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Target-current spectroscopy of reconstructing Sd-transition-metal surfaces
as a tool for testing bulk-band-structure calculations
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Experimental target-current-spectroscopy (TCS) data of iridium and platinum are presented for the
unreconstructed and the reconstructed (100) surface modifications. The effects of reconstruction on the
coupling of free electrons to bulk bands are discussed with reference to a fully relativistic bulk-band-
structure calculation. A TCS-based method for absolute work-function determinations is presented.
For the unreconstructed (100) surfaces of iridium and platinum we obtain @i=6.1+0.1 eV and

4,=5.5+0.2 eV, respectively. Reconstruction-induced changes of the work function amount to
—0.1 eV for platinum and —0.2 eV for iridium.

INTRODUCTION

One of the best known surface analytical techniques is
low-energy electron diffraction (LEED). The typical en-
ergies employed in this method range from 30 to 300 eV.
Inelastically scattered electrons are removed from the to-
tal scattered flux by retarding fields acting as a high pass
filter. The transmitted elastically diffracted electrons re-
veal the surface periodicity. The energy dependence of a
single LEED spot [in the limit of very low energies also
named very-low-energy electron diffraction (VLEED)] is
frequently used to get information about the surface re-
laxation and surface reconstruction models. The LEED
intensity analysis calculates intensity versus energy spec-
tra for different geometrical models and compares these
trial results with experimentally recorded data. This pro-
cess is iterated until a best fit in the sense of a minimum
R factor is obtained. ' For this analysis an energy- and
momentum-dependent calculation for the electron
reflectivity of the surface must be carried out. ' Due to
the small probing depth, VLEED responds sensitively to
changes in the surface barrier, especially for kinetic en-
ergies of only a few eV. A comparison of experimentally
observed variations in the diffracted and the transmitted
current with critical-point energies of the bulk-band
structure was proposed by Jaclevic and Davis. Since the
latter method is the simpler one to measure the surface
refiectivity, the target-current spectroscopy (TCS) is used

in this work. The total sample current, i.e., the electron
transmission T, is measured as a function of the energy of
the incoming electrons. The inelastic part R;„variesonly
slowly with the electron energy. The secondary-
electron-emission current has larger variations only over
a range of about 10 eV. " The dependence of the
secondary-electron emission is shown in the discussion of
Fig. 1 as follows. All distinct and sharp structures in the
target current are an effect of those electrons that have
been reflected elastically. This elastic part R,&

is calculat-
ed by LEED theory and observed by VLEED measure-
ments. The transmission T depends on the reflectivity

T =1—R,i
—R;„.

For energies where only the (0,0) beam is visible TCS
data contain the same information as VLEED data due
to the weak variation of R;„.

EXPERIMENTAL SETUP

The equipment used to measure TCS data is shown in
the inset of Fig. 1. TCS needs an electron gun with a
current-voltage characteristic which is only weakly ener-

gy dependent and produces no structure in the spectra. '

Our electron gun is of a single-lens type and contains a
BaO cathode. To determine changes in the work func-
tion @p of the inspected surface the gun must not run in
space-charge operation mode. At an emission current of
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1 pA an extraction voltage of 150 V was sufhcient to ob-
tain saturation. In addition, the cathode must be burned
in for many days to prevent work-function shifts, h4c,
of the work function C c of the cathode and concomitant
energy shifts of the measured TCS spectra. The gun is of
similar type to that mentioned in Ref. 13. For this gun
the energy resolution was determined to o „„=(129
meV) . The beam spot on the sample has a constant di-
ameter of about 1 mm for acceleration voltages between 2
and 30 eV. The target current is measured as a function
of the kinetic energy of the incoming electrons:

Ekjn e C'c +eU —e (2)

U is the potential difference between cathode and sample.
The momentum of the electrons parallel to the surface k~~

can be changed by rotating the sample through an angle
0 relative to the electron gun:

0 5 10 15 20
Energy E - E (eV)

FIG. 1. Comparison of TCS data measured at normal in-

cidence. Spectrum 1 is recorded with sample potential held on
ground. Spectrum 2 is measured by variation of the sample po-
tential. The upper panel shows the first derivatives of 1 and 2 as
explained in the text. In the inset we show a schematic of the
experimental equipment used in this work. The sample can be
rotated relative to the electron gun to vary the angle of in-

cidence 9 of the electrons.

adjusted by variation of the cathode potential with
respect to ground.

To verify suitability, the electron gun can be checked
for normally incident electrons by comparing two
different operating modes. The first mode is to ground
the sample and vary the cathode potential. In the second
mode we measure at constant cathode potential and ap-
ply a variable acceleration potential onto the sample. In
this way the current-voltage characteristic of the gun
does not disturb the spectra because the gun conditions
are kept constant. A comparison of results from these
two operation modes is shown in Fig. 1. Due to
secondary-electron emission the total current as a func-
tion of energy becomes progressively smaller. Despite
showing differences between the two operation modes we
emphasize that the sharp fine structure in both data sets
is the same. If we examine the maxima and minima of
the first derivative of our spectra shown in the upper part
of Fig. 1, we see that the onsets of the spectra lie accu-
rately at the same energy position. The first maximum in
the current at about 1 eV above the vacuum level is
inAuenced by the gun characteristic but not the max-
imum in the first derivative. We therefore can take this
maximum to detect shifts of the work function with a
very high accuracy. As can also be seen in Fig. 1, the
change in the operation mode and, therefore, the gun
characteristic causes energy shifts of the maxima in the
first derivative of about 0.15 eV up to 6 eV above vacuum
level. This leads to uncertainties of absolute energy posi-
tions, but the determination of the absolute work func-
tion and work-function shifts does not need the absolute
energy values. On the other hand, it is necessary to run
the gun in a constant operation mode to reproduce the
TCS data very well and with a high signal-to-noise ratio
to avoid disturbing effects in the first derivative. In fact,
we will mainly deal with the energy derivative of TCS
spectra in later parts of this paper. So we conclude that
the electron gun employed in this work performs satisfac-
torily for TCS measurements.

We wish to note that the TCS technique presented in
this work is an ideal extension of inverse photoemission
(IPE). All the experimental setup is already available and
the information from TCS deals especially with initial-
state coupling in IPE. Using sophisticated methods de-
scribed in this work, sometimes it is also possible to ex-
tract absolute work functions from TCS data in addition
to traditional techniques. '

THEORETICAL DESCRIPTION

k~~
= [(2m, /R )E„;„]'sinO .

To record kt~-dependent, that is, off-normal, TCS data the
region between sample and electron gun must be free of
electric and magnetic fields which can be checked by TCS
itself. ' So any magnetic parts of the gun must be avoid-
ed. The field-free region also requires compensation for
the work-function difference of the sample, the vacuum
vessel, and the last lens element of the gun. In practice it
is often sufhcient to keep the sample and lens exit at
ground potential. The electron energy is in both cases

In this work we try to describe the major features of
observed TCS data by use of fully relativistic bulk-band
structures, which were obtained by means of the linear
rigorous cellular (LRC) method. ' ' For computational
reasons the excited bands have been calculated with the
linear-augmented-plane-wave method using the self-
consistent LRC potential. This leads to an uncertainty of
at most 0.2 eV for the band energies with respect to very
accurate LRC calculations. At a given energy a small
reflection coefficient (i.e., a high transmission coefficient)
can be expected if a large number of bulk states is avail-
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=(fi /2m, )(k —G) —
Vo . (4)

We now correlate the free-electron bands lowered by V0
with the bulk bands. The unknown inner potential V0 is
adjusted such that the modified free-electron bands

E„yst»«„(k,G) exhibit maximum overlap with the calcu-
lated bulk-band structure in the energy range of 10—20 eV
above Fermi level. The shaded bands in Fig. 2 result
from a choice of V0= —2+0.3 eV for both samples. The
complete free-electron band structure can be calculated
by combining all possible reciprocal-lattice vectors G
with the momentum k in Eq. (4).

To calculate the NFE-DOS, the energy scale was divid-

s t

20-

Pt (100) '-- Ir (100)
TXUL " I XUL

kg

FIG. 2. Comparison of the bulk band structure of iridium
and platinum for normal electron incidence with the free-
electron parabola lowered by the inner potential of 2 eV. The
broadening of the parabola shall quantify the lifetime broaden-
ing of the excited states and shows the range of acceptance for
free-electron-like bulk bands.

able. The number of all bulk states for a defined k~~

within a mirror plane is something like the integration of
the bulk-band structure over the one dimension of k~.
This makes a projection of every state on k~~. Conse-
quently we expect this projected k~~-dependent density of
states (DOS) for the mirror plane under investigation to
provide a guideline to the energy-dependent reAection
(transmission) of an incident electron beam. However,
only free-electron-like states with correct group velocities
will contribute to the transmission coef6cient. ' ' We
therefore try to introduce a quantitative criterion to
determine to what extend a state is free-electron-like.
That means we must calculate a "nearly-free-electron
density of states" (NFE-DOS). A handwaving definition
of this term is presented in the following. In the vacuum
region the impinging electrons have E„ac„u&„,(k). Upon
traversing the surface the electrons are accelerated nor-
mal to the surface by the inner potential V0. In addition,
the exchange of reciprocal-lattice vectors 0 with the
crystal becomes possible. Energy conservation dictates

E vacuum, free ( ) crystal, free (

ed up into intervals of 0.1 eV. The theoretical three-
dimensional bulk band structure was available for ener-
gies up to 45 eV above the valence-band minimum on a
grid of 349 k points in —„ofthe bulk Brillouin zone. In
addition, the angular-momentum projections were given
up to L =3. With the help of this information the energy
eigenvalues were grouped into energy bands as a function
of k, E,h„,„(k,n). By scanning the whole k region of the
selected mirror plane and over all energy bands, we count
the states falling within our energy windows. The pro-
cedure requires a three-dimensional interpolation algo-
rithm to get E(k) values at any arbitrary value of k.
Empirically, a simple mathematical polynomial interpola-
tion algorithm of order 3 in every component of k and all
mixed terms leads to satisfactory results. This algorithm
makes use of 20 neighboring k points and reproduces the
original values at every k point. On the boundary which
may be accessed from two different central k points the
respective interpolated energies differ by at most 20 meV.

To quantify the comparison between bulk band struc-
ture and free-electron band structure the states are
weighted before counting for the NFE-DOS. An intui-
tive measure makes use of the energy-versus-momentum
relation only. We have weighted our states as described
in the following. First we have to check the similarity of
the energies. For an ideal free-electron-like bulk band
the energy difference AE between the free-electron-like
energy E„„„,t &„,(k, G) and the calculated bulk band en-

ergy of the nth band Eth«„„(k,n ) must vanish:

The degree to which (5) is satisfied for a particular band
is expressed in terms of a Gaussian g, ( hE, o, ) with

g, =exp[ —0.5(bE/cr, ) ],
with

tr, =0 1[7+[(Ez.„t,„EF)/(1eV)]—' ] eV .

The above definition of o., results in a variance of about 1

eV at an energy of (E,h„,„EF)=10eV.—The energy
dependence of o, will quantify the lifetime broadening of
the excited energy bands. Its functional form has been
chosen on the basis of previous experience with LEED. '
An alternative linearly energy-dependent linewidth has
been postulated by Altmann on the basis of line-shape
analysis of inverse photoemission and photoemission
data. The difference is unimportant for the present appli-
cation. Figure 2 shows the bulk band structure for the
(100) surfaces of iridium and platinum for normal in-
cidence as solid black lines. The free-electron parabola is
drawn with the energy range of g, by different gray scal-
ings.

We next compare the dispersion of the bands
Et&„,y(k, n) and E„„„,&&„,(k, G). As mentioned before,
the coupling of the free-electron bands to the bulk states
should have an optimum if the associated group velocities
match. We quantify this requirement by

bE„=b(BE/Bk)=[BE„„„„„,(k, G)/Bk]
—[BE,„„,„(k,n)/Bk] .
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@~=15eVA (10)

is consistent with the above choice of hE on the basis of
free-electron dispersion at (E,h„,„EF—)= 15 eV. The en-

ergy dependence of 0.
& has been neglected. From g, and

g2 we form the weighting factor g =g&g2. The pictures
shown in the following part of this work symbolize the
two-dimensional NFE-DOS (E, k~~) by a linear gray step
grid. White areas indicate no available state and include
the relative bulk band gaps.

For the weighting of the NFE states only those re-
ciprocal lattice vectors should be considered that lie in
the inspected mirror plane. In Fig. 3 the smallest re-
ciprocal lattice vectors except (000) that lie within the
two mirror planes I XUL and I XWK of a (100) surface
are shown. For the (100) surface in the I'XWE azimuth
only the vectors (200), (020), and (020) must be con-
sidered. The contributions of the different vectors de-

pend on the angle 8 of the incoming electrons: the con-
tributions of the (200) scale with cos(8), the contribu-
tion of (020)and (020) scales with sin(8). For the
I XUL azimuth of the (100) surface the 8-dependent
decomposition into (200), (111), (111), (111),and

( 1 1 1) can be done as follows: Only the ( 111)-like vec-
tors contribute to the parallel momentum k~~. To be con-
sistent with the notation of the surfaces and; Ie different
directions we denote our vectors in the form (k„k„,k„).
Since k must be equal to k in the I XUL azimuth, an

arbitrary vector (k„k„,k„)determines by the sign of k„
whether the vectors (111), (111) or (111), (111)
must be considered. On the other hand if ~k, ~

is greater
than ~k„~,then the vector ( 111) is the correct one. With
these two conditions the decomposition can be done
uniquely. The decomposition into the different lattice
vectors G has the consequence that the zone boundaries
are no longer syrnrnetry points of the NFE-DOS. Only
the qualitative symmetry like absolute bulk gaps is con-
served.

Our calculation will be compared in the next section
with first-derivative TCS spectra. The first derivative is
calculated by convoluting the unsmoothed data with a
differentiated Gaussian with a variance of (0.4 eV) (Ref.

|,'ZOO)------

!(020}(020)

(100)~WK (100) ~UL

FIG. 3. The smallest reciprocal-lattice vectors of the (100)
surface in the I XUL and the I XR'E azimuth. The gray box
symbolizes the bulk region.

The degree to which (8) is satisfied for a particular band
is expressed in terms of a Gaussian g2(AE&, o z) with

g, =exp[ —0.5(b,E~/0„)') .

A choice of

21) which simultaneously filters out statistical noise in the
raw data. The value of 0.4 eV is small compared to the
experimental resolution of about 0.7 eV or the full width
at half maximum of 1.6 eV which can be seen at the onset
region of the TCS data at vacuum level. With experimen-
tal resolution here we denote the minimum energetic
difference of two structures to identify them as two and
not as one structure. This is the error of the deterrnina-
tion of an absolute energy position of a band-gap edge or
another TCS structure. However, to get the absolute
value of the work function from the symmetry method
described later, it is only necessary that the TCS spectra
can be reproduced with a very high precision. So the gun
must run in a very constant operation mode, all spectra
must be recorded within a short time period to void con-
tamination of the sample, and the signal-to-noise ratio
must be very large. Finally, the determination of the
work-function shift upon reconstruction of the sample is
the most exact method: With the previously mentioned
high signal-to-noise ratio you only have to measure TCS
from the unreconstructed phase, heat up the sample to
induce reconstruction, and do a second TCS run with ex-
actly the same operating conditions of the gun. In this
way the shift of the focal point at the onset of the TCS
spectra can be resolved up to 0.05 eV. If structures like
upper- and lower-gap boundaries in the NFE-DOS have a
steplike behavior as a function of energy, then maxima
and minima in the first derivative of the TCS data will
signal them experimentally at the correct energy position.
Indeed, the finite experimental resolution only smears out
the step but the energy position of its maximal first
derivative will remain unchanged. If the behavior of the
structures is peaklike, our interpretation of the TCS data
will result in energetically shifted gap edges of 0.6 eV at
most. This shift is downward for the upper-gap edge and
upward for the lower-gap edge, i.e., we obtain an ap-
parent gap narrowing. From the kinetic energy Ek;„and
the angle of incidence L9 the parallel momentum k~~ can be
calculated as shown in Eq. (3).

EXPERIMENTAL DATA AND DISCUSSION

The (100) surface of iridium can be prepared in two
modifications, a metastable unreconstructed (1 X 1) and a
reconstructed (1 X 5) phase. The reconstructed first
rnonolayer has a nearly perfect hexagonal symmetry.
The preparation was done by absorbing NO at room tem-
perature and reacting off the oxygen with hydrogen at
about 430 K, according to Ref. 24. The sample condition
was monitored by LEED and Auger spectroscopy. Dur-
ing the measurements the sample was held at room tem-
perature. We present TCS data from the reconstructed
and unreconstructed modification for different angles of
electron incidence 0. The upper left panel in Fig. 4 shows
the target current spectra of the unreconstructed (1 X 1)
surface modification of Ir(100) in the I XUL azimuth as a
function of Ek;„=E—Ez where Ez denotes the vacuum
level. The first derivative of these data is calculated as
described above and shown in the lower left panel of Fig.
4. The right part of Fig. 4 displays spectra for the recon-
structed (1 X 5) phase and their first derivatives The vac-.
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uum level of the unreconstructed (1X1) phase is taken
from Ref. 25 to 4&, '=6. 1 eV. An independent deter-
mination of this value is presented later in this work.
The shift in the work function by changing the surface
phase from (1 X 1) to (1 X 5) upon heating up the sample
can be seen by a shift of the onset of two TCS spectra
recorded subsequently, the first with the unreconstructed
surface phase, the second with the reconstructed phase.
This shift was measured to 0.2+0.05 eV. This compares
favorably with previous measurements of 0.15 eV (Refs.
25 and 26) and 0.1 eV (Ref. 24). Together with the al-

ready quoted data of Wandelt, 4,'„'=6.1 eV, we deter-

mine an absolute work function for Ir(100)-(1X5) of
=5.9 eV. Maxima and minima in the first deriva-

tive of our TCS data in Fig. 4 are plotted together with
the NFE-DOS (E, k~~) in Fig. 5 for both I XUL and
1X8'E azimuth. For TCS data from the reconstructed
(1 X 1) phase, maxima in the first derivative are symbol-
ized by bold pluses, minima by solid triangles. Similar
symbols (pluses and open triangles) denote maxima and
minima in the first derivative of the TCS data on the
reconstructed (1 X 5) phase. The size of the symbols is
taken as a qualitative measure of how prominently the
respective structure shows up in the TCS derivative spec-
tra. Unfortunately, in some parts of the figure both types
of symbols overlap. Special mention will be made in the
text whenever necessary.

We shall now discuss a comparison of experiment and
NFE-DOS calculation for the unreconstructed (1 X 1) sur-
face of Ir(100). The experimentally detected upper edge
of the bulk gap that starts at the I point at 11 eV and
disperses downward is reproduced well by the theory.
The gap at X at 13 eV is predicted at energies shifted 0.8
eV to higher values than observed by experiment.
Semiempirical shifts of a band structure can be found, for
example, in the work of Leschik et al. ,

' Courths
et a1. , and Miiller et al. to fit experimental data even
in a quantitative way to theoretical calculations. The gap
seen at 17 eV around X is reproduced nearly perfectly by
the theory. Only the lower boundary seems to disperse a
little bit weaker with k~~ than predicted. The gap at 20 eV
at X is also reproduced well at its lower boundary by
theory. At the upper boundary the theory predicts
current structures on the other side of X that cannot be
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FIG. 4. Target current spectra from the unreconstructed
1 X 1 and the reconstructed 1 X 5 surface modification of Ir(100)
in the I XUL azimuth. For both modifications the original data
and their first derivatives are presented.

FIG. 5. Maxima and minima of the first derivative TCS data
from Ir(100) in the I XUL (right part) and the I"X&K azimuth

(left part) as a function of k~~. With a linear gray scaling the
NFE-DOS (E,ki~) of the surfaces are symbolized.
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observed in the experiment. The narrow gap at I around
21.5 eV lies within a region of only small NFE-DOS, as
can be seen by the light gray shading in Fig. 5. Together
with the effect of lifetime broadening of the participating
bulk bands it is not surprising that this gap cannot be ob-
served by TCS.

The appearance of two relative band gaps at the zone
boundary at X will now be used to establish an indepen-
dent absolute work-function determination of the sample.
Symmetry requires the measured band-edge energies to
be symmetric as a function of k~~ with respect to X If Ole

sample work function is not known, from an experiment
it is only possible to determine the angle of incidence 8
associated with the point of symmetry. k~~, on the other
hand, is determined after Eq. (3}by the preset angle of in-

cidence 8 and by the sample work function, since only
the kinetic electron energy rather than total energy enters
(3). The precision of 8 also can be controlled by TCS
since, for positive and negative angles of electron in-

cidence, the TCS spectra must be equal. The angular
divergence o 8 of our electron gun is =+2' but the focal
point of the angular distribution of our gun can be deter-
mined with much better precision. However, if a second
band edge (either of the same or a different gap) shows up
incidentally in the data and it is reasonable to assume
that this second edge is also located at the zone bound-
ary, the sets of E(e) data can be uniquely converted to
E (ki) by choosing a sample work function such that both
extrema in E(k1) show up at the zone boundary because
the parallel momentum k~~ at the band edge is well
known. The choice of 4p influences the symmetry with a
sensitivity of 0.1 eV. For Ir(100)-(1 X 1) our work-
function determination employing this symmetry method
for all accessible band edges around X resulted in

4&,"'=6.1+0.1 eV in perfect agreement with the already
cited value of Wandelt.

Within the bulk band region near 12 eV we see another
structure with only weak dispersion. This structure is
also reproduced qualitatively by the theory but shifted to
lower energy values by about 0.4 eV. Near I a structure
can be observed at 19.5 eV that has no theoretical coun-
terpart. In this energy region LEED reflections of higher
order are possible. A diffraction out of the I XUL mirror
plane may be responsible for this structure. Also, for the
structure within the band gap at I and 7 eV we have no
theoretical explanation. The possibility that this struc-
ture could be a surface resonance shall be mentioned here
but this interpretation must be considered doubtful. The
chance to observe effects of the total DOS increases with
the number of exchangeable surface lattice vectors and so
with the energy of the electrons impinging onto the sur-
face. This will average over a lot of different values of k~~.

In addition, surface defects or incommensurable over-
layers like the reconstruction will increase diffraction
effects out of the selected mirror plane.

The TCS data of the reconstructed (1 X 5) phase (Fig. 5)
show a distinct weakening of the various structures of the
(1X1). This is a diffraction effect introduced by the in-
commensurate first monolayer. This effect can also be
observed by other electron-spectroscopic techniques.
Due to the large surface unit cell of the reconstructed

surface, the unit cell in k space becomes very small. Con-
sequently, the exchangeable reciprocal-lattice vectors
and, accordingly, the onset energies for surface umklapp
processes, are distinctly smaller than those of the un-
reconstructed surface. So the gaps around X are filled up
nearly completely by the large amount of possible
diffractions. Even the upper boundary of the gap at 11
eV around I is partially filled by the reconstruction.
Also, the structure at 12 eV reduces its intensity and
shifts to lower energies. It retains, however, its qualita-
tive dispersion behavior.

The experimental TCS data for the I XWE azimuth of
Ir(100) are shown in the left part of Fig. 5. The upper
boundary of the gap at I and 11 eV is again reproduced
well by the theory, but the small bend in the dispersion
observed in the experimental data at 0.25 A ' and 10 eV
can hardly be seen in the theory. Similar to the 1XUL
azimuth a structure shows up between 0.2 and 0.8 A
Its mean energy at about 12 eV is expected from theory,
but its dispersion shows definite disagreement with expec-
tation.

The big gap around M predicted in the energy range
from 14 to 21 eV must be shifted to higher energies by
about 0.5—1 eV. The qualitative course of the gap bound-
ary is reproduced well by the calculation. A problem ex-
ists with the interpretation of the structure in the upper
band-gap region around M, starting at 1.2 A ' and
dispersing downward in the gap. The kinetic energy as-
sociated with the parallel momentum k~~ is given by
E(k~~)=(A' l2m, )k~~. All experimental data presented in
Fig. 5 have their origin in states above the vacuum level,
even if we reduce the energies by this parallel part E(k~~).
So the assumption of a high-energy bound surface state as
an explanation for this structure can be ruled out. A
shift of the upper boundary of the bulk gap also gives no
solution to this problem because we would then expect an
increasing and not a decreasing first derivative in the
current as observed. This structure remains, therefore,
unexplained.

On the reconstructed (1 X 5) phase, again, most struc-
tures observed on the (1 X 1) phase are weakened or have
even disappeared. The lower boundary of the big gap
around M seems to be lowered in energy. This structure
starts at ~k~~~

=0.85 A ' and 18.5 eV and disperses down
to the border of the experimentally accessible region at
1.3 A ' and 15 eV. This structure appears to be a lower
boundary of a bulk gap but is located in an energy-
versus-momentum region where even an increase in the
current should be expected. A similar structure acciden-
tally at the same k~~ can be found in the I XUL azimuth.
There it crosses X and is interrupted at 17 eV by the bulk
gap which obviously is filled up only partially. So we
may speculate that this structure is connected with the
hexagonal first monolayer of the reconstructed phase of
Ir(100}. Perhaps it is the incompatability of the first layer
within the bulk which causes a diffraction out of the mir-
ror plane.

For the (100) surface of platinum in the I XUL azimuth
we observe similar structures as for iridium (Fig. 6). As
discussed before, the work function for the unrecon-
structed (1 X 1) phase was determined to be 5.520.2 eV
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better than in the corresponding E(k~~) region of Ir(100)-
(1X1). The gap at 12 eV around X cannot be observed
with our experimental geometry because we cannot in-
crease the angle of electron incidence above the value of
66' shown. A main difference between platinum and iri-
dium is found at I and 19.5 eV: The strong current rise
for iridium can hardly be detected on the platinum sam-
ple.

The reconstruction geometry of Pt(100) is very similar
to that of Ir(100). ' Pt(100) also forms a quasihexagonal
first monolayer. This surface modification again partially
fills the gap at I . The upper boundary of this gap shifts
downward to 8.2 eV. The Aat structure near 10 eV also
shifts downward by 0.8 eV as observed on iridium. Both
gaps around X have vanished nearly completely.
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FIG. 6. Maxima and minima of the first derivative TCS data
from Pt(100) as a function of k~~.

in the same way as for iridium. The difference in the
work functions between the (1 X 1) and the (5 X 20)
modifications is measured by the shift of the onset of the
TCS data at the vacuum level to be —0. 1+0.05 eV, so
the work function of Pt(100)-(5X20) is 5.4+0.2 eV. The
symmetry method described above to determine the work
function directly is inapplicable to the reconstructed
(5 X 20) phase because the gaps at X have vanished.

A view of the bulk gaps of platinum shows that the
upper boundary at I and 9 eV is reproduced well by the
theory similar to iridium. Also, the gap at X and 16 eV
and the lower boundary of the gap at 18.8 eV can be ex-
plained by the theory. The upper edge of the small gap at
19.5 eV seems to be shifted to energies 1 eV higher than
predicted.

The weak-dispersing bulk structure at about 10 eV
agrees well with the theory. The agreement here is even

SUMMARY

We have shown that TCS is a sensitive tool for testing
some aspects of bulk-band-structure calculations in the
region above the vacuum level. In addition, the tech-
nique is simple to handle experimentally if an electron
gun is available with emission characteristic exhibiting
only weak current variations over the required energy
range. %e have presented a way to calculate a one-
dimensional "nearly-free-electron DOS." Extrema in the
first derivative of our experimental TCS data are com-
pared to the NFE-DOS. This explains most of the ob-
served current structures. If two or more bulk gaps at
the zone boundaries are accessible by TCS, a method for
absolute work-function determination is obtained. Our
independent data for the work function for the unrecon-
structed phases of Ir(100) and Pt(100) are 4=6. 1+0.1

and 5.5+0.2 eV, respectively. Decreases in the work
function caused by surface reconstruction can be seen by
the shift of the onset of the TCS spectra. These decreases
are 54=0.2+0.05 eV for iridium and 64=0.1+0.05
eV for platinum. Finally, we have shown that recon-
struction of a surface partially fills up symmetry gaps and
bulk band gaps.
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