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Using angle resolved ultraviolet photoelectron spectroscopy (ARUPS) the two dimensional energy dispersions of ordered physisﬂfb""j
monolayers of N; and CO/Ag(111) has been measured. For N./graphite the ordered herringbone structure can be identified by correlatin:
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the ARUPS data to recent LEED studies. For all systems investigated we observe a k dependent splitting of the 5o (3¢,) level which is

a consequence of the intermolecular interaction of two molecules in the unit cell. The splitting is largest in the center of the Brillouin

zone of the overlayer and disappears towards its zone boundary. The observed dispersion can be understood by a simple tightbinding
calculation and is in good agreement with an ab initio bandstructure calculation.

Introduction

The physical properties of physisorbed diatomic mole-
cules have been studied to derive complete phase diagrams
[1]. High surface area substrates like grafoil are necessary
o employ specific heat measurements [2] or to perform
neutron scattering (NSS) experiments [3]. More recently, it
has been possible to observe LEED patterns of ordered lay-
ers of physisorbed N, and CO using highly oriented poly-
crystalline graphite (HOPG) as a substrate that provides
large crystalline areas of graphite [4, 5]. The results indicate
various commensurate and incommensurate phases at cov-
erages close to the complete monolayer. Among them a her-
ringbone structure is identified in which the molecules are
oriented in plane (parallel to the surface) the molecular axes
arranged almost perpendicular to each other. Physically, the
symmetry of these arrangements mean, that two molecules
are in the Surface Brillouin Zone (SBZ). In Fig. 1 schematic
presentations of that herringbone structure for the real and
the reciprocal space are given.
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Fig. | s
Arrangement of physisorbed molecules in a /3 (2x 1) superstruc-
ture when adsorbed on a hexagonal substrate. In real space the
Ui cell contains 2 moiecules, as indicated. In reciprocal space the
SBZ for the |/ 3 with the symmetry points at M and K are shown
for comparison (dashed hexagon)

Angle resolved ultraviolet photoelectron spectroscopy
(ARUPS) has been used in particular to study the electronic
and geometric structure of chemisorbed atoms and molecules
[6]- More recently, the method has been extended for phys-
1sorbed noble gas atoms [7], too. The observed topmost
P-levels showed dispersion up to 0.6 ¢V along the main sym-

metry lines. Comparing to the 2D band structures of chem-
isorption systems like Chalcogen/Ni or CO/Ni [6] the dis-
persion is very similar although the adsorbate-surface in-
teraction is quite different.

From this point of view the ARUPS investigations of
physisorbed ordered systems are interesting as in these sys-
tems the heat of adsorption is even lower. On the other hand
the existence of detailed LEED studies helps to support the
ARUPS results and allows a very interesting combination
of low temperature physics and surface science spectrosco-
pies.

Experimental and Results

The experimental details of our ARUPS measurements
are published in detail elsewhere [8], for low temperature
adsorption techniques see Ref. [9].

Our results for the systems N+,/C. N, CO/Ag(111) show
similarities in various respects. Fig. 2 summarizes the spectra
taken at normal emission for the three systems at about one
complete monolayer (1 ML), respectively. Clearly the mol-
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Fig. 2
Angle resolved photoelectron spectra taken at normal emission for

CO/Ag(111) (hv = 19eV), NyfAg(111) (hv = 21 eV), and Na/graph-
ite (hv = 25eV) at sample temperatures around 25 K
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ecules are physisorbed. as their molecular ion state energy
separation is nearly the same as in the gas phase [10]. In
this contribution we will not consider further details like
effects in the partial photoionisation cross section or like
coverage dependent changes on the electronic structure, but
concentrate on the spectra of the herringbone structure. As
shown in Fig. 2 the most significant observation is the split-
ting of the 5o, 3o, molecular ion states respectively. For
N,/C the splitting is 0.43 eV, for N,/Ag(111) it is 0.55 and
for CO/Ag(111) it is 0.7eV. A shoulder in the 4G level of
CO/Ag(111) indicates a split in that level. too. For No/C,
Ag the corresponding 2 o, split is not observed, but may be
a consequence of its low cross-section of the 2o, level. In
the emission of the 1 ion state there is no indication for a
splitting or shoulder at all.

Theorie and Discussion

In order to understand the splittings in the 46 (3c,), 5o
(2o,) levels at normal emission, we have used semiempirical
tightbinding cluster calculations for various cluster models.
For parallel alligned molecules the m—m interaction (over-
lap) dominates and a split in the 1« level of about 1.8eV is
found. On the other hand when a T-shape allignment of the
molecules within the cluster is considered, the n-overlap is
minimized. However, the larger overlap of the c-orbital in
the T-shaped geometry causes a split in the 40, (3g,), 5o
(2o,) levels. For example, our calculations for a (CO), cluster
reveal a splitting in the neutral ground state of 0.39 eV (5 ),
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Experimentally determined dispersion of the molecular level at
lowest binding energy for N./Ag(111) (3a,). CO/Ag(111) (5o) and
Ny/graphite (3 o) along the TK direction of the substrate

0.25eV (4o) and is 0.53eV (50), 0.38 eV (4o) if final state
screening is included.

Besides, the similar splittings for the 56 (30,) ion states
the systems in discussion here [N,, CO/C, Ag(111)] show
even more similarities, when the dispersion of the 56 (35,)
level is considered. In Fig. 3 the binding energies of the ob-
served peak maxima (or shoulders) are plotted as a function
of the wave vector component parallel to the surface, i.c.
ky~ ]/E; sind (E;, is the kinetic energy of the emitted
electrons, d is the angle of detection with respect to surface
normal). For all surfaces, the azimuth of the substrate wa:
along the TK substrate direction. The dispersion is almost
symmetric around T for all systems investigated. The dil-
ferences may be caused as the polarization vector of the
incoming light is only in the quadrant determined by the
positive TK direction of the substrate. For No/Ag(111) the
3o, level beyond that symmetry point again shows a split-
ting.

The similarities in the dispersion curves are documented
not only in the common splitting at T as lorementioned.
they also show another symmetry point (1/3 TK) of the
substrate SBZ. This symmetry point is in accordance with
the substrate distances a at 1/3 a (graphite: @ = 4.29 A;
Ag(111): a = 4.99 A) for all three systems. :

As the N,/C system has been studied by LEED [4. 5] and
NSS [3], the evidence for a herringbone structure as deter-
mined by these techniques may be used as the basis to ex-
plain the results of ARUPS as reported here. Starting with
the cluster models mentioned earlier, an ab initio calculation
of the 2D bandstructure of an isolated N- layer forming a
herringbone structure has been performed. The geometric
arrangement is such that 2 molecules normal to each other
form the unit cell. The next neighbor distance (center of
mass) of 4.29 A is one basis vector and is determined from
the LEED data. Further details of that calculation are pub-
lished elsewhere [11]. The calculated splitting at T amounis
to 030 and 0.23eV for 30, and 20,. respectively. The
25 percent smaller splitting for 2o, 1s due to larger 2s com-
ponents in the wavefunction. This probably can also explain
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Calculated band structure of an isolated N. layer ordered in the

herrongbone structure with the distances as observed for Ny/graph-

ite. The dispersion is shown along various symmetry lines within
the rectangular surface Brillouin zone
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why it is not resolved in the experimental spectrum. The
resulting bandstructure along the main symmetry lines is
shown in Fig. 4. Compared to our experimental data, the
overall agreement is excellent. despite the coexistence of
three possible domains. The calculation shows the splitting
in the two o levels at T. For the 20, level the splitting is
too small to be resolved experimentally.

Agreement is achieved also at the symmetry points S and
H. where theory predicts that the levels are degenerated.
The size of the splitting at T is somewhat larger in experi-
ment than expected from the calculation. Further compu-
tational improvement like variation of the angle between
the molecules as well as variation of the next neighbor dis-
tance will give further insight in the details of this ordered
phase.

Summary

In summary, experimental and theoretical work estab-
lished that an ordered herringbone structure exists for N,
when adsorbed on graphite in accordance to LEED [4, 5]
and NNS [3] work. Furthermore. the similarities observed
for the spectra and dispersion of the 5o (3o,) ion states of
CO and N, adsorbed on Ag{111) are consistent with the
existence of a similar ordered phase on this metal single
crystal surfuce.

In the following we will discuss some of the consequences
of the present work. From the viewpoint of ARUPS it is
interesting to note that the size of the observed dispersion
for a given level does not depend on the adsorbate substrate
interaction. Dispersions around 0.7 ¢V have been observed
for CO chemisorbed on transition metals [6, 127 as well as
for noble gas atoms physisorbed on a variety of metals [7].

Another significant meaning of the work presented here
is the fact that techniques forced to use high surfuce area
polycrystalline materials as substrates (NNS, LEED. specific
heat — isothermes, isobares) rank up to all established sur-
face science techniques by the use of well defined single crys-
tal surfaces. Combining the experimental data with the sym-
metry properties of the herringbone structure as obtained
in Fig. 3. we find that for N,, CO adsorbed on Ag(111) the
next neighbor distance is 4.99 A and is commensurable with
the lattice constant as it is for N./C. This value is quite
different from that determined for No/C (4.26 A} and may
be stabilized by that surface interaction, as discussed ubove.

From the numerous structures identified in LEED exper-
iments, for Ns/C beside the in plane herringbone structure
already mentioned. an incommensurate out of plane her-
ringbone structure, with two molecules tilted away from the
surface, is identified [14]. Since CO is a heteroatomic mol-

ecule the symmetry is lower and there exist several possible
relative orientations thus causing the existence of only one
glide plane. Understanding the absolute value of the split-
ting at M may allow to identify the relative CO orientations.
For CO/C beside the herringbone structure the so-called
pin-wheel structure is established [12]. In this arrangement
one upright standing molecule is surrounded by a ring (pin
wheel) of five in plane oriented molecules. Within the SBZ
there is one standing and three differently oriented in plane
molecules. The LEED analysis also established that for all
the observed structures the next neighbor distances do not
change significantly. For N,, a tilting out of plane, and for
CO. a standing up of one out of five molecules, are the
driving forces for the phase transitions mentioned above.

Clearly, our ARUPS studies are not yet able to differen-
ciate between those phase transitions where only subtle
changes in intermolecular distance occur. However, the ob-
served linewidths and dispersion curves may be blurred to
a certain extent by the coexistence of both phases under our
experimental conditions.

Nevertheless, we hope that the results presented here will
influence the understanding ol the fundamental properties
of physisorption and stimulate further experimental and the-
oretical work of these very weakly bound systems.
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