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Abstract

The electronic peculiarities of the Pt(100)—(1 % 1) surface effected by various adsorbates and interactions in
adsorbed layer were studied by the Disappearance Potential Spectroscopy (DAPS). Two types of features
were observed in DAPS spectra. The first type corresponds to an ordinary threshold excitation of platinum
core electron to an available vacant state. These features are attributed to the substrate properties, and their
positions are in good agreement with corresponding Local Density of States (LDOS) calculations. The second
type of features evidences for a new way of primary electron energy consumption — the conjugate electron
excitation, which includes the above threshold transition of the substrate core electron, accompanied by
excitation of the valence electron of adsorbed species to vacuum level. Positions of the respective spectral
satellites are close to corresponding ionization potentials of a given species in adsorbed layer. Our experimental
data show altogether more than 10 satellites, providing the evidence of reliability of the conjugate electron
excitation process. The present results as a whole experimentally demonstrate the substantial unity of the

substrate and adsorbate electronic structures.

INTRODUCTION

The Disappearance Potential Spectroscopy
(DAPS) is known to provide information on
the density of vacant states (DVS) structure
of a studied sample [1—3]. The DAPS spect-
rum represents a current of quasielastically
scattered electrons versus an energy of pri-
mary electrons. When the primary electron
energy slightly exceeds the threshold energy,
an incident electron can transmit its energy to
the core electron, so that both electrons move
to states just above the Fermi level (Ep). The
DAPS spectral features are mainly determined
by self-convolution of density of states above
Ep [1-3]. Using DAPS, one can find additional
information on the chemical bond origin and
on the DVS in the surface region. However,
DAPS is not widely used by now, and there is
insufficient number of papers dealing with this
technique. The DAPS loses in comparison with
the Auger Electron Spectroscopy (AES), X-ray
Photoelectron Spectroscopy (XPS), Ultraviolet
Photoelectron Spectroscopy (UPS), etc. as a sur-

face analysis method. At the same time, the
sensitivity of DAPS spectral features to the
nature of surrounding surface species and to
the presence of impurities or adsorbed residu-
al gases makes this technique very promising
for studying adsorption and catalysis.

We have previously shown [4—6] that DAPS
can be successfully used for the examination
of platinum electronic properties. The DAPS
spectra are in agreement with the Local Densi-
ty of States (LDOS) calculations and with the
known model of hydrogen adsorption on the
unreconstructed Pt(100) single crystal surface.
The present paper is aimed at studying the
effect of chemisorption on the electronic pe-
culiarities of platinum surface.

THEORY

We present here the calculations of bulk
platinum DOS that have been performed with
the ADF-BAND (Amsterdam Density Functio-
nal) code [7]. This code uses the density func-
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tional formalism, numerical atomic and Slater
functions as a basis set, and numerical integra-
tion over the real space for calculations of the
Hamiltonian matrix elements, that permitted
to avoid muffin-tin approximation for the crys-
tal potential. We used the local density approx-
imation with Vosko — Wilk — Nusair formulas
for exchange-correlation potential [8] and the
spin-restricted nonrelativistic option of the
program. Numerical atomic functions from 1s
up to 6s, calculated with Herman — Skillman
program [9], and 5d, 6s and 6p Slater func-
tions were used as the basis functions. The
integration over the Brillouin zone was per-
formed with the quadratic interpolations of
band structure.

Figure 1, A presents the results of DOS
calculations for the bulk platinum in the vicinity
and above the Ey. For assignment of the DAPS
peaks, the important features are: a relatively
small part of d-electron states above the Ep,
and the DOS peaks near 10 and 15 eV. The
corresponding energy regions are shaded and
denoted as a, b and d. The region ¢ between a
and b states corresponds to the broad peak of
DOS. According to the self-convolution model
of Lander [10], working quite well for a number
of solids, the line shape in DAPS is deter-
mined by the following equation:
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where p and W are the Pt bulk DOS and DOS
self-convolution, respectively.

The result of calculation using this equa-
tion for DOS, shown in Fig. 1, A, is presented
in Fig. 1, B. One can expect the following fea-
tures in DAPS spectra: just above the E; (peak
a), at 10 and 15 eV above the Ep (peaks b and
d) and a broad feature ¢ between peaks a and
b. All the mentioned features, except d, are in
the agreement with our earlier calculations
based on the LMTO-TB approximation [5].

EXPERIMENTAL

Experiments were performed in an UHV cham-
ber with a residual gas pressure of <1 107! mbar,
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Fig. 1. Pt bulk DOS (density of states = the number of
states per energy unit per atom); a, b, ¢, and d are the
DOS features revealed in DAPS spectra (see Fig. 2) (4),
and derivative of the Pt bulk DOS self-convolution W
normalized by state density at the Fermi level oy (B).
The features a, b, ¢ and d correspond to those in DOS.

which was equipped with the instrumentation
for Low-Energy Electron Diffraction (LEED) and
AES, a dipole mass spectrometer and an Ar*
ion gun. The DAPS technique was arranged by
the use of 3-grid LEED optics. The central LEED
electron gun with a tungsten cathode was used
as a source of primary electrons of variable
energy. The surface cleanliness was checked by
AES. The finally observed LEED pattern was
typical for the Pt(100)-hex surface [11, 12]. The
clean unreconstructed Pt(100)—(1 x 1) surface
was obtained using “NO-receipt” from [13, 14].
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The detailed description of experimental tech-
nique and sample treatment can be found else-
where [4]. The apparent Pt 4d;,, core level
energy of (314.8 = 0.5) eV (i. e. Ey location)
was determined as an intersection of back-
ground and leading edge of the spectral peak
[2, 4], and it is close to the reference value of
314.6 eV [15].

Since DAPS deals with an elastic electron
collection, it certainly accumulates the attend-
ant diffraction features, which are up to 10°
times larger than those of true DAPS peaks,
that is why the latter are completely masked.
This is particularly pronounced for the well-
ordered substrate, such as single crystal sur-
face. In Fig. 2, A, the survey DAPS spectra
exhibit a continuous sequence of such peaks
with mean width at the base of about 15—
20 eV, which is a typical characteristic of dif-
fraction features [16]. In order to separate the
strong diffraction background, we followed the
difference between DAPS spectra of clean and
adsorbate-covered surfaces. Thus, the diffrac-
tion features suppress each other in difference
spectrum under subtraction. The difference
DAPS spectrum (Sy;;) was computed from the
recorded spectra of clean (S) and adsorbate-
covered (S,4s) surfaces according to the equa-
tion:

Saqif = A0)S,q5 = S (2)

where 0(8) accounts for the screening effect of
the adsorbed layer at coverage 6, correspond-
ing to the given exposure; this procedure we
described earlier in more detail [4].

The sequential construction of difference
spectrum is demonstrated in Fig. 2, B. In the
present work we studied the Pt(100)—(1 x 1)
surface in order to maintain the stable sub-
strate structure, because the Pt(100)-hex sur-
face is known to reconstruct readily under the
influence of various adsorbates [17, 18]. The
threshold excitation of Pt 4f core electrons is
expected to be more effective in comparison
with that of 4d electrons [19]. Nevertheless,
we have investigated an energy range of 300—
350 eV around the Pt 4d core level. Figure 2,
A shows that this energy range is more con-
venient due to a smaller diffraction peak in-
tensity, compared to the energy range of 70—
80 eV around the Pt 4f binding energy.
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Fig. 2. Survey DAPS spectra of the clean Pt(100) surface
with (1x1) and hex structures of the top layer (A4), and
DAPS spectra after hydrogen adsorption on the Pt(100)—
(1x1) surface (B): 1 and 2 — original DAPS spectra corre-
sponding to the clean surface and after H, exposure of 6 L
(Langmuir), respectively; 3 and 4 — difference DAPS spect-
ra, 4 is identical to 3, but magnified 25 times; 5 — differ-
ence DAPS spectrum corresponding to H, exposure of
09L, 4 and 5 are displayed at the same ordinate scale.
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RESULTS AND DISCUSSION

Figures 2 and 3 present a set of difference
DAPS spectra, corresponding to various ad-
sorbed layers on the clean Pt(100)—(1 % 1) sur-
face. The vacant states in DAPS spectra shown
in these figures and in the text are labeled in
accordance with LDOS features in Fig. 1.

Figure 2, B shows the spectra obtained af-
ter two different H, exposures. A considerable
difference between these spectra results from
the ordering in H,4, layer at higher hydrogen
exposure. Indeed, the low- and high-energy
parts in spectrum 4 correspond to the top and
bottom of the total spectrum 3, respectively,
whereas spectrum 5 does not show the attend-
ing diffraction feature. Spectra 4 and 5 reveal
a triply splitted a-state, corresponding to the
DOS structure of Pt 5d band [4—6]. The other
spectral features are labeled in accordance with
the location of two interacting electrons (inci-
dent and excited) for different DOS peaks

A

DAPS signal, arb. units

shown in Fig. 1 [4]. The peak at 19—20 eV above
Pt 4d;,, threshold is most probably contribut-
ed by the sum of double occupation of b-state
and the threshold excitation of 4d;,, core level
[4]. Besides the splitted a-state, the high-ener-
gy region in spectrum 4 reveals a pronounced
peak at 13.7 eV, whose origin will be discussed
below.

Figure 3, A shows DAPS spectra obtained
after various CO exposures. The strong diffrac-
tion background, resulting from the ordered
adsorbed layer formation, significantly ham-
pers the expected fine spectral structure just
above the Ej. However, two unresolved peaks
at ~12.6 and 13.8 eV are quite pronounced. As
CO exposure rises, the intensities of both peaks
are increasing, and the intensity ratio changes
in favor of the latter peak. In addition, the
feature at ~18.3 eV is also seen. To assign the
peaks, their positions were compared to the
reference data on the respective ionization po-
tentials of CO,4, (Table 1). It should be noted
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Fig. 3. Difference DAPS spectra related to CO adsorption on clean Pt(100)—(1 x 1) surface at 300 K and shown
exposures (in Langmuirs) (4), and comparative set of difference DAPS spectra related to interaction of NO with

hydrogen-covered Pt(100)—(1 x 1) surface (B):

1 — after 6 L H, exposure on clean surface; 2 — after exposure of

surface 1 to 0.7 L of NO; 3 — after further exposure of surface 2 to NO up to total NO exposure of 1.0 L (this curve
is displayed in bold type in order to distinguish it from other spectra at intersection points); 4 — after exposure of
clean Pt(100)-hex surface to 20 L of NO at 300 K; the double-side arrows correspond to width and locations of the
respective valence states obtained from the reference UPS data.
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Comparison of high-energy DAPS feature positions (the peak minimum above Eg, eV) revealed

after CO adsorption on Pt(100)—(1x1) surface as shown in Fig. 3, A with ionization potentials (eV) estimated

for the similar systems

Inquiry object DAPS features Ref.

1m 50 40
COgy 14.01 16.53 19.68 [15, 28]
CO/Pt(100)-hex 14.6 (11t + 50) 17.2 [28]
CO/Pt(111) 14.2 15.05 17.45 [28, 29, 31]
CO/Pt foil 14.6 (1 + 50) 17.1 [30]
CO/Pt(100)—(1x1)
02 L 12.7 13.7 18.3 This work
0.6 L 12.6 13.8 ~18.3 (masked)
20 L 12.6 13.9 ~18.3 (masked)

Note. Ionization potentials are determined as a sum
sponding work function.

that different platinum surfaces reveal similar
features in the UPS spectra obtained after O,,
NO, and CO adsorption [20—26]. Unfortunate-
ly, the values of corresponding work func-
tions required for the determination of ioni-
zation potentials are not available. In Fig. 3, A,
the spectral feature at ~20.9 eV likely belongs
to platinum DOS function [4].

TABLE 2

Comparison of high-energy DAPS feature positions (the
gas + Had
(eV) estimated for the similar adsorbed species

adsorption and NO

s

of UPS peak positions with respect to E; and the corre-

Figure 3, B shows the DAPS spectra ob-
tained after separate adsorption of Hy, and NO,
and in the course of interaction NOg, + H,q
There is also a set of additional features, which
can not be treated as a combination of plati-
num LDOS peculiarities. Even a brief revision
of data presented in Table 2 shows the corre-
spondence between positions of DAPS peaks

peak minimum above Eg, eV) revealed after Hy, and NO

interaction on Pt(100)—(1x1) surface as shown in Fig. 3, B with ionization potentials

Inquiry object DAPS features Ref.
H 1s O 2p N 2p NO

2m 1m 50 40
Hy gas T NOyyq 13.60 13.62 14.54 9.3 16.9 17.4 21.0 [15, 31]
O/Pt(100) - 12.7 - - - - - [28]
O/Pt(111) - 14.2 - - - - - [32]
O/Pt(111) - 12.1 - - - - - [29, 33]
H/Pt(111) 12.8 - - - - - - [33]
NO/Pt(100)-hex - 12.1 (O 2p + N 2p) 8.9 15.7 (1t + 50) 20.7 [21, 28]
NO/Pt(100)-hex - - - 8.4 15.5 (11 + 50) 20.2 [17]
NO/Pt(111) - - - 7.9 14.9 18.0 20.7 [31]
6 L H,/Pt(100)—(1x1) 13.7 - - - - - - This work
0.7 L NOg, + Hyy 137 (H 1s + O 2p) — 12.0 16.3 (1 + 50) 222
1.0 L NOg, + Hyg - 13.5 14.4 11.8 15.9 (11t + 50) 22.5%
20 L NO/Pt(100)-hex - 13.8 (O 2p + N 2p) 11.4 15.9 23

Note. Ionization potentials are determined as a sum
sponding work function.

of UPS peak positions with respect to E; and the corre-

#Peak is not shown in Fig. 3, B; its position is estimated after subtraction of the linear background.
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and respective values of the valence band ion-
ization potentials. Indeed, if the hydrogen-cove-
red surface (spectrum 1) is exposed to 0.7 Lang-
muirs (L) of NO, the H 1s peak at 13.7 eV
depletes, a new strong peak appears at 12.0 eV
and weak features appear at 16.3 and 22.2 eV.
A decrease of the former peak intensity cor-
responds to a removal of H, 4, from the surface
due to NO,, dissociation [21, 27], followed by
reaction 2H,4s + O,qy - HyOg,e It should be
noted that spectrum 2 in Fig. 3, B was obtain-
ed under the same experimental conditions as
in [27], where authors have shown the forma-
tion of stable NH, ,4s species. We suppose that
in the present case formation of the same spe-
cies attributes the pronounced feature at 12.0
eV, whose position is close to ionization poten-
tial of the NH, ., species, which is 11.14 eV
[15]. The peak at 12.0 eV slightly shifts and
diminishes upon further NO exposure (spect-
rum 3), which corresponds to the removal of
NH, .45 species under these experimental con-
ditions [27]. The positions of new pronounced
peak at 144 eV and weak features at 15.9 and
22.5 eV in spectrum 3 are also close to the re-
spective ionization potentials of N,y and NO,4,
species (see Table 2). The presence of molecu-
larly adsorbed NO, 4, on platinum surface is quite
possible in our experimental conditions [17], and
atomic N, 4, species may form due to the NO,
dissociation and/or the primary electron beam
damage of NO,4; [20]. Because of the last rea-
son, the peak at 13.5 eV in spectrum 3 should
be related not to H,4, but to O,y species, as
noted in Table 2. The additional strong feature
at 8.5 eV in spectrum 3 is probably associated
with the excitation of Pt 5d electrons, since it
is localized within the characteristic energy re-
gion of strong UPS peaks corresponding to the
different platinum surfaces [15, 17, 28]. Peak
positions revealed after 20 L exposure of the
clean Pt(100)-hex surface to NO (spectrum 4)
are close to the corresponding ionization poten-
tials, which were determined under similar ex-
perimental conditions (see Table 2).

According to the data listed in Tables 1 and
2, DAPS spectra generally reveal high-energy
satellites, which can not be described accord-
ing to our earlier approach as a combination
of platinum vacant states occupied by operat-
ing electrons [4—6]. Moreover, positions of these

ads

satellites with respect to the substrate Ej are
close to ionization potentials of the species in
adsorbed layer. This evidences for a new way
of primary electron energy relaxation, which
includes the excitation of substrate core level,
accompanied by the threshold ionization of
atoms and/or molecules forming the adsorbed
layer. The simultaneous energy transfer, fol-
lowed by localization of the primary and core
electrons in the vacant a-state just above Ep,
may be realized as follows:

e, +4di’ +V? +a” - 4d,, +V' +a® +e,, (3)

where e, is a primary electron, e, is elec-

tron emitted from the given valence state V.
Then the energy conservation condition

should be written according to the below equa-

tion:
Ep=EB+I+2sa (4)

where E,, Eg and I stand for absolute values
of the primary electron energy, core level bind-
ing energy, and ionization potential of va-
lence state V, respectively; €, stands for the
energy of vacant a-state above Eg.

On the one hand, the position of DAPS
satellite must exceed the respective ionization
potential by 2g,, according to eq. (4). On the
other hand, the satellite position must be low-
er than the ionization potential determined from
UPS data. This is due to the derivative mode
of experimental DAPS spectra, because posi-
tion of the DAPS peak minimum should cor-
respond to the leading edge of broad UPS fea-
ture. However, the agreement between DAPS
and UPS data (see Tables 1 and 2) seems to
be significant, though one can not expect a pre-
cise conformity. It is very unlikely that the above
DAPS satellites are originated from the spectra
subtraction technique and/or imperfection of
the surface structure, because of the signifi-
cant difference between widths of satellite and
diffraction peaks [16]. Our experimental data
show altogether more than 10 satellites, pro-
viding the evidence of reliability of the con-
jugate electron excitation process [4].

The core and valence electrons separately
are an ordinary objects for the admission of
external energy. The DAPS technique is actu-
ally a probe, which reveals energy thresholds
of the primary electron current consumption.
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Our data indicate that a threshold conjugate
excitation of both core and valence electrons
becomes possible if E, in eq. (4) overpowers
the sum of Ep and I. This process should not be
considered as an excitation of core electron of
a Pt atom directly to the atomic orbital of
adsorbed atom. Instead, we suggest that ioni-
zation of the adsorbed species results from ex-
citation of the metal core electron to the me-
tal valence orbital, which is strongly associat-
ed through a chemical bond with an orbital of
adsorbed species. Moreover, the intensities of
such features in DAPS spectra may be consi-
dered as a measure of chemical bond strength.
The presence of similar features at 8—9 eV
above Eyp in DAPS spectra related to the clean
and adsorbate-covered surface (see Fig. 3, B
and [4]) indicates, that valence state V in eq.
(3) may belong to the substrate and to the ad-
sorbed species as well. Moreover, based on the
detailed analysis of DAPS spectra, we assume
that the platinum plasmons characterized by a
neighbor energy difference of (6.0 = 0.8) eV
are distinguishable [4].

The DAPS spectral satellites corresponding
to conjugate electron excitation are in qualita-
tive accordance with the electronic peculiari-
ties of solids, revealed by the other techniques.
Indeed, these features are similar to those of
the shake-off satellites in AES and XPS spectra
[29, 30]. They correspond to the relaxation of
core hole, accompanied by the emission of
valence electron of the same atom into con-
tinuum. On the other hand, the UPS tech-
nique evidences that the substrate and adsorb-
ate electronic properties are quite specific. Be-
sides, emission of both the substrate and ad-
sorbate valence electrons is readily exhibited
in UPS spectra. The DAPS principle differs
significantly from that of AES, XPS and UPS.
It concerns the incident particles, the excita-
tion mechanism, the conformational interac-
tion, the final state structure, etc. However,
all these techniques deal with the similar elec-
tronic peculiarities, which should be of the
same origin. In summary, our data show that
excitation of the substrate core electron, ac-
companied by the excitation of valence elec-
tron of the neighboring adsorbed species, seems
to be very probable. Moreover, this emphasiz-

es a strong correlation between the substrate
and adsorbate electronic structures.

CONCLUSIONS

1. The electronic peculiarity of the Pt(100)—
(1x1) surface affected by different adsorbates
was studied by the Disappearance Potential
Spectroscopy (DAPS). The two types of fea-
tures were revealed in DAPS spectra:

(i) The first type of features corresponds to
the ordinary threshold excitation of the plati-
num core electron to available vacant state.
These features are mainly attributed to the
substrate properties, and faintly depend on the
adsorbate nature. The peak positions are in a
good agreement with Local Density of States
(LDOS) calculations related to platinum unoc-
cupied states;

(ii) The second type of features evidences
for the conjugate electron transition, which
includes the above excitation of the substrate
core electron, and excitation of the wvalence
electron of adsorbed species to vacuum level.
The positions of respective satellites in the
DAPS spectra strongly depend on the adsorb-
ate nature.

2. The present experimental results demon-
strate the substantial unity of the substrate
and adsorbate electronic structure, and dis-
play capabilities of the DAPS technique to
reveal peculiarities of the surface unoccupied
states and valence states, corresponding to both
the substrate and adsorbate.
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