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We have determined the geometric structure of the p(2X2)-S/Cu(001) surface with medium-
energy ion scattering. There are qualitative features in our data tlat clearly show that sulfur ad-
sorption does not induce large atomic rearrangements of the Cu substrate. A detailed analysis based
on Monte Carlo simulations shows that the sulfur atoms are located 1.30 A above the copper sur-
face. The first Cu layer moves outwards by 0.02 A, and the top-layer Cu atoms move laterally away
from the adsorbate by 0.03 A. This results in a S—Cu bond length of 2.25 A. Our results are com-
pared with earlier contradictory results on this controversial system. We find excellent agreement

with a recent low-energy electron diffraction study.

I. INTRODUCTION

By adsorbing approximately a | monolayer of sulfur
on Cu(001), a clear and sharp p(2X2) low-energy elec-
tron diffraction (LEED) pattern can be produced. De-
tailed structural work on this system includes quantita-
tive LEED studies,""? analysis of angle-resolved-photo-
emission extended fine-structure (ARPEFS),>"° and a
study utilizing a combination of x-ray standing wave
(XSW) and surface-extended x-ray-adsorption fine struc-
ture (SEXAFS).® There is general agreement that the S
atoms chemisorb above the four-fold hollow sites of the
Cu(001) surface, and that the S—Cu bond length is
~2.26 A. However, beyond this there is considerable
controversy. Detailed results have been given based on
LEED (Ref. 2) and ARPEFS.* Both models invoke
adsorbate-induced substrate reconstructions. However,
these two models differ as to the magnitude, and more
surprisingly, the signs of these rearrangements. In the
LEED model, the first-layer Cu atoms move horizontally
away from the sulfur atom (we will refer to this as positive
pairing). There is also a small expansion of the vertical
separation d, between the first two layers (Ad, = + 1%,
where Ad;, =0% corresponds to a bulklike value). In the
ARPEFS model, the pairing is in the opposite sense in
that the first-layer Cu atoms move horizontally toward
the sulfur atom (negative pairing), and there is a large
contraction of the first interplanar separation
(Ad ;= —8%) as well as a substantial buckling in the
second layer.

The structure of the clean Cu(001) surface is simple
and well characterized. All studies agree that this surface
exhibits an oscillatory relaxation of the first few inter-
layer spacings,’ ! as observed for many metal surfaces.
The magnitude of the effect is small, as the fcc(001) sur-
face is close-packed. Very recently, we have found that

42

Ad |, = —2.4%, while Ad,; = +1%."

Below, we present the results from a study using
medium-energy ion scattering (MEIS) with channeling
and blocking of the structure of the p(2X2)-S/Cu(001)
system. MEIS is a quantitative and intuitive surface
structure tool. As we will demonstrate, there are
straightforward features in our spectra that demonstrate
that large-scale substrate reconstructions do not occur.
We arrive at a structural model that is in remarkably
good agreement with the LEED model, but in severe
disagreement with the model based on ARPEFS.

The outline of this paper is as follows: In Sec. II, the
experimental procedures are described. In Sec. III, the
procedure used in the detailed data analysis for extrac-
tion of surface-structural parameters is presented. In Sec.
IV, our results are compared with earlier experimental
work. Finally, some conclusions are drawn in Sec. V.

II. EXPERIMENT

Medium-energy ion scattering is a surface structural
technique that utilizes a 30-400 keV beam of light ions
(in our case protons) incident in a high-symmetry crystal-
lographic direction on a crystal (channeling).'>'* In a
rigid, bulk-terminated lattice, only the first atom along
each row of atoms in the target is visible to the incident
beam. The rest of the atoms in the row are said to be
shadowed by the first atom. In any real crystal, thermal
vibrations and/or distortions of the atomic positions at
the surface will cause subsurface atoms to have nonzero
hitting probabilities. For common experimental parame-
ters, the hitting probabilities along the row fall off rapidly
to zero.

In MEIS the angular distribution of the backscattered
ions is measured over a wide angular range. Ions scat-
tered from deeper layers will exit the crystal freely, ex-
cept along those directions where they are blocked by
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other atoms above them in the surface region. This will
result in a lower yield (a blocking dip) in those directions.
If the surface atoms sit in bulk lattice sites, these block-
ing dips should be observed exactly in the bulk crystallo-
graphic directions. If the top interlayer spacing is con-
tracted, the surface blocking directions will shift to small-
er scattering angles, while the inverse would be true for
an expansion. By observing such differences, one can get
a direct understanding of the main features of the surface
structure.

To extract detailed structural parameters, one uses the
fact that the ion-surface interaction law is known in de-
tail'"*~'® in the energy range we work in (a weakly
screened Coulomb potential is appropriate). One then
performs a Monte Carlo simulation of the experiment for
a trial surface structure and compares this with the ex-
perimental data. By varying this trial structure and per-
forming a R-factor analysis, the optimal structural pa-
rameters can be determined. As the scattering cross sec-
tion is known,'”!® the experimental data can be measured
in absolute units; that is the data can be directly convert-
ed to the number of atoms visible to the ion beam per
(1X1) unit cell. All input parameters are therefore phys-
ically meaningful and no arbitrary fitting parameters are
involved. A basic strength of MEIS is that one has a
good sense for the structural parameters based upon just
a simple inspection of the data. The actual functional
choice of R factor is not particularly crucial due to the
fact that MEIS is a quantitative technique and both cal-
culation and experiment are done in absolute units.

The largest uncertainty in the interpretation of the ex-
perimental data is associated with the modeling of the
surface vibrational amplitudes (in our case both for the
copper atoms and the adsorbate), which are not known a
priori. Ton scattering gives consistent evidence for
enhancements of the vibrational amplitudes in the surface
region. We use isotropic vibrational amplitudes and let
the enhancement decay into the bulk by a factor of 2 be-
tween adjacent layers. The results presented below are
not sensitive to the exact way this decay is modeled."
Another important effect is the correlation of the vibra-
tional motion of adjacent atoms.?>?! Since ion-scattering
experiments are only sensitive to the relative atomic
motions, vibrational correlations for adjacent atoms
should be taken into account. We use an effective vibra-
tional amplitude U’ which is obtained by rescaling
the one-dimensional vibrational amplitude U: U’
=U*V'1—C. Here, C is the correlation coefficient of
atoms i and j, defined as C;=({U,U,))/{U}), where
the denominator is the mean square of atomic displace-
ment and () denotes a thermal averaging. C; depends
upon the distance between atoms / and j, and both U and
C,; are calculated in the Debye model. A single correla-
tion coefficient C is applied to all ion paths with the same
incident direction. This procedure has been used success-
fully earlier in analysis of other ion-scattering data.??~2*
C is calculated to be 0.37 and 0.17 for ions incident along
the [101] direction (45° off normal) and along the [301]
direction (71.56° off normal), respectively, in the (010)
zone and 0.19 for the [11 2] direction (35.26° off normal)
in the (110) zone. The bulk Debye temperature of Cu is
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320 K, and the bulk thermal vibrational amplitude at
room temperature is 0.0829 A.2

A clean Cu(001) surface was prepared by standard
sputtering and annealing cycles until a sharp (1X1)
LEED pattern appeared. The cleanliness was monitored
by Auger-electron spectroscopy (AES) using a double-
pass cylindrical mirror analyzer. This surface was then
exposed to 22 L [1 L (langmuir)= 10 ¢ Torrs] H,S. At
this point, weak and broad half-order LEED spots were
observed. By annealing the sample to 300°C for a few
minutes a sharp p(2X2) LEED pattern was obtained.
The sample was checked with AES occasionally in the
course of the ion-scattering experiments, showing no
detectable impurities. The base pressure in the
ultrahigh-vacuum (UHV) system was ~ 107 '° torr. The
measurements were carried out with a beam energy of
100 keV at room temperature.

The scattered ions were measured with a high-
resolution electrostatic toroidal energy analyzer with an
angular acceptance of 24° and an angular resolution of
~0.3°. The analyzer is rotatable to permit a selection of
geometries in the scattering plane. Since the analyzer
measures charged particles only, neutralization effects
have to be corrected for. The ratio of the charged parti-
cle flux to the total number of exiting particles (P 1) was
measured with a solid-state detector equipped with elec-
trostatic deflection plates for the energy range 80 to 200
keV. P* was found to be a slowly varying function of en-
ergy, equal to 0.77 at 100 keV, and is known to be in-
dependent of exit angle.”> Adsorption of a + overlayer of
sulfur did not alter the fraction of the charged particles,
which is consistent with measurements of other chem-
isorption systems.?

A typical energy distribution curve is shown in Fig. 1.
The leading peak is due to those protons that have scat-
tered off Cu surface atoms. At lower energies, a weaker
peak is observed due to ions scattered off sulfur atoms.
The energy of this peak is lower, as the mass of the adsor-
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FIG. 1. Energy spectrum of backscattered protons from the
p(2X2)-S/Cu(001) surface for a 100 keV beam incident along
the [301] direction, detected in the (010) scattering plane around
a scattering angle 6, =64°. Note that the Cu and S signals are
clearly resolved.



bate is smaller. The relative size of the peaks is due to
the difference in scattering cross sections of the two
atoms, which depend on the square of their nuclear
charges, and to the number of atoms seen by the beam
per (1X 1) unit cell. The two peaks are well resolved so
that we can measure the S and Cu scattering yields in-
dependently. From these data, the sulfur coverage was
determined to be 0.23+0.05 monolayers. Unless other-
wise noted, all yields in this paper refer to Cu yields. The
spectra were inspected carefully for evidence of beam
damage. No effect was found even with a beam dose 1
order of magnitude higher than we used in the experi-
ment.

III. DATA ANALYSIS

Figure 2(a) is a schematic top view of a p(2X2) over-
layer of S on Cu(001). The surface has fourfold symme-
try, and the S atoms are known to sit in fourfold hollow
sites.! 7® There exist three inequivalent second-layer Cu
sites, labeled C, O, and A. The C site is immediately un-
derneath the adsorbate, while there is no adsorbate
directly above the 4 and O sites. Therefore, the magni-
tude of the vertical relaxation of the Cu atoms in these
three sites may be different. Figure 2(b) shows a side view
in the (010) zone with the O site projected in the plane.
MEIS measurements were carried out in two scattering
zones: (010) and (110). The incident directions we used
were the [101] and [301] in (010) zone, and the [112] in
(110) zone.

In the following, we present our data analysis for (010)
zone scattering with [101] incident direction (Fig. 3). In
this scattering geometry, only the first-layer Cu atoms are
completely visible to the incident beam, i.e., these atoms
have a hitting probability equal to 1. The calculated hit-
ting probability (for 100 keV protons) decreases to 0.71
for the second layer, 0.26 for the third layer, 0.05 for the
fourth layer, and less than 0.03 for the deeper layers. The
backscattered ions are detected in an angular range of
50°, which includes the [101], [301], and [501] crystallo-
graphic directions. The Cu yield for the adsorbate
covered surface is compared with that from the clean sur-
face [Fig. 3(b)]. The two sets of data are quite similar
over the whole angular range. This suggests that the sur-
face structure of the substrate is close to that of the clean
Cu(001) structure. As the surface relaxations of Cu(001)
are small,” ! the atomic displacements on the adsorbate
covered surface should then also be small.

The two spectra in Fig. 3(b) are similar, but not identi-
cal. For instance, around 64° scattering angle, the two
blocking dips do not line up exactly. A more detailed
view of these data are shown in Fig. 3(c). One can see
that the whole S/Cu spectrum has been shifted slightly
towards larger angles. This shows that with respect to
clean Cu(001), there is a slight expansion. This would
bring the Cu surface back towards bulklike sites. An ex-
ception to this shift is seen on the left-hand side of the
[101] blocking dip in Fig. 3(b) (90° scattering angle). This
behavior is due to blocking of sulfur atoms and will be
discussed later.

The differences between the two proposed models de-
scribed in Sec. I is most clearly observable around the
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[101] direction (90° scattering angle). We show simula-
tions based on the two proposed models in this geometry
in Fig. 4. Since d, is strongly contracted in the AR-
PEFS model, there is a large shift of the surface blocking
dip towards smaller scattering angles for this model. As
the atomic rearrangements in the LEED model are small,
no significant shift occurs in this model. Our data are in
quite good agreement with the LEED model and disagree
with ARPEFS.

We have searched for the optimal structural parame-
ters with a R-factor analysis.?* The R factor is a measure

(110) zone

(b)

FIG. 2. (a) Top view of the p(2X2)-S/Cu(001) surface. Open
(shaded) circles are the first- (second-) layer Cu atoms. Sulfur
atoms (solid circles) sit in fourfold hollow sites above the
second-layer Cu atoms. The three inequivalent Cu sites in the
second layer are labeled C, O, and A. Solid lines indicate the
two scattering planes used in this study. (b) Side view of the
crystal along the (010) plane. The O site in the second layer has
been projected onto this plane.
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of the fit between simulation and experiment with lower
R values signifying better agreement with experiment. In
this way, atomic positions can be determined with an ac-
curacy of a few hundredths of an angstrom. Because of
the low coverage and low atomic number for S, the MEIS
angular spectrum does not show large blocking effects
due to the S atoms. Therefore the Cu parameters are
easier to determine than the S parameters. We show in
Fig. 5 a set of R-factor contours for variations of the two
most sensitive Cu parameters: The first-to-third layer
spacing d,; and the surface vibrational amplitude (ex-
pressed as its ratio to the bulk value U;/U,). Thereis a
clear minimum for d;3=3.631+0.03 A, and
U,/U,=1.83. The bulk double layer spacing is 3.61 A,
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FIG. 3. (a) Scattering geometry for protons incident along
the [101] direction and detected in an angular range including
the [101], [301], and [501] directions in the (010) plane. There
are two different and independent (010) scattering planes, but
only one is shown. (b) The experimental backscattered yield
from S/Cu (open squares) and clean Cu (asterisks) as a function
of scattering angle for 100 keV protons. The crystallographic
direction associated with each blocking dip is indicated. (c) An
enlarged version of (b) around 64° scattering angle.
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FIG. 4. Experimental yield and simulations of the LEED
(Ref. 2) (solid line) and ARPEFS (Ref. 4) (dashed line) models
near the [101] blocking direction (90°). The MEIS data, which
are in good agreement with the LEED model, are indicated by
open squares.

so we find a slight expansion of the spacing between the
first and third layer of 0.02 A. As U,=1.83U,=0.15 A,
the surface vibrational amplitude has been enhanced by
83%, which corresponds a surface Debye temperature
®,=175K.

The p(2X2) symmetry allows for a buckling of the
second Cu layer, corresponding to different spacings d,
d,op and d, . These three parameters all have a strong
effect upon the scattered yield. Therefore all three pa-
rameters need to be varied simultaneously in the simula-
tion. The R-factor contours for varying d,o and d, 4 are
shown in Fig. 6(a), while in Fig. 6(b) d,- and d,, are
varied. Each of the contours has a clear and well-defined
minimum and the d, , values in the two contours are the
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3.45 35

d;; (A)

FIG. 5. R-factor contour map for the S/Cu data in Fig. 3(b)
as a function of the first-to-third layer spacing d,; and the sur-
face vibrational enhancement U, /U, .
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same. All the three spacings are equal to 1.81 A, which is
within 0.02 A of the bulk value. Consequently, although
a buckling is allowed by symmetry, we find no evidence
for such an effect.

Compared with Cu, the S related parameters affect the
angular spectrum in a less direct way. We therefore as-
sessed all the Cu parameters (except the pairing in the
first layer) as accurately as possible before varying the S
parameters. Figures 7(a) and 7(b) show the R-factor
curves versus the height of the sulfur atom over the first
Cu layer (dg,;), and the sulfur vibrational amplitude U,
respectively. In Fig. 7(a) a distinct minimum is found,
dg;=1.30 A. We estimate the error in this coordinate to
be £0.05 A. The R-factor curve for the sulfur vibration-
al amplitude [Fig. 7(b)] is quite asymmetric with a
minimum around 0.23 A.

Finally we searched for a lateral movement (pairing) of
the first-layer Cu atoms. We varied this parameter last
since previous studies>* show that the pairing, if present,
is a very small effect. Also for the scattering geometries
we used, we are less sensitive to horizontal displacements.
Figure 8 shows the R-factor curve as a function of pair-
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FIG. 6. R-factor contour maps for the S/Cu data in Fig. 3(b)

as a function of (a) d,y and d, 4, and (b) d,c and d, ,.
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the first-layer Cu atoms (pairing) for the S/Cu data in Fig. 3(b).
Note that the R factor has been multiplied with a factor of 10
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ing. A minimum is clearly observed at +0.03 A. We es-
timate the error on this determination to be +0.03 A.

In the above, we described the procedure for the initial
search for the structural and vibrational parameters. To
take into account interdependence of parameters, we re-
peated the whole process until no significant changes of
all simulated parameters resulted. The values quoted
above are our best fit values.

The data for 71.6° incidence in the (010) zone and 35.3°
incidence in the (110) zone were also analyzed through
the procedure mentioned above. Unlike the (010) zone
scattering, where only the first-layer Cu atoms are com-
pletely visible to the incident beam for both 45.0° and
71.6° incidence, the first two layers of Cu atoms are com-
pletely visible to the incident beam for the (110) zone
scattering. Therefore the yield for the (110) zone scatter-
ing is much larger than that of the (010) zone scattering,
while the sulfur scattering in both zones remains roughly
the same. In all three geometries, the data converged to
the same model within the error bars mentioned above,
ensuring that the minimum we found is a global
minimum.

All structural parameters have now been determined.
Figures 9(a) and 9(b) show a detailed comparison between
our data in two scattering geometries and a Monte Carlo
simulation for our optimal structure. Although minor
differences exist in the depth of the blocking dips, which
could be due to small remaining uncertainties like surface
defects, the simulations agree very well with the experi-
ment. The vibrational amplitudes we obtain in each of
the scattering geometries are the same. As different
scattering geometries weight the in-plane and out-of-
plane vibrational amplitudes differently, this implies that
there is no significant anisotropy of the vibrational ampli-
tudes.

We would now like to address the lack of the shift of
the [101] blocking dip in (010) zone [Fig. 3(b)]. Based on
our model and the scattering geometry displayed in Fig.
3(a), simple trigonometric arguments show that the
blocking of the flux from the second-layer Cu atoms due
to the sulfur atoms will occur at an angle of ~85°. It will
therefore overlap the Cu—Cu blocking dip around 90°.
Since the sulfur coverage is small (0.25 ML) and the
sulfur vibrational amplitude is large (0.23 A), the sulfur
blocking is expected to be very shallow, resulting in a
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FIG. 9. Experimental data (open squares) and simulations for
our best structure (solid lines) shown in (a) for protons incident
along the [101] direction in the (010) plane, and in (b) for pro-
tons incident along the [112] direction in the (110) plane.

slight asymmetry of the Cu blocking dip. This is the
cause of the unexpected behavior (no shift towards larger
angles) at the low-angle side in the blocking dip around
90° in Fig. 3(b), referred to above. The flux from the first-
and second-layer Cu atoms will also be blocked by sulfur
atoms, which results in a lowering in S/Cu yield around
80° scattering angle. This is why the S/Cu yield is statist-

TABLE 1. Structural parameters for p(2X2)-S/Cu(001) determined by different techniques. The
bulk interplanar separations d, and d; are equal to 1.81 and 3.61 A, respectively.

XSW X-ray Clean
MEIS? LEED ARPEFS SEXAFS scattering Cu(001)
(Ref. 2) (Ref. 4) (Ref. 6) (Ref. 27) (Ref. 11)
ds, 1.30 1.29 1.42 1.44" 1.19
dic 1.81 1.84 1.62 1.77
dio 1.81 1.83 1.65 1.77
d,, 1.81 1.81 1.74 1.77
dy; 3.63 3.65 3.55 3.58
S—Cu 2.25 2.26 2.26 2.31 2.19
P, +.03 +.04 —.05 +0.03 0

“Results of the present study.

®Calculated in Ref. 6 assuming no substrate reconstruction.
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ically lower than that of clean surface around 80° [Fig.
3()].

IV. DISCUSSION

Our MEIS results show clear and direct evidence that
adsorption of a p(2X2) overlayer of S on Cu(001) does
not induce a large substrate relaxation. The atomic rear-
rangements in the substrate are even smaller than for the
clean Cu(001) surface, and are only slightly different from
an ideally bulk-terminated structure.

The structural parameters determined by different
techniques are given in Table I. Although the results for
the sulfur position (dg;) are very different for different
techniques, there is wide agreement on a S—Cu bond
length of ~2.25 A. This effect results in large differences
in the measured values of the first layer pairing (P,),
which is directly related to dg, for a given value of the
bond length. Our values of dg,; (1.30 A) and P, (+0.03
A)are in very good agreement with the LEED model and
also with an inelastic electron scattermg measurement,
which yielded dg;=1.30£0.05 A.?® Very recently, x-ray
diffraction experiments, which are very sensitive to_ la-
teral distortions, found that P, is equal to +0.03 A,”
again in excellent agreement with our results. Relative to
the ARPEFS model, the sulfur atoms in the LEED and
MEIS models are located closer to the topmost Cu layer.
Therefore, with a fixed S—Cu bond length, the nearest
Cu atoms in the LEED and MEIS models are pushed
away laterally, and the opposite is found in the ARPEFS
model.

We find the first Cu interlayer spacing (d,,) to be
essentially equal to the bulk value, in contrast to the large
contraction found for the ARPEFS model (~8%), but in
good agreement with the LEED model. Although both
LEED and ARPEFS found a buckling in the second lay-
er, we do not find any evidence for this effect. The buck-
ling in the LEED model is quite small though, and the
three values of d,, only vary by 0.03 A, which is within
the error bars of both MEIS and LEED. Again, the AR-
PEFS result is very different, claiming a buckling ampli-
tude of 0.12 A. With respect to d,;, there are also
differences between MEIS and LEED on the one hand
(Ad;=+0.02 and +0.04 A respectively) and ARPEFS
on the other (Ad ;= —0.06 A).

It is interesting to relate our model to our recent re-
sults for the clean Cu(001) surface (Ad;, = —2.4% and
Ady;=+1%)."! The effect of the sulfur adsorption is to
bring the outermost layer back to a bulk terminated loca-
tion and to cause a gentle lateral outward movement of
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the Cu atoms closest to the adsorbate. The second-layer
Cu atoms are not affected appreciably by sulfur adsorp-
tion, probably because the separation between the S
atoms and the second-layer Cu atoms is too large. With
respect to clean Cu(001), significant changes in the S/Cu
substrate occur only in the first layer. For both systems,
the surface vibrational amplitudes have been found to be
greatly enhanced. We have looked for vibrational anisot-
ropy in the S/Cu system, but the vibrations are well de-
scribed as isotropic.

The outward movement of the first Cu layer induced
by S adsorption can be understood through a simple pic-
ture. The common trend of relaxations at clean metal
surfaces has been explained successfully by Finnis and
Heine?® with an ion-lattice model, in which the electron
surface tension causes the electrons to smooth out the
surface corrugation. This electron redistribution induces
an effective electrostatic force on the surface atoms re-
sulting in a surface contraction. Upon adding a } mono-
layer of S on Cu(001), the charge transfer between S and
Cu will again result in a charge redistribution in the sur-
face region. Since the electronegativity of S is greater
than that of Cu, the Cu electrons will move outwards to-
wards the S atoms, removing the electrostatic driving
force for an inwards relaxation. This kind of
phenomenon has been observed in similar chemisorption
systems like S/Ni(110) (Ref. 29) and O/Ni(001).2>%

V. CONCLUSIONS

We have investigated the surface structure of the
p(2X2)-S/Cu(001) system with MEIS. The data show
clear and direct evidence that the adsorbate does not in-
duce a large reconstruction of the substrate. The effect of
the sulfur adsorption is to move the outermost layer of
Cu atoms outward and to make the Cu atoms closest to
the adsorbate move laterally away from the adatom. We
have not detected any effects upon deeper layers. The
structural parameters we obtain are very close to those
found by LEED, but disagree with ARPEFS results.
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FIG. 2. (a) Top view of the p(2X2)-S/Cu(001) surface. Open
(shaded) circles are the first- (second-) layer Cu atoms. Sulfur
atoms (solid circles) sit in fourfold hollow sites above the
second-layer Cu atoms. The three inequivalent Cu sites in the
second layer are labeled C, O, and A. Solid lines indicate the
two scattering planes used in this study. (b) Side view of the
crystal along the (010) plane. The O site in the second layer has
been projected onto this plane.



