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Experimental Fermi Surfaces of Clean and Hydrogen-Covered W (110)
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Angle-resolved photoemission measurements of the Fermi surfaces of several surface localized states
of clean and hydrogen-covered W(110) are reported. Three hole orbits and one electron orbit have been
characterized. The hole-orbit states are rapidly attenuated by hydrogen, while the electron-orbit states
are shifted to higher binding energy resulting, initially, in an expansion of the Fermi surface, and ulti-
mately, in its conversion to two hole orbits. These data represent the most detailed study of the behavior

of the two-dimensional Fermi surface to date.

PACS numbers: 79.60.Gs, 63.20.Kr, 68.35.Rh, 71.25.Hc

The behavior of the Fermi surface has important
ramifications for the understanding of a variety of phe-
nomena such as phonon behavior, optical properties, and
phase stability. The measurement of the Fermi surfaces
of bulk, three-dimensional (3D) systems by techniques
utilizing such phenomena as the de Haas-van Alphen
effect or the magnetoacoustic effect is well understood
and a number of such measurements have been reported
in the literature.!™ Unfortunately, the techniques com-
monly used to measure Fermi surfaces are not readily
applied to two-dimensional (2D) states which exist on
surfaces and at interfaces, although exceptions to this do
exist. ®

As the dimensionality of a system is reduced to 2D or
1D, the Fermi-surface morphology can have even more
pronounced influence on macroscopic observables than it
does for a 3D system ¥ since singularities in momentum-
and energy-dependent screening are more severe. While
very little experimental information is available, there is
considerable interest in the behavior of the Fermi surface
of 2D systems. For example, the reconstructions of
W (100) and Mo(100) may result, in part, from phonon
anomalies introduced by the morphology of the Fermi
surface.’”!! In addition, coupling of phonons and other
low-energy excitations to the electron-hole pair continu-
um may yield interesting behavior such as Kohn
anomalies in the phonon dispersion relations.'?> Recent
He-atom scattering experiments'>'* have proposed the
existence of such anomalies for surface phonons.

In this Letter, we report detailed measurements of the
Fermi surfaces of several surface localized states of
W(110) by angle-resolved photoemission (ARP). Also,
the changes that occur upon adsorption of hydrogen are
reported and are discussed in terms of possible phonon
anomalies and the hydrogen-induced reconstruction of
the surface.'>!¢

A clean, well-ordered W(110) surface was prepared as
described previously.!” A typical photoemission spec-
trum could be measured using the ARP system'®!" at
the National Synchrotron Light Source in 2 to 5 min.
Overall operating resolutions were 80 meV (FWHM)

and 0.5°-1° (FWHM). The crystal was rapidly heated
to thermally desorb residual surface contaminants (CO,
H) every 5-10 min. The operating pressure was
(0.8-1.2)x10 !% Torr. Hydrogen was dosed as H, at
room temperature.

Figure 1 shows spectra from an angular scan along the
A line (T'-N, see Fig. 2) of the surface Brillouin zone at
a photon energy of 20 eV. This scan represents a varia-
tion of ky from 0.50 to 1.14 A ~'. We call attention to
the two peaks indicated by the guidelines. As one moves
to larger values of k these peaks disperse to lower bind-
ing energy and cross the Fermi level at 0.84 and 1.1
A ™!, respectively. These crossings define Fermi-surface
points along the A line for two distinct states. By making
small changes in k; as the Fermi-surface crossing of a
state was determined, it was possible to map the 2D Fer-
mi surface throughout the surface Brillouin zone (SBZ).
We acknowledge some uncertainty in the precise value of
ki at which the crossing occurs due to the width of the
state. The accuracy of the measured location of the
Fermi-surface contours is primarily limited by this un-
certainty. A *“worst-case” estimate sets a range of
+0.03 A 7! on the measured location of the Fermi sur-
faces. This is comparable to the precision of the mea-
surement which was +0.02 A "L,

Figure 2 summarizes the results of our measurements
for the (a) clean and (b) hydrogen-saturated surfaces.
The actual measurements generally only included points
in one irreducible wedge of the SBZ with some checks
for symmetry in other portions of the zone. The com-
plete Fermi surfaces are, therefore, deduced by symme-
try. All of the experimentally deduced Fermi-surface
points shown are due to states which are localized at the
surface. By surface localized states we refer to both pure
surface states, as well as states which are resonant with
bulk states. These states are characterized by a lack of
dispersion with k., and sensitivity to hydrogen adsorp-
tion, either in the form of attenuation or in the form of a
change in binding energy. Also shown in this figure is a
projection of the bulk Fermi surfaces. These surfaces
were produced by direct projection of the de Haas-van
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FIG. 1. Series of spectra for the clean W(110) surface re-
sulting from variation of ky from 0.50 to 1.14 A~! along A
with AIlA and Aw=20¢eV.

Alphen results of Girvan, Gold, and Phillips® onto the
(110) SBZ.

For the clean surface, both electron and hole orbits are
observed. An electron orbit, centered about I', extends
across the first SBZ boundary line P-H and, for the most
part, surrounds the projected bulk electron jack. Three
distinct hole orbits exist; one is centered around T, the
second is located symmetrically on the line P-N-P, and
the third is located on the line P-H. All three hole orbits
surround the projections of bulk hole ellipsoids which are
centered at the N points of the bulk Brillouin zone.
These bulk hole ellipsoids project onto three separate re-
gions of the SBZ. The first is located along the edge of
the SBZ between H and P. The surface hole orbit
around this bulk projection is located in a true gap and is
thus a surface state. At the N and T points, projections
of the ellipsoids are embedded in projections of the bulk
hole octahedra and the bulk electron jack, respectively.
The surface hole orbits are also embedded in these pro-
jections and are thus resonances. The observation of
these well-defined resonances is, in some cases, related to
the spin-orbit interaction,?° and will be considered in de-
tail in a forthcoming publication.?!

The adsorption of hydrogen onto this surface affects
the hole-orbit states and the electron-orbit states

(b)

FIG. 2. Fermi surfaces of (a) clean and (b) hydrogen-
saturated W(110). The cross-hatched regions result from pro-
jection of the bulk Fermi surfaces of Ref. 5; solid circles repre-
sent actual data and crosses represent points deduced by the
symmetry operations of the surface. (Scale: T'-N=1.407

AN

differently. The hole-orbit states are rapidly attenuated
by hydrogen, while the electron-orbit states simply shift
to higher binding energy. The binding-energy shift of
the state associated with the electron orbit manifests it-
self in a dramatic expansion of the Fermi surface. The
expansion ultimately results in contact of the Fermi sur-
faces of neighboring SBZ’s in the vicinity of the line “B”
of Fig. 2(a), with the consequent production of two hole
orbits centered on the P-N-P and P-H lines as shown in
Fig. 2(b).

An experimental determination of the change in the
magnitude of the 2D Fermi-surface wave vector (kr)
along the line “A” of Fig. 2 as a function of the work-
function change (upper axis) and of the corresponding
hydrogen coverage?? (lower axis) is shown in Fig. 3.
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FIG. 3. Change in the Fermi wave vector along the line A of
Fig. 2 vs the hydrogen coverage. Upper abscissa indicates the
work-function change deduced by measurement of the change
in kinetic energy of the secondary tail observed in photoemis-
sion. (Note that the scale is not linear over whole range.)
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The variation of kr exhibits two distinct linear regimes
with a definite change in slope near a coverage of 0.5
monolayer. This is very close to the coverage at which
the hydrogen-induced reconstruction of this surface com-
mences. '>!® The break point in the coverage dependence
can also be associated with a comparable break point in
the initial-state energy of a band associated with this
Fermi surface at initial-state energies removed from the
Fermi energy.?® This is the first observation of such a
dramatic connection between Fermi-surface morphology,
the work-function change, and the surface geometric
structure.

It is interesting to speculate that the hydrogen-induced
reconstruction of this surface may be directly related to
the behavior of the Fermi surface which we have ob-
served here. The proposed model for this reconstruction
involves a uniform, lateral shift of the top-layer
atoms'>'6 and may therefore be characterized by a wave
vector of @ =0. The Fermi surfaces which are centered
in neighboring zones are observed to merge along the
line B of Fig. 2 as they expand due to hydrogen adsorp-
tion, and although the measurement is more difficult in
such a region, we also observe a linear variation of the
change of the Fermi wave vector with the coverage. It is
tempting to relate the contact of the Fermi-surface seg-
ments of neighboring zones directly with the reconstruc-
tion since the two segments are then coupled by q=0.
However, the merging is observed to occur at a hydrogen
coverage which corresponds to a coverage of only
0.2-0.3 monolayer.?* It is apparent then, because of the
low coverage at which segments of the Fermi surface ac-
tually merge, that the connection between the recon-
struction and the change in Fermi-surface morphology is
not singular as one is tempted to assume. Simply on the
basis of our data we cannot draw any conclusions regard-
ing this question; ultimately, the answer must await
theoretical interpretation.

The data in Figs. 2 and 3 could presumably be coupled
to first-principles calculations to provide useful informa-
tion about the static properties of this surface. For ex-
ample, it may be possible to deduce information about
the hydrogen adsorption site.?> These data also have im-
plications concerning the coupling between low-energy
elementary excitations and the electron-hole pair contin-
uum. For instance, one can predict damping of the
zone-center hydrogen phonon excitations polarized nor-
mal to the surface. This speculation results from an as-
sumed linkage between the hydrogen-layer adsorption
distance and the work-function change,?%?” coupled with
the relationship observed here between the work-function
change and the size of the electron pocket. Vibrational
motion of the hydrogen layer normal to the surface
would then be coupled to, and damped by, intraband ex-
citations in the electron-hole pair continuum. Further
computational input will be required to predict the mag-
nitude of this coupling.

2038

Coupling of the type we suggest here is not without
precedent. It is consistent with the general concepts put
forth by Persson and Ryberg?® and by Langreth?® who
have considered how electron-hole pair excitations cou-
pled to surface vibrations will affect the experimentally
observed adsorbate vibrational mode line shape and
width. A similar idea invoking interband excitations has
been proposed to explain the observed damping of the
overtone of the hydrogen wag mode on W(001).3%3!
Our speculation for H/W (110) differs only in detail, and
one might expect that a comparable line shape would be
apparent in infrared and specular electron-energy-loss
studies of hydrogen on W (110).

Finally, there are many finite-wave-vector screening
anomalies which can be predicted from the data of Fig.
2. These can occur when segments of the Fermi surface
are nearly parallel to one another.?? Both intraband and
interband excitations may result in such anomalies. Ex-
amples of segments which may produce anomalies occur
along A and X (£=T-H, see Fig. 2) in the vicinity of 0.9
and 1.4 A ™! respectively. In both of these regions the
electron and hole orbits are nearly parallel over a range
of ky and are separated by about 0.3 A ~'. One might,
therefore, expect that coupling of a phonon of this wave
vector to the electron-hole continuum would cause Kohn
anomalies to exist in the dispersion relations of the sur-
face phonon modes. Again, lacking further theoretical
treatment, we cannot predict the strength of the coupling
between the phonon modes and the electron-hole pair
continuum. However, the fact that the chromium-group
metals exhibit pronounced Fermi-surface-induced
anomalies in their bulk phonon dispersion relations??
suggests that similar anomalies may occur at the surface.
However, the coupling of the bulk electron jack and the
hole octahedron, which is believed to be responsible for
the antiferromagnetic behavior of Cr,3? does not have a
direct surface analog. This is due to the size and shape
of the hole orbit observed centered at N which consider-
ably different from that of the bulk hole octahedron cen-
tered at the H point. It is important to note that a
theoretical treatment of such coupling in the vicinity of £
must include the spin-orbit interaction since the separa-
tion of the bulk electron and hole orbits along A results
directly from the spin-orbit-induced splitting of the As
state. >3
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