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The total energy distributions �TEDs� in field emission �FE� and photofield emission �PFE� and the work
functions have been measured at room temperature for Ba adsorbed on W�100�, W�110�, and W�111� in the
range of coverage from 0 to 1 ML �monolayer�. We observe two initial state peaks and three final state peaks
on W�100� /Ba, six initial state peaks and one final state peak on W�110� /Ba, and two initial state peaks and
two final state peaks on W�111� /Ba. We extend the full-potential linear augmented plane wave method for the
electronic structures of periodic lattices to calculate the emission current in FE and surface PFE at a metal-
adsorbate-vacuum interface. Our calculations account for the energies of all of the initial state features ob-
served experimentally in FE and surface PFE from clean W�100�, in PFE and angle-resolved inverse photo-
emission spectroscopy from W�100� /Ba at 1 ML, and for all of the peaks observed in FE, surface PFE, and
photoemission from W�110� /Ba at 0.6 ML and from W�111� /Ba at 1 ML. The dz2-like surface states of the
Swanson hump �L. W. Swanson and L. C. Crouser, Phys. Rev. Lett. 16, 389 �1966�� of clean W�100� hybridize
with s-like states of the c�2�2� overlayer and are shifted by −1.60 eV to yield a prominent peak in PFE. An
isolated Ba c�2�2� layer is found to be weakly metallic; the metallicity is greatly enhanced when it is
adsorbed on a W�100� substrate. The TEDs in PFE from the atomically less dense overlayer W�110� /Ba �2
�2� are dominated by substrate-overlayer interactions, while those from the atomically denser overlayer
W�111� /Ba �1�1� are dominated by interactions within the overlayer. Our results yield evidence that above
1/3 ML Ba coverage on W�111�, which corresponds to a commensurate �31/2�31/2�R30° overlayer, the
interstitial sites fill in randomly to form a commensurate �1�1� overlayer at 1 ML coverage.
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I. INTRODUCTION

Studies of the surface electronic structures of metal-
adsorbate-vacuum interfaces are expected to reveal the types
of bond formed, the role played in the bonding by surface
states and surface resonances, and the charge shifts induced
by the adsorbate overlayer. The electronic structures of
metal-adsorbate-vacuum interfaces play an important role in
such fields as epitaxy and heterogeneous catalysis, while
electron emission from overlayers of alkaline-earth metals
and their oxides is widely used for cathodes in discharge
lamps and photoelectron emission devices because of its
well-known effect in reducing the work function. The work
function1–6 and the diffusion7–9 of Ba atoms adsorbed on
tungsten have received a lot of attention, but relatively little
work, either experimental or theoretical, has been published
on electron emission at W-Ba-vacuum interfaces.

The first total energy distribution �TED� measurements in
field emission �FE� from Ba atoms singly adsorbed on low-
index surfaces of W were carried out by Plummer and
Young.10 Gadzuk11 and Plummer and Young10 argued that
the interaction with the W substrate broadens the 6s valence
states of atomic Ba and shifts them to lower energy, while
the more localized 6s5d excited states are less affected. They
attributed a peak observed in the TED in FE from Ba atoms
singly adsorbed on W�110� at about −0.4 eV �energies are
expressed relative to the Fermi level EF� and on W�111� at
about −0.7 eV to the broadened 6s Ba states, and they attrib-
uted two narrow peaks observed in the TED in FE from Ba
atoms singly adsorbed on W�111� at −0.4 eV and −0.1 eV to
the 6s5d states.

Radoń and Jaskólka12 carried out photofield emission
�PFE� measurements for W�100� at a Ba coverage much

larger than that reported by Plummer and Young, but less
than 1 ML �monolayer�. Lamouri et al.13 used angle-resolved
inverse photoemission spectroscopy �ARIPS� to study the
unoccupied states of W�100� with a 1 ML Ba overlayer.

TEDs from W�110� with Ba coverage in the range 0–0.6
ML have been measured in photoemission at normal emis-
sion by Pi et al.14,15 using synchrotron radiation at 60 eV.
The TEDs from clean W�110� show surface peaks at −1.41,
−0.95, and −0.41 eV, as well as several bulk peaks at lower
energies. Increasing the Ba coverage weakened these surface
peaks and shifted them to lower energy, but no new peaks
were observed.

Radoń and Jaskólka12 have carried out PFE measurements
for W�110� and W�111� at a Ba coverage of less than 1 ML.
They observed two Ba-induced peaks just below EF, at
−0.07�2� and −0.28�4� eV.

Hemstreet and Chubb16 carried out a full-potential linear
augmented plane wave �FP-LAPW� calculation within the
local density approximation for a five layer W�100� film with
a Ba c�2�2� layer �corresponding to 1 ML coverage� on
each side. The spin-orbit interaction was not included in their
calculation. Lamouri et al.13 carried out fully relativistic
embedded-cluster calculations using muffin-tin potentials to
calculate the electronic structure of a Ba c�2�2� overlayer
deposited on two layers of W�100�. To our knowledge, no
other calculations for W with Ba overlayers have been re-
ported in the literature.

In the present paper, we report room-temperature mea-
surements of the TEDs of the emission currents in PFE from
Ba overlayers on W�100� �denoted W�100� /Ba� in the range
of coverage from 0 to 1 ML, on W�110� �denoted
W�110� /Ba� in the range of coverage from 0 to 0.6 ML, and
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on W�111� �denoted W�111� /Ba� in the range of coverage
from 0 to 1 ML. In order to interpret the experimental data,
we have carried out ab initio FP-LAPW calculations of the
k-resolved layer densities of states �K-LDOS�, and of the
TEDs of the emission current in FE and PFE from W�100�,
W�110�, and W�111� with commensurate Ba overlayers. As
our method of calculation involves the assumption of trans-
lational symmetry parallel to the surface, our W�100� calcu-
lations were carried out with a Ba c�2�2� overlayer �de-
noted W�100� /Ba c�2�2��, which corresponds to 1 ML
coverage. Low-energy electron diffraction �LEED�
measurements2,6 have shown that at 1 ML coverage, the Ba
atoms on W�110� arrange in an incommensurate hexagonal
close-packed structure with an atomic density of 6.2
�1014 atoms cm−2. Our W�110� calculations were carried
out with a Ba �2�2� overlayer �denoted W�110� /Ba �2
�2��, which corresponds to 0.6 ML coverage and is known
to be the commensurate overlayer that is closest to 1 ML
coverage.2 Our W�111� calculations were carried out with a
Ba �1�1� overlayer �denoted W�111� /Ba �1�1��, which
corresponds to 1 ML coverage.

The following are, to our knowledge, all unique features
of the present paper. We report the experimental observation
of two initial state peaks F1 and G1, and two final state peaks
J1 and K1 in FE and PFE from W�100� /Ba. In addition, we
present the calculations of the emission current in FE and
surface PFE from a metal-overlayer-vacuum interface. In
contrast to previously reported calculations of the surface
electronic structure of W�100� /Ba c�2�2�, the transition
from the surface to the bulk is represented more adequately
by seven W layers as compared with three16 or two13 W
layers. Our results account for the energies of all of the initial
state features observed experimentally in FE, PFE, and
ARIPS.13 Dispersion curves in a representative direction for
clean W�100�, an isolated Ba c�2�2� layer, and W�100� /Ba
c�2�2� are presented to show how the k-resolved surface
electronic structure is modified by the substrate-overlayer in-
teraction. We find that the substrate-overlayer interaction
greatly enhances the metallicity of a Ba overlayer on W�100�
at monolayer coverage.

We also report experimental studies of the TEDs in FE
and PFE from W�110� /Ba with coverage up to 0.6 ML and
from W�111� /Ba with coverage up to 1 ML. Two final state
peaks L2 and M2 are observed on W�110� /Ba, as well as one
initial state peak F3 and two final state peaks H3 and J3 on
W�111� /Ba. In addition, we present the calculations of the
emission currents in FE and surface PFE, and of the surface
electronic structures of W�110� /Ba �2�2� and W�111� /Ba
�1�1�. Our results account for the energies of all of the
initial and final state features observed experimentally in FE,
PFE, and photoemission.14,15 We show that the TEDs in PFE
from the atomically less dense overlayer W�110� /Ba �2
�2� are dominated by substrate-overlayer interactions, while
those from the atomically denser overlayer W�111� /Ba �1
�1� are dominated by interactions within the overlayer. Our
results yield evidence that with increasing Ba coverage
above 1/3 ML on W�111� �corresponding to a commensurate
�31/2�31/2�R30° overlayer�, the interstitial sites fill in ran-
domly to form a commensurate �1�1� overlayer at 1 ML
coverage.

In this paper, the experimentally observed emission peaks
are labeled alphabetically and the emitting facet is denoted
by a numerical subscript �1 denotes 100, 2 denotes 110, and
3 denotes 111�. The calculated peaks are denoted by a prime.
The experimental procedures are described in Sec. II, and
details of the electronic structure calculations are reported in
Sec. III. In Secs. IV–VI, the experimentally measured TEDs
in PFE from W�100� /Ba, W�110� /Ba, and W�111� /Ba are
presented and interpreted on the basis of the calculations.
The Ba-induced reductions in the work functions are also
discussed. The conclusions of this work are summarized in
Sec. VII.

II. EXPERIMENTAL METHOD

A. Measurements of the total energy distribution
of the field emission current

A tungsten tip �a fine tungsten wire with a hemispherical
end form of radius approximately 0.1 �m� is mounted on a
tungsten support loop and placed about 5 cm from a fluores-
cent screen inside an ultrahigh vacuum chamber �the main
chamber� at a pressure of less than 2�10−10 Torr. When a
positive potential of several kilovolts is applied to the screen,
electrons are emitted from the tip by quantum mechanical
tunneling. The field emitted electrons are accelerated toward
the fluorescent screen where they impact to produce a mag-
nified image of work function variations of the surface of the
tip. To study emission from a single facet, the image of the
selected facet is deflected electrostatically onto a probe hole
located in the center of the screen, and the total energy dis-
tribution of the current density j�E� �the derivative of the
current per unit area with respect to the total energy E� of FE
electrons passing through the probe hole is measured.

Prior to each measurement, the tip was cleaned by mo-
mentarily passing a current through the tungsten support
loop, raising its temperature to white heat. A beam of atomic
Ba was obtained by heating a small lump of metallic Ba,
enclosed in a molybdenum insert, inside a Knudsen cell.17

The Ba flux was measured by means of a quartz-crystal
thickness monitor and deposited at room temperature. De-
tails of the FE and PFE spectrometers18,19 and the atomic
deposition system20–22 have been reported elsewhere.

B. Measurements of the total energy distribution
of the photofield emission current

PFE involves excitation by photons with energy less than
the surface plasmon energy. Two distinct excitation mecha-
nisms, surface and bulk photoexcitation, are involved. Sur-
face photoexcitation is predominant when the polarization
vector of the incident light has an appreciable component
normal to the emitting surface �p polarization�. Photons
couple strongly to electrons in the tails of the wave functions
just outside the surface of the metal, in the region where the
plasmon energy associated with the local electron density is
equal to the photon energy. The final states in surface photo-
excitation are a continuum of free-electron-like states of the
vacuum, and hence, any features observed in the TED in
surface photoexcitation correspond to the initial states of the
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optical transitions. Bulk photoexcitation occurs when the po-
larization vector of the incident light is parallel to the emit-
ting surface �s polarization�. The incident photons enter the
metal, where they induce direct �energy and crystal-
momentum conserving� transitions from occupied to unoccu-
pied electron states. Both initial states and final states are
observed in bulk photoexcitation. They can be distinguished
experimentally because initial states appear at a constant ini-
tial state energy E−��, and final states appear at a constant
final state energy E, irrespective of the photon energy ��.
The transition rate for surface photoexcitation is typically
much greater than that for bulk photoexcitation, and surface
photoexcitation is more sensitive than bulk photoexcitation
to occupied electron states at the surface. For these reasons,
the present work is based largely on measurements of surface
photoexcitation.

Relative to the Fermi level, the energy of the peak of the
surface potential barrier is Umax=�− �e3F /4�	0�1/2, where
� is the work function of the emitting surface, e is the mag-
nitude of the electronic charge, F is the magnitude of the
applied electric field, and 	0 is the permittivity of free space.
Therefore, electrons in initial states with normal energy
greater than Umax−�� can pass above the peak of the surface
potential barrier and make a strong contribution to the TED
in PFE. As the total energy increases above the threshold,
electron states of progressively larger transverse wave vector
contribute to the PFE current. Therefore, PFE is a k-resolved
process that is dominated by emission from electron states
close to the center of the surface Brillouin zone �SBZ�.

The electrons were photoexcited by the focused beam of a
cw krypton-ion laser.23 A half wave retarder was used to
adjust the plane of polarization of the laser beam to maxi-
mize surface photoexcitation. The blue line �2.60 eV�, the
violet line �3.00 eV�, and the UV line �3.54 eV� were used.
For the various spectral lines, the power in the focal spot was
in the range of 40–100 mW.

C. Measurements of the work function

To a very good approximation, a Fowler-Nordheim
plot24,25 of the FE current I, a plot of ln�I /V2� against �1/V�,
is a straight line from whose slope the ratio �3/2 /
 can be
determined, where � is the work function and 
 is the facet-
dependent factor that relates the electric field strength at the
emitting facet F to the tip-to-screen potential V �F=
V�. In
the present work, the value of 
 for the clean facet was
deduced from the slope of the measured Fowler-Nordheim
plot, taking the work function of the clean facet from the
literature. The work function of the same facet with a Ba
overlayer was deduced by comparing the slopes of the mea-
sured Fowler-Nordheim plots and assuming that 
 is inde-
pendent of coverage. This is a reasonable assumption be-
cause at 1 ML coverage, the overlayer does not significantly
affect the geometry of the end form of the tip.

For each of the low-index W facets, the Ba exposure that
corresponds to the minimum work function was measured by
means of a quartz-crystal thickness monitor. Assuming a lin-
ear relationship between coverage and exposure, and know-
ing the coverage that corresponds to the minimum work

function from LEED experiments reported in the literature �1
ML on W�100�, corresponding to a Ba c�2�2� overlayer,
0.38 ML on W�110�, corresponding to a Ba �2�3�
overlayer,2 and 0.6 ML on W�111� �Ref. 6��, the coverage
was calculated as a function of exposure.

Several authors1,8,13,26 have concluded that the minimum
in the work function of Ba on W�100� occurs at a coverage
of 5.0�1014 atoms cm−2, which corresponds to an ordered
Ba c�2�2� overlayer. In the present work, we found that the
minimum in the work function occurs at a Ba exposure of
6.2�5��1014 atoms cm−2. The discrepancy between the mea-
sured exposure and the resulting coverage suggests either
that not all of the atoms incident on the tip are adsorbed or
that some of the adsorbed atoms subsequently migrate away
from the W�100� facet. The latter possibility is supported by
observations of the field emission pattern, which show that
Ba atoms diffuse from regions of the tip that are directly
exposed to the incident atomic beam to regions on the tip
that are not directly exposed. Similar considerations apply to
the W�110� and W�111� facets.

III. COMPUTATIONAL METHOD

A. Total energy distribution of the field emission current

The metal-adsorbate-vacuum interface is represented by a
supercell whose electronic structure is calculated self-
consistently by the FP-LAPW method based on density func-
tional theory �DFT� using the WIEN2K software package.27

Exchange and correlation are treated in the generalized-
gradient approximation �GGA�.28 Relativistic corrections in-
cluding the spin-orbit interaction are included in the calcula-
tion.

Inside the interface plane z=z0, which represents the elec-
trical surface of the metal, the applied electrostatic field is
assumed to be fully screened out by the valence electrons, so
the potential is the self-consistent potential of a half-plane of
atoms. Outside the interface plane, the potential energy of
the electron can be written

U�z� = U0 for z0 � z � zc,

U�z� = �EF + �� − e2/�16�	0�z − z0�� − eF�z − z0�

for z � zc, �1�

where EF is the Fermi energy.
The interface plane was chosen to be sufficiently far from

the surface plane �the plane of the outer layer of atoms� that
the potential energy varies weakly in the interface plane, but
sufficiently close that all of the electron states in the energy
range over which the emission current is to be calculated
have positive kinetic energies in the interface plane. We
found that when these two conditions are satisfied, the dis-
tance between the surface plane and the interface plane is
approximately one-half of the nearest neighbor distance. The
cutoff plane �z=zc� was chosen so that U�z� is a continuous
function of z. In this model, the shape of the surface potential
barrier �Eq. �1��, and hence its transmission coefficient, is
independent of the choice of z0.
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The potential energy in the interface plane has the trans-
lational symmetry of the surface layer. Because the potential
energy varies only weakly in the interface plane, the wave
function of wave vector k= �k� ,kz� at point r= �r� ,z0� can be
expanded in plane waves of wave vector �k� +G��:

k�r� = �
G�

Ak,G�
exp�i�k� + G�� · r� , �2�

where Ak,G�
are the expansion coefficients and G� are the

surface reciprocal lattice vectors. For an electron state of
total energy E, the normal energy of the plane wave compo-
nent of wave vector �k� +G�� is

Wk,G�
= E − U0 − ��2/�2m���k� + G��2, �3�

where � is Planck’s constant and m is the free-electron mass.
The transmission coefficient of the surface potential barrier
D�Wk ,G�� decreases exponentially as the normal energy de-
creases, so the FE current is dominated by states that are
close to the center of the SBZ �k� �0� and by the zero order
�G� =0� component in the plane wave expansion. In calculat-
ing the FE current, it is an excellent approximation to take
the contributions of the higher order �G��0� components in
the plane wave expansion to be zero.29 This is the approxi-
mation on which the present calculations are based.

The contribution of the electron state k to the G� =0 com-
ponent of the layer density of states �LDOS� in the interface
plane can be written identically as Fk SDOSk�E�, where
SDOSk�E� is the contribution of state k to the SDOS includ-
ing all higher order components, and the factor Fk is given
by

Fk � Ak,0
* Ak,0	
S−1�� k�r�*k�r�dS� . �4�

In Eq. �4�, the numerator is the contribution of state k to the
G� =0 component of the LDOS in the interface plane, and the
denominator is the contribution of state k to the SDOS. The
angular brackets indicate that the integral in the denominator
is to be averaged over the surface layer. The expansion co-
efficients Ak,0 in Eq. �4� can be calculated by evaluating the
integral

Ak,0 = S−1� k�r�exp�− ik� · r��dS , �5�

over one lattice cell of area S in the interface plane.
The FE current is dominated by the s-, pz-, and dz2-like

electron states, because for these symmetries the coefficients

Ak,0 do not vanish at �̄. The px+ py-, dxz+dyz-, d�x2−y2�-,
and dxy-like states make only a small contribution to FE,

because at �̄ their wave functions are antisymmetric within
the lattice cell,30 so their coefficients Ak,0 vanish.

The distributed WIEN2K subroutine TETRA can be used to
calculate the surface density of states �SDOS� by dividing
the Brillouin zone into a large number of tetrahedra of equal
volume and evaluating

SDOS�E� = �
�

�
i

SDOS�,i�E� , �6�

where the distribution SDOS�,i�E� is the contribution of band
i in tetrahedron � to the density of states in the surface layer
for a single direction of electron spin.31 It follows from Eq.
�4� that the contribution of band i in tetrahedron � to the
G� =0 component of the LDOS in the interface plane can be
written F�,iSDOS�,i�E�.

The subroutine TETRA was modified to yield the TED in
FE:

jS�E� = 2ef�E��
�

�
i

F�,iSDOS�,i�E�v�W�,i�D�W�,i� , �7�

where e is the magnitude of the electron charge, f�E� is the
Fermi-Dirac distribution function, and the factor of 2 takes
into account the spin degeneracy of the electron. The factor
F�,i was calculated from Eqs. �4� and �5� at the center of each
tetrahedron, using non-spin-orbit wave functions to evaluate
the integrals. The contribution of state �� , i� to the SDOS in
the surface layer was estimated by averaging the integral in
the denominator of Eq. �4� over three equally spaced planes
spanning the surface layer �the plane of the outer layer of
atoms�. For an electron state of total energy E�,i, the normal
energy W�,i of the G� =0 component in the region z0�z
�zc is

W�,i = E�,i − U0 − �2k�
2/�2m� , �8�

and the normal velocity with which the electrons approach
the surface potential barrier is

v�W�,j� = �2W�,i /m�1/2. �9�

To obtain the transmission coefficient of the surface potential
barrier D�W�,i�, the one-dimensional Schrödinger equation
was solved numerically to evaluate the normal wave function
across the surface potential barrier at normal energy W�,i
using an exact numerical technique due to Vigneron and
Lambin.32–34 Then D�W�,i� was calculated as the ratio of the
charge fluxes on the two sides of the barrier as deduced from
the Wronskian of the normal wave function.

The TED of the FE current calculated from Eq. �7� is
denoted jS�E�, where the subscript S denotes a surface con-
tribution, because the present calculations are based on su-
percells that accurately model the surface layers of the metal
but underrepresent the bulk. To make a direct comparison
with the experimental data, jS�E� was corrected by adding
j0�E�, the bulk contribution estimated from the free-electron
model.35–37

The TED in FE is dominated at low energy by the expo-
nential decrease in the transmission coefficient of the surface
potential barrier D�W�, and at high energy by the exponential
decrease in the Fermi-Dirac distribution function f�E�, re-
sulting in a peak at the Fermi energy. In analyzing the ex-
perimental data, it is convenient to remove the exponential
energy dependencies below and above EF by dividing the
TED j�E� by j0�E�. The ratio j�E� / j0�E� is called the en-
hancement factor.
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B. Total energy distribution of the photofield emission current

The subroutine TETRA was also modified to carry out FP-
LAPW calculations of the TED in surface PFE. Schwartz
and Cole38 have shown that, apart from an energy-
independent prefactor, the probability of surface photoexci-
tation from initial state k is given by �Wk�Wk+����−1/2�M�2,
where M is an electric-field-dependent optical matrix ele-
ment. They found that �M�2 varies by only about 1% over the
range of electric fields in the present experiments, and this
small variation is neglected in the present calculations. The
TED in surface PFE at final state energy E is obtained by
evaluating the sum over tetrahedra � and bands i:

j�E� � f�E − ����
�

�
i

F�,iSDOS�,i�E − ���

�
�M�2

�W�,i�W�,i + ����1/2v�W�,i + ���D�W�,i + ��� ,

�10�

where f�E−��� is the Fermi-Dirac distribution function at
the initial state energy �E−���. The normal energy W�,i of
the G� =0 component of the initial state is related to the total
energy E�,i of the initial state by Eq. �8�, and v�W�,i+���
can be calculated from Eq. �9�. F�,i was calculated as in Eq.
�4�, but the numerator was averaged over three equally
spaced planes spanning the region just outside the surface
plane where surface photoexcitation predominantly occurs.
The interface plane plays no role in our PFE calculations.
The transmission coefficient D�W�,i+��� was evaluated nu-
merically as described above.32–34

C. k-resolved layer density of states

Finally, the subroutine TETRA was modified to weight
each contribution to the LDOS by the tunneling factor in
field emission D�W�,i�. The modified program yields the
K-LDOS.

K-LDOS�E� = �
�

�
i

LDOS�,i�E�D�W�,i�
D�E�

. �11�

While K-LDOS�E� is not an experimentally measurable
quantity, a plot of K-LDOS�E� is a useful way to represent
the energies and symmetries of features of the electronic

structure in the vicinity of �̄. The K-LDOS in the surface
layer is denoted K-SDOS.

D. Structures of the W-Ba-vacuum interfaces

1. Ba c„2Ã2… overlayer on W(100) [W„100… /Ba c„2Ã2…]

In the present calculations, the geometry of the
W�100� /Ba c�2�2� interface is described by a supercell that
consists of 13 W layers stacked parallel to the �100� plane,
surrounded on each side by a region of half that volume
containing one Ba atom. Because the Ba overlayer is highly
mobile and very weakly bound to the W substrate, it is not
expected to modify significantly the normal spacing between
the W layers. Therefore, the normal spacing between the W

layers was taken from room-temperature lattice constant data
for clean tungsten. The conventional lattice parameter of the
body-centered-cubic cell is 3.17 Å.39

The calculated energy of the initial state peak F1� in the
TED in PFE, which corresponds to a prominent surface state
of W�100� /Ba c�2�2�, is very sensitive to the normal dis-
tance between the substrate and the overlayer. In an earlier
self-consistent calculation,16 a spacing of 2.49 Å was found
to minimize the total energy of a five-W�100�-layer cell with
a Ba layer on each side. Assuming this spacing, we calcu-
lated the energy of peak F1� to be −1.50�2� eV, which does
not compare well with the experimental energy of
−1.90�5� eV. The present calculations are based on a normal
distance of 2.77 Å, which we deduced from the published
atomic radii of W and Ba.39 The energy of peak F1�
�−1.80�2� eV� proved to be in much better agreement with
experiment. Following the criteria stated in Sec. III A, the
normal distance between the plane of the Ba overlayer and
the interface plane was taken to be 2.16 Å.

In Fig. 1�a�, the solid square represents a primitive unit
cell of the Ba c�2�2� surface and the dashed square repre-
sents a primitive unit cell of the clean W�100� substrate. The
corresponding SBZs are shown in Fig. 1�b�. The symmetry

M

X

M’

X’

a

(a)

�’� �

W

W

Ba

[110]

[100]

[010]

a

(b)

45
o

FIG. 1. �Color online� Surface unit cells and surface Brillouin
zones of clean W�100� and of a Ba c�2�2� overlayer. �a� Atomic
positions in the top two layers of W�100� and in the overlayer. Also
shown are the primitive unit cells of the substrate �blue dashed
lines� and of the overlayer �red solid lines�. �b� The surface Bril-
louin zones of the substrate and of the overlayer plotted in the
correct orientation relative to the unit cells in �a�.
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points of the SBZ of the c�2�2� structure are denoted by a
prime. The effect of the c�2�2� overlayer is to fold back the

symmetry point M̄ of the �1�1� substrate to �̄� in the SBZ
of the overlayer.

2. Ba „2Ã2… overlayer on W(110) [W„110… /Ba c„2Ã2…]

The geometry of the W�110� /Ba �2�2� interface is rep-
resented by a supercell that consists of nine W layers stacked
parallel to the �110� plane, surrounded on each side by a
region of half that volume and containing one Ba atom. On
the basis of the criteria stated above, the normal distance
between the Ba overlayer and the W substrate was taken to
be 3.19 Å, and the normal distance between the Ba overlayer
and the interface plane was taken to be 2.11 Å.

In Fig. 2�a�, the solid rhombus represents a primitive unit
cell of the Ba �2�2� overlayer and the dashed rhombus
represents a primitive unit cell of the clean W�110� substrate.
The corresponding SBZs are shown in Fig. 2�b�. The primes
denote the symmetry points of the SBZ of the overlayer. The

symmetry points N̄ and S̄ in the SBZ of the substrate are

folded back to �̄� in the SBZ of the overlayer.

3. Ba „1Ã1… overlayer on W(111) [W„111… /Ba „1Ã1…]

The geometry of the W�111� /Ba �1�1� interface is rep-
resented by a supercell consisting of 19 W layers stacked
parallel to the W�111� plane, surrounded on each side by a
region of half that volume and containing one Ba atom. On
the basis of the criteria stated above, the normal distance
between the Ba overlayer and the W substrate was taken to
be 2.44 Å, and the normal distance between the Ba overlayer
and the interface plane was taken to be 2.01 Å.

In Fig. 3�a�, the solid rhombus represents a primitive unit
cell of the clean W�111� substrate and of the Ba �1�1� over-
layer. The corresponding SBZ is shown in Fig. 3�b�.

IV. RESULTS AND DISCUSSION FOR W„100… /Ba

A. Field and photofield emission currents

1. Experimental total energy distributions in field emission and
photofield emission from W(100) with Ba overlayers

Our experimental TEDs in PFE from W�100�, measured
for Ba coverages in the range from 0 to 1 ML, are shown in
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FIG. 2. �Color online� Surface unit cells and surface Brillouin
zones of clean W�110� and of a Ba �2�2� overlayer. �a� Atomic
positions in the top two layers of W�110� and in the Ba �2�2�
overlayer. Also shown are the primitive unit cells of the clean sub-
strate �blue dashed lines� and of the overlayer �red solid lines�. �b�
The surface Brillouin zones of the substrate and the overlayer plot-
ted in the correct orientation relative to the unit cells in �a�.
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FIG. 3. �Color online� Surface unit cell and surface Brillouin
zone of clean W�111� and of a Ba �1�1� overlayer. �a� Atomic
positions in the top two hexagonal layers of W�111� and in the Ba
�1�1� overlayer. Also shown is the primitive surface unit cell of
the clean substrate and of the overlayer. �b� The surface Brillouin
zone plotted in correct orientation with respect to the corresponding
unit cell in �a�.

Z. A. IBRAHIM AND M. J. G. LEE PHYSICAL REVIEW B 76, 155423 �2007�

155423-6



Fig. 4. The electrons were excited by 3.54 eV photons in the
focused p-polarized beam of a cw krypton-ion laser. The
TED of the PFE current is plotted against the initial state
energy E−EF−��, where E−EF is the final state energy of
the emitted electron relative to the Fermi level and �� is the
photon energy. Increasing the Ba coverage reduces the work
function, allowing electrons of progressively lower energy to
tunnel through the surface potential barrier and shifting the
low-energy cutoff in the TED to lower energy. Our corre-
sponding TEDs using 2.60 and 3.00 eV photons have been
reported elsewhere.22 The energies of the experimental peaks
measured relative to EF are reported in Table I.

The TED in FE from clean W�100� shows a strong peak
B1 �the Swanson hump40� and a much weaker peak A1.30,41,42

These two peaks are suppressed by 0.1 ML coverage of Ba.
The very strong initial state peak F1 in the TED in PFE from
W�100� /Ba is clearly resolved only at 1.0 ML coverage,
where the final state energy is just above the peak of the
surface potential barrier. Another initial state peak G1 close
to EF is clearly resolved with 2.60 and 3.00 eV photons, but
poorly resolved with 3.54 eV photons because it overlaps the
final state peak K1. In the range of coverage from 0.1 to 0.2
ML, our experimental FE data22 also show a Ba-induced
peak E1 at about −0.08 eV �energies are expressed relative to
EF� that was detected by Radoń and Jaskólka12 in PFE at less
than 1 ML coverage.

The observed TEDs in PFE with 3.54 eV photons show
two final state peaks K1 and J1 that appear at low Ba cover-
age and persist up to 1 ML. Our data with 2.60 and 3.00 eV
photons also suggest the presence of a weak final state peak
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FIG. 4. Base 10 logarithms of the experimental TEDs in PFE
with 3.54 eV photons for W�100� /Ba over a range of coverage,
plotted as a function of the initial state energy E−EF−��. The
curves have been displaced vertically by arbitrary amounts for
clarity.

TABLE I. Comparison of the experimentally observed peaks in the TEDs in FE and PFE from clean
W�100� �A1 and B1� and W�100� /Ba c�2�2� �F1–P1�, with peaks in the calculated TEDs and with bands
observed in ARIPS. s.s. stands for surface states, s.r. for surface resonances, and bulk for bulk states.

Experiment Calculated

Peak
label

Present
work
E−EF

�eV�

ARIPSa

E−EF

�eV�
Peak
label

Present work

E−EF

�eV� Character
Symmetry in overlayer

�substrate�

A1 −0.73�5� A1� −0.69�2� s.r. �dxz+dyz�
B1 −0.32�3� B1� −0.32�2� s.s �dz2�
F1 −1.90�5� F1� −1.80�2� s.s. s �dz2�
G1 Vicinity of

0.00�5�
G1� +0.14�2� s.s. d�x2−y2� �dz2�

H1 +1.55�5� H1� +1.55�2� s.r. dz2 �dz2�
J1 +2.25�5� +2.3 �X̄�� J1� +2.30�2� s.r. dz2 �dz2�

K1 +3.25�5� K1� +3.25�2� bulk dz2 �dz2�
L1� −0.65�2� s.s. �X̄�� dxz+dyz �dxz+dyz�

M1� +0.25�2� s.s. pz �dz2�
N1 +0.6 �X̄�� N1� +0.50�2�

+0.65�2�
s.r. �X̄�� dxz+dyz �dz2�

P1 +3.2 �X̄�� to

+3.6 ��̄��

P1� +3.20 to
+3.65�2�

s.r. and
bulk

dxz+dyz �dz2, dxy�

aReferences 1 and 13
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H1 that is not resolved with 3.54 eV photons because it over-
laps the strong initial state peak F1.

2. Interpretation of total energy distributions in field emission
and photofield emission from W„100… /Ba c„2Ã2…

Electron states of clean W(100). Figures 5�a� and 5�b�
show respectively the SDOS and the K-SDOS of clean
W�100�. The SDOS shows a region of strong surface-
induced peaks that extends from −0.8 eV to just above EF.
Peak A1� in the K-SDOS is responsible for the weak peak A1
observed in the TED in FE from clean W�100�, while peak
B1� is responsible for the observed strong peak B1. In Table I,
the calculated emission peaks from clean W�100� are com-
pared with peaks observed in the present FE and PFE experi-
ments �Sec. IV A 1�, and their energies and symmetries are
reported.

Electron states of an isolated Ba c�2�2� overlayer. The
dispersion plot for an isolated Ba layer �Fig. 6�b�� was cal-
culated using a supercell in which Ba atoms occupy the same
sites as in the W�100� /Ba c�2�2� supercell and the W sites

are empty. Along �̄�X̄�, the s-like valence states form a
nearly-free-electron band. The bottom of the band is at

−2.08 eV and the bandwidth along �̄�X̄� is 1.40 eV. Above
−0.68 eV, the valence states are predominantly dxy-like.

Occupied electron states of W�100� /Ba c�2�2�. Figures
5�d� and 5�e� show respectively the base 10 logarithms of the

calculated and experimental TEDs of the PFE current from
W�100� /Ba c�2�2� at room temperature, plotted against the
initial state energy. In our calculations, the electrons were
assumed to be excited by 3.54 eV photons in a p-polarized
beam, the electric field strength was taken to be 0.11 V Å−1,
and the work function was taken to be 2.65 eV, as deter-
mined from the experimental data. The energy of the peak of
the surface potential barrier is +1.42 eV �Sec. II B�, so elec-
trons in states having normal energy less than −2.12 eV will
be photoexcited to states below the peak of the barrier. This
accounts for the exponential cutoff in the TED in PFE below
about −2.0 eV. In Table I, the calculated emission peaks
from W�100� /Ba c�2�2� are compared with peaks observed
at 1 ML Ba coverage in the present FE and PFE experiments
�Sec. IV A 1� and in ARIPS at 1 ML Ba coverage,1,13 and
their energies and symmetries are reported.

When the interaction between the clean W�100� substrate
and the Ba c�2�2� overlayer is turned on, the s-like states of

the overlayer near �̄� �Fig. 6�b�� hybridize with the pair of
surface states of the substrate at −0.27 and −0.30 eV �labeled
B1� in Fig. 6�a��, shifting them to F1� at −1.82 eV �Fig. 6�c��.
Unoccupied d-and p-like states of the overlayer also hybrid-
ize with the same pair of surface states B1� to yield surface
states G1� and M1� just above EF. Peak F1 in the experimental
TED in PFE at 1 ML Ba coverage �Fig. 5�e�� is attributed to
the calculated peak F1� �Fig. 5�d��, and peak G1 is attributed

to the low-energy tail of the calculated peak G1�. Near X̄�, the
occupied d- and s-like states of the overlayer hybridize with
the surface resonances D1� of clean W�100� at −0.55 eV,
shifting them to L1� at −0.65 eV and yielding peak L1� in the
LDOS of W�100� /Ba c�2�2� �Figs. 7�d� and 7�e��.

The good overall agreement between the energies of the
observed and calculated emission peaks in FE, PFE, and
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FIG. 5. �a� SDOS of clean W�100�, �b� K-SDOS of clean
W�100�, and �c� K-SDOS of a Ba c�2�2� overlayer on W�100�. �b�
and �c� are plotted in the SBZ of the overlayer. The successive
curves in the cumulative plots �a�, �b�, and �c� show the contribu-
tions of s-, p-, dxy+d�x2−y2�-, and dxz+dyz-, and dz2-like states,
respectively. The shading denotes the dz2-like contributions. ��d�
and �e�� TEDs in PFE for W�100� /Ba c�2�2� with 3.54 eV pho-
tons, plotted against the initial state energy. The calculated plot �d�
is based on surface photoexcitation. The experimental plot �e�
shows two additional final state peaks J1 and K1 that are attributed
to bulk photoexcitation.

FIG. 6. �Color online� �a� Dispersion along X̄� �̄� of �a� clean
W�100�, �b� an isolated Ba c�2�2� overlayer, and �c� W�100� /Ba
c�2�2�, all plotted in the SBZ of the overlayer. Surface states and
surface resonances are shown by thick curves. The predominant
symmetry in the surface layer is shown by the line style �s, red
�dashed�; p, green �dotted�; and d, blue or gray �solid��. Bulk and
intermediate states are shown by thin gray �dotted� curves.
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ARIPS �Table I� indicates that the present calculations give a
realistic picture of the electronic structure of the W�100� /Ba
c�2�2� interface.

The instrumental resolution function of the energy ana-
lyzer used in the present experiments is of Gaussian form,
with a full width at half maximum height of approximately
56 meV. Even after correcting for instrumental broadening
by the energy analyzer, the peaks observed in the experimen-
tal TED in FE from clean W�100� are significantly wider
than those in the calculated TED.30 The additional broaden-
ing can be represented by a Lorentzian whose full width at
half maximum height is proportional to the energy of the FE
electrons relative to the Fermi level, and hence, to the total
number of final states available for scattering. The absence of
significant temperature dependence in the additional broad-
ening of the Swanson peak over the range 78–300 K sug-
gests that the additional broadening is predominantly lifetime
broadening due to scattering by defects at the emitting sur-
face. These conclusions are expected to apply also in the
presence of an overlayer.

In early discussions of FE, it was assumed that the TED
of the emission current is a measure of the K-SDOS. Taking
into account the symmetries of the Bloch states, as in the
present work, yields greatly improved results for the relative
strengths of the calculated peaks in FE and surface PFE. Our
results for clean W�100� suggest that the remaining discrep-
ancies in the relative strengths of the emission peaks are
dominated by lifetime broadening due to scattering by de-
fects at the emitting surface. It seems likely that any addi-
tional discrepancies in the relative strengths of the peaks in
surface PFE are due to our simplified treatment of the surface

photoexcitation matrix element of Schwartz and Cole.38

Hemstreet and Chubb16 used the full-potential LAPW
method for thin films to calculate the electronic structure of a
Ba c�2�2� overlayer on W�100�, neglecting the spin-orbit
interaction for the valence electrons. They represented the
interface by five W�100� layers, with a Ba overlayer at each
side at a distance of 2.48 Å from the plane of the substrate.
We found that for satisfactory convergence of our surface
electronic structure calculations, the supercell must have at
least two intermediate layers in register with the surface and
the bulk. This means that the supercell for clean W�100�
should have a minimum of 13 W�100� layers. Therefore, the
present calculations are expected to yield a more accurate
description of the transition of the electronic structure of
W�100� /Ba c�2�2� from the surface to the bulk than the
earlier five layer calculations.

Hemstreet and Chubb16 found, in agreement with the
present results, that the d-like states of W hybridize with the
s-like and d-like states of Ba, and that adsorbing a Ba c�2
�2� overlayer on W�100� decreases the LDOS at the energy
of the Swanson hump. However, while the present calcula-
tions show that the surface states that are responsible for the
Swanson hump are shifted from −0.33 eV on clean W�100�
to −1.80 eV on W�100� /Ba c�2�2�, Hemstreet and Chubb
did not report a similar shift.

Unoccupied electron states of W�100� /Ba c�2�2�. In the
present work, unoccupied electron states of W�100� /Ba c�2
�2� are observed as final states in PFE. In the presence of a

c�2�2� overlayer, the symmetry point M̄ in the SBZ of

clean W�100� is folded back to �̄� in the SBZ of the over-
layer. Because FE and PFE are both dominated by emission

from electron states close to �̄�, states at M̄ in the SBZ of the
�1�1� W�100� substrate are expected to make a negligible
contribution to emission from clean W�100� but a significant
contribution to emission from W�100� /Ba c�2�2�. This ef-
fect is responsible for the surface resonance band J1� �Fig.
6�c�� and for the weak final state peak J1 observed in PFE
�Fig. 4�.

The final state peak H1 is attributed to peak H1� in the
K-SDOS �Fig. 5�c��, which is due to a high density of sur-

face resonances close to 0.2�̄�X̄� �Fig. 6�c��. The final state
peak K1 �Fig. 4� was observed in PFE with 3.54 eV photons
over the whole range of Ba coverage. A similar peak was
previously observed in PFE from clean W�100� using
3.54 eV s-polarized illumination.18 These peaks are attrib-
uted to peak K1� in the calculated K-LDOS that extends from
the bulk layer to the layer beneath the substrate.

In summary, our calculations account for the energies of
all of the well-resolved peaks observed experimentally in the
TEDs in FE from clean W�100�, as well as all of the peaks
observed in PFE and in ARIPS from W�100� /Ba c�2�2�
�Table I�.

B. Layer density of states of clean W(100) and of W„100… /Ba
c„2Ã2…

1. Clean W(100)

The LDOSs in the central �bulk� layer and in the surface
layer of the supercell of clean W�100� are shown in Figs.

Clean W(100) Isolated W(100)/Ba c(2x2)
BaCenter Layer Surface c(2x2) W Substrate Ba Overlayer

N1’

(a) (b) (c) (d) (e)
P1’

L1’

FIG. 7. �Color online� LDOS of clean W�100� in the �a� central
�bulk� layer and �b� surface layer. �c� LDOS in an isolated Ba c�2
�2� layer. LDOS of W�100� /Ba c�2�2� in �d� W substrate and �e�
Ba overlayer. In these cumulative plots, the areas between succes-
sive curves show the contributions of s-like �red�, p-like �green�,
dxy+d�x2−y2�-like �gray�, dxz+dyz-like �light blue�, and dz2-like
�dark blue� states, respectively.
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7�a� and 7�b�. Strong peaks in the SDOS �Fig. 7�b�� at about
−4.1, −0.3, and +1.6 eV are suppressed in the bulk, while the
strong bulk peak at about +3.2 eV �Fig. 7�a�� is suppressed at
the surface. These differences are due to the breaking of
translational symmetry and the reduced atomic coordination
at the surface.

2. Isolated Ba layer

The LDOS of an isolated Ba layer, calculated using a
supercell in which Ba atoms occupy the same sites as in the
W�100� /Ba c�2�2� supercell and the W sites are empty, is
shown in Fig. 7�c�. The LDOS is predominantly s-like from
−2.2 to −0.7 eV, and predominantly dxy-like from −0.7 eV
to EF.

3. W„100… /Ba c„2Ã2…

The LDOSs in the substrate and in the overlayer of the
supercell of W�100� /Ba c�2�2� are shown in Figs. 7�d� and
7�e�. The strong peaks in the SDOS of clean W�100� at about
−4.1 and −0.3 eV extend into the overlayer, while the strong
peak in the SDOS of clean W�100� at +1.6 eV is suppressed
in the substrate and the overlayer. Several additional surface
resonance peaks appear in the overlayer �arrows in Fig. 7�e��.
Some of the calculated peaks are consistent with peaks that
have been observed experimentally by Lamouri et al.1,13 us-
ing ARIPS, as shown in Table I.

A band observed by Lamouri et al. in ARIPS,1,13 having

an energy of about +0.6 eV at X̄� and dispersing very little

along X̄��̄�, is consistent with the overlapping surface reso-
nance peaks N1� in the SDOS of W�100� /Ba c�2�2� �Fig.
7�e��. They reported two weak surface state peaks in ARIPS
at +2.3 and +2.7 eV that originate from electron states close

to M̄� and close to 0.5�̄�M̄�, respectively. It seems likely that
the calculated peak in the SDOS at +2.7 eV is responsible
for the higher energy ARIPS peak. They also observed a

band that disperses from +3.6 eV at �̄� to +3.2 eV at X̄�,
which they interpreted as being due to a combination of Ba-
induced states and W bulk states. It is likely that the strong
peak P1� in the calculated LDOS corresponds to electron
states in the band observed in ARIPS.

Nonmetal-to-metal transitions in overlayers of divalent at-
oms on transition metal surfaces have been studied by sev-
eral authors.43,44 Plummer and Dowben45 have shown that
they involve a Wilson-like transition, in which the overlap
between adjacent atomic orbitals causes the bandwidths to
increase with increasing atomic density, until eventually
band overlap results in metallic behavior. Electronic struc-
ture calculations for isolated layers of the alkaline earths Be,
Mg, Ca, Sr, and Ba have been carried out by Yakovkin46 for
hexagonal structures of varying atomic density. At low
atomic density, there is a gap between the occupied and un-
occupied bands, resulting in a nonmetallic layer, while at
higher atomic density, the gap disappears and the layer be-
comes metallic.

An isolated hexagonal Ba layer is nonmetallic at a lattice
constant of 5.8 Å, but is metallic at a lattice constant of
4.3 Å.46 The atomic density in the Ba c�2�2� layer

�0.05 atom Å−2� is intermediate between these two cases. We
find that an isolated Ba c�2�2� layer is weakly metallic,
having a small SDOS at EF �Fig. 7�c��, and that interaction
with the W substrate greatly increases the SDOS at EF and,
hence, the metallicity of the overlayer �Fig. 7�e��.

We found that if the muffin-tin radius is large enough, the
total charge of 1.95 electrons within the muffin-tin sphere of
Ba does not change significantly upon adsorption �in the
present calculation, the muffin-tin radius for Ba was taken to
be 2.1 Å�. Instead, the total charge is redistributed among the
various symmetry components. The s-like charge �integrated
LDOS� decreases by about 0.34 electrons per Ba atom, and
the p-like and d-like charges increase correspondingly. This
is in contrast to the results of Hemstreet and Chubb,16 who
reported that the total charge inside the muffin-tin sphere of
Ba increases significantly when the Ba is adsorbed on
W�100�, although they did not report the muffin-tin radius
they used. They argued that the charge increases because the
localized W surface states and resonances are attracted to-
ward the Ba nuclei.

C. Effect of Ba adsorption on the work function of W(100)

1. Experimentally observed decrease
of the work function

It is well established that the work function of W�100� /Ba
decreases to a broad minimum at 1 ML coverage,1,3,47 and
that the magnitude of the decrease depends on the thermal
history of the overlayer. In the present work, the work func-
tion at room temperature was found to decrease from 4.6 eV
for clean37,41,48 W�100� to 2.6 eV for a 1 ML unannealed
overlayer. The maximum decrease of 2.0�2� eV is close to
the maximum decrease of 2.3 eV found by Schmidt47 for a 1
ML annealed overlayer at 78 K by the same method, and is
close to the maximum decrease of 2.0 eV found by Lamouri
and Krainsky1 by the retarding field method.

2. Calculated Ba-induced charge shifts and surface electric
dipole layers

Typically, valence electrons spill out from the surface of a
clean transition metal, producing an inwardly directed sur-
face electric dipole layer that increases the work function.
Alkali and alkaline-earth overlayers on transition metal sur-
faces produce additional surface electric dipole layers whose
net effect is to decrease the work function.

The spatial redistribution of the valence electron density
that occurs when a Ba c�2�2� overlayer is adsorbed on
W�100� was calculated by subtracting the sum of the valence
electron density distribution of the clean W substrate and of
the isolated Ba c�2�2� overlayer from the valence electron
density distribution of W�100� /Ba c�2�2�. The redistribu-
tion of the electron density in a �110� plane that passes
through the metal surface is shown in Fig. 8. The most
prominent features are a strong outwardly directed surface
electric dipole layer in the region between the substrate and
the overlayer, and a weak inwardly directed electric dipole
layer just outside the surface layer. The net effect of these
Ba-induced surface dipole layers is to decrease the work
function.

Z. A. IBRAHIM AND M. J. G. LEE PHYSICAL REVIEW B 76, 155423 �2007�

155423-10



The work function of W�100� /Ba c�2�2� was estimated
by calculating the difference between the Coulomb potential
energy far into the vacuum region of the supercell and the
Fermi energy. According to the present calculation, the ad-
sorption of a Ba c�2�2� overlayer on W�100� decreases the
work function by 2.0�1� eV. This result is in good agreement
with the decrease of 2.0�2� eV observed experimentally in
the present work, and with the result of a full-potential
LAPW calculation by Hemstreet and Chubb,16 who found
that a 1 ML Ba overlayer decreases the work function of
W�100� by 1.9 eV. Because changes in the work function are
dominated by charge shifts in the first two layers of the lat-
tice, it is not surprising that the five layer calculation of
Hemstreet and Chubb and the present 13 layer calculation
yield very similar results.

V. RESULTS AND DISCUSSION FOR W„110… /Ba

A. Field and photofield emission currents

1. Experimental total energy distributions in field emission and
photofield emission from W(110) with Ba overlayers

In Fig. 9, our experimental TEDs in PFE from W�110� for
Ba coverages in the range from 0 to 0.6 ML are plotted
against the initial state energy E−EF−��. The electrons are
excited by 3.54 eV photons in a focused p-polarized laser
beam. With increasing Ba coverage, the work function of
W�110� /Ba decreases to a minimum at 0.4 ML, enabling
electrons of progressively lower energy to tunnel through the
surface potential barrier and shifting the low-energy cutoff in
the TED to lower energy. Our TEDs in PFE with 2.60 and
3.00 eV photons are presented elsewhere.22

The experimental TEDs in PFE show several peaks,
whose energies are listed in Table II. A prominent initial state
peak F2 appears close to the low-energy cutoff even at the
coverage of 0.4 ML that corresponds to the minimum in the
work function. The strong energy dependence of the emis-
sion current in this energy range increases the uncertainty in
determining the energy of peak F2 from the experimental
data. With as little as 0.02 ML of adsorbed Ba, the TEDs in

PFE show two additional initial state peaks G2 and J2. Peak
J2 shifts from −0.68 eV at very low coverage to −0.72 eV at
0.60 ML coverage. In the range of coverage from 0.1 to 0.6
ML, the TEDs in PFE also show an initial state peak H2, as
well as enhanced emission, labeled K2, close to EF. The final
state peak M2 in the TEDs in PFE with 3.54 eV photons
appears both for clean W�110� and for W�110� /Ba over the
whole range of coverage. Because no corresponding peak
appears at the same initial state energy in PFE with 2.60 and
3.00 eV photons, peak M2 is interpreted as being a final state
peak.

Our experimental TEDs in FE from W�110� for Ba cov-
erages in the range from 0 to 1 ML have been reported
elsewhere.22 At coverages greater than 0.30 ML, they show a
peak L2 just above EF. The exponential decrease in the FE
current with energy above EF increases the uncertainty in
determining the energy of peak L2 from the experimental
data.

2. Interpretation of total energy distributions in field emission
and photofield emission from W„110… /Ba „2Ã2…

Occupied electron states of W�110� /Ba �2�2�. The cal-
culated TEDs in FE and PFE from clean22 W�110� are con-
sistent with the experimental TEDs at 78 K �Ref. 41� and at
room temperature22 in that they show little structure over the
energy range from −1.70 to +0.30 eV. The calculated
K-SDOS and the base 10 logarithms of the calculated and
experimental TEDs of the PFE current from W�110� /Ba �2
�2� at room temperature, plotted against the initial state
energy, are shown in Figs. 10�b�–10�d�, respectively. The
electrons were excited by 3.54 eV photons in a p-polarized
beam. In our calculations, the electric field strength was
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taken to be 0.12 V Å−1 and the work function was taken to
be 2.60 eV, as determined from the experimental data. The
energy of the peak of the surface potential barrier is
+1.32 eV, so only electrons having normal energy greater

than −2.22 eV can pass above the peak of the barrier. In
Table II, the energies and symmetries of the calculated peaks
in the surface electronic structure of W�110� /Ba �2�2� are
listed and the calculated peaks are compared with those ob-
served in the present FE and PFE experiments at 0.6 ML Ba
coverage, as well as with peaks observed in normal emission
synchrotron radiation photoemission14,15 at 0.6 ML Ba cov-
erage and with PFE results12 at less than 1 ML Ba coverage.

The strong peak F2� in the calculated TED in PFE from
W�110� /Ba �2�2� �Fig. 10�c�� is due to two Ba-induced

bands of surface resonances close to �̄� �Fig. 10�a��. The
initial state peak F2 in the experimental TED in PFE at 0.6
ML Ba coverage �Fig. 10�d�� is attributed to the calculated
peak F2�. The broad peak G2� in the K-SDOS of W�110� /Ba
�2�2� �Fig. 10�b�� is due to two bands of intermediate
states. Peaks J2�, K2�, and N2� in the K-SDOS are all due to
Ba-induced bands of surface resonances. In the presence of a
�2�2� overlayer, the symmetry point S̄ in the SBZ of clean

W�110� is folded back to �̄� in the SBZ of the overlayer.
Because FE and PFE are dominated by emission from elec-
tron states close to �̄�, states at S̄ in the SBZ of the substrate
are expected to make a negligible contribution to FE from
clean W�110� but a significant contribution to FE from
W�110� /Ba �2�2�. This effect is responsible for the surface
resonance band that yields peak H2� in the K-SDOS. The
initial state peaks G2, H2, J2, and K2, in the experimental
TEDs in PFE �Fig. 9� are attributed to the calculated peaks
G2�, H2�, J2�, and K2�, respectively.

Pi et al.14,15 observed strong surface state peaks in syn-
chrotron radiation photoemission at normal emission from
clean W�110� at −1.41, −0.95, and −0.41 eV. These peaks
were found to lose strength and to shift to −1.63, −1.01, and
−0.54 eV, respectively, at 0.6 ML coverage. They most
likely correspond to peaks G2�, H2�, and �J2� or N2�� in Table II,
respectively. Pi et al. also observed a peak that shifts from
−2.0 eV for clean W�110� to −2.2 eV at 0.60 ML coverage,
which they attributed to electrons embedded between the top

TABLE II. Comparison between the energies of peaks observed in the TEDs in FE and PFE from
W�110� /Ba at 0.6 ML coverage and peaks observed in photoemission �Refs. 14 and 15� and PFE �Ref. 12�,
and the energies of the calculated peaks of W�110� /Ba �2�2�. s.r. stands for surface resonances, bulk for
bulk states, and int. for intermediate states �states having both surface and bulk characters�.

Experiment Calculated

Peak
label

Present
work
E−EF

�eV�

Photoemission
E−EF

�eV�

PFE
E−EF

�eV�

Present work

Peak
label

E−EF

�eV� Character
Symmetry in

overlayer �substrate�

F2 �−2.1 −2.2 F2� −2.10�2� s.r. s �dxz, dyz, d�x2−y2��
G2 −1.45�5� −1.63 G2� −1.28�2� int. s, dyz �dz2�
H2 −1.05�5� −1.01 H2� −1.02�2� s.r. s �dxz, dyz�
J2 −0.72�5� −0.54 J2� −0.61�2� s.r. s �dyz, d�x2−y2��

−0.54 −0.28�4� N2� −0.45�2� s.r. dz2 �pz, d�x2−y2��
K2 Close to 0.0 −0.07�2� K2� −0.08�2� s.r. dxz ,dyz, �dxz ,dyz�
L2 �+0.1 L2� +0.35�5� s.r. d, p �d, p�
M2 +3.25�5� M2� +3.20�1� bulk dyz, dxy �dz2, dxy�
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FIG. 10. �Color online� �a� Dispersion plots along X̄� �̄� in the
surface Brillouin zone of W�110� /Ba �2�2�. Surface states and
surface resonances are shown by thick curves. The predominant
symmetry in the surface layer is shown by the line style �s, red
�dashed�; p, green �dotted�; and d, blue or gray �solid��. Bulk and
intermediate states are shown by thin gray dotted curves. �b�
K-SDOS of W�110� /Ba �2�2�. The successive curves in the cu-
mulative plots show the contributions of s-, p-, dxy+d�x2−y2�-,
dxz+dyz-, and dz2-like, states respectively. ��c� and �d�� TEDs in
PFE for W�110� /Ba �2�2� with 3.54 eV photons, plotted against
the initial state energy. The calculated plot �c� is based on surface
photoexcitation. The experimental plot �d� shows an additional final
state peak M2 that is attricuted to bulk photoexcition.
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surface and the second layer. This peak is attributed to the
calculated peak F2�.

Radoń and Jaskólka,12 using 1.96 and 2.54 eV photons,
found enhanced PFE from W�110� /Ba at −0.07�2� eV and at
−0.28�4� eV with less than 1 ML coverage. The peak at
−0.07 eV corresponds to the calculated peak K2�, while the
peak at −0.28 eV may correspond to the calculated peak N2�.
Peak N2� may also correspond to a broad peak at −0.41 eV
that was detected by Plummer and Young10 in FE from Ba
atoms singly adsorbed on W�110�.

Unoccupied electron states of W�110� /Ba �2�2�. Sev-
eral superimposed peaks L2� in the K-SDOS of W�110� /Ba
�2�2� �Fig. 10�b�� are due to a group of closely spaced
surface resonance bands �Fig. 10�a��. Peak L2, just above EF
in the experimental TED in FE,22 is attributed to these bands.
The final state peak M2 in the experimental TEDs in PFE
�Fig. 9� was observed with 3.54 eV photons both for clean
W�110� and for W�110� with Ba overlayers over the whole
range of coverage. The experimental peak M2 is attributed to
emission from bulk states M2� of clean W�110� that extend
into the surface and overlayer, respectively.

In summary, our calculations account for the energies of
all of the peaks observed in PFE and photoemission from
W�110� /Ba �2�2� �Table II�.

B. Layer density of states of clean W(110) and of W„110… /Ba
„2Ã2…

1. Clean W(110)

Prominent peaks in the bulk LDOS at −3.3 and +3.2 eV
�Fig. 11�a�� are greatly attenuated in the surface layer of

clean W�110� �Fig. 11�b��, while prominent surface peaks
appear at −3.0, −1.5, and +2.3 eV, which grow progressively
weaker in the subsurface layers. These differences are a con-
sequence of the breaking of translational symmetry and the
reduced atomic coordination at the surface.

2. Isolated Ba „2Ã2… layer

The LDOS of an isolated Ba layer, calculated using a
supercell in which Ba atoms occupy the same sites as in the
W�110� /Ba �2�2� supercell and the W sites are empty, is
shown in Fig. 11�c�. The LDOS is predominantly s-like be-
low −0.8 eV and predominantly d�x2−y2�-like above.

3. W„110… /Ba „2Ã2…

When the interaction between the substrate and the over-
layer is turned on, the surface resonance peak of clean
W�110� at −1.5 eV is suppressed �Fig. 11�d��, those at
−3.0 eV and at +2.3 eV extend into the overlayer �Fig.
11�e��, and several additional Ba-induced surface resonance
peaks appear �arrows in Fig. 11�e��.

Electronic structure calculations46 for an isolated hexago-
nal Ba layer show that at low atomic density there is little
overlap between the s- and d, p-like valence bands, and
hence, weak metallicity. An isolated hexagonal Ba layer is
found to undergo a metal-to-nonmetal transition at a lattice
constant of 5.7 Å, which corresponds to an atomic density of
0.036 atom Å−2. At EF, the LDOS of an isolated Ba �2�2�
layer of atomic density 0.035 atom Å−2 is weak �Fig. 11�c��.
Interaction with the W�110� substrate greatly increases the
LDOS at EF, and hence, the metallicity of the overlayer �Fig.
11�e��.

C. Work function of W„110… /Ba „2Ã2…

According to the present calculation, the work function of
W�110� /Ba �2�2� is less than that of clean W�110� by
2.6�2� eV. This is in good agreement with the experimental
decrease of 2.6�2� eV for W�110� /Ba �2�2� deduced from
a Fowler-Nordheim plot24 of our FE data22 for an overlayer
at room temperature without prior annealing. It is clear from
the literature2–5,9,14,47 that the decrease in the work function
of W�110� due to adsorbed Ba depends on the heat treatment
of the field emitter. For overlayers at room temperature with-
out prior annealing, the reported decreases in the work func-
tion at 0.6 ML coverage are 2.1 eV �Ref. 3� and 2.9 eV.14

VI. RESULTS AND DISCUSSION FOR W„111… /Ba

A. Field and photofield emission currents

1. Experimental total energy distributions in field emission and
photofield emission from W(111) with Ba overlayers

In Fig. 12, our experimental TEDs in PFE from
W�111� /Ba in the range of coverage from 0 to 1.0 ML are
plotted against the initial state energy E−EF−��. The elec-
trons are excited by 3.54 eV photons in a focused
p-polarized cw laser beam. Our experimental TEDs in PFE
with photon energies 2.60 and 3.00 eV and in FE from

(a) (b) (c) (d) (e)

Clean W(110) Isolated W(110) / Ba (2x2)
Center Layer Surface Ba (2x2) W Substrate Ba Overlayer

FIG. 11. �Color online� LDOS of clean W�110� in the �a� central
�bulk� layer and �b� surface layer. �c� LDOS in an isolated Ba �2
�2� layer. LDOS of W�110� /Ba �2�2� in �d� W substrate and �e�
Ba overlayer. In these cumulative plots, the areas between succes-
sive curves show the contributions of s-like �red�, p-like �green�,
dxy+d�x2−y2�-like �gray�, dxz+dyz-like �light blue�, and dz2-like
�dark blue� states, respectively.
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W�111� with Ba coverages in the range from 0 to 1 ML have
been reported elsewhere.22

FE measurements from clean W�111� at 78 K �Ref. 41�
show a strong asymmetrical peak with maximum emission at
−0.75 eV as well as a broad peak centered at about −1.4 eV.
The TEDs in PFE from clean W�111� at room temperature
�the lowest curve in Fig. 12� and the enhancement factor22

both show a similar asymmetrical peak B3 that is suppressed
by as little as 0.03 ML of Ba �Fig. 12�. The rise in the
experimental enhancement factor of clean W�111� just above
EF �Ref. 22� suggests the presence of a peak D3. The expo-
nential decrease in the FE current above EF increases the
uncertainty in determining the energy of peak D3 from the
experimental data. Peak D3 in the TEDs in FE loses strength
with increasing Ba coverage and cannot be detected above
0.4 ML.

Close to the minimum in the work function at 0.6 ML
coverage, the TEDs in PFE show a strong rise in electron
emission at about −2.0 eV that is interpreted as being an
initial state peak F3. Above 0.3 ML coverage, another initial
state peak G3 appears just above EF.

The TEDs in PFE with 3.54 eV photons also show two
final state peaks H3 and J3. Peak H3 is observed in the range
of coverage from 0.03 to 0.60 ML. Peak J3 is observed in the
TEDs from clean W�111� and from W�111� /Ba over the
whole range of coverage. A region of high density of bulk
states in this same energy range is responsible for peak K1 in
PFE from clean and Ba covered W�100� �Sec. IV A� and for
peak M2 in clean and Ba covered W�110� �Sec. V A�.

2. Interpretation of the total energy distributions in field emission
and photofield emission from W„111… /Ba „1Ã1…

Occupied electron states of W�111� /Ba �1�1�. Our cal-
culations for clean22 W�111� show two bands of surface reso-

nances of dz2 symmetry that originate at �̄ at about −0.57
and −0.42 eV, respectively, and disperse toward higher en-
ergy along �̄M̄. Emission from strongly lifetime broadened
states B3� in these bands may be responsible for the highly
asymmetrical peak B3 observed in FE and PFE �Fig. 12�.
Another band of intermediate states of predominantly

dz2-like symmetry that originates at �̄ at +0.18 eV and dis-

perses toward higher energy along �̄M̄ yields another asym-
metrical peak D3� at +0.18 eV. The rise in the experimental
enhancement factor above EF is consistent with emission
from these states. Several bands of surface resonances close

to �̄ yield a weak peak A3� in FE. Peak A3� with strong life-
time broadening may account for the broad peak that appears
in the 78 K data at about −1.4 eV.41

Figures 13�c� and 13�d� show, respectively, the base 10
logarithms of the calculated and experimental TEDs of the
PFE current from W�111� /Ba �1�1� at room temperature.
The electrons were excited by 3.54 eV photons. The electric
field strength assumed in the calculations was 0.09 V Å−1

and the work function was 2.50 eV, as determined from the
experimental data. The energy of the peak of the surface
potential barrier is +1.49 eV, so only electrons in states hav-
ing normal energy greater than −2.05 eV can pass above the
peak of the barrier. This accounts for the cutoff in the TED in
PFE below about −2.0 eV. In Table III, the calculated emis-
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FIG. 13. �Color online� �a� Dispersion plots along M̄ �̄ in the
surface Brillouin zone of W�111� /Ba �1�1�. Surface states and
surface resonances are shown by thick curves. The predominant
symmetry in the surface layer is shown by the line style �s, red
�dashed�; p, green �dotted�; and d, blue or gray �solid��. Bulk and
intermediate states are shown by thin gray dotted lines. �b� K-SDOS
of W�111� /Ba �1�1�. The successive curves in the cumulative
plots show the contributions of s-, p-, dxy+d�x2−y2�, dxz+dyz-,
and dz2-like states, respectively. ��c� and �d�� TEDs in PFE for
W�111� /Ba �1�1� with 3.54 eV photons, plotted against the initial
state energy. The calculated plot �c� is based on surface photoexci-
tation. The experimental plot �d� shows an additional final state
peak J3 that is attributed to bulk photoexcitation.
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sion peaks for W�111� /Ba �1�1� are compared with peaks
observed at 1 ML Ba coverage in the present FE and PFE
experiments, and the energies and symmetries of the calcu-
lated peaks are reported.

Hybridization with s-like states of the Ba �1�1� over-
layer shifts the dz2-like surface resonance bands of clean
W�111� at −0.57 and −0.42 eV to F3� at −1.94 and −1.86 eV,
respectively �Fig. 13�a��. The prominent peak F3 in the ex-
perimental TEDs in PFE �Fig. 13�d�� is attributed to the cal-
culated peak F3� �Fig. 13�c��. The unoccupied bands of
dz2-like surface resonances of clean W�111� at +0.18 and
+0.58 eV are shifted to K3� at −0.32 eV and to G3� at
+0.05 eV, respectively, by hybridization with s- and p-like
states of the Ba �1�1� overlayer. Peak G3 in the experimen-
tal TEDs in PFE is attributed to the calculated peak G3�.

Radoń and Jaskólka12 have measured PFE from W�111�
with 1.96 and 2.54 eV photons at less than 1 ML coverage.
They observed initial state peaks at −0.07�2� eV and at
−0.28�4� eV, which they interpreted as being due to excita-
tions of electrons in the Ba layer. Plummer and Young10 ob-
served peaks at −0.07 and −0.28 eV in FE from Ba atoms
singly adsorbed on W�111� as well as a broad peak at about
−0.7 eV. It seems likely that their peak at −0.28 eV corre-
sponds to the calculated peak K3� at −0.32 eV �Fig. 13�b��,
while their peak at −0.07 eV may correspond to the calcu-
lated peak G3� at +0.05 eV.

Unoccupied electron states of W�111� /Ba �1�1�. Peak
H3� in the K-SDOS of W�111� /Ba �1�1� �Fig. 13�b�� is due
to a band of Ba-induced surface resonances �Fig. 13�a��. The
experimentally observed final state peak H3 �Fig. 12� is at-
tributed to emission from these states. Peak J3� in the
K-LDOS of clean W�111� extends from the central layer of
the supercell to the layer beneath the substrate. The experi-
mentally observed final state peak J3 of clean W�111� and of

W�111� /Ba �1�1� �Fig. 12� are attributed to bulk photoex-
citation to these states.

In summary, our calculations account for the energies of
all of the peaks observed in PFE from W�111� /Ba �1�1�
�Table III�.

Ba-induced surface reconstruction on W(111). In order to
compare the surface electronic structure of W�111� /Ba �1
�1� with that of a commensurate overlayer at a lower Ba
density, we have also carried out a calculation for
W�111� /Ba �31/2�31/2�R30°.22 In both of these structures,

the dz2-like surface resonances close to �̄ that are respon-
sible for the strong asymmetrical peak B3 at about −0.7 eV
in the TED of clean W�111� mix with the s-like states of the
Ba overlayer to yield a band of surface resonances. For

W�111� /Ba �31/2�31/2�R30°, the band appears at �̄� at about

−0.9 eV, while for W�111� /Ba �1�1�, it appears at �̄ at
−1.9 eV and corresponds to the high SDOS at the bottom of
the lowest valence band of the isolated Ba �1�1� layer.
From the magnitudes of these energy shifts, we conclude that
the K-SDOS of the lower-density structure W�111� /Ba
�31/2�31/2�R30° is dominated by interlayer W-Ba interac-
tions, while the K-SDOS of the higher-density structure
W�111� /Ba �1�1� is dominated by intralayer Ba-Ba inter-
actions.

LEED measurements by Lozovy� et al.6 have shown that
�31/2�31/2�R30°-like islands form on W�111� at low Ba cov-
erage, and fill in to yield an ordered overlayer at 1 /3 ML
coverage. Above 1/3 ML coverage, the intensity of the
�31/2�31/2�R30° LEED pattern decreased, but no new dif-
fraction pattern was observed up to 1.2 ML. The LEED ob-
servations, taken together with the present experimental find-
ing that the energy of the surface resonance peak in
W�111� /Ba at 1 ML coverage is close to that calculated for

TABLE III. Comparison between the energies of the peaks observed in the TEDs in FE and PFE from
clean W�111� �A3–D3� and W�111� /Ba at 1 ML coverage and FE �Ref. 41� and PFE �Ref. 12� results
�F3–K3�, and the energies of the calculated peaks of clean W�111� and W�111� /Ba �1�1�. s.r. stands for
surface resonances, bulk for bulk states, and int. for intermediate states.

Experiment Calculated

Peak
label

Present
work
E−EF

�eV�

FE and
PFE

E−EF

�eV�

Present work

Peak
label

E−EF

�eV� Character

Symmetry in
overlayer
�substrate�

A3 −1.4�2� A3� −1.30�2� s.r. �d�x2−y2�+dxy,
dxz+dyz, dz2�

B3 −0.65�5� −0.75�5� B3� −0.57�2�
−0.42�2�

s.r. �dz2�

D3 +0.2�1� D3� +0.18�2� int. �dz2�
F3 −2.0�1� F3� −1.90�2� s.r. s �dz2�
G3 Close to 0.0 −0.07�2� G3� +0.07�2� s.r. pz �dz2�
H3 +2.15�5� H3� +2.05�2� s.r. dz2 �dz2�
J3 +3.25�5� J3� +3.33�2� bulk d�x2−y2�+dxy and

dxz+dyz

−0.28�4� K3� −0.32�2� int. s �dz2�
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W�111� /Ba �1�1�, suggest that above 1/3 ML Ba coverage
the interstitial sites in the �31/2�31/2�R30° structure fill in
randomly to yield a �1�1� overlayer at 1 ML coverage.

Work function and LEED data led Lozovy� et al.6 to pro-
pose that Ba-induced reconstruction of the W�111� substrate
may explain why they did not observe a �1�1� LEED pat-
tern at 1 ML coverage. It will be seen from Table III that the
energies of the peaks in the TEDs in FE and PFE from
W�111� /Ba �1�1�, calculated assuming a �1�1� Ba over-
layer on a nonreconstructed W�111� substrate, are in good
overall agreement with those obtained from experiment. This
indicates that the energies of features of the surface elec-
tronic structure are not greatly modified by the proposed re-
construction.

B. Layer density of states of clean W(111) and of W„111… /Ba
„1Ã1…

1. Clean W(111)

The strong peaks in the DOS of bulk W at about −3.3 and
+3.2 eV �Fig. 14�a�� are greatly attenuated in the surface
layer �Fig. 14�b��, while strong surface-induced peaks appear
at about −4.0, −1.3, −0.9, and +1.4 eV.

2. Isolated Ba „1Ã1… layer

The dispersion and the LDOS of an isolated Ba layer were
calculated using a supercell in which Ba atoms occupy the
same sites as in the W�111� /Ba �1�1� supercell and the W
sites are empty. A prominent d�x2−y2�+dxy peak appears in
the LDOS �Fig. 14�c�� at −0.75 eV, and a very flat d, p band

crosses EF at close to �̄�, resulting in a prominent
dxz+dyz-like peak in the LDOS at EF. Therefore, an isolated
Ba �1�1� layer of 4.5 Å lattice constant �0.058 atom Å−2�
that is commensurate with W�111� is strongly metallic. This
is consistent with electronic structure calculations46 that
show that an isolated hexagonal Ba layer undergoes a metal-
to-nonmetal transition at a lattice constant of 5.7 Å
�0.036 atom Å−2�.

3. W„111… /Ba „1Ã1…

When the interaction between the substrate and the over-
layer is turned on, the surface resonance peaks of clean
W�111� at about −4.0, −3.1, and −1.3 eV extend into the
overlayer �Fig. 14�e��, the peaks at −0.9 and +1.4 eV are
suppressed, and several Ba-induced surface resonance peaks
appear, as indicated by arrows in Fig. 14�e�. The density of
Ba atoms in the isolated overlayer is high �0.058 atom Å−2�,
resulting in strong metallicity. Interaction with the substrate
only slightly enhances the SDOS at EF, and hence, the me-
tallicity of the overlayer.

C. Work function of W„111… /Ba „1Ã1…

Experiments6,47 show that the work function of W�111�
decreases to a minimum at 0.6 ML Ba coverage and rises
slowly with further Ba deposition. Our experimental FE
data22 show that depositing an unannealed 1 ML Ba over-
layer on W�111� at room temperature decreases the work
function by 1.8�2� eV. This is consistent with the decrease of
about 2.0 eV �Ref. 6� reported in the literature for similar
experimental conditions. Our calculations show that the
work function of W�111� /Ba �1�1� is less than that of clean
W�111� by 2.0�1� eV.

VII. CONCLUSIONS

The TEDs in FE and PFE and the work functions of
W�100�, W�110�, and W�111� with adsorbed Ba overlayers
have been measured in the range of coverage from 0 to 1 ML
on W�100�, from 0 to 0.6 ML on W�110�, and from 0 to 1.0
ML on W�111�. Our calculations account for the energies of
all of the well-resolved peaks observed experimentally in the
TEDs in FE from clean W�100�, in PFE and in ARIPS from
W�100� /Ba c�2�2� �Table I�, in PFE and photoemission
from W�110� /Ba �2�2� �Table II�, and in PFE from
W�111� /Ba �1�1� �Table III�.

The Swanson hump B1 in the TEDs of FE and PFE from
clean W�100� is suppressed by as little as 0.1 ML coverage
of Ba. The surface states that are responsible for the Swan-
son hump hybridize with the valence states of the Ba c�2
�2� overlayer to form extended surface states that give rise
to the prominent initial state peak F1 and the initial state peak
G1 observed in PFE.

When a c�2�2� overlayer is adsorbed on a square �1
�1� substrate, the symmetry point M̄ in the SBZ of the

substrate is folded back to �̄� in the SBZ of the overlayer,

enabling states at M̄ in the SBZ of the substrate to contribute

(a) (b) (c) (d) (e)

Clean W(111) Isolated W(111) / Ba (1x1)
Center Layer Surface Ba (1x1) W Substrate Ba Overlayer

FIG. 14. �Color online� LDOS of clean W�111� in the �a� central
�bulk� layer and �b� surface layer. �c� LDOS in an isolated Ba
�1�1� layer. LDOS of W�111� /Ba �1�1� in �d� W substrate and
�e� Ba overlayer. In these cumulative plots, the areas between suc-
cessive curves show the contributions of s-like �red�, p-like �green�,
dxy+d�x2−y2�-like �gray�, dxz+dyz-like �light blue�, and dz2-like
�dark blue� states, respectively.
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to FE and PFE. This effect accounts for the weak final state
peak J1 that is observed experimentally in the TED in PFE
from W�100� /Ba c�2�2�.

Our electronic structure calculations for an isolated Ba
c�2�2� layer show that there is only a slight overlap be-
tween the lowest s-, p-, and d-like bands, resulting in weak
metallicity. In W�100� /Ba c�2�2�, the interaction with the
substrate greatly increases the metallicity of the overlayer.

While the total charge within a Ba muffin-tin sphere re-
mains unchanged when Ba is adsorbed as a c�2�2� over-
layer on W�100�, the charge is redistributed among the an-
gular momentum states, modifying the spatial distribution of
charge in the vicinity of the surface. This results in a strong
outwardly directed dipole layer between the substrate and the
overlayer, and a weak inwardly directed dipole layer outside
the surface. The work function decrease calculated from the
surface dipole layers induced by a Ba c�2�2� overlayer on
W�100� is in good agreement with the experimentally ob-
served work function decrease at 1 ML coverage.

When a �2�2� overlayer is adsorbed on a rectangular

�1�1� substrate, the symmetry point S̄ in the SBZ of the

substrate is folded back to �̄� in the SBZ of the overlayer, so
that states at S̄ in the SBZ of the substrate can make a sig-
nificant contribution to FE and PFE. This effect accounts for
the experimentally observed peak H2 in the TED in PFE
from W�110� /Ba �2�2�.

The peaks observed in the experimental TED are signifi-
cantly wider than the calculated peaks. Our results for clean
W�100� suggest that discrepancies in the relative strengths of
the emission peaks are dominated by lifetime broadening due
to scattering by defects at the emitting surface. It seems
likely that any additional discrepancies in the relative
strengths of the peaks in surface PFE are due to our simpli-
fied treatment of the surface photoexcitation matrix element
of Schwartz and Cole.38

Our calculation for clean W�111� yields two bands of sur-
face resonances B3� and C3� of predominantly dz2-like sym-
metry that straddle the prominent asymmetrical FE peak B3
at −0.65 eV. Overlapping of the peaks B3� and C3� due to
strong lifetime broadening offers a natural explanation for
the experimentally observed asymmetry of peak B3.

Peak B3 is suppressed by as little as 0.03 ML Ba cover-
age. Hybridization with the lowest s-like valence states of
the Ba �1�1� overlayer shifts the surface resonances B3� and
C3� of clean W�111� to lower energy, yielding strong peaks F3�
in the K-SDOS and in the TED in PFE.

For W�110� /Ba �2�2� and W�111� /Ba �31/2

�31/2�R30°, with atomically less dense Ba overlayers, the
K-SDOS in the overlayer is closely related to the K-LDOS in
the substrate, and hence, the TED in PFE is dominated by
substrate-overlayer interactions, while for W�111� /Ba �1
�1�, with an atomically denser overlayer, the K-SDOS of
W�111� /Ba �1�1� is closely related to the LDOS in the
isolated overlayer, and hence, the TED in PFE is dominated
by interactions within the overlayer.

Electronic structure calculations for an isolated Ba �2
�2� layer commensurate with W�110� show a small density
of states �DOS� at EF, implying weak metallicity. When a Ba
�2�2� overlayer is adsorbed on W�110�, its metallicity is
greatly enhanced by the interaction with the substrate. An
isolated Ba �1�1� layer commensurate with W�111� shows a
large DOS at EF, and hence, strong metallicity. When a Ba
�1�1� layer is adsorbed on W�111�, its metallicity is only
slightly enhanced by interaction with the substrate.

The work function reductions calculated from the charge
shifts induced by a Ba �2�2� overlayer on W�110� and by a
Ba �1�1� overlayer on W�111� are in good agreement with
those measured experimentally at room temperature by FE
from unannealed overlayers.

By comparing the electron emission TEDs and work func-
tion data with the results of our calculations, we conclude
that DFT with exchange and correlation treated in the GGA
is adequate to describe the surface electronic structure of Ba
adsorbed on low-index facets of W.

The method of calculation described in the present work
can be readily applied to the low-index surfaces of a wide
range of materials to determine the TEDs in FE and PFE, the
energies and symmetries of electronic states at metallic sur-
faces, the modification of the electronic structure in going
from the surface to the bulk, and the charge shifts that ac-
company the adsorption of a commensurate overlayer.
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