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The diffraction of thermal He atoms from mixed Xe+ Kr monolayers on Pt(111) was measured,
and the results were compared with theoretical studies of these systems. The results shed light
on the structural properties of these disordered systems, and on their relation to the He
diffraction intensities. Experimentally, the specular (0,0), the (1,0), and the (2,0) Bragg peak
intensities were measured for monolayers of different Kr:Xe concentration ratios. The
theoretical calculations included Monte Carlo simulations of the mixed disordered monolayers,
and quantum calculations in the Sudden approximation of the scattering intensities from the
simulated disordered structures. The following main results were obtained: (1) Both experiment
and the Monte Carlo simulations suggest that the mixed Xe- Kr monolayers are periodic for all
Xe:Kr concentration ratios, the lattice constant varies linearly with the Xe:Kr ratio. The domain
size of the 2D crystals, from experiment and theory, is found to be larger than 100 A. (2) The
Monte Carlo simulations suggest that the Xe+Kr monolayers form an almost ideal:
substitutionally disordered lattice. (3) Using a semiempirical Debye-Waller factor, reasonable
agreement is found between the theoretical and the measured diffraction intensities, thus
supporting the calculated structural model for the disordered surface. (4) The theoretical
scattering calculations show that in addition to the diffraction peaks, there are also intensity
maxima at non-Bragg positions. These are entirely due to the lattice disorder, and are identified
as a recently found new type of Rainbow effect that can furnish important information on
disordered surfaces. The results demonstrate the power of He scattering as a tool for exploring

substitutionally disordered surfaces.

I. INTRODUCTION

The structure of physisorbed monolayers is a central
topic in surface crystallography, and has received extensive
experimental and theoretical attention over the years. In
this framework, there is special conceptual interest in the
study of rare-gas monolayers, since the adsorbates are
spherical, and the interactions between them are well
known, which are major advantages for efforts at rigorous,
first-principles, theoretical understanding of the structure.
These systems have thus been the subject of detailed theo-
retical ca.lculations,l and also of extensive experimental
studies using, among other techniques, diffractive scatter-
ing of He atoms from the crystalline monolayers.>™* As a
consequence, good quantitative understanding is at hand
on the structure and vibrational dynamics of several rare-
gas monolayer and multilayer systems on metal surfaces
such as Ag(111) and Pt(111), on graphite C(0001), and
on other supporting surfaces. 14 On the other hand, rela-
tively little is known on the structure of mixed monolayers

2)Present address: Institut de Physique Expérimentale EPF Lausanne,
CH-1015 Ecublens, Switzerland.
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of two different rare gases. The conceptual issue is a very
important one, since such mixed monolayers represent
two-dimensional disordered systems where the interactions
between the particles are well known, thus providing a
natural testing ground for theoretical models and simula-
tions of such disordered phases. The objective of the
present article is indeed to explore the structure of mixed
xenon and krypton monolayers on the relatively smooth
Pt(111) surface. The aim is to understand the crystallog-
raphy of these disordered systems at the atomic level, to
shed light on the precise nature of the disorder involved,
and to establish whether first-principles theoretical calcu-
lations, with the presently available interaction potentials,
can provide an adequate description, compatible with ex-
periment. The study presented here consists mainly of
three components: (i) Theoretical Monte Carlo simula-
tions of the structure and other properties, of the mixed
rare gas: As will be shown, the Xe+Kr monolayers are
found to be substitutionally disordered, but crystalline pe-
riodic over the entire range of the Xe:Kr concentration
ratios at the conditions of this study. (ii) He scattering
experiments, with measurements of the Bragg diffraction
peak intensities: As is intuitively expected, and as found in
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theoretical scattering calculations,’ substitutionally disor-
dered, periodic crystalline surfaces give rise to sharply de-
fined Bragg diffraction peaks (although the calculations
show also other intensity maxima for such systems®). (iii)
Calculations of He scattering from the simulated structures
of the mixed monolayers: The calculated diffraction inten-
sities are compared with experiment, thus lending support
for the calculated microscopic structure.

Thermal He scattering has great advantages as a tool
for exploring the soft physisorbed monolayers studied here.
It is nondestructive, and the scattered particles only probe
the outermost layer.®® At the same time, the present arti-
cle seeks also to investigate the utility of He scattering as a
tool for exploring substitutional disorder on surfaces. In
general, structurally disordered surfaces-do not necessarily
give rise to Bragg diffraction, but this depends upon. the

type and extent of the disorder. Disordered surfaces which -

do not give rise to measurable Bragg diffraction peaks can
still be explored by He scattering. A very general and pow-
erful approach is the one that studies the attenuation of the
specular reflection of He from the surface due to defects or
other disorders.’ Also, in the case of certain isolated de-
fects on smooth metal surfaces, e.g., CO adsorbates on
Pt(111), non-Bragg maxima in the angular scattering in-
tensity distribution of the scattered He were measured, and
used to throw light on the microstructure of the defect.!®!!
Indeed, so far Bragg diffraction studies of structural disor-
der on surfaces were limited to low-concentration defects
in otherwise ordered crystalline surfaces,' in which case
the width of the Bragg peaks depends upon the defect con-

centration. For periodic, substitutionally disordered sur-

faces, pronounced Bragg diffraction peaks occur and it
seems natural to explore these features in order to extract
the microscopic structure of the disordered system. Our
combined experimental-theoretical study will pursue the
questions of (i) how much can be learned on the detailed
microscopic structure from the Bragg peaks; (ii) how the

Bragg peaks can be treated theoretically for such disor-

dered systems, and (iii) what other features exist in the
diffraction signature of the mixed monolayers.

The structure of the article is as follows: Sec. II de-
scribes the systems studied, and outlines the methods used
and the assumptions made in the theoretical part of this
work. Section III presents an account of the main réesults
obtained both theoretically and experimentally, with an
analysis both of the structures of the systems studied and
the properties of the He scattering from the substitution-
ally disordered monolayer. Concluding remarks are pre-
sented in Sec. IV.

II. SYSTEMS AND METHODS

The systems investigated in this study are mixed
monolayers of Xe and Kr on Pt(111). Both theory and
experiment cover monolayers with different Xe:Kr concen-
tration ratios, ranging from pure Xe to pure Kr monolay-
ers. The study is carried out for conditions in which the
monolayers are incommensurate with the supporting
surface.

A. Theoretical methods

1. Monte Carlo simulations of struéture

In modeling the substrate, we assumed a flat support-
ing surface. Indeed, the Pt(111) surface is a relatively
smooth one, and it appears a reasonable approximation to
assume that for the incommensurate monolayers the role
of the underlying surface structure is small, and can be
neglected. For the interaction between the monolayer and
the Pt support, a sum over pairwise interactions between
each rare gas atom and the metal surface was taken:

Vu-s= 2 Va2, (1)

where z; is the distance of the rare-gas atom / from the Pt
surface plane, and () is a label for the identity of atom i
(either Xe or Kr). At the time the research was carried out
the most accurate potential between a Xe atom and
Pt(111) was the empirical potential of Black,'? which we
employed. Very recently an improved potential was devel-
oped by Barker and Rettner.'* We fitted a simple Lennard-
Jones potential to the Black potential function (over the
range of configurations pertinent to the present study).
The fitted Xe atom/Pt surface potential has a well depth of
0.480 eV, and an equilibrium distance from a surface ref-
erence plane of 3.00 A. Gibson and Sibener* obtained
Xe/Ag surface and Kr/Ag surface potentials by fitting
their experimental data. Assuming that the ratio between
the well depths for Xe/Pt(111) and Kr/Pt(111) is the
same as that of Xe/Ag(111) and Kr/Ag(111), we obtain
a Kr/Pt(111) well depth of 0.300 eV. This well depth as
well as that of Xe/Pt(111) are higher than those obtained
recently from experiment,3 0.128 and 0.280 eV, respec-
tively, and from theory.!* However, we found the height of
the well depths to have little influence on our qualitative
results. In contrast, the difference between the equilibrium
distances of Xe and Kr from the Pt(111) surface plane
plays a significant role in'the systems studied. Unfortu-

‘nately, little is known on this, since there is no experimen-

tal data bearing on this issue. We used two very different
choices for z,;, (Xe) —zp;, (Kr): (1) Determination of this
difference from the Gibson and Sibener Xe/silver and
Kr/silver potentials,* scaling the distances for the case of
Pt(111). This gave z,;,(Xe) —z;;,(Kr)=~0.17 A, ie,
the equilibrium distance of Kr is farther from the surface
plane than that of Xe. (2) Determination of the difference
based on the different sizes of the rare-gas atoms. This
gives zpin(Xe) —Zyn(Kr)=0.233 A. The Lennard-Jones
rare-gas/Pt potentials corresponding to each of the two
choices were used in the Monte Carlo simulations. The
different structures and the calculated scattering intensities
obtained using the two different potentials are discussed
later and compared to the experiment. For the potential
energy of the monolayer itself, we use a pairwise sum of
atom-atom interactions, i.e.,

VM=Z_ g Uatiya(jy (7ij)s (2)
i j<i
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where r;; is the distance between the rare-gas atoms i and j,
and a(i) labels the identity of atom i. We used gas-phase
Lennard-Jones potentials for the Xe-Xe, Xe-Kr, and
Kr—Kr interactions.'® This simplifies the computational ef-
fort in the Monte Carlo simulations reported later, but is
certainly a very approximate level of treatment. The best
available gas-phase potentials are considerably superior in
accuracy to the LJ interactions, and the neglect of three-
body interactions, as well as that of metal-mediated forces
between the rare-gas atoms, may also be quantitatively sig-
nificant. We propose to use more refined potentials in fu-
ture investigations, when more extensive evidence from ex-
periment and theory becomes available to find the direction
where improvements are necessary.

The total potential function of the monolayer system is

The Monte Carlo simulations were carried out using a
standard Metropolis algorithm.!® In this algorithm, a re-
petitive random sampling of configurations is carried out
as follows: Given a configuration of the N atom system
r={r,,...,I'y} a successive configuration r' is generated by a
random shift of a randomly picked atom:

r=(x;,yi,2)) >t = (xi+nxAx’yi+7’yAy’zi+nzAz)’ @)
where 7,,7,,7, are random numbers between 0 and 1, and
Ax,Ay,Az represent displacement constants for the three
coordinates. The new configuration r’ = {r;,...r],...,ry} is
accepted if at last one of the following conditions is satis-
fied:

AU=U(")—-U(r) <0 (5a)

or
AU '
exp[—k—ﬁ >, ~ (5b)

where £ is a random number between 0 and 1. The process
continues by repeating the procedure until, in principle, the
entire relevant configuration space is sampled. The magni-
tudes of displacement constants Ax,Ay,Az are chosen so as
to accelerate convergence. From the results one can readily
generate average thermodynamic and structural properties
such as the average structure, the mean interaction poten-
tial, the free energy, etc. Our simulations began above the
segregation temperature of Xe and Kr. We estimated this
temperature to lie around 16 K. We started with a 50X 50
hexagonal lattice array, but several calculations were car-
ried out for larger systems and convergence of the results
with respect to cluster size was tested and confirmed. The
calculations were carried out for large open clusters, rather
than with periodic boundary conditions, since the latter
may favor periodic crystalline structures. In order to elim-
inate the potential difficulty of getting trapped in local min-
ima, a simulated annealing procedure was employed. Start-
ing with a’ lattice structure as mentioned above, the
temperature was raised to a high value T, where the sys-
tem explores sufficiently large regions of configuration
space. The system was then cooled gradually to the tem-

perature of interest 7. For example, to simulate the mono-
layers at T=40 K, we annealed the system by first simu-
lating at T=40 K, then heating to T,=100 K, and then
finally cooling back gradually to T=40 K. (100 K is above
the boiling temperature of Kr, but the computer annealing
time used here was too short for any boiling to occur.)

From the Monte Carlo simulations we calculated for
the monolayers with various Xe:Kr ratio properties such as
the average structure, the radical pair distribution func-
tions, angular distribution functions, the Helmholtz free
energy, etc. The results will be described. in the next sec-
tion. The distribution of structures obtained for each given
monolayer at the temperature of interest was used as input
for the He scattering calculations. ’

2. He scattering calculations

The calculations carried out in this study are for He
scattering from rigid, nonvibrating structures. This ap-
proximate treatment is generally adopted for calculations
of He scattering from ordered crystalline structures,®!’
e.g., in the case closely related to the present study of He
diffraction from ordered monolayers of Xe on graphite.'®
To account for the-attenuation of the diffraction peak in-
tensities due to surface vibrations, Debye-Waller factors
are applied to the static-surface theoretical results, and
while this involves some approximations'*?° there is rea-
sonable evidence for the validity of this approach in most
cases.!” It should be recognized that the rigid-surface treat-
ment, with subsequent Debye-Waller corrections neglects
the influence of coherent and incoherent inelastic phonon
scattering on the dynamics of the coherent elastic scatter-
ing.'*?0 We tentatively justify this treatment on the basis of
evidence from comparisons with experiment for ordered
crystalline systems. For disordered systems, however, co-
herent elastic scattering is by no means confined to Bragg
diffraction.’ Indeed, it will be shown later that intensity
maxima at non-Bragg angles occur for the monolayers
studied here. The calculations of the angular intensity dis-
tribution for scattering from disordered surfaces is consid-
erably more difficult than that for ordered, periodic struc-
tures.?! Several approaches mostly based on various
approximations and specific models, have been pro-
posed.’>" In principle, numerically exact calculations of
He scattering from static (nonvibrating) disordered sur-
faces can be carried out by efficient grid methods for solv-
ing the time-dependent Schrodinger equation®® as was
demonstrated for models -of structurally disordered sur-
faces, including a one-dimensional mixed “surface.”?>%
However, for the realistic systems studied here the required
computational effort is very great, since the description of
the disordered structures requires very large grids. The
scattering calculations from the simulated disordered
structures reported here were therefore carried out in the
framework of the Sudden approximation.”*?® This method,
first used by some of the present authors for He diffraction
from ordered crystalline surfaces,® was applied extensively
to scattering from disordered surfaces, including isolated
defects in otherwise crystalline ordered surfaces, and mod-
els of e.g. substitutionally disordered surfaces.”>*"* On the
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basis of the experience gained with the Sudden approxima-
tion, including particular tests against numerically exact
calculations for several model systems,?®?3! we estimate
that at least the main predictions of the Sudden calcula-
tions should be reliable for the systems considered here.
The Sudden approximation takes the following form for
the systems studied below. Consider a particular (static)
configuration r of ‘a disordered monolayer system. r de-
notes, as previously in this section, the positions of the N
Xe and Kr atoms. The angular intensity distribution for
the He scattered from the monolayer involves an average
over all conﬁguranons pertinent to the given temperature
and surface density:**

I(k—k')= ('%J-J-emx-nezmr(n) dR|2> | ©

In this expression #k is the incident momentum, and 7k’
the final momentum of the He atoms; #AK =%k’ —fik is
the momentum transfer of the He parallel to the surface;

= (x,p) denotes the coordinates of the He atom along the
plane of the surface, 4 is the area of the surface, and the R
integration in (6) is over that area; (), denotes the
average over all configurations (at the given temperature
and surface density) of the quantity in parenthesis, and
7,(R) denotes the phase shift for He scattering for a mono-
layer having a configuration r, and when the He has a
position R along the surface. 1,(R) is given by

w(R)= [ del[R—2mV (Ra) /1P — e} ~kizn,
2R
(M

where m is the mass of the He atom, #k, is the incident

momentum of the atom normal to the surface, z denotes

the distance of the He atom from the surface plane, and .

V,(R,z) =V ,(x,5,2) is the interaction potential between the
He atom, at position p=(x,y,z), and the surface, having
the static configuration r. zg in Eq. (7) denotes the classi-
cal turning point for the He when colliding with the sur-
face at the lateral position R=(x,y), i.e., zy is the z value
for which

#kE—-2mV,(R,z) =0. , (8)

The interaction potential V,(x,9,z) between the He atom
and the mixed Xe+Kr monolayer at configuration
r={r,....,r5} of the monolayer atoms, was obtained as a
sum of He/Xe and He/Kr pair potentials:

V(p)= 2 Wap(p—T0), 9

where a(i) indicates the identity of the monolayer atom i.
The He/Xe and He/Kr pair potentials were taken from
gas-phase scattering data.!® The evaluation of the intensity
expression (6) requires therefore calculation of the scat-
tering from each configuration r of the disordered mono-
layer that contributes significantly at the temperature con-
sidered, and the evaluation of the average over the various
configurations using the Monte Carlo simulation results. In
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comparing the calculated scattering intensities for the rigid
monolayer with the experimental data, we shall assume a
Debye-Waller type of attenuation, i.e.,

Ir(k-k')=Fy,d(k-k’), (10)

where I(k—k’) is the experimental scattering intensity
for a (vibrating) surface at temperature 7', and [ is the
rigid-surface intensity, calculated from Eq. (6). To our
knowledge, the theory of Debye~Waller attenuation of He
scattering from a disordered surface of the type considered
here has not been developed yet. In this study we adopt a
semiempirical approach, and assume

Fyp= ClFi‘,i, +CFL), (11)
(1)

where F ;, F2 x4 are interpreted as DW-type attenuation
factors for the pure Xe and the pure Kr monolayer, respec-
tively, and C;,C, are the relative concentrations of Xe and
of Kr, C;+C,=1. Values for F ;c’l,:, and F;‘Z,Z, were chosen
s0 as to get a best fit between the theoretical results and the
experimental data. Comparison with experiment suggests
that this is at least acceptable as a first approximation.

B. Experimental methodology

The experimental setup used in the experiments is de-
scribed in detail by David et al.>* We briefly summarize its
main characteristics: The supersonic beam is generated by
expanding He gas from a pressure of about 150 bar
through a small nozzle (5 um in diameter). The resulting
He beam is highly monochromatic (AE/E=1.4%). It is
directed at the sample and the scattered He atoms are
detected in a quadrupole mass spectrometer. The total
scattering angle is fixed (6,+6,=90") and the scattering
conditions are varied by rotating the sample about an axis

normal to the scattering plane yielding a parallel momen-

tum transfer Q=~k/[sin(6,) —sin(8,)]=v2k;sin(6,—45°).
The azimuthal orientation of the sample can be varied by
rotating the crystal about its surface normal leaving the
polar angle and wave vector transfer unchanged. The an-
gular divergence of the incident beam and the angle sub-
tended by ‘the detector are both 0.2°. Together with the
energy spread of the incident beam this results in a wave
vector resolution of the apparatus of about 0.02 A~' The
sample temperature can be varied from 25 to 1500 K. The
Pt(111) sample is a high quality surface with an average
terrace width >2000 A. It was cleaned by cycles of Ar
sputtering and heating in oxygen until no traces of impu-
rities could be detected by Auger spectroscopy. Before
each experiment the sample was cleaned by sputtering with
Ar and subsequent annealing at about 1000 K. The sample
smoothness and cleanliness was routinely checked by mon-
itoring the He reflectivity, which constitutes a sensitive
probe for defects and impurities. °

The rare gases were adsorbed onto the Pt(111) sub-
strate by exposing the sample to a partial pressure of the
rare gas. The amount actually adsorbed on the surface
(i.e., the coverage) can be accurately determined by mon-
itoring the decrease of the He reflectivity as a function of
exposure.>* Once this coverage calibration is established
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the desired rare gas coverage can be controlled within an
estimated error of +£5% by dosing the appropriate
amount. In the present case the two components Kr and
Xe were adsorbed successively, first Kr followed by Xe. By
monitoring the He reflectivity, it was checked that the
presence of Kr does not modify (within the accuracy of
our experiment) the adsorption properties of the Xe as
compared to the adsorption of the clean Pt(111) surface:
On the clean as well as on the Kr precovered Pt(111)
surface the sticking probability for Xe is close to unity. In
the following we will only discuss experimental results
which were obtained from mixtures at about the same total
coverage of 60% of a monolayer. In fact, close to mono-
layer completion both the Xe and Kr adlayer undergo
structural phase transitions that would obscure the prop-
erties of the mixtures which are of interest here.

Once the two components are adsorbed on the surface
the structure is investigated by taking polar and azimuthal
diffraction scans yielding the size and orientation of the
unit cell. If the rare gases are adsorbed at low surface
temperature (<25 K) separate Kr and Xe nth order dif-
fraction peaks are observed along the I'K azimuth of the
Pt(111) substrate indicating the formation of two distinct
hexagonal phases rotated by 30° with respect to the under-
lying substrate. The wave vector positions of the diffraction
peaks are close to the positions found in the pure Kr and
Xe phases which demonstrates that at these low tempera-
tures Kr and Xe are still phase separated after successive
adsorption. This, however, is attributed to the low mobility
of the atoms rather than the thermodynamic stability of
the unmixed phase. After annealing the system at about 35
K, only single nth order diffraction peaks along the 'K
azimuth were observed whose positions are located be-
tween those for the pure phases. As will be demonstrated
later this single “intermediate” diffraction peak is charac-
teristic for the complete random substitutionally mixed
Xe+Kr phase. All the experimental results reported here
were obtained from mixtures that were carefully annealed
at about 40 K.

Figure 1 depicts a polar He diffraction scan from a
50% Xe:50% Kr mixture on Pt(111) showing the first and
second order diffraction peaks. In the present context, the
position and intensities of the first and second order dif-
fraction peaks from mixtures of various composition ratio
are evaluated. The results will be discussed together with
the results of the Monte Carlo simulation in Sec. ITI. A
detailed lineshape analysis of a large number of similar
diffraction scans around the second order diffraction peak
(2,0) (which happens to be the most intense) and taken at
different total coverages is presented in Ref. 34,

Ill. RESULTS AND DISCUSSION

The main findings of this study can be grouped into the
following topics.

A. Periodicity of the structures

Both the Monte Carlo simulations and the experimen-
tal diffraction data show that the mixed monolayers form

Yanuka et al.: He scattering from monolayers
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FIG. 1. He diffraction scan for a 50% Xe:50% Kr (total coverage 6y, k.
=0.5 ML) binary mixture adsorbed on a Pt(111) substrate at T=40 K.
The diffraction scan is characterized by relatively sharp Bragg diffraction
peaks (1,0) and (2,0) at parallel wave vector transfer Q=1.68 A-'and
0=3.36 A}, respectively, indicating a highly crystalline ordered mixed
phase exhibiting an “average” lattice parameter of 4.32 A.

periodic surface structures over domains of the order of
100 A at least. Periodic structures are obtained for mono-
layers of any Xe:Kr composition ratio. The Monte Carlo
simulations predict periodic structures also for all compo-
sition ratios for both types of Xe/Pt(111), Kr/Pt(111)
potentials used—the one that has Kr located nearer than
Xe to the Pt surface plane, and the type that gives the
opposite behavior (see Sec. II). The crystalline structures
are hexagonal. They are clearly determined by the lateral

_interactions since theoretically and experimentally, the

monolayer lattice constant varies with the Xe:Kr concen-
tration ratio and theoretically a completely flat Pt(111)
surface was assumed. Figure 2 shows the hexagonal lattice
constant as a function of the fraction of Xe in the mono-
layer. In the experimental pronounced (1,0) and (2,0)
Bragg diffraction peaks are observed (see Fig. 1), which
confirms the lateral periodicity of the structures. The ex-
perimental lattice constant values shown in Fig. 2 were

Lattice constant (A)

4.0 T T T T
0 0.2 04 0.6 0.8 1
Fraction of Xe

FIG. 2. The lattice constant as a function of the Xe fraction in the
monolayer at 7'=40 K: Theory—open circles; experiment—full circles.
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extracted from the measured diffraction angle of the Bragg
peak positions. The theoretical lattice constant values in
Fig. 2 are from the calculation using the Xe/Pt, Kr/Pt
potentials which give the “lower Xe” geometry. The other
type of potentials gives lateral lattice constants that differ
only slightly. Both theory and experiment show a linear
variation of the lattice constant with the Xe:Kr ratio—a
“Vegard Law” type of behavior.>’ The agreement between
the theoretical and the experimental results is very good, as
far as the linear dependence upon the mixing ratio is con-
cerned. However, the the theoretical and absolute values
for the experimental lattice constant values for a given
Kr:Xe ratio differ by a few percent only. This is almost
certainly due to the insufficient accuracy of the potential
functions used. It is possible to estimate from the Monte
Carlo simulations a bound on the fluctuations around the
average periodic structure of each monolayer system. This
provides a measure of the extent to which periodicity in
these systems is well defined. The calculated fluctuations in
the nearest neighbor distance are of the order of +0.2 Aat
most, and to be roughly the same for the dilute mixtures
(e.g., 10% Kr:90% Xe; 10% Xe:90% Kr) and the more
equally mixed systems. Thus, even the heavily mixed

monolayers such as 50% Xe:50% Kr exhibit very good.

crystalline order. This is also in accord with the sharply
defined peaks observed experimentally.’* More quantita-
tive comments on the sizes of the period domains and the
degree of translational and orientational order in the
monolayers will be given below, in Sec. III B. However, the
fact that mixtures of two spherical species of different sizes
and interactions can peak in periodic structures upon a flat
supporting surface is of fundamental interest. The issue has
received considerable attention in the context of order and
disorder in two-dimensional systems.*® The decisive factor
in the stability of periodic structures over: extensive do-
mains in such systems is the similarity in the sizes of the
two species involved, the size ratio being about 10:9 in the
present case. This is in the spirit of the general discussion
by Nelson et al. 3637 However, the calculations indicate that
some role is also played here by the fact that the two types
of atoms are not situated at the same distance from the
supporting surface plane. This reduces the packing strains.

B. Translational and ahgular order

Useful insights into the structural properties of the sys-
tem can be gained by examining relevant correlation func-
tions, that can be readily constructed from the Monte
Carlo simulations. We consider first the radial distribution
function g(r), which measures the probability density for
finding an atom in the monolayer at distance 7 from a given
atom.’® Note that we apply the definition here without a
distinction as to the identity of the atoms. Figures 3(a),
3(b), and 3(c) show the calculated g(r) for three mono-
layers at 40 K: The 10% Kr, 50% K, and 90% Kr sys-
tems. The structure of sharply defined peaks seen in the
figures is an indication that the monolayers here have a
very high dcgree of translational order along the surface
plane. Since the variable r is defined as a radial distance,
the well-defined structure of g(r) in Figs. 3 at least for
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FIG. 3. Radial distribution function g(r) for three Xe+ Kr monolayers
at 40 K: (a) 10% Kr; (b) 50% Kr; and (c) 90% Kr.

r<70 A suggests periodic domains of a linear extension of
~100 A or more. The limited size of the simulated clusters
exclude the possibility of reliable calculations of g(r) at
larger distances. Comparison of Figs. 3(a), 3(c) with 3(b)
suggests that the 50% Xe:50% Kr may be slightly less well
ordered than the cases where one of the components is
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FIG. 4. Orientational correlation function G,(r) for Xe+Kr monolayers
at 40 K: 10% Kr—thin line; 90% Kr—boldface line.

dilute, but the quality of crystalline-periodic order is good
in all cases. This is in excellent agreement with the exper-
imental results: The linewidth of the Bragg peaks slightly
increase towards the 50% Kr:50% Xe mixture but still

indicatg periodically ordered structures over a length scale

>100 A%

We now proceed to examine the orientational correla-
tion function G4(7) for the monolayers.36 This function,
introduced by Nelson et al.***" has been a very useful tool
in analyzing long-range orientational order in surfaces of
hexagonal structure. 3940 Gg(r) measures the probability
density that the sixfold -correlation in the orientation of
nearest-neighbor atom-atom distance vectors. will persist
over the distance . Figure 4 shows the function Gg(r),
calculated from the Monte Carlo simulation results, for the

Xe+Kr monolayers containing 10% and 90% Kr, respec- -

tively. The fact that G¢(7) in both cases remains essentially
constant for 7 values up to 100 A means that the orienta-
tional sixfold order is maintained, and does not deteriorate
at all, at least not over this distance range. (The very short
range fluctuations manifested as dips are of no interest in
this respect.) Again, this points to a crystal of good orien-
tational order in domains having linear dimensions proba-
bly much larger than 100 A. The limited sizes of the sam-
ples used in the simulations did not make it possible to
explore correlations over larger distances. This result,
again, is in excellent agreement with the experiment: The
measured Xe+ Kr monolayers Bragg peaks are azimuth-
ally sharp and strongly correlated with the Pt(111) sub-
strate symmetry directions. For all mixing ratios no signif-
icant azimuthal broadening of the diffraction peaks
compared to those of the pure Kr and Xe components is
observed, indicating a very high degree of orientational
order. We note in passing that we also carried out detailed
calculations and He diffraction experiments for mixed
Ar+Xe monolayers, which turn out to be amorphous. For
these monolayers, unlike the present case, G4(r) decays
rapidly as a function of 7, indicating short-range orienta-
tional order. The finding that G4(r) for the 10% Kr case is
larger than the corresponding function for the 90% Kr
monolayer can be attributed to the fact that the angular

Yanuka et al.: He scattering from monolayers

1600 - (a) 1

1400

T
[ J

1200
1000 [
800 -
600 [~

Intensity

200

1600 - (b) 4

1400 |-
1200 L
1000 |-

Intensity

800 - [
600 N
400 F
200 - x X X X x $

0 20 40 60 80 100
% Krypton

FIG. 5. Experimental and theoretical intensities of the (1,0) diffraction
peak vs Xe:Kr mixing ratio. Experimental points are indicated by full
circles. Multiple circles at a constant mixture concentration result from
duplicate experiments. (a) O—theoretical results for a structure in which
the Xe is nearer to the surface plane than Kr. (b) X —theoretical results
for the structure where the Kr atoms lie nearer to the surface plane
than Xe.

structural perturbation due to a large defect in a host con-
sisting of smaller atoms is greater due to packing consid-
erations than in the opposite case. We conclude from the
study of the correlation functions that very high transla-
tional as well as orientational order persists in all the
monolayers over distances well over 100 A.

C. Theoretical versus experimental diffraction
intensities, and the randomness of substitutional
disorder

We now proceed to compare the experimental diffrac-
tion intensities for the (1,0) and (2,0) Bragg peaks, for the
various Xe-+Kr monolayers with the corresponding theo-
retical results. In making the comparison, we multiplied
the results of the calculations of scattering from the static
monolayers with the scaling factor of Eq. (11), which rep-
resents a Debye-Waller attenuation effect for the disor-
dered system. Figures 5 and 6 show the comparison be-
tween the experimental and the theoretical intensities for
the (1,0) and (2,0) diffraction peaks, respectively, as a
function of the Xe:Kr mixing ratio of the monolayer. The
theoretical intensities in Figs. 5(a) and 6(a) were com-
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FIG. 6. Experimental and theoretical intensities of the (2,0) diffraction
peak vs Xe:Kr mixing ratio. The experimental values are indicated by full
circles. (a) O-—theoretical results for the structure where Xe lies nearer
to the surface plane than Kr. (b) X —theoretical intensities for the struc-
ture where Kr lies nearer to Pt than Xe.

puted using the simulated structures that correspond to Xe
lying closer to the Pt plane than Kr. Figures 5(b) and 6(b)
again compare theory and experiment for the (1,0) and
(2,0) diffraction peak, but in this case the scattering cal-

culations were done for the structure in which the Kr atom:

lies nearer to the Pt plane than the Xe atom (see the dis-
cussion in Sec. II A). While there are important quantita-
tive differences, the overall agreement between theory and
experiment is good, both in Figs. 5 and 6. This shows that
the theoretical structures used in the two respective calcu-
lations are at least good approximations for those struc-
tural properties to which the experiment is sensitive. The
theoretical structural models corresponding to Figs. (5a),
(6a) and for Figs. (5b), (6b) differ in the relative distance
of the Xe and the Kr atoms from the Pt surface, but are

otherwise quite similar in lateral structure, which is the

property to which the experiment appears to be most sen-
sitive. ‘ )

A very important property common to the lateral
structure of the models used in Figs. 5 and 6 is the nature
of the substitutional disorder in the monolayers. The
Monte Carlo simulations show that the substitutional dis-
order in these systems is almost ideally random (or sto-
chastic), that is the probability that any given site is occu-
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pied by a Xe or a Kr atom was found to depend to an
excellent approximation only on the total Xe:Kr mixing ra-
tio, and is on the average independent of the identity of the
neighboring atoms. A significant nonrandom propensity in
the mixed monolayers would have significant effects on the
lateral structure. The agreement between the theoretical in-
tensities (obtained from random substitutional disorder
structures) and the experimental data is evidence for sug-
gesting that the monolayers have indeed a random substitu-
tional disorder.

D. Disorder rainbows: A new signature of surface
disorder

As is obvious from the results of the previous subsec-
tion, the Bragg peak intensities for He scattering from pe-
riodic systems are strongly affected by substitutional dis-
order. Quantitative analysis of these intensities can
therefore provide very useful information on the disor-
dered structures. However, the relation between the Bragg
peak intensities and the characteristic of the disorder is
quite indirect. It would clearly be advantageous to have
observable features that are direct signatures of the disor-
der. A property of this type was recently discovered in
theoretical studies of He scattering from models of Xe+ Kr
mixed monolayers on a flat support’—very similar to the
systems studied here except for quantitative details. The
signatures found were intensity maxima at non-Bragg po-
sitions, which can therefore not arise at all for an ordered
system, and thus must reflect directly the surface disorder.
Examination of these maxima has shown that they can be
interpreted as rainbows.>" It can be shown by stationary-
phase (classical-limit) evaluation of the intensity expres-
sion, Eq. (6), that rainbow peaks occur when the He scat-
tering phase shifts, defined by Eg. (7), for the important
configurations that contribute to the disordered structure,
have an inflection point, i.e.,

a,(R) 3%,(R)
ax* °  dyox :
det| 20, (R) 8 %,(R) | =0 (12)
dxady ’ »

The existence of an inflection point of the phase shift is
related in turn to an inflection point of the He/surface
potential, and the rainbow peak is due to scattering from
the vicinity of that point. Rainbows have been known for
He scattering from ordered surfaces!’—in which case the
observable peaks are only Bragg peaks, and the rainbow
pattern is just the (semiclassical) envelope of the diffrac-
tion spikes. Rainbows were also found for scattering from
isolated defects on crystalline surfaces.”>"!7 In the present
and other cases of disordered surfaces rainbow peaks need
not coincide in position with the Bragg peaks so the two
types of peaks can be readily differentiated. Since these
rainbows are strictly due to disorder we refer to them as
“disorder rainbows.” In the example of Ref. 5, the local
regions that gave rise to disorder rainbow scattering were
mostly Xe atoms surrounded by Kr neighbors or vice
versa. Our aim here is to explore theoretically whether
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FIG. 7. Angular intensity distribution of He scattered from mixed
Xe-+Kr monolayers. The results are for normal incidence at He collision
energy of 17.5 meV. The sharp spikes (out of scale) are the Bragg peaks.
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10% Xe:90% Kr monolayer; (b) 50% Xe:50% Kr monolayer; and (c)
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disorder rainbows also arise for the more realistic substi-
tutionally disordered monolayers simulated in the present
study. As Fig. 7 shows, this is indeed the case. In fact, as
for the model study of Ref. 5, disorder rainbow maxima are
found for all Xe+Kr mixed monolayers. The peak inten-
sities and, in part, also the positions vary, however, de-
pending on the disorder surface structures that contribute
to the scattering which in turn depend on the Xe:Kr mix-
ing ratio of the monolayer. A more detailed analysis shows
that the disorder rainbow peaks for mixtures dilute in Xe
come mainly from scattering from ‘‘clusters” where a Xe
atom is surrounded by six Kr atoms (other clusters con-
tribute considerably less). The rainbows for mixtures di-
lute in Kr come primarily from sites where a Kr atom is
surrounded by six Xe’s. For the heavily mixed surfaces,
both types of arrangements (and probably additional ones)
contribute. This feature and all the above behavior are the
same as previously found in Ref. 5, for a simpler structural
model of Kr+Xe overlayers. Based on the results of Fig. 7
and of Ref. 5, a search for disorder rainbows in systems
such as mixed Xe+ Kr monolayers should be of great in-
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FIG. 8. Free energy curves and the segregation transition. The result is
obtained for the 50% Xe:50% Kr monolayer. ®—The free energy of the
mixed monolayer; O—the corresponding free energy of the segregated Xe
and Kr monolayer.

terest, and may provide very detailed information on the

" disordered structures involved, including information on

the difference between the equilibrium distances of Xe and
Kr from the Pt(111) surface. The intensity of the disorder
rainbows is estimated to be around 1:10*-1:10° as com-
pared to the specular peak intensity in systems of this type.
Experimental observation of such low intensity peaks is
feasible, but hereto have not been undertaken for mixed
overlayers.

E. The segregation transition in mixed Xe +Kr
monolayers ~ '

So far, our discussion was confined to structural prop-
erties only. We comment now briefly on one important
thermodynamic property of these systems. Figure 8 shows
the free energy curve of the mixed Xe+ Kr monolayer, for
a mixing ratio 1:1, and the sum of the free energies of the
corresponding pure Xe and pure Kr monolayer system.
The results are extracted from the Monte Carlo simula-
tions, and are of course subject to errors due to the limited
accuracy of the potentials used. The results predict a seg-
regation transition around 16 K. If the conditions for the
transition could be realized, the transition should be ob-
servable by He diffraction, since the segregated phases cor-
respond to-ordered domains of Xe and Kr monolayers. In
the experiments, however, it turns out that at temperatures
below about 30 K the interlayer diffusion is very small,
such that kinetic effects will hinder the segregation.

IV. CONCLUDING REMARKS

In this paper, theoretical Monte Carlo simulations and
the scattering calculations from the simulated structure,
and their comparison with experimental data were used to
investigate the structural properties of mixed Xe+Kr
monolayers.
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The results have shown that under the conditions of
the study, i.e., 7=40 K, Xe+Kr mixed monolayers are
crystalline periodic in structure, and have periodicity do-
mains well over 100 A. The lattice constants were found to
depend linearly on the mixing ratios, but the periodicity
was found to hold in all the regimes of mixing ratios, from
dilute Xe in Kr to the opposite case, and including the
heavily mixed systems. This is a first experimental-
theoretical demonstration of such periodicity over the en-
tire range of all mixing ratios in a realistic surface system
of relatively well known interaction potentials. This system
is therefore an ideal testing ground for models of periodic-
ity and of angular and translational correlations in disor-
dered surface systems. It was also found that the monolay-
ers are almost ideal substitutionally random disordered
systems. Again, there is considerable conceptual impor-
tance and interest in demonstrating such a property for
systems which are real on one hand, but where relatively
reliable calculations are feasible on the other hand.

Above all, this study brings out the power and poten-
tial usefulness of He diffraction scattering for exploring
struetural disorder at surfaces. In particular, such studies
can gain much from quantitative interaction between the-
ory and experiment. It appears that He diffraction can
serve as the basis for crystallography of substitutionally
disordered surfaces. This study indicates that other aspects
of the scattering and its angular distribution (i.e., disorder
rainbows) exist and may considerably enhance our ability
to unravel disordered surface structures at great detail (on

the atomic level). Further studies of related systems (e.g., .

mixed Ar+ Xe monolayers) are under way, and will hope-
fully reveal different types of structural disorder in two
dimensions.
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