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Photoemission study of the surface electronic structure of Mo(001) and Mo(001)-2H
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We report a high-resolution angle-resolved photoemission study of the surface electronic structure of
the room-temperature phase of Mo(001) and Mo(001)-2H. We have focused particularly upon the elec-
tron states on the clean surface within a few electron volts of the Fermi level in an attempt to character-
ize the interplay between the electronic and atomic structures of this surface. We relate these measure-

ments of the surface band structure along the high-symmetry directions to recently published surface
Fermi contours. Most importantly, we observe a band to be located at or near the Fermi level over a
small region of momentum space, near the middle of the X line. This feature is well placed to couple to
phonon modes characteristic of the low-temperature reconstruction observed on this surface. The rela-

tionship of these results to existing calculations, to our previous results for W(001), to the wave vector of
the reconstruction, and to recent measurements of surface phonon dispersion relations will be discussed.

I. INTRODUCTION

Understanding the combination of forces which to-
gether cause the atoms at a crystal surface to move from
their bulk lattice positions (surface reconstruction) has
provided an enduring focus of surface physics. Prototyp-
ical clean-surface reconstructions are observed on W(001)
(Ref. 1) and Mo(001) (Ref. 2) below room temperature,
which form c(2X2) and (7&2X&2)R45' structures, '

respectively. While the W(001) surface has been exten-
sively studied both by computations and by a variety of
surface techniques, much less detailed information is
available concerning Mo(001). ' The local geometric
arrangement of the surface atoms is thought to be similar
on the two surfaces, i.e., zigzag chains of atoms oriented
along the [110] azimuthal direction. Thus the recon-
structive mechanisms on the two surfaces are surely relat-
ed. However, the difference in unit cell size is indicative
of the difficulty of attaining a general understanding of
this mechanism. Competing paradigmatic theories of the
driving force for these reconstructions have been based
upon mechanisms involving either a Peierls distortion '
or the formation of localized bonds between surface
atoms. ' Recent computational' ' ' and experimen-
tal ' ' work has demonstrated that the ground state for
these surfaces must result from a delicate interplay be-

tween localized and delocalized electronic interactions.
In order to make a detailed comparison between these

two structurally similar surfaces, we report here a com-
plete experimental determination of the surface quasipar-
ticle band structure for the room-temperature phases of
Mo(001) and Mo(001)-2H using angle-resolved photo-
emission (ARP). The results for elean Mo(001) exhibit in-

triguing similarities to and differences from our previous
results for W(001). The results along X can be interpret-
ed in qualitatively similar fashion to those for W(001).
Specifically, we find a nearly nondespersive band very
close to E~, roughly 40% of the way from I to M. In
both systems, this band provides a simple unification of
the localized and delocalized paradigms for the recon-

struction. However, the degree of momentum-space lo-
calization is measured to be larger in Mo(001) than that
on W(001). We conclude that the contribution from spa-
tially delocalized forces is relatively more important in
Mo(001) than on W(001). Along 6 the surface bands of
Mo(001) are very diFerent from those of W(001), particu-
larly near EF. Also unlike W(001), we find that existing
calculations of the surface electronic structure of the
ideal unreconstructed Mo(001) surface provide a reason-
ably good first-order description of our experimental
bands, at least for bands near EF at mornenta which are
not strongly perturbed by the pseudopotential of the
reconstruction superlattice. ' ' The reduced magnitude
of the spin-orbit interaction in the 4d metal may partially
explain the relative success of calculations for Mo(001).

The format of this paper is as follows. The next sec-
tion explains our experimental procedures. Section III
presents our experimental results, and Sec. IV discusses
their relation to existing calculations and to the clean-
surface reconstructions. We summarize our conclusions
in the final section.

II. EXPERIMENTAL PROCEDURES

These ARP experiments were performed at the Na-
tional Synchrotron Light Source at Brookhaven National
Laboratory, using light from the 750-MeV vacuum ultra-
violet storage ring, a 6-m toroidal grating monochroma-
tor, ' and a high-resolution angle-resolving electron spec-
trometer which has been described previously. For
these experiments, the total instrumental resolution was
always less than 100 meV full width at half maximum,
and the full angular acceptance was 1' or better. A single
spectrum could be accumulated with adequate signal-to-
noise ratio under these conditions in typically 2 —5 min.

A molybdenum crystal 8 mrnX8 mmX l rnm in size
was oriented along the [001]bulk crystalline axis by Laue
backreflection to within 0.5'. The sample was heated by
electron bombardment of its rear surface, and the front
surface temperature was measured with an optical py-
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rometer. Cleaning was achieved in Uacuo by repetitive
cycles of oxidation at 1400 K in 5 X 10 Torr of 02 fol-

lowed by flashing to 2300 K every few minutes. The base
operating pressure of 0.8—1.2X 10 ' Torr was sumlcient

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 photoemission
spectra. These features were easily restored by thermally
desorbing the residual hydrogen and carbon monoxide
from the surface, which in practice was done after taking
2 —3 spectra. This desorption procedure could be per-
formed repeatedly for several days without degradation
of the surface. The hydrogen-saturated surface was

prepared by exposing the room-temperature surface to
hydrogen gas in the form of H2, either by backfilling the
chamber or by placing the sample in the line of sight of a
channel-plate array doser.

III. RESULTS AND DISCUSSION

Figure 1 shows several ARP spectra collected in the Z
azimuth as a function of emission angle from the clean
and hydrogen-saturated surfaces. The photon energy was
20 eV and the light incidence and polarization vectors
were in the [100] mirror plane. This polarization probes

states of even symmetry, ignoring the spin-orbit interac-
tion. In this azimuthal direction, there are two features
observed on the clean surface which are quenched upon
adsorption of hydrogen. At normal emission, these are
located at binding energies of 0.3 and 3.6 eV relative to
the Fermi level (EF ), and have been characterized previ-

ously as surface states or resonances. Our work
confirms this assignment. The feature at lower binding
energy is prominant at all energies measured, and exhib-
its very little dispersion with momentum normal to the
surface. The lower, being of nominally even mirror plane
symmetry in both mirror planes, is a strongly coupled
surface resonance along 6 since it is degenerate with the
projection of the second even bulk band. The surface
band is not clearly visible in Fig. 1 at hv=20 eV near
normal emission, but is readily apparent at h v=40 eV. It
is easily seen in Fig. 1 at parallel momenta near the sur-
face Brillouin zone (SBZ) boundary, but exhibits substan-
tial dispersion with normal momentum. This is indicated
by the nondegeneracy of the experimental points in Fig. 2
at 20 and 40 eV photon energy.

Both of these surface features are quenched upon hy-

drogen adsorption, and two features appear which are
characteristic of the hydrogen-saturated surface. One of
these is observed very close to E+ over much of the SBZ.
This feature was discussed previously in detail regarding
damping of adsorbate vibrations. ' A second feature on
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FIG. 1. ARP spectra of clean (solid curves) and hydrogen-
covered (dashed curves) Mo(001) collected with the electron
emission direction and the photon polarization vector in the
same 6 mirror plane, at a photon energy of 20 eV, as a function
of emission angle measured from the sample normal. At this
energy, the X symmetry point at the Fermi level is sampled at
an emission angle of 34'.

FIG. 2. Experimental dispersion relations of the surface-
localized states on clean and hydrogen-covered Mo(001). Solid
(open) symbols refer to the clean (hydrogen-covered) surfaces,
respectively, while circles (squares) correspond to data collected
at 20 eV (40 eV) photon energy. The shaded regions correspond
to the projection of the baulk molybdenum band structure onto
the (001) surface Brillouin zone, with for each band separately
crosshatched. The calculation does not include the spin-orbit
interaction, and panels (a) and (b) give the even and odd band

projections within the two mirror-symmetry planes.
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the hydrogen-saturated surface is localized near the zone
boundary at roughly 2 eV binding energy and apparently
has not previously been observed. The highest binding-
energy feature on the hydrogen saturated surface is ap-
parent in the spectra near normal emission in Fig. 1. It
appears in Fig. 2 to be nearly degenerate with the low-

lying clean-surface band. At intermediate coverages no
corresponding hydrogen-induced feature is observed at
this energy.

These data, coupled to similar results for the other
symmetry lines in the SBZ, allow determination of the
surface band dispersion relations shown graphically in
Fig. 2. In this figure, the solid and open symbols refer to
features observed on the clean and hydrogen-saturated
surfaces, respectively. Symbols with different shapes cor-
respond to the different photon energies given in the cap-
tion. The shaded regions in Figs. 2(a) and 2(b) corre-
spond, respectively, to the projection of the even and odd
calculated bulk band structures onto the (001) SBZ.
There is some uncertainty in comparing a calculated bulk
band projection to our surface bands. However, the cal-
culation reproduces the measured bulk Fermi surface
very well, so that, at least near E~, these projections pro-
vide a very good representation of reality.

The clean-surface bands near EF along X have been
discussed previously'" in relation to the observed recon-
struction. There is a doublet of bands within 1 eV of EF
which exhibit dispersion relations similar to those ob-
served on W(001), except that the initial dispersion near
I is clearly downward on Mo(001), while the dispersion
is slowly upward on W(001). As is the case for W(001),
these two surface bands are presumably associated with
projected gaps of odd and even symmetry which overlap
significantly in this azimuth. The upper of the two sur-
face bands disperses very close to E~ between k~~

=0.54
and 0.61 A '. This band is well placed to contribute to
the driving force for the reconstruction. In other words,
the wave vector coupling this band with its image on the
opposite side of the SBZ (1.1 —1.2 A ') is very close to
the wave vector characterizing the (7&2X&2)R45'
structure and to the position of an anomaly in the surface
phonon dispersion relations. A connection to the driv-
ing force for the reconstruction was thereby deduced. '

The second band of this doublet simply splits downward
from the first away from zone center, only to merge with
it further out in the zone. It is not possible to determine
whether one of these two bands crosses EF near the mid-
dle of the SBZ. Further out along M, a single surface
band crosses E~ along both the X and Y azimuths, there-
by mimicking the behavior of the projected gap of even
symmetry. These crossings form a well-defined hole
pocket in the Fermi contours centered at M. '

The dispersion relations of the two more tightly bound
clean-surface bands along X on Mo(001) are quite similar
to those observed on W(001). One of these is located in
a projected gap of even symmetry centered at the I
point. Its dispersion relation follows that of the lower
edge of this gap. The surface band observed near M is
less clearly associated with any particular gap, although
part of its dispersion does parallel the bottom of a large
odd-symmetry gap.

Unlike the above results for the X and Y azimuths, the
surface bands along b, for clean Mo(001) exhibit marked
differences from those on W(001). The spectra in Fig. 1

exhibit one surface band near Ez, although we cannot
rule out the possibility that two unresolved bands exist,
as suggested in existing calculations (see below). This
band disperses downwards across most of the azimuth,
and reverses direction only near X. While the observed
band may be associated with the projected band gap of
even symmetry in Fig. 2(a), it clearly disperses outside
this gap without any significant change in intensity or
shape. Unlike the corresponding band on W(001), this
band never crosses E~ and there are thus no Fermi con-
tours crossing this azimuth. ' Taken in the context of all
of our recent results on the (001) (Refs. 14 and 19) and
(011) (Ref. 27) surfaces of Mo and W, this observation is
surprising. In all cases except near X on Mo(001), there
is a surface Fermi contour associated with the projection
of the ellipsoidal segment of the bulk W and Mo Fermi
surfaces onto the corresponding SBZ. For example, the
projection of this ellipsoid is apparent near M in Fig. 2(a),
and there is a surface contour which encloses this projec-
tion. The ellipsoid also projects about X, but no surface
orbit is observed. The fact that the clean-surface band
near E~ disperses downward on Mo(001) along b, results
in an exception to what appeared to be a general rule.

IV. RELEVANCE TO THE CLEAN-SURFACE
RECONSTRUCTIONS

The bands calculated for the (1X1) unreconstructed
surface' reproduced in Fig. 2 provide a remarkably good
match to many of our experimental bands. This is partic-
ularly true for several bands near EF, where the compar-
ison between the calculated and measured bands is most
appropriate. For example, the calculation predicts
bands crossing Ez near M along X and Y in close accord
to our observations. The size of the hole pocket centered
at M is thus accurately predicted by the calculation. All
calculations significantly overestimate the size of the cor-
responding hole pocket on W(001). ' The Fermi veloci-
ties of the calculated bands on Mo(001) are also quite
close to the experimental values. The calculation also
predicts two closely separated nearly parallel bands along
5 close to EF. The dispersion relations for these two
bands nearly match our measured band, except that the
calculated bands vanish before reaching zone center.
Given that we can just barely resolve two shallow bands
along X, it is reasonable to suppose that our measured
band along 6 does indeed correspond to the calculated
doublet.

A calculation of the (1 X 1) surface electronic structure
thus produces bands in close accord with those measured
for the room-temperature disordered or incommensurate
surface. A likely reason for this is that the bands which
are well produced in the calculation are not separated by
wave vectors close to that of the reconstruction. In this
case, the dispersion relations might be expected not to be
strongly perturbed by the presence of the superlattice,
rendering experimental bands fairly close to those of the
(1 X 1) surface. In this sense, the pseudopotential of the
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superlattice is relatively weak compared to a typical
bandwidth for the (1 X 1) surface.

An important discrepancy between our experimental
and the calculated bands exists near the middle of the X
line near EF. The calculation predicts a doublet of mono-
tonically upward-dispersing bands. ' Neither of these
bands reaches the zone center and both cross EF at well-
defined momenta along X. At least one of our bands
clearly does extend to zone center, and the dispersion re-
lations are far from monotonic. The main deviations of
the experimental from the calculated bands exist where
the upper band is very close to EF. As mentioned above,
these regions are coupled by a wave vector very close to
that of the reconstruction. The bands in this vicinity will
thus be strongly perturbed by the pseudopotential associ-
ated with the reconstruction. Indeed, the observation
that the agreement between experiment and theory is best
at momenta removed from the middle of the X suggests
very strongly that the deviations in this region are simply
related to the reconstruction itself, and that these bands
are intimately involved in driving the reconstruction.

The deviations of the experimental room-temperature
bands from the calculated (1X1) bands are seen to be
rather localized to the middle of the X line for Mo(001),
while the deviations were observed to be extended
through more of the SBZ on W(001). That the devia-
tions are "localized" in momentum space for Mo(001)
suggests that the driving force for the reconstruction on
this surface is fairly delocalized in real space, at least by
comparison to W(001). In this sense, our results suggest
that the charge-density-wave mechanism ' is relatively
more appropriate for Mo(001) than for W(001). This is to
be expected, since the W(5d) orbitals are more spatially
extended than the Mo(4d) orbitals, so that local bonding
reconstruction mechanisms are relatively favored in the
Sd metal. This speculation also fits the observation that

the unit cell of the reconstruction on Mo(001) is much
larger than that on W(001), and that the magnitude of the
lateral atomic displacements on Mo(001} (Ref. 3) is mea-
sured to be smaller than that on W(001). An energetic
balance in favor of a spatially delocalized mechanism
should optimize the unit cell dimension to couple seg-
ments of the Fermi contours precisely. Conversely, a bal-
ance in favor of a spatially localized mechanism will re-
sult in reconstruction into a smaller unit cell with a wave
vector which may not be precisely associated with a vec-
tor coupling segments of the Fermi contours.

V. SUMMARY AND CONCLUSIONS

We have described a high-resolution angle-resolved
photoemission study of the surface electronic structure of
the room-temperature phase of clean Mo(001) and also of
Mo(001}-2H. Our results exhibit some similarities to pre-
vious results on W(001), but also some important
differences which we used to infer the relative importance
of localized versus delocalized electronic mechanisms
driving these surfaces to reconstruct. Our experimental
bands are generally well reproduced by existing calcula-
tions, except in regions of the SBZ where the bands are
strongly perturbed by the pseudopotential of the recon-
struction superlattice.
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