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The structures of the p {n X 1) superstructures (n =4, 5, and 9) of Pb on Cu(110) in the coverage range
between 0=0.75 and 0.8 are revealed by atomically resolved scanning tunneling microscopy. All three
superstructures are formed by substitution of every nth row of Cu atoms (n =4, 5, and 9) in the [001]
direction by Pb atoms. The Pb atoms in between are lined up in the [110]direction. The p (4 X 1) struc-
ture appears in two different modifications: one with substitutional rows of Pb atoms and one with a
simple overlayer structure without substituted rows of Cu atoms. Alternating succession of these two
modifications results in p(12 X 1) domains. It is further shown that the p (9X 1) structure is not a succes-
sion of p(4X1) and p(5X1) but a superstructure on its own. The p(5X1) structure proposed here
agrees with previous x-ray-diffraction data at least as well as the quasihexagonal model proposed earlier.
We have, in addition, identified the nature of the phase that has been described incommensurate ob-
tained by desorption of Pb upon annealing above 600 K.

I. INTRODUCTION

Submonolayer Pb films on Cu(110) show a variety of
superstructure phases (SP's) depending on coverage. '

A surface alloy lattice gas at low coverage is followed by
ac(2X2) SP at 0=0.5, ap(4X1) at 0=0.75, ap(9X1)
at 8=0.778, and a p(5X1) at 0=0.8 ML Pb. The first
detailed crystallographic study of the p(5X1) SP was
done by Brennan, Fuoss, and Eisenberger using grazing-
incidence x-ray scattering. They described this structure
as "rumpled dimers, "which form zigzag chains, resulting
in a quasihexagonal structure. The p (4X 1) SP has been
described in Ref. 4 as three rows of Pb atoms in a hexago-
nal arrangement followed by a light domain wall in the
[001] direction. The transition from the p(4X1) to the
p (5 X 1) SP has therefore been explained by a "random
elimination of light domains walls" resulting in a
quasicompact hexagonal p (5 X 1) overlayer. A variety
of SP's [p (n X 1), n =4, 17, 13, 9, 14, 19, and 5I was ob-
served in the coverage range between p(4X1) and

p (5 X 1), which were interpreted as a linear combination
of difFerent numbers ofp (4 X 1 ) and p (5 X 1) SP's.

In this work, we present a scanning tunneling micros-
copy (STM) study of the growth of Pb on Cu(110) in the
coverage range between 0=0.75 I

=p (4 X 1 ) I and
8=0.8 [ =p ( 5 X 1 ) ] . Atomically resolved images allow
us to present the structures of the p (4X 1), p (9 X 1), and
the p(5X1) SP's which are found to be substantially
different from all the structures proposed in the litera-
ture. ' '

II. EXPERIMENT

The STM work was done in an UHV chamber
equipped with sample characterization equipment such as
low-energy electron diffraction (LEED) and Auger elec-

tron spectroscopy (AES). The base pressure in this
chamber is typically below 5X 10 "mbar. All STM im-

ages were obtained in constant current mode with the
sample negative. Tunneling voltages and currents were
between —1 V and —5 mV and 0.7 and 4 nA, respective-
ly. The sample preparation (sputter cleaning, annealing,
and Pb deposition) was performed in a separate chamber
with a pressure in the low 1X10 ' -mbar region. The
Cu(110) single crystal was cleaned by cycles of Ar+
sputtering and annealing to 800 K. Pb (99.999%) was de-
posited from an electron-beam-heated crucible at deposi-
tion rates between 0.05 and 1 ML/min (a coverage of
8= 1 ML corresponds to one Pb atom per one Cu atom).
The deposition rate was controlled by a quartz microbal-
ance before the deposition and continuously monitored
by the built-in Aux monitor of the evaporation source
(Omicron EFM3) with an accuracy estimated to be better
than +5%. Furthermore, the coverage has been routine-
ly controlled by AES after the STM measurements and
by comparison with superstructures known from litera-
ture. With the help of these superstructures the actual
coverage can be determined within 1% accuracy.

All the STM experiments and the Pb deposition were
performed at room temperature (RT). When denoted in
the figure captions, the sample has been annealed after Pb
deposition to reduce the domain boundary and the island
density, respectively.

III. RESULTS

A. p (4 X 1) superstructure

Figure 1 shows a STM image of the Cu(110) surface
after RT deposition of 0=0.7S ML Pb, the coverage
necessary for the formation of the p(4X1) SP. Csrooves
are visible in the [001]direction with mainly two different
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FIG 1. STM image of 0=0.75 ML Pb deposited on Cu(110)
at RT after annealing to 420 K. Almost the whole surface ex-
hibits grooves with mainly two different spacings, which
succeed each other fairly regularly. The region marked by an

0
arrow shows no grooves (1000X 1000 A ).

spacings. These grooves are oriented perpendicular to
the direction of the natural [110] troughs seen on clean
Cu(110) surfaces. Close to a step edge a small region
without any groove can be seen (marked by an arrow). A
detail of the above image shows an area with small
groove spacings as well as larger spacings (Fig. 2). The
minimum distance between two grooves spacings corre-

sponds exactly to four Cu lattice constants, i.e., a p (4 X 1)
SP. In between these two closely spaced grooves two Pb
atoms are visible. The coverage (which is known with an
accuracy of about 5%%uo) of 0.75 ML Pb, however, implies
that there have to be three Pb atoms placed on four Cu
atoms. Therefore, the missing Pb atom has to be in the
groove; i.e., the grooves are filled with Pb atoms that
have replaced a row of Cu atoms and are situated in the
first Cu layer. This is also confirmed by the highest cov-
erage SP, the p (5 X 1), which has the highest groove den-
sity (see below). If the grooves were not filled with Pb a
higher groove density would result in a lower coverage.
Electronic and tip e6'ects can be excluded to cause the
grooves since they are independent of tunneling condi-
tions. Furthermore, we have observed islands which ap-
pear on large terraces, i.e., the expelled Cu atoms either
difFuse to steps or form islands that are again covered by
the corresponding SP. Successive images show that these
grooves can move or even disappear. This movement
also causes the frizzy appearance of the end of the
grooves in Fig. 2. The overall coverage and the move-
ment, however, imply that the structure with the larger
groove spacing as well as the one with the smaller spac-
ing are two modifications of the p(4X1) SP. In other
words, the p (4X 1) SP also appears as an overlayer struc-
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FICr. 2. STM image of 0=0.75 ML Pb. The two
modifications of the p(4X 1) superstructure result in the local
formation of p (8 X 1) and p (12X 1) superstructures. Burrowing
of a row of Pb atoms leads to the transformation of a p (8 X 1)
into a p (4 X 1) structure and vice versa. For better contrast& the
height of the step has been reduced artificially (100X100 A ).
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FIG. 3. Unit cells of the p(n X1) superstructures (n=4, 12,
9, and 5) and the corresponding coverage. (a) and (c) show the
two different modifications of the p(4X 1) superstructure. The
unit cells are marked by a rectangle.
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ture without any grooves (see the region marked by an ar-
row in Fig. 1). The succession of these two difFerent
modifications leads to small domains of p (8 X 1) SP's and
p (12 X 1) SP's, where the latter can be understood as a
p(8X1) SP followed by a p(4X1) SP. Figures 3(a) and
3(c) show models of the two modifications of the p (4 X 1)
SP which are diQ'erent from those presented in the litera-
ture so far. '"

K in about 14 h. The experimental parameters have been
chosen to account for the "very slow kinetics of the
domain wall pinning transition, " as described in Ref. 3.
Indeed, Fig. 4(b) shows a very regular succession of small
and large groove spacings that can be related to p (4X 1)
and p(8 X 1) or p (9X1) SP's. That is to say, the alterna-
tion of unit cells from each of simple SP's leads to the for-
mation of p(12X1) and p(13X1) SP's, respectively.

B. p {9X1) superstructure

After adding about 0.025 ML Pb (total coverage 0.775
ML), the whole surface exhibits grooves with two
difFerent spacings [Fig. 4(a)]. This is more clearly seen in
a closeup shown in Fig. 5. Besides the two modifications
of the p (4X 1) SP, a different structure appears in which
every seUen, th row of Pb's is situated in the underlying Cu
layer, i.e., substitutes a row of Cu atoms in the [001]
direction. The atoms in between are —similar to the
p (4X 1) SP—lined up in the [110]direction. This struc-
ture cannot be explained by an alternating succession of
the two modifications of the p (4X1) SP [i.e., a p(8X 1)
SP], since in this case every sixth row of Pb would be sit-
uated in the underlying Cu layer. From the distance of
the grooves and the number of Pb atoms in between, it is
obvious that seven Pb atoms are placed on nine Cu
atoms. That is to say, this structure is a p (9 X 1) SP with
a local coverage of —,'(=0.778) ML Pb. Figure 3(e) shows
the p (9X 1) SP schematically. At an overall coverage of
0=0.778 ML Pb, the whole surface is covered by the
p (9 X 1) SP (Fig. 6).

Figure 4(b) shows the result of an experiment where a
0.757 ML Pb film has been cooled down from 430 to 370

&. p(5X1) superstructure

After further increase of the coverage, a structure ap-
pears with a smaller groove-to-groove distance than the
p(9X1) SP [Fig. 7(a)]. A detail of Fig. 7(a) shows that
this structure is formed by three rows of Pb atoms in the
overlayer, again followed by a substitutional row of Pb
atoms [Fig. 7(b)]. Since in this case four Pb atoms are sit-
uated on five Cu atoms, this structure has to be a p (5 X 1)
SP with a local coverage of 8=0.8 ML Pb [a schematic
drawing is presented in Fig. 3(f)].

Further deposition of Pb above 0=0.8 ML Pb leads to
the formation of three-dimensional (3D) islands on top of
the Pb overlayer, ' consistent with this being the structure
at saturation coverage, although locally a p(6X1) SP
with 0=0.833 [Fig. 7(b)] and even a p(2X1) with 0=1
could be observed [Fig. 7(c)].

The depth of the grooves measured with STM is be-
tween 0.6 and 0.8 A, which is in reasonable correspon-
dence with the rough estimation of a hard-sphere model
(see Fig. 8). In this model, the depth is about 1.25 A.
Due to this large depth, we could not succeed in imaging
the Pb atoms that are situated in the grooves.

FIG. 4. (a) STM image of 0=0.775 ML Pb
on Cu(110) deposited at RT and annealed at
470 K. Visible is a more or less regular ar-
rangement of p(4X1) and p(9X1) superstruc-
tures, with small and large groove to groove
spacings, respectively (1000X 1000 A ). (b)
STM image of 0=0.76 ML Pb after cooling
down from 430 to 370 K in 14 h. The p (9 X 1)
superstructure domains are marked by "9's,"
and all others are p (4 X 1) and p (8 X 1) struc-

0
tures, respectively (1000X200 A ).
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FIG. 5. STM image of 0=0.775 ML Pb. p (4X 1), p (9 X 1),
and one small domain of a p(13X1) superstructure are visible
(100X 100 A').

IV. DISCUSSION

A. p(n X1) superstructures

The atomically resolved images of the p(4X1),
p (9 X 1), and p (5 X 1) SP's shown in Figs. 2, 6, and 7(b),
respectively, clearly disprove the models presented so far
in the literature. ' ' Only overlayer structures had been
considered by these authors, whereas our findings show
substitutional structures instead. In detail, the p (5 X 1)
SP has been described as a pseudohexagonal overlayer,
and the p (4X 1) SP as domains of a p (5 X 1) SP separated
by light domain walls in the [001j direction after every
third row of Pb atoms. The p(9X1) SP has been de-
scribed as an alternating succession of p(4X1) and

FIG. 7. (a) STM image of 0=0.794 ML Pb on Cu(110). Visi-
ble are smaller and larger groove spacings of p (5 X 1) and

0

p (9 X 1) superstructures, respectively (1000X 200 A ). STM
image of the p (5 X 1) superstructure with one domain of (b) a
p(2X 1) superstructure which has a local coverage of 0=0.83
ML Pb and (c) a p(2X 1) superstructure which has a local cov-
erage of 0= 1 (100X 100 A ).

FIG. 6. STM image of a p(9X 1) superstructure at a cover-

age of 0=0.778 ML Pb. Every ninth row of Cu atoms in the

[001] direction is replaced by a row of Pb atoms situated in the
dark groove (100X 100 A ).

p(5X1) unit cells. " However, our measurements show
that the p (n X 1) SP's (n =4, 9, and 5) are formed by sub-
stitution of every nth row of Cu atoms by Pb atoms.

In an earlier x-ray study, the formation of an incom-
rnensurate phase, with a Aoating hexagonal layer struc-
ture which forms upon annealing of the p(5X1) SP at
623 K, has been reported. Contrary to these findings, we
observe that heating of the p (5 X 1) SP leads to desorp-
tion of Pb, starting at around 570 K, and the succession
of phases is entered in the inverse order to that seen upon
deposition. No Aoating hexagonal phase was ever ob-
served. A better description of the incommensurate state
would therefore be called discommensurate, as it is made
up of a random sequence of unit cells of different simple
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FICs. 8. Model for the p(5X 1) superstructure. The in-plane
distances have been derived by recalculation of the x-ray-
diffraction data in Ref. 2; the height difference of 1.25 A be-
tween the overlayer Pb atoms and the Pb atoms in the groove is
a rough estimation resulting from a hard-sphere model.

L.l A

SP structures, for example p(5X1) and p(9X1). The
diffraction from a 1D structure made up of a random se-
quence of two different lengths was derived by Hendricks
and Teller, and yields a single broadened difFraction
peak in between the positions of the two parent phases.
Just such a broadened peak was indeed observed by Bren-
nan, Fuoss, and Eisenberger in Ref. 2.

A recent x-ray study of the p(4X1) SP of Bi on
Cu(110) (Ref. 8) showed the same substitutional structure
as has been described within this work. Since beside this

p (4X1) SP, p(n X 1 ) SP's also have been found in other
deposition studies on Bi on Cu(110) (n =4, 5, and 6) (Ref.
9) and of Pb on Ni(110) (n =3, 4, and 5),' we suggest
these SP's may likewise be of the substitutional type.

On closer look, another interesting result can be de-
duced from Fig. 2: even though the row of Pb atoms that
is in the middle of the two p (8 X 1) domains in the lower
part of the image is situated in bridge sites [see the model
in Fig. 3(a)), it appears darker. This unexpected
behavior, which has also been observed on a close-packed
Pb film on Cu(111), will be the subject of a future publica-
tion.

B. Reconciliation with previous
x-ray-diffraction study

A quasihexagonal Pb-overlayer structure was proposed
for the p(5X1) phase in Ref. 2, which gave excellent
agreement with the 18 in-plane structure factor measure-
ments. The model proposed is unusual in that it contains
distortions from ideal hexagonal packing which do not
uphold the pmm symmetry of the Cu(110) substrate.
This was permitted in the analysis of that study because
the data were not symmetry averaged, and because small
differences between pmm-symmetry-related rejections
were indeed observed. If these difFerences were truly
significant (and not due to experimental error), they
might be caused by a low symmetry overlayer (such as
the one proposed in Ref. 2) with a preferred orientation
among the inequivalent domains, that might be caused by
miscut of the sample used, for example.

In none of our STM images have we detected evidence
of the broken pmm symmetry of the p (5 X 1) phase; nor
have we seen unit cells with hexagonal packing apparent
in the topmost layer. In an attempt to resolve this rather
serious discrepancy, we consider an alternative explana-

tion of the observed broken symmetry; that it simply
represents the experimental uncertainty of the structure
factor measurements. Tiny misalignments or deviations
of the grazing incidence angle from the critical angle can
lead to systematic errors of the magnitude of the ob-
served variation.

The x-ray study was one of the earliest of its kind, and
numerous subsequent analyses have assumed instead that
the nonreproducibility of symmetry-equivalent rejections
is due to systematic errors. ' In fact, the determination
of the reproducibility has become the accepted way to
determine experimental errors in surface x-ray crystallog-
raphy, ' ' just as it is indeed used in traditional x-ray
crystallography. '

A second difFerence in the x-ray analysis of Ref. 2 was
the omission of structure-factor contributions from the
Cu bulk crystal. It is now known that an ideal 1X1
bulk-terminated surface of a fcc(110) crystal will have
surface diffraction at in-plane positions, where the crystal
truncation rods (CTR's) (Ref. 16) intersect the plane.
These contributions are important only for integer-order
rejections, of which there are two in the published data
set, one identically zero and the other rather small.
Knowing now that there must be a CTR contribution
from the Cu substrate, we must conclude that there must
be a cancellation from the structure-factor amplitude of
the Pb overlayer present.

We therefore reanalyzed the data from Ref. 2 following
the now-conventional analysis procedure. ' ' We took
the 18 corrected intensity values and performed the
averaging over the pmm symmetry. The average of their
discrepancy (18%) was then taken to be the systematic
error of the data; the random error was estimated very
roughly to be half the weakest measured nonzero intensi-
ty value. These errors were combined in quadrature to
give an overall error estimate. We then fit calculated
structure factors for various 2D projected models to the
square root of the previously measured intensities,
weighted by the reciprocal of the estimated errors.

The calculated intensities quoted in Ref. 2 indeed cor-
respond to a very good agreement with a statistical y
value of 0.8, but this corresponds to a calculation for a
single domain with broken pmm symmetry, and no CTR
contributions. If we attempt to fit the same model con-
strained by symmetry with the CTR contributions, we
obtain y =2.29 instead. Relaxing the symmetry, but as-
suming equal contributions from the mirror-related
domains, leads to y =1.71.

The model for the p (5 X 1) phase in Fig. 3(f), as derived
from STM measurements, was tested as well. Assuming
pmm symmetry, the model has three free displacement
parameters, all along the long axis of the unit cell. Al-
lowing these parameters and one scale factor to vary, we
obtained a good fit with g =1.67. If our error estimate
above is correct, this means the fit is close to perfect at
the level of the available data, and that little further in-
formation can be expected. The refined positions of the
atoms are shown in Fig. 8, and the resulting agreement
with the experimental data in Fig. 9. The important con-
clusion is that the model fits the experimental data of
Ref. 2 at least as well as the model of Ref. 2, once the
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FIG. 9. Comparison of observed x-ray structure factors for

the p(5X1) phase of Pb/Cu(110) (Ref. 2) and those calculated
for the model proposed in this paper. The radius of each
semicircle is proportional to the structure factor amplitude; the
area is proportional to its intensity. The observed values are
shaded, the calculated ones open. This least-squares fit gave a
statistical y of 1.67.

symmetry and CTR contributions are included.
We can use the x-ray analysis as further proof of the

existence of alloying of Pb and Cu in the second layer of
the model. The chemical identity of the atoms is not well
defined by STM, and we used the coverage data to identi-
fy the phases above. The contrast between Pb and Cu is
excellent with x-ray diffraction, on the other hand. We
tested the effect of replacing the second-layer Pb atom in
the model of Fig. 3(f) with another Cu, and repeated the
refinement. We obtained a g of S.6, effectively ruling out
this possibility.

The three positional parameters used in the fitting are
displayed in Fig. 8. The top-layer Pb-Pb distance of 3.15
A is 11+3%,contracted from bulk Pb; this is reasonable
considering its low coordination number. In the second
layer, we find a lateral Pb-Cu distance of 2.91 A, or
4+3% contracted from the average spacing of bulk Pb
and bulk Cu; this is reasonable since these atoms are
close to fully coordinated. More surprising are the Cu-
Cu separations of 2. 10+0.13 and 2.73+0.16 A,
representing a 20% contraction and a 7% expansion.
This is partly understood to be caused by accommodation
of the Pb overlayer: the central Pb can drop down into its
symmetric (4-coordinated) site, pushing apart and over-
lapping with the Cu, while the off-center Cu's do not
pack so well and cause the Cu's to bond more strongly to
each other. As indicated, the error bars in the determina-
tion are rather large and do not permit a more detailed
analysis.

C. Energy and stress considerations

The substitution of Cu surface atoms by Pb atoms
seems to be a common phenomenon despite the bulk im-
miscibility. Surface alloy formation in the low-coverage
regime has been observed on all three low-index surfaces
[for Cu(111), see Ref. 17; for Cu(110), see Ref. 5; and for
Cu(100), see Ref. 13; for other systems where surface al-
loying has also been observed, see, e.g., Ref. 18 and refer-
ences therein]. Furthermore, on Cu(100) an ordered

c (4 X 4) surface alloy structure was observed. ' ' Also,
in our case the formation of substitutional SP s is favor-
able to the pseudohexagonal overlayer proposed in Refs.
2 and 4.

In terms of coordination, for each substitutional Pb
atom the groove structure has four Pb-Cu bonds more
and two Cu-Cu and two Pb-Pb bonds fewer than an over-
layer chain structure such as the second modification of
the p(4X 1). We expect the strength of a Pb-Cu bond to
be between that of Cu-Cu and Pb-Pb, which would indi-
cate that the energy associated with the formation of the
grooves is rather small. This is related to the fact that
the groove structure avoids the Pb sites with the lowest
coordination in the overlayer chain structure, i.e., those
in bridge sites.

The long-range order found, e.g., in Figs. 1 and 4(b)
[p ( 12 X 1) and p ( 13X 1 ) superstructures] cannot be ex-
plained by the groove energy but rather are indicative of
a stress effect. Relief of compressive stress at high Pb
coverages may also explain why the corresponding SP's
always exhibit grooves, whereas the p(4X1) occurs in
two modifications.

V. CONCLUSION

By means of atomically resolved STM images, the
structures of the p (n X 1) SP's (n =4, 9, and 5) were re-
vealed. All three SP's were found to be different from
those proposed in the literature. We have shown that
these structures are formed by substitution of every nth
row of Cu atoms in the [001] direction (n =4, 9, and 5,
corresponding to the SP unit cell) by Pb atoms. Between
these rows of Pb atoms that are situated in the underlying
Cu layer, the Pb atoms are lined up in the [110]direction
on the underlying Cu layer. For the p (9 X 1) and p (5 X 1)
SP's, this substitution reduces the compressive stress.
The least densely packed of these three structures, the
p (4X 1) SP, appears in two different modifications, trans-
formable into each other: besides the substitutional struc-
ture there also exists a simple overlayer structure. A re-
calculation of the x-ray-diffraction data for the p(5X1)
SP of Ref. 2 with the model derived by STM resulted in a
better fit, and allowed us to determine the displacements
of the Pb atoms in the unit cell and of the underlying Cu
atoms, respectively. Annealing of the p(5X1) SP to 600
K led to desorption of Pb. In this way, the succession of
SP's is run through in the reverse way. In other words,
no evidence was found for the formation of an incom-
mensurate SP after annealing as reported in the litera-
ture.
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