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Abstract
The growth, structures and thermodynamics of Xe adsorbed on Pb(111)
were studied with low-energy electron diffraction (LEED). Measurements of
equilibrium adsorption isobars indicate layer-by-layer growth for at least two
layers in the temperature range 60–90 K, and an isosteric heat of adsorption
of 191 ± 10 meV for the first Xe layer and 158 ± 20 meV for the second
Xe layer. The monolayer has an incommensurate hexagonal structure with a
lattice parameter similar to that found in bulk Xe, and its thermal expansion
coefficient was measured to be 9 ± 1 × 10−4 K−1. The average overlayer–
substrate spacing was determined from a constant-momentum-transfer analysis
of the LEED intensities to be 3.95 ± 0.10 Å. Vibrational information was
obtained from measuring the decay of the diffraction intensities as a function of
temperature. The perpendicular root mean square displacement of the Xe atoms
at 50 K is 0.12±0.01 Å, giving an effective Debye temperature for adsorbed Xe
of 37 ± 2 K. The corresponding vibrational energy for the perpendicular mode
of Xe is 3.2 ± 0.3 meV.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

There is a growing interest in understanding the structures and dynamics of weakly interacting
systems due to their importance in many areas of soft condensed matter and biological physics.
Although they have been studied for many years, the interactions of gases physisorbed on
surfaces are still not understood on a fundamental level. These systems have mostly eluded the
dragnet of density functional theory (DFT) because, at this time, there is no widely accepted
procedure for including the van der Waals interaction into such calculations. However, there
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is increasing activity toward this goal [1–3], and the test of such new theoretical developments
depends on having experimentally measured quantities for comparison.

This paper describes a low-energy electron diffraction study of the adsorption of Xe on
Pb(111). Xe adsorption on metal surfaces has been studied for some time [4], but most work
on the surface geometries has been relatively recent [5]. Even without including the van
der Waals interaction, a recent DFT study of Xe adsorption [6] was able to identify some
trends in the bonding and adsorption geometries for Xe on many close-packed metal surfaces
that are consistent with experimental studies. It had already been noted from experimental
measurements that the Xe–metal distance decreases when the adsorption energy increases. A
less obvious finding from the theoretical study is that the Xe–metal perpendicular spacing
is largely insensitive to the adsorption site. This implies that the actual Xe to metal atom
‘bond’ distance depends strongly on the adsorption site, and that a hard-sphere model gives an
inaccurate picture of Xe adsorption. The study presented here provides thermodynamic and
structural information for Xe on Pb(111), which has not been addressed in previous studies,
and compares these results to other similar systems.

2. Experiment

The experiments were carried out using an OCITM low-current LEED in an ultra-high vacuum
(UHV) chamber that also has instrumentation for Auger electron spectroscopy (AES) and
sample preparation. The sample manipulator incorporates an open-cycle He refrigerator for
sample cooling.

The Pb(111) crystal was first polished using a diamond abrasive paste starting with 6 μm
size grit and finishing with 0.25 μm size grit. The polishing was finished with 0.05 μm alumina.
After the mechanical polishing, it was polished on a soft cloth with acetone for a few minutes,
which gave it a shiny appearance. Two different chemical etching methods were used to prepare
the Pb(111) surface before it was inserted into the UHV chamber. Both were effective, but
the second produced a surface that required less preparation in UHV. In the first method, the
Pb(111) sample was immersed for 1 min in a chemical etch that consisted a mixture of 25%
acetic acid, 25% hydrogen peroxide and 50% water for a few minutes, giving the crystal surface
a shiny appearance. Although the surface was visually good, it required more sputtering and
annealing cycles to produce a good surface than the second method. In the second method,
four different dipping solutions were used in succession. The first, the polishing solution,
consisted of 2 ml of concentrated nitric acid, 100 ml of 5% acetic acid, 10 ml of saturated
EDTA disodium salt solution and 5 ml of 30% hydrogen peroxide. The second solution was
10% saturated EDTA di-sodium salt solution. The third was 7.5% reagent grade ammonia, and
the fourth was acetone. The crystal was dipped in each solution in turn for about 10 s each,
the process was repeated four times, and finally it was dipped in just the polishing solution and
then acetone. After this procedure, the surface had a matt appearance.

The crystal was then mounted onto a polished Cu plate, which was directly connected to
the cryostat. The sample was heated using a resistive heater from LabWave Labs (maximum
output 40 W) attached to the back of the Cu plate, and its temperature (T ) was measured with
a K-type thermocouple that was clamped to the surface of the sample. The thermocouple was
calibrated at low T with a Si diode thermometer; the lowest temperature attained in these
experiments was 11 K. The sample was prepared in UHV by repeated cycles of Ar+-ion
sputtering (1.0 keV, 1.0 × 10−4 mbar) for 15–30 min and annealing to about 230 ◦C for 5 min.
An Auger electron spectroscopy (AES) spectrum of the surface before cleaning indicated that
the main contaminant was carbon, but no impurities were detected after the cleaning procedure,
as shown in figure 1.
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Figure 1. AES scans after the crystal preparation in UHV. Pb Auger peaks are marked with arrows.
The LEED pattern (E = 210 eV) from the clean surface at T = 30 K is shown in the inset.

LEED data were acquired using a CCD video camera and data acquisition system that
has been described previously [7]. For all of the measurements described here, whole frames
(LEED patterns) were acquired and analysed later. The adsorption isobar measurements were
performed by holding the Xe partial pressure in the UHV chamber constant while lowering or
raising the sample temperature. In the isobar measurements, LEED patterns were acquired at
incident beam energies of 79–98 eV. The intensities of the LEED spots were extracted from the
frames using a circular integration window centred on the spot, and subtracting a background
equal to the average intensity of the perimeter of the window.

The lattice parameters for the Xe overlayer were determined by measuring the distances
between diffraction spots on the LEED pattern. Figure 2 shows the LEED pattern from a
monolayer of Xe. The outer six spots are from the substrate, and the inner six azimuthally
elongated spots are from the Xe monolayer. The positions of the diffraction spots from the
Pb substrate and the known lattice constant of Pb were used to calibrate the lattice spacing
measurements of the overlayer. The measurements were corrected for the flat geometry of
the LEED screen. Lattice parameter measurements to determine the expansion coefficient
were made for the constrained Xe monolayer, i.e. an overlayer in equilibrium with the three-
dimensional (3D) Xe vapour.

The lattice vibration measurements were performed on ‘unconstrained’ layers, i.e. a partial
monolayer with no Xe vapour. In order to produce unconstrained layers, the surface was cooled
to 50 K, and Xe was leaked for a few seconds into the chamber at a pressure of 2.6×10−7 mbar
until the incommensurate monolayer structure was observed in the LEED pattern. The Xe gas
was then pumped away and the sample heated until the Xe was partially desorbed; this was
determined by the reduction in intensity of the Xe spots. The film was then cooled again.

A constant momentum transfer analysis (CMTA), described in section 3.2, was carried out
to determine the average Xe–Pb perpendicular spacing. This experiment involves measuring
the intensity of the specular beam at various angles of incidence. For each angle, full LEED
frames were acquired as a function of energy, and the intensities of the specular beam were
later extracted as described above.

3
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Figure 2. LEED pattern from a monolayer of Xe on Pb(111) at 75 eV and T = 16 K. The outer
six spots are diffraction from the substrate lattice, the inner six (elongated) spots are from the Xe
monolayer.

Figure 3. Xe adsorption isobars for Xe/Pb(111), showing the intensity of the substrate spots as a
function of the sample temperature. The steps 1, 2 and 3 correspond to the first, second and third
Xe layers, respectively. The intensities of three equivalent diffraction spots were averaged for each
isobar. The curves are corrected for the Pb Debye–Waller factor. The Xe pressures are corrected
using the normalization factor of the ion gauge for Xe (0.324).

3. Results

3.1. Thermodynamics of adsorption

Figure 3 shows isobaric measurements of the substrate diffraction intensity as a function of T in
the Xe pressure range 2.3×10−7–4.0×10−5 mbar. The isobars indicate a layer-by-layer growth
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Figure 4. LEED adsorption isobars for substrate and overlayer diffraction intensities at P =
6.5 × 10−6 mbar. These curves have not been corrected for the Debye–Waller attenuation.

for at least two layers. These isobars were recorded with decreasing T . With decreasing T , the
first vertical step corresponds to the adsorption of the first layer, and the second smaller step
corresponds to the adsorption of the second layer. A third step is apparent in a few isobars at the
higher P, T range. The percentage intensity attenuation of the substrate diffraction from the
first layer adsorption is somewhat larger than that observed for Xe/Ag(111) [8], about 60%
compared to 50%, which may be due to different background subtraction methods, or the
fact that Pb is a weaker scatterer than Ag due to its larger Debye–Waller factor. For similar
pressures, the formation of the monolayer, and to a lesser extent the second layer, occurs at
somewhat lower temperatures than for Xe/Ag(111), indicating weaker adsorption.

When the monolayer starts to adsorb, a set of new diffraction spots appears in the LEED
pattern. These correspond to a hexagonal incommensurate structure of Xe/Pb(111) that is
aligned with the substrate lattice, but has a larger unit cell. These spots are azimuthally
elongated (see figure 2), similar to those observed for Xe on Ag(111), which is also an aligned
incommensurate monolayer [9]. Both the alignment and the azimuthal elongation are thought
to arise from the Xe overlayer nucleating and growing from the step edges that are not perfectly
straight. To characterize their evolution during the adsorption, the intensities of those overlayer
spots were compared to those of the substrate spots. Figure 4 shows these intensities for one
adsorption isobar at P = 6.5 × 10−6 mbar. The curve labelled ‘A’ corresponds to the substrate
spot intensity, already shown in figure 3. The curve labelled ‘B’ is the intensity of the Xe
spots which appear during the adsorption of the first layer, indicating that the Xe orders upon
adsorption at these temperatures. Their intensities decrease somewhat when the second layer
of Xe adsorbs. We note that there is a greater degree of rounding at the onset of the first-layer
step, compared to the second-layer step, indicating that some heterogeneity in the Xe–surface
potential is reduced for the second layer [10].

The heats of adsorption can be determined from the isobars shown in figure 2. Figure 5
shows Arrhenius plots of the P , T points for 0.5 layer and 1.5 layer coverages. From the slopes
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Figure 5. Isosteres for 0.5 and 1.5 layers, taken from isobars for decreasing T . The heats of
adsorption determined from these isosteres are given in table 1.

Table 1. Isosteric heats of adsorption for Xe on Pb(111).

Xe coverage Heat of adsorption (meV)

0.5 layers 191 ± 10
1.5 layers 158 ± 20

of these curves, the heats of adsorption were derived using [8]

qst = −kB
d(ln P)

d(1/T )

∣
∣
∣
∣
θ

,

where the pressure at the sample at low T is corrected from the value measured in the gauge at
room temperature by using the thermomolecular correction factor

PLT = PRT

√

TLT

TRT
.

The heats of adsorption are given in table 1. The heat of adsorption for the second layer
(158 meV) is comparable to that of bulk Xe (161 meV [8]) and suggests that bulk growth
may occur as early as the second or third layer in this temperature range, and may account
for the lack of definite steps for the lower P isobars shown in figure 3. Earlier photoemission
measurements of Xe on Pb(111) suggested a Stranski–Krastanov growth mode at T ≈ 20 K,
with two full layers followed by 3D growth [11].

From the LEED data taken during the equilibrium isobars, it is also possible to measure
the coefficient of thermal expansion for the monolayer [8]. The thermal expansion coefficient
determined from such equilibrium experiments is given by

α = 1

L

∂L

∂T

∣
∣
∣
∣

P

= ∂ ln(L)

∂T

∣
∣
∣
∣

P
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Figure 6. Temperature dependence of the natural log of the Xe–Xe spacing L as a function of T
for the constrained monolayer, measured relative to the Pb–Pb spacing, taken from four different
isobars. The linear fit to ln(L) is also shown, and the expansion coefficient, corrected for the Pb
expansion, is given in table 2.

Table 2. Linear thermal expansion coefficients and isothermal compressibilities (2D) for adsorbed
Xe.

Adsorption system α (×10−4 K−1) κT (m2 J−1)

Xe/Pb(111) (at 75 K) 9 ± 1 0.76 ± 0.13
Xe/Ag(111) (at 80 K) [8, 12] 20 ± 2 0.71 ± 0.12
Bulk Xe (at 75 K) [13] 2.2 —

where L is the nearest-neighbour Xe–Xe spacing in the monolayer. Using this equation, the
isobaric thermal expansion coefficient can be determined from the slope of the ln(L) versus T
plot, as shown in figure 6. The value of the coefficient of thermal expansion for Xe/Pb(111) is
given in table 2, along with a corresponding value for the similar system of Xe/Ag(111) [8, 12].
A value for the thermal expansion coefficient was also obtained for the unconstrained Xe layer
(i.e. P = 0) in the temperature range T = 15–50 K. This was 3.5 ± 0.5 × 10−4 K−1, and
compares to values obtained for Xe/Ag(111) of 1.5–4.5×10−4 K−1 in a similar range of T [8].

The temperature dependence of the diffraction intensity from the unconstrained layer
allows vibrational parameters of the Xe layer to be determined. Experiments were performed
for both heating and cooling between 10 and 50 K using an electron beam energy of 99 eV. The
decay of the intensity of the diffraction spots with T is given by

I ∝ e−2M

where

2M = S2
⊥〈u2

⊥〉
T

+ S2
‖ 〈u2

‖〉
T

.

Because the momentum transfer in a LEED experiment is dominated by the perpendicular

7



J. Phys.: Condens. Matter 19 (2007) 056011 N Ferralis et al

Table 3. Vibrational parameters for Xe obtained from the temperature dependence of the diffraction
intensities. The incident electron beam was at normal incidence, E = 99 eV.

Parameter Xe/Pb(111)

〈u2⊥〉/T (m2 K−1) 2.7 ± 0.1 × 10−24

〈u2⊥〉1/2 at 50 K (Å) 0.12 ± 0.01
Debye T (K) 37 ± 2
Bulk Xe Debye T (K) 55
Evib (meV) 3.2 ± 0.3

component, the vibration amplitude obtained from these experiments is assumed to be the
perpendicular component. The vibration energy obtained thus corresponds to the perpendicular
vibration and is obtained using E = h̄ω⊥, where

1
2 mω2

⊥〈u2
⊥〉 = 1

2 kBT .

The mean square vibration amplitude at 50 K and the perpendicular vibration energy thus
calculated for Xe are given in table 3. The mean square vibrational amplitude can be related to
the Debye temperature of the surface, �D, by

〈u2〉 = 3h̄2T

mkB�2
D

.

The Debye temperature for adsorbed Xe, calculated assuming isotropic vibrations, is given in
table 3.

3.2. Overlayer–substrate spacing

The fact that the Xe monolayer is incommensurate precludes a ‘traditional’ dynamical LEED
analysis of its structure. No satellite intensities were observed in the LEED patterns from
Xe/Pb(111) that would be expected if there were a significant modulation of the density of the
overlayer due to the substrate; therefore it is assumed that the Xe layer is relatively uniform at
the temperatures studied here, and that the Xe occupies all possible sites on the substrate. In
order to determine the Xe–Pb spacing, we have used a constant-momentum-transfer analysis
(CMTA), which is a well-established method for analysing LEED data [14, 15] and has been
used previously for other incommensurate layers [12, 16, 17]. The CMTA method involves
enhancing the kinematic aspects of LEED intensity spectra by averaging spectra measured
under different scattering conditions. These pseudo-kinematic spectra can then be transformed
directly in order to determine structural parameters. The procedures followed for the data
analysis are described in [17].

The data for this study consist of intensity spectra for the specular beam taken at four
different angles from 0◦ to 14◦ off normal, and at a sample T of 78 K. Spectra were acquired
for clean Pb(111) and for a monolayer of Xe. The spectra were then plotted as a function of
perpendicular momentum transfer and averaged, resulting in the curves shown in figure 7(a).
The intensity curves were then divided to produce a curve for the intensity ratio, IXe/Pb/IPb,
as shown in figure 7(b), and as described in [17], the dominant oscillation in the spectrum is
expected to be due to the overlayer–substrate spacing. A Fourier transform (FT) of this curve
is shown in figure 7(c). The FT is somewhat distorted at the lower perpendicular distance (R)
values because of a low-frequency component that is introduced by the mismatch of the period
of oscillations with the length of the dataset. This was overcome by ‘padding’ the data with
zeros to have a total length of 100 Å

−1
, thus shifting the interference effects to much lower R

values. The resulting FT with the padding is shown in figure 7(d). The dominant peak in this
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Figure 7. (a) Averaged LEED intensity spectra for clean Pb(111) (dashed) and for one monolayer
of Xe (solid) on Pb(111). (b) Ratio of the Xe/Pb(111) intensity and the Pb(111) intensity curves
shown in (a). A DC component has been subtracted. (c) Fourier transform (FT) of the spectrum in
(b). (d) FT from the padded spectrum.

spectrum, at about 4 Å, corresponds to the Xe–Pb interlayer spacing. The next largest one at
about 1.3 Å corresponds to the difference between the Xe–Pb spacing and the Pb–Pb spacing.
The location of the peaks in the FT can in principle be shifted by the phase shifts of the atomic
scattering factors [17], but including phase shifts in this analysis made no significant change to
the result because the phase shifts had very similar functional dependences on energy. Fitting
the peak near 4 Å results in a final value of 3.95 ± 0.10 Å for the Xe–Pb interlayer spacing.

4. Discussion and conclusions

The isobars shown in figure 3 suggest the possibility that the Xe may begin to form bulk
crystallites after two layers are adsorbed, at least for the lower T range of our measurements.
This may not be surprising, given that the heat of adsorption is lower than for Xe on any surface
measured so far, with the possible exception of Al(110) [18] and for alkali metals [19]. A low
heat of adsorption also is not particularly surprising since the Pb atoms are much larger than
most other metals (the lattice constant of Pb is 4.95 Å, compared to 4.09 Å for Ag and 3.61 Å
for Cu), meaning that the repulsive Xe–Pb interaction prevents the Xe from approaching the
deeper part of the attractive holding potential. One consequence of the low heat of adsorption
is that Xe may not wet the Pb(111) surface, and from the measured isobars, it appears that the
resolution of the steps corresponding to the formation of the second and higher layers becomes

9
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Table 4. Experimental values for perpendicular adsorption distances of Xe on various substrates.
Reff is the effective radius of Xe on the substrate, equal to the perpendicular distance minus the
substrate radius determined from its bulk structure (or the van der Waals radius in the case of
graphite). qst is the heat of adsorption, typically for a coverage between 0.5 and 1 monolayer.

Substrate Structure/site dz (Å) Reff (Å) qst (meV)

Pb(111) Incommensurate/mixed 3.95 2.2 191
Cu(110) c(12 × 2)/mixed 3.3 [22] 2.02 218 [23]
Ag(111) Incommensurate/mixed 3.55 [12] 2.1 225 [8]
Cu(111) (

√
3 × √

3)R30◦ 3.6 [24] 2.32 227 [25]
Ru(0001) (

√
3 × √

3)R30◦ 3.54 [26] 2.19 230 [27]
Graphite (

√
3 × √

3)R30◦ 3.59 [28] 1.86 239 [29]
Pt(111) (

√
3 × √

3)R30◦ 3.4 [30] 2.02 298 [31]
Pd(111) (

√
3 × √

3)R30◦ 3.07 [32] 1.68 320 [33]

indistinct at the lower temperatures measured. At all temperatures measured here, however, the
Xe adsorbs as an ordered incommensurate hexagonal monolayer.

The coefficient of linear thermal expansion of the constrained Xe layer from this study
is about half that measured earlier in the LEED studies of Xe on Ag(111), which forms a
similar incommensurate structure [12]. The smaller value found for Xe/Pb might be attributed
to a slightly less repulsive interaction between Xe atoms on Pb, and we note that, for the
same T , the lattice spacing of Xe on Pb(111) is slightly smaller (up to 0.03 Å) than on
Ag(111). This is consistent with the lower temperatures for the onset of adsorption measured
for Xe on the Pb surface compared to Ag, which implies weaker binding. A weaker binding
energy would produce a smaller dipole moment for the Xe atoms, leading to less dipole–
dipole repulsion, which is soft compared to the repulsive atom–atom interaction from charge
overlap, and therefore a smaller expansion coefficient. The expansion coefficients for both
monolayers, however, are larger than the measured bulk value [13]. The value obtained for
zero P (unconstrained layer) is similar to that obtained for Xe/Ag(111) and is smaller than the
constrained value, as expected, since the spreading pressure is zero.

As a substrate, Pb(111) poses some challenges for diffraction studies because of its low
Debye temperature. It is already known that the large vibration amplitudes of adsorbed Xe can
hinder precise measurements of the geometrical parameters [5], and adding the large vibration
amplitudes of Pb leads to unusually weak diffraction intensities from the Xe monolayer. The
average perpendicular vibration amplitude of Xe measured from the Debye–Waller factor at
50 K is 0.12 ± 0.01 Å, which is similar to values found for Xe on other substrates [5]. The
corresponding perpendicular vibration energy is 3.2 ± 0.3 meV, similar to values obtained in
He-atom scattering experiments from Xe on other metal surfaces [5, 20].

The measured perpendicular distance between the Xe and the Pb(111) is quite large,
but when the large size of the Pb atoms is taken into account, it is consistent with other
measurements of Xe–metal distance. Table 4 gives values for the measured perpendicular
Xe–surface spacings for several systems, along with their heats of adsorption. Also given are
values for the effective radius of Xe that is obtained by subtracting the radius of the substrate
metal atoms from the perpendicular distance. In the case of the top site structures, these values
represent the Xe radius. Our justification for applying the same method to the other structures
is that calculations indicate that the perpendicular spacing of the Xe above the surface has little
dependence on the site, even in the case of graphite [21]. Figure 8 shows the effective radius
of Xe plotted against the heat of adsorption. It can be seen that there is a general trend for
the effective Xe radius to decrease with increasing adsorption energy. Such a trend was also
observed in the DFT calculations for Xe on metal surfaces [6].

10
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Figure 8. Effective Xe radius (see table 4) as a function of the monolayer heat of adsorption. The
line is a fit to the data.

To summarize, the parameters obtained from this LEED study of adsorption of Xe
on Pb(111) fit within the general framework established by earlier studies on other similar
substrates such as Ag(111). Like Xe on Ag(111), Xe on Pb(111) forms an incommensurate
structure that is aligned with the substrate. Although the preferred site could not be determined
from these studies, the lack of satellite intensities in the LEED patterns suggests that the
overlayer is quite uniform, further suggesting that the corrugation is small. The binding of
Xe to Pb(111) is weaker than for other substrates, probably related to the large size of the
Pb atoms. It would be useful to have other measurements and also DFT calculations for Xe
and other gases on Pb(111), particularly since there is considerable interest in the frictional
properties of gases on Pb at low temperatures [34–36].
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