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The surface structures of a MI®0) single crystal during thermal cleaning in ultrahigh vacu(utV) and
oxidation in low-pressure oxygen at 300 and 900 K have been studied by combined auger electron spectros-
copy, low-energy electron diffraction, and scanning tunneling microscopy. The oxygen-indused) (3,
(4%X1)-0, ¢c(2x2)-0, andclean (1x1) structures are sequentially observed on thé€1R6 surface at
atomic resolution during thermal cleaning in UHV at temperatures from 1970 to 2500 K. At 300 K, the clean
Nb(100 surface is sequentially oxidized into tle§2x2)-O and (1< 1)-O structures and the amorphous
oxides of NbO and Nb@in oxygen. At 900 K, the clean Ni0O surface is sequentially oxidized into the
c(2X2)-0, (4%x1)-0, and (3<1)-0 structures in oxygen. The(2x2)-O and (1x 1)-O structures result
from oxygen chemisorption and the X3)-O and (4x 1)-O structures result from the epitaxial growth of
NbO nanocrystals on NR00. Atomic models for these oxygen-induced structures are proposed and the
atomic-scale oxidation processes of the(NI) surface at 300 and 900 K are discussed.
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[. INTRODUCTION tween 1973 and 2673 K in UHV. Exposure of a clean (1
X 1) surface to oxygen at room temperature resulted in a
Niobium (Nb) has been used for superconducting radioc(2x 2)-O structuré and a diffuse (X 1) structure’ The
frequency cavities and tunnel barriers in nanoelectronic (3X1)-O and (4x1)-O structures were assigned to the
deviceg in high technology. However, thin oxide films exist- NbO and NBO oxides on the basis of high-resolution core-
ing on the Nb surface determine the performance of the apevel photoemission specttd,and thec(2x 2)-O anddif-
plication. As is well known, Nb has a very high solubility fuse (1x1) structures were formed by oxygen chemi-
and binding energy for oxygen, and thus the structure andorption? However, the geometrical arrangements of the at-
morphology of the Nb surface in the initial stage of oxidationoms on these oxygen-induced structures could not be clari-
have been widely studied in the pdst° The structures of fied.
the Nb surface during oxidation have been investigated by Recently, the atomic-scale surface structures ofiLDI®
auger electron spectroscopfAES),%3~8 mirror electron (Refs. 17 and 18and NK110) (Refs. 19 and 20single crys-
microscopy secondary ion mass spectroscgByMS),>’ ul-  tals have been observed by scanning tunneling microscopy
traviolet photoemission spectroscoflyPS,° ! x-ray pho-  (STM). Ueharaet al}’ observed pyramided protrusions on
toemission spectroscoXP9),11%1213and electron energy- Nb(100) after Ar-ion sputtering and heating at 1273 K in
loss spectroscopyEELS).”** |t has been found that the UHV, and interpreted the protrusions to be single nanocrys-
preparation of a clean Nb surface is very difficult due to itstals of NbO grown epitaxially on NHO0O). Li et al*® ob-
high chemical reactivity:>~"1%114Clean surfaces could served a ladderlike superstructure on(Ni) after Ar-ion
only be obtained by flash heating to temperatures above 22%&puttering and flash heating at 1973 K in UHV.r&ers
K with subsequent rapid cooling in ultrahigh vacuum et al!® and Arfaouiet al?° observed quasiperiodical sticks
(UHV).3-814 Exposure of a clean Nb surface to oxygen aton Nh(110) after Ar-ion sputtering and annealing in the tem-
room temperature caused the chemisorption of oxyg&h perature range of 1200-2200 K in UHV. However, since
and the sequent formation of NbO, NpOand NBOs; these observations were carried out independently without
oxides®"*-11Exposure of a clean Nb surface to oxygen atstarting from a clean (X 1) surface, the evolution of atomic
900 K caused the chemisorption of oxygen and the formatiomrrangements and their epitaxial relation with the substrate
of only NbO oxide® Nb,Os was reduced into NbOQand  Nb atoms could not be clarified. Consequently, it is impor-
NbO sequentially during annealing in UHV at temperaturegant to investigate systematically the atomic structures of Nb
above 598 K due to the dissolution of oxygen into the bulksurfaces during oxidation starting from the clean surface.
metal®'?1® and NbO began to evaporate at around 2273 In this study, we have systematically investigated the sur-
K414 face structures formed on a NI®0 single crystal during
The morphology of oxygen-induced structures onthermal cleaning in UHV and oxidation in low-pressure oxy-
Nb(100),*>1>1°Nb(110),* and NK111) (Ref. 4 surfaces has gen at 300 and 900 K, by combined AES, LEED, and STM,
been investigated by low-energy electron diffractionin order to elucidate the geometrical structures of the
(LEED). On the NI100) surface, a faceted structuté> a  oxygen-induced Nb surface and their evolution during clean-
(3x1)-O structure’>® a (4x1)-O structure!® a c(2  ing and oxidation. The clean (1) structure, the oxygen-
% 2)-0 structure®>® and a clean (x1) structuré>'®® induced (3x1)-0, (4X1)-0, ¢(2%2)-0, and (1X1)-O
were observed during thermal cleaning at temperatures betructures and their conversions during oxidation are ob-
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served at atomic resolution, and the atomic models of these
structures including the substrate Nb lattice are proposed. It
is found that amorphous oxides are formed on the surface
during oxidation at 300 K, while epitaxial NbO nanocrystals
are formed on the surface during oxidation at 900 K. The
atomic-scale oxidation process of the (B0 surface is dis-
cussed.

Il. EXPERIMENT

A Nb(100) single crystal with 99.99% purity and dimen-
sions of 2<2x0.3mn? was used as the specimen. The
specimen was mounted on a sheet holder made of tantalum
of 0.04 mm thickness, which can resistively heat the speci-
men to 2500 K, and then put into an UHV system equipped
with AES, LEED, and STM. The base pressure of the system
was below 210 ! mbar. The main contaminants in the
Nb specimen, as detected by AES, were carbon, nitrogen,
and oxygen. Thermal cleaning by Ar-ion sputtering at 2.5
keV for 45 min and repeated flash heating in the temperature
range of 1970-2500 K for 1-5 min was conducted to clean
the specimen surface. The temperature of the specimen was
measured using an optical pyrometer set outside the UHV
chamber.

Exposure to oxygen was performed by introducing
ultrahigh-purity oxygen to the UHV chamber through a vari-
able leak valve, maintaining the partial pressure of oxygen in
the range from ¥ 10 ° to 7x10 8 mbar for a certain du-
ration. The specimen was held at 300 or 900 K during oxy-
gen exposure.

STM images were observed at room temperature in _the FIG. 1. STM images with LEED patterns of K0 surface
UHV chamber. A tungsten rod sharpened by electrochemicalptained during thermal cleaning at elevated temperatures up to
etching in KOH solution was used as the STM tip. Furtheraspg K in UHV. (a) Large-scale image (4033 nn?) of (3
electron bombardment was applied for cleaning the STM tipx 1)-0 structure observed during thermal cleaning at 197GkX.
in UHV before measurement. STM measurements were peptomic image (8.5 7 nnf) of the (3x 1)-0 structure.(c) Large-
formed in the constant-current mode at a positive and negacale image (4833 nnf) of (4Xx1)-O structure observed after
tive tip bias of 0.02-1.0 V with a tunneling current of flash heating the (81)-O structure at 2270 K(d) Atomic image
0.2-10 nA. The STM images showed no appreciable biag8.5x7 nn?) of the (4x1)-O structure.(e) Atomic image (8.5
voltage dependence. X7 nn?) of c(2X2)-0 structures on sticks observed after flash
heating the (4 1)-O structure at 2370 K(f) Atomic image (8.5
X 7 nn?) of a large domain of(2x 2)-0 structure observed after
further flash heatingg) Atomic image (8.5 7 nnt) obtained dur-
A. Cleaning of the Nb(100) surface ing transition from thec(2X 2) structure to the clean (41) struc-

. . . ture upon flash heating at 2500 Kh) Atomic image (8.5
Typical LEED patterng and STM Images obtf_;uned f_romx7 nnt) of the clean (1 1) structure observed after further flash
the NK100 surface during thermal cleaning with Ar-ion heating at 2500 K.

sputtering and repeated flash heating at elevated tempera-

tures up to 2500 K in UHV are shown in Fig. 1. Two-domain changes in superstructure induced by thermal cleaning at el-
(3X1), two-domain (4<1), c(2X2), and sharp (X1) evated temperatures are consistent with the results of previ-
LEED patterns are observed sequentially during thermabus LEED studie41516

cleaning at temperatures from 1970 to 2500 K, as shown in A large-scale STM image of the ¢31)-O structure ob-
Figs. 1(a), 1(c), 1(f), and Xh), respectively. AES spectra re- served during thermal cleaning at 1970 K is shown in Fig.
veal that only oxygen contamination remains after thermall(a). Flat terraces are observed and two orthogonal domains
cleaning above 1970 K. The measured height ratios of the @an be alternately distinguished on each terrace. On the
peak at 510 eV and the Nb peak at 168 &Y/l \,, for the  middle terrace, a boundary between two orthogonal domains,
(3X1), (4X1), c(2x2), and (IX1) structures are ap- as indicated byA and B, is shown by the black line. Each
proximately 0.36, 0.26, 0.16, and 0.06, respectively. Thusdomain consists of parallel subdomains composed of regular
the (3x1), (4X1), andc(2X2) patterns are attributed to white sticks arranged periodically along th@10] or [001]
oxygen-induced surface structures, and the shaxpl(llpat-  direction, as shown in the figure. The length of the white
tern is attributed to the clean K1) structure. These sticks depends on the subdomain and is distributed in a range

Ill. RESULTS
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of 2.7-5.0 nm. Atomically resolved STM images show that
the white sticks consist of pairs of small protrusions, as
shown in Fig. 1b). The periodic distance between the white
sticks is measured to be approximately 1.0 nm, which is
three times the interatomic distance of 0.33 nm along the
(100 direction on the NHLOO) plane. Both the periodic dis-
tance between the pairs along the stick axis and the distance
between the two small protrusions of a pair are around 0.31
nm, which is close to the interatomic distance along the
(100 direction on the NHLOO plane. Thus the subdomain
can be described as aX3) structure of NKL0O). It is also
found that many neighboring sticks are connected at the edge
by an additional protrusion, as indicated by an arrow in the
image.

A large-scale STM image of the ¢41)-O structure ob-
served after flash heating the X3)-O structure at 2270 K
is shown in Fig. {c). Flat terraces with orthogonal domains
consisting of the parallel sticks are also observed on the sur-
face. The length of the sticks is around 2—3 times longer than
that on the (% 1)-0O structure and the degree of the align-
ment of the sticks is lower than that on theX3)-O struc-
ture. Atomically resolved STM images show that the peri-
odic distance between the sticks is four times the interatomic
distance along thé100 direction on the NL0OO) plane and FIG. 2. STM images (1% 9 nn7) with LEED patterns obtained
the sticks consist of pairs of small protrusions, similar toafter exposing a clean Nb0O) surface to 0.2—-64 L of oxygen at
those on the (& 1)-O structure, as shown in Fig(d), and 300 K. (a) c(2x2)-0 structure after exposure to 0.2 [h) c(2
thus the domain is determined to have ax(¥) structure. *2)-O and (1x1)-O structures after exposure to 0.4 (c) (1

The remaining local (X 1)-O structure is partially observed *1)-O structure after exposure to 0.6 Id) (1x1)-O structure
in the image, as shown by the ¥a.)-O unit cell. with small clusters after exposure to 1.5 (&) Small clusters on

An atomic STM image of the(2x 2)-O structure ob- entire surface after exposure to 3 (f) Larger clusters after expo-
i 4 L.
served after flash heating the X4.)-0O structure at 2370 K sure to 6

is shown in Fig. 1e). The parallel stick features are still oxygen at 300 K are shown in Fig. 2. The cleanx(1)
observed on the surface. The central part of the stick indistrycture is converted into theg 2 x 2)-O structure upon ex-
cated by A in the image consists of pairs of small protrusion%osure to a very small amount of oxygen0.2 L), as shown
similar to the (4<1)-O structure, while other sticks consist iy Fig. 2(a). The corresponding LEED pattern shows (@
of larger protrusions forming the(2x2)-O structure. Itis  x 2) structure, which is in agreement with the STM image,
found that the protrusions of tlif2x 2)-O structure occupy  as shown in the inset of Fig.(®. Thelo/ly, value of the
the hollow site between four small protrusions of the (4¢(2x2)-0 structure is measured to be approximately 0.16.
X1)-0O structure. These(2x 2)-O structures on the sticks The ¢(2x2)-0 structure is further converted into a (1
coalesce into a large domain of2x2)-O structure upon  x 1)-O structure by increasing the amount of oxygen expo-
further flash heating, as shown in Figf)lL sure to 0.4 L, as shown in Fig(l9. Both thec(2x 2)-0 and
An atomic STM image observed after flash heating the(1x 1)-0O structures are observed in the image. The (1
¢(2X2)-0O structure at 2500 K is shown in Fig(d). The 5 1)-0 structure covers the entire surface after increasing
clean (1x 1) structure appears in some regions of the surfac@xygen exposure to 0.6 L, as shown in Figc)2 It is found
and the protrusion of the(2X2)-0 structure is located at that the (1x1)-O structure consists of small (1)-O
the fourfold symmetric hollow site of the cleanX1) struc-  patches divided by short bright orthogonal lines, as indicated
ture. A clean (IX1) structure eventually appears over thepy the white lines. The atomic corrugation of thex(1)-O
entire surface upon further flash heating at 2500 K, as showstrycture is measured to be approximately 30 pm, which is
in Fig. 1(h). Such atomic STM images of cleanX1l) struc- 2 3 times that of the clean (41) structure. The correspond-
tures could only be obtained with a very sharp tip at a lowjng | EED pattern shows diffuse ¢41) spots with satellite
bias voltage of 20—50 mV and a high tunnel current of 5—1ospots, as shown in the inset of FigcR Thel /I, value of
nA. The atomic corrugatjon of the cleanX1l) structure is  tpe (1x1)-O structure is measured to be approximately
measured to be approximately 13 pm. As far as we knowp 23 When the oxygen exposure is increased to around 1.5
this is the first report of an atomic STM image of the cIeanL, the (1x1)-O structure becomes disordered and a bright
Nb surface. clusterlike structure appears on the surface, as shown in Fig.
2(d), where the bright clusterlike structure is indicated by an
arrow. After increasing oxygen exposure to around 3.0 L, the
Typical STM images together with LEED patterns ob- clusterlike structure covers the entire surface, as shown in
tained after exposing a clean NI®0) surface to 0.2—64 L of Fig. 2(e). The diffraction spots of the surface became weaker

B. Oxidation of a clean Nh(100) surface at 300 and 900 K
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age, as shown by the §41)-O unit cell. The corresponding
LEED pattern shows the ¢81) structure, which is in agree-
ment with the STM image, as shown in the inset of Fig).3
The lo/l\p value of the (3x1)-O structure is measured to
be approximately 0.38. The ¢31)-O structure remains un-
changed with exposure to up to at least 300 L of oxygen, as
shown in Fig. 8&d). The c(2x2)-0O, (4%x1)-O, and (3

X 1)-0O structures observed during oxidation at 900 K coin-
cide with those observed during the cleaning process. These
results reveal that the oxidation process of th¢106) sur-
face at 900 K is different from that at 300 K.

IV. DISCUSSION

On the basis of the above results, we propose possible
FIG. 3. STM images (8.8 7 nn?) with LEED patterns obtained atomic models for the oxygen-induced surface structures of

after exposing a clean NBOO) surface to 0.2-300 L of oxygen at NP(100), (3x1)-O, (4X1)-0, ¢(2%2)-O, and (1X1)-O

900 K. (a) ¢(2x2)-O structure after exposure to 0.2 b) (4  Structures, as shown in Fig. 4, and discuss the atomic-scale

X 1)-O structure after exposure to 0.8 [c) (3x1)-O structure ~ Oxidation process of the NbOO surface.

with partial (4x1)-O structure after exposure to 3 ld) (3

X 1)-0 structure after exposure to 300 L. A. (3X1)-O structural model

by cluster formation, as shown in the inset of Fi¢e)2 Fur- We observed the (81)-O structure of NK100) after
ther exposure of oxygen leads to the growth of clusterlikethree different treatments: thermal cleaning of the(10i0)
structures and complete disappearance of the diffractioging|e crystal at 1970 K in UH\Figs. Xa) and 1b)]; ex-
spots. A STM image obtained after exposure to 64 L of oxy-posing the clean N0O) surface to 64 L of oxygen at 300 K
gen is shown in Fig. @). The clusterlike structure is larger and then heating in UHV at 870 K; and exposing the clean
than that in Fig. 2). No atomic structure or diffraction spots Nb(100) surface to more than 1.5 L of oxygen at 900 K
are observed for this surface. It is also noted that STM obfFigs. 3c) and 3d)]. A similar (3x1)-O structure of
servation of this surface requires a high bias voltage of 1.0 \b(100) was observed previously by LEED in the initial
The o/l value changes from 0.38 to 0.54 on increasingstages of similar thermal cleanitg® and identified as the
the oxygen exposure from 3 to 64 L. This clusterlike struc-NbO component by high-resolution core-level photoemis-
ture is changed into the ¢81)-O structure upon heating sjon® It was also reported that the exposure of the polycrys-
above 870 K in UHV, and the (81)-O structure is subse- talline Nb surface to oxygen at 900 K resulted in the forma-
quently converted into the (41)-0, ¢(2x2)-0O, andclean  tion of NbO oxide only? The NbO crystal has a NaCl struc-
(1x1) structures with further heating at elevated temperature and presents metallic propertfés®?°In the present
tures up to 2500 K in UHYV, as in the cleaning process in Fig.STM images, the (& 1)-O structure consists of the periodi-
1. cally parallel white sticks along th®210] or [001] direction
Typical STM images together with LEED patterns ob- of the Ni{100) surface with a periodic distance of around 1.0
tained after exposing a clean NI90) surface to 0.2—300 L nm, which is three times the interatomic distance of 0.33 nm
of oxygen at 900 K are shown in Fig. 3. The clean{(l)  along the(100) direction on the NH0O plane. The white
structure is converted into tre2X 2)-O structure upon ex-  stick is composed of pairs of small protrusions, where both
posure to 0.2 L of oxygen, as shown in Figa The corre-  the periodic distance between the pairs along the stick axis
sponding LEED pattern showscd2 X 2) structure, which is  and the distance between two small protrusions of a pair are
in agreement with the STM image, as shown in the inset oaround 0.31 nniFig. 1(b)], which is close not only to the
Fig. 3@. The o/l value of thec(2Xx2)-0 structure is  interatomic distance along th€100) direction on the
measured to be approximately 0.18. Te@x2)-O struc-  Nb(100) plane but also to the interatomic distance of 0.298
ture is further converted into the §41)-O structure by in- nm along the(110) direction on the Nb@.00) surface. At
creasing oxygen exposure to above 0.6 L. A STM image ofow bias voltages, since the transition metal atoms usually
the (4x1)-0O structure obtained after exposure to 0.8 L of appear as bright protrusions and the oxygen atoms as dark
oxygen is shown in Fig. ®). The corresponding LEED pat- depressions due to the lower density of stal2®S) near the
tern shows the (X 1) structure, which is in agreement with Fermi energy above the oxygen position after oxygen ad-
the STM image, as shown in the inset of Figh3 The sorption by STM(Refs. 21-23especially and, in particular,
lo/lnp Value of the (4<1)-O structure is measured to be the Nb atoms appear as bright protrusions on the oxygen-
approximately 0.27. When oxygen exposure is increased tmduced superstructure of KHL.0),*° it is considered that the
around 1.5 L, the (X 1)-O structure is converted into the protrusions in STM images observed in this study can also
(3% 1)-Ostructure. A STM image of the (81)-Ostructure  be assigned to Nb atoms. Thus theX(B)-O structure
obtained after exposure to 3 L of oxygen is shown in Fig.is explained in terms of the epitaxial growth of a
3(c). The (4x1)-O structure is partially observed in the im- NbO(100 layer on NK100 with in-plane orientation,
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FIG. 4. (Color) Atomic models of oxygen-induced surface structures ofl9b). (a) Side and top views of (8 1)-O structure.(b) Top
view of (4x1)-0 structure.(c) Top view of c(2X 2)-0O structure.(d) Top view of (1X1)-O structure.

NbO[011]//Nb[010] and Nb@011]//Nb[001]. Lo etall®  the model, every third Nb atom row is missing from the first
showed that the Nb @ core-level photoemission spectra on layer of NoQ100 along the NbQ011]//Nb[010] direction

the (3x1)-O structure contained both the oxide-relatedand every twelfth Nb atom row is missing along the
peaks and pure niobium-related peaks. Considering the veiybQ[011]//Nb[001] direction. The remaining Nb atoms in
short escape length for 50—55 eV photoelectrSrféwe es-  the first layer of Nb@100) appear in the STM images as
timate that 1-3 layers of oxide exist on the surface. Side angarallel sticks consisting of pairs of small protrusions. An
top views of the (3 1)-O structural model are shown in additional Nb atom, indicated by an arrow in the figure, cor-
Fig. 4(a), in which two-layer oxides are formed. The large responds to the additional protrusion indicated by an arrow
black spheres, gray circles, and white circles indicate Nbn Fig. 1(b). In the side view of the model, the sticks are
atoms in the first, second, and third layers, respectively. Theomposed of NbO nanocrystals and are indicated by the dot-
small yellow spheres and circles indicate oxygen atoms iried lines. The top face of a nanocrystal is the Nb@) face

the first and second layers, respectively. In the top view ofind the side face is the NT11) face, as indicated in the
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model. Thus, the (% 1)-Ostructure can also be described astion at the hollow position between four Nb atoms of the
a side-to-side arrangement of epitaxial NbO nanocrystals ohb(100) surface withc(2X2) periodicity. A top view of the
Nb(100). Arfaoui et al?° also observed short parallel sticks ¢(2X 2)-O structural model is shown in Fig(d). The c(2
on the NI§110 surface by STM after Ar-ion sputtering and X 2)-O structure on a stick is shown in the left part of the
annealing in the temperature range of 1200-2200 K, anfigure, in which the oxygen atoms remaining after oxygen
identified the sticks to be nanosize NbO crystals formed bylesorption from the (41)-O structure form ac(2x2)
the misfit between Nb@11) and NK110). Thus, it is con-  structure on the stick. Four Nb atoms without oxygen at the
sidered that the (81)-O structure of N100) observed in  center appear in the STM image as a large protrusion on the
this study is caused by the misfit between Nb@D) and top of the stick, as indicated by circle A. Three Nb atoms,
Nb(100. The misfit value of Nb@L.00)/Nb(100) along their  including two Nb atoms of the first layer and one Nb atom of
common direction, Nb@11)//Nb(010), is approximately the second layer without oxygen at the top, appear in the
10%. We consider that this misfit leads to_the loss of eactSTM image as a large protrusion on the side of the stick, as
third Nb atom row with Nb@011] or Nb011] orientation  indicated by an oval B. A large domain of thg2x2)-O
and each twelfth Nb atom row with N§OL1] or NbQ011]  Structure is shown in the right part of the figure, in which the
orientation. oxygen atoms form &(2Xx2) structure over the entire sur-
face. Four Nb atoms without oxygen at the center appear in
the STM image as a large protrusion, as indicated by circle
B. (4X1)-O structural model C. Koller et al?® observed ac(2x2)-O structure on a
We observed the (41)-O structure after flash heating V(100 surface by STM and simulated the STM images by
the (3x1)-0 structure at 2270 K in UH\[Figs. 1c) and  density functional theory calculation. Their experiments and
1(d)] and after exposing the clean NI®0 surface to 0.4— simulation also revealed that the fourfold symmetric hollow
1.5 L of oxygen at 900 KFig. 3(b)]. It has been reported sites occupied by the oxygen atoms appear as dark depres-
that NbO begins to evaporate from the surface at aroundions, while the unoccupied hollow sites remain bright pro-
2273 K*'* The present STM images show that the (4 trusions, similar to the present study.
X 1)-0 structure also consists of the parallel sticks com-
posed of pairs of small protrusions, similar to those observed D. (1X1)-O structural model
on the (3x1)-0 structure. However, the periodic distance
between the sticks is four times the interatomic distanc%I
along the (100 direction on the NELOO) plane and the
length of the sticks is around 2-3 times longer than that o
the (3X 1)-O structure. Thus, the (41)-O structure can be
explained as resulting from the removal of NbO oxide from
the (3X1)-0O structure due to the evaporation of NbO from
the surface. A top view of the (41)-0O structural model is
shown in Fig. 4b). The periodic interval of the NbO nanoc-

We observed the (%X 1)-0O structure after exposing the
ean (1x1) structure to 0.4-1.5 L of oxygen at 300 K
Figs. 2b) and Zc)]. The LEED pattern shows diffuse (1
1) spots with satellite spofsnset of Fig. Zc)]. A similar
diffuse (1Xx 1) structure was observed previously by LEED
after exposure of clean Nb0O) to oxygen at room tempera-
ture and considered to be caused by oxygen chemisorption.
Riedef concluded, from the results of LEED, AES, SIMS,
rystals becomes larger, from three to four times the inter-and ELS studies, that the oxygen was chemisorbed on the
a){omic distance alog 'th(?100) direct the NHLOO Nb(110) surface by exposure to less than 1.7 L of oxygen at
9 irection on the NLL00 room temperature. The ¢1)-O structure consists of (1

lane due to the additional removal of NbO oxide from the e . ;
?3>< 1) structure. As a result, the strains induced by NbO/Nb>< 1)-Opatches divided by the shortlines in the present STM

misfit are more relaxed and longer NbO nanocrystals can b'énf?_eg gt:rlgc.;tfgg]isazng t?geesaiﬁg?[lgfiﬁg%?;;r?; 1())fs':?l?c-(1
formed. ;

ture. Thus, we consider that theX1L)-O structure is due to
monolayer oxygen chemisorption on the (80 surface. A
C. c(2X2)-0 structural model top view of the (1< 1)-O structural model is shown in Fig.

We observed the(2x 2)-O structure after flash heating #(d). in which the oxygen atoms occupy all the hollow posi-

the (4x 1)-O structure at 2370 K in UH\[Figs. 1) and tions between four Nb atoms. The high degree of atomic
1(f)] and after exposing the clean KI80) surface to 0.2—0.4 corrugation of the (X 1)-0O structure is considered to be
L of oxygen at 300 and 900 KFigs. 4a) and 3a)]. The due to the modulation of the electronic states of the Nb atom

c(2x2)-0 structure was observed previously by LEED as a result of oxygen adsorption. Wolteral?® frequently
(Refs. 4, 5, 15, 16and interpreted as resulting from oxygen observed similar line boundaries on heteroepitaxial films and
chemiso’rpt’ion ‘on the NBOO) surface’ The present STM concluded that the line boundaries were formed due to the

images show that the(2x 2)-O structures form on the relaxation of surface distortion. Thus, the short line bound-

sticks of the (4x 1)-O structureg[Fig. 1(e)] and coalesce into aries, which d|V|<_je the (X1)-O structure into _small

a large domain of the(2x 2)-0O structure upon further flash patchgs, are cqn5|dered to form due to th? relaxation of sur-
heating in UHV [Fig. 1(f)]. The protrusions of thes(2 face distortion induced by oxygen adsorption.

X 2)-0 structure are larger than those of Nb atoms on the o

(3X1)-0 and (4x 1)-O structure and are located at the hol- E. Oxidation process of Ni{100) surface

low position between four Nb atoms. Thus, tbg2x2)-O On the basis of the above STM observations and struc-
structure is interpreted as resulting from oxygen chemisorptural models, the oxidation process of (4160) at 300 K is
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interpreted as followsli) Exposure to 0.2-0.4 L of oxygen bined AES, LEED, and STM. The oxygen-induced (3
results in thec(2x2)-O structure[Fig. 2@]. Oxygen is  x1)-0, (4x1)-0, c(2x2)-0, andclean (1x 1) structures
dissociatively chemisorbed with(2X2) periodicity at the  are sequentially observed on the (W00 surface at atomic
hollow position between four Nb atoms on the B0 sur-  yesolution during thermal cleaning in UHV at temperatures
face in this stagFig. 4(c)]. (ii) Increasing oxygen exposure fom 1970 to 2500 K. The (& 1)-O structure consists of the
from 0.4 to 1.5 L results in & conversion fromi2x2)-O 10 pariggically parallel sticks composed of the pairs of Nb at-
(1x1)-O[Figs. 2b) and Zc)]. This reveals that the 0Xygen s and is explained in terms of the epitaxial growth of
atoms occupy all the hollow positions between four Nb at'NbO(lOO) nanocrystals with a side-to-side arrangement on

oms on the NHLOO) surface[Fig. 4(d)]. (iii ) Further increase .
of the amount of oxygen exposure to above 1.5 L causes thNb(lOO) due to the misfit of NbCLOO/Nb(100. For each

. . . Stick of NbQ(100) nanocrystal, on€011) direction is parallel
formation of the clusterlike structurdd=igs. 2d) and 2e)]. A
The clusterlike structure grows with increasing oxygen ex 0 one(010 direction of the Ni100 plane. The (41)-O

posure up to 64 L and its STM images are obtained at highe?tructure also consists of the periodically parallel sticks of
bias voltages up to 1.0 [Fig. 2f)]. Riedef reported that the NPO(100) nanocrystals similar to those of £3L)-O struc-
NbO and NbQ oxides formed on the N&10) surface after ture. However, the periodic interval of the sticks becomes
exposure to 1.7-5.5 L of oxygen at room temperature an!ﬁrger, from three to four times the interatomic distance on
further exposure to 5.5-300 L of oxygen resulted in the for-"® NH100 plane, and the length of the sticks becomes 2-3
mation of NbOs oxide. Franchyet al suggested that NbO t|m§§ longer than that on the §<5'1)-O structure, due to the
and NbQ clusters were first formed on the K10 surface  2dditional removal of NbO oxide from the {31)-O struc-
on exposure to oxygen at 300 K and the,9b islands were ture and the relaxation of the strains induced by the misfit of
formed upon further exposure. It was aiso reported that th&lPO/Nb. Thec(2x2)-O structures form on the sticks of the
NbO oxide presents metallic properties, while the oxygen{4>1)-O structure and coalesce into a large domain. The
rich oxides, such as NbCand NbOs, have semiconductive protrusion of thec(2Xx 2)-0O structure is Io_cated at the hol-
and insulative properties, respectivéli® Thus, the cluster- low position between four Nb atoms and is larger than those
like structure formed in this stage is considered to be com@f Nb atoms on the (41)-O andclean (Ix1) structures.
posed of amorphous NbO and Np©xides. These cluster- 1hUS, thec(2x2)-O structure is interpreted as resulting
like amorphous structures are changed into the {3-O from the oxygen chemisorption at the hoIIow_ positions be-
structure upon heating in UHV at temperatures above 870 Kween four Nb atoms of the NBOO) surface withc(2X2)
This reveals that the amorphous NbO and NiRides are  Periodicity. .
crystallized into epitaxial NbO nanocrystals via the dissolu- N the oxidation at 300 K, the clean 1) structure is
tion of oxygen into the bulk metal during heating in UHv, Seéquentially converted into the(2x2)-O and (1x1)-O
The oxidation process of Nb0O) at 900 K is found to be structures by exposure to 0.2—1.5 L of oxygen and into the
different from that at 300 K, and is interpreted as follows. clusterlike structure by exposure to 1.5-64 L of oxygen. The
Exposure to 0.2-0.6 L of oxygen also results in t(@ (1X1)-0O structure consists of small §1)-O patches, re-
% 2)-0 structure[Fig. 3(@)]. It reveals that the behavior of sulting from the relaxation of surface distortion induced by
oxygen in the first stage of oxygen exposure at 900 K PXYgen adsorption. The clusterlike structure results from the
similar to that at 300 K(ii) Increase of the oxygen exposure 9rowth of amorphous oxides of NbO and NpQwhich are
from 0.6 to 1.5 L results in a conversion frozi2 x 2)-O to crystallged into the (¥1)-0 structure via the dissolution of.
(4% 1)-0 [Fig. 3b)]. This reveals that the (41)-O struc-  ©Xygen into the bulk metal during heating at above 870 K in
ture is more thermodynamically stable than thex(t)-O UHV. In the oxidation at 900 K, on the other hand, the clean
structure.(iii) Further increase of the oxygen exposure to(1X1) structure is sequentially converted into tio€2
above 1.5 L results in the (31)-OstructurdFig. 3¢)]. The ~ <2)-Oand (4<1)-Ostructures by exposure to 0.2-1.5 L of
(3x1)-O structure is stable at least up to 300 L. This is©Xygen and into the (81)-O structure by exposure to 1.5—
consistent with the SIMS result that only the NbO oxide was300 L of oxygen. These indicate that epitaxial NbO oxide
produced on the Nb surface after oxidation in low-pressurdows on the surface during oxidation at elevated tempera-
oxygen at 900 K These results reveal that epitaxial NbO tures due to the diffusion of oxygen into the bulk metal,
oxide grows on the surface during oxidation at elevated tem?hile amorphous oxides form on the surface during oxida-
peratures due to the diffusion of oxygen into the bulk metalion at room temperature due to the difficulty of oxygen dif-
while amorphous oxides are formed on the surface durindUSion-

oxidation at room temperature due to the difficulty of oxygen Based on the above systematic real space observations,
diffusion. atomic models for the oxygen-induced X3)-O, (4

X 1)-0, c(2X2)-0, and (1x1)-O structures on N{E.00

are proposed and the atomic-scale oxidation processes of the

Nb(100 surface at 300 and 900 K are discussed. Finally,
We have studied the surface structures formed on #heoretical simulations about these atomic models would be

Nb(100 single crystal during thermal cleaning in UHV and necessary to provide more convincing information on this

oxidation in low-pressure oxygen at 300 and 900 K, by com-technologically important system.

V. CONCLUSION
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