicated. (b) Ultraviolet spectra of the
Nb(001) surface [23] for different sources of photons: B, bulk Nb 4d states; S, surface resonance states.
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Figure 5. (a) Supercells used for simulating Nb(110), Nb(100) [32], and Nb(111) [31] faces. The arrows indicate the directions of the displacements of Nb
monolayers. (b) Change in the interlayer spacing (in percent, relative to the bulk of the Nb crystal) for the Nb(100) [32], Nb(110) [32], and Nb(111) [31]

faces.

scattering of electrons showed that the contraction of the
upper layers of the Nb(110) face relative to the interlayer
spacing in the bulk of the Nb crystal does not exceed 5%.

The technical difficulties in the preparation of atomically
pure niobium surfaces and in the experimentation under
UHV conditions (< 1078 Pa) render experiments on the
computer simulation of the properties of Nb surfaces by
modern ab initio quantum-theoretical methods topical.

In these calculations, quasi-two-dimensional supercells
(slabs) are usually employed for the simulation of surface
states of metals (including Nb), which consist of a set of
atomic monolayers (MLs) of Nb separated by several ‘empty’
layers imitating vacuum (Fig. 5a). The central part of the
supercell corresponds to the bulk of the metal, and the two
outer layers correspond to its surface. In the starting
geometry, the interlayer spacings are equal, which is char-
acteristic of the bulk of the metal, e.g., bcc Nb. In the process
of approaching self-consistency, the atomic positions become
optimized, permitting one to determine the surface relaxation
effects. For example, the self-consistent structure of an Nb
slab represents an ‘accordion’ structure in which the inter-
layer spacings deviate from the initial value; these deviations
are shown (in percent) in Fig. 5b.

The authors of Refs [28, 29] performed an analysis of the
main features of the dispersion of the energy bands in surface
monolayers near the Fermi level for the Nb(100) face in terms
of the self-consistent pseudopotential method. The estimates
of the surface energy FEy,r with allowance for relaxation
effects indicated that the (100) surface, relative to the (110)
and (111) ones, has a minimum value of Ey, and that for all
the faces (100), (110), and (111) a contraction of subsurface
layers is observed. Close results were obtained by applying the
tight-binding (TB) method and the full-potential linear
muffin-tin orbital (FP-LMTO) method [30].

The authors of paper [31] used the TB method in the
NRL-TB parametrization for the investigation of the main
Nb faces (100), (110), and (111) and established that the
contractions for the two uppermost layers were: 11.7% for
Nb(100), 5.8% for Nb(110), and 24.8% for Nb(111).
Analogous calculations by the projector augmented-wave
method (VASP-PAW package) were performed in work [32]
for the Nb(100) and Nb(110) surfaces. According to the data

obtained, the relaxation contraction for the (100) and (110)
faces was 13.1 and 4.3%, respectively.

It follows from the calculations that the relaxation
distortions on the close-packed (110) surface prove to be
many fewer than for the ‘looser’ (100) surface and, all the
more so, for the Nb(111) surface. In the case of Nb(110), the
first two layers are contracted by only 4.3% (relative to the
‘bulk’) and the total relaxation involves no more than two—
three surface monolayers. On the Nb(111) surface, the
relaxation involves almost ten surface layers and exhibits a
decaying harmonic character. The two uppermost mono-
layers contract by ~ 25%:; the following layers also contract,
by 12%; next, there is an increase in the interlayer spacing by
~ 12%; then, again contraction, expansion, etc. take place,
with the amplitudes of the relaxation gradually decreasing
when moving away from the surface. Therefore, if the
Nb(111) film has a thickness of less than 20 monolayers, all
its layers will take part in the relaxation. As a result, the
properties of such ultrathin films will differ markedly from
the properties of a ‘bulk’ niobium crystal. The calculations
also predict that the properties of ultrathin Nb films with
different orientations [e.g., (110), (100), (111)] should also be
substantially different because of the differences in the
interlayer spacings and, as a consequence, because of the
differences in the electronic structure of such films.

4. Adsorption structures on the niobium surface

To date, vast experience has been accumulated on the
creation and investigation of adsorption structures, nano-
layers, and thin films of nitrides, carbides, and oxides on the
surfaces of transition d-metals; part of these findings was
presented in the monograph [33]. In this section, we mainly
focus on the niobium—oxygen system, while also considering
the most interesting examples of the investigation of gas
adsorption on some other d-metals of groups IV-VI of the
Periodic System.

4.1 Adsorption properties

of d-metal-oxygen systems: early studies

Among the earlier work, of most interest is the review [34]
which generalizes the experimental data on the interaction of
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Table 5. Some parameters of the process of oxygen (O;) adsorption on films of transition d-metals: ratio of the heat of oxygen solution in the metal (AHj)
to the activation energy for bulk diffusion (4p), and maximum amount of adsorbed nitrogen in various states (the roughness factor of a film surface was

equal to 2-3) [34].

Physical adsorption Molecular chemisorption Chemisorption + adsorption layer
Metal AH/Ap >

N x 10713, moleculesem™2 7T,K | N x 1074 moleculescm™2 T,K | N x 107!5, molecules cm™2 T, K

Ti, Zr, Hf -2.6 — — 1-2 77 6-16 < 360
V,Nb, Ta =35 — — 2-4 77 8-12 < 360
Mo, W —-24 — — 5-6 77 6-9 < 360
Re, Fe, Ni —-1.6 — — 89 77 7-9 < 360
Cu, Ag —-0.5+1 — — — 77 0.6-1.2 <330

oxygen with transition-metal films. The authors of the review
suggested an interpretation of the adsorption properties of
metals proceeding from the physical characteristics of bulk
metals, such as the heat of an oxygen solution in a metal, AH,
and the activation energies for bulk diffusion of oxygen, 4Ap.
To determine the energy—reaction path diagram for the gas
molecules on the metal surface, we should additionally know
the heats of molecular adsorption (physical adsorption or
molecular chemisorption) AH,, dissociative chemisorption
AH_, and segregation AHg, as well as the activation energies
for the surface dissociation of gas molecules, 44, and for the
penetration of adatoms under the surface, A;.

Examples of typical energy—reaction path diagrams [34]
are given in Fig. 6, where the first curve (a) characterizes
physically adsorbed systems or systems with molecular
chemisorption; here, the quantities AH; and Ap are positive
and sufficiently large and at relatively low temperatures only
physical adsorption is possible. In diagrams (b) and (c), AHy is
also positive (endothermic system), whereas the heat of
chemisorption AH, (3) is negative. Under these conditions, a
dissociative chemisorption of oxygen with a coverage ¥ < 11is
possible and thermal activation is required because of the
existence of a high activation barrier A4. In metal-oxygen
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Figure 6. (a—¢) Possible variants of the interaction potentials of O,
molecules with the surface of a d-metal [34]: (/) AH,, is the heat of
molecular adsorption; (2) A4 is the activation energy for the dissociation
of gas molecules on the surface; (3) AH, is the heat of dissociative
chemisorption; (4) A is the activation energy for the penetration of
adatoms under the surface; (5) AH, is the heat of segregation of adatoms
under the surface; (6) Ap is the activation energy for oxygen bulk
diffusion, and (7) AH; is the heat of oxygen solution in the metal.

systems with an exothermic dissolution reaction, the forma-
tion of an adsorption layer is also possible, i.e., the
penetration of oxygen into the surface layers can occur
through both low-energy adsorption centers and defects in
the structure of the thermodynamically stable sorption layer
(shown by dashed lines in Figs 6d, 6¢). In those systems where
the heat of chemisorption AH. is less than the heat of solution
AH; (diagrams in Fig. 6d), a noticeable surface segregation is
observed, i.e., an accumulation of adsorbate atoms on the
surface and in the subsurface layers of the metal. The
penetration of oxygen into deeper layers is possible if it
overcomes the activation barrier Ap for bulk diffusion.

As is seen from Table 5, the group V metals, including
niobium, are characterized by the formation of an adsorption
layer at room temperature and of chemisorbed molecular (or
atomic) states. At T~ 77 K, only molecular chemisorption of
gases occurs on the surface.

Later investigations of some d-metals refined this picture
and, in the case of niobium, disproved the conclusions drawn
in Ref. [34]. Thus, a detailed investigation [35] of oxygen
adsorption on an Nb(110) single-crystal face, performed
using spectral (HREELS, AES) and diffraction (LEED)
methods at room temperature (7 = 300 K) and lower (80
and 20 K), showed that at 300 and 80 K the oxygen
adsorption (0-32 L)! is accompanied by a dissociative
decomposition of oxygen molecules (O;), a chemisorption
of arising atomic oxygen, and a growth in oxide layers
NbO + NbO;. On the surface of NbO and NbO, layers,
traces of Nb,Os molecules were also revealed. At T~ 20 K,
a layer of physically adsorbed molecular oxygen is addition-
ally formed on the surface of the oxides.

It should be noted that the investigations in Ref. [34] were
performed on polycrystalline samples, which is important for
solving some practical problems. On the other hand, for a
detailed description of the mechanism and kinetics of
adsorption on an atomic (molecular) level studies are
required on the surfaces of single-crystal faces.

A large cycle of such studies on the oxygen adsorption on
single-crystal faces of niobium and tantalum was performed
by the authors of Refs [36-40]. The kinetics of oxygen
adsorption on the surface of niobium (tantalum) and the
surface structural transformations at various coverages of the
metals by oxygen were studied using the AES, LEED, thermal
desorption spectroscopy (TDS), and contact potential differ-
ence (CPD) methods. After oxygen sedimentation at room
temperature, the crystals were annealed at temperatures of up
to T=1600 K, and the thermal stability of adsorption

'1 L (1 langmuir) corresponds to the sample exposure at a gas pressure of
1.33 x 107 Pa for 1 s.
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structures formed at the surface and the scales of oxygen
diffusion into the bulk of the metal were studied. It has been
established that upon oxygen adsorption in a vacuum at
T = 300 K, no dissolution of oxygen in Nb and Ta occurs; a
niobium (tantalum) monoxide is formed on the surface of a
metal or, to be precise, a facet cut of the corresponding oxide
whose structure and thickness depend on the metal single-
crystal surface chosen, temperature, and oxygen concentra-
tion on the surface. For example, for the most close-packed
Nb(110) facet, a single NbO monolayer (maximum value of
coverage Umax ~ 1) is formed on its surface; on the Nb(100)
facet, the thickness of the oxide is equal to 2 ML (Jyax ~ 2),
and for the most ‘open’ Nb(111) facet it is 3 ML (¥ax ~ 3).
The oxygen adsorption on the Nb(110) and Nb(100) surfaces
is accompanied by the formation of a number of different
surface structures, depending on the oxygen content on the
surface; in the case of the Nb(111) facet, no ordered structures
formed on the surface. The set of phase states and the specific
features of the kinetics of oxygen sorption on the Ta(110)
facet on the whole replicates those observed for the Nb(110)
facet [36-40].

The vacuum annealing of oxide structures on Nb and Ta
surfaces leads [38, 40] to the consecutive destruction of
surface oxide phases and to oxygen dissolution in the bulk
of niobium and tantalum, with the processes observed
differing significantly for different crystal faces. For exam-
ple, for close-packed (110) faces of Nb and Ta, the phase
states of the surface layer change reversibly with a variation in
the oxygen concentration both due to adsorption and upon
vacuum annealing. On the contrary, no such reversibility is
observed on the Nb(100) and Nb(111) faces; this can be
related to specific features of the rearrangement of these
faces, which involves several atomic layers of metal, when
three-dimensional structures of a bulk oxide are formed that
cannot develop further under the conditions of an oxygen
deficit on the surface.

The assumption [36] about the oxygen dissolution going
from the surface oxides into the bulk of niobium upon
annealing in a UHYV is interesting, but it requires refinement.
According to later evidence [20], amorphous oxides are
formed on the niobium surface at room temperature in the
following sequence: NbO — NbO, — Nb,Os due to the
presence of residual gases or oxygen (O5) adsorption. Upon
annealing in a UHV at T = 598 K, the pentoxide Nb,Os is
reduced to the dioxide NbO, and further to monoxide NbO
owing to the oxygen dissolution in the bulk of the metal; at a
temperature of 227 K, the monoxide begins evaporating.

4.2 Oxygen-induced adsorption structures
on Nb(110) and Nb(100) faces
Of all the oxides that are formed on the niobium surface, of
most interest are those with a small content of oxygen, i.e.,
monoxide and suboxides NbO, (x < 1). The progress that
was achieved in the investigation of the structure and
properties of surface layers of this type in the last several
years is mainly due to the use of a combination of spectral,
diffraction, and microscopic methods of studying the surface,
as well as due to the development of reliable methods of
preparation of an ultrapure niobium surface. Table 4 collates
the available experimental and theoretical data on the
adsorption and oxide structures formed on the surfaces of
polycrystalline and single-crystal niobium samples.

The morphology of oxygen-induced structures on the
Nb(100), Nb(110), and Nb(111) surfaces was studied in

much detail by the LEED method. A faceted structure [41,
42],0 (3 x 1)[42,43],0 (4 x 1) [43], and O ¢(2 x 2) [41-43]
structures, and a pure (1 x 1) Nb(100) structure [41-44] were
observed on the Nb(100) surface in the process of its
annealing under UHV conditions in a temperature range of
1973-2673 K. After the preparation of a pure Nb(100)
surface, oxygen was adsorbed on it at room temperature,
and the formation of an O ¢(2 x 2) structure and the diffusion
O (1 x 1) structure was observed [41]. The O (3 x 1) and O
(4 x 1) structures revealed with the LEED method were
assigned to oxide (NbO and NbO») structures using photo-
electron spectroscopy [43], whereas O ¢(2 x 2) and O (1 x 1)
structures formed due to the chemisorbed oxygen [41]. The
exact spatial geometry of atoms in these oxygen-induced
structures has not yet been established.

The oxide structures on the surfaces of Nb(100) [45] and
Nb(110) [46, 47] single crystals have been studied by STM. In
particular, the pyramidal protrusions [45] on Nb(100) surface
(cleaned by Ar* ion bombardment and annealed to
T = 1273 K) were interpreted as isolated NbO nanocrystals
grown epitaxially on the Nb(100) surface. In Ref. [48],
ladderlike superstructures were observed on the Nb(100)
surface after cleaning by Ar™* ion bombardment and flash
annealing to 1973 K under UHV conditions. In these
experiments, the oxide structures were formed on Nb(100)
without the creation of the initially pure (1 x 1) metal surface;
therefore, the evolution of the atomic environment of
niobium on the surface and the epitaxial relationships
between the lattices of the oxide and the substrate have not
been studied.

In Refs [47, 49, 50], thin oxide layers on the Nb(110)
surface, which appear as a result of segregation of oxygen
dissolved in the niobium bulk after heating in UHV to
T = 1200-2200 K, have been studied by XPS using synchro-
tron radiation and by STM. An analysis of the XPS spectra of
Nb 3d states made it possible to draw an inference about the
complex nature of these layers containing a whole number of
niobium oxides (Fig. 7). The two main forms of NbO, found
in this system are (1) NbOgg—NbO, » (oxides located on the
surface), and (2) Nb; sO (niobium atoms located in the region
of the oxide-layer—metal interface).

Notice that the chemical shift of the maximum B
(pertaining to the surface oxide) relative to the band A
(metallic niobium) amounts approximately to 1.4 eV
(Fig. 7a), which is less than the chemical shift for NbO
(1.8 eV) [47]. The STM patterns (Fig. 7c) demonstrate
ordered close-packed atomic rows on the niobium surface. It
was concluded in Ref. [47] that the surface layer consists of
separate linearly ordered NbO,..; nanocrystals and contains
numerous defects, which accompany the formation of these
nanocrystals on the Nb(110) face. The hexagonal close-
packed plane (111) of nanocrystals is parallel to the close-
packed plane (110) of the niobium substrate, while the (110)
direction of the fcc lattice of the monoxide is parallel to the
(111) direction of the bec lattice of the metal. The matching
between these lattices obeys the Kurdjumov—Sachs orienta-
tion relationship (OR).

A different view on the nature of oxide structures formed
on the Nb(110) surface was suggested by the authors of
Ref. [46], who studied the Nb (110) surface before and after
thermal annealing in a vacuum (7" = 1300 K) by the methods
of Auger electron spectroscopy (AES), reflection high-energy
electron diffraction (RHEED), STM, and scanning tunneling
spectroscopy (STS). STM patterns of the surface analogous
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Figure 7. (a) Resolution of the Nb 3d XPS spectrum into components [47] associated with (/) metallic Nb(110) substrate, (4-6) surface oxide in different
forms, and (7) pentoxide. (b) Comparison of the results of the resolution with the data on the chemical shift of the Nb 3d line in bulk oxides. (c) Surface

oxide ordered structures on the Nb(110) surface [39].

Figure 8. STM images of the Nb(110) surface after (a) cleaning by ionic
bombardment in a vacuum, and (b—d) annealing at 1300 K [46].

to those given in Ref. [47] have been obtained; the RHEED
experiments revealed the formation of a long-period super-
structure turned by 5° relative to the Nb(111) direction. By
comparing the STM and electron diffraction data, it was
concluded [46] that the superstructure formed on the surface

is related to the rows of Nb atoms regularly arranged on the
surface (Fig. 8). The mutual orientation of the two-dimen-
sional periodic superstructure and the Nb(110) plane, and the
relationship between their parameters and interatomic dis-
tances indicate that the superstructures arise as a result of
accommodation of stresses upon the matching of the Nb(110)
surface and growing NbO(111) type layer with the ORs close
to NbO[101]||Nb[001] and NbO[121] || Nb[110]. The forma-
tion of an almost stoichiometric monoxide NbO,.; is
impeded because this oxide possesses a very narrow homo-
geneity region and even small deviations from the stoichio-
metric composition (Nb/O = 1) make the material multi-
phase. This can be the cause of the local formation of NbO-
like regions, in addition to vacancies and other defects. Thus,
the authors of Ref. [46] consider the surface structures as
oxygen-induced surface layers that serve as precursors for the
growth of a niobium monoxide layer rather than as NbO
nanocrystals.

STM images excellently demonstrate the morphology
of the quasiordered NbO structures mainly due to the
electron tunneling from the niobium atoms. In this case,
however, the oxygen atoms, both in the surface-sorbed state
and in the composition of surface oxide structures, are
excluded from the consideration. Information about the
localization and chemical state of oxygen atoms on the
niobium surface can be obtained from XPS data and from
the diffraction patterns of scattering of O 1s and
Nb 3d photoelectrons by atoms from the nearest surround-
ings of niobium atoms.

Appropriate XPD experiments on the diffraction of Nb 3d
electrons with the separation of chemical states from the
Nb(110) substrate and NbO, layer permitted the authors of
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Figure 9. (a)Nb 3d XPS spectra of the NbO/Nb(110) surface, taken in the direction of the normal to the surface and at an angle of 60° off the normal.
States relevant to the Nb(110) substrate and the surface NbO layer are singled out. (b) XPD patterns of Nb 3d states: (/) total Nb 3d diffraction pattern,
XPD patterns of the Nb(110) substrate (2) and the surface NbO layer (3); and calculated XPD patterns for the Nb(110) substrate (4) and the NbO

monolayer (5). (c) Model of the NbO, /Nb(110) surface [51].
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Figure 10. (a, ¢) STM images of the NbO/Nb(110) surface, (b) height profile of the surface along the A—A direction, and (d) Fourier image of periodic

NbO structures on the Nb(110) surface.

Ref. [51] to resolve in the spectrum a surface component
shifted relative to the metallic state by 1.6 eV, which was
ascribed to the NbO form (Fig. 9a). The thickness of the
NbO, surface layer was estimated to be equal to 4.5 A, which
corresponds to one or two atomic monolayers. The Nb 3d
spectra were collected along 4945 different directions over the
surface of the sample and resolved into bulk and surface
components. For each component, 2r patterns of photoelec-
tron diffraction reflecting the local structure of niobium
atoms inside the Nb(110) substrate and the NbO, layer were
constructed (Fig. 9b). An analysis of the diffraction pattern of
the oxide component made it possible to establish that the
oxygen atoms are localized at a height of approximately 1.2 A
above the niobium surface.

The oxide structures on the Nb(110) surface have been
studied in detail by XPS, XPD, and STM [19, 27, 52, 54, 55]. It
has been found that the NbO/Nb(110) surface consists of
terraces 40—60 nm wide, on which the quasiperiodic structures
of niobium oxide are formed (Fig. 10). The height of the steps
between the terraces reaches ~ 2.5 and ~ 4.9 A, which are
multiples of the interlayer spacings (1 and 2 ML) in the NbO
fec lattice. The oxide structures are visualized by the STM
method as linear chains of 10 £ | niobium atoms that are
elevated above the surface at the height d ~ 1.2 A. The two
possible orientations of the rows of Nb atoms in the (111)
directions on the Nb(110) surface are equally probable. As a
result, domains are formed in which the linear NbO structures
are rotated relative to each other by approximately 60°. The
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Figure 11. Angular dependences of the Nb 3d (a) and the O 1s (b) spectra
taken from the NbO/Nb(110) surface. Contributions of resolved bands in
the niobium and oxygen spectra are shown for different angles. (c) Relative
concentrations of niobium and oxygen atoms on the surface. The first
column corresponds to niobium atoms of the Nb(110) substrate, the
second to niobium in the composition of the surface oxide, and the third
and fourth to two oxygen forms on the Nb(110) surface: Oy is oxygen
sorbed on the surface, and Oy is oxygen in the NbO structure [19].

Fourier analysis of surface structures revealed plane symme-
try groups pl and p2; the parameters of the structure
periodicity along the a and b directions were determined to
be 12.7 and 34.7 A, respectively.

In the Nb 3d photoelectron spectra of the NbO/Nb(110)
surface, two components were distinguished [55], which are

} toon

Figure 12. Experimental XPD study and SSC-SW calculations of the
NbO/Nb(110) surface: (a, b) experimental diffraction patterns of photo-
emission for (a) Nb 3d (Exin = 1050 eV) and (b) O 1s (Exin = 720 eV)
(upper pictures comply with 27 projections, and the lower ones with three-
dimensional images of the XPD patterns); (c, d) SSC-SW calculations of
the O/Nb(110) surface: (c) diffraction patterns of the Nb 3d photoemis-
sion, and (d) total O 1s photoemission.

related to the Nb atoms of the Nb(110) substrate and surface
oxide structures (Fig. 11a). The chemical shift of the Nb 3d
band caused by the surface structures relative to that observed
in the metal is about 1.56 eV, which is less than the chemical
shift for the well-characterized NbO..; o monoxide (2.25 eV).
However, the surface structures possess a number of char-
acteristics inherent in a hypothetical hexagonal layer of the
NbO oxide, e.g., the orientation of surface clusters corre-
sponds to NbO(111), and the rows of Nb atoms are deflected
through about 5° relative to the Nb(111) direction, which
coincides with the NbO(110) direction [46].

In the O 1s spectra for the NbO/Nb(110) surface, two
chemically nonequivalent states were also revealed [19, 55]: at
530.5eV (Oy), and at 531.85 eV (Oy) (Fig. 11b). It has been
shown that the band at 531.85 eV corresponds to the chemical
form Oy in the composition of NbO structures on Nb(110),
and the maximum at 530.5 eV is related to the chemisorbed
oxygen states on the surface. The ratio between concentra-
tions of these oxygen forms is Oy:Oy; ~ 2:1. By separating
the bands corresponding to the surface oxide in the O 1s
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Figure 13. Model of an NbO layer on the Nb(110) surface: (a) hexagonal monolayer of Nb atoms belonging to the NbO layer (dark circles 2) on the
Nb(110) surface (gray circles 7); (b) top view of a two-layer fragment: displaced rows of the NbO(111) structure on a hexagonal Nb monolayer, and (c) side
view (section A) of the NbO/Nbye interface. Oxygen atoms Oy are shown as small white circles with a horizontal hatching (/); oxygen atoms Oy, small
circles with a vertical hatching (2); niobium atoms in Nb* rows, large open circles (3), and niobium atoms in the hexagonal monolayer, gray circles (4).

spectra and Nb 3d spectra, our team at ISSC, UB RAS
(Ekaterinburg) estimated [55] the composition of this phase,
which proved to be close to NbO.. o (Fig. 11c). It was found
that the composition of the nanostructures on the Nb(110)
surface is consistent with that of the NbO monoxide, but the
chemical shift and, correspondingly, the chemical state of
niobium atoms in this oxide differ from those characteristic of
the bulk phase of the niobium monoxide. This fact can be
related to the surface nature of the low-dimensional NbO
structures. The estimation of the thickness of the NbO layer
by the angle-resolved (AR) XPS in terms of the island model
yields a value of ~ 5 A [55], i.e., less than two niobium MLs in
the composition of the oxide with an average surface coverage
equal to 50%.

To determine the structural positions of the two non-
equivalent forms of oxygen, O; and Oy, on the
NbO/Nb(110) surface, our team performed experiments
[19, 27] on XPD emission of O 1s and Nb 3d photoelec-
trons (Fig. 12). The diffraction 2n pattern of scattering of
Nb 3d photoelectrons in the layers of the NbO/Nb(110)
interface on the whole replicates that observed for the pure
Nb(110) face, demonstrating a twofold symmetry and the
correspondence of the main diffraction maxima to the
highest atomic density directions and planes of the bcc
lattice of metallic niobium. Since the thickness of the NbO
surface layer does not exceed 5 A (with the probing depth of
the XPD analysis being on the order of 30-50 A), the
contribution to the total XPD projection from the surface
oxide is insignificant and mainly manifests itself in the case
of grazing angles of photoemission. The resolution of this
component (from the surface oxide) exhibits a sixfold
symmetry with maxima at small angles, which indicates
the presence of a hexagonal layer of niobium atoms at the
Nb(110) surface, as in the case of the NbO(111) surface. The
XPD pattern of Nb 3d electron photoemission calculated in
the SSC-SW approximation for photoelectron scattering is
given in Fig. 12c. Good agreement is revealed between the
experimental and model patterns of the Nb 3d electron
diffraction by the NbO/Nb(110) surface.

The situation is more complex in the case of the diffraction
2 pattern of O 1s photoemission from oxygen (Fig. 12b). At
a high angular anisotropy (~ 60%), the XPD of O 1s
photoelectrons is characterized by smeared maxima, two of
which lie in the plane close to Nb(110); one more (weaker)
maximum lies in the Nb(001) plane. The existence of
diffraction maxima in the XPD O 1s photoemission indicates
the localization of at least part of the oxygen atoms below the
niobium atoms. Using XPD calculations for O 1s photoelec-
trons, we established [19, 27] the positions of oxygen atoms on
the niobium surface and suggested a structural model of the
NbO/Nb(110) surface (Fig. 13). The model is based on the
existence of two chemically nonequivalent forms of oxygen
(Og and Oyj) in the proportion of O;/Oy; ~ 2:1, which were
revealed using the XPD data on the structural positions of
oxygen and STM images of the NbO/Nb(110) surface. The
model comprises an Nb(110) surface, on top of which there is
an Nb monolayer with a structure of the fcc packing of
NbO(111) planes. The rows with ordered vacancies in the
metal positions exist in this layer, as is the case in NbO
monoxide. Then, there is a layer of oxygen and, further, rows
(chains) of niobium atoms lying along the NbO[110] direc-
tion. Approximately one-third of the oxygen atoms are
localized in the structure of the Nb rows; the oxygen atoms
are located between the metal atoms in the linear chains and
lie below the Nb atoms. The remaining two-thirds of oxygen
atoms are located in the immediate vicinity of Nb rows,
forming an ordered structure of an oxygen sublattice, similar
to that existing in fcc NbO.

Since we are dealing with the interface between two
different lattices (bcc and fcc), the structure of the incomple-
tely formed NDbO surface layer becomes somewhat distorted:
(1) the rows of niobium atoms have a finite length of 10 & 1
atoms, being broken at a certain critical displacement of Nb
atoms located in the rows from the optimum positions in the
Nb(110) substrate because of the deflection of the [110],. and
[111],,.. directions; (2) the Nb rows are displaced along the
[110] 0 direction in such a way that each second Nb* atom is
located between two Oy atoms in the NbO(211) plane, and the
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remaining Nb* atoms neighbor on only one O; atom in this
plane, and, finally, (3) half of the Nb* atoms in the rows are
‘lifted” relative to the hexagonal Nb monolayer by
~ 0.6+ 0.2 A. The finite length of the NbO rows and the
periodic structure arise as a result of the existence of
anisotropic stresses between the two lattices NbO(111)g,.
and Nb(110),.. The structures that are formed on the
surface can be considered as precursors of the epitaxial
growth of NbO(111) layers on the Nb(110) surface.

A number of original results concerning the formation of
surface oxygen structures on Nb(100) in the process of heat
cleaning under UHV conditions and oxidation upon expo-
sure of a crystal to oxygen at 7'=300 and 900 K were
obtained by the authors of Ref. [20], who used a combination
of methods, such as AES, LEED, and STM. This appears to
be the first work where an ideally pure (free of impurities) and
structurally perfect niobium (100) surface has been obtained.
To this end, the niobium single crystal was first cleaned using
an Ar™ ionic beam and annealed in UHV to T = 2500 K. In
the range of annealing temperatures from 1970 to 2500 K, O
(3x1),0(4x1),and O ¢(2 x 2) adsorption structures and a
pure metal (1 x 1) structure were observed consecutively on
the Nb(110) surface by the STM method (Fig. 14).

The O (3 x 1) structure is characterized by the existence of
domains with boundaries extended along the [100] type
directions. Such a domain structure reveals a tendency to
ordering: each rectangular domain contains up to 11 unit cells
in the direction of the shorter parameter. No long-period
superstructure and corresponding superstructure reflections,
similar to those observed for the adsorption structure on the
Nb(110) face in Ref. [46], were revealed in the LEED patterns
in Ref. [20].

According to Ref. [20], the tendency toward the formation
of a superstructure is mainly related to the relaxation of the
state of stress at the boundary between the epitaxial layers
Nb(100) and NbO(100) with the fcc structure, where
Nb[010] || NbO[110]. With increasing annealing temperature,
part of the NbO molecules is evaporated and the O (3 x 1)
structure is transformed into O (4 x 1), which is accompanied
by an increase in the parameters of the quasiperiodic domain
structure. With a further evaporation of NbO, structures of
the O ¢(2 x 2) type with a completely disordered domain
structure are formed on the base of the O (4 x 1) structure.
Finally, the annealing at 7= 2500 K leads to a complete
removal of oxygen from the surface, where a (1 x 1) structure
of the Nb(100) surface is observed. Notice that in earlier
works [48, 71], the periodic oxide structures on Nb(100) were
interpreted as an epitaxial layer of the NbO,(010) niobium
dioxide.

The exposure of a pure Nb(100) surface to oxygen for 0.2—
1.5 L at room temperature leads to the formation of O
¢(2x2) and O (1 x 1) structures. A further exposure to
oxygen leads to the formation of cluster-like structures of
NbO, NbO,, and then Nb,Os [20, 35]. Upon annealing in a
UHYV to T = 870 K, these structures are transformed into an
O (3 x 1) structure. If the oxidation of the pure Nb(100)
surface is performed at a higher temperature, e.g., at 900 K,
then at the oxygen exposures of 0.2-1.5 L first an O ¢(2 x 2)
structure and then an O (4 x 1) structure are consecutively
formed. At exposures of 1.5-300 L, an O (3 x 1) structure is
formed. A conclusion was made [20] that the epitaxial NbO
monoxide grows on the surface in the process of molecular
oxygen (O3) deposition at enhanced temperatures owing to
oxygen diffusion into the bulk of the metal. At room

Figure 14. Results of the investigation of the O/Nb(100) surface by the
STM and LEED methods [20]: (a, b) O (3 x 1) structure after annealing in
aUHVat T = 1970 K, the image size is (a) 40 x 33 nm and (b) 8.5 x 7 nm;
(c, d) O (4 x 1) structure after annealing in a UHV at T = 2270 K, the
image size is (¢) 40 x 33 nm and (d) 8.5 x 7 nm; (e, f) O ¢(2 x 2) structure
after a sequential annealing in a UHV at T = 2370 K, the image size is
8.5 x 7nm, and (g, h) transformation of the O ¢(2 x 2) structure into the
(1 x 1) structure after annealing ina UHV at T'= 2500 K, the image size is
8.5 x 7nm.

temperature, amorphous oxides are formed on the surface,
since under these conditions no oxygen diffusion into the bulk
occurs, and the higher oxides are easily transformed into the
amorphous state.

Consequently, the necessary conditions for the prepara-
tion of perfect (in composition and structure) surfaces of
single-crystal niobium faces [e.g., NbO(110) and Nb(100)]
and NbO, structures on these faces are an ultrahigh vacuum
and very high annealing temperatures. In this respect, the
results of study [35] are demonstrative, where the vacuum in
the experimental chamber was maintained at a level of
5 x 10~ Pa, and the annealing temperature of the Nb(110)
crystal (disk 6.2 mm in diameter and 1.2 mm thick) was varied
from 2200 to 2700 K. The Auger electron spectroscopy of the
surface showed that, after cleaning by Ar ™ ions and annealing
at T=2200 K, the higher Nb,Os and NbO, oxides are
removed from the surface, but oxygen in the form of NbO
remains on it. A prolonged cyclic annealing of the crystal
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Figure 15. Variation in the oxygen concentration (/o /Inp ratio according
to AES data) on the Nb(110) surface in the process of annealing a crystal in
a UHV at temperatures of 2200 and 2700 K [35].

(using the flash method with a cycle duration of 2 min) to
T = 2200 K for 1 h does not lead to a change in the oxygen
concentration on the surface (Fig. 15). An analogous
treatment with flash annealing to 7'= 2700 K decreases the
oxygen concentration on the surface by a factor of eight, to
~ 5 at.%. The LEED patterns indicate the existence of an
NbO(111) monolayer on the Nb(110) surface after annealing
at T=2273 K and of a (1 x 1) structure of the Nb(110)
surface after prolonged annealing at 7= 2700 K.

Thus, the oxygen-induced superstructures on single-
crystal Nb surfaces can be formed in two ways: as a result of
high-temperature annealing ina UHV or as a result of oxygen
adsorption onto a pure niobium surface at lower tempera-
tures.

The data obtained in recent years have made it possible to
study the new oxygen-containing structures in much detail; in
particular, these data showed the important role of the
competition between the segregation of oxygen dissolved in
the bulk of the crystal and the evaporation of oxides from the
surface. It is the oxygen-induced layers of the NbO, type on
the close-packed niobium (110) and (100) surfaces that have
been studied in the most details. Although their atomic
structure has not been established exactly, it is assumed that
they are related to the NbO monoxide, and the corresponding
orientation relationships for matching the structures of the
oxide and the metallic substrate are employed. It should be
noted that the structure of the oxygen-induced layer on the
Nb(110) face is more complex; upon its formation, the
substrate suffers a reconstruction caused by the noncoinci-
dence of the symmetries and parameters of the conjugating
planes of niobium and the oxide, resulting in the formation of
a long-period superstructure accompanying the relaxation of
the state of stress at the interface. In the case of the oxygen-
induced layers on the Nb(100) face, no reconstruction occurs,
since the coincident planes have the same symmetry. No long-
period structures are formed on the Nb(100) face; here, only a
tendency to the formation of a quasiperiodic domain
structure reveals itself; it is obvious that the stresses that are
accumulated at the interface between the less-close-packed
NbO,(100)/Nb(100) planes are not so much as in the case of
the NbO,(111)/Nb(110) interface.

It seems that for further studies, in particular, for the
establishment of the atomic structure of adsorption layers

and for an analysis of the energy content and stability of these
structures, ab initio calculations can be of great importance.
As the first objects here, oxygen-induced structures on the
Nb(100) face can be employed as the simplest ones. For
analyzing the adsorption structures on the Nb(110) face,
additional experimental studies are required in order to
clarify the structural states of the NbO,(111)/Nb(110)
interface.

4.3 Adsorption of nitrogen, hydrogen,

and other gases on the niobium surface

The adsorption of N, on an Nb(110) surface was studied at
T = 80 and 20 K using high-resolution electron energy loss
spectroscopy (HREELS) [60]. It was shown that nitrogen is
actively chemisorbed on Nb(110) at 77=80 K with the
formation of NbN and atomic chemisorbed forms, such as
Nb = N. At 20 K, a molecular chemisorption of N, occurs;
after the saturation of the surface by these states, nitrogen
continues physisorbing on the Nb(110) surface in the
molecular form. It can be expected that at room temperature
the situation will be closer to that observed with the
adsorption of N, at 7= 80 K, where an NbN nanolayer is
formed and atomic chemisorption of nitrogen occurs. The
key role in such experiments is played by the purity of the
niobium surface. The presence of oxygen or oxide phases on
the surface reduces the adsorption activity of nitrogen by an
order of magnitude.

In Ref. [74], the dissociative chemisorption of nitrogen on
an Nb(100) surface was studied. At room temperature, the
pure Nb (1 x 1) structure is transformed into a disordered
structure with the formation of local fragments of an N
(2 x 1) structure upon exposure to 0.4 L; a further adsorp-
tion of N, leads to the formation of cluster-like NbN
structures on the surface. At 7= 620 K, the pure (1 x 1)
structure first transforms into an N ¢(2 x 2) structure (at
0.6 L) and theninto an N (5 x 5) structure (at 10 L). The latter
is transformed into an N (1 x 5) structure upon annealing
under UHV conditions or at a nitrogen pressure of 10~7 Pa
and T = 620 K.

Numerous studies have been devoted to the investigation
of the interaction of an Nb surface with hydrogen. As is
known, interstitial solid solutions (with a hydrogen concen-
tration to 10 at.%) and hydride-like NbH7_; ¢ phases are
formed in the Nb—H system. The solubility of hydrogen in
Nb at 20°C is 104 g cm™3; at 500°C, 74.4 g cm~3, and at
900°C, 4.0 g cm™>. The process of hydrogenation is
reversible; upon heating, especially in a vacuum, the hydro-
gen is liberated; this is used for refining Nb from hydrogen.
Niobium is considered a promising material for a hydrogen
storage. The possibility of employing niobium membranes for
the production of pumps for the evacuation of hydrogen and
its isotopes from fusion reactors is under discussion [87]. The
results of experiments have evidenced that the trapping of
low-energy deuterium ions by niobium depends strongly on
the state of the surface. Thus, the existence of an oxide layer
on the niobium surface increases the trapping coefficient
severalfold.

The surface structures arising on Nb(100) upon adsorp-
tion of hydrogen (7' = 300 K) have been studied in Ref. [79]
by the STM method. It was shown that the (1 x 1) structure
of a pure niobium surface is retained up to exposures
L(H;) = 8 L, whereupon they are transformed into cluster-
like fragments of niobium hydride at L(H,) =50 L. The
latter are easily decomposed upon vacuum annealing for
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T > 450 K, and the hydrogen atoms diffuse into the bulk of
the niobium, forming an Nb : H solid solution. Upon cooling
to room temperature, the hydrogen atoms diffuse from the
bulk to the surface and accumulate in the subsurface layer.
This leads to an expansion of the niobium lattice under the
surface; as a result, a (1 x 1) structure is formed on the
surface, consisting of niobium atoms in the form of small
islands with linear defects that compensate for the deforma-
tion (geometrical distortion) of the niobium lattice under the
surface.

Two models have been suggested to describe the mechan-
ism of niobium interaction with hydrogen. In the first model,
it is assumed that a layer of a hydride is formed (7 < 350 K)
on the niobium surface, which controls the transfer of
hydrogen through the surface into the bulk of the metal [64,
88]. The other—the so-called two-layer model [62]—
assumes that the hydrogen diffusion through the surface is
determined by the subsurface layer saturated by hydrogen.
According to this model, the hydrogen in surface interstitial
sites is most stable energetically and serves as a barrier
between the chemisorbed hydrogen and the bulk of the
metal up to a critical temperature of about 473 K. According
to Ref. [78], the hydrogen sites under the niobium surface are
close in their nature to tetrahedral positions that hydrogen
occupies in the NbH hydride. In Ref. [80], theoretical
estimates of the subsurface sites of hydrogen on the Nb(100)
face have been performed.

As examples of the investigations into adsorption of other
gases on the niobium surface, let us note the theoretical
studies [89] and [90], where CO, CN/Nb(110) and
NH;/Nb(100) systems were considered, respectively. Inves-
tigations of the stability of the molecular adsorption of CO
and CN (stability against dissociative decomposition) on the
surface of a number of 4d metals, including the Nb(110)
surface, disclosed [89] that the CO molecules are more stable
on the surfaces of 4d metals on the right-hand side of the
Periodic Table (beginning from Tc), while the CN molecules,
on the contrary, are more stable on those metals at the
beginning part of the 4d row (Zr, Nb, and Mo).

In Ref. [90], the authors simulated the process of
adsorption and dissociation of ammonia (NH;) molecules
and their derivatives on two types of surface centers: over
Nb atoms (on-top sites), and between four Nb atoms over an
octahedral interstice (4-fold-hollow site). The calculations
demonstrated that molecular chemisorption is an energeti-

cally favorable process for all fragments of the decomposing
ammonia; however, the dissociation process itself depends
on the molecular positions at the surface. Thus, the
dissociation of ammonia molecules is improbable in the on-
top centers. Upon the localization at 4-fold-hollow centers,
the NH; — NH; + H decomposition occurs slowly, but this
process accelerates after the formation of NH;. The dissocia-
tion products diffuse into the bulk of niobium, forming
nitrides and changing the composition of the surface.

The adsorption of water on the Nb(110) surface was
investigated in Ref. [91] using ultraviolet photoelectron
spectroscopy. It was revealed that the H,O molecules
decompose partly on the niobium surface into OH™ and HT;
in this case, both linear and inclined configurations of the
Nb—O—H bonds can arise.

5. Pure surfaces of group IV-VI d-metals
and surface oxide structures

The surfaces of transition metals of groups IV-VI and of the
adsorption systems based on these metals have been investi-
gated in numerous studies (see, e.g., Ref. [92]).

In particular, the atomic and electronic structures of the
surface of group IV-VI d-metals, including the effects of
relaxation contraction (expansion) of surface layers, have
been studied in detail using the computational methods of
quantum theory (Table 6). Systematic investigations of the
interlayer relaxation of the surface of a number of 4d metals
have been performed in terms of the density-functional theory
(DFT) [93] based on most close-packed faces of the metals as
an example. It has been shown that the magnitudes of the
relaxation contraction of the first two layers of the Zr(0001),
Nb(110), and Mo(110) surfaces are no more than 2-6% of the
interlayer spacing in the bulk of metals. In the row of
4d metals, the level of relaxation reduces consecutively from
~ 4% for Y(0001) to almost zero in the case of Ag(111).

Based on the group V d-metals (V, Nb, and Ta) as an
example, there has been revealed [93-98] an enhancement of
the relaxation effects upon transition from the low-index
close-packed (110) faces to more ‘open’ (100) surfaces and
further to (111). Thus, the relaxation increases in the case of
tantalum from 5% for Ta(110) to 27% for Ta(111); in the case
of niobium, as was noted above, the relaxation grows from
5.8% for Nb(110) to 24.8% for Nb(111). The relaxation
contraction (expansion) is not limited by the first two layers.

Table 6. Magnitudes of relaxation contraction of surface layers for group IV-VI d-metals: experiment and calculations.

Element Contraction, %| References Element Contraction, %| References Element Contraction, %| References
274 23y 240y
Ti(0001) 6.8+1 [95] V(110) [97] Cr(100) 3.7 [94]
7.7 [96] Expt. 33 [97]
Ti(111) 7.1 [96] V(100) 11 [94]
407, NS 2Mo
Zr(0001) 2.8 [93] Nb(110) 1.9 [93] Mo(110) 1.6 [93]
6+2 [100] 5.8 [83] Expt. 1.6 [93]
6.3 [96] Nb(100) 4.7 [93] Mo(100) 44 [93]
Expt. 2.544+0.05 [99] 11.7 [83] Expt. 11.5 [93]
Zr(111) 59 [96] Nb(111) 24.8 [83]
T2Hf 73Ta 74y
Ta(110) 5 [98] W(110) 0.8 [101]
No data Ta(100) 14 [98] 3.1 [102]
Expt. 11+2 [99] W(100) 4 [101]
Ta(111) 27 [98] Expt. 3.13 [101]
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Table 7. Energy shifts (S) of the surface states of the XPS lines attributed to the inner shells of group IV-VI d-metals.

Element Shift, eV References Element Shift, eV References Element Shift, eV References
2274 23y 240y
Ti2p V2p No data Cr2p
Ti(0001) S~ +0.5 [114] Cr(polycryst.) S=-038 [119]
407, N 2Mo
Zr 3d Nb 3d Mo 3d
Zr(0001) S~0.0 [115] Nb(100) S) =+40.49 [21] Mo(110) S; =-0.33 [21]
S, =+40.13 [21] S, =-0.14 [21]
T2Hf 73Ta 74y
Hf 4f Ta 4f W 4f
Hf(polycryst.) S=+0.42 [21] Ta(111) S = +40.40 [117] W(lll) S =-0.44 [116]
Hf(0001) S =+0.40 [103] S» =40.22 [117] S, =—0.11 [116]
S3 = +0.06 [117] W(100) S; =-0.36 [21]
Ta(100) S =+40.74 [21] W(110) S =-0.35 [120]
S, =+40.14 [21] W(110) S=-0.32 [121]
S1 =40.90 [118]
S» =40.15 [118]
Ta(110) S =+0.25 [103]
S; =+40.28 [117]
Sy =+40.01 [117]

For the Nb, V, and Cr surfaces, it has been established [83, 94]
that the relaxation decays harmonically upon moving into the
bulk of the metal: the first two monolayers of the Cr(100) face
[94] contracted by 3.7%:; the second and third layers, on the
contrary, expanded by 4.4%, and the third and fourth layers
again contracted by 0.2%, i.e., the relaxation effects for the
Cr(100) surface involve 3—4 layers. For more ‘open’ surfaces,
e.g., for Nb(111), the relaxation involves ten or an even
greater number of layers.

Experimentally, the relaxation contraction (expansion) of
the surface layers of d metals was studied by the LEED and
XPD methods; the corresponding data are given in Table 6.

Another important characteristic of d-metal surfaces is
the transformation of the electronic structure of the upper-
most layers relative to that in the bulk of the metals. Here, two
interesting features can be singled out: the appearance of
additional (so-called ‘surface’) states near the Fermi level, and
the ‘surface’ core-level shifts (SCLSs). The theory and
spectroscopy of these phenomena have been described in
detail in the generalizing studies [103, 104]; data on the surface
shifts of 2p, 3d, and 4d electron levels of group IV-VI
transition metals are summarized in Table 7.

It was established that a shift of the surface states toward
greater binding energies relative to the ‘bulk’ band of the
crystal is characteristic for group IV=VI d-metals; in the case
of molybdenum and tungsten, on the contrary, the energy
shift occurs toward lower values of Ej,.

The atomic structure of pure surfaces of the d-metals
considered was studied by the STM method. The STM image
of the (1 x 1) lattice of the pure Nb(100) face was for the first
time obtained in Ref. [20] (Fig. 14g). STM images of the
Mo(112) surface were presented (also for the first time) in
Ref. [105]. The authors of Ref. [106] obtained STM images
and constructed theoretical models of pure Mo(112) and
Mo(111) surfaces; in Ref. [107], they studied the Ta(211)
surface. The pure close-packed Mo(110) face was prepared
and studied by the STM method in Ref. [108]. The pure close-
packed tungsten faces W(110) and W(100) are traditionally
utilized as substrates for depositing monolayer films of
various materials; these surfaces have been well studied and
demonstrate the potential of the STM method. Chromium
occupies a special site in the row of the d-metals under

consideration owing to its magnetic properties (antiferro-
magnetism and spin-density waves); its surface was also
studied in a number of interesting studies [109-112].

Earlier, we discussed ordered oxygen-induced nanostruc-
tures on the niobium (110) and (100) surfaces. Similar
structures have been revealed on the surfaces of some other
transition metals. Figure 16 displays STM images of oxide
structures on the surfaces of d-metals entering groups V and
VI of the Periodic Table. To the best of our knowledge,
however, no analogous STM studies have been performed on
group I'V metals (Ti, Zr, and Hf). This is apparently explained
by the capability of these hcp metals to adsorb oxygen and
rapidly form structures of higher oxides on the surface [33]. It
is hardly possible to remove these higher oxides from their
surfaces using high-temperature vacuum annealing, as is
performed, for example, for niobium and tungsten, since Ti
and Zr undergo polymorphic phase transitions (o — PB) at
temperatures of 1155.5 and 1135 K, respectively. No STM
images of oxygen structures on these faces in Ta are available
in the literature; the image given in Fig. 16 corresponds,
according to the authors of Ref. [100], to a pure Ta(211) face.

In the case of vanadium, a periodic ¢(6 x 2) structure was
observed (see Fig. 16) on the V(100) surface in the adsorption
of oxygen at T'= 520 K [97]. Due to a strong vanadium—
oxygen interaction, the metallic lattice of the first surface
layer undergoes significant distortions, forming threefold-
and fourfold-coordinated interstices in the metal lattice, in
which oxygen is chemisorbed to a surface coverage
Yo = 0.5 ML.

In Ref. [108], surface oxygen-induced structures were
created on the Mo(110) face by the exposure of the crystal to
oxygen at a temperature of 1300 K and a pressure of
4 x 1075 Pa (using several cycles) with a subsequent anneal-
ing in a UHV. Two variants of surface structures have been
revealed: traditional O p(2 x 1) structures (domains of two
types), and more complex structures in the form of discrete
large protrusions and short zigzagging protrusions (see
Fig. 16). The last ones are interpreted in Ref. [108] as
transient states in the ‘site conversion’ of adsorbed oxygen
atoms from the ‘long-bridge’ sites between two tantalum
atoms into more energetically preferred positions between
three metal atoms (threefold-coordinated sites) in the
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Figure 16. Oxygen-induced adsorption structures on the surfaces of group
V-VI d-metals: V(110) [97]; Cr(100) [112]; Nb(100) [48]; Mo(100) [108];
Ta(211) [100], and W(110) [113].

Mo(110) lattice. On the more open Mo(112) face, the oxygen
chemisorption provokes a reconstruction of the surface with
the formation of linear p(2 x 3) structures; according to
Ref. [105], these are precursor states for the epitaxial growth
of an MoO, layer on Mo(112).

The oxygen adsorption on tungsten W(110) faces was
studied by Irving Langmuir as long ago as 1913. To date, the
periodic structures on tungsten surfaces have been character-
ized in detail by the LEED, STM, and other methods [113].
Oxygen forms four different surface structures on W(110),
depending on the adsorption conditions (exposure, tempera-
ture, oxygen pressure, etc.). An O (2 x 1) structure forms on
the W(110) surface at the coverage @o =0.5 ML; at
coverages Yo = 0.75 and 1.00 ML, O (2 x 2) and O (1 x 1)
structures, respectively, are formed. In Ref. [113], one more
periodic O/W(110) structure was found to exist at
Yo = 0.4 ML; its STM image is also given in Fig. 16.

The authors of Ref. [112] observed the formation of
~ 17% vacancies in the metallic sublattice of a Cr(100)
surface oxygen-covered to 1 ML. The oxygen atoms,
chemisorbed as a result of O, adsorption (7 = 300 K) or
segregated from the bulk of Cr upon high-temperature
annealing in a vacuum, occupy all available hollow sites in
the first surface monolayer, including positions near the

vacancies of the chromium lattice. It is stated in Ref. [112]
that the formation of vacancies is due to the specific features
of the electronic structure of the chromium surface rather
than to stresses that arise in the surface layer upon oxygen
incorporation. Figure 16 displays the O/Cr(100) surface after
oxygen adsorption to a coverage of 2 L. Light regions of a
pure chromium surface with isolated ‘dints’, and large regions
where a p(1 x 1) superstructure exists can be seen. As oxygen
(O») exposure increases, the area of the p(1 x 1) regions also
increases.

6. Conclusions

It should be noted in conclusion that to date vast and very
interesting data have been accumulated concerning the
preparation and thorough investigation of pure surfaces of
transition d-metals and low-dimensional surface nanostruc-
tures that are formed on these metals upon adsorption, due to
impurity segregation from the bulk of the metal, and as a
result of other processes.

In this review, we attempted to consider, using the
example of a niobium surface and surface oxide nanostruc-
tures, both the advances achieved and the problems that exist
in the field of preparation and experimental and theoretical
investigations of these systems; for comparison, we also
briefly considered the surfaces of some related group IV-VI
d-metals.

The data available suggest that the preparation of a
chemically pure and structurally perfect niobium surface is
quite a complex problem. At the final stage of the preparation
of the niobium surface upon high-temperature vacuum
annealing, surface oxide structures are formed due to the
segregation of impurity oxygen from the bulk of the niobium.

Therefore, experimental investigations of the structure
and properties of oxides or, to be precise, of quasiperiodic
NbO,.1o nanostructures on the surface of this metal are of
great importance. We mean both NbO structures on Nb(100)
and Nb(110) faces of single-crystal niobium and the epitaxial
thin niobium films. Notice that to date there is no common
opinion on the nature and mechanisms of the formation of
periodic NbO structures on niobium. Thus, some researchers
think that the oriented NbO(111) nanocrystals grow on the
metal surface due to oxygen diffusion from the bulk of the
niobium crystal (upon heating in a vacuum) and that the
directions and dimensions of the crystals are determined by
the lattice misfit between the fcc NbO film and bec Nb(110)
substrate; other authors consider the arising structures as
oxygen-induced quasiordered structures on the metal surface
that are precursors for the growth of an epitaxial NbO,(111)
layer on the Nb(110) or Nb(100) substrates. In these surface
structures, the niobium atoms are characterized by nearest
surroundings and chemical bonds similar to those character-
istic of NbO, but exhibit some differences (e.g., in the
electronic structure and properties) from the bulk niobium
monoxide due to the size effect.

At present, the main methods of investigating the pure
niobium surface and surface structures on niobium (and
related systems) are scanning tunneling microscopy (STM),
X-ray photoelectron spectroscopy (XPS), low-energy elec-
tron diffraction (LEED), and Auger electron spectroscopy
(AES). In the analysis of structural positions of oxygen on the
Nb(110) surface, the method of X-ray photoelectron diffrac-
tion (XPD) with the resolution of oxygen chemical states is
also very efficient. On the whole, these techniques yield
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detailed information on the composition, structure, and
topology of NbO/Nb(110) and NbO/Nb(100) surfaces. The
oxide structures on other faces of single-crystal niobium have
been studied in less detail; also, work on the formation of
periodic structures of nitrides, carbides, and some other
compounds on the niobium surface is rare.

In the field of computer simulation of the surfaces of
niobium and other transition metals, the situation is opposite
to that observed in the experimental field. To date, a large
sequence of detailed calculations of ideal surfaces of metals
has been performed using the ab initio methods of the energy-
band theory, and many important characteristics, such as the
degree of relaxation contraction (expansion) of surface layers
and the densities of electron states and the distributions of
charge density near the surface, have been estimated. At the
same time, calculations of oxide and other nanostructures on
the surface of niobium and related group IV-VI d-metals are
virtually absent. Therefore, a detailed analysis of both
experimentally prepared and hypothetical oxide and related
nanostructures on the surface of d-metals, which is important
for a clear understanding of the microscopic mechanisms of
their formation and growth, is, in our opinion, the next task of
the theory.
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