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Structure determination of Cu(100) -p(2 x 2)-S using x-ray diI'raction
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The role of substrate reconstruction in the Cu(100)-(2&&2)-S system has been investigated us-

ing x-ray diffraction. It is found that the first-layer Cu atoms are laterally displaced away from
the S atoms by 0.03+'0.01 A. This result resolves a recent controversy between a low-energy

electron-diffraction study and an angle-resolved-photoemission extended-fine-structure analysis in

favor of the electron-diffraction result.

In order to obtain a detailed understanding of the prop-
erties of adsorbates on metals, knowledge of the geometric
structure at the surface is a prerequisite. This allows one
to look at systematic differences between related systems, '

and also provides model systems against which theoretical
calculations can be tested. Qne system that has received
considerable experimental attention is S on Cu(100).
As a function of S coverage, various phases appear on the
surface, one of which is a p(2 & 2) overlayer for a S cover-
age of -0.25 monolayer. Though various techniques
have agreed that in this system the S is adsorbed at a
fourfold-hollow site, ' there is no such consensus on the
question of whether the first-layer Cu substrate atoms also
are part of the reconstruction, that is whether these show
a lateral displacement. In particular, a low-energy
electron-diffraction (LEED) analysis' arrived at a model
in which the top-layer Cu atoms move away from the S,
whereas an angle-resolved-photoemission extended-fine-
structure (ARPEFS) study concluded that the Cu atoms
are displaced towards the S. A very recent investigation
with surface-extended x-ray absorption fine structure
(SEXAFS)6 could not resolve this matter, because,
though this technique accurately measures first-neighbor
bond lengths, the other structural parameters needed to
deduce the reconstruction could not be determined.

Surface x-ray diffraction is a technique particularly
well suited to measure lateral displacements with a high
accuracy. ' Due to the kinematical nature of the
scattering process, the interpretation of the diffracted in-
tensity is straightforward and does not involve complicat-
ed model calculations. This is not the case in LEED or
ARPEFS, and doubts on the validity of the theoretical ap-
proaches used in such model calculations were raised in
order to explain the conflicting results obtained by these
two techniques. Since with x-ray diffraction the data in-
terpretation is unquestioned, that technique is used in this
paper to resolve the controversy between LEED and
ARPEFS.

The experiment was performed at the ATEST beam line
X16A at the National Synchrotron Light Source (NSLS)
at BNL. The x rays from the storage ring are focused by
a toroidal mirror and are monochromated by a Si(111)
double-crystal monochromator before entering the vacu-
um chamber where the sample is mounted. "

The Cu(100) substrate (12-mm diam) was cleaned by
repeated cycles of sputtering (1-keV Ar+ ions) and an-
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FIG. I. The peak intensity above background of the
(0.5,0,0.1) reAection during thermal cycling of the sample. Cir-
cles denote measurements while heating, whereas squares
denote cooling.
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nealing (450'C) until no contamination could be detected
using Auger electron spectroscopy. The p(2X2) over-
layer was prepared by exposing the substrate at room tem-
perature to H2S at a pressure of 1&10 Torr. By
measuring the peak height and width of the (0.5,0,0.1)
reflection, the degree of order of the p(2X2) overlayer
could be monitored. After a total dose of -80 L (1
L 10 Torrs) the peak height stopped increasing. A
subsequent anneal to 250'C was found to improve the
quality of the overlayer, as displayed in Fig. 1, where the
peak height (above background) of the (0.5,0,0.1)
reflection is shown as a function of sample temperature.
Above 200'C the peak starts to disappear, but upon cool-
ing it reappears with increased height. There is no
measurable change in peak width between the surface be-
fore and after the anneal, thus the increase seems not to
be due to a higher surface order, but it probably corre-
sponds to a higher fraction of surface atoms contributing
to the signal. This could be caused by the desorption of a
small excess amount of H2S that initially destroyed part
of the p(2 X 2) order. After the first cycle the temperature
dependence is reversible, indicating that no further S is
lost (diffused into the bulk or desorbed).

The drop in peak height around 200'C is much faster

7896



STRUCTURE DETERMINATION OF Cu(100)-p(2x2)-S 7897

than can be explained by the Debye-Wailer effect, indi-

cating that at this temperature a phase transition occurs.
There is some indication that the peak broadens during
the transition. Because of the large background in the
data, no attempt was made to investigate carefully wheth-

er the integrated peak intensity was constant during the
phase transition. This would have indicated whether the
transition is of the order-disorder type. ' From the final

low-temperature peak width a correlation length of —100
A is derived, corresponding to an average reconstructed
domain length of -20 unit cells.

Qver 400 different reflections were measured, corre-
sponding to 84 nonequivalent ones, which belonged to 16
fractional-order and 4 integer-order rods. All scans were

done with the rods aligned in the horizontal plane (along
the instrumental resolution function), by rotating the en-

tire setup to the corresponding angle. '3 This eliminates a
number of corrections related to changes in resolution
function. '

The high background levels and broad low peaks of the
data required careful data analysis, especially of the
weaker reflections. Therefore the data were fitted using,
as a working approximation, a Lorentzian peak shape
with a linear background. This fitted background was

then used in a numerical peak integration. After area and
polarization-factor corrections, ' and taking the square
root, the experimental structure factor was obtained.
Even after using this procedure, more elaborate than usu-

al, the average agreement between equivalent reflections
was 14%, to be compared with typical values of (5-10) lo.

The error in the data was estimated by combining the
average agreement with the statistical error.

In the analysis the experimentally derived structure fac-
tors Fql, l are fitted to the ones calculated for a model
structure
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FIG. 2. The model for Cu(100)-p(2X2)-S. The direction of
the in-plane relaxation in the substrate is indicated by the ar-
rows.

tor of S [see Eq. (1)]. The computed rod profiles for this
case are shown as the dashed curves in Fig. 3. Clearly the
data show more structure than these monotonically de-
creasing profiles, implying that the Cu atoms must be
reconstructed. Fitting the data without allowing the Cu to
reconstruct gives a g of 1.6, more than twice the
minimum value. The sign of the Cu displacement can be
inferred by noting that only a displacement away from the
S gives rod profiles with the correct increase or decrease
as a function of I for adjacent reflections. This is particu-

unit cell

Fql, l
= g fjexp[ B~Q /(16—ir )]

J
x exp [2rri (hx~+ kyj + lz~ )],
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with xj, yj, and z~ the position of atom j in the unit cell in

reduced coordinates, f~ the atomic scattering factor, BJ
the isotropic Debye-Wailer parameter, and Q the momen-
tum transfer. The generally accepted structure model
with S at a fourfold hollow site (see Fig. 2) was used as a
start in fitting the data. The parameters that were al-
lowed to vary were an overall scale factor, the distance ds&

of the S atom to the first-layer Cu atoms, a lateral dis-
placement h, of the top-layer Cu atoms, and isotropic
Debye-Wailer parameters 8 for S and Cu. The optimum
parameters were ds1 1.19~0.14 A, 5=0.03~0.01 A,
Bs-3.5+ 1 A2, and Bc„2.0+ 0.5 A, giving a reduced

g of 0.75. The low value of g is probably related to the
conservative estimate of the errors in the data.

The data are particularly sensitive to the lateral dis-
placements of the Cu atoms. This can be illustrated by
comparing some typical rod profiles (Fig. 3) with calculat-
ed ones. The solid curves in Fig. 3 are calculated using
the optimum fit parameters. If the Cu atoms were not
reconstructed, they would not contribute to the frac-
tional-order structure factor and the only I dependence in
the rod profiles would be due to the atomic scattering fac-
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FIG. 3. A series of scans as a function of the perpendicular
momentum transfer I (rod scans). The circles are the data
points, the solid curves are the best fit, and the dashed curves
represent the calculated rod profiles for a model in which there
is no reconstruction of the top-layer Cu atoms.
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larly clear for the (1.5,0) and the (1.5, 1) rods: in the first
case the intensity decreases for i going from 0 to 1,
whereas in the second case the intensity increases over the
same / range. A displacement towards the S would re-
verse this behavior, in contradiction with the data.

In Table I the structural parameters as found here are
compared with the results of LEED (Ref. 7) and AR-
PEFS. It is clear that the x-ray results compare well
with the LEED, but not with the ARPEFS. The table
only shows the two structural parameters 6 and ds~ that
were optimized in our analysis, but it should be noted that
in the LEED and ARPEFS analyses perpendicular relax-
ations in the second Cu layer were also considered. Due
to the limited range of perpendicular momentum transfer,
the x-ray data are not sensitive to these small relaxations,
and therefore they have been ignored in the analysis. For
the same reason, the error bar on dst is rather large. The
table also shows the g2 values obtained by comparing the
model derived from LEED and ARPEFS (including
second Cu-layer relaxations) against the x-ray data. A
scale factor and Debye-Wailer parameters were allowed
to vary. Again the LEED gives a satisfactory fit, but the
ARPEFS does not. In addition an electron-energy-loss
spectroscopy study ' measured a value for d s ~ of
1.30+'0.05 A, consistent with the LEED and x-ray
diffraction results, but not with ARPEFS.

Despite the differences, the LEED and ARPEFS results
do give the same Cu-S bond length of 2.26 A, which is in

good agreement with a recent SEXAFS measurement
that gave 2.27+ 0.01 k6 The fact that ARPEFS does
give the correct bond length is not surprising, because this
technique is particularly sensitive to bond length, in a
manner that is similar to SEXAFS. The bond-length
value also falls within the large error bar of the x-ray re-
sult.

Because our results agree well with the LEED analysis,
we do not share the objections that were raised against the
LEED data interpretation. On the contrary, our work
indicates that it is ARPEF$ which requires some further
development of the theoretical analysis underlying the
model calculations. ' $ince the present Cu(100)-
p(2x2)-S surface appears to be an example where the

dsi
dcu-s

X-ray diffraction'

0.03(1)
1.19(4)
2.19(14)
0.75

LEED

0.04
1.29
2.26
0.89

ARPEFS'

—0.05(2)
1.42(2)
2.26(1)
6.46

'This work.
bReference 7.

'Reference 4.

ARPEFS analysis did not give the correct answer, this
could be used as a model system to further improve the
ARPEFS technique.

The only ab initio calculations available of an adsor-
bate-induced reconstruction of a fcc crystal are for isolat-
ed S atoms on Al(100). ' For that system, it was found
that the first-layer Al atoms are displaced away from the
S atoms by -0.03 A. That the reconstruction for
Al(100) has the same sign and order of magnitude as in
the Cu(100)-p(2&2)-S system is encouraging, and such
calculations for the Cu(100) system are awaited with in-
terest.

In conclusion, we have established the occurrence of a
S-induced reconstruction in the Cu substrate. First-layer
Cu atoms are displaced 0.03 ~0.01 A away from the S
atoms. This reconstruction may give rise to an energy
barrier which inhibits further H2S adsorption at room
temperature, and therefore prevents the subsequent for-
mation of a c(2 &2) reconstruction. 's

We would like to thank P. H. Citrin for stimulating dis-
cussions. NSLS is supported by the U.S. Department of
Energy under Contract No. DE-AC02-76CH00016.

TABLE I. A comparison between the results obtained with
x-ray diffraction, LEED, and ARPEFS. 6 is the lateral dis-
placement of the first-layer Cu atoms, with a positive value
meaning a displacement away from the S. ds~ is the height of
the S above the substrate. dc„-s is the Cu-S bond length. The
error bars are given in parentheses; for the LEED analysis, no
error bars were given. The g values are obtained by fitting the
structural models to the x-ray diffraction data.
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