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The inelastic-electron-scattering cross sections of surface and antinode adsorbate-induced bulk
phonons are calculated for the Ni(001)-c (2X2)S system. The calculated cross sections are sensitive
to variations in the incident electron energy, phonon qy, and the spacing between S and Ni layers.
By comparing calculated cross sections with measured electron-energy-loss spectra at different elec-
tron energies and phonon q vectors, we determined the S-Ni spacing unambiguously at 1.35 A. An
ad hoc non-central-force model was introduced to explain the measured dispersion curves.

I. INTRODUCTION

Recently, there has been much progress in the analysis
of vibrational motion of atoms on clean and adsorbate-
covered surfaces by inelastic He scattering! and inelastic
electron scattering.>? In the case of inelastic electron
scattering, a major advance is the ability of microscopic
multiple-scattering theory*~® to quantitatively calculate
the electron-energy-loss cross sections [or electron-
energy-loss-spectroscopy (EELS) cross sections] of sur-
face and bulk modes of a system covering a wide range of
electron energies (30-350 eV). Such an analysis has re-
cently been done for Ni(001),”® Ni(110),° Cu(001),'® and
Cu(111).!" In this paper we present a detailed cross-
section analysis for the Ni(001)-c¢ (2X2)S system. In an
earlier paper we have shown that surface modes and an-
tinode adsorbate-induced bulk modes have large
inelastic-electron-scattering cross sections.'?> The cross
sections of these modes are sensitive to variations in
momentum transfer q, incident electron energy, and the
scattering geometry.* > We show in this paper that the
relative intensities of the modes are accurate indicators of
the S-Ni spacing and that by comparing data with the
calculated EELS cross sections, the S-Ni spacing can be
quantitatively determined. This determination is unam-
biguous in spite of the fact that the correct lattice dynam-
ical model for this system may not be known. The reason
for this selective sensitivity of EELS cross sections to sur-
face spacings over atomic displacement amplitudes is as
follows. Modes that have large inelastic scattering cross
sections generally have significant (perpendicular or
parallel) atomic displacements in the first two to three
surface layers.!® The short electron mean free path also
biases in favor of the top surface layers.'* Therefore, the
EELS cross section is dominated by the interference of
phonon-loss vertices between the first three layers. By
changing the S-Ni spacing, the phases of electron wave
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functions between these layers are varied by large
amounts. These changes dominate over variations in the
eigendisplacements due to different lattice dynamical re-
sults. We shall show this explicitly in Sec. IV.

The organization of the remainder of this paper is as
follows. In Sec. II, we present the experimental measure-
ments. The dynamical model for an inelastic-electron-
phonon-scattering calculation is given in Sec. III. Lattice
dynamical models and dispersion relations for the
Ni(001)-c (2 X 2) system are given in Sec. IV. Comparison
between theory and experiment for the EELS cross sec-
tions as a function of electron energy and phonon wave
vector q as well as the determination of the S-Ni spacing
are given in Sec. V. Section VI is a summary.

II. EXPERIMENTAL MEASUREMENT

The experimental details of sample and sulfur-
overlayer preparation were the same as in a recent paper
of Lehwald et al.!> where the dispersion curves for the
Ni(001)-c(2X2)S system have been measured. Briefly,
the Ni single crystal was cleaned by repeated cycles of
Ne-ion bombardment and annealing to 1400 K until the
crystal was leached of carbon and sulfur and no traces of
either impurity could be detected neither by Auger nor
by EELS. The c¢(2X2) sulfur layer was obtained by ex-
posing the sample to H,S with the sample temperature
held at 500 K. The sulfur surface coverage saturated
after an exposure of ~ 15 Langmuire and saturation cor-
responding to a peak-to-peak ratio in the Auger spectrum
of Is /INiMZI.O. A sharp c(2X2) low-energy elec-

tron diffraction (LEED) pattern was observed after this
treatment.

In contrast to Ref. 15, the electron-energy-loss spectra
were now recorded using an improved version of the
double-pass electron spectrometer, the energy dispersive
elements and the lens system of which had been opti-
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FIG. 1. Typical off-specular electron-energy-loss spectra on
Ni(001)-¢ (2X2)S recorded with an impact energy of 185 eV at
£=1 (X point) and £=1.3 and for 170 eV at {=1.3. The energy

resolution is 42 cm ™.

mized with the help of trajectory calculations.'® The
spectrometer also featured an improved calibration of the
scattering angles. The scattering plane was aligned along
with the surface normal and the [110] direction (T X).
Compared to the earlier paper!’ where the loss spectra
were recorded with an energy resolution of 60 cm ™! in
the elastic peak and with typical count rates of <20
counts/sec in the loss peak, the spectrometer now was al-
lowed to have typically 100 counts/sec in the loss peaks
with the energy resolution set to 40-45 cm™ ..

Spectra were recorded for impact energies E from 150
to 190 eV in steps of 5 eV for two points within the sur-
face Brillouin zone each: at {=1 (X point, {=¢,/1.26
A7) and at §=1.3. The exit angle 6, was adjusted to
59.7° off the surface normal. The data were sampled at
5-cm™! intervals with a total sampling time of 15
sec/channel. The temperature of the sample was held at
120 K. Three typical loss spectra are shown in Fig. 1.
Further details are presented and discussed in Sec. V.

III. INPUTS FOR MULTIPLE-SCATTERING
CALCULATION OF EELS CROSS SECTIONS

The microscopic method we used to calculate EELS
cross sections is based on the rigid-ion multiple-scattering
slab model.*”7 Since the experimental measurements
were taken at rather high energies, 150-190 eV, the elec-
trons scatter off mainly the near-core region of atoms.
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Hence, we expect the cross-section calculations to be
rather accurate. Earlier applications of this method to
different faces of Ni and Cu have produced remarkably
good fits to the data.””!! For dynamical inputs of the
Ni(001)-c (2X2)S system, we used the same Ni phase
shifts, inner potential (¥, =10.5 eV), inelastic damping

E+v, |'”

V;=3.8X | ——r
! 90+ ¥,

as those used earlier for clean Ni(001).!%!"1® The S-
phase shifts used were the same as those in earlier LEED
(Refs. 17-19) and photoelectron diffraction calcula-
tions.?° In other words, the dynamical inputs were fixed
by their values in previous calculations. The remaining
inputs were the layer-by-layer displacement amplitudes of
the S and Ni atoms. These we obtain from lattice dynam-
ical calculations described in Sec. IV.

IV. DISPLACEMENT AMPLITUDES
AND PHONON DISPERSION

The phonon-dispersion curves for the Ni(001)-c (2X2)S
system have been recently measured by Lehwald et al.'®
A loss peak at 350 cm™ ! at T was attributed to the fre-
quency of the S| mode. The measured dispersion behav-
ior was well reproduced in a nearest-neighbor central-
force lattice dynamical model with the S atoms placed at
fourfold hollow sites and the S-Ni spacing put at 1.45
A5 If the S-Ni spacing is changed to 1.35 A, the
nearest-neighbor central-force calculation shows a gap of
17 cm™ ' near T between the S| and S| (even) modes (see
Fig. 3). Also, these modes cross over in frequency in the
Brillouin zone between T and X. Based on these results,
Lehwald et al.'® suggested that the measured dispersion
curves could only be reconciledowith an adsorption model
in which the S atoms are 1.45 A (perpendicular distance)
from the Ni atoms below.

However, it is well known that lattice dynamical re-
sults based on parametrized force-constant models are
not unique. For example, by introducing noncentral
forces between S and Ni atoms, we can keep the S-Ni
spacing at 1.35 A and still obtain calculated dispersion
curves that are practically indistinguishable from those of
nearest-neighbor central forces with dg,;=1.45 A.%!
Only within the nearest-neighbor central force model do
the dispersion curves couple directly to the S-Ni spacing.
If noncentral forces or forces between more distant
neighbors are introduced, the additional parameters
decouple the dispersion relations from bond distances of
surface atoms. Dispersion curves from such multiparam-
eter lattice dynamical models can no longer be used to
quantitatively determine surface spacings. ??

In Fig. 2 we show dispersion curves from T to X for a
29-layer slab based on the nearest-neighbor central force
model with dg ;=145 A. For force constants, we used
kg (Ni)=3.79X 10* dyn/cm, k,(Ni)=1.2kz(Ni), and
kgni=9.97X10* dyn/cm. These were the same values
used by Lehwald et al.'> The 11 surface modes (S,;, S,
even, S, odd, S5 pair, S¢;, Sz, Sen S\ even, S| odd,
and S,) and the antinode adsorbate-induced bulk (AIB)



3118
P—— -
11.0 / o
S
s,
1.0 T
S Sueven
e s,
~~
N
T
-
N’
>
o
=
&
>
(e
w
x
[T
z
[0}
z
(o]
I
a
Ni(001) - c(2 X 2)$

0.6 0‘.8 1.0
X
WAVE VECTOR §=q, /1.26 (A" "

FIG. 2. Calculated phonon dispersion curves between T and
X for Ni(001)-c(2X2)S using a nearest-neiﬁghbor central force
lattice dynamical model with dsy;=1.45 A. The shaded area
represents the band of antinode adsorbate-induced bulk modes.
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FIG. 3. Similar to Fig. 2 for dg.; = 1.35 A.
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FIG. 4. Calculated (solid line) and measured (dashed line)
electron-energy-loss cross-section spectra for incident electron
energy E=155 eV and {=1.0 (X point). Each vertical line
represents individual mode scattering intensity. Only the loss
side of the data is compared to the calculation. The atomic dis-
placement amplitudes baosed on a central-force lattice dynamical
model and dgn;=1.35 A are used for the EELS cross-section
calculations.

modes R, R,, are identified in the figure. The polariza-
tion and other properties of thees modes are discussed
elsewhere. !> For the scattering plane along T X, the pho-
non modes with large inelastic-electron-scattering cross
sections are S, even, S¢., S| even, S|, S5 even, R, and
R,. The gap mode S¢; generally has a smaller cross sec-
tion. Keeping these same force constants, we changed
dgyn; to 1.35 A and obtained the dispersions in Fig. 3.
Here, we noticed a reversal in the order of wg and s,

between the T and X points, but the dispersion curves de-
pend on the lattice dynamical model. If we introduce
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FIG. 5. Similar to Fig. 4 for E=165eV.
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noncentral forces between the S atom and its Ni neigh-
bors, then we write for the diagonal matrix element of the
force constant matrix

$zz=—an cKsnNicOsO , (1)

where 0 is the polar angle measured from the surface of
the nearest-neighbor S-Ni bond. The factor ay ¢ is the
non-central-force parameter (¢=1 for the central force
model). One can now adjust ay ¢ such that when the
Ni-S spacing is 1.35 A, the dispersion curves are practi-
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that the Gaussian-broadened spectra of a nine-layer cal-
culation is indistinguishable from that of a 29-layer slab.
While the calculated spectra drawn in the figures corre-
spond to results of the thicker slab, the atomic displace-
ments listed here are for a nine-layer slab, for easier
identification. The tabulated results are for: (i) central-
force model, dg ;=145 A, (ii) central-force model,
dgn;=1.35 A, (i) non-central-force model, dgx;=1.35
A. Multiple-scattering calculations for electron-energy-
loss cross sections are carried out and compared to exper-
iment to determine the Ni-S spacing. The results are dis-

cally those shown in Fig. 2 (for Ni-S distance =1.45 A, in
the central force model). The optimal value of ay ¢ is
1.15 to achieve an excellent fit to Fig. 2.

The atomic displacements at X of the surface modes S,
even, S¢;, S5 even, S even, and S|, as well as those of
the antinode AIB modes R, R, for a nine-layer slab are
listed in Table I. For the electron loss spectra, we find

cussed in Sec. V.

V. S-Ni SPACING VIA EELS
CROSS-SECTION ANALYSIS

From Sec. IV we have seen that the dispersion data of
Ni(001)-c(2X2)S can be fitted by results of either

TABLE 1. Thi atomic displacement amplitudes of the surface modes S, even, SeL> S) even, S|, S5 even, and the antinode AIB
modes R, R, at X point (e,, [100]; e,, [010]; e,, towards vacuum).

Central force model Central force model Non-central-force model

Layer d, (S-Ni)=1.45 A d, (S-Ni)=1.35 A d, S-Ni)=1.35 A
Mode index e, e, e, e, e, e, e, e, e,
S, (even) 1 0.40 0.40 0.0 0.36 0.39 0.0 0.32 0.42 0.0
2 0.0 0.0 0.52 0.0 0.0 0.55 0.0 0.0 0.56
2 0.0 0.0 0.53 0.0 0.0 0.51 0.0 0.0 0.43
3 —0.15 —0.15 0.0 —0.16 —0.15 0.0 -0.17 —0.14 0.0
3 —0.15 —0.15 0.0 —0.15 —0.16 0.0 —0.14 -0.17 0.0
SeL 1 0.0 0.0 0.46 0.0 0.0 0.45 0.0 0.0 0.50
2 0.0 0.21 0.0 0.0 0.18 0.0 0.0 0.24 0.0
2 0.21 0.0 0.0 0.18 0.0 0.0 0.24 0.0 0.0
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3 0.0 0.0 0.64 0.0 0.0 0.67 0.0 0.0 0.60
S| (even) 1 0.44 0.45 0.0 0.50 0.44 0.0 0.46 0.40 0.0
2 0.0 0.0 —0.45 0.0 0.0 —0.41 0.0 0.0 —0.41
2 0.0 0.0 —0.44 0.0 0.0 —0.46 0.0 0.0 —0.47
3 —0.21 —0.21 0.0 —0.19 —0.22 0.0 —0.21 —0.24 0.0
3 —0.21 —0.21 0.0 -0.22 —0.19 0.0 —0.24 -0.21 0.0
S, 1 0.0 0.0 0.66 0.0 0.0 0.63 0.0 0.0 0.66
2 0.0 —0.52 0.0 0.0 —0.54 0.0 0.0 —0.52 0.0
2 —0.52 0.0 0.0 —0.54 0.0 0.0 —0.52 0.0 0.0
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3 0.0 0.0 —0.15 0.0 0.0 —0.16 0.0 0.0 —0.15
S5 (even) 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3 —0.63 —0.33 0.0 —0.36 —0.61 0.0 —0.68 —0.20 0.0
3 0.33 0.63 0.0 0.61 0.36 0.0 0.20 0.68 0.0
R, 1 0.0 0.0 0.36 0.0 0.0 0.44 0.0 0.0 0.24
2 0.0 0.30 0.0 0.0 0.32 0.0 0.0 0.21 0.0
2 0.30 0.0 0.0 0.32 0.0 0.0 0.21 0.0 0.0
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3 0.0 0.0 —0.50 0.0 0.0 —0.51 0.0 0.0 —0.44
R, 1 0.0 0.0 0:33 0.0 0.0 0.33 0.0 0.0 0.35
2 0.0 0.26 0.0 0.0 0.23 0.0 0.0 0.29 0.0
2 0.26 0.0 0.0 0.23 0.0 0.0 0.29 0.0 0.0
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3 0.0 0.0 —0.30 0.0 0.0 —0.23 0.0 0.0 —0.44
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FIG. 9. Calculated (solid line) and measured (dashed line)
EELS cross-section spectra for incident electron energy E=170
eV and £=1.0 (X point). The atomic displacement amplitudes
based on a non-central-force lattice dynamical model and
dgni=1.35 A are used for the EELS cross-section calculations.

central-force, dy;.s=1.45 A or non-central-force
dyis=1.35 A lattice dynamical models. Thus, it is not
possible to determine the Ni-S spacing unambiguously
solely from phonon dispersion curves. We show in this
section that the EELS cross section indicates that the S-
Ni spacing is 1.35 A, in agreement with results of other
spectroscopies. 223726

As mentioned earlier, the EELS cross section is dom-
inated by the interference between loss amplitudes associ-
ated with the S layer and the Ni layer below. That this is
the case is supported by the fact the cross section is a rap-
id function of incident electron energy, momentum
transfer q|, and the scattering angles (0,,¢,,0,,6,). The

NONCENTRAL

FORCE MODEL E=190 eV
X point £=1.0
8;=43.2°
0= 59.7°

d,(S-N)=1.35 A

=
c
3
o
=
8
>
= .
n A
Z I\
L |
—
p4 /AN

Il ‘l ;" \—~Expts

| |

I\

/

7
I/\\ /, -
/
T T T T T T T T
-200.0 0.0 200.0 400.0 600.0

ENERGY LOSS (cm™ ")

FIG. 10. Similar to Fig. 9 for E=190eV.



3121

39 ADSORPTION DISTANCE OF S ON Ni(001): AN...
CENTRAL FORCE MODEL
E= 165 oV CENTRAL FORCE MODEL E=185 eV
X point £=1.0 X point £=1.0
8j=42.2° 8;=43.0°
8;=59.7° . 8¢=59.7°
= d; (S-N)=1.45 A = n d,(S-ND=1.45 A
] c [
. 3 1y
e e [
— e
< = [
S S Il
> [
= i [
wn D !
4 2 ;!
i ]
= = [
Z 4 o
nl !
/ 1
/
/
/
e
- -
7
T T T T T T T T T T T
-200.0 0.0 200.0 400.0 600.0 -200.0 0.0 200.0 400.0 600.0

ENERGY LOSS (cm™ 1)

FIG. 11. Calculated (solid line) and measured (dashed line)
EELS cross-section spectra for E=165 eV and £=1.0 (X point).
The atomic displacement amplitudes based on a central-force
lattice dynamical model and dgy;=1.45 A are used for the
EELS cross-section calculations.

loss amplitude of an individual layer is a much slower
function. The calculated cross sections at X using dis-
placement amplitudes of the central-force model with
dsni=1.35 A are shown in Figs. 4-8. The scattering
plane is T X. The calculation and experiment are done
for E=150-190 eV, in increments of 5 eV. To save
space, Figs. 4-8 show only five selected energies. The cal-
culated cross section of individual surface and antinode
AIB modes are indicated as vertical lines while the solid
curve is the Gaussian-broadened sum of all the lines.
Following the dependence of the cross section of indi-
vidual modes, we see that at low energies (155-170 eV),
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FIG. 13. Similar to Fig. 11 for E=185¢V.

the relative intensities of the AIB modes R |,R, are quite
large. Note that the S5 mode, which has a nonzero
inelastic-electron-scattering cross section due to the
four-fold hollow site of the S atom appears in between the
R, and R, modes.?’ At higher energies (185-190 eV),
the relative intensities of the S¢;, and S, even surface
modes become strong. Such behaviors are closely
matched in the data (dashed lines). The experimental
peak at 0.0 cm ™! is due to residual geometric disorder
which for adsorbate superstructures is typically some-
what larger than for clean surfaces is not included in the
theoretical model. .

If we keep the S-Ni spacing at 1.35 A, and use dis-
placement amplitudes of the non-central-force model, we
obtain practically similar calculated EELS cross-section
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FIG. 14. Similar to Fig. 11 for E=190¢eV.
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FIG. 15. Calculated (solid line) and measured (dashed line)
EELS cross-section spectra for E=170 eV and {=1.3.
(Central-force lattice dynamical model, ds.n; =1.35 A.)

spectra.
in Figs.

The spectra at X for selected energies are shown
9 and 10. However, if we change the Ni-S spac-

ing to 1.45 A and use the corresponding central-force
model displacement amplitudes, we obtain calculated
EELS spectra in gross disagreement with the data. The
comparison of the EELS spectra for selected energies are
shown in Figs. 11-14. At low energies (165-170 eV), the
calculated cross sections of the antinode AIB modes are
too small, while that of the S;; mode is too strong. At
high energies, the calculated cross section of the S even
mode is much too weak. These comparison clearly indi-
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EELS cross-section spectra for E=185 eV and {=1.3. (Non-
central-force lattice dynamical model, dg.y; =1.35 A.)
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FIG. 20. Calculated (solid line) and measured (dashed line)
EELS cross-section spectra for E=185 eV and (=13.
(Central-force lattice dynamical model, ds.n; =1.45 A).

cate that agreement between theory and experiment is ob-
tained for the EELS spectra if S is placed at a height of
1.35 A above the Ni layer. This structural result, based
on comparing calculated EELS cross sections with exper-
iment, is independent of the lattice dynamical models.

. We have carried out similar analysis at {=q,/1.26
A7!=1.3. The experiments were actually performed by
moving from X towards the (01) beam. We note that the
eigenfrequencies w({=0.7)=w({=1.3), while the dis-
placement amplitudes at {=1.3 are complex conjugates
of those at {=0.7. The comparisons between theory and
experiment for S-Ni spacing at 1.35 A are shown in Figs.
15-17 for central force model eigendisplacements and in
Figs. 18 and 19 for non-central-force-model eigendis-
placements, respectively. Again, there is good correspon-
dence between theory and experiment. The antinode
AIB mode R, is now stronger than R,. If we put S at
1.45 A above the Ni layer, the calculated EELS spectra
show strong disagreement with the data. Two examples
are shown in Figs. 20 and 21. In particular, we see that
the calculated cross sections for the S¢; and S| modes are
too weak.
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FIG. 21. Similar to Fig. 20 for E=190 eV.

VI. SUMMARY

We have shown that the electron-energy-loss cross sec-
tions are sensitive indicators of the S-Ni spacing. By
comparing measured EELS spectra with calculated cross
sections, the adsorptgon height of ¢(2X2)S on Ni(001) is
determined at 1.35 A. This structural determination is
unambiguous in spite of the fact that the correct lattice
dynamical model for the system is unknown.

The extensive EELS spectra used in this study were
measured at X and £{=1.3. The non-central-force model
used here is, at best, an ad hoc explanation. We need
more complete data at T' to properly determine the
correct lattice dynamical model for this system. Such
work is under current investigation.
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