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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 electron
diffraction, we find about 17% metal vacancies on the oxygen-covered Cr(100) surface. The oxygen
atoms occupy all the hollow sites of the first layer, including those neighboring a Cr vacancy. We argue
that the vacancy formation is energetically favored and not caused by stress but by electronic effects.
[S0031-9007(98)08211-8]

PACS numbers: 68.35.Bs, 68.35.Dv, 82.65.My

Because of the high vacancy formation energy [1],conditions, it is possible to prepare a surface covered al-
the existence of isolated vacancies on metal surfaces mmost exclusively with one segregant [9], which is oxy-
usually restricted to conditions far from thermodynamicgen after N depletion and annealing to temperatures near
equilibrium (e.g., sputtering at low temperatures). Thed00 °C. AES indicates that O reaches its saturation cover-
only thermodynamically stable arrangements of vacancieage av00 °C, this coverage is about one monolayer. STM
at metal surfaces known so far are vacancies clusterachages (Fig. 1a) of this surface show “holes,” i.e., depres-
to rows or other structures, such as in the missing rovsions appearing about 50 pm deep. The holes make up for
reconstructions of fcc(110) surfaces. In the present Lettegpproximately 17% of all lattice sites; in all other equiva-
we report on oxygen-induced formation isblatedmetal lent lattice sites protrusions are visible. The holes show
vacancies on the Cr(100) surface. This “atomic-scalenly some short range ordering, in a few places forming
pitting” is in sharp contrast to the macroscopic oxidationa (v/5 X +/5)R27° superstructure; the order is too weak
behavior of Cr, which gains its exceptional corrosionto result in well-defined peaks in either the Fourier trans-
resistance from a smooth protective oxide layer. form of the STM image or the LEED pattern. Annealing

All measurements were performed at room temperaturat lower temperature leads to less oxygen (as measured
in UHV with a base pressure belol®'° mbar; with one by AES) and fewer holes, and shows that such holes ap-
UHV system for scanning tunneling microscopy (STM) pear only at oxygen concentrations above a threshold of ap-
and low-energy ion scattering (LEIS) and a separate UH\proximatelyl /3 of the saturation coverage. While oxygen
system with a mu metal chamber for quantitative low-atoms are usually imaged as depressions (holes) in STM,
energy electron diffraction (LEED). Auger electron spec-we do not expect to find oxygen in what one usually con-
troscopy (AES) was used in both UHV systems to ensuraiders metal positions. As the number of holes observed
that the sample composition was the same for STM/LEISs significantly lower than the oxygen coverage, the inter-
and LEED. STM constant current topographs were obpretation of the holes as oxygen positions is unlikely.
tained with negative sample bias, using an electrochemi- In previous work, we have shown that the pure Cr(100)
cally etched tip. The procedure for acquisition of LEED surface is imaged by STM with inverse corrugation (atoms
spot intensities is the same as described in Ref. [2], the exappear as depressions) [2,9]. If we had inverse corrugation
perimental data used are seven nonequivalent beams wisttso on the oxygen-covered surface, the holes would be in
a total energy range of approximately 1550 eV. For thefourfold hollow sites. Inverse corrugation was attributed
LEED calculations we have used the van Hove subrouto the surface state of Cr(100) near the Fermi level [10].
tines [3]. We have used the averagmatrix (ATA) ap- The p(1 X 1) N/Cr(100) surface, which does not show
proximation [4] to account for layers not fully occupied this surface state, is imaged with regular corrugation (Cr
by one species (i.e., mixing thematrices of the atom and atoms appear as protrusions) [2]. STM spectroscopy does
of a vacancy, the latter being zero), an approach alreadyot show this surface state on the O-covered surface either,
successfully used for nonstoichiometric carbides [5]. Anindicating regular corrugation there. The holes should
automated search algorithm [6] based on the tensor LEEEherefore reside in Cr sites.
approximation [7] was used to find the best-fit structure This is confirmed by images showing both O-induced
minimizing the PendrR-factor. Error estimates are based holes and the:(2 X 2) nitrogen superstructure (Fig. 1b).
on the variance oRp [8] and include the effects of cou- As the N atoms are known to reside in fourfold hollow
pling of all parameters, including the Debye temperaturesites [2], the two lines in Fig. 1b pass over hollow and
of O and the first Cr layer. bridge sites, but between the holes. Therefore the holes

The results were obtained on a Cr(100) single crystalin Figs. 1a and 1b are truly in the positions of Cr atoms.
Upon annealing, bulk impurities, such as C, O, and N seg- STM images taken afteadsorptionof oxygen at room
regate to the surface. Choosing appropriate preparaticiemperature (RT) on pure Cr(100) show that O atoms are
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imaged as depressions (Fig. 2a). With increasing O doséimpact collision ion scattering spectroscopy, ICISS) [11].
the density of these depressions increases and patches aba pure Cr(100), ICISS with 5 keV Neshows a sharp
p(1 X 1) superstructure form. In these patches, we findise of the count rate at the critical angle @f. =
the same kind of holes as described above (Fig. 2b). A$6°, where the nearest neighbor Cr atoms emerge from
the holes mark lattice positions of Cr atoms, the imageshe shadow cone (Fig. 3). With saturation coverage of
show that O resides in fourfold hollow sites as one wouldsegregated oxygen, we find a shoulder in the range of
expect for such a surface. the critical angle expected for the double Cr-Cr distance
Low-energy ion scattering with keV He" ions, 90° (. = 10°). This result is in agreement to Cr vacancies
scattering angle and incidence angleselow 30° (with  on the surface. It should be noted, however, that the
respect to the surface plane) on Cr(100) with eithedCISS data alone could be also interpreted in other ways,
segregated or adsorbed oxygen shows an oxygen signalg., assuming a large buckling of the first layer.
stronger in[001] azimuth than inf[011]. This confirms For a confirmation of the vacancy model, we have
oxygen in fourfold hollow sites. employed quantitative LEED. Without allowing for
As a first test whether the holes could be vacanciesyacancies in the Cr lattice, but otherwise searching
we performed incidence-angle dependent ion scatterinfpr the best fit between experiment and calculation,
we get a PendryR-factor of Rp = 0.180. Allowing
for disordered vacancies in the Cr layer, and again
minimizing all geometrical parameters results in 20% Cr
vacancies and an improvelp = 0.154, the resulting
geometrical parameters are shown in Fig. 4(a). Given
the accuracy expected for LEED and the fact that LEED
and STM were done in separate UHV chambers, the
agreement between the Cr vacancy concentrations derived
by LEED and STM (17%) is excellent. The variance of
Rp [8] is 0.024, indicating that a full occupation of the
first Cr layer is slightly outside the error bars of the LEED

O/Cr(100)

FIG. 1. STMimageg10 X 10 nn?) of the Cr(100) surface at
(a) saturation coverage of segregated oxygen with (y® X
V5)R27° cells marked and (b) domains ef2 X 2) segregated

N coexisting with saturated oxygen covered domains. Since
N is known to reside in fourfold hollow positions [2], the FIG. 2. STM images of the Cr(100) surface (10 nm wide)
two black lines show that the “holes” (vacancies) in the brightafter adsorption of approximately (a) 0.7 L and (b)LO,
oxygen-covered areas are in Cr positions. N sites are probablyl L = 1.33 X 107® mbar 9. White arrows point at “holes”
imaged as depressions (dark), but the same result would bgacancies) appearing in the(l X 1) regions. The (anti-)-
obtained with N appearing as protrusions. Arrows indicate thecorrugation of the pure Cr areas is too weak to be visible
[001] and[010] directions. Tunneling voltage and current are (<5 pm). Tunneling parameters are (a)0.5 mV/0.5 nA and

(a) —0.19 V/8nA and (b)—0.46 V/6 nA. (b) —0.5 mV/1.2 nA.
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study. As we have the experience that the variandpof tering events. Therefore, thR-factor does not depend
applied to ATA concentrations is a rather pessimistic errosensitively on the in-plane coordinates of the Cr atoms.
estimate [12], it is a strong confirmation of the existenceNevertheless, the error bars are sufficiently small to show
of Cr vacancies. Allowing for partial occupation in the the absence of large in-plane motions of the Cr atoms
oxygen layer does not improve this result, indicating thatFig. 4b). Since the LEED data are not sufficiently sen-
all fourfold hollow sites, including these adjacent to asitive to the in-plane coordinates of the O atoms, these
Cr vacancy, are occupied by oxygen. TRefactor in  positions are assumed to form a regular square lattice.
the present study is close to that obtained £ X 2)N Having established the existence of Cr vacancies, we
on the same crystdRp = 0.16) [2], indicating that itis have to find out the driving force of reconstruction,
about the minimum achievable with the given setup and.e., why the vacancies are formed. As neither pure
crystal. The lowR-factor also rules out structural models nor N-covered Cr(100) nor any other unreconstructed
deviating significantly from the one presented here, e.gmetal surface studied by us so far shows any signs of
subsurface oxygen. metal vacancies, the formation of isolated Cr vacancies
We have also performed a fit of the LEED data withis a specific property of the Zr(100) surface. The
a (/5 X +/5)R27° structure model (Fig. 4b), which has vacancies form at both room temperature and at elevated
exactly the same Cr vacancy concentration as the bestemperature, and therefore cannot be due to kinetic
fit ATA result (20%). Only integer beams have beenlimitations. This rules out vacancy formation by removal
used. This results in aR-factor of Rp = 0.161, reflect-  of Cr atoms for the creation of oxide islands (only found
ing the fact that the structure is actually not well orderedat room temperature) or sublimation of Cr @80 °C.
Nevertheless, further confirmation of the vacancy modelhe structure is not sensitive to the cooldown rate, also
comes from the calculated /5,2/5) and(1/5,3/5) su- indicating that we study the thermodynamic equilibrium
perstructure spots showing pronounced maxima at 1l2onfiguration frozen in at some temperature between
and 206 eV, in good agreement to the only energies wherg00 °C and RT. Given the pronounced short-range order
we have seen very weak and fuz@y5 X +/5)R27° su-  of the vacancies, we also do not believe entropy to play
perstructure peaks on the LEED screen (108 and 204 eVa major role. Therefore, the vacancies must be favored
Further results of this model are a buckling in the O layerenergetically.
and the first Cr layer; but these values have very large One possible reason for vacancy formation could be
error bars about the same size as the respective bucklirmpmpressive surface stress caused by the additional space
amplitudes. The in-plane motiong and y; of the Cr required for the oxygen atoms. The O atoms occupy
atoms surrounding a vacancy (Fig. 4b) are almost zerquositions almost coplanar with the first-layer Cr atoms,
As the actual structure shows orltycal (v/5 X +/5)R27°  nevertheless, the fourfold hollow sites of the bcc lattice
order, so we could not use any superstructure beams faffer much space for the O atoms. The sum of covalent
the fit, the latter result stems only from multiple scat-
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FIG. 3. Incidence angle dependent ion scattering signal fronirlG. 4. Structure models employed in the LEED analysis
the pure and oxygen-covered Cr(100) surfaces. The geometipgether with the best-fit results for the parameters, assuming
at 10° and 16° incidence is shown above. The scattering angle(a) disordered vacancies and ()/5 X ~/5)R27° ordered
was90°. vacancies (corners of the square unit cell).
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Cr and O radii is 191 pm, the sum of ionic’O and neither the atomic radii nor the comparison with bulk
Cr** radii approximately 215 pm. As we do not assumestructures or the in-plane relaxations of the Cr atoms point
the system to be fully ionic, the actual Cr-O distanceto compressive stress as a driving force of the vacancy
of 205 pm should be enough to accommodate the @ormation, electronic effects similar to those in bulk NaCl-
atoms. A further argument against compressive stress type transition metal compounds are suggested as a reason
the absence of large motion of the Cr atoms towards théor the vacancy formation.
vacancies. We would like to thank U. Diebold and R. Pod-
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p(1 X 1) C/MoReg100) [14] have been successfully and his group for supplying the LEED computer pro-
related to bulk compounds with NaCl crystal structure likegrams and their help implementing them. This work
CrN and MoC, no such chromium oxide was found [15].was supported by thé&onds zur Foérderung der Wis-
The large outward relaxation of the first Cr layer andsenschaftlichen Forschun(START Program No. Y-75
the adsorbate positions are very similar to @ X 1)  and Project No. P10492).
N/Cr(100) structure [13], however. Comparison with
NaCl-type oxides and nitrides of the elements neighboring
Cr in the periodic table (Ti,V) can be used to estimate
that a hypothetical NaCl type CrO should have a lattice
constant of approximately 408 pm, perfectly fitting the ~ *Present address: Department of Physics, Tulane
Cr(100) lattice (v2ac; = 408 pm). This can be seen University, New Orleans, LA 70118. , ,
as another argument against compressive stress in the '/¢Sent —address: Institut fur  Halbleiterphysik,
first layer of p(1 X 1) O/Cr(100), as it is structurally Joh_annes-KepIer Universitat Linz, A-4040 Linz, Austria.

. [1] Typically, between 0.3 and> 1 eV, see, e.g., H.M.

equivalent to a (100) monolayer of an NaCl type CrO. Polatoglou, M. Methfessel, and M. Scheffler, Phys. Rev.

The S|m|la.r|ty of the first Iay_er to NaCl type bulk_ B 48, 1877 (1993).
structures points us to a mechanism for vacancy formation[2] M. Spornet al., Surf. Sci.396, 78 (1998).
in bulk crystals [16]. Whereas bulk carbides tend to [3] M.A. Van Hove and S.Y. TongSurface Crystallogra-
form carbon vacancies, oxides form vacancies in both  phy by LEED Springer Series in Chemical Physics 2
sublattices. The nitrides fall somewhere in between.  (Springer, Berlin, 1979).
For NhX (X = C, N, O) this fact was explained as a [4] F. Jona et al, Phys. Rev. Lett.40, 1466 (1978);
consequence of increased filling of nonbonding states with Y- Gauthier, Y. Joly, R. Baudoing, and J. Rundgren,
an increasing number of electrons in thiesublattice [16]. Phys. Rev. B31, 6216 (1985). .
Cr contributes one moré-electron than Nb to the valance [°] J- Rundgren, Y. Gauthier, and L.1. Johansson, Surf. Sci.
band formed from the nonmetal-and metald electrons. 389 251 (1997).

f

. . [6] M. Kottcke and K. Heinz, Surf. Sci376, 352 (1997).
Therefore, this effect should be more pronounced in NaCl- [7] P.J. Rouset al., Phys. Rev. Lett57, 2951 (1986); P.J.

type Cr compounds. The surface structures obviously’ * Rrous, Prog. Surf. ScB9, 3 (1992); R. Déll, M. Kottcke,
follow the same trend, as Cr vacancies are present only  and K. Heinz, Phys. Rev. B8, 1973 (1993).
in the oxygen-covered Cr(100) surface, but nopifi X [8] J.B. Pendry, J. Phys. €3, 937 (1980).
1) N/Cr(100) [9]. We therefore suggest that similar [9] M. Schmid, M. Pinczolits, W. Hebenstreit, and P. Varga,
electronic effects as in the bulk are responsible for the  Surf. Sci.377-379 1023 (1997).
formation of Cr vacancies in the(1 X 1) O/Cr(100) [10] J.A. Stroscicet al., Phys. Rev. Lett75, 2960 (1995).
structure and possibly also the nonexistence of an Nadtl] H. Niehus, W. Heiland, and E. Taglauer, Surf. Sci. Rep.
type bulk CrO. 17,213 (1993). .

To conclude, on the Cr(100) surface covered with12] M- Spornet al., Surf. Sci.416 423 (1998).
one monolayer oxygen we observe a chromium vacancg/ls] Y. Joly, ¥. Gauthier, and R. Baudoing, Phys. Reva@,

. . . 10119 (1989); Y. Joly, Phys. Rev. Le@8, 950 (1992).
concentration of about 17% in the first monolayer. The[14] M. Kottcke et al., Surf. Sci.352-354 592 (1996).
existence of Cr vacancies was shown by STM, low-energy; 5] w. J. Kramers and J. R. Smith, Trans. Br. Ceram. S6¢.
ion scattering and quantitative LEED. Cr vacancies were ~ 590 (1957).
obtained after both room temperature adsorption ef O[16] H. Erschbauer, R. Podloucky, and A. Neckel, J. Phys. F
and segregation of O at high temperature. Whereas 15, L279 (1985).

358



