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Electron energy loss spectroscopy has been used to map the dispersion of the dipole active internal
NO stretch and of the NO frustrated translation, which has not been previously observed, in the
c(4x2) NO/Ni(111) system. The dispersion of the dipole active mode was fit with a model that
assumed electrostatic dipole—dipole couplimgluding image dipolgsbetween the adsorbates. The
frustrated translation, on the other hand, showed no dispersion to within the resolution of the
experiment across the entire surface Brillouin zone of thd 1) substrate. These measurements
reveal new information on interadsorbate interactions in an important model systerh99%®
American Institute of Physics.

I. INTRODUCTION fact due to dipole—dipole coupling between NO molecules

The formation of ordered overlayers of adsorbates im_wr[h and without nearest neighbors in the 0.5 ML structure

plies the existence of interadsorbate interactions. These irﬂzlg' D, and not to a change in local adsorption geometry

teradsorbate interactions have attracted a great deal of stu%’llv jth coverage as was previously believed. Other studies, par-

. : T ularly of CO on transition metal and noble metal surfaces,
over the past 20 years, in attempts to gain some insight int . .
. ave shown that the frequency shift of the internal stretch vs
the nature of the surface chemical bond. As an example

. e . . ihcreasing coverage in these systems is usually a combina-
comparison of the differing adsorption geometries of NO on,. . : ) )
tion of an upward shift due to dipole coupling, and a static

Pt(111), Pd111), and N{111) shows that while NO forms a . i . ; :
. chemical shift which may either increase or decrease the to-
high coverage 0.5 ML ordereci4x2) structure on Nilll) . . R
: tal frequency shift, depending on its sigh.
at room temperature, on the(Pt1) surface NO adsorbs in a . .
disordered fashion above 0.25 Miand on PL11) it also In the present work we report the first observation of a
| new adsorbate mode for this system, the frustréited, hin-

forms a 0.5 MLc(4X2) structure, but can go on to form a lati fth lecul llel h ¢
higher coverage 0.75 MI[2x2) structure’? Studies such as dered translation of the NO molecule parallel to the surface,
) ' and discuss the fact that this mode does not disperse in the

these have underlined the need for further research on the ntext of the lateral interactions between NO molecules in

) . . . C
mtermo_lecular. mtgracuons_ln these systems, and have serv%&)e compressed NO overlayer. We present evidence that the
as partial motivation for this work.

The NO/NI111) system has been investigated for manyfrequenmes of these modes may be a good indication of the

. ) i . . local adsorption geometry. Also, we present a study of the
years using a wide variety of surface science techniques

including ultraviolet photoemission spectrosc §.4-6 dispersion of the dipole active NO intramolecular stretch
angle resolved UPSARUPS,” x-ray photoemi:sisuion ,spec- along two high symmetry directions of the (li1) lattice for
troscopy(XPS).5 low energy électron diffractiofLEED) 5~° both the ordere@d(4x2) 0.5 ML structure and a structure of

electron stimulated desorption ion angular distributionabOUt 0.4 ML, which also exhibits &4x2) LEED pattern.

(ESDIAD). high resolution electron energy loss Spectros_The dispersion curve of the NO stretch was fit with a model

9 . : that assumed dipole—dipole coupling between molecules in
copy (I1|0RlllEELS), and inirared absarption spectrqscopythe adsorbate overlayer. In addition, we demonstrate that
(IRAS)."™™**NO is known to adsorb molecularly on (4iL1)

below 300 K, giving ac(4x2) LEED pattern near 0.5 ML such dispersi_on curves are an alternate source of informatipn
. : on the magnitudes of the frequency shifts due to dynamic
coverage. The HREELS and IRAS studies of this systemdipole coupling and static chemical effects
have shown two distinct NO stretching frequencies at low '
coverages, and a single stretching frequency at coverages
near 0.5 ML. Formerly, these two bands were assigned t:FJI' EXPERIMENT
NO adsorbed at bridge sites in a bent geometry at low cov- The experiments were carried out in a two level UHV
erages, and to an upright geometry at high coverages. Rehamber that has been described previotfsBriefly, the
cently, photoelectron diffractioPED),'? surface extended chamber, pumped by a 300 Tsion pump and with base
x-ray absorption fine structutSEXAFS,'® and LEED |-V  pressure less than X107 1° Torr, is equipped with a
analysi¢'** have been used to show that the local adsorptiotHREELS spectrometer, an ion gun, an Auger spectrometer,
site of the NO molecule is a threefold hollow site, contra-and LEED optics. It also includes a threefold differentially
dicting the earlier assignments based on vibrational frequerpumped supersonic molecular beam source which strikes the
cies alone. Using symmetry arguments in addition to dy+target at the focus of the HREELS optics. The flux of the
namical LEED analysis, Mapledoraet al'* have shown molecular beam was calibrated using an in-line apertured ion
that the NO molecule is adsorbed in both fcc and hcp threegauge flux meter. The Ni crystal could be cooled to 115 K
fold hollow sites on N{111) at all coverages, and Materer with liquid nitrogen and heated to 1200 K by electron bom-
et all have suggested that the two distinct stretching fre-bardment of the back of the crystal. Temperatures were mea-
guencies observed in the HREELS and IRAS spectra are iaured with a typek thermocouple which was spot welded to
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FIG. 1. Model of the 0.5 ML overlayer of NO on Nil1) as determined by 40 0 40 80 120 160+ 200 240 280
Mapledorarret al. (Ref. 14 that leads to the(4x2) LEED pattern. The NO Electron energy loss (meV)

molecules are adsorbed in both fcc and hcp threefold hollow siteghA2)
unit cell, a primitive unit cell, and the experimental scattering directions are

outlined for clarity.
Y FIG. 2. Dipole scattering spectrum of the 0.5 ML overlayer of NO on

Ni(111), showing the NO internal stretch at 196 meV and the NO—metal

i stretch at about 45 meV.
the side of the crystal. The crystal surface was cleaned by

repeated cycles of Arion sputtering, followed by annealing

at 1100 K; surface cleanliness was verified by both AugerspeCL"ar geometry in the h|gh energy impact Scattering re-
and HREELS spectroscopies. gime: one for a clean N111) surface and the other after
The ordered NO overlayers were prepared by dosing at gdsorption of a 0.5 Mic(4x2) overlayer of NO. The spectra
surface temperature of 120 K, by either dosing the cleaRyere taken along thé)11) direction of the Ni substrate un-
surface with the molecular beam or by backfilling of the der identical kinematic scattering conditions. The solid lines
chamber, followed by annealing at 270 K for 2 mirt*The  are nonlinear least squares fits to the data which used Lorent-
experiments were carried out at two coverages, one near OAan fitting functions. We assign the loss at approximately 11
ML, and one corresponding to the 0.5 M4X2) overlayer meV to a frustrated translation of the NO molecule parallel
shown in Fig. 1. The 0.5 ML overlayer was prepared bytg the surface, based on several criteria. Previous infrared
either several dose and anneal cycles with the moleculgihe shape studies of this system had estimated the energy of
beam until the NO stretch frequency as monitored withthe NO frustrated translation to be about 7.5 meV from the

HREELS reached a maximum of 196 meV and remainedemperature dependence of the vibrational line shape of the
unchanged with further dosing, or by overexposing the crys-

tal with background dosing followed by annealing at 270 K.
Sharpc(4x2) LEED patterns were routinely achieved with
both of these dosing methods. The 0.4 ML overlayer was E, = 140eV
prepared by dosing with the calibrated molecular beam to an 8,=65°
exposure of approximately>810** cm™2, a coverage that is ot y
characterized by an internal NO stretch frequency of about pem2e
193.5 meV. After the overlayers were annealed at 270 K, a
sharpc(4x2) LEED pattern appeared. The LEED pattern of
the 0.4 ML overlayer was indistinguishable to the eye from
the LEED pattern of the full 0.5 ML overlayer. Figure 2
shows a specular HREELS spectrum of the 0.5 8#X2)
overlayer, which shows two dipole allowed bands. The
higher energy band at 196 meV is due to the NO intramo-
lecular stretch and the weak loss at about 45 meV is due to
the Ni—NO stretch, i.e., the NO hindered translation perpen-
dicular to the surface. No differences were detected in the T . s
HREELS spectra or the LEED patterns of the 0.5 ML over- 0 A0 2000 40 08100
layers prepared by background dosing or molecular beam

A & o(4x2)NO/Ni(111)

Intensity (arbitrary units)

Electron energy loss (meV)

dosing.
FIG. 3. Impact scattering spectra of the clear{lli) surface and of the

IIl. RESULTS Ni(112) surface after adsorption of&@4x2) overlayer of NO, taken under
identical scattering conditions. The loss atcal meV in the spectrum of

A. NO frustrated translation the NO covered surface has been assigned to the frustrated translation of the

] ) NO parallel to the surface. The broad loss at ca. 20 meV in the spectrum of
Figure 3 shows two HREELS spectra taken with off- the clean surface is due to a surface resonance of the bulk phonon bands.
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FIG. 4. Experimentally determined dispersion curves for the NO frustrated | L1 |
translation in the(4X2) overlayer on Ni111). Also shown is the dispersion S |

of the Rayleigh wave of clean Nill). The spectra were taken along the 160 180 200 220 240 260
(011) direction of the Nj111) substrate. The dotted line at 1.69 Ais the

Electron energy loss (meV
edge of the substrate surface Brillouin zone at K 24 ( )

. AL . . . FIG. 5. Representative HREELS spectra showing the dispersion of the di-
NO internal stretch; where line broadenmg of the h'gh en- pole active NO intramolecular stretch in the 0.5 ML overlayer for a series of

ergy mode was attributed to anharmonic coupling to theprogressively largeAK . The spectra were taken with incident energies from
lower energy frustrated translation. We also note that the to 18 eV and a variety of incident and final angles in order to reach the
energy of this feature is similar to that calculated using clusH€sired parallel momentum transfers.

ter calculations for the frustrated translation of another di-

atomic molecule, CO’ as well as to a feature assigned to

frustrated translations of CO adsorbed in threefold sites ifI'—K) directions of the Ni substrate for the 0.4 and 0.5 ML
the c(4x2) structure on Ni111)* [CO on Ni111) is now coverages, respectively. The solid lines are fits to the data
known to adsorb in threefold hollow sit€$ This feature is  using a model of electrostatic dipole—dipole coupling first
absent on the clean surface, and the energy of this feature ptoposed in Ref. 20, and modified as in Ref. 21 to include
the substrate Brillouin zone edge is well below that of thethe effect of image dipoles. In this model, the frequency shift
Rayleigh wave and bulk phonon bands of Mil), thus pre- as a function of the momentum transfer parallel to the sur-

cluding its assignment as a substrate mode. face (K) is given by

Figure 4 shows the dispersion of the frustrated transla- 2(K s (K
tion along the(011) symmetry direction of the Ni substrate, @ (2 ) =1+ av—() (1)
as well as the experimentally determined dispersion of the @o 1+ aeX(K)'

Rayleigh wave of the clean Ni surface in this direction. Theywherew, is known as the singleton frequency, the frequency
energy and dispersion behavior of the frustrated translatiogs the NO molecular stretch perturbed by the same static
were the same along other symmetry directions and for thghemical environment as in an adsorbed overlayer, but with-
0.4 ML coverage. We would like to note that because theyyt the effect of dipole couplingy, ande, are the electronic
intensity of the losses due to the frustrated translation and thgnq viprational polarizabilities, respectiveB(K) is known
Rayleigh wave depend nontrivially on the scattering geomys the dipole sum, and is given by

etry and incident electron enertfyjt was necessary to de-

2
termine empirically the differing conditions to best resolve Ky=S" ; 1 1 3D
s . = expiK-r)| —m3+ ,
the two features. To within 1 meV, the frustrated translatlon2 (K) El R ) Inl® |Ir+D® |r+D°
was dispersionless across the entire Brillouin zone of the Ni )
substrate.

where the prime indicates that the infinite self-interaction

term is omitted. The sum runs over the molecules in the real

space lattice, and the last two terms are the contributions to

Figure 5 shows the HREELS spectra of the dipole activahe dipole sum due to the image dipole at a position given by

NO intramolecular stretching vibration in the 0.5 ML over- D=(0,0,—2d), whered is the height of the dipole above the
layer for a series of progressively larger parallel momentunsurface. The calculation was somewhat sensitive to the pa-
transfers. Figures(B) and 6b) show the dispersion of this rameterd, which was varied between 1.92(Re., the height
mode as a function oK along the(112 (I'—M) and(011) of the center of the NO bond above the surfaaed 1.0 A.

B. NO intramolecular stretch
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of the dispersion of two adsorbate vibrational modes. Be-
cause these two modes are polarized in mutually perpendicu-
lar directions(to first ordey, their dispersion behavior yields
information on two physically quite different types of cou-
pling. The frustrated translation, polarized parallel to the sur-
face, is usually thought to be coupled to other adsorbate mol-
ecules through either direct Pauli repulsion of overlapping
molecular orbitals, or through longer ranged repulsive static
dipole—dipole coupling? On the other hand, the NO internal
stretch does not change the intermolecular distance between
adsorbates, and dispersion in this case is usually attributed to
dynamic dipole—dipole coupling. Pauli repulsion is essen-
tially only a nearest neighbor effect, while the 3Ldepen-
dence of dipole—dipole coupling makes this interaction quite
long ranged. The dispersion or lack of dispersion of these
two modes furnishes valuable information on these two types
of coupling, and the energies of the perpendicular and paral-
lel hindered translations can lend insight into the shape of the
molecule—surface potential surface.
. y—_ The dispersionless behavior of the NO frustrated trans-
-10 0.5 0.0 0.5 10 lation is characteristic of most of the frustrated translations
AK (A% observed so far, despite the relatively small nearest neighbor
distance of NO in the(4x2) overlayer, 2.87 A. Frustrated
FIG. 6. The dispersion of the dipole active NO internal stretch along the twatranslations of CO have now been observed experimentally
high symmetry directions of the Nill) substrate for the 0.5 ME(4X2) ~ for 3 number of substrates, and it has been found that these
overlayer(a), and the 0.4 ML overlayeb). The solid lines are the fits to the . .
data using the dipole—dipole coupling model as explained in the text. modes are almost all dispersionless. Of the substrates so far
studied; N{111),*® Ni(100,2® Ni(110,%* P1111),%* Ir(100),°
Fe(110),2% and RK{111),%” only two have shown dispersion of
The dipole sums were calculated for a single domain of thehe CO frustrated translation; COA4L0) and CO/RIi111).
0.5 ML structure, consisting of two superimposed sublatticeso our knowledge this is the first observation of a frustrated
of 100X 100 dipoles. Each of these sublattices corresponds tgansiation of NO on any surface. Dispersion of modes po-
one of the two superimposed 0.25 Mi(4X?2) lattices, one |arized parallel to the surface is sometimes attributed to di-

of which is outlined in Fig. 1. In both th& =M andI'=K et pauli repulsion of overlapping molecular orbitals. The
directions, the NO stretch of the 0.5 ML overlayer disperses;an der Waals radii of nitrogen and oxygen in the gas phase
downward by 15 meV, or about 8% with respect to its valueyre apout 1.5 &8 which is somewhat larger than half the
at the center of the surface Brillouin zone. Equally good fits,e4rest neighbor distance here. The displacement involved in
were obtained by using dipole sums calqulated \drtth A the vibration of this mode can be used as an estimate of the
or with d=1.92 A. The parameters obtained from fitting the degree of orbital overlap expected. In the harmonic approxi-

calculgtion to th§90'5 (;\A(I)‘QC?; Wer60?18|5'? rgi\i \gfjai\le mation as described by Cyvifi,the mean amplitude of the
Z;;\n agnv;ere We?en 80 anarelsgjcg erg’s (;ctR/el- o, Tustrated translation at 120 K is about 0.11 A. The lack of
e % ' ' ! P Y dispersion of the frustrated translation of NO on this surface

d=1.92 A. The 0.4 MLdata were fit with two dipole sums . )
that made different assumptions about how adsorption sitesshOUId be contrasted to the dispersion of CO on thd.10

were filled. The first case assumed statistical occupation g u(;gacAe. '[]h|s sgste(;r_\, Wlth. a nefarj-zst nttalsgg;orﬁﬁ dls(,jtancbe ?f
the c(4X2) overlayer sites, obtained by multiplying the di- ™ » Showed a dispersion of aimos o atthe adsorbate
pole sumS(K) by a factor of 0.8° and the second used surface Brllloum. zone edge with respect to the energy gt the
dipole sums that simulated the presence of islands of loc#i°"€ cenlter, in_both the high symmetry dwec'qons
0.5 ML coverage. Because of the rapid 3tonvergence of measured! The other system that has demonstrated disper-
the dipole sum, the dipole sum for islands larger than abou?'qn' CO/RIf111), showed a much more modest frequency
ten molecules on a side was essentially the same as for tiffift Of about 7% at the zone edge with respect to its value at
full 0.5 ML overlayer. While the polarizabilities varied when the zone center. With our HREELS spectrometer, we should
fitting the 0.4 ML data with either model, the singleton fre- P& able to detect a frequency shift:ol meV, or about 10%

Electron energy loss (meV)

quencyw, remained the same at 184.2 meV. of the value of the vibration at the zone center. It is quite
possible that the intermolecular coupling of this mode is
IV. DISCUSSION small enough to lead to dispersion less than this limit. How-

ever, as seen above, most other frustrated translations have

also been shown to be dispersionless, both with HREELS
We have investigated the intermolecular interactions ofand with helium atom scattering, which has significantly bet-

NO adsorbed on the Nill) surface through measurements ter resolution than HREELS. The extreme dispersion of the

A. NO frustrated translation
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frustrated translation in the CO/{il0) system appears to be
unigue among those systems studied so far. 04
The energies of most of the CO frustrated translations so
far observed, 4—7 meV, are in general significantly lower
than the energy of the NO frustrated translation that we ob-
serve, 11 meV. A notable exception is the energy of the frus-
trated translation of CO on the Nil1) surface, 12 meV? 02
NO! and C3® adsorb in identical structures on the(Nil)
surface, both occupying threefold hollow adsorption sites. In
contrast, the local adsorption site of CO on all the remaining
surfaces is thought to be either an atop site or a combination
of atop and bridge sites. The frequencies of the frustrated
translations parallel to the surface thus may serve as a more
reliable indication of local adsorption geometry than the fre-
guencies of intramolecular stretching vibrations, which have o1 , | ‘ J | }
recently been shown to result in inaccurate assignments for 00 02 04 06 08 10 12
both CO/N{111)*° and NO/N{111).1:*

ol
17

03

Adsorbate domain (a)

01+

I(K) (A7)

0.0 -

AK (A™)
B. NO intramolecular stretch

. . . . FIG. 7. The calculated dipole sums as a functiorkofor scattering along
The NO internal stretch exhibited strong dispersion of 12the(112> direction of the Ni substrate. Scattering in a high symmetry direc-

meV (6%) in the 0.4 ML overlayer and 15 mel8%) in the  tion of the substrate results in scattering in a high symmetry direction of the
0.5 ML overlayer. Both of the dispersion curves could be fitadsorbate lattice for only one adsorbate domain. The inset shows the adsor-
with a model that assumes onIy dipole—dipole coupling be_bate surfac_e Brillouin zone ar_]d the two resultant S(_:attering directions in this
Cop . . zone for this substrate direction. The upper cufag, is the dipole sum for
tween the adsorbates, but there were added difficulties wit e domain that contributes scattering in the high symmetry direction of the
this system due to the presence of three orientationally dissdsorbate surface Brillouin zor@® —X). The lower curve(b), is for the
tinct domains, and a glide plane in the adsorbate unit cellother two domains, which contribute scattering across the adsorbate surface
The presence of a glide plane demands that there be mopéil_louin zone. The c_enter curvég), is the average of the three dipole sums,
; . . . ._which was used to fit the data.

than one molecule in the adsorbate unit cell, which in this
case effectively doubles the size of the adsorbate surface
Brillouin zone along the(011) direction®*%® In the (112
direction, two NO stretch modes should be observable, cordipole sums for the three domains, and therefore the ex-
responding to the symmetric and antisymmetabservable pected dispersion, are quite similar in the rang& ofectors
only off specular combinations of NO molecular vibrations studied. The experimentally determined polarizabilities and
in the unit cell? However, this splitting of the NO stretch singleton frequencies for the symmetric mode were obtained
vibration along(112 was not observed in this experiment by fitting the dispersion data to dipole sums averaged over
under any of the scattering conditions we used. We attributéhe three domains. This assumes that the experimentally ob-
this to the observed spectrum being a superpositiofiref ~ served energy is a superposition of unresolved features due
strumentally broadenedpectral features due to multiple ad- to scattering from one domain in a high symmetry direction
sorbate domains, which result from the combination of aand scattering from the two other domains in a direction
rectangular adsorbate lattice and a hexagonal substrate lateross the adsorbate Brillouin zone. Because of the similari-
tice. This means that the scattering direction in the adsorbati@es in the expected dispersion for the two scattering direc-
Brillouin zone is not well defined. For example, scatteringtions, we feel that this approach is justified.
along the(112 direction of the N{111) lattice results in The polarizabilities that we determine seem rather high,
scattering along the high symmet()j —Y) direction of the  on the order of 1.5 to 3 times higher than the polarizabilities
adsorbate surface Brillouin zone in only one domain, withdetermined for adsorbed CO on other surface8:3132The
the other two domains contributing scatteringrossthe  greater polarizability of NO could be the result of NO having
Brillouin zone of the adsorbate. This could obscure featuresne more electron than CO, occupyingra orbital. On the
that one would expect to observe when scattering in higlother hand, there may be other types of dynamic coupling
symmetry directions of the adsorbate lattice, such as thavolved in the dispersion than just through-space dipole
splitting of the symmetric and antisymmetric combinationscoupling. Moskovits and Hul$& have shown that dynamic
of the NO stretch. coupling through substrate lattice vibrations can lead to con-

In light of this complication, the dipole sums were cal- tributions to coverage vs frequency shifts of the same mag-
culated independently for the three domains, one with theitude as that expected for dipole coupling. While their work
scattering vector in the high symmetry direction and twotreated only vibrational coupling in detail, there are other
(mutually equivalent with the scattering vector oriented types of dynamic coupling possible through the metal lattice,
across the adsorbate Brillouin zone. Figure 7 shows the cakuch as modification of the Ni conduction band electron den-
culated dipole sums for the directions in the adsorbate Brilsity in the presence of a vibrating adsorbed spetidhis
louin zone(insed that result from scattering along thi&12  could be interpreted as the dynamic analog of the well
direction of the N{111) substrate. This figure shows that the known static chemical effect in the coverage vs frequency
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shift. The dipole coupling model takes this into account totermined polarizabilities, and show that dispersion measure-

some extent, through coupling of image and adsorbate diments are a convenient method for determining singleton

poles. However, calculation of the dispersion behavior forfrequencies, the frequency of an adsorbate in the static

this type of coupling would necessitate more detailed knowl-chemical environment of the coverage in question, but with-

edge of the spatial dependence of the interaction. out the contribution to the frequency shift caused by dynamic
As mentioned in the introduction, the frequency shift of dipole coupling.

the internal stretch mode in these systems is usually thought
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