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Experimental determination of the unoccupied bands of W(110)
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Inverse photoemission from W(110) has been used to determine the dispersion of the unoccupied
energy bands along the tungsten 'S N line. The critical points are determined to be I'12 at 2.6 eV,
N1 at 2.2 eV, and the lower limit of N4 at 3.2 eV. The upper bound of the lifetime broadening is
estimated as 0.3-0.4 eV at 2-3 eV above Er. The image state is observed at 4.5 eV above EF, or
0.7 €V in binding energy, relative to the vacuum level.

I. INTRODUCTION

The band structure of tungsten has been studied
extensively! =17 for a variety of reasons. Tungsten is a
useful high-temperature material, and is used in field-
emission- and scanning-tunneling-microscope tips. In ad-
dition, tungsten serves as a convenient substrate for the
growth of epitaxial ferromagnetic-rare-earth films. The
W(100) surface exhibits an unusual reconstruction,®18
but the W(110) surface is more stable and therefore suit-
able for bulk-band-structure studies. While the occu-
pied part of the band structure has been extensively in-
vestigated with photoemission for different surfaces,® 12
the unoccupied bands have not been fully character-
ized experimentally.14 717 The previous measurements of
empty bands with inverse-photoemission were limited
and did not map out the band dispersion experimentally.

We used a high-resolution, tunable inverse-photo-
emission system to map the unoccupied bands at the
close-packed W(110) surface. In the following, we will
show the experimental dispersion of the bulk bands along
the 'Y N line, and compare our results with the previ-
ously published experimental data and the band calcu-
lations. The experimental results for the unoccupied W
5d ¥ and X4 bands reveal that the dispersion is qualita-
tively similar to that obtained by theoretical calculations
but are shifted to the higher energies by some 0.1-0.7 eV
for different parts of the bands. The real and imaginary
parts of the self-energy will be discussed. We find an im-
age potential surface state at 4.5 eV that has not been
previously reported.

II. EXPERIMENT

The experiment was carried out on a high-resolution
inverse-photoemission spectrometer with a photon en-
ergy range of 8-30 eV and up to 44 eV in second or-
der. The energy resolution was 0.26 €V [half-width at full
maximum (HWFM)] at 9 eV and was larger at higher en-
ergies (0.6 eV at 18 eV). The accuracy of the energy cali-

bration is 0.1 eV. All the spectra in this work were taken
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at room temperature. The pressure of the spectrome-
ter chamber was in the 10~!-torr range. The W(110)
single crystal has been cleaned with the normal proce-
dure (oxygen treatment followed by flashing)!? in the at-
tached preparation chamber. The surface cleanliness and
order of the crystal after such a procedure were checked
with photoemission and low-energy electron diffraction
(LEED) in another separate chamber, and with LEED
in the preparation chamber.

III. RESULTS

Figure 1 shows a typical inverse-photoemission spec-
trum with an initial electron energy of 14.5 eV. The fea-
ture at 4.54 eV is very sensitive to contamination and
shows no k; dependence. We interpret this feature as
the image state of W(110). Taking the work function of
W(110) as 5.25 eV, the binding energy of this state (en-
ergy below the vacuum level) is 0.7 eV, the same as that
observed for W(001) (Ref. 8) within the experimental er-
ror. The appearance of this image state is an excellent
indication that the surface is contamination-free. The
three features at lower energies exhibit energy dispersion
(relative to Er) with the incident electron energy (de-
pendence upon k;). From a comparison with existing
band-structure calculations, we can identify these fea-
tures as the bulk bands X1, 1, and Z4, respectively (see
Fig. 1).

In order to determine the value of k; experimentally,
we measured the intensity at Ep for the different ini-
tial electron energies (Fig. 2). It is clear that there are
two Fermi-level crossing points at 11.5 eV and 20.5 eV.
According to the existing de Haas—van Alphen (dHvA)
data,20 Fermi-level crossings should occur at wave vec-
tors of 0.09(NT') and 0.67(NNT'), respectively. Based on
these two experimentally determined points of the initial
band, we can assign k; values as noted below. We take
a free-electron parabola with an inner potential of —0.63
eV relative to the Fermi level to account for the higher
energy part of the initial band. The T’ point is reached
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FIG. 1. A typical inverse-photoemission spectrum at nor- FIG. 2. Normalized intensities at Er of a set of inverse-

mal incidence on the W(110) surface. The image state and
the band assignments are indicated in the figure.

with an electron impact energy of 29.7 eV. For the lower
energy part of the initial band (near the N point), a rel-
ativistic band calculation? was used to reflect the gap
near the Brillioun-zone boundary. This assignment of
incidence electron energies to k; values is shown in the
comparison of the upper and lower abscissas of Fig. 3.

This assignment of k; to electron kinetic energies is
also supported by other evidence. Similar plots of in-
tensity (at the fixed energies above Er) versus incident
electron energies also indicate when the ¥; and X3 bands
disperse through at a particular k; point. Also, a mini-
mum width of the principal inverse-photoemission (IPE)
feature (the combination of the flat ¥; and X4 bands,
unresolved at high energies) is reached around 30 eV,
which confirms our assignment of the critical point I'12
(at 29.7 eV). Our k) assignment is therefore accurate
within £5%.

Figure 3 shows the experimentally determined band
dispersion of the unoccupied bands of W(110) using the
initial band as described above. For the (110) direction of
a bce crystal, the allowed final states in dipole transitions
are X1, X3, and ¥4, owing to the fact that the initial state
of normal incident electrons should be ¥; and no light
polarization detection is made in the current setup. In
Fig. 3, we mapped out the relatively flat bands of ¥; and
34 with an energy accuracy of 0.1-0.2 eV and momentum
accuracy of 5%. By averaging the split X; and ¥4 bands
near I', the critical point I';5 is determined as 2.640.2
eV. By extrapolating the experimental points near N,
the N7 point is determined as 2.2+0.2 eV, and the lower
limit of N4 as 3.2 eV. Compared with a relativistic pseu-
dopotential band calculation,® the experimental bands

photoemission spectra at normal incidence, taken with differ-
ent initial electron energies. The peaks at 11.5 and 20.5 eV
indicate the 3; and ¥3 bands, respectively, dispersing through
Erp.

Energy relative to E; (eV)

Ww(110)
kIl =0

k. along <110>

FIG. 3. Unoccupied band dispersion (open circles) along
'S N of W(110), derived from inverse-photoemission spectra.
The solid circles are from dHvA data (Ref. 19), which were
used to determine the k) as described in the text. The cor-
responding initial electron energies for different k1 are shown
on the upper horizontal axis. A relativistic band calcula-
tion (Ref. 3) is given for the solid lines for comparison. The
band assignment is given for the nonrelativistic limit, which
is shown as the dashed lines.
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are shifted to higher energies away from Er. The sig-
nificant broadening makes it difficult to map out steep
bands, such as the ¥; and ¥3 bands that cross Er. We
attribute the feature near Er to the rapidly dispersing
¥ and X3 bands.

IV. DISCUSSION

The unoccupied states of W(110) were previously stud-
ied with inverse photoemission by Collins et al.'* and
Funnemann and Merz.1® The latter study presented very
similar spectra to those reported here, although all their
energy positions were shifted to higher energies by about
1 eV, possibly due to an uncertainty in the position of
the Fermi level. Collins et al.}4 showed a sequence of
IPE spectra with photon energies of 15-30 eV, but ob-
served no image state and their features were less pro-
nounced. They compared their data with photocurrent
calculations, yet no attempt of a direct band mapping
was made because of the difficulty of determining k. .
In the current work, with the experimentally determined
k., and better spectral resolution, we have demonstrated
that the standard three-step model of the photoemission
process can still be used to understand the band struc-
ture of tungsten.

As seen in Fig. 3, there is clearly a discrepancy between
the theoretical band structure and our experimental re-
sults, especially for the 4 band. The experimentally
determined X4 band is shifted upwards for about 0.5-0.6
eV. At the critical point I'12, this shift is 0.54+0.2 eV.
Several different types of band calculations, such as the
relativistic augmented-plane-wave (RAPW) calculation
done by Christensen and Feuerbacher,! and the semirel-
ativistic linearized APW calculations done by Jansen and
Freeman? and Wei, Krakauer, and Weinert,®> agree with
each other within 0.1-0.2 eV. In the data of Collins et
al.,}* a similar shift away from EF also appears compared
to their own photocurrent calculation, though the differ-
ences are less pronounced than is the case in our results.
This consistent discrepancy between all these theoreti-
cal band structures and our experimental results cannot
be explained by finite angular acceptance or crystal mis-
orientation. If a nonzero k| is the cause of this large
shift, then we should expect a large band dispersion with
changing incident angle and a shift to lower energies at
a certain angle. Instead, as shown in Fig. 4, tilting the
crystal along either the (001) direction or the (170) di-
rection for several degrees only results in the ¥4 band
dispersing upward slightly. The pronounced changes in
the image state also indicate that the angular resolution
of the system is much better than 5°.

The origin of the discrepancy between the IPE exper-
imental bands and the calculations is unclear. Several
effects need to be considered, as discussed below.

(1) The one-dimensional density of states (1D DOS)
could dominate the experimental spectra under certain
circumstances. Most of the existing photoemission data
(with a photon energy of about 25-50 eV) from clean
W(110) do not show clear band dispersion with k1 and
are therefore considered to be more representative of
the 1D DOS along the SN line, instead of the direct
transition.1%:12:13 This could be caused by evanescent up-
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FIG. 4. Inverse-photoemission spectra of W(110) with dif-
ferent incident angles for E; = 14.5 eV. The dispersion of the
4 band is discussed in the text. The image state disperses to
higher energy and becomes broader for off-normal incidence
angles, as expected.

per states or by multiple upper bands. In general, we
cannot assign our data to a 1D DOS since we observe dis-
persion for changing k) quite clearly, especially for low
incidence energies. With higher incidence electron ener-
gies, there are more states along TXN available (seen in
the band calculation?) and more broadening in the ini-
tial band of IPE. It is therefore possible that the spectra
become more representative of a 1D DOS at higher inci-
dence energies. This effect can result in the IPE features
shifted to higher energies from I';2 and a finite appar-
ent splitting even at the I';p point, where the X1 and ¥4
bands should become degenerate, even in the relativis-
tic case. Therefore we take the average between the 3,
and T4 peaks as the ['1p point. The splitting of the IPE
features at large electron energies accounts for some of
the differences between experiment and theory but not
all. This 1D DOS-like effect does not explain the differ-
ences that extend over a large range of the Brillioun zone,
in particular for our highest ¥4 point at 3.2 eV. It lies
0.4-0.5 eV above the calculated band maximum at Ny4. It
would be desirable to compare photocurrent calculations,
which use the real upper bands, with high-quality exper-
imental data. The photocurrent calculation of Collins et
al.,'* however, still produces a spectrum that lies lower
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in energy than the data at higher energies (near I').

(2) Surface effects, which are not included in the bulk
band calculations,!~% can also show up in the experimen-
tal data. Feuerbacher and Christensen! argued that _the
apparent shift (about 1 eV) of the projected gap at I' of
the occupied bands in their photoemission data is caused
by the narrowing of the bandwidth at the surface. For
the unoccupied part of the band structure, the narrowing
of the surface DOS can only result in a shift toward Er
instead of away from Er. The existing surface density of
state calculations®” do not reveal the presence of a sur-
face state with an energy slightly higher than the bulk
¥4 band necessary to explain the band shift to greater
energies.

(3) The band-structure calculations are for the ground
state of NV electrons while the inverse photoemission in-
volves the excited state of (N + 1) electrons. This means
there is always an energy difference between the exper-
imental and theoretical band structures. This can be
calculated as the real part of the self-energy term and
should explain part of the discrepancy between the band
calculations and experiment. Such a self-energy calcula-
tion for tungsten, however, does not exist, at present, to
the authors’ knowledge.

The imaginary part of the self-energy is the lifetime
broadening of the excited state. For photoemission in
the EDC (energy distribution curve) mode with normal
emission electrons, the linewidth of the observed transi-
tion is often written as?!:22

Tit+ | 34 | Ty

V.
1=v

b

where I'y and I'; are the inverse lifetimes of the elec-
trons in final and initial states, respectively. V; and
V; are the group velocities along the normal direction
in the final and initial states. As Smith, Thiry, and
Petroff>® recently pointed out, however, the expression
of the measured linewidth is different for the different
modes, i.e., EDC, CIS (constant initial state spectrum),
and CFS (constant final state spectrum). For our inverse-
photoemission setup (using fixed incidence energy and
measuring the emitted photon spectra), the expression
for CFS in Ref. 22 is the suitable form:

Vi

F=Tf+‘—

I
‘/‘i (2]

where the initial and final states are reversed as compared
to the case in photoemission. While V; and Vy can be
measured from the initial and final band dispersion, T';
can be estimated from the Fermi-level crossing at 11.5 eV
in Fig. 2 as about 2 eV. This corresponds to a mean free
path of about 8 A, which is reasonable for this energy
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range. By measuring the widths of the 2.0 eV and 3.1
eV features in the E;=14.5 eV spectrum and correcting
for the instrumental resolution (about 0.3 €V at these
energies), we can therefore estimate the inverse lifetime
of the electrons in the lower final state band as

T(3.1eV) =0.5+0.1 eV

and

I'f(2.0eV) =04+0.1eV.

Here we have ignored the possible k-dependence effects.
Suppose this lifetime broadening also follows a linear
relationship with the energy away from Ep [['f(E) =
C(E — Er)), as is the case for the 3d bands of some tran-
sition metals, then the slope C for the tungsten 5d bands
is 0.1-0.2. This value is similar to that for single-crystal
Cu(0.1),%2 but much lower than that for Fe (0.6).%* Given
that there exist other sources of peak broadening, such
as phonon contribution,!! surface imperfections, etc., the
values given here should be considered as the upper
bounds of the intrinsic lifetime broadening.

By taking luminescence data at different high inci-
dent electron energies (for example, 40 eV), several con-
stant photon energy features are revealed at 10.3 eV,
14.5 eV, and 20.8 eV. These features are consistent with
the known surface-plasmon modes of 9.7 eV, 14.8 eV,
and 20.8 eV, as obtained by optical measurements.?® Al-
though some of these peaks are in the neighborhood of
the Fermi-level crossing points, it is clear that the bands
indeed cross Er around 11.5 and 20.5 eV by taking the
corresponding plot of intensity versus photon energy for
final states above EF.

V. CONCLUSION

The unoccupied tungsten 5d band structure has been
mapped out with a three-step direct transition model.
The discrepancy between the experimental results and
the band calculations has been discussed, particularly in
terms of the real part of the self-energy, and the one-
dimensional density of state effects. The upper bound of
the energy-dependent lifetime broadening is estimated as
0.4 eV at 2.0 eV above Er and 0.5 eV at 3.1 eV above
Ep.
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