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Adsorbate vibrations and substrate surface phonons ofp„232…O/Mo„110…

J. Kröger, S. Lehwald, and H. Ibach
Institut für Grenzflächenforschung und Vakuumphysik des Forschungszentrums Ju¨lich, D-52425 Ju¨lich, Germany

~Received 18 November 1997!

We investigated the systemp(232)O/Mo(110) by electron energy-loss spectroscopy. The specular spectra
of the orderedp(232) superstructure reveal an intense loss peak at 519 cm21, which corresponds to the
perpendicular vibration of the O atoms adsorbed in the long bridge site. Increasing O coverage or hydrogen
coadsorption causes a site conversion towards the triply coordinated hollow site. Measurements of the disper-
sion curves of the molybdenum Rayleigh wave and the longitudinal mode do not show any significant change
compared to the clean surface. This fact is surprising because the experimentally observed Fermi surface of the
p(232) superstructure should favor Fermi-surface nesting and hence an anomalous softening of the frequen-
cies of the surface phonon modes, as previously observed for the hydrogen-saturated Mo~110! surface.
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I. INTRODUCTION

Hulpke and Lu¨decke1–3 reported on a huge phono
anomaly for the hydrogen-saturated Mo~110! surface ob-
served by helium atom scattering~HAS!. They found a shal-
low and a deep dip in the dispersion curve of surface pho
modes at an incommensurate wave vector along theḠH̄ di-
rection of the surface Brillouin zone~SBZ! and a lowering of
the phonon frequencies close to theS̄ point. Using electron-
energy-loss spectroscopy~EELS! we were able to assign th
shallow dip to the Rayleigh wave~RW! and showed that the
longitudinal mode~LM ! likewise exhibits a softening of the
frequency at the same critical wave vectors.4 The deep in-
dentation was not observed with EELS, which is proba
due to the different scattering mechanism; while the el
trons interact with the nuclei of the substrate the helium
oms are scattered by the potential of the surrounding elec
cloud. Consequently the latter mechanism is more sens
to changes in the electronic configuration, e.g., electron-h
pair excitations to which the deep dip was eventua
assigned.4–8 Bungaro, de Gironcoli, and Kevan9 suggested as
an alternative explanation that the deep indentation migh
connected with a plasmonlike motion of the H atoms. T
explanation is somewhat doubtful because the H adatom
Mo~110! seem to be rather localized.4

The frequency softening of the surface phonons is c
rently interpreted as a Kohn-anomaly due to quasi-o
dimensional Fermi-surface nesting.5,7,8 Calculations founded
on density-functional theory~DFT! show that the Fermi sur
faces of surface states of the saturated (131)H/Mo(110)
surface allow for a strong Fermi-surface nesting instabil
the topology of the Fermi surfaces reveals parallel parts
can be linked by nesting vectors that are close to the crit
wave vectors at which the anomalies occur. However,
calculated Fermi contours of surface states of the H-satur
case differ significantly from previous experimental data o
tained by angle-resolved photoemission~ARP!.10,11 A very
recent ARP reanalysis of H/W~110! ~Ref. 12! concludes that
the observed phonon anomaly is due to nesting betw
Fermi contours of two different surface states and not
PRB 580163-1829/98/58~3!/1578~8!/$15.00
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tween contours of a single surface state as predicted by
culations~see Ref. 12 and references therein!.

In this paper we have studied another system that sho
allow for Fermi-surface nesting according to ARP resu
p(232)O/Mo(110).13,14 The adsorption of oxygen on
Mo~110! has been examined before by various authors:
laianni et al.15 characterized the system O/Mo~110! with
EELS, Auger electron spectroscopy~AES!, and thermal de-
sorption mass spectrometry at numerous crystal tempera
and O coverages. They found that at low temperatures~90 K!
dissociated oxygen initially adsorbs into the long bridge a
undergoes conversion to the triply coordinated hollow site
intermediate coverages@see Fig. 1 for a definition of the
possible adsorption sites on the~110! surface of Mo#. Low-
energy electron diffraction~LEED! measurements and AE
investigations of O/Mo~110! at room temperature~RT! by
Witt and Bauer16 and Bauer and Poppa17 report on ap(2
32) superstructure atQ50.25 ML and on more complex
structures for Q>0.3 ML. Moreover, these experiment
showed that the oxygen atoms reveal a pronounced tend
for island formation suggesting the prevalence of attract
interactions between the adatoms. A lattice-gas model c
firms these experimental data.18 Another LEED experiment
by Grzelakowski, Lyuksyutov, and Bauer19 reports on addi-
tional spots entering the LEED pattern of thep(232)O
phase for temperatures below 200 K. The authors exp

FIG. 1. Adsorption sites on a~110! surface of molybdenum.T
andL denote the on-top site and long bridge site, respectively, w
C2v symmetry; the short bridge site (S) and the triply coordinated
hollow site (H) bearC2 andCs symmetry, respectively.
1578 © 1998 The American Physical Society
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PRB 58 1579ADSORBATE VIBRATIONS AND SUBSTRATE SURFACE . . .
this phenomenon by an ‘‘adlayer reconstruction’’ of t
p(232)O/Mo(110) system.

In this publication we report on the preparation of t
p(232)O superstructure: the specular EELS spectra of
unannealed unordered overlayer exhibit loss peaks du
oxygen atoms adsorbed in the long bridge and in the th
fold hollow site. During annealing, the overlayer orders
the p(232) with a single loss peak and an additional sho
der that we attribute to oxygen atoms adsorbed in the l
bridge and in the hollow site at the boundaries ofp(232)
islands, respectively. Our spectra confirm the adsorption
conversion of oxygen atoms from the long bridge site
wards the hollow site upon increasing coverage. This c
version was observed also with hydrogen coadsorption.
main object of our study is the influence of thep(232)O
superstructure on the substrate surface phonons of Mo~110!.
We measured the dispersion curves along the three sym
try directions of the SBZ of the Rayleigh-wave and the lo
gitudinal mode. Despite the possibility of Fermi-surfa
nesting no anomalous softening of the frequencies of
surface phonon modes was found. This suggests that e
the Fermi-surface nesting or the electron-phonon couplin
not strong enough to cause a Kohn anomaly.

II. EXPERIMENT

The experiment was performed in an UHV recipient a
base pressure of 231029 Pa as measured by a Bayar
Alpert ion gauge. The spectra were recorded by an EE
spectrometer~Ulti 38!, which was operated at an energ
resolution of 20 cm21 ~2.5 meV!. Typically, we used a sam
pling time of 2 and 5 s per channel for specular and o
specular measurements, respectively. LEED and EELS w
used to establish the oxygen exposure for the orderedp(2
32) superstructure. A good (232) LEED pattern was
achieved after exposing the sample to'0.8 L
(1 L51 Langmuir51026 Torr s) O2 at 110 K, followed by
annealing to 460 K for 2 min. Figure 2 displays the elas
intensity at theS̄ and N̄8 point of the SBZ vs the O2 expo-
sure. The inset of Fig. 2 shows the SBZ of the clean and
the p(232)O surface including the LEED reflexes of th
substrate~depicted as3! and of the ordered adsorbate lay
~depicted as1!. Both symmetry pointsS̄ and N̄ are LEED
reflexes at'0.85 L. Consequently, we assume an expos
of 0.8–0.9 L as sufficient for thep(232) superstructure
Additional LEED spots appeared upon offering more oxyg
(.1.4 L) signalizing a more complex superstructure. The2
exposure was carried out by backfilling the vacuum cham
to 1.531027 Pa with O2 of 99.998% purity. The exposure
are calculated using a sensitivity factor of 0.82. After cooli
with liquid nitrogen the temperature of the sample was 1
K as measured by a W5%Re vs W26%Re thermocouple
order to keep the incident energy of the electrons constan
compensated for the work-function change ofDF50.2 eV
for thep(232)O surface20 by applying an additional bias to
the sample.

The angle of incidence in the spectrometer isQ i570°.
Rotating the analyzer off the specular direction and tilti
the sample around the@001# axis allows us to reach any poin
of the SBZ. Details about the molybdenum crystal, e
mounting and cleaning, are described elsewhere.4
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III. ADSORBATE VIBRATIONS

We begin the presentation of our results with the specu
EELS spectra of the Mo~110! surface after 0.8 L oxygen
adsorption at 110 K before@Fig. 3~a!# and after@Fig. 3~b!#
annealing to 460 K for 2 min. Before annealing the layer
not ordered and the spectrum shows loss peaks at 365,
and 557 cm21, which are due to oxygen vibrations, and
broad loss feature at'239 cm21, which is a remainder of
the surface resonance of the clean Mo surface.4 After anneal-
ing, the 525-cm21 loss remains at a slightly shifted fre
quency of 519 cm21, while the vibrational loss at 557 cm21

decreases in intensity and is visible as a small shoulde
the right-hand side of the 519-cm21 peak. The intensity of
this shoulder was found to vary for differentp(232) over-
layers. The intensity of the O vibration at 365 cm21 has de-
creased below the detection limit. Because of an energy r
lution of only 80 cm21, Colaianniet al.15 observed a single
loss at 530 cm21 for both overlayers. Figure 4 shows th
intensity of the elastic beam and of the oxygen loss
519 cm21 vs the scattering angle off-specular. The angu
width of the loss intensity is only slightly broader than e
pected for pure dipole scattering.21 Using a logarithmic scale
for the intensity allows for asserting that only little contrib
tion by impact scattering exists.

With increasing O2 exposure beyond thep(232) we ob-
served that the loss at 519 cm21 decreases in intensity while
the loss at 557 cm21 increases. Simultaneously, both vibr

FIG. 2. Elastic intensity at theN̄8 andS̄ point of the SBZ versus
O2 exposure. The sample temperature was 110 K and an inci
electron energy of 120 eV was used. After each exposure at 11
the crystal was heated to 460 K for 2 min. The inset shows the c
andp(232)O SBZ with the corresponding substrate and adsorb
LEED reflexes~depicted as3 and1, respectively! and the defini-
tion of the symmetry pointsḠ, H̄, S̄, N̄, andN̄8.
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1580 PRB 58J. KRÖGER, S. LEHWALD, AND H. IBACH
tional losses shift to higher frequencies. A typical spectr
for 2.5 L oxygen adsorbed at 110 K with subsequent ann
ing to 460 K for 2 min is shown in Fig. 5~upper spectrum!:
the dominant oxygen losses are now located at 377, 547,
602 cm21 in the specular EELS spectra. In Fig. 6 we ha
plotted the intensity of the elastic beam and the oxyg
losses vs the scattering angle off-specular: it demonstr
that all three vibrational modes are dipole active. AlongḠH̄
we found scattering conditions to resolve an additional vib
tional mode at 450 cm21 ~middle spectrum of Fig. 5!, which
was not observed alongḠN̄ ~Fig. 5, lower spectrum!.

We start the discussion with thep(232) oxygen over-
layer of the annealed surface. The single intense loss pe
519 cm21 @Fig. 3~b!# is dipole active as concluded from Fig
4. Applying the EELS selection rules for dipole scattering21

demands C2v , or C2 symmetry of the adsorption site of th
O atoms in a primitive (232) unit cell. Therefore, the ad
sorption site may be the long bridge or on-top site or
short bridge site. We rule out the on-top site because
vibrational frequency of 519 cm21 is far below the stretching
frequency assigned to atomic oxygen bound to on-top s
of W~100! (1020 cm21),22 or Mo~111! (973 cm21).23 Fur-
thermore, we know the vibrational frequencies of atom
oxygen adsorbed on the long bridge site of various bcc~110!

FIG. 3. Specular spectra of the cooled Mo~110! surface after an
exposure of 0.85 L O2. The energy of the electrons was set toE0

55 eV with a full width at half maximum~FWHM! of DE
520 cm21. The intensity of the elastic beam is in arbitrary units f
all specular spectra. Spectrum~a! shows the vibrational losses be
fore annealing; spectrum~b! displays the effect of annealing th
sample to 460 K for 2 min. The LEED pattern in case~a! remained
(131); in case~b! an intense (232) pattern was observed.
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surfaces, e.g., 605 cm21 on Cr~110! ~Ref. 24! and 550 cm21

on Fe~110!.25 Since these frequencies compare quite w
with the observed frequency of oxygen on Mo~110! we also
rule out the short bridge and thus the adsorption in the lo
bridge remains. Occupation of the long bridge site
Mo~110! at Q50.25 ML is in agreement with Colaiann
et al.15 The shoulder around 557 cm21, which is a residue of
the loss of the unannealed layer@Fig. 3~a!#, is attributed to a
small amount of O atoms residing close to the threefold h
low site, probably at the boundaries ofp(232) islands
where the atomic density might be larger than for the p
p(232) phase. Evidence for this will be given later.

It is interesting to note that in spite of the similarity o
Mo~110! and W~110! concerning the geometry and the ele
tronic configuration, W~110! displays a different behavio
upon oxygen adsorption: theory26–28 and experiment29,30 re-
port on ap(231) and ap(232) phase at coverages of 0.
and 0.75 ML, respectively; the adsorption site at low cov
ages that was previously believed to be the long bridge31 has
now turned out to be the quasithreefold-hollow site for
phases.32

The SBZ of the clean and thep(232)O surface as pre
sented in Fig. 2 show that theS̄ andN̄ point becomeḠ points
with regard to the O superstructure. Consequently, an ap
priate reciprocal lattice vector might backfold the RW at t
S̄ or N̄ point into theḠ point of the clean SBZ. The specula
spectra of the ordered~annealed! p(232)O surface@Fig.
3~b!# show, however, that the dynamical dipole moment
the backfolded RW is too weak for detection. We have a
not found any suitable scattering condition for the O ato

FIG. 4. Intensity of the elastic beam and the O loss at 519 cm21

vs the scattering angle off-specular suggesting the expected d
activity. The FWHM was set to 12 cm21 in order to reduce the
detection current at the channeltron sufficiently.
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PRB 58 1581ADSORBATE VIBRATIONS AND SUBSTRATE SURFACE . . .
adsorbed in the long bridge site in order to detect the as
metric stretching mode, either along theḠH̄ or along theḠN̄
direction of the SBZ. The intensity of the modes remain
below the detection limit despite varying the impact ene
from 2 to 25 eV in steps of 2 eV~even less in the low-energ
range! and exploring various points of the SBZ.

When the oxygen layer of 0.85-L exposure is not order
the EELS spectra of Fig. 3~a! suggest that atoms are a
sorbed in both the long bridge site (525 cm21) and the hol-
low site. The hollow site has two dipole active modes at 3
and 557 cm21 because of the Cs symmetry~see Fig. 1!. Si-
multaneous occupation of the long bridge and the hollow
might be favored because at low temperatures the O ada
exhibit only a small mobility and consequently do n
change their initial adsorption site, which locally leads to
density larger thanp(232). Colaianni et al.15 already
showed that at higher coverage the O atoms are adsorb
the hollow site. At increased temperature, i.e., during ann
ing to 460 K, the O adatoms have the possibility to order
the p(232) and to occupy the long bridge site that is en

FIG. 5. Specular and off-specular spectra of the Mo~110! sur-
face beyond thep(232)O superstructure. The surface has be
exposed to 2.5 L oxygen at 110 K and heated for 2 min to 460
LEED displayed the (232) pattern and additional diffraction spot
The upper spectrum reveals three vibrational losses suggestin
existence of two O species: the one residing in the triply coo
nated hollow site and the other in the long bridge. The mid
spectrum presents a scattering condition alongḠH̄ with an addi-
tional loss peak assigned to the asymmetric mode of the hollow
Along ḠN̄ ~lower spectrum! the additional loss is not observed.Q i ,
Q f , and F are the incident and reflection angles of the elect
beam with respect to the surface normal and the angle by which
sample is tilted around the@001# axis, respectively.
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getically favored up to 0.25 ML. The same ordering has a
been observed on Cr~110!,24 Fe~110!,25 and Ru~100! ~Ref.
33! surfaces. Upon adsorption at 300 K a spectrum like in
Fig. 3~b! is directly observed.

For the oxygen layers at coverages beyond thep(232)
structure we observe three dipole active oxygen vibration
377, 547, and 602 cm21 ~Figs. 5 and 6!. In agreement with
Colaianni et al.15 who observed the two losses at 390 a
605 cm21, we assign the losses at 377 and 602 cm21 to O
atoms adsorbed in the threefold hollow site. The loss
547 cm21 is attributed to O atoms residing at, or close to, t
long bridge consistent with the mode assignment of
p(232) overlayer. The loss peak obtained for off-specu
scattering along theḠH̄ direction at 450 cm21 ~Fig. 5,
middle spectrum! is assumed to be the third vibrational mod
of the O atoms in the hollow site. Because of Cs symmetry
along @11̄0# and the EELS selection rules this addition
mode should be detected off-specular alongḠH̄ but not
alongḠN̄ consistent with our observations~Fig. 5!. The loss
peak at 138 cm21 in the specular spectrum@Fig. 5~a!# is at-
tributed to the backfolded RW from somewhere inside
SBZ or to a surface resonance. Because of the appearan
additional spots in the LEED pattern the superstructure
become a more complex one and consequently there
many momentum vectors that may backfold the RW into
Ḡ point.

Also, coadsorption of hydrogen can cause a shift of
p(232) oxygen loss from 519 to 543 cm21 and the growth
of the peak at 379 cm21. This is demonstrated in Fig. 7 dis
playing spectra of thep(232)O after various exposures t
hydrogen at 110 K. According to the mode assignm
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FIG. 6. Intensity of the elastic beam and of the vibrational los
of oxygen from Fig. 5 vs the scattering angle off-specular sugg
ing their dipole active character.
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1582 PRB 58J. KRÖGER, S. LEHWALD, AND H. IBACH
above, this transition must be interpreted as a hydrog
induced change of the adsorption site of oxygen towards
threefold hollow site. The spectrum of thep(2
32)O/Mo(110) surface is easily recovered by annealing
460 K where the H adatoms desorb off the surface.

Finally, we report briefly on the weak additional diffrac
tion spots entering the LEED pattern of thep(232)O at 110
K: Grzelakowski, Lyuksyutov, and Bauer19 found that at
temperatures below 200 K thep(232)O/Mo(110) structure
has an additional periodicity that is seven times larger in
@11̄0# direction than the substrate periodicity. They observ
additional diffraction spots disappearing reversibly at R
This phenomenon is explained19 by an ‘‘adlayer reconstruc
tion’’ consisting of a small displacement of the oxygen
oms from the adsorption site of the ideal (232) structure,
i.e., the long bridge site. Our specular spectra of the
32) at 110 K@Fig. 3~b!# and at RT are identical: both sho
the loss due to the vertical oxygen vibration at the sa
frequency of 519 cm21 and no additional loss indicating
change in symmetry was observed. Nevertheless, invest
ing the elastic intensity distribution along the@11̄0# direction
with EELS, we also detected these additional diffracti
spots. Figure 8 displays the measurements at 110 K an
RT with an electron energy of 145 eV. Note that our inte
sity maxima are located not exactly at2

7 ḠN̄ and 5
7 ḠN̄ as

FIG. 7. Coadsorption of hydrogen on thep(232)O/Mo(110)
surface. Together with the loss at 379 cm21, originating from O
adatoms shifted towards the hollow site, vibrational losses at
and 1058 cm21 appear, which are due to H vibrations~Ref. 4!. The
loss around 130 cm21 could be the backfolded RW, the frequenc
of which may shift with H adsorption because of slight changes
the superstructure. The idealp(232)O surface is easily restored b
annealing the sample to 460 K for 2 min.
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measured by Grzelakowski, Lyuksyutov, and Bauer. Th
are located, rather, in the intervals of2

7 – 3
7 ḠN̄ and 4

7 – 5
7 ḠN̄,

respectively. Compared to the diffractometer data of Grze
kowski, Lyuksyutov, and Bauer, this is exactly their obse
vation for coverages of'0.28 ML. Perhaps the differenc
may be due to the sample preparation: while we annealed
oxygen layer to 460 K, Grzelakowski, Lyuksyutov, an
Bauer used 800 K. Colaianniet al.15 reported by AES that
upon heating beyond 700 K oxygen starts to penetrate
the surface.

IV. SUBSTRATE SURFACE PHONONS

In order to find suitable scattering conditions for recor
ing EELS spectra of the RW and the LM, we have varied
energy of the incident electrons from 20 to 160 eV in ste
of 5 eV and less, and looked at momentum transfers co
sponding to various points along the main symmetry dir
tions of the SBZ. For thep(232)O phase, we found rela
tively few scattering conditions allowing for well-resolve
loss peaks of high intensity. Sample spectra are presente
Fig. 9. Figure 10 displays the obtained dispersion curves
the substrate surface phonons of the clean surface and o
p(232)O/Mo(110) at 110 K. The dispersion curves of th
clean surface are described in Ref. 4. For thep(232) super-
structure one expects the appearance of optical branche
the dispersion curves because of backfolding effects. W
EELS we have not observed any backfolded phonon des
using a variety of scattering conditions. We therefore pres

0

f

FIG. 8. Elastic intensity distribution of thep(232)O phase
along theḠN̄ direction at 110 K and at RT revealing two addition
reflexes that disappear at RT. These reflexes have been explain
due to small displacements of the O atoms from their ideal ads
tion site of thep(232) superstructure~Ref. 20!.
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PRB 58 1583ADSORBATE VIBRATIONS AND SUBSTRATE SURFACE . . .
the dispersion of the substrate surface phonons in the
tended SBZ of the clean surface in Fig. 10. The only cha
observed in the dispersion curves of thep(232) layer com-
pared to the clean surface is a frequency increase of the
at the N̄8 (N̄) point from 138 to 150 cm21. We have not
detected any anomalous behavior in the sense of frequ
softening of the surface phonons. In fact, the frequencie
the RW ~depicted as triangles! and the LM ~depicted as
circles! are essentially the same as on the clean surface
the remaining SBZ. A possible gap at the boundary of
(232) SBZ is below the detection limit. Along theḠH̄ di-
rection, we have added RT data~depicted as small solid tri
angles and circles! and again found no change. This indicat
that also for thep(232) at RT, where the observed add
tional diffraction spots along@11̄0# disappear, no phonon

FIG. 9. Phonon spectra of thep(232)O/Mo(110) surface at
110 K alongḠS̄, ḠH̄, andḠN̄ of the SBZ. The spectra are recorde
for different impact energies with an energy resolution of 20 cm21.
The upper spectrum shows loss and gain peak due to the R
0.3 ḠS̄. In the middle spectrum at 0.3ḠH̄ the RW and LM are
resolved simultaneously. The lower spectrum presents the RW
0.7 ḠN̄.
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anomaly exists. The same result was obtained for the sur
exposed to 2.5 L, i.e., a coverage beyond thep(232),
where most of the O atoms are found to occupy the holl
site. Figure 11 displays the Fermi contours of surface sta
for p(232)O/Mo(110) as measured with ARP by Kevan13

It also contains nesting vectors where surface pho
anomalies at 0.27ḠS̄, 0.77 ḠH̄, and 0.26ḠN̄ might occur
~the latter two values are reduced to the first SBZ!. No soft-
ening of the frequencies of the surface phonon modes
these or any other wave vector is observed.

From the measured Fermi surfaces in Fig. 11, Kevan
suggested that a ‘‘giant’’ Peierls distortion should lead to
observed (232) ordering pattern.13,14 Observing no phonon
anomaly is thus surprising. A reason may be that the para
curvature of the Fermi contours of the involved surface sta
is developed too weakly. This conclusion is corroborated

at

at

FIG. 10. Dispersion curves of the substrate surface phonons
the clean surface at 110 K and forp(232)O/Mo(110). The RW,
LM, and the dipole active surface resonance are depicted as
angles, circles, and diamonds, respectively. The small dots a
ḠH̄ for the clean surface are taken from a corresponding HAS st
~Refs. 1–3!. In the case ofp(232)O we have included alongḠH̄
the phonon frequencies at RT as solid triangles and circles.
momentum transfer is given in units ofḠS̄, ḠH̄, and ḠN̄ ~1 ḠS̄

5A 3
2 p/a'1.22 Å21, 1 ḠH̄5A3

2 p/a'1.50 Å21, 1 ḠN̄5&p/a
'1.41 Å21!.
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1584 PRB 58J. KRÖGER, S. LEHWALD, AND H. IBACH
comparison to the saturated (131)H/Mo(110) and (1
31)H/W(110) surfaces. In the latter cases the experim
tally observed Fermi contours of surface states10,11 allowed
for nesting; however, the corresponding nesting vectors
not in agreement with the wave vectors where the pho
anomalies were observed experimentally.1–4,6 Theoretical
calculations of the Fermi surfaces of surface states5,7,8 pre-
dicted nesting vectors that are in accordance with the crit
vectors of the anomalies. In a very recent ARP reanalysi
the saturated (131)H/W(110) surface, Rotenberg an
Kevan12 report on a second surface state that develops u
H saturation. This surface state, which has not been obse
by previous ARP measurements11 and has not been predicte
by calculations,5,7,8 reveals a larger segment of parallel cu
vature to the previously observed state, and is thus sugge
to be essential for the observed Kohn anomaly.12 The nesting
wave vector is close to the one where the indentation of

FIG. 11. Fermi contours forp(232)O/Mo(110) taken from
Ref. 14. We have added nesting vectors that should allow fo
quasi-one-dimensional Kohn anomaly at 0.27ḠS̄, 0.77ḠH̄, and
0.26ḠN̄ ~the values alongḠS̄ and ḠN̄ are the reduced ones to th
first Brillouin zone!.
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dispersion curve of the RW and the LM is observ
experimentally.12 Observing no anomaly in the case of ox
gen, therefore, might suggest that for thep(2
32)O/Mo(110) surface no second surface state develo
giving rise to sufficient parallel curvature to the first sta
Alternatively, it might be that the matrix elements of th
coupling between electronic system and phonons are
small.

Further steps to clarify the situation are desirable: D
calculation and an ARP reexamination of the Fermi conto
of surface states ofp(232)O/Mo(110) would be very illu-
minating; moreover, experimental analysis of the substr
surface phonons of H-saturated Mo0.95Re0.05(110) might
help to have an elucidating insight into the validity of th
theoretical concept, because here ARP data34 and theoretical
calculations8 are related more closely.

V. SUMMARY

Our EELS study conveys the following adsorption sc
nario of oxygen on Mo~110!: at low coverages up to 0.25
ML adsorption at low temperature followed by annealing
460 K leads top(232) islands with the O atoms occupyin
the long bridge site. Part of the atoms also resides at
hollow site, perhaps at the boundaries of the islands. Be
annealing, the long bridge and the hollow site seem to
equally favored. At coverages beyond thep(232), when
the additional LEED spots develop, most of the atoms
cupy the hollow site and some stay in or close to the lo
bridge. The specular EELS spectra of thep(232) at 110 K
and at RT are identical, giving no hint for the proposed ‘‘a
layer reconstruction.’’

The investigation of the substrate phonons of thep(2
32) superstructure does not furnish any hint for an anom
lous softening of the frequencies. The latter has been
pected because of recent ARP data on the correspon
Fermi contours of surface states that favor nesting. This n
ing, together with a sufficiently high electron-phonon co
pling, should lead to a Kohn anomaly and therefore to
indentation in the dispersion curves of the surface phon
that has not been observed.
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