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Oxygen-Induced Vacancy Formation on a Metal Surface
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Using scanning tunneling microscopy, low-energy ion scattering, and quantitative low-energy electro
diffraction, we find about 17% metal vacancies on the oxygen-covered Cr(100) surface. The oxyge
atoms occupy all the hollow sites of the first layer, including those neighboring a Cr vacancy. We argu
that the vacancy formation is energetically favored and not caused by stress but by electronic effec
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Because of the high vacancy formation energy [1
the existence of isolated vacancies on metal surfaces
usually restricted to conditions far from thermodynam
equilibrium (e.g., sputtering at low temperatures). Th
only thermodynamically stable arrangements of vacanc
at metal surfaces known so far are vacancies cluste
to rows or other structures, such as in the missing ro
reconstructions of fcc(110) surfaces. In the present Lett
we report on oxygen-induced formation ofisolatedmetal
vacancies on the Cr(100) surface. This “atomic-sca
pitting” is in sharp contrast to the macroscopic oxidatio
behavior of Cr, which gains its exceptional corrosio
resistance from a smooth protective oxide layer.

All measurements were performed at room temperatu
in UHV with a base pressure below10210 mbar; with one
UHV system for scanning tunneling microscopy (STM
and low-energy ion scattering (LEIS) and a separate UH
system with a mu metal chamber for quantitative low
energy electron diffraction (LEED). Auger electron spe
troscopy (AES) was used in both UHV systems to ensu
that the sample composition was the same for STM/LE
and LEED. STM constant current topographs were o
tained with negative sample bias, using an electrochem
cally etchedW tip. The procedure for acquisition of LEED
spot intensities is the same as described in Ref. [2], the
perimental data used are seven nonequivalent beams w
a total energy range of approximately 1550 eV. For th
LEED calculations we have used the van Hove subro
tines [3]. We have used the averaget-matrix (ATA) ap-
proximation [4] to account for layers not fully occupied
by one species (i.e., mixing thet matrices of the atom and
of a vacancy, the latter being zero), an approach alrea
successfully used for nonstoichiometric carbides [5]. A
automated search algorithm [6] based on the tensor LE
approximation [7] was used to find the best-fit structu
minimizing the PendryR-factor. Error estimates are base
on the variance ofRP [8] and include the effects of cou-
pling of all parameters, including the Debye temperatur
of O and the first Cr layer.

The results were obtained on a Cr(100) single cryst
Upon annealing, bulk impurities, such as C, O, and N se
regate to the surface. Choosing appropriate preparat
0031-9007y99y82(2)y355(4)$15.00
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conditions, it is possible to prepare a surface covered
most exclusively with one segregant [9], which is oxy
gen after N depletion and annealing to temperatures n
900 ±C. AES indicates that O reaches its saturation cov
age at900 ±C, this coverage is about one monolayer. ST
images (Fig. 1a) of this surface show “holes,” i.e., depre
sions appearing about 50 pm deep. The holes make up
approximately 17% of all lattice sites; in all other equiva
lent lattice sites protrusions are visible. The holes sho
only some short range ordering, in a few places formin
a s

p
5 3

p
5dR27± superstructure; the order is too wea

to result in well-defined peaks in either the Fourier tran
form of the STM image or the LEED pattern. Annealin
at lower temperature leads to less oxygen (as measu
by AES) and fewer holes, and shows that such holes
pear only at oxygen concentrations above a threshold of
proximately1y3 of the saturation coverage. While oxyge
atoms are usually imaged as depressions (holes) in ST
we do not expect to find oxygen in what one usually co
siders metal positions. As the number of holes observ
is significantly lower than the oxygen coverage, the inte
pretation of the holes as oxygen positions is unlikely.

In previous work, we have shown that the pure Cr(10
surface is imaged by STM with inverse corrugation (atom
appear as depressions) [2,9]. If we had inverse corrugat
also on the oxygen-covered surface, the holes would be
fourfold hollow sites. Inverse corrugation was attribute
to the surface state of Cr(100) near the Fermi level [10
The ps1 3 1d NyCrs100d surface, which does not show
this surface state, is imaged with regular corrugation (
atoms appear as protrusions) [2]. STM spectroscopy d
not show this surface state on the O-covered surface eith
indicating regular corrugation there. The holes shou
therefore reside in Cr sites.

This is confirmed by images showing both O-induce
holes and thecs2 3 2d nitrogen superstructure (Fig. 1b)
As the N atoms are known to reside in fourfold hollow
sites [2], the two lines in Fig. 1b pass over hollow an
bridge sites, but between the holes. Therefore the ho
in Figs. 1a and 1b are truly in the positions of Cr atoms

STM images taken afteradsorptionof oxygen at room
temperature (RT) on pure Cr(100) show that O atoms a
© 1999 The American Physical Society 355
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imaged as depressions (Fig. 2a). With increasing O do
the density of these depressions increases and patches
ps1 3 1d superstructure form. In these patches, we fin
the same kind of holes as described above (Fig. 2b).
the holes mark lattice positions of Cr atoms, the imag
show that O resides in fourfold hollow sites as one wou
expect for such a surface.

Low-energy ion scattering with1 keV He1 ions, 90±

scattering angle and incidence anglesc below 30± (with
respect to the surface plane) on Cr(100) with eith
segregated or adsorbed oxygen shows an oxygen sig
stronger inf001g azimuth than inf011g. This confirms
oxygen in fourfold hollow sites.

As a first test whether the holes could be vacancie
we performed incidence-angle dependent ion scatteri

FIG. 1. STM imagess10 3 10 nm2d of the Cr(100) surface at
(a) saturation coverage of segregated oxygen with twos

p
5 3p

5dR27± cells marked and (b) domains ofcs2 3 2d segregated
N coexisting with saturated oxygen covered domains. Sin
N is known to reside in fourfold hollow positions [2], the
two black lines show that the “holes” (vacancies) in the brigh
oxygen-covered areas are in Cr positions. N sites are proba
imaged as depressions (dark), but the same result would
obtained with N appearing as protrusions. Arrows indicate th
f001g and f010g directions. Tunneling voltage and current ar
(a) 20.19 Vy8 nA and (b)20.46 Vy6 nA.
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(impact collision ion scattering spectroscopy, ICISS) [11
On pure Cr(100), ICISS with 5 keV Ne1 shows a sharp
rise of the count rate at the critical angle ofcc ­
16±, where the nearest neighbor Cr atoms emerge fro
the shadow cone (Fig. 3). With saturation coverage
segregated oxygen, we find a shoulder in the range
the critical angle expected for the double Cr-Cr distan
scc ­ 10±d. This result is in agreement to Cr vacancie
on the surface. It should be noted, however, that t
ICISS data alone could be also interpreted in other wa
e.g., assuming a large buckling of the first layer.

For a confirmation of the vacancy model, we hav
employed quantitative LEED. Without allowing for
vacancies in the Cr lattice, but otherwise searchi
for the best fit between experiment and calculatio
we get a PendryR-factor of RP ­ 0.180. Allowing
for disordered vacancies in the Cr layer, and aga
minimizing all geometrical parameters results in 20% C
vacancies and an improvedRP ­ 0.154, the resulting
geometrical parameters are shown in Fig. 4(a). Giv
the accuracy expected for LEED and the fact that LEE
and STM were done in separate UHV chambers, t
agreement between the Cr vacancy concentrations deri
by LEED and STM (17%) is excellent. The variance o
RP [8] is 0.024, indicating that a full occupation of the
first Cr layer is slightly outside the error bars of the LEED

FIG. 2. STM images of the Cr(100) surface (10 nm wide
after adsorption of approximately (a) 0.7 L and (b)2 L O2
s1 L ­ 1.33 3 1026 mbar sd. White arrows point at “holes”
(vacancies) appearing in theps1 3 1d regions. The (anti-)-
corrugation of the pure Cr areas is too weak to be visib
s,5 pmd. Tunneling parameters are (a)20.5 mVy0.5 nA and
(b) 20.5 mVy1.2 nA.
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study. As we have the experience that the variance ofRP

applied to ATA concentrations is a rather pessimistic err
estimate [12], it is a strong confirmation of the existenc
of Cr vacancies. Allowing for partial occupation in the
oxygen layer does not improve this result, indicating th
all fourfold hollow sites, including these adjacent to
Cr vacancy, are occupied by oxygen. TheR-factor in
the present study is close to that obtained forcs2 3 2dN
on the same crystalsRP ­ 0.16d [2], indicating that it is
about the minimum achievable with the given setup a
crystal. The lowR-factor also rules out structural model
deviating significantly from the one presented here, e.
subsurface oxygen.

We have also performed a fit of the LEED data wit
a s

p
5 3

p
5dR27± structure model (Fig. 4b), which has

exactly the same Cr vacancy concentration as the be
fit ATA result (20%). Only integer beams have bee
used. This results in anR-factor of RP ­ 0.161, reflect-
ing the fact that the structure is actually not well ordere
Nevertheless, further confirmation of the vacancy mod
comes from the calculateds1y5, 2y5d and s1y5, 3y5d su-
perstructure spots showing pronounced maxima at 1
and 206 eV, in good agreement to the only energies wh
we have seen very weak and fuzzys

p
5 3

p
5dR27± su-

perstructure peaks on the LEED screen (108 and 204 e
Further results of this model are a buckling in the O lay
and the first Cr layer; but these values have very lar
error bars about the same size as the respective buck
amplitudes. The in-plane motionsx1 and y1 of the Cr
atoms surrounding a vacancy (Fig. 4b) are almost ze
As the actual structure shows onlylocal s

p
5 3

p
5dR27±

order, so we could not use any superstructure beams
the fit, the latter result stems only from multiple sca
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FIG. 3. Incidence angle dependent ion scattering signal fro
the pure and oxygen-covered Cr(100) surfaces. The geome
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tering events. Therefore, theR-factor does not depend
sensitively on the in-plane coordinates of the Cr atoms
Nevertheless, the error bars are sufficiently small to show
the absence of large in-plane motions of the Cr atom
(Fig. 4b). Since the LEED data are not sufficiently sen
sitive to the in-plane coordinates of the O atoms, thes
positions are assumed to form a regular square lattice.

Having established the existence of Cr vacancies, w
have to find out the driving force of reconstruction,
i.e., why the vacancies are formed. As neither pure
nor N-covered Cr(100) nor any other unreconstructe
metal surface studied by us so far shows any signs o
metal vacancies, the formation of isolated Cr vacancie
is a specific property of the OyCrs100d surface. The
vacancies form at both room temperature and at elevate
temperature, and therefore cannot be due to kineti
limitations. This rules out vacancy formation by removal
of Cr atoms for the creation of oxide islands (only found
at room temperature) or sublimation of Cr at900 ±C.
The structure is not sensitive to the cooldown rate, als
indicating that we study the thermodynamic equilibrium
configuration frozen in at some temperature betwee
900 ±C and RT. Given the pronounced short-range orde
of the vacancies, we also do not believe entropy to pla
a major role. Therefore, the vacancies must be favore
energetically.

One possible reason for vacancy formation could b
compressive surface stress caused by the additional spa
required for the oxygen atoms. The O atoms occup
positions almost coplanar with the first-layer Cr atoms
nevertheless, the fourfold hollow sites of the bcc lattice
offer much space for the O atoms. The sum of covalen

FIG. 4. Structure models employed in the LEED analysis
together with the best-fit results for the parameters, assumin
(a) disordered vacancies and (b)s

p
5 3

p
5dR27± ordered

vacancies (corners of the square unit cell).
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Cr and O radii is 191 pm, the sum of ionic O22 and
Cr21 radii approximately 215 pm. As we do not assum
the system to be fully ionic, the actual Cr-O distanc
of 205 pm should be enough to accommodate the
atoms. A further argument against compressive stress
the absence of large motion of the Cr atoms towards t
vacancies.

Whereas structures likeps1 3 1d NyCrs100d [13] and
ps1 3 1d CyMoRes100d [14] have been successfully
related to bulk compounds with NaCl crystal structure lik
CrN and MoC, no such chromium oxide was found [15
The large outward relaxation of the first Cr layer an
the adsorbate positions are very similar to theps1 3 1d
NyCrs100d structure [13], however. Comparison with
NaCl-type oxides and nitrides of the elements neighbori
Cr in the periodic table (Ti, V) can be used to estima
that a hypothetical NaCl type CrO should have a lattic
constant of approximately 408 pm, perfectly fitting th
Cr(100) lattice s

p
2aCr ­ 408 pmd. This can be seen

as another argument against compressive stress in
first layer of ps1 3 1d OyCrs100d, as it is structurally
equivalent to a (100) monolayer of an NaCl type CrO.

The similarity of the first layer to NaCl type bulk
structures points us to a mechanism for vacancy format
in bulk crystals [16]. Whereas bulk carbides tend
form carbon vacancies, oxides form vacancies in bo
sublattices. The nitrides fall somewhere in betwee
For NbX sX ­ C, N, Od this fact was explained as a
consequence of increased filling of nonbonding states w
an increasing number of electrons in theX sublattice [16].
Cr contributes one mored-electron than Nb to the valance
band formed from the nonmetal-p and metal-d electrons.
Therefore, this effect should be more pronounced in NaC
type Cr compounds. The surface structures obviou
follow the same trend, as Cr vacancies are present o
in the oxygen-covered Cr(100) surface, but not inps1 3

1d NyCrs100d [9]. We therefore suggest that simila
electronic effects as in the bulk are responsible for t
formation of Cr vacancies in theps1 3 1d OyCrs100d
structure and possibly also the nonexistence of an Na
type bulk CrO.

To conclude, on the Cr(100) surface covered wi
one monolayer oxygen we observe a chromium vacan
concentration of about 17% in the first monolayer. Th
existence of Cr vacancies was shown by STM, low-ener
ion scattering and quantitative LEED. Cr vacancies we
obtained after both room temperature adsorption of O2
and segregation of O at high temperature. Where
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neither the atomic radii nor the comparison with bul
structures or the in-plane relaxations of the Cr atoms po
to compressive stress as a driving force of the vacan
formation, electronic effects similar to those in bulk NaCl
type transition metal compounds are suggested as a rea
for the vacancy formation.
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