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A study aimed at understanding the geometrical and electronic properties of barium and oxygen coad-

sorbed on the tungsten (001) surface has been carried out by means of work-function measurements (b,P),
Auger-electron spectroscopy, low-energy electron diffraction, inverse photoelectron spectroscopy, and

relativistic-electronic-structure calculations. A report of the experimental measurements and a compar-

ison with theoretical results from embedded-cluster-model calculations are presented. Our experimental

studies show that the work function of the W(001) surface (/=4. 63 eV) is lowered to approximately

2.3-2.4 eV by coadsorption of 1 ML of Ba and 0 regardless of the order of deposition of these two

species. The technique of IPS in the isochromat mode was used to determine the unoccupied electronic-

energy band structure for ordered c(2X2) Ba and 0 layers on %'(001). Several spectral features are ob-

served above the Fermi level (EF), which we assign to transitions into Ba and W d states. The measured

two-dimensional electronic band structure is independent of the order of Ba and 0 deposition. Using

embedded-cluster-model calculations, we investigated two possible adsorption configurations of an or-

dered c(2X2) adlayer of Ba and 0 on W(001): "tilted, " where Ba and 0 are placed on alternate

fourfold-hollow sites, and "upright, "where the adsorbed atoms lay above the same site with Ba outer-

most. The calculated densities of states for the tilted geometry show distinct peaks above EF originating

from Ba and W d orbitals and are in good agreement with the experimental results.

I. INTRODUCTION

Barium dispenser cathodes are widely used in mi-
crowave power devices because of their reliability, long
life, and high current densities. At operating tempera-
tures of approximately 1300 K, these cathodes achieve
current densities of up to 100 A/cm by maintaining a
low work-function surface composed of Ba and 0 on a W
matrix. ' It is also widely accepted that the active layer
of these cathodes is composed of Ba and 0 that is
stoichiometrically very close to BaO (Ref. 3) with a cov-
erage for the Ba and 0 layers believed to be between .5
ML and 1 ML. ' However, it is not clear whether Ba
and 0 are adsorbed as a BaO molecule or if BaO dissoci-
ates completely on the surface. '

The lowering of the work function of transition metals
by adsorption of alkaline-earth metals can be attributed
to the formation of a surface-dipole layer resulting from
charge transfer from the adsorbate to the substrate. Re-
cent full-potential linearized augmented-plane-wave
(FLAPW) calculations for c(2X2) Ba overlayers on
W(001), however, lead to the conclusion that, for ML
coverages, the bonding is not ionic but rather metallic co-
valent, with the dipole layer residing in the polarized Ba
valence electrons, much like for the adsorption of alkali
metals on transition metals. '

In order to understand the adsorbate-substrate interac-

tion, a thorough knowledge of the arrangement of the Ba
and 0 adatoms on the surface is necessary. Several pa-
pers with conflicting results have been published on this
subject. While some groups propose a model with a
standing-up adsorption layer in which Ba is outer-
most, "' others produce experimental and theoretical
data consistent with a more coplanar adsorption
geometry where Ba and 0 occupy alternate fourfold-
hollow sites. ' ' These conflicting results and the in-
terest in understanding the mechanism of operation of
thermionic dispenser cathodes have generated several
research programs in the last few decades. New and im-
proved cathodes rely heavily on these studies and on a
thorough understanding of not only the geometrical but
also the electronic structure of alkaline-earth oxides ad-
sorbed on transition metals.

To date, most of the studies of the adsorption of BaO
on W(001) were aimed at understanding the geometrical
structure of the adsorbate. Although some of these stud-
ies dealt with the electronic structure of the BaO/W sys-
tem, none have been devoted to its unoccupied electronic
band structure. Only two theoretical studies of this sys-
tem, the FLAPW (Ref. 13) and the cluster-model' calcu-
lations, have been reported to date, both of which lack a
thorough investigation of the unoccupied densities of
states (DOS).

To carry out the research, a model surface is necessary
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since actual dispenser cathode surfaces are polycrystal-
line and porous. In addition, their mechanism of activa-
tion and operation is complex, involving diffusion of Ba
and 0 from the impregnant and desorption of the adsor-
bates from the surface. Experimental measurements by
Haas, Shih, and Marrian have shown that a reasonable
model consists of 1 ML of Ba and 0 on the W(001) sur-
face. Using low-energy electron-diffraction (LEED) and
work-function measurements, they established that a
c(2X2) structure and a minimum work-function value
are achieved at this coverage.

In the present work, the experimental two-dimensional
band structure of the unoccupied electronic levels for 1

ML of Ba and 0 on W(001) is presented. The measure-
ments are compared with embedded-cluster-model calcu-
lations.

This paper is organized as follows: First, the experi-
mental techniques and the computational details of the
fully relativistic embedded-cluster-model approach are
briefiy described. The experimental results are then com-
pared with the calculated DOS. Finally, the conclusions
from the present study are summarized.

II. KXPKRIMKNTAL TKCHNIQUKS

The experimental work was carried out in an all
stainless-steel ultrahigh-vacuum chamber operated in the
low 10 "-Torr range. This system is equipped with a
double-pass cylindrical mirror analyzer for Auger moni-
toring of the surface composition and with I.EED optics
for monitoring the surface structure and orientation. A
detailed description of the experimental setup can be
found elsewhere' ' and only its most important features
are described here.

Inverse photoelectron spectroscopy (IPS) measure-
ments were performed in the isochromat mode at a pho-
ton energy of 9.8 eV by means of a photon detector
designed after that of Babbe et al. ' and a low-energy
electron gun, which was built for this experiment. ' The
electron gun used a BaO cathode and was mounted at 40'
relative to the detector. The angle of electron incidence
was varied by rotating the sample. Count rates of several
hundred counts per second were achieved with an
electron-beam current of 5 pA. The electron-beam angu-
lar divergence was estimated at better than 3'& giving a
momentum resolution of approximately 0.1 A '. The
overall energy resolution of the spectrometer was approx-
imately 0.6 eV.

The W(001) crystal was cleaned in vacuum by repeated
heating at 1700 K in an oxygen atmosphere of 6.0X 10
Torr followed by occasional Gashing at 2500 K until
cleanliness was confirmed by Auger-electron spectrosco-
py (AES), LEED, and IPS. The target was also flashed
before each deposition. Ba was deposited onto the
W(001) surface from a well-outgassed Ba source provided
by the Philips Company. Coverages were determined by
a combination of hP, LEED, and AES measurements.
Accurate measurements of the work-function change
were performed using the retarding field method as de-
scribed in Ref. 17.

Three methods were used to prepare 1 ML of BaO on

W(001}. These methods have been described in detail
elsewhere.

In the first method, 1 ML of barium was adsorbed on
the W(001) surface followed by exposure to 0.5 L (1 L= 1

Langmuir = 10 Torr sec} of oxygen at room tempera-
ture. The work function of W(001) (/=4. 63 eV) (Ref.
21) decreased to a minimum value of 2.29 eV at this cov-
erage. In addition, a c (2 X 2) LEED pattern and an 0 to
Ba Auger-line intensity ratio of 2:1 were obtained.

In the second method, the target was exposed to 0.5 L
of oxygen at room temperature before the barium deposi-
tion was performed. A work-function minimum value of
2.44 eV was obtained in this case. The room-temperature
p(4X1) 0/W(001) LEED structure was replaced by a
c(2X2) structure at a Ba coverage corresponding to the
minimum work function. The 0 to Ba Auger ratio was
similar to the one obtained in the first method. In fact,
we obtained a similar LEED structure and AES intensity
ratio from BaO films on W(001), which were obtained by
completely oxidizing a thick barium film and then an-

nealing it at 1100 K for approximately 3 min, as de-
scribed by Mueller et al.

In the third method, we exposed the W(001} surface to
0.5 L of oxygen at approximately 1100 K before perform-

ing the barium deposition. We obtained a work-function
minimum value of 2.38 eV, in the same range as for the
previous methods. In contrast to the first and second
methods where a ML of Ba and 0 on the W(001) surface
created a c (2 X 2) structure, the ML here retained the
p(2X1) LEED structure of the first adsorbed annealed
oxygen layer.

To summarize, adsorption of 1 ML of BaO reduced the
work function of the W(001) surface by approximately
the same amount, regardless of the Ba and 0 deposition
order and temperature treatment. However, films ob-
tained by annealing the 0 layer produced a completely
difFerent LEED pattern from those of the unannealed
samples. Therefore, the relationship between the geome-
trical structure and the work function is not unique in
this case.

In real space two adsorption geometries, tilted and
upright, corresponding to the c(2X2) LEED pattern
have been considered for the unannealed surface. By
comparing our experimental measurements with the re-
sults of embedded-cluster-model calculations, the struc-
ture of Ba and 0 adsorbed on W(001) can be determined.

III. THEORETICAL APPROACH

We used fully relativistic embedded-cluster calcula-
tions to investigate the surface electronic structure of
c(2X2) Ba and BaO on W(001). The computational ap-
proach employed was the Dirac-Slater scattered-wave
method, which was originally developed by Yang, Rabii,
and Case

In the fully relativistic scattered-wave method, the
Dirac wave equation is solved for muSn-tin potentials.
All electrons are treated self-consistently in a fully rela-
tivistic fashion. The formalism includes the mass-
velocity and Darwin corrections to the energy, as well as
spin-orbit interaction through the use of spin-angular,
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four-component wave functions in the framework of
double-group theory . Quasirelativistic calculations
(without spin-orbit interaction) were carried out for com-
parison. Slater's statistical Xa local-density functional
was used for the treatment of exchange and correlation
effects.

The W(001) substrate was modeled with an atomic
cluster consisting of 25 % atoms in two layers: a 4X4 ar-
ray was used for the surface layer and a 3X3 array for
the subsurface layer. A ML of Ba on W(001) was
modeled by positioning the Ba atoms in the fourfold-
hollow sites of the surface layer in a c(2X2) arrange-
ment, resulting in a Ba,/W, 6W9 cluster. Three different
heights for the Ba atom above the W(001) surface were
investigated: z~, =4.31ao, 4.50ao, and 4.69ao corre-
sponding to 2.28, 2.38, and 2.48 A, respectively
(ao =0.5292 A). For Ba and 0 on W(001), two different
adsorption sites were considered for oxygen. In the first
case, 0 was adsorbed in the vacant fourfold-hollow sites
of the Ba/W(001) surface with zo =2.88ao and

zs, =4.63ao, leading to a Ba504/W, 6W9 cluster. In the
second case, 0 was assumed to be adsorbed directly
below Ba with zp=0. 8980 and z&, =5.38ao, leading to a
Ba50&/W&6W9 cluster. These clusters are illustrated in

Figs. 1(a) and 1(b). The Ba and 0 heights were those op-
timized by Hemstreet, Chubb, and Pickett' using thin-

film FLAP% calculations.
The radii of the atomic spheres for the central atoms in

each layer were chosen as 88% of the sphere radii, as
determined in the standard fashion from the superposi-
tion of nonrelativistic atomic charge densities. The
sphere radii of the surrounding atoms were set equal to
those of the central atoms to simulate the equivalences of
an extended surface. The numerical potentials of the
inner atoms were converged in an environment of identi-
cal potentials for the surrounding atoms. This was ac-
complished by transferring the potentials from the inner
to the outer atoms of the cluster at each iteration. By us-

ing this approach, the inner atoms of the cluster were em-

bedded in an additional shell of atoms that enforced a
proper local environment representative of an extended
surface.

Projected local densities of states were generated for
the inner atoms by convoluting the calculated energies of
the individual states with Gaussian functions with full
widths at half maxima of 0.2 eV. The DOS shown below
for Ba and BaO and W include the contributions from
one central Ba, 0 (for BaO/W}, and W atom of the top
layer of the cluster. Although the unit cell for c(2X2)
coverages contains one adatom per two tungsten atoms,
the one-to-one ratio was chosen because the contributions
from the atomic layers to the experimentally observed
spectra are expected to decay rapidly below the upper-
most adsorbed layer.

IV. RESULTS

In this section, we present the results of our experimen-
tal measurements and theoretical calculations for the ad-
sorption of 1 ML of Ba and 0 on W. The IPS spectra
were taken at diferent angles of electron incidence along
the 1 AX and I X M symmetry lines of the surface Bril-
louin zone (SBZ) of the clean unreconstructed W(001)
surface, corresponding to the I"X'M' and 1 '6'X' direc-
tions of the SBZ of the c(2X2) structure, respectively
[cf. Fig. 1(c)]. The spectra along the I ZX line were tak-
en in the (001) mirror plane and those along I X M were
taken in the (011) mirror plane of the W(001) p(1X1)
structure. The Fermi edge was determined from the on-
set of photon emission.

To derive the experimental two-dimensional band
structures, the component of the wave vector of the in-
coming electron parallel to the surface (k~~) was deter-
mined using the equation

flak
~~

= [2m (E; —
P ) j' sinu,

where o. is the angle of electron incidence measured from
the surface normal, E, is the initial energy of the electron
measured from Ez, and P is the work function of the sur-
face being studied. A value of /= 2.63 eV was used for 1

ML of Ba on W(001) and /=2. 37 eV for 1 ML of Ba and
0 on W(001).

A. Ba on W(001)

(b) (c)

FIG. 1. Top and side views of cluster models for a c{2X2)
ML of Ba and 0 on W(001) in the (a) tilted and (b) upright
configurations. (c) illustrates the SBZ of the clean W(001) sur-

face (solid square) and that of the c(2X2) BaO/W(001) system
(dashed square).

IPS spectra for 1 ML of Ba on W(001) along the I b X
and I X M directions are shown in Figs. 2(a) and 2(b}, re-
spectively. Upon adsorption of Ba, all the W(001) surface
states' ' seem to have been completely quenched and
new features appear above Ez.

Along the I hX symmetry line these features include
two we11-defined peaks located at 0.6 and 3.4 eV and two
shoulders located at 2.3 and 2.7 eV above Ez. A full
description of these features can be found elsewhere. '

Along the I XM symmetry line only two features are
observed above Ez, one we11-defined peak located at 0.6
eV and a broad peak near 3.4 eV. Both of these features
appear only between a=0' and 28.5'. The peak located
immediately above E~ shows a slight upward dispersion,
while the one above the vacuum level (E~) disperses
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slightly downward in this symmetry direction.
Calculated DOS for Ba heights of 2.28, 2.38, and 2.48

A above the W substrate are shown in Fig. 3. With the
exception of differences associated with states possessing
energies greater than 2 eV above EF, it is found that the
DOS is changed insigniScantly as the Ba height is varied.
Although technically the only meaningful states associat-
ed with the calculations have energies less than the exper-
imental vacuum level (2.7 eV}, it is useful to monitor the
behavior of states that have energies greater than the ex-

perimental vacuum level but smaller than the cluster vac-
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uum level, provided these kinds of states have the poten-
tial to couple to the IPS process and can be observed as
resonances. We believe that a comparison between
theory and experiment for states immediately above the
experimental vacuum level is possible in this case, since
the position of the calculated states with respect to the
Fermi level is found to be insensitive to the separation be-
tween the vacuum level and the calculated Fermi level.
The final-state energy shifts due to the occupation of the
empty electronic levels are found to be small (+0.1 eV}.

Figure 4 shows the dispersion of all the observed peaks
as a function of kII in the left panel, and the theoretically
calculated DOS for a Ba height of 2.38 A above the W
substrate in the right panel. In contrast to s and p surface
states that are observed with inverse photoemission for
alkali-metal adsorption on transition metals, ' the
states in our case do not have free-electron-like disper-
sions. Instead, all of the observed unoccupied states,
with the exception of the one immediately above EF,
seem to possess little or no dispersion as is expected for
states with significant d character. Our theoretical
analysis reveals that the state immediately above EF con-
tains a large Ba d contribution near 0.6 eV and a dom-
inating W contribution in its dispersive part up to 1.6 eV.

The peaks located at or below the vacuum level show
strong sensitivity to surface containination and are, there-
fore, assigned to transitions into Ba and W d surface
states, a conclusion which is supported by the caIculated
cluster DOS. The peak located near 3.4 eV above E~, on
the other hand, changes only slightly as a result of oxy-
gen adsorption. Therefore, we believe that this state
comprises a % bulk component. This is consistent with
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FIG. 2. IPS spectra for a c (2X2) Ba overlayer on %'(001) at
different angles of incidence a taken along (a) the I 5X and (b)
the I X M directions of the SBZ of clean %'(001).

l'''l''' ' l' 'l
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FICx. 3. Fully relativistically calculated DOS for an ordered
c(2X2) Ba adlayer on Vf(001) for three different Ba heights
above the surface. The total DOS are represented by solid lines
and the Ba contributions by dotted lines.
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A) is located at 2.7 eV and virtually coincides with the
cluster result for the same height (cf. Fig. 3). However, in
our experimental spectra a peak at this energy appears
only as a shoulder of the main peak at 3.5 eV; it is there-
fore likely that the Ba height of 2.48 A is slightly too
large.

B. BaO on W(001)

The IPS spectra for 1 ML of Ba and 0 on W(001)
along the I ZX and I X M symmetry lines are shown in
Figs. 5(a} and 5(b), respectively. Spectra corresponding

c(2x2) BaO/ W(001)

0.0
x ~ r ~X ~M

E
F

FIG. 4. Left panel: Experimental two-dimensional band

structure for a c(2 X 2) Ba overlayer on W(001) along the I' Z X
and I XM symmetry lines of the unreconstructed W(001) sur-

face. Right panel: Fully relativistically calculated DOS for a

Ba height of 2.38 A. The solid line represents the total DOS;
the dashed and dotted lines represent the Ba s +p and d contri-

butions, respectively.

the DOS from LAPW calculations for a 19-layer W(001)
film, which predict a strong feature near 3.5 eV above EF
originating from the inner layers of the film. Further-
more, a bulklike state was observed near 3.5 eV in our
IPS measurements of the clean unreconstructed tungsten
surface. The band from the unreconstructed surface and
the one from 1 ML of Ba on W(001} overlap over large
segments of the I X and I M lines. '6' However, recent
Ba on W(001) coverage-dependent data taken in the
I XM direction for angles close to 35' reveal a Ba-
induced feature in the IPS spectra near 3.4 eV, a region
where no tungsten unoccupied states are observed. We
therefore attribute the band near 3.4 eV to transitions
into both Ba d and W bulk d states. This is consistent
with the DOS based on the present cluster model and
also on FLAPW calculations by Hemstreet and Chubb
for a c(2X2) Ba adlayer placed on both sides of a five-

layer W(001) film, which show a strong enhancement of
the W-related peaks at 3.2 eV after adsorption of barium.
Although our IPS measurements appear to indicate that
both Ba and W contribute to the state near 3.4 eV above

E~, the cluster DOS seem to attribute this state almost
entirely to Ba d orbitals. This apparent discrepancy is
due to the fact that the employed cluster contains only
two layers of W atoms, none of which is representative of
bulk atoms.

Overall, our experimental and theoretical results are in
good agreement with the calculations of Hemstreet and
Chubb in that the same features are obtained above the
Fermi level. Their calculations confirm that the surface
states and resonances of W(001) acquire significant ad-
mixture of Ba d surface states in the vicinity of EF. In
close agreement with the cluster results, their calculated
DOS show broad peaks around 0.6 and 1.3 eV above EF.
Their dominant Ba-related peak (for a Ba height of 2.48
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FIG. 5. IPS spectra for a c(2X2) BaO overlayer on W(001)
at difFerent angles of incidence a taken along (a) the I 6X and

(b) the I X M directions of the SBZ of clean %'(001).
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to a c (2 X 2) Ba monolayer on W(001) taken at normal in-
cidence are shown at the bottom of Figs. 5(a) and 5(b) for
comparison. Like the work-function results, the IPS
spectra were also independent of the order of Ba and 0
adsorption on the surface at room temperature. Since
IPS is a surface-sensitive technique, this suggests that the
arrangement of the adatoms on the surface at room tem-
perature is unique regardless of the order of deposition.

Figure 6 illustrates the fully relativistically calculated
cluster DOS for the upright and tilted geometries for the
c{2X2) BaO adlayer on W(001). For comparison, we
have also included the quasirelativistic DOS (without
spin-orbit interaction) for the tilted geometry. Because
the fully and quasirelativistic results for the tilted
configuration di8'er significantly, only the fully relativistic
treatment is appropriate.

The experimental two-dimensional band structure is
presented in Fig. 7 along with the fully relativistically cal-
culated DOS for the tilted configuration. Only two
features are observed above EF for the BaO monolayer.
One is located near 0.6 eV and the other near 3.4 eV
above E~, which is 1 eV above Ei,.

The agreement with experiment for the lower-energy
peaks located at 0.5 and 0.75 eV appears to be better for
the upright configuration, as can be seen by comparing
Figs. 6 and 7. However, there is a disparity between the
experimental results and the DOS for the upright
configuration in that the major calculated peak at 1.5 eV
is not observed along the two high-symmetry directions
(I ZX and I XM) probed experimentally. Since it is
very unlikely that the calculated peak centered around
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FICx. 6. Quasirelativistically and fully relativistically calcu-
lated DOS for a c(2X2) BaO layer on W(001) for two different

adsorption configurations (tilted and upright). Solid lines
represent the total DOS; dashed and dotted lines represent the
oxygen and barium contributions, respectively.
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FIG. 7. Left panel: Experimental two-dimensional band
structure for a c(2X2) BaO overlayer on W(001) along the
I' Z X and I' X M symmetry lines of the unreconstructed %{001)
surface. Right panel: Fully relativistically calculated DOS for
BaO on W(001) in the tilted configuration. The solid line
represents the total DOS; the dashed and dotted lines represent
the oxygen and barium contributions, respectively.

1.5 eV has a component that would not be observed ex-
perimentally along high-symmetry directions, we believe
that the tilted fully relativistic calculation provides the
most suitable model. This conclusion is supported by the
appearance of a peak in the calculated DOS near the res-
onance observed experimentally at 3.4 eV.

While the band near 3.4 eV changed only slightly after
adsorption of oxygen, which is consistent with this state
having a W bulk component, the band near 0.6 eV
changed significantly. In contrast to Ba on W(001), the
band near 0.6 eV does not disperse in the I b, X direction.
It is totally quenched with oxygen adsorption exceeding
1.0 L. IPS data for 0.5 L of oxygen on W(001) reveal
several oxygen-induced unoccupied states. However,
the calculated DOS for 1 ML of BaO on W(001) show
only small 0 contributions in the 0.5—1.0-eV energy
range. We believe that the absence of dispersion of the
observed Ba states and the relatively small contributions
of 0 unoccupied states above E~, in the case of Ba and 0
on the W(001) surface, are the result of electronic charge
transfer from W and Ba to O. This charge transfer
causes these states to become more localized and, there-
fore, less dispersive. In addition, a Ba-0 surface dipole
resulting from the charge transfer from barium to oxygen
is created. This dipole opposes and more than compen-
sates for the W-0 dipole and is believed to contribute to
the net surface dipole responsible for lowering the work
function of the surface.

Finally, the nondispersing bands, which were observed
for 1 ML of Ba on W(001) at 2.3 and 2.6 eV, are totally
quenched after adsorption of 0, presumably due to them
being moved above the vacuum level as a result of the
slight reduction of the work function and due to the con-
solidation of the difFerent Ba peaks into one major feature
in the case of BaO on W (cf. Figs. 4 and 7).
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V. SUMMARY AND CONCLUSIONS

The chemisorption of Ba and 0 on W(001) was studied
with inverse photoelectron spectroscopy and relativistic
cluster calculations. Adsorption of Ba and BaO created
c (2 X 2) LEED structures at ML coverages. The
behavior of the unoccupied electronic states above EF
was investigated at this coverage. It is shown that the ob-
served unoccupied states possess strong Ba d character.
The states between O.S and 2.S eV contain contributions
from Ba and % surface states. The state near 3.S eV,
which is observed for both Ba and BaO on W(001), is be-
lieved to originate from transitions into Ba d surface and
W d bulk states.

Oxygen adsorption quenches the Ba/W(001) states lo-
cated at 2.3 and 2.7 eV and causes the loss of dispersion
in the feature near 0.6 eV. This, and the absence of unoc-
cupied 0 levels, can be explained by electronic charge
transfer from Ba and W to O. The additional Ba-0 di-
pole counteracts the W-0 dipole, and is believed to be re-
sponsible for reducing the work function and enhancing

emission from the BaO/W(001) surface relative to
Ba/W(001).

The work function of W(001) (/=4. 63 eV) was re-
duced to 2.3—2.4 eV upon adsorption of 1 ML of Ba and
O. The value of the work function, the LEED structure,
and the IPS spectra are independent of the order of Ba
and 0 deposition at this coverage.

Overall, the fully relativistically calculated DOS for
c (2 X 2) Ba and BaO (in the tilted configuration) on
W(001) are found to be in reasonably good agreement
with the experimental results.
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