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Experimental Fermi surface of Mo(011)
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High-resolution angle-resolved photoemission results are presented which allow us to determine
the complete Fermi surfaces for the surface-localized electronic levels on the clean and hydrogen-
covered Mo(011) surfaces. Similar to previously presented data for W(011), we observe a total of
three distinct closed hole orbits and one closed electron orbit. The hole orbits are elliptical and are
centered on different projections of the same bulk Fermi-surface ellipsoid. They are located at the
center and along each of the edges of the surface Brillouin zone. The surface electron pocket is
closed but has a very complex shape which is somewhat different from the one observed on W(011).
It orbits the projection of a bulk electron pocket which is traditionally called a jack, and is centered
in the surface Brillouin zone. As was observed for W(011), these orbits are affected to different ex-
tents by hydrogen adsorption. The hole pockets are rapidly quenched by hydrogen, while the elec-
tron pocket grows in area until it merges with its image in the second Brillouin zone. At saturation
there exist two hole pockets which are the remnants of the clean-surface electron pocket. These re-
sults are discussed in terms of the dynamical response of the surface. Electronic damping mecha-
nisms for low-energy surface excitations are discussed. Some of the possible vibrational Kohn
anomalies are enumerated.

I. INTRODUCTION

The Fermi surface in crystalline metallic systems is of
fundamental importance since it determines many macro-
scopic and microscopic properties. Starting from Fermi-
surface contours, observables such as heat capacities,
transport behavior, and intraband optical properties can
be predicted. In addition, issues relating to phase stabili-
ty and phonon behavior can be partially understood. For
these reasons, several techniques have been developed
and applied to study the Fermi surfaces of bulk, three-
dirnensional media. This work has produced a useful
data base which the solid-state-physics community can
utilize. '

It is surprising that more experimental and theoretical
attention has not been focused on the determination of
complete Fermi surfaces of two-dimensional (2D) and
quasi-2D systems. The lowered dimensionality of these
systems leads to Fermi surfaces which are well approxi-
mated as being tubular in shape. This geometry leads to
more effective coupling of different portions of the Fermi
surface and thus to more pronounced instabilities and
electronic screening anomalies. These anomalies can in
principle have a very pronounced effect on lattice stabili-
ty. For example, this is the supposed mechanism for
many of the distortions observed in quasi-2D layered ma-
terials. The role of Fermi-surface nesting in driving

reconstructions observed on nominally clean surfaces was
predicted nearly a decade ago. Interest has recently
been revived in this subject by theoretical work on
Mo(001).

Where the Fermi-surface anomalies are not strong
enough to produce reconstruction at a given temperature,
there can be enhanced, momentum-dependent coupling
of the electron-hole —pair continuum to phonons and oth-
er low-energy excitations in the system. These couplings
are manifested by Kohn anomalies in the appropriate
dispersion relations. A Kohn anomaly may be con-
veniently viewed as a precursor to a broken symmetry
(e.g., a soft phonon) which may in fact set in under ap-
propriate circumstances. Their existance is intimately re-
lated to force constants, and thus to the dynamical be-
havior of the lattice. Alternatively, a Kohn anomaly can
be viewed as a manifestation of enhanced electronic
damping of a low-energy excitation, and thus provides a
mechanism whereby energy can be transferred and dissi-
pated into electronic degrees of freedom. Such effects are
of central importance in understanding the dynamical be-
havior of surfaces. To date, there have been two experi-
mental reports of anomalies in surface-phonon dispersion
relations which were attributed to Fermi-surface cou-
pling. ' Work such as that reported here should
motivate further efforts along these lines.

Part of the reason that Fermi surfaces of 2D systems
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FIG. 1. Schematic of the body-centered-cubic (011) surface
unit net (left) and the surface and bulk Brillouin zones (right).
The hydrogen adsorption sites which have been suggested are
the long bridge or hourglass site (A), a quasithreefold site la-
beled B, and the short bridge labeled C.

have not received more experimental attention is that the
techniques traditionally used to study 3D systems, de
Haas —van Alphen, magnetoacoustic, and magnetoresis-
tance measurements, are not readily applied. These gen-
erally lack the required sensitivity to observe an individu-
al 2D interface or are unable to discriminate the general-
ly larger bulk signal. In addition, they require a material
of higher perfection than is routinely attained by current
interface preparation procedures. An alternative tech-
nique for determining the Fermi surface in any dimension
is angle-resolved photoemission (ARP). " While the
accuracy of this technique in determining the Fermi sur-
face of a 3D system is not adequate for it to compete with
those mentioned above, it is the technique of choice for
nominally clean surfaces. ARP was first applied in the
determination of a complete, 2D Fermi surface several
years ago. ' The goal in that study was to understand the
driving force for the observed clean W(001) surface
reconstruction. The more or less negative conclusions
derived ended further efforts.

Given the general significance of Fermi surfaces of 2D
systems outlined above, a comprehensive and systematic
study of many different clean and adsorbate-covered sur-
faces should be useful. Recently, we reported our initial
measurements of the Fermi surface of clean and
hydrogen-covered W(011).' Here, we give similar results
for Mo(011). These two metals have the same structure
and nearly identical lattice constants. A schematic of the
body-centered-cubic (011) surface unit net is given in Fig.
1 along with the surface and bulk Brillouin zone.

The two (011) surfaces are interesting as much for their
differences as for their similarities. For example, W(011)
has been observed to reconstruct upon hydrogen adsorp-
tion via a uniform lateral shift along the [011]direction
of the surface layer relative to the second layer. ' ' As is
apparent from Fig. 1, this reconstruction changes some
nearest-neighbor bond angles but not bond lengths, and
results in the surface atoms being quasithreefold coordi-
nated to second-layer atoms. A simple model for the

driving force for this reconstruction has been pro-
posed. '"' However, some very subtle factors must be
operative since Mo(011) was not observed to recon-
struct. ' In addition, the work-function changes upon
hydrogen adsorption are qualitatively different. On
W(011), it decreases monotonically with an approximately
linear dependence upon hydrogen coverage, reaching a
saturation change of —4SO meV. ' On Mo(011), howev-
er, it increases nearly linearly with coverage up to half a
monolayer, where the change is just +70 meV. ' For
higher coverages, it falls slightly. These changes are re-
lated to the changing surface dipole which is partly deter-
mined by and ultimately screened by the Fermi-surface
electrons. Part of our motivation is to understand the
nonintuitive differences between these two otherwise
similar surfaces.

The format of this paper is as follows. In the next sec-
tion, we describe our experimental procedures. The fol-
lowing section gives our experimental results for the
clean and hydrogen-covered Fermi surfaces and discusses
them in light of the three-dimensional Fermi surface pro-
jected onto the surface Brillouin zone. The final section
analyzes the results in terms of their significance to other
static and dynamical surface properties.

II. EXPERIMENTAL TECHNIQUES

A )99.99%%uo-purity Mo(011) crystal 1 cm in diameter
was oriented normal to the [011]bulk crystalline axis by
Laue x-ray backreAection to within &0.5'. A 1.5-mm-
thick slice was cut and electromechanically polished in 15
vol% sulfuric acid in methanol to a lustrous finish, and
inserted into our vacuum system. After several cycles of
oxidation at 1300—1500 K followed by sublimation of the
oxide at 2300 K, an exceptionally clean and we11-ordered
surface was obtained as determined by low-energy elec-
tron diffraction and Auger-electron spectroscopy. The
operating pressure of (0.8 —1.2) X 10 ' torr was
sufhcient to maintain a clean surface for 15—20 min, as
determined by the gradual disappearance of some of the
more contamination-sensitive features in our spectra.
These could easily be restored by thermally desorbing re-
sidual hydrogen and carbon monoxide from the surface.
This desorption procedure could be performed repeatedly
for several days without degradation of the surface.

Where required to determine the surface sensitivity of
certain spectral features, the room-temperature surface
was exposed to hydrogen gas in the form of H2, either by
back-filling the chamber or by placing the sample in the
line of sight of a channel-plate array doser.

The ARP experimental system has been described pre-
viously. ' ' High angular and energy resolution experi-
ments can be performed readily in this system. For the
experiments described here, the total instrumental resolu-
tion was always less than 80 meV full width at half max-
imum (FWHM), and the full angular acceptance was 1'
or better. Experiments were performed at the National
Synchrotron Light Source at Brookhaven National Labo-
ratory (Upton, NY), using a 6-m toroidal-grating mono-
chromator. Spectra could be accumulated with adequate
signal-to-noise ratio under these conditions in typically
2 —5 min.
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III. EXPERIMENTAL RESULTS

The procedure for determining a Fermi surface for
surface-localized states using ARP is straightforward, al-
beit somewhat tedious. In a given experiment, we typi-
cally fix the incident-photon energy and electron-
emission angles to produce an electron energy-
distribution curve (EDC). The first step is to determine
which spectral features in these curves are related to the
surface. As explained elsewhere, we use various experi-
mental tests which help to distinguish surface states and
resonances from bulk states. Features which are particu-
larly sensitive to hydrogen adsorption, either by shifting
in energy or by being extinguished, are conditionally
identified as either surface states or resonances. We also
check to ensure that these do not disperse with momen-
tum normal to the surface. Finally and most importantly
in the present work, we distinguish those features which
lie in a projected bulk band gap as surface states. We
have the advantage in these studies of knowing the bulk
Fermi surface accurately ' (see below), so that this test
has proven to be quite useful. Generally, once a segment
of 2D Fermi surface has been located, we do not perform
these tests at every momentum.
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A. Clean surface

Using energy- and paraHel-momentum-conservation re-
lations, we can determine in a very straightforward
fashion a 2D dispersion relation and thus the Fermi sur-
face for surface-localized states. " Two series of EDC's
collected from clean Mo(011) along lines parallel to the Z
and X lines of the surface Brillouin zone (SBZ) are
presented in Fig. 2 (see Fig. 1 for a designation of symme-
try points and lines). Each of these intersects a segment
of the complete Fermi surface shown in Fig. 3. Thus a
feature in the spectra near the Fermi level abruptly disap-
pears as the parallel momentum is varied. These data
could easily be plotted on dispersion curves, as was done
previously for similar data collected along the symmetry
lines. We are interested in determining where the bands
cross the Fermi level, and the two series thus yield the
points labeled A and B in Fig. 3. Once crossings such as
these are found, we trace the complete Fermi surface by
moving in small increments of k space at a time without a
systematic determination of complete dispersion rela-
tions. This reduces the total number of spectra needed to
determine a complete Fermi surface. A further reduction
is attained by werking primarily in one irreducible wedge
of the SBZ and simply performing checks in other parts
of the zone only to ensure symmetry. In spite of this
reduction, however, the data in Figs. 3(a) and 3(b) re-
quired over 1000 EDC's to achieve an internally con-
sistent data set.

We acknowledge that the finite linewidths observed in
Fig. 2 result in some ambiguity in accurately locating the
momentum where the surface features actually cross the
Fermi level. This results in an ultimate accuracy of
+0.03 A ' and a precision of +0.02 A '. As men-
tioned earlier, this accuracy is not as good as that at-
tained by the techniques used for bulk Fermi-surface
measurements. Most of this ur(certainty is systematic in

nature, so that the shapes of the 2D Fermi-surface seg-
ments we derive are essentially correct while their sizes
may be slightly in error. This accuracy could probably
be improved somewhat by performing more complete ex-
trapolations of surface bands to the Fermi level.

The data shown in Figs. 3(a) and 3(b) clearly indicate
that there are four closed Fermi-surface orbits on the
clean surface. As discussed below, three of these are hole
pockets and one is an electron pocket. Also shown in
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FIG. 3. Fermi-surface orbits for (a) the three hole ellipses
and (b) the complex electron pocket observed on clean Mo(011).
The solid dots are real data while the crosses have been pro-
duced by mirror-plane symmetry. The shaded regions are the
projected bulk Fermi surface, calculated as explained in the
text.

FIG. 2. ARP EDC's collected along lines parallel to the b
and X lines of the surface Brillouin zone in the vicinity of the
Fermi-surface crossings labeled A and 8 in Fig. 3. Note the
abrupt disappearance of the features near EF as a function of
parallel momentum.
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Figs. 3(a) and 3(b) is the bulk molybdenum Fermi surface
projected onto the SBZ. This was calculated using a
nonorthogonal tight-binding interpolation scheme.
This calculation reproduces fairly accurately the mea-
sured bulk Fermi surface, ' while at the same time allow-
ing us the flexibility to vary the projected energy arbi-
trarily. We have not included the spin-orbit interaction
in this calculation. The most significant change its in-
clusion would introduce would be that the segments at
k~~ =1.0 A ' along X would not contact.

1. Hole ellipses

The three roughly elliptical orbits shown in Fig. 3(a)
centered at the I point and along both of the SBZ bound-
ary lines are hole orbits in the sense that they enclose
unoccupied levels. They are observed to orbit three dis-
tinct projections of the same bulk hole ellipsoid centered
at the X points of the bulk Brillouin zone. ' Two of the
surface hole orbits are degenerate with the projections of
other segments of the bulk Fermi surface and are thus ac-
curately called surface resonances. The hole orbit near
the zone center is embedded in the projection of the bulk
electron jack, while the hole orbit near the X point is em-
bedded in the projection of the bulk hole octahedron cen-
tered at the bulk H points. The third hole orbit appears
to be a true surface state given that the calculation
overestimates the size of the bulk ellipsoid slightly. We
do not observe any systematic broadening of the features
forming resonant orbits over those forming the orbit
which is a true state, indicating that the resonant cou-
pling to bulk states must not be particularly large. This
point will be further addressed in a forthcoming article.
These hole orbits are similar in all respects to those ob-
served previously on W(011).'
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far below the Fermi level in this region. Given the neces-
sity to Bash our surface clean periodically, there is a com-
petition between waiting long enough for the crystal to
cool so that the Fermi surface is not thermally smeared,
and accumulating spectra quickly enough so that the
modifications by hydrogen adsorption reported below do
not perturb the observed result. We were careful to elim-
inate these systematic errors, and believe that the narrow
segment is accurately reproduced in our data.

A significant complication in accumulating the com-
plete Fermi surface shown in Fig. 3 is the large intensity
asymmetries often observed in rotating on opposite sides
of a mirror plane perpendicular to the horizontal plane
defined by the polarization vector and the surface nor-
mal. An example is shown in Fig. 4, which shows
momentum-equivalent Fermi-surface crossings for the
electron pocket taken with different photon polarizations.
In these EDC's, the crystal was oriented with the 5-axis
vertical. Spectra are shown on opposite sides of this mir-
ror plane as a function of component of momentum
parallel to X. In this particular case, the peak corre-
sponding to the electron pocket crosses the Fermi level at
k~~ =0.25 A, labeled D in Fig. 3. This feature is quite
intense when rotating toward the polarization vector, but
is very weak when rotating away from it. Other bands on
this surface show exactly the inverted behavior. We have
not been able to derive any useful information from this

2. Electron orbit

The final surface orbit is an electron orbit centered on
the I point. It is irregular in shape, but is seen more or
less to encompass the projection of the bulk electron jack
onto the SBZ. Away from the symmetry lines, the elec-
tron orbit is a true state, while near these it is resonant
with bulk states. As explained previously, the bulk con-
tinua along the symmetry lines in which this orbit is em-
bedded are of the opposite nominal mirror-plane symme-
try. In the absence of the spin-orbit interaction and pre-
cisely along the symmetry lines, the orbit would exist in a
symmetry gap and would thus be a true state. As for the
hole orbits, the resonant coupling to the bulk continuum
must not be particularly strong. The regions where the
electron pocket is resonant with bulk states do produce
experimental difficulties, however, since the bulk states
normally produce a broad feature at the Fermi level
which must be discriminated.

This electron orbit is different in shape than that ob-
served on W(011).' For molybdenum it is more extended
along 6 but less extended along X than for tungsten. An
accurate description of the narrow segments extending
into the second Brillouin zone near the (H, P ) points was
particularly difficult to attain since the band is never very
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FIG. 4. Momentum-equivalent sets of EDC's showing the
marked asymmetry in rotating the electron-emission direction
on opposite sides of a mirror plane, either toward or away from
the photon polarization vector. The observed Fermi-level cross-
ing occurs at the point labeled C in Fig. 3. In this case, much
higher precision can be achieved in determining kF by scanning
toward the polarization vector.
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asymmetry. Similar results on W(001) have been inter-
preted as an interference between emission amplitudes ex-
cited with the in-plane and out-of-plane components of
the polarization vector. We have found it best to trace
some segments of the Fermi surface in different
symmetry-related wedges of the SBZ. In Fig. 3, the
"original" data are indicated by solid circles, while the
points which have been deduced by mirror-plane symme-
try are indicated by crosses.

3. Relation to previous results

It is enlightening to draw a connection between our
earlier results for the surface bands along the symmetry
lines and the results shown in Fig. 2. We reproduce in
Fig. 5 the appropriate figure from our earlier paper which
summarizes the bands along the 6 and X lines on a pro-
jection of the bulk band structure. In this figure, we
identified three Fermi-surface crossings in each mirror
plane. Since the P and H points are equivalent by
reciprocal-lattice symmetry, these crossings are clearly
identified with those points on the complete Fermi sur-
face in Fig. 3 along the symmetry lines. Without deter-
mining the complete Fermi surface, it would not be obvi-
ous that the crossings observed in Fig. 5 should connect
as shown in Fig. 3. The near degeneracy of the two
bands near 1.0 A along 6 in Fig. 5 is in fact clarified
by the Fermi surface, since these are seen to arise from
different orbits which follow different trajectories away
from the symmetry line.

B. Hydrogen-covered surface

The previous article demonstrated and interpreted
the differing sensitivities to hydrogen adsorption of the
surface bands shown in Fig. 5. These can be categorized
by those which are effectively quenched by hydrogen and
those which simply shift downward in energy. Not
surprisingly, this distinction is preserved and even

EF
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magnified in measuring the effect of hydrogen upon the
various surface orbits. All three of the hole orbits are
rapidly quenched by small quantities of hydrogen. The
fact that all three hole orbits show the same sensitivity is
perhaps not surprising. They apparently all are split
from the same ellipsoidal segment of the projected bulk
Fermi surface, and thus to a first approximation would be
composed of similar localized orbitals. They might there-
fore be expected to have similar sensitivities to adsorp-
tion, as observed.

The bands which were observed to shift downward
upon hydrogen adsorption in the previous study are those
which are connected by the electron pocket in Fig. 3. We
might anticipate that this pocket would expand in area
upon adsorbing hydrogen. This is precisely what is ob-
served. As was observed on W(011),' the pocket ex-
pands and merges with its counterpart in the second-Bril-
louin zone at some small but finite hydrogen coverage.
As shown in Fig. 6, at saturation, two distinct hole orbits
remain, centered on the two edges of the SBZ. While the
clean-surface electron pocket was observed to be some-
what diff'erent from that of W(011), the results from the
saturated surfaces are remarkably similar. The hole or-
bits which are left are qualitatively similar to two of the
hole orbits observed on the clean surface, but quantita-
tively different. The orbits at saturation coverage lie
largely within projected Fermi-surface band gaps and are
thus truly surface states characteristic of Mo(011)+H. It
is important to note that this merging occurs in the vicin-
ity of the X line where the spin-orbit interaction has a
pronounced effect on the projected bulk Fermi surface.
Attempts to calculate the observed modification to the
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FIG. 5. Summary of our experimental surface energy bands
along the 6 and X lines plotted on a projection of the bulk
molybdenum band structure taken from Ref. 20. The calcula-
tion includes the spin-orbit interaction, so that mirror-plane
symmetry need not be considered. The data were taken at the
following photon energies: , hv=24 eV; A, hv=40 eV; ~,
hv=50 eV; ~, hv=60 eV.

FIG. 6. Fermi-surface orbits for the two hole ellipses ob-
served on hydrogen-saturated Mow'011), plotted on the projected
bulk Fermi surface. The solid dots are real data while the
crosses have been produced by mirror-plane symmetry. As ex-
plained in the text, these ellipses are derived from the electron
pocket in Fig. 3(b).
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a detailed analysis of the changes observed. This is very
difficult experimentally since the time required to deter-
mine a complete Fermi surface is very large compared to
the length of time that a partially covered surface is
stable in our vacuum system. What we have done instead
is to determine the change of the Fermi wave vector as a
function of hydrogen dose along a few lines in the SBZ.
A sample of these results is shown in Fig. 8. This plots
the fractional changes in both the work function and the
Fermi wave vector along a line parallel to X and passing
through the point labeled D in Figs. 3 and 6 as a function
of hydrogen dose. The shifts are observed to be continu-
ous and appear to be related to one another, as explained
below.

IV. DISCUSSION
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FIG. 7. EDC's collected as a function of hydrogen dose at
the point labeled D in Figs. 3 and 6. Note that a peak grows in

near the Fermi level as hydrogen is adsorbed and the electron

pocket shifts outward.
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surface Fermi surface may require inclusion of this rela-
tivistic effect.

A useful view of these modifications to the Fermi sur-
face is attained by collecting spectra as a function of hy-
drogen dose at a point outside the clean-surface electron
orbit and the saturation hole orbits. We expect to ob-
serve a peak grow in near the Fermi level. This is ob-
served in the EDC's shown in Fig. 7, which were collect-
ed at the point labeled D in Figs. 3 and 6.

Ideally, we would determine the complete Fermi sur-
face at intermediate hydrogen coverages so as to produce

A. Electronic structure and hybridization

The Fermi surfaces presented in Figs. 3 and 6 are of in-
terest in part purely from the perspective of surface elec-
tronic structure. Loosely speaking, we can think of
molybdenum and tungsten as partially covalent metals.
In a tight-binding model, forming a surface breaks bonds
between atoms. The resulting dangling bonds can form
we11-defined surface bands which lie in or near projected
band gaps. The hybridization at the Fermi level between
these bands is clearly apparent in Fig. 3. This is mani-
fested by the intricate way in which the irregularly
shaped electron pocket threads its way through the hole
ellipses.

The bands which form the hole ellipses are quenched
by hydrogen, so that these bands must be composed of
dangling bonds which are very labile. Our hypothesis is
that these bonds are directed toward the hydrogen atoms
in their equilibrium adsorption site, and are intimately in-
volved in forming the adsorption bond. Elsewhere, we
have elaborated upon this idea and concluded that hydro-
gen sits in or near the long bridge site (sites labeled A and
8 in Fig. 1), as is thought to be the case on W(011).
The data presented in Fig. 6 could probably be coupled to
first-principles calculations to deduce the hydrogen ad-
sorption geometry with some precision.

Previously, we presented evidence that upon adsorp-
tion the electrons in the labile dangling bond states end
up in H—Mo bonding orbitals. We see more evidence for
this in Figs. 3 and 6. As the hole bands are removed by
hydrogen, the restrictions due to band hybridization are
relieved and the electron pocket grows into the region
previously occupied by the hole ellipses. If the electrons
in the hole pockets were attenuated simply because hy-
drogen scattered them strongly without changing their
energy very much, we would probably not observe such a
dramatic change in the electron orbit.

FIG. 8. Projections of the bulk molybdenum Fermi surface
onto the (011) surface Brillouin zone at energies (a) 150 meV
and (b) 200 meV above the Fermi level. Note that the projec-
tion of the bulk electron jack grows markedly and merges with
its counterpart in the second zone, similar to what is observed
for our surface orbit in Figs. 3 and 6.

B. Changes in the electron pocket

The changes which the electron pocket undergoes
deserve special attention, since similar Fermi-surface
changes are difficult to observe in bulk media. The
changes are usefully compared to a rigid-band model
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FIG. 9. Fractional change in the Fermi wave vector and the
work function as a function of hydrogen dose. The measure-
ments of the Fermi wave vector were performed along a line
parallel to X passing through the point labeled D in Figs. 3 and
6. Note the marked similarity between the behavior of the Fer-
mi surface and the work function. [1 langmuir (L) =—10
torr s.]

which is often used as a simple model for the density of
states of a dilute alloy. The difference here is that, in-
stead of changing the density of electrons in the whole
system, we are filling a particular surface band by lower-
ing its energy relative to a fixed Fermi energy. A con-
venient way to view this comparison is to project the bulk
band structure onto the SBZ at energies slightly removed
from the calculated bulk Fermi level. This is shown in
Figs. 8(a) and 8(b) where we have projected at energies
150 and 200 meV above the Fermi level, respectively. We
see in this figure that the projection of the bulk electron
jack expands and merges with its counterpart in the
second Brillouin zone in much the same way as does our
surface electron orbit. Experimentally, we measure a
downward energy shift in the surface band by roughly
200 meV, depending on the position in the Brillouin zone.
This rough equivalence justifies our analogy to the rigid-
band model.

Electrons at the Fermi surface are the most polarizable
in a metal. They are, for instance, intimately involved in
screening external potentials. For this reason, we might
expect our results to be related in some way to properties
of the surface which depend on this polarizability. The
most obvious property with which to compare is the
change in work function since this gives a crude measure
of the changes in the surface dipole layer. That the
changes we observe in the electron orbit are related to the
changes in work function is strongly suggested by the re-
sults shown in Fig. 9. The functional dependence of these

quantities is very similar, indicating that they are likely
to be related. It appears that the electrons at the Fermi
level are indeed responding to changes in the surface di-
pole layer.

In order to make this relationship between the ob-
served change in Fermi surface and the work function
definitive, we would need to know both the amount of
hydrogen-induced charge transfer in the vicinity of the
surface and its spatial distribution. The first of these is
simple if we ignore the possibility of transferring charge
into the bulk via the resonant portions of the Fermi sur-
face. We simply measure the fractional area of the elec-
tron pocket enclosed within the first Brillouin zone and
multiply by 2 for the spin degeneracy. The total amount
of charge transferred into the band is 0.60+0.05 elec-
trons per atom. We cannot easily measure the spatial dis-
tribution of this charge, but in order to produce the ob-
served maximum work function change of +70 meV, the
centroid of the charge distribution would need to shift
outward from the surface by only =0.005 A. This small
length indicates just how significant the charge we mea-
sure might be.

As mentioned previously, the Fermi-surface changes
we have observed on Mo(011) are fairly similar to those
reported previously on W(011).' Moreover, a qualita-
tively similar relationship was observed between the
work-function change and the changes in Fermi wave
vector. As mentioned in the Introduction, however, the
work-function changes on these two surfaces upon hydro-
gen adsorption are opposite in sign. Lacking knowledge
of the location of the centroid of the hydrogen-induced
surface charge density, this enigma is dificult to explain.
It suggests that the relationship between the Fermi-
surface modifications and work-function change might
not be as direct as our previous discussion suggests. The
arguments presented above concerning healing dangling
bonds and relieving band hybridization would produce
the observed Fermi-surface changes regardless of the
work-function change. This might in fact be the link be-
tween the changes in work function and Fermi surface.
Further theoretical work will be required to explain this
enigma.

The continuous nature of the changes in band energies,
Fermi surface, and work function deserves further con-
sideration. The abrupt disappearance of some surface
features (i.e., a successful "crud" test) can be easily un-
derstood. The adsorbate interacts strongly with the sur-
face state electrons and these are swept out of the gap.
This can occur either through a direct chemical-bonding
interaction, or simply due to the significant change in
boundary conditions at the surface induced by the adsor-
bate.

The case of "weak" interaction, where the surface band
shifts continuously with coverage, can be understood
qualitatively as well. For a perfect, clean surface, the
surface-state wave function is an extended Bloch state
with well-defined momentum parallel to the surface. On
this surface at room temperature, the adsorbate is disor-
dered and, strictly speaking, the momentum is not well
defined. By assumption, however, the Bloch wave is not
strongly scattered by the adsorbate centers. We can
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think of eigenstates which are relatively narrow
momentum-space wave packets centered on the bands for
the perfect surface. This is consistent with the broadened
features observed in spectra of the contaminated surface.
The scattering centers can also energetically perturb the
delocalized Bloch state. In this case the energy of the
broadened bands will be shifted to an extent which de-
pends on the coverage. Unfortunately, there is no
theoretical treatment which provides a more quantitative
treatment of the relationship between monotonic changes
in band energies and Fermi surfaces and other properties
such as work-function change.

C. Phonon anomalies and reconstruction

The dynamical coupling between electronic and vibra-
tional degrees of freedom in a metallic system is one of
the most important aspects of metal physics. This cou-
pling is necessarily determined in part by the Fermi-
surface contours. One important manifestation of this
coupling is the Kohn anomalies mentioned in the Intro-
duction. Without knowledge of the matrix elements
which govern the electron-phonon coupling, we cannot
predict the strength of a particular anomaly. We can,
however, predict momenta at which several of these
might be observed from the data in Figs. 3 and 6. More
importantly, we predict that the character of these
anomalies wi11 be dramatically affected by hydrogen ad-
sorption.

The Kohn anomalies can be separated into two classes,
those that couple two points on one orbit and those that
couple points on different orbits. The former are similar
to the screening anomalies which occur at 2kF in the
free-electron gas. A simple example observed in Fig. 3(a)
is at points on the symmetry lines on opposite sides of
hole ellipses centered at I And N. Tangents to these
points are parallel, so that a low-energy excitation with a
momentum which spans these points would be efhciently
coupled to the electron-hole —pair continuum. The exci-
tation would thus be damped and a Kohn anomaly would
result. A good example of the latter type of anomaly ex-
ists on the saturated surface. Here, the points on the two
hole pockets along the P —H line have parallel tangents
and enhanced intraband damping would result.

Several other anomalies can be predicted from inspec-
tion of Figs. 3 and 6. We have enumerated in Table I
some of the more pronounced Kohn anomalies which
might occur along the lines of high symmetry in the SBZ.
These are classified by their 2D wave vector, the orbits
which they couple, and -by a crude measure of the
strength of the screening singularity. We use for this
measure the inverse of the difference in curvature of the
nested segments of the Fermi surface. This neglects com-
pletely all matrix element effects. Density-of-states
effects are included, however, in such a way that the
larger the number in the third column of the table, the
stronger the singularity might be.

Our previous work on W(011) predicted significant
damping of the zone-center symmetric-stretch hydrogen
mode due to coupling to intraband excitations. A similar
effect should occur on Mo(011). The reasoning which

TABLE I. Some of the more pronounced Kohn anomalies
predicted from our data. The orbits are labeled E for the elec-
tron orbit, H1 and H2 for the clean-surface hole orbits which
surround the I and X points, and HA and HB for the larger
and smaller hydrogen-covered surface hole orbits. The momen-

0
turn is given in A ' by its components parallel and perpendicu-
lar to X and 6, respectively. The strength parameter is ex-

0
plained in the text and has units of A

Surface

clean
clean
clean
clean
clean
clean
clean
clean
clean
clean
clean
H-saturated
H-saturated
H-saturated
H-saturated

q=(qz, q~)

(0.00,0.43)
(0.00,0.74)
(0.00,2.22)
(0.83,0.00)
(0.96,0.00)
(1.52,0.00)
(0.00,1.33)
(0.00,1.26)
(0.00,0.07)
(1.18',0.00)
(2.27,0.00)
(0.00,0.74)
(2.30,0.00)
(0.35,0.53)
(0.19,0.24)

Orbits

H1-H1
H2-H2
E-E
H1-H 1

H2-H2
E-E
H1-E
H1-H2
H2-E
H1-E
H2-E
HA -HA
HA-HA
HB-HB
HA -HB

Strength

0.62
0.38
0.30
0.08
0.24
0.17
0.20
0.98
0.2S
0.16
0.5S
1.03
0.10
0.54
0.31

leads to this prediction is simple. As the hydrogen layer
vibrates uniformly normal to the surface, the surface di-
pole changes, thereby modifying the work function. Fig-
ure 9 implies that the electron pocket will fill or empty as
well, resulting in electronic damping. A very similar
dynamica1 response of the electrons near the Fermi leve1
was predicted in a recent calculation for the W(001)-(2H)
system. Note that this damping occurs only for a uni-
form displacement of the hydrogen 1ayer, i.e., for the
zone-center phonon mode. A similar mechanism was in-
voked to explain the damping of molecular vibrations at
a surface.

The final aspect of interest in our data is the relation-
ship to surface reconstruction. As mentioned in the In-
troduction, W(011) has been observed to undergo a
(1 X 1) displacive reconstruction upon addition of rough-
ly 0.5 monolayers of hydrogen, while Mo(011) has not.
From the point of view of the Fermi surface, we need to
look for anomalies at zero momentum since the recon-
struction involves a uniform displacement of the outer-
most layer. When two segments of Fermi surface touch,
a new coupling channel is opened at q=(0, 0). This as-
pect of our data could conceivably play a role in helping
to drive the reconstruction. However, in both molybde-
num and in tungsten, the electron pocket merges with its
second-Brillouin-zone counterpart at a coverage of only
=0.2 monolayers, or we11 below that required to produce
the reconstruction. Moreover, the merging is fairly simi-
lar in the two metals, while the reconstructive properties
are not. Further theoretical work will clarify the
inhuence of the Fermi surface on the reconstruction ob-
served on W(011).
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V. SUMMARY AND CONCLUSIONS ACKNOWLEDGMENTS

We have determined experimentally the complete Fer-
mi surface of clean and hydrogen-covered Mo(011) and
investigated its ramifications. Detailed experiments such
as this provide a very detailed look at the chemisorption
bond both from a static and dynamic point of view. To
date, surface states have not been shown definitively to
determine other dynamical properties of a surface. Accu-
rate measurements of surface-phonon dispersion relations
for this surface and for W(011) may provide evidence for
this. Future studies will include investigating the effect
of adsorbate electronegativity and strained overlayers on
the Fermi surfaces of 2D systems with a goal of further
probing the relation between surface dynamical and
geometrical structures.
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