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The gold and oxygen (3 � 1) structures on W(1 1 2)
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Abstract
The adsorption of two very different adsorbates, gold and oxygen, induce the formation of a (3 � 1) surface structure on both W(1 1 2) and

Mo(1 1 2). In spite of similar adsorbate unit cells, the surface electronic structure, derived from photoemission, exhibits pronounced

differences for the two adsorbates. Indeed, both experiment and simulations indicate substantial changes in electronic structures of (1 � 1)

and (3 � 1) gold overlayers supported by highly anisotropic (1 1 2) plane. We speculate that (3 � 1) is a favored periodicity in the

atomic rearrangement of the (1 1 2) surfaces of molybdenum and tungsten due in part as a result of the initial state band structure of these

surfaces.
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1. Introduction

The oxidation of chromium, molybdenum and tungsten

surfaces have attracted considerable interest because of the

various surface oxidation states possible: M3O, MO2, M2O3 and

MO3 (M = Cr, Mo or W). The stable oxidized surfaces are

(perhaps surprisingly) very dependent upon the terminal surface.

As expected, oxygen on the low index faces, like the W(1 0 0)

surface, have been extensively studied [1–14], but the oxidation of

the (1 1 2) plane of W(1 1 2) surface has also attracted attention

[14–24]. A number of structural phases at low temperature (e.g.

p(4 � 1)! c(8 � 2)! p(8 � 1)! p(4 � 1) ! p(2 � 2)) and

high temperature (e.g. p(2 � 1), p(5 � 1), p(2 � 2)) have been

found to occur for oxygen on W(1 0 0), with even an

incommensurate (5 � 1) structure [5–8]. The high temperature

(3 � 1) and (3 � 3) structure formed during oxida-tion of the
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W(1 0 0) surface [6,11,12], however, resembles the missing row

p(2 � 3) reconstruction of Mo(1 1 2) which can evolve into a

p(1 � 3) reconstructed MoO2(0 1 0) surface [25–29].

For W(1 1 2), both gold [10,18] and oxygen [15] will induce

a missing row (1 � 3) reconstruction, as we show here. Why the

similar surface structures by such different (oxygen and gold)

adsorbates? As the electronic structure of the adlayer is so very

different with oxygen and gold adsorption, clues to this

preferential reconstruction lie in the initial W(1 1 2) band

structure.

2. Experimental

The angle-resolved photoemission (ARPES) experiments

were performed in an ultra high vacuum described elsewhere

[30,31]. These photoemission experiments were done using

synchrotron radiation, dispersed by a 3 m toroidal grating

monochromator [31], at the Center for Advanced Microstruc-

ture and Devices in Baton Rouge, Louisiana [32]. The spectra

were taken with photon energy 65 eV at a base pressure of

6 � 10�11 Torr.
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As with the work undertaken with Mo(1 1 2) [33–35] and

clean W(1 1 2) [36], all the angles (both light incidence angles

and photoelectron emission angles) reported herein, are with

respect to the W(1 1 2) surface normal (the surface Brillouin

zone center or SBZ center where the wave vector is parallel

with the surface kjj = 0), while binding energies are reported

with respect to the Fermi level. The photoemission spectra were

taken with s + p polarized light (458 light incidence angle and

the vector potential A residing more in the plane of the surface)

with the photoelectrons collected along the surface normal

(center of the surface Brillouin zone). The ARPES chamber

was equipped with low energy electron diffraction (LEED) and

Auger electron spectroscopy (AES). The scanning tunneling

microscopy (STM)/LEED experiments were performed in a

separate ultra high vacuum chamber using commercial

Omicron variable temperature STM apparatus under the same

conditions used for the photoemission experiments. Surface

cleanness was monitored by AES.

The W(1 1 2) surfaces were prepared using standard

methods of flashing and annealing in oxygen [37], resulting

in flat, very uniform (1 � 1) furrowed surfaces (Fig. 1) aside

from the subsurface defects typical of low index metal surfaces

(Fig. 1a). Oxygen exposure is reported in Langmuirs
Fig. 1. Furrowed plane of the (1 � 1) terminal surface layer of clean W(1 1 2). (a)

model for these images. Darker circles represent top-layer of W atoms, light circles r

page associated with [36].
(1 L = 1 � 10�6 Torr s). The Au film thickness was determined

using stoichiometric p(1 � 2) structure formation, correspond-

ing to a coverage of 0.5 monolayers, as a fixed reference

(benchmark) coverage.

3. Oxygen adsorption on W(1 1 2)

As with Mo(1 1 2) [29,37,38], the initial stages of oxygen

exposure to W(1 1 2) are dominated by a p(1 � 2) structure

(Fig. 2b). As we observe this structure starting at coverages well

below 0.5 monolayers, the formation of the p(1 � 2) structure is

characterized by growth of adlayer of p(1 � 2) islands. The

p(1 � 2) structure reaches its stoichiometry at exposures

slightly less than 0.5 L.

With increased oxygen exposure, the intensity of main

(1 � 1) diffraction spots is enhanced, and at oxygen exposures

close to 1 L, the (1 � 1) monolayer structure is formed.

Additional exposure to the oxygen leads to formation of the

oxygen (4 � 1) structure and then to the (2 � 1) phase, where

the latter is complete at �1.5 L oxygen exposure (Fig. 2c).

Finally, (3 � 1) structure appears with sufficient additional

oxygen, gradually supplanting the oxygen (2 � 1) phase as

the (3 � 1) domains grow and replace (2 � 1) structure. The
STM, (b) LEED pattern taken at 174 eV electron energy and (c) corresponding

epresent W atoms in underlying layer. Image (a) is adapted from the issue cover



Fig. 2. Typical LEED patterns for oxygen overlayers on W(1 1 2) planes. (a) Clean surface, with an electron energy of 174 eV; (b) p(1 � 2) structure at 0.5

monolayers or �0.4 L oxygen, with an electron energy of 93 eV; (c) (2 � 1) structure at 1.5 monolayers or �5 L oxygen, with an electron energy of 174 eV and (d)

(3 � 1) structure at 1.66 monolayers or �12 L oxygen, with an electron energy of 123 eV.
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(3 � 1) oxygen structure is stable up to 18 L oxygen

exposures used in our experiments (Fig. 2d). All LEED

images reported here (see Fig. 2) were recorded at room

temperature after annealing the substrate at 1200 K for each

oxygen coverage.

4. Gold adsorption on W(1 1 2)

Gold layers adsorbed on W(1 1 2) form a sequence of

adlayer phases that follows that observed for oxygen

adsorption, i.e. with increasing gold coverages the surface

structures alter in the sequence p(1 � 1)! p(1 � 2)

! p(1 � 1)! p(4 � 1)! p(2 � 1)! p(3 � 1) (see LEED

images in the Fig. 3). The scanning tunneling microscopy

provides compelling evidence that the Au (3 � 1) surface

structure is a gold bilayer, akin to a missing row

reconstruction. Similar structures are also observed with

Au adsorption on Mo(1 1 2). Indeed, the Au (3 � 1) structure

on Mo(1 1 2) (Fig. 4a) is not only very close to the calculated

(3 � 1) scanning tunneling microscopy image (Fig. 4b), but

nearly identical to the atomic resolution scanning tunneling

microscopy images for (3 � 1) structure on W(1 1 2)

substrates (Fig. 4c). Filtered inset in Fig. 4c shows that

the paired rows of a (3 � 1) gold structure on tungsten may

consist of linear and zigzag adatoms chains as well as the

simple missing row structure, suggesting additional strain in
the W(1 1 2) adlayer. Both experimental and calculated STM

images do provide the expected lattice constants for such a

structure.

5. Comparing oxygen and gold adsorption on W(1 1 2)

At the outset, it is not quite clear why both oxygen and gold

should form a sequence of structures on W(1 1 2):

p(1 � 1)! p(1 � 2)! p(1 � 1)! p(4 � 1)! p(2 � 1)! -

p(3 � 1). It is further surprising, if one considers only the

adsorbate, why the (3 � 1) structure should be so very robust

for such very different adsorbates, although oxygen induced

reconstructions are well known and even gold low index

surfaces are notoriously unstable against reconstructions. The

answer lies in the initial state band structure of W(1 1 2). Like

Mo(1 1 2) [33–35], there are band crossings for the W(1 1 2)

surface 1/3 across the surface Brillouin zone (i.e. with

increasing wave vector parallel with the surface kjj) along G �
Y [36], as indicated in Fig. 5. The calculated W(1 1 2) surface

resonance bands (shown by dashed lines in Fig. 5) have been

successfully compared with the experimental band structure

extracted from angle-resolved photoemission [36]. Indeed band

crossings of the Fermi energy at close to 1/3 along G � Y of

surface Brillouin zone of W(1 1 2) have very strong surface

weight [36] which makes this surface very susceptible to a

(3 � 1) reconstruction, if there is an accompanying decrease in



Fig. 3. Typical LEED patterns for Au adlayers on W(1 1 2) planes. (a) Clean surface, with an electron energy of 83 eV; (b) p(1 � 2) structure at 0.5 monolayers, with

an electron energy of 83 eV; (c) (2 � 1) structure at 1.5 monolayers with an electron energy of 87 eV; (d) (3 � 1) structure at 1.66 monolayers with an electron energy

of 87 eV and with (e) an electron energy of 51 eV.
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the electron density at the Fermi level. This is seen to occur for

both gold and oxygen adsorption.

The photoemission spectra taken for gold (right panel of

Fig. 6) and oxygen (left panel of Fig. 6) show gradual changes

in valence band region when the adsorbate coverage increases.
Fig. 4. Experimental (a, c) and simulated (b) STM images for (3 � 1) and

(1 � 1) Au overlayers on Mo and W surfaces. (a) 14.6 nm � 14.6 nm STM

image of (3 � 1) Au/Mo(1 1 2) with 12.5 nm � 2.8 nm inset after fast Fourier

transform (FFT) filtering; (b) calculated STM image of (3 � 1) gold layer on

Mo(1 1 2) and (c) 56.6 nm � 29.2 nm image of (3 � 1) Au structure on

W(1 1 2), middle 22.3 nm � 1.9 nm inset after derivative filtering, left bottom

6.8 nm � 5.8 nm inset after FFT.
Gold deposition (left panel) leads to the addition of strong gold

d-band features that shift towards higher binding energies and

suppress tungsten valence bands features with increasing gold

coverages. Tungsten bands are still visible up to 1.5 monolayer

but the density of states near to EF is quickly suppressed

(Fig. 6). The (3 � 1) Au structure on W(1 1 0) exhibits

photoemission spectra (spectra 4 in Fig. 6, right panel) that

closely resembles the ‘‘bulk’’ gold valence band structure and

can be considered as physical Au monolayer which consists of a

bilayer with a (1 � 1) first layer structure and paired gold rows

in second layer on the top, running along [1 1 1] direction, with

empty row in between, based upon the STM and LEED

evidence discussed above. We notice substantial difference of

this valence band structure from that corresponding to (1 � 1)

Au adlayer.
Fig. 5. Surface bands calculated along the G � Y high symmetry line of the

surface Brillouin zone for a seven-layer slab representing the W(1 1 2) surface.

The calculated W(1 1 2) surface resonance bands are shown by dashed lines.

The key Fermi level crossing is encircled as described elsewhere [36].



Fig. 6. Photoemission spectra taken with 65 eV photon energy at the normal

emission geometry for several coverages of (a) oxygen (left panel) and (b) gold

(right panel) on W(1 1 2). (a) Left panel – oxygen coverages 1, 0; 2, 1.35 L; 3,

2 L; 4, 4 L; 5, 6 L and 6, 12 L. For (b) right panel – gold on W(1 1 2) 1, clean; 2,

structure p(1 � 2), Tan = 1350 K; 3, structure (2 � 1) Tan = 1200 K and 4,

structure (3 � 1) Tan = 1200 K.
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Oxygen influence on W(1 1 2) (see right panel, Fig. 6) seems

to affect the substrate electronic structure much less than gold,

but again, the lowest occupied W(1 1 2) band is shifted away

from the Fermi level, with an increase in the adlayer oxygen 2p

bands at 6–8 eV binding energy. The suppression of tungsten

surface state near Fermi level (spectrum 2, left panel) along

with a slight shift of the tungsten features towards higher

binding energies is certainly consistent with a reduction of the

surface density of states near the Fermi level.

6. Conclusions

In spite of closely similar adsorbate (3 � 1) unit cells for

gold and oxygen on W(1 1 2) the surface electronic structures

derived from the synchrotron based ARUPS experiments

exhibit pronounced differences. Nonetheless, both share a

common connection in that there is a decrease in the density of

states near the Fermi level with increased adsorbate coverages.

In this context, it is also possible to understand why

Mo(1 1 2) favors (3 � n) reconstructions (e.g. (3 � 3), (3 � 1)

adlayer structures). As suggested elsewhere [35], Mo(1 1 2)

surface reconstructures are also dominated by the Fermi level

band crossings and given that W(1 1 2) and Mo(1 1 2) have

similar band structure near the Fermi level, the tendency

towards similar reconstructions should not be so very

surprising. Comparing adsorbates that act as reducing agents

with adsorbates that act as oxidizing agents, we can anticipate

that the adsorption sites should differ, although constrained by

geometric effects, and the bonding to the surface frontier

orbitals, which will affect the symmetry of the adsorbation site.

While (3 � 1) surface reconstruction will be favored, the details

of the surface structure may differ substantially. Neglecting the

affect of the surface and adsorbate frontier orbitals, if there is to
be a reduction in the total surface energy, by shifting the density

of states in the surface electronic structure away from the Fermi

level, adsorbates that tend towards oxidation should favor the

(3 � 1) sites where electron pooling occurs, and adsorbates that

favor reduction should favor (3 � 1) sites that have lower

electron density.
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