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Tiling of a Nb „110… surface with NbO crystals nanosized by the NbOÕNb misfit
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The overlayer covering a~110! face of a Nb crystal annealed at 1500–2000 K in UHV has been studied by
Auger electron and photoemission spectroscopies, low-energy electron diffraction~LEED! and scanning tun-
neling microscopy~STM!. This layer, which results from the surface segregation of oxygen dissolved in Nb
bulk, corresponds to a thin niobium oxide with a NbOx'1 stoichiometry as shown by photoemission with
synchrotron radiation. Both LEED and STM investigations show the complex structure of the oxide overlayer
with two orientations rotated by 109°. LEED diagrams reveal the epitaxial relationship between lattices of
the oxide overlayer and the metal. From STM observations, each domain in the oxide layer consists of a
quasiperiodic arrangement of strictly parallel sticks. Analysis of all the results shows that each stick charac-
terizes a small NbO crystal with a typical 3.531.4 nm2 size. Therefore, the oxide layer can be described as a
side to side arrangement of these NbO nanocrystals~fcc! on Nb~110! ~bcc!. Two kinds of epitaxial relationship
between these two lattices are found:~i! the relative arrangement of NbO nanocrystals is determined by the
underlying Nb~110! lattice; ~ii ! each nanocrystal develops an epitaxy relationship with the metal surface since
the NbO lattice presents one~111! plane parallel to Nb~110! and one NbÔ110& direction is parallel to one Nb
^111& direction ~Kurdjumov-Sachs-type alignment!. The origin of this structure is discussed in terms of
NbO/Nb misfit.

DOI: 10.1103/PhysRevB.65.115413 PACS number~s!: 81.10.2h, 81.65.Mq, 68.55.Ac
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I. INTRODUCTION

Many technological applications of metals are determin
by the properties of the thin oxide layer, which covers the
In the particular case of niobium, which is often used a
superconducting material, the presence of oxides influen
the concentration of oxygen atoms in the bulk and then
superconducting properties of the underlying metal. For h
technology applications of this metal in nanoelectro
devices1 ~Josephson junctions! and superconducting high
frequency cells for accelerating particles,2 the oxide crystal
structure and its epitaxial relationship with the metal su
strate are then issues of fundamental interest. For exam
the maximum value of the electric field supported by t
internal surface of an accelerating cell is limited by prop
ties of the Nb surface but also by those of the ox
overlayer.2 Specifically, the thin conductive layer near th
surface plays a critical role for these cells because high
quencies are used. As these cells are usually made with t
niobium plates, many studies have been devoted to pro
ties of niobium and niobium oxides.3–24 In particular, Hall-
britter proposed that a Nb surface exposed to air is cove
by a sequence of several Nb oxides with different stoichio
etries: Nb2O5, NbO2 and NbO ~Refs. 13–15!. It is also
known that a three-dimensional~3D! NbO oxide presents
metallic properties while the 3D oxygen-rich oxides,
NbO2 and Nb2O5, are semiconductor and insulating mate
als, respectively. So a niobium surface covered by an ox
layer appears as a very complex system with several in
faces. In an attempt to simplify the investigated system, s
eral studies have been focused on the NbO/Nb interface
vestigations by Auger electron spectroscopy~AES! and/or
0163-1829/2002/65~11!/115413~8!/$20.00 65 1154
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x-ray photoemission spectroscopy~XPS! of a Nb sample
heated in UHV have shown that a thin layer of NbO cove
the metal surface.16,17Such an oxide overlayer was attribute
to the surface segregation of the oxygen atoms dissolve
the Nb crystal after annealing. The structure of this ox
layer mainly studied by~low-energy electron diffraction!
LEED was assigned to a crystallized NbO overlayer~fcc-like
crystal!. In fact, the NbO crystal was proposed to be in p
tial epitaxy on the metal lattice with a~111! face parallel to
the Nb surface and one NbÔ110& direction parallel to a Nb
^111& close packed direction.7,8 Very recently, a scanning tun
neling microscopy~STM! and RHEED ~reflection high-
energy electron-diffraction! study devoted to the oxygen
induced surface structure of Nb~110! has been reported.20

The STM images show a quasiperiodic arrangement of sm
protrusions with some defects. From these images
RHEED measurements, the authors have proposed a des
tion of the NbO layer in opposition with the previously re
ported results.7,8,18

In this paper, we present a study of the thin niobium ox
overlayer grown on a~110! surface of a single Nb crysta
after annealing in UHV by combining AES, photoemissio
spectroscopy with synchrotron radiation, LEED, and ST
In particular, STM images reveal the quasiperiodic struct
of linear features in the oxide layer covering~110! Nb.
Analysis of all these data allows us to propose a structu
model of this NbOx'1 overlayer that develops some prefe
ential orientations in relation with the surface lattice of t
underlying metal.

II. EXPERIMENT

The experiments were performed in three separate U
chambers, which were fitted with an ion gun and an elect
©2002 The American Physical Society13-1
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I. ARFAOUI, J. COUSTY, AND H. SAFA PHYSICAL REVIEW B65 115413
gun for heating the sample. One chamber with a base p
sure of 2310211– 4310211 mbar is equipped with a STM
~Omicron1!, a cylindrical mirror analyzer forin situ AES
~Omicron 100!, and facilities for transferring samples an
STM tips. The LEED experiments~Omicron! were per-
formed in the second chamber with a base pressure o
310211– 4310211 mbar. Spectroscopy measurements
Nb 3d core levels were made with synchrotron radiation
LURF ~Orsay, France! on the line~SA 73! in the third cham-
ber with a base pressure of 1310210– 3310210 mbar also
equipped with a LEED system. The overall resolution of t
experimental setup~photon monochromator and electro
analyzer! is 200620 meV.

STM tips were electrochemically etched from a W wi
(diameter50.25 mm) in a KOH solution (1M ). In vacuum,
these tips are cleaned by ion sputtering and sometimes s
in situ 210 V pulses during scanning particularly to achie
high-resolution images. All the STM images were record
at room temperature in the constant current mode~topogra-
phy mode! and were only submitted to subtraction of th
background plane.

Three samples~discs 6 mm in diameter and 2 mm thick!
which were cut in a single crystal of Nb~Goodfellow! were
mechanically polished and chemically etched. The surf
orientation was checked by x-ray back diffraction@63° from
~110! plane for two samples and60.5° for the other#. Esti-
mation of the crystal purity by resistivity measuremen
gives an overall concentration of impurities of;500 ppm
~mainly oxygen!.21 After etching in a mixture of acids~HF:1,
HNO3:1, H2PO4:2!, the crystals were rinsed with deionize
water and dried under a flux of pure nitrogen before to
mounted on the sample holder. In vacuum, the surfaces w
further cleaned by many cycles of Ar1 sputtering~1 keV!
and annealing at temperature in the 1200–2200 K ra
~typical duration 20–30 min!. No significant changes in th
structure and the chemical composition of the surface w
detected for a sample annealed at 1200 K or at 2200 K.

III. RESULTS

We quickly present the AES and photoemission res
then report the LEED and STM investigations on the ov
layer covering the Nb~110!.

After sputtering, AES spectra of the surface show mai
the presence of Nb peaks with very small ones attribute
carbon and nitrogen. After annealing and cooling down
300 K, an extra peak appears at 510 eV attributed to oxyg
Taking in account the base pressure in the chamber, the
gin of this oxygen is attributed to surface segregation o
atoms diluted in the Nb bulk during the annealing proces
agreement with previous studies. The measured ratio o
and Nb peak heights is equal to 0.260.02. Such a value
agrees well with previous measurements.12 According to this
work, the overlayer is identified with a thin NbO film cove
ing the Nb metal. The presence of this oxide layer is c
firmed by the first photoemission spectroscopy meas
ments performed on this system with synchrotron radiati
With 260-eV photons, the mean-free-path length for Nbd
is very low ~typically 0.5 nm! and the contribution of Nb
11541
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atoms within the thin oxide layer to the 3d Nb photoemis-
sion spectra becomes maximum as shown in Fig. 1. T
spectrum presents four well-resolved peaks A, B, C, and
that are assigned to two couples of 3d5/2 and 3d3/2 Nb core
levels. One couple of peaks~A and C! originates from Nb
atoms in a metal state.9 Taking in account the 1.4-eV energ
shift towards higher binding energies when compared to
metal peaks, the other couple~B and D! is attributed to Nb
atoms in the oxide layer.

In general, a complex LEED pattern with two orientatio
of a superstructure is observed in agreement with previ
studies.7,8 However, some parts of the surface of the we
oriented crystal display a single orientation as shown in F
2~a! and 2~b!. These figures reveal also the presence of so
large spots for the oxide layer and an absence of spot
several parts of the diagram. We point out that the thin ox
overlayer exhibits a strongly anisotropic structure since
superstructure spots are arranged in streaks@Fig. 2~b!#. From
analysis of these LEED patterns taken with electron ene
ranging from 52 to 200 eV, we deduce that:

~i! The oxide lattice shows a slightly distorted sixfo
symmetry since the vectorsb1 andb2 have different lengths
(ub1u/ub2u51.02). The angle values in this pseudohexago
cell vary from 5861 to 6261° @Fig. 2~a!#. Taking into ac-
count these data together with the spots issued from the
crystal, this diagram corresponds to a distorted NbO lat
with one ~111! plane parallel to the Nb~110! surface.

~ii ! One^110& direction of the NbO~111! plane is parallel
to one^111& direction of the Nb~110! surface@Fig. 2~a!#.

~iii ! The superstructure of the oxide presents a four-per
along one^111& of the Nb lattice@Fig. 2~b!#. Although, the
superstructure lattice is not well defined in many parts of
LEED diagram, a typical elementary cell can be defined. T

FIG. 1. Photoemission spectra of the 3d Nb core levels from an
annealed Nb~110! surface with 260 eV photons~synchrotron radia-
tion!. PeaksA and C at 202.260.1 eV and 205.160.1 eV corre-
spond to 3d5/2 and 3d3/2 levels of Nb atoms in metal. PeaksB and
D at 203.760.1 eV and 206.560.1 eV are shifted by 1.4 eV fromA
andC, respectively. PeaksB andD are associated to Nb 3d levels in
the NbOx'1 overlayer.
3-2
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TILING OF A Nb~110! SURFACE WITH NbO . . . PHYSICAL REVIEW B65 115413
FIG. 2. LEED diagrams of an annealed~110! Nb surface show-
ing a single orientation of overlayer domains.~a! The cells of Nb
~110! and Nb oxide are indicated by dashed lines and continu
lines, respectively. The hexagon of the oxide lattice is slightly d
torted (E575 eV). ~b! The superstructure of the oxide layer defin
by vectorsc1 andc2 corresponds to a pseudocoincidence cell w
respect to Nb~110! lattice. The thin lines indicate the streak orie
tation (E552 eV). ~c! Real space cell of the superstructure sho
in ~b!. The typical size of this cell is 3.531.4 nm2. Black dots are
for Nb atoms.
11541
corresponding cell~C1, C2 in the real space! is determined
by the following relations:

C154.2A123.1A2 ,

C251.4A1111.8A2 ,

with A1 andA2 the vectors of the Nb~110! lattice. This cell
with a parallelogram shape~3.531.4 nm2 area! corresponds
to a pseudocoincidence lattice between the overlayer and
Nb surface@Fig. 2~c!#.

Large-scaled STM images on samples with a low den
of steps show that the oxide layer covering the Nb~110! face
consists of white stripes roughly parallel along two ma
directions, which determines two types of domains with
the overlayer~Fig. 3!. The local density of these stripes e
hibits fluctuations along the surface. At higher resolution,
stripes appear as the result of a particular arrangemen
short and prominent sticks. In fact, the oxide overlayer
formed by a quasiperiodic arrangement of these sticks, wh

s
-

FIG. 3. Typical large scale STM image showing two doma
characterized by one direction of white stripes~dotted lines! made
of small sticks. The density of these stripes changes along a dom
as shown in the right part of the image. The angle between stick
the two domains is equal to 70°62°. ~Vb521 V, It 517 nA 22
330 nm2!.

FIG. 4. Typical STM image showing the quasiperiodic arrang
ment of parallel sticks generating a lamella structure~single arrows
show sticks and the dotted lines follow the boundaries between
lamella!. The distance between neighboring sticks along a lamell
quantized since only three values are measured:L1, L2, andL3
~double arrows! ~Vb51 V, It 517 nA 13320 nm2!.
3-3
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I. ARFAOUI, J. COUSTY, AND H. SAFA PHYSICAL REVIEW B65 115413
stay remarkably parallel~Fig. 4!. Several measurements r
veal that the angle between sticks in different domains
equal to 10962° that corresponds well to the angle~109.2°!
between̂ 111& closed packed directions of~110! Nb. We also
remark that the stick length shows a very small dispers
since hundreds of measurements giveL5360.3 nm for
large terraces. As a result, the packing of these parallel st
can be described as a lamellalike arrangement~Fig. 4!. How-
ever, we have frequently observed defects in both the s
packing~stacking faults! and in the sticks. Careful analys
of STM images reveals that the stick arrangement exhi
unique properties:~i! Along a lamella direction, there exis
only a few values for the distance between neighbor
sticks. From hundred measurements on more than 10 di
ent areas on two samples, we have found three values fo
distances between neighboring sticksL1, L2, andL3 ~Fig.
4!. As distance ratios eliminate the influence of piezoelec
drifts in STM measurements, the different ratios reported
Table I clearly demonstrate that the distances between ne
boring sticks are quantized. The histogram ofL1, L2, andL3
distances measured on several images obtained on larg
races~not shown! reveals that the most frequent distances
L1, thenL2, and a fewL3. ~ii ! Parallel to the stick direction
neighboring sticks in neighboring lamella are shifted by d
tances, which are also quantized. As illustrated in Fig. 5,

FIG. 5. Lateral shifts between sticks in neighboring lamella
also quantized since only three distinct values are measured in
eral STM images~D1, D2, andD3!. In a very few cases~5 on
about 250 measurements!, we have found two aligned sticks. Th
alignment of bumps forming each stick is clearly observed.

TABLE I. Ratios of distancesLi /L1 measured between neigh
boring sticks along lamella and of distancesDi /D1 measured be-
tween neighboring sticks in neighboring lamella~L1 andD1 the
shortest distances!.

L2/L1 L3/L1 D2/D1 D3/D1

Expt value 1.2560.03 1.560.03 260.1 360.1
11541
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also measured three distinct values for these distances,D1,
D2, andD3. As D1 is the smallest distance for this later
shift, we report ratios of these distances in Table II. Rema
ably, these ratios present integer values.

The high-resolution image shown in Fig. 5 demonstra
that the prominent sticks are formed by a close-packed al
ment of typically 1061 bumps separated by 0.360.05 nm
~Figs. 4 and 5!. Therefore, the sticks appear as a part o
dense direction of the NbO crystals. Finally, many STM im
ages~Figs. 3–5! reveal some poorly ordered area in betwe
sticks. In particular, Fig. 4 shows the presence of promin
lines in between the lamellas, which exhibit some regu
meanders. In between straight and prominent sticks, th
exist S-shaped alignments of dark bumps.

IV. DISCUSSION

From all of these results, we propose a nanometer-sc
model of the oxide overlayer based on the self-arrangem
of small niobium oxide crystals. This section organizes
three parts devoted to~i! the model of the niobium oxide
nanocrystals,~ii ! the packing of these nanocrystals, and~iii !
a discussion of this model focusing on the role of the mi
between the two involved lattices.

A. A nanometer-scaled model of small niobium oxide crystals

We first consider the oxide stoichiometry. From core-lev
shifts on 3D niobium oxide,9,22 the expected shift betwee
3d levels of Nb atoms in metal and in NbO is 1.860.1 eV.
So, the 1.4 eV shift measured on the oxide overlayer in
cates that no stoichiometric NbO compounds cover the n
bium surface. Furthermore, peaksB and D related to Nb
atoms in the oxide appears much larger than those obta
by Strislandet al. with similar experimental conditions on
clean Nb~110!.25 This suggests that the oxide layer prese
several stoichiometries close to NbO. Details about th
NbO compounds will be given elsewhere.25,26 For the oxide
thickness, only estimation can be deduced from this sp
trum. Taking into account a very short attenuation length
50–55 eV photoelectrons,27 we estimate that the oxide con
tains 1 to 2 layers of Nb atoms.

To elucidate the complex structure of this overlayer wou
require direct information on the relationship between
NbO layer and the metal lattice. In absence of STM imag
of the metal surface since the oxide layer covers the en
Nb ~110! face, we compare LEED data to STM observatio
in order to get deeper insights on the NbO/Nb~110! system.

e
ev-

TABLE II. Ratio of distancesLi andDi on the shortest distanc
between neighboring sticksD1. The values demonstrate the exi
tence of an epitaxial relationship of the NbO overlayer and the
~110! lattice.D1 was measured on the same image thanLi or Di in
order to compensate the piezo drift.

D2/D1 D3/D1 L1/D1 L2/D1 L3/D1

Expt value 260.1 360.1 460.1 560.1 660.1
3-4
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TILING OF A Nb~110! SURFACE WITH NbO . . . PHYSICAL REVIEW B65 115413
LEED patterns have shown that the~111! plane of dis-
torted NbO crystals is parallel to the~110! Nb surface with
one NbO^110& direction parallel to one Nb̂111& direction. A
qualitative analysis of these patterns also indicates that
presence of small crystals together with stacking faults
their packing.28

As the parallel sticks observed in STM images are form
by a close-packed arrangement of bumps with a 0.3 nm s
ing, they can be assigned to segments of close-packed^110&
NbO rows since the smallest atomic period along^110& NbO
is equal to 0.298 nm. Since NbÔ110& is parallel to Nb
^111&, this identification is consistent with the 109° ang
measured between sticks in two domains. Let us now c
sider the different ratios ofD2, D3, L1, L2, andL3 on the
shortest measured distanceD1 ~Table II!. Interestingly, these
ratios have only integer values within the accuracy of m
surements. These integer values then demonstrate tha
relative positions of sticks are connected to a lattice. As
angle measured between sticks in two domains is 109°@in-
stead of 120° for̂ 110& on a large NbO~111! lattice#, we
deduce that the organization of these segments of NbO^110&
directions is determined by the underlying Nb~110! surface.

Considering both the stick arrangement and the existe
of NbO crystals with a~111! plane parallel to the metal sur
face, we propose that each stick is associated with a s
NbO crystal. Obviously, the length and width of these Nb
crystals are related to the stick length and to the distanc
between neighboring sticks in a lamella, respectively. Tak
into account the quantization of the distance between sti
a template of a nanocrystal could present the shape show
Fig. 6~a!. Since each NbO crystal presents a surface para
to ~111! plane, it is reasonable that the edges are paralle
NbO ^110& directions making a 60°~120°! angle. As a result,
the longest edges of the nanocrystal are parallel to Nb^111&.
The nanocrystal width is equal to the distance separating

FIG. 6. ~a! Atomic model of a~111! Nb plane of a NbO crystal.
The cell represents a top view of a template for one NbO na
crystal.~See text for details.! ~b! Cell of the superstructure deduce
from the arrangement of NbO nanocrystals on the Nb~110! lattice
shown in Fig. 8.
11541
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^110& rows of NbO since the coincidence period observed
LEED diagram is about four, which agrees well with th
smallest distance measured in between sticks (L1). The ori-
gin of the stick relief observed in STM images will be di
cussed elsewhere.25

B. Organization of NbO nanocrystal

In this framework, the oxide overlayer consists in a sid
to-side packing of the NbO nanocrystals. We stress that
self-organization of these nanocrystals depends on the la
of the underlying~110! Nb surface as illustrated in Fig. 7
This schematic diagram provides a typical example of h
to tile a Nb ~110! surface with nanometer-scaled NbO cry
tals. In particular, the examples of stacking faults in t
nanocrystal packing shown in this figure correspond to tra
lation of neighboring nanocrystals by different vectors of t
Nb ~110! lattice. Thereby, for a stick attached to each nan
crystal, this model reproduces the main features obser
with STM such as, for example, the quantization of the
and Di distances and the lamella structure. Such a subst
induced quantization of stacking fault amplitudes in the a
sorbate packing has been reported in several heteroepit
systems.30

For some areas of the NbO Nb system in which a qua
periodic arrangement of nanocrystals has grown~Fig. 8!, one
can describe, in this framework, the corresponding cell
terms of Nb~110! lattice.

C154 A123 A2 ,

C251 A1112A2 .

Such a cell defines a coincidence lattice very close to the
presented in Fig. 6~b!. Furthermore, this cell appears simila

-

FIG. 7. Model of packing of self-assembled NbO nanocrysta
which are tiling the Nb~110! surface. Depending on the relativ
arrangement of nanocrystals on the Nb~110! surface, one repro-
duces the typical distances measured on STM images~Li andDi!.
This model illustrates the epitaxial relationships between the N
nanocrystals and Nb~110! surface. However, this rigid model can
not account for the poorly ordered boundaries between lame
Gray parallelograms are for NbO nanocrystals~A!. Parallelogram
with dashed lines is for a cell of the periodic packing of nanocr
tals ~B!. The black dots are for Nb atoms.
3-5
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I. ARFAOUI, J. COUSTY, AND H. SAFA PHYSICAL REVIEW B65 115413
to the one deduced from LEED diagrams~Fig. 2c!. In fact,
the cell shown in Fig. 2~c! characterizes an average cell sin
the electron beam probes severalmm2 of the surface. The
presence of fluctuations in the nanocrystal sizes observe
STM images is consistent with our LEED diagrams.

Finally, there exist two levels in the epitaxial relationshi
of NbO nanocrystals on Nb~110!. The first one is related to
the relative arrangement of NbO nanocrystals in the ov
layer and the Nb~110! surface. The second level of epitax
concerns the orientation of the lattice of each nanocrysta
Nb ~110!. A NbO ~111! face parallel to Nb~110! together
with one ^110& direction of each NbO crystal parallel to N
^111& corresponds to a Kurdjumov-Sachs~KS! epitaxial re-
lationship. This is consistent with theoretical models p
posed for a thin layer with a~111! fcc lattice on top of a
~110! bcc crystal with a misfit (dfcc2dbcc)/dbcc50.04.29

Such a value does correspond to the misfit value of N
~111!/Nb ~110! along their common direction~NbO ^110&
0.2977 nm and Nb̂111& 0.2858 nm!.

C. Discussion of the model

Although the NbO/Nb misfit is small~14%!, some evi-
dences of distortions in the lattice of the thin NbO nanocr
tals can be found in both STM images and LEED patter
For example, we remark that the stick length present
larger dispersion in many STM images of stepped surfa
than on those obtained on large terraces. Analysis of s
lengths reveals that the sticks located near a step edge
parallel to the edge are generally longer than those locate
the middle of large terraces as illustrated in Fig. 9. As rel
ation of the strain induced by NbO/Nb misfit could be eas

FIG. 8. STM image of a selected area with a quasiperiodic
rangement of sticks~a!. Parallelograms indicate an envelope of
nanocrystal containing a stick~b! and an elementary cell of thi
quasiperiodic arrangement~c!.
11541
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near a step edge, we infer that the presence of longer s
observed only in the vicinity of step edges reveals the in
ence of the misfit on the nanocrystal size. In conseque
we deduce that the NbO/Nb misfit limits the extension
NbO crystals at 2.7–3 nm alonĝ110& NbO on large Nb
~110! terraces. We notice also that sticks are strictly para
to some step edges, which supports the above-proposed
entation of the stick on Nb~110!. On the other hand, we hav
remarked that LEED patterns of the~111! NbO overlayer
suffer some distortions, which provide another evidence
this strain.

In any case, this nanometer-scaled model based on
assembled nanocrystals with numerous packing defects
vides a good description of the main results obtained
NbO/Nb~110!. Such a model appears very different from t
one proposed by Pantel, Bujor, and Bardolle.8 In particular,
the disordered interlamella boundaries and the presenc
both nanosized NbO crystals and stacking faults in betw
these crystals was completely ignored. Furthermore, the
riodicity in their LEED diagrams does not correspond to t
cell we observed. Very recently, a STM study of the reco
struction of a Nb~110! surface induced by the segregation
oxygen has been reported.20 While these images show som
similarities with our STM observations, we never obser
triangular-shaped features in our images. A different epita
relationship between the oxide layer and Nb~110! than the
one presented above have been proposed since the^110&
NbO is turned off by 5° from thê111& close-packed direc-
tion of Nb ~110!. A possible origin of these different arrange
ments could be related to differences in the stoichiome
and/or thickness of the oxide overlayer induced by diff
ences in the bulk oxygen concentration and/or in cool
speed, which determines the amount of segregated oxyge
the sample surface. For instance for Pd overlayers on c
mium surfaces, either a KS or Nishiyama-Wasser epita
relationship was found depending on the Pd thicknes31

r-

FIG. 9. STM image of one terrace of a stepped NbO/Nb surfa
Continuous black and white lines indicate step edges. Upper
lower terraces notedU andL are white and black, respectively, i
order to obtain a good contrast in the middle terrace. The long st
with 13 bumps~gray arrows! are mainly present near the step edg
We point out that sticks are parallel to parts of the step edge.
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However, we notice that sticks in their STM images
NbO/Nb system are parallel to step edges in agreement
our observations and with data reported by Flynnet al.18 On
the other hand, Robachet al. have concluded that the epitax
ial relationship between a thin TaO crystal and a Ta~110!
surface corresponds to a Kurdjumov-Sachs orientatio32

Monoxide NbO and TaO crystals develop then the same
itaxial relationship with a~110! surface of the correspondin
metal, which belong to the same column of periodic table
similar model based on SnO nanocrystals tiling a Pt~111!
surface has been proposed for describing the complex s
ture of this system.33 Finally, the structure on a Nb~100!
surface annealed at 1300 K in UHV studied by STM is e
plained by the formation of big nanocrystals34 ~30 nm
length!.

V. CONCLUSION

In this paper, we have studied, by combining AES, ph
toemission spectroscopy, LEED, and STM methods, the
ide overlayer covering a Nb~110! surface after annealing in
UHV. The oxide layer that results from the surface segre
tion of the oxygen dissolved in the Nb bulk presents a s
ichiometry close to NbO as shown by photoemission sp
troscopy with synchrotron radiation at LURE. The compl
structure of this oxide overlayer can be described as a q
siperiodic self-organization of lamella separated by narr
meandering stripes. Each lamella results from a side-to-
n

n,
m
.

s.

on

T.

11541
f
ith

p-

c-

-

-
x-

-
-

c-

a-

de

arrangement of NbO nanocrystals, which is governed by
underlying Nb~110! lattice. For each NbO crystal, the~111!
plane is parallel to the Nb~110! surface and onê110& direc-
tion is parallel to one Nb̂111&. The orientation of the two
lattices corresponds to a Kurdjumov-Sachs epitaxial relati
ship. Such a tiling of the Nb~110! surface by a self-
assembled arrangement of rigid NbOx'1 nanocrystals is then
the first structural model of a NbO/Nb~110! crystal prepared
in UHV. However, this self-organization presents a high de
sity of defects. Several evidences of distortions in the latt
of NbOx'1 nanocrystals induced by the misfit with the u
derlying Nb ~110! surface are also found. In particular, th
length of NbO nanocrystals appears to be related to the m
along Nb ^111&. By construction, the proposed rigid mod
cannot account for these distortions and for the disorde
parts in between lamella observed in STM images. Fina
studies devoted to the influence of stoichiometry variatio
in the oxide overlayer on its structure would provide dee
insights on this important interface for some high technolo
applications.
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