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Bremsstrahlung isochromat spectra at + =9.7 eV were recorded from well charac-
terized, clean Pt(111), Pt(100)1& 1, and Pt(210) surfaces. These spectra show intense
emission peaks at the Fermi level as well as smaller peaks whose positions and intensi-
ties vary with the orientation of the substrate and the angular range of the incident elec-
trons. The large peaks at the Fermi level are due to the high density of unoccupied 5d
states. The orientation-dependent peaks are assigned to direct optical interband transi-
tions between unoccupied states.

PACS numbers: 71.20.+c, 71.25.Pi, 73.20.Cw, 79.60.Cn

The occupied part of the valence-band structure
of transition metals has been extensively studied
by photoemission spectroscopy, both in the x-ray
(x-ray photoemission spectroscopy, XPS) and the
ultraviolet (ultraviolet photoelectron spectros-
copy, UPS) regions. It has been recognized
that XPS data represent by and large the density
of occupied states' whereas the emission features
of angle-resolved UPS can be understood in terms
of direct transitions between initial (occupied)
and final (empty) states. ' Through the variation
of photon energies (20-160 eV) it has even be-
come possible to map out experimental band struc-
tures for some metals along high-symmetry di-
rections. '-' By analogy, the inverse process to
photoemission, bremsstrahlung isochromat spec-
troscopy (BIS), has been utilized to measure the
density of unoccupied states above the Fermi
level for ~~1000 eV."On the other hand, by
detecting photons at lower energy, e.g. , in the
range 10-50 eV, it should also be possible to ob-
tain features in the BIS data which arise from
direct transitions between initially empty bands."
This latter point is the subject of our study.

In this Letter we present isochromat spectra
for hv = 9.7 eV taken from clean and well-charac-
terized Pt(111), Pt(100)1 &I, and Pt(210) surfaces.
These spectra, although measured for a nonpar-
allel incident electron beam, show considerable
dependence on the crystallographic orientation
and are thus the first evidence of band-structure
effects in BIS. By comparing spectra taken with
two different incident-electron angular spreads
for each crystal orientation, we are able to cor-
relate observed emission peaks with direct inter-

band transitions between unoccupied states. The
experimental setup for obtaining isochromat spec-
tra is as follows: The Pt single crystal is sitting
opposite to a directly heated W filament at a dis-
tance of 0.4 mm. Electrons are accelerated
towards the Pt with a current density of about 1
mA/cm'. Emitted photons of 9.7 &0.28 eV energy
are detected within a solid angle of 0.35 sr nor-
mal to the Pt surface. A typical spectrum covers
an energy range of 14 eV and takes about 3 min
to record. Further experimental details concern-
ing BIS have been published elsewhere. " The Pt
crystals were cleaned by Ar sputtering and heat-
ing in O, until no contaminants could be detected
by Auger-electron spectroscopy. " The Pt(100)1
x 1 structure was prepared in the manner de-
scribed by Bonzel et al." All Pt surfaces showed
sharp low-energy electron-diff raction patterns
with low background intensity.

The angular distribution of the incident elec-
trons is, because of the particular geometric
arrangement, quite broad. Figure 1(a) shows
the calculated electron trajectories and the cor-
responding angular distribution in a plane per-
pendicular to the filament. The chosen geometry
dictates a cutoff at 65 . The angular distribution
in the plane containing the filament is narrower
by roughly an order of magnitude and therefore
negligible. In order to probe the influence of the
angular distribution on the measured isochromat
spectra, a repeller grid was mounted behind the
W filament [see Fig. 1(b)] and operated at a nega-
tive bias relative to the filament. As a result
the angular distribution of incident electrons be-
comes much narrower, as seen in Fig. 1(b). BIS
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FIG. 2. Isochromat spectra for the Pt(210), Pt(111),
and Pt(100)1&& 1 surfaces obtained with zero repeller
bias, i.e., with an electron angular distribution as
shown in Fig. 1(a), exhibit distinctly different struc-
tures superimposed on a smoothly varying background.

Repeller grid

Filament

3 mm

FIG. 1. (a) Electron trajectories calculated for the
particular geometry of the experimental setup used in

this work. The electron angular distribution as ob-
tained from these trajectories is shown in the inset
(b) A repeller grid mounted behind the filament and
operated at a negative bias with respect to the filament
leads to a considerable narrowing of the angular dis-
tribution.

data will be presented for the two conditions de-
fined by Fig. 1. All spectra were obtained in
ultrahigh vacuum at P (5 &10 "mbar.

The experimental isochromat spectra for the
Pt(210), Pt(111), and Pt(100)1 x 1 surfaces and
zero repeller bias are presented in Fig. 2. These
spectra are characterized by a large photon emis-
sion peak at or slightly above the Fermi le 1mi eve,

F, and smaller features at higher energies.
These are superimposed on a rising background
due to electron-hole-pair production. " There
are considerable differences in the spectra illu-
strating the effect of crystallographic orientation.

With turned-on repeller bias and an electron
angular distribution as displayed in Fig. 1(b) the

isochromat spectra changed to those shown in
Fig. 3. The most apparent changes are a com-
plete disappearance of peaks A. and B, for the
Pt(ill), and a strong attenuation of peak B, for
Pt(100) with an increase in peak A. The situation
is reversed for the (210) surface, with peak A

disappearing and enhanced emission from B . A2'

more thorough investigation of the spectra re-
veals additional intensity variations at E F'

The data presented in Figs. 2 and 3 can now be
interpreted in the frame of the inverse photoemis-
sion picture. " The emission of photons occurs
when incident electrons penetrate into the solid
and undergo transitions from a high-lying initial
state )E) to a low-lying final state

~
e) with e=E

The initial state can be a combination of
exponentially decaying states (evanescent) and/or
Bloch states. The transition probability depends
on the density of initial and final states. The high-
est density of states exists for the empty Pt 5d
band directly above the Fermi level. Transitions
into this band can occur from Bloch as well as
evanescent states causing strong photon emis-
sion. Thus the large peaks at E F in Figs. 2 and
3 represent the empty Pt 5d-band density of
states. Calculations by Larsson for normally
incident electrons on Pt(100) and (111)surfaces
are in agreement with this reasoning. '4

The less intense features of the measured iso-
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FIG. 3. Isochromat spectra obtained with negative
bias applied to the repeller and an ef.ectron angular
distribution as shown in Fig. 1(b). Note the complete
disappearance of peaks A. and Bq for Pt(ill), the strong
attenuation of peaks A for Pt(210) and 43 for Pt(100),
and the enhancement of A. for Pt(l00) and B2 for Pt(210) .

k ' = (2mE k )'~'/k

k„'=k 'sin 6P eos 4 = k„

(1)

(2)

(3)k '= k 'sin 19 sin C = k„,
where k' is the k vector outside the solid. Only
conservation of parallel momentum at the surface
was assumed [Eqs. (2) and (3)], while no restric-

chromat spectra ean be correlated with direct
transitions between Bloeh states. In order to
show this, we devised a procedure for obtaining
sets of ( e, 8) values, where e is the final-state
energy of the electron and 0 the angle of incidence
of the primary electron. The procedure is com-
plicated because of the somewhat disadvantageous
geometry of the experiment. Since in all cases
relatively large ranges of the angle of incidence
are permitted (Fig. 1) it is necessary to probe
large sections of the Brillouin zone for possible
direct interband transitions. It is by no means
sufficient to only check high-symmetry lines as
it is commonly done in angular-resolved UPS.

In this procedure the band structure of Pt (Ref.
15) was analyzed for direct transitions with Ru
=9.7 eV. The results were initial and final-state
energies as well as corresponding k vectors.
The possible angles of incidence 6I and 4 were
calculated according to

FIG. 4. Isochromat spectra for Pt(ill) with and
without negative bias on the repeller. The hatched area
represents emission due to electrons with angles of
incidence between 35' and 70'. Experimentally ob-
served peaks are indicated by arrows whereas peak
positions predicted from the band-structure analysis
are indicated by the vertical bars.

tion in k~ was imposed. The azimuth 4 was de-
termined from the respective low-energy elec-
tron-diff raction pattern. Umklapp processes
were permitted in that reciprocal lattice vectors
were added to the k vectors determined from the
band structure. In this manner the experimental-
ly observable transitions were predicted for each
crystal orientation. The results are illustrated
by example of the Pt(111) crystal. Figure 4
shows a comparison of isoehromat spectra for
Pt(111) taken for the two angular ranges defined
in Fig. 1. In this case it is particularly evident
that a restriction in the allowed angular range of
the incident electrons leads to a drastic elimina-
tion of extra emission features which are present
for 66I (70'. The analysis of the Pt band struc-
ture yields possible transitions at 0.9, 1.1, 2.2,
2.8, 3.3, 3.6, 4.4, and 5.1 eV with corresponding
polar angles all above 60' (compare Table I).
The transitions at 0.9 and 1.1 eV may be identi-
fied with the experimentally observed structure
A while the remaining group covering the range
from 2. 2 to 5.1 eV is believed to be responsible
for the rather broad structure B,. The agree-
ment in energetic position between theory and
experiment is fairly good, particularly in view
of the limited reliability of band-structure cal-
culations for the unoccupied pa, rt of the conduc-
tion band. Since extra emissions A and B, resu lt
from electrons with polar arigles 6)60' they
should disappear with the angular range restrict-
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Energy
E —14)

(eV)

Reduced k vector
(in units of 27t/a) (deg) (deg)

TABLE I. Direct radiative transitions predicted
from an analysis of the theoretical band structure.
The final-state energy of the electron relative to the
Fermi level is given in the first column. The second
column lists the reduced k vectors referred to a cubic
cell. The last two columns give the polar angle 6) and
azimuthal angle 4 satisfying conservation of parallel
momentum on the (111) surface.

tion of the spectra by using a theoretical band
structure of Pt provides evidence for direct inter-
band transitions between unoccupied states.
Therefore the first demonstration for the feasibil-
ity of angular-resolved isocbromat spectroscopy
is presented.

We would like to thank Dr. A. I iebsch and Dr.
H. Scheidt for numerous helpful discussions and
Dr. N. E. Christensen for sending us a printout
of the Pt band structure.

0.93
1.1
2.2
2.8

3.3
3.6

4.3

5.1

(0.19, 0.31, 0.56)
(0.13, 0.19, 0.68)
(0.0, 0.19, 0.81)
(0.06, 0.13, 0.93)
(0.06, 0.13, 0.93)
(O.13, O.25, O.81)
(0.06, 0.19, 0.94)
(0.06, 0.19;0.94)
(0.13, 0.38, 0.75)
(O.19, 0.44, O.VS)

(o.o6, o.25, K94)
(6.06, 0.25, 0.94)
(0.0, 0.31,0.94)

62.8
63.4
63.3
73.4
65.9
65.7
71.2
64.6
64.8
66.6
69.6
63.6
66.0

7.6
3 ~ 7

10.2
3.0
9.5
6.2
5.8

12.2
12.2
11.5
8.4

14.7
13.9

ed to less than 60 . Figure 4 confirms that this
is indeed the case.

The analysis is more complicated for the other
two surfaces (100) and (210). This is largely be-
cause the chosen plane of incidence is not a mir-
ror plane of the crystal. Measurements on these
surfaces have therefore been taken with four dif-
ferent angular distributions. A detailed discus-
sion of these results will appear elsewhere. "

In summary, first measurements of isochromat
spectra from mell-defined Pt single-crystal sur-
faces show considerable structure whose origin
is crystallographic. Changes in the total angular
range of incident electrons result in concomitant
changes in the emission spectra. A first evalua-
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