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ADSORBED SOLID XENON AND KRYPTON ON GRAPHITE-DIFFRACTION 
STUDIES AND MODEL CALCULATIONS 

J. A. VENABLES and P. S. SCHABES-RETCHKIMAN 

School of Mathematical and Physical Sciences, 
University of Sussex, Brighton, BN1 9QH, Sussex, England 

Rbum6. - On souligne ici l'importance des dernikres etudes de diffraction qui ont permis 
d'btablir les diagrammes de phase et les isostbres des couches monoatomiques de Kr et Xe solides 
adsorb& sur le graphite. La mesure des paramktres rkticulaires permet d'obtenir des isostkres 
avec une precision de -0,6 % qui peuvent &tre utilises pour tester des modkles approfondis de 
mkcanique statistique de ces couches solides. Ces mod&les utilisent les potentiels de gaz rares les 
plus precis dans le cadre du formalisme de la dynamique du reseau. On s'applique B Ctudier les 
transitions solide-gaz et solide-solide (localis6-dklocalis6). On montre que (i) 1'6nergie B trois 
corps de Sinanoglu-Pitzer est significative mais approximativement 0,4 fois plus grande que celIe 
proposee originalement, (ii) les dislocations interfaciales modifient la forme de la transition 
solide-solide ; de plus 1'6nergie de dislocation de Frank-Van der Merwe permet de rendre compte 
convenablement de la transition du second ordre observee, et (iii) les dislocations modifient 
considerablement les intensitCs diffractkes. 

Abstract. - The importance of recent diffraction studies in establishing phase boundaries and 
isosteres for solid adsorbed monolayers of Kr and Xe on graphite is emphasised. Lattice 
parameter measurements give isosteres to -0.6 % accuracy which can be used to test detailed 
statistical mechanical models of the solid layers. These models are developed using the most 
accurate rare gas potentials in conjunction with the cell model of the lattice dynamics. By 
concentrating on the solid-gas and solid-solid (registry-disregistry or localised-unlocalised) phase 
transitions, we show that : (i) the Sinanoglu-Pitzer (substrate-mediated) three-body energy is 
significant but approximately 0.4 times as large as originally proposed ; (ii) that misfit dislocations 
modify the form of the solid-solid phase transition, and that the Frank-van der Merwe form of the 
dislocation energy can be made to fit the observed (second-order) transitions reasonably well ; 
and (iii) that dislocations also modify diffraction intensities considerably. 

1. Introduction. - It is clear from this conference 
that the physics of quasi-two-dimensional (2  D) 
systems is arousing much current interest. The 
physisorption of rare gases on graphite has long been 
studied and is of especial interest, since one can 
begin to  model the interactions between the rare gas 
atoms, and between the rare gas atoms and th'e 
graphite, with some precision. These interactions, 
when coupled with a suitable description of the 
motion of the adatoms and the substrate atoms, form 
the basis for evaluating detailed statistical 
mechanical models of the adsorbed state and for 
testing them against experiment. This approach has 
been reviewed in a recent book [I]. 

The gases Kr and Xe are interesting for several 
reasons. Firstly, they are the most classical of the 
rare gases because of their large masses, so that 
classical theories can be used for the most part. 
Secondly, much data has recently been acquired 
using volumetric analysis [2, 3, 4, 51, Auger electron 
spectroscopy [6, 7, 81 and ellipsometry [9] and 
various diffraction techniques discussed in this 

paper. As a result of this work, the 2 D-phase 
diagrams of Kr and Xe on graphite are becoming 
known, and exhibit a considerable richness of 
structure. The diagrams are shown in figures 1 and 2  
as a function of the thermodynamic variables log p 
(torr) versus 1/ T. It is by no means clear that all the 
phases which exist in equilibrium have yet been 
discovered. 

These phase diagrams show phase equilibrium 
lines, for example between a 2 D solid and a 2 D gas, 
and the slope of such lines can be calculated for a 
given model. A model will however give more than 
this : it will also give the lines of constant density of 
atoms n  ( p ,  T), whose slope on a (In p - 1/T) plot is 
the isosteric heat of adsorption, q,,. Thus to test the 
models we really need to measure n ( p ,  T) 
accurately as well as determine the phase 
equilibrium lines. We also need to do accurate 
calculations for realistic models of the adsorbed 
state. This is most feasible for the solid 2 D phases 
and for the adsorbed gas. For the solid phases we 
can aim to combine accurate interatomic potentials 
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Phase Diagram of 
Xenon on Graphite 

nables e t  a1 197 

FIG. 1 .  -Phase diagram of Xe o n  graphite. 

3 D  Solid Krypton Phase Diagram of 
fcc crystal Krypton on Graphite i 

FIG. 2. -Phase diagram of Kr o n  graphite. 

with an adequate description of the lattice dynamics 
to explain the thermodynamics, in the same way as 
has been done recently for bulk (3 D) rare gas solids 
[lo]. 

In this paper we concentrate on the use of 
diffraction experiments to give information about 
the structure of the solid layers, and to measure 
n (p, T) accurately. We then discuss models of the 
layers and discuss the solid-gas and solid-solid phase 
transitions using recent interatomic potentials for Kr 
and Xe. 

2. Diffraction techniques and results. - 
2.1 TECHNIQUES. - Diffraction techniques can 
measure both the orientational order (epitaxial 
orientation) of a solid adsorbed layer and its lattice 
parameter. As with the other techniques, there is a 
distinction between those techniques which can be 
used on a single exposed substrate surface and those 
which require a large volume of adsorbate, which 

have to use exfoliated graphite (e.g., grafoil). As has 
been pointed out recently [1 l] this distinction must 
always be borne in mind, as there is often a 
considerable amount of adsorbate condensed on the 
re-entrant corners of the exfoliated material, and 
that this may lead to adsorption isotherms which are 
not as sharply stepped as on a single surface [8, 1 I]. 

heutron diffraction, since it is not surface 
sensitive, has been done on exfoliated graphite for 
N, [I21 and 0, [13], very recently for Kr [38] but not 
for Xe. Low energy electron diffraction (LEED) [6, 
7, 14, 151 and transmission high energy electron 
'diffraction (THEED) [I61 have been done on single 
exposed surfaces of graphite, in the latter case in the 
form of thin ( < 10 nm thick) plates. Both of these 
techniques can detect a single solid adsorbed 
monolayer. It is more difficult to measure the lattice 
parameter of the layer accurately. Early LEED 
work on xenon [6, 141 indicated that the gas 
condensed into the so-called d? x .\/3 structure, 
with the gas atoms occupying the centre of every 
third graphite hexagon. However, more recent 
THEED work [16] has shown that under these 
conditions the lattice parameter is not the same as 
the relevant graphite distance, but is larger by about 
6 %. This implies that most current LEED apparati 
are not capable of resolving lattice parameter 
differences of this order. The reason for this is the 
lack of spatial coherence of the LEED be'am which 
results in very broad spots. An improved apparatus 
[15] has given very encouraging results for Kr, and 
now both LEED and THEED can measure the 
lattice parameter of an adsorbed solid monolayer to 
about 0.3 % accuracy. An accuracy of order 0.3 % 
has been claimed for neutron diffraction on quasi- 
poly-crystalline samples of grafoil [12]. 

The lattice parameter of the adsorbed layer is an 
important thermodynamic parameter, as under 
certain conditions discussed below, it enables us to 
determine n (p, T) and hence is a useful check on a 
model of the layer. The main condition is that the 
layer should not be rough ; i.e. the number of 
vacancies and adatoms should be small. This is 
undoubtedly the case for Kr and Xe monolayers on 
graphite where independent estimates [I 1, 171 show 
the calculated vacancy concentration to be < at 
temperatures 5 90 K. Thus when there is a single 
adsorbed solid phase on the surface, a measurement 
of the lattice parameter to 0.3% accuracy 
determines n (p, T) to 0.6 %. only once lattice 
parameters become available at around 0.005 % 
accuracy will we have to worry about vacancy 
effects in these systems. 

Even at the present level of accuracy, the 
diffraction information gives probably the most 
accurate data for n(p, T) for solid layers. 
Furthermore it is internally calibrated (by reference 
to the graphite lattice), so we do not have the 
problem of defining what is meant by monolayer 
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coverage which is implicit in volumetric analysis, 
AES and ellipsometry. I t  is also rather insensitive to 
adsorption at special sites such as ledges, which is 
seen, for example, by AES [ S ] .  Hence the 
diffraction data may conform more closely to the 
idealised model than other results. As against these 
advantages it is clear that the diffraction information 
is only useful from solid layers, and that the lattice 
parameter cannot be used to follow the progress of 
first order phase transitions such as the gas-solid 
transition. 

Extra information may be obtained from 
diffraction intensities, and in a linear model one 
would expect the integrated intensity of a diffraction 
spot to be proportional to n ( p ,  T). This parameter 
has not yet been used to follow the progress of a 
phase transition, though there are indications that 
intensities vary during transitions [7] and that the 
intensities might be used to indicate the 
microstructure of the layer [16]. Preliminary results 
are discussed in the next section. 

2 . 2  RESULTS. - Lattice parameters obtained by 
THEED for Xe [16] and by LEED for Kr [ I S ]  are 
shown in figures 3  and 4 .  In the Xe case the 

FIG. 3. - Lattice parameter measurements for Xenon on 
graphite by THEED [16]. 

temperature was varied at constant pressure and for 
Kr the pressure was varied at constant temperature. 
The regions of the phase diagram explored by these 
techniques ( p  s torr) can be seen in figures 1 
and 2. In figures 3  and 4 ,  the misfit m is related to n 
by m = n-'I2-1.  For Xe, m r O  and n 5 1 ,  n  
decreasing as one goes towards the gas-solid 
equilibrium line. For Kr m 5 0  and n 2 1, n  being 
equal to 1 at the gas-solid line and staying at 1 until a 
solid-solid transition occurs to a higher density solid. 

Krypton on Gmph~te 
M ~ s f ~ t  - pressure plot 

FIG. 4. - Lattice parameter measurements for Krypton on 
graphite by LEED ([15], and M. D. Chinn and S. C. Fain, Jr., 

these proceedings). 

In the xenon case, the transition to the n = 1 
( m  = 0 )  in-registry or localised state occurs at low 
temperature, but this transition occurs very close to 
the monolayer-double layer transition, so that few 
examples of this state have been found so far. The 
Kr solid-solid transition had previously been found 
at much higher pressures, by volumetric analysis 
[3] ; the xenon transition is not yet well 
characterised. The shape of the curves in figures 3  
and 4  indicate that these solid-solid transitions are of 
second order. 

The intensities of diffraction spots also contain 
information, and the method of measurements of the 
diffracted intensity I ,  and the incident electron beam 
intensity I ,  in THEED have been discussed 
previously [16]. More recently we have shown that 
the ratio ( Ig / Io )  can be measured with a precision of 
about k 10 % using a computer-controlled 
densitometer. The densitometer scans a 30 x 30 
raster over the diffraction spot g and the computer 
then calibrates these 900 intensity measurements, 
performs a sloping background subtraction and then 
fits the spot to a two-dimensional gaussian and finds 
the integrated intensity. Having previously scanned 
a plate which measured the incident intensity, we 
then obtained the ratio (IJI , ) .  The shape of the spot, 
the (very good) fit to the gaussian and the ratio 
( Ig /  I,) are shown in figure 5 .  

As a result of these measurements we found that 
for g = { 1 0 ) I g / I o = 1 . 4  k 0 . 1 5 ~ 1 0 "  and for 
g ={20) ,  I , I I o = 3 . 3  2 0 . 3 x  lop5,  for xenon at 
T = 67.1 K p = 4.7 x torr . Further experiments 
to search for systematic p and T dependencies are 
continuing. These intensity ratios are considerably 
less than the values 4.7 % 0.6 x and 
1.48 2 0.2 x  lo-" which would be expected for an 
undistorted (static) hexagonal monolayer. In the 
example quoted, the ratios are only 0.29 f 0.05 and 
0.22 2 0.04 of that expected. 

This discrepancy is too large to be accounted for 
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q I o  = 1.334 x 10-4 where h,, h, are enthalpies and s,, a are entropies, 
the form of transition lines and isosteres can be 
deduced to be 

FIG. 5. - Intensity measurement of diffraction spots in THEED 
by computer controlled densitometer. The Gaussian fit (curve), 
the shape of the spot, and ratio I,/Ia = 1.334 x are displayed. 

by a thermal Debye-Waller factor and we suggest in 
8 4.3 that these values are reasonable for a model of 
the adsorbed layer which contains an array of misfit 
dislocations. Since these same dislocations also 
explain the epitaxial orientation of the adsorbed 
solid, and can lead to a second order solid-solid 
phase transition (8 3.3) it is dear that the model of a 
monolayer with misfit dislocations is quite close to 
the experimental facts for Kr and Xe, and may be 
generalisable to other systems as well. Using this 
model we can also examine the gas-solid phase 
transition, and say something about the magnitude 
of many-body forces between adsorbed atoms. But 
first we discuss briefly the general method of 
modelling monolayers and their phase transitions, 
and outline what we know about interatomic 
interactions in rare-gas graphite systems. 

3.Modelling the adsorbed state. - 
3.1 THERMODYNAMICS AND A STATISTICAL- 

MECHANICAL MODEL. - The thermodynamics of 
2 D adsorbed phases in equilibrium appear in several 
references e.g. [I, 19, 201, but the account on which 
this description is based is that by Price and 
Venables (hereafter PV) [17]. For equilibrium 
between two adsorbed phases 1 and 2, and the gas 
phase g, we must have the chemical potentials and 
spreading (2 D) pressures equal, viz : 

A phase equilibrium (or transition) line on a p - T 
diagram is defined by 

By expressing E*, = h, - Ts, and 

l n p  = b / T  + b (3) 

where a and b are roughly temperature 
independent. Thus plots of log p - 1/T such as 
figures 1 and 2 are very convenient. 

In the case of a transition line between two 
adsorbed phases : 

For the adsorbed gas-solid transition it is usual 
simply to neglect n, in equation (4). For isosteres 
(lines of constant n )  the finite difference terms in (4) 
are replaced by a differential, viz : a(n, h, )/an, the 
isoteric heat of adsorption q,, is given by 

The evaluation of these quantities is made by 
constructing a detailed statistical mechanical model 
for the partition function Q, and using the standard 
equation F = - kT ln Q, with I*. = (BFIBN),,, 
C$ = - (a F/aA ) , ,  where F is the Helmholtz free 
energy, A is the area of the substrate and N the 
number of atoms adsorbed. 

Price and Venables [I71 constructed a model of 
the solid phases based on the Bragg-Williams 
partition function 

Q =- 
N !  ( M - N ) !  (6) 

where the N atoms are on M sites, P is the 
rare-gas-graphite potential, i,!~ is the potential energy 
of an atom in the adlayer and q is the internal 
partition function of each atom. They showed, by 
minimizing F with respect to 8 = N/M, that the 
vacancy concentration (1 - 8)  was < for 
reasonable potentials at the temperatures ( 5 90 K) 
of interest for solid monolayers. In this case the 
expression for F simplifies to 

This expression can be used to evaluate p and 4 
and hence the conditions for equilibrium lines and 
isosteres. However, in repeating the (PV) 
calculation, we have found it easier to evaluate F 
directly, because F / A  is a minimum at equilibrium. 
We choose a reference state which is the localized 
solid phase with n = N / A  = 1 and express F / A  as 
F, (per graphite site) in K units. Then the localised 
solid has 

F, = +,/2+P,,- 6 - T l n q , ,  (8) 
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where, in the (PV) model, localization is favoured complete, since the 3-body term is less important 
by a potential energy S below the average energy Po than in 3 D. However, there is also another repulsive 
because all the adatoms sit in the graphite potential energy on the graphite surface which is the analogue 
wells. of the ATM energy, with the graphite as the third 

The unlocalised solid (n # 1) has a corresponding body. This energy is the Sinanoglu-Pitzer (SP) term 
F, given by [25, 171. There have been several discussions of the 

magnitude of the SP  energy [26, 27, 28, 171 and it is 
F2 = - n, k + (*2/2 + Po - In q2), (9) of considerable interest to determine this from 

where the first term accounts for the adatoms which 
have left the surface for the vapour (or vice versa). 
The equilibrium adsorbed structure : localised (in 
registry) solid, unlocalised (out of registry) solid or  
low density adsorbed gas is then simply given by 
whichever of F,, F, or pg is lowest. In the case of 
the unlocalised solid the density n is that which 
minirnises F, ; for the adsorbed gas a full calculation 
retaining n in equation (9) is straight-forward, but 
for practical purposes n = 0, and hence F + p, is 
quite adequate. The above formulae are equivalent 
to the (PV) formulae for 6 = 1. 

3 .2  INTERATOMIC POTENTIALS AND LATTICE 

DYNAMICS. - The model depends principally on the 
interatomic potentials used to  determine Po, 6 and 4, 
and also at  finite temperatures on the form of the 
partition function q, i.e. on the dynamical model 
adopted. Here we follow (PV) closely. The average 
potential Po seen by the gas atom isolated on the 
graphite can be determined by calculation using 
Lennard-Jones (LJ) potentials [20, 211 or more 
reliably by comparison with Henry law adsorption 
isotherms a t  low coverage. The values are - 1 410 K 
for Kr and - 1 858 K for Xe 1171. The extra energy 
which the rare gas atom feels when it is at  the bottom 
of the potential well in the graphite, 6, is expressible 
in terms of the values of P at different points on the 
graphite lattice, and has values estimated by LJ 
potential calculations as  S = 25, 27K [17, 201, 
6 = 28, 25 K [21] for Xe and Kr respectively. While 
these values do  not necessarily determine S 
absolutely, they do  indicate that S is small and that 
the graphite surface is smooth enough for us to 
neglect the variation in height of a rare gas atom with 
position on the graphite surface. 

Recently new multi-parameter potential functions 
(MP) for pairs of rare-gas atoms have been 
developed and these have essentially displaced the 
LJ potential for all but illustrative purposes (cf. 
.reference [lo] Chapter 4). Potentials for Kr [22, 241 
and for Xe [24,25] have been described. The various 
variants are negligibly different for our purposes and 
we have used the K2 potential for Kr and the X2 
potential for Xe from reference [22]. With these 
potentials the long-range triple-dipole energy (the 
Axilrod-Teller-Muto (ATM) 3-body energy) is also 
used, and in 3 D bulk rare gas solids this repulsive 
energy compensates for the greater depth of the pair 
potential with respect t o  the LJ potential. 

In a 2 D situation, this compensation is less 

comparison with a realistic model of rare gas 
adsorption on graphite. This is discussed further in 
$4.1. 

The lattice dynamics of both the substrate and the 
adsorbed layer will influence the thermodynamics of 
adsorption. In the present model we neglect the 
lattice vibrations of graphite because of its high 
Debye temperature. For the Kr and the Xe we use 
the Devonshire cell model (D) for the x-y motion as 
we feel it describes the anharmonic effects of a 
classical atom remarkably well (cf. reference [lo] 
chapter 6 ; 29) ; for the z-motion we use the Einstein 
model as (PV). We thus set out to compare the 
multiparameter potentials with the cell partition 
function (the MPD model) and various variants of 
the MPSPD model with the diffraction results 
described in § 2.2. For comparison, we note that the 
lattice expansion of solid 3 D Kr and Xe is given to 
within 0.2 % and 0.8 % respectively in the range 
45-90 K [30]. Thus we might expect the cell model, 
when we employ the right potential for the 2 D 
situation, to be in error by 1.6 % in the value of n 
for Xe and probably better for Kr. 

3.3 THE SOLID-SOLID TRANSITION, THE 

INFLUENCE OF MISFIT DISLOCATIONS. - In the (PV) 
model outlined above, the driving force for 
localization in the graphite potential wells is the 
extra potential energy gained, 6, when n = 1. For all 
n #  1 this energy is set = 0. This result is indeed 
correct if we insist that the lattice parameter of the 
adsorbed layer is everywhere uniform. However the 
system can lower its energy by modulating the lattice 
parameter to take advantage of the potential wells, 
thus producing an array of misfit dislocations 
between the adsorbed layer and the graphite. These 
misfit dislocations are seen in many systems by 
electron microscopy, and have been seen in thicker 
Xe films on graphite [31]. 

The existence of misfit dislocation array explains 
the epitaxial order observed in diffraction 
experiments. The stability -of this array arises 
because in the dislocation model the free energy gain 
for n # 1 is not zero except for large deviations from 
one, i .e. for large misfit, I m I. In particular, the gain 
is of form Sf (m)  where f (m)  = 1 - A I m I as  m -+ 0 
and f (m)  -+ 0 as I tp l becomes large. Here A is a 
constant proportional to the dislocation energy, 
which may, however, be difficult to calculate 
accurately. 

In an adsorbed layer, even if solid, the 
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dislocations cannot be stationary, since atoms are 
interchanging with the vapour, and the most likely 
place for attachment is onto free ends in the 
dislocation network. This is almost certainly also the 
way in which the lattice parameter, and hence the 
spacing of the dislocation array, accommodates 
itself to  changes in p and T. If this motion is 
important in contributing to the free energy of the 
array then the layer will be further stabilised. This 
unsolved problem has much in common with the 
dynamics of solitons [32]. 

If the energy of dislocations (i.e. A )  is small 
enough, the solid-solid phase transition in Kr and 
Xe monolayers can be second order, as the 
experimental results of figures 3 and 4 indicate. This 
is illustrated schematically in figure 6 for the case of 
Xe, and rn 2 0. The free energy F = F, - F, in 
equations (8) and (9) is shown in figure 6a. At low 
T (  < TI), F, < F, and the localised phase is 
favoured due to 6. At T = T I ,  a first order transition 
is predicted from rn = 0 to m = mo(T1), and at  
T > T, the unlocalised phase with m = m0(T) is 
stable. This is the (PV) model. 

The dislocation contribution is sketched in 
figure 6b, (i) for the static energy and (ii) if dynamic 
effects are important. When the two contributions 
(a) and (b) are combined we get figure 6c. If A is 
large we get curve (iii) which predicts a first order 

rn 

'I' FIG. 6. - Schematic free energy diagram fo  Xe on graphite 
(m > 0). See text for discussion. (a)  F = Fz - F,  for different 
temperatures ; (b )  Dislocation contributions (i) and (ii) ; 
(c)  Composite curves for (iii) first order and (iv) second order 

transition. 

transition with somewhat reduced T, and m,(T,). If, 
however, A is small enough so that the slope 
becomes zero at m = 0 before the first order 
transition occurs then curve (iv) results. This is a 
second order transition with m(T)  increasing 
linearly with T initially for T > TI .  This behaviour 
is discussed in more detail elsewhere [33] but it is 
,clear that it mirrors the essentials of the 
experimental situation for Kr and Xe. Results of 
model calculations are given in D 4.2. 

The above approach is equivalent to a mean field 
model of the dislocations, and gives a second-order 
transition in the way sometimes referred to a s  
Landau theory [36]. We have not explored other 
approaches to second order phase transitions e.g. 
[371. 

4. Comparison of the models with diffraction 
experiments. - 4.1 NON-DISLOCATED MODELS. - 
The isosteres for the unlocalised phase for the MPD 
and MPSPD models have been given by Price and 
Venables 1171. In repeating their calculations we 
have found that the ATM energy was somewhat 
overestimated (by about I0 K only in +/2), with the 
result that their values of n should be decreased by 
about 0.02 for Kr and 0.01 for Xe. Corrected 
log p - 1 / T plots are given in figures 6 and 7 for Kr 
and Xe, with an extended range to  allow comparison 
with the newer diffraction data. Also added is the 
predicted gas-solid transition line. The two models 
shown are the MPD and the MP0.4SPD (with the SP  
term at 40 % strength) which we think is close to 
reality. 

From the expected values of 6 it is-clear that Kr 
condenses into the localised (n = 1) phase, whereas 
Xe condenses into a non-localised phase with n < 1, 
as discussed by PV. Because the gas free energy F,  
varies so  tapidly with T and p, the gas-solid 
transition line is rather insensitive to fine details of 
the solid free energy. For both Kr and Xe the MPD 
and the MP0.4SPD models bracket the experimental 
line. If one suggests that the experimental line [6] 
should pass through the experimental triple point, 
then this indicates that the MP0.4SPD is more 
realistic. This conclusion is reinforced when 
dislocations are included as these stabilise the solid 
by a small amount and depress the theoretical 
transition line. In any case the MP0.4SPD model is 
well within experimental error and the MPD model is 
also very close. 

The value of n for Xe at  the gas-solid transition 
( -2 0.89 for < p < 5 x lo-') also favours the 
MP0.4SPD model. From the diffraction experi- 
ments (Fig. 3) m = 0.06 % 0.003 and hence 
n = 0.890 -t 0.006 in this pressure range. 

On the model of PV the value of 6 can be deduced 
from the position of the solid-solid transition. Using 
the new calculations to compare with the diffraction 
data, we find that the values for the MP0.4SPD 



FIG. 7. - Log p versus 1/T plots for Xe on the ( a )  MPD and (6 )  MP0.4SPD models, showing calculated isosteres and experimental 
data from figure 1 .  

FIG. 8. - Log p versus I /  T plots for Kr on the (a) MPD and ( b )  MP0.4SPD models, showing calculated isosteres and experimental 
data from figure 2. 
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(MPD) models would be 24.5 2 3(40.5 t 4.5) for 
Kr and 21.5 & 2(10.0 t 1.5) for Xe. The values for 
the MP0.4SPD model are quite close to the values 
calculated from Lennard-Jones potential [20, 211. 

However, as  we have noted, the form of the 
predicted transition is first order, not in agreement 
with experiment, and for this reason we have 
examined dislocation models which can give a 
second order transition. 

4 . 2  DISLOCATED MODELS. - Dislocations can be 
inserted into the PV model by letting the energy gain 
from orientational epitaxy be of the form 6. f ( m )  as 
explained in 03 .3 .  At a fundamental level the 
problem is now much more complex, since the 
energies of hexagonal arrays of dislocations are 
involved. Indeed even dislocation interactions are 
essential as these determine the form of f ( m )  and 
hence the predicted m  value. Moreover there is a t  
least one more parameter involved for any particular 
form of f ( m )  ; this is f '(0) = - A .  For a given 
model and value of 6, the solid-solid transition point 
depends also on A. Hence finding a unique solution 
is not really possible. What we can do at  this stage is 
to show that particular dislocation models can give 
reasonably good agreement with the experimental 
results for a suitable choice of parameters. I t  is left 
to  future work to see whether these parameters 
agree in detail with 2D (hexagonal) dislocation 
models. 

In general the introduction of the dislocations 
pushes the predicted transition point to the left on 
figures 3 and 4 .  To compensate for this and bring 
back the transition point to agree with experiment, 
we have, within a given model, to increase 6. If we 
have the transition in the right place the parameters 6 
and A have to be related, i.e. S increases as A 
decreases. But there is still no assurance that the 
chosen form of f ( m )  will reproducce the misfit 
curve rn (T,  log p ). A first-order or second-order 
transition, or a combination, can be predicted, 
depe,nding on the details of f ( m ) ,  indeed of 
f r ( ,m)  [33].  We have studied three forms of f ( m )  in 
order to explore this problem. These are the 
exponential f ( m  ) = e" '" ' : piece-wise linear, 
f ( m )  = 1 - A  Irn I for A Im I 5 1 , O  otherwise : and 
an  adaptation of the linear dislocation model of 
Frank and Van der Merwe [34]. In this case the form 
of f (m) is detailed elsewhere 1331, but for small m it 
is more linear than exponential and then goes to zero 
more slowly. 

The exponential form gives a curve which usually 
increases too steeply at small m  and too slowly at 
'high rn : i.e., the shape of the curve is nearer to a 
first order transition than experiment. The 
piece-wise linear curve starts too slowly and then 
jumps in a first order transition. The Frank-Van der 
Merwe form, which contains the correct physics of 
dislocations in one-dimension for a harmonic lattice, 
can be made to reproduce the form of m  quite 

closely. However, we are convinced that 
anharmonic effects are important, and that further 
development of dislocation models is needed. The 
best fits we have obtained with the exponential and 
linear Frank-Van der Merwe dislocation models are 
shown in figure 9 for Xe and figure 10 for Kr [33]. 

The absolute positions of the transitions are fairly 
sensitive to the assumed model and to the accuracy 
with which the undislocated lattice parameter is 
known for the model. Typically a shift in the fraction 

FIG. 9. - Best-fit curves for MP0.4SPD model with dislocations 
to Xe lattice parameter data. Curves : Full line, experimental least 
squares fit [16] ; Dashed line, ID-Frank-Van der Merwe 
model 133,341 with A = 55, 6 = 33 ; dot-dashed line, exponential 
model with A = 55, 6 = 33 ; dotted line, undislocated model for 
p = 7 X 10-'tom (Fig. 76) Stars indicate the positions of the 

predicted gas-solid transition. 

FIG. 10. - Best-fit curves for MP0.4SPD model with 
dislocations to Kr lattice parameter data. Curves : Full line, 
experimental [I51 ; Dashed. line, 1 D Frank-Van der Merwe 
model [33, 341 with A = 19.2, 6 = 50 ; dot-dashed line, 
exponential model with A = 19.2, 8 = 50 ; dotted line, 

undislocated model for 54 K only (Fig. 8b) .  



ADSORBED SOLID XENON AND KRYPTON C4-113 

of the SP  term by 0.2 will change ra by 0.005 and the 
transition pressure by a factor of five. Bearing the 
accuracy of the cell model and other parameters in 
mind, we feel that the best model has a SP  term in it, 
with a strength of 0.4 + 0.2 of that originally 
proposed, for both Kr and Xe. This is close to the 
value found from second virial coefficient 
measurements by Wolfe and Sams [35]. 

4 .3  DIFFRACTION INTENSITIES AND MONOLAYER 
STRUCTURE. - We argued in § 2.2 that misfit 
dislocations will also affect intensities of diffraction, 
since distortions give rise to destructive 
interference. We noted that the THEED intensities 
were only 0.29 + 0.03 and 0.22 + 0.02 of that 
expected (for the (10) and (20) spots respectively) 

dislocations have Burgers vectors b (indicated by 
arrows) of magnitude equal to graphite spacing a,. 
The (10) planes of the xenon are shown dashed. 

Because a given (10) plane traverses 2 types of 
domain displaced relatively by a third of a lattice 
spacing, simple kinematic diffraction theory shows 
that, for narrow dislocations (small 1, in the linear 
dislocation model [34]) the diffraction intensity in 
both (10) and (20) spots will be 0.25 of the 
undistorted intensity. For finite I , ,  i.e. 1, a sizeable 
fraction of d, the (10) intensity will increase and 
the (20) decrease, in agreement with the preliminary 
experimental findings. Thus a detailed study of 
diffraction intensities may also produce additional 
evidence for the influence of dislocations. 

for the undislocated monolayer in a particular 
5. Conclusions. - By studying detailed models of experiment on Xe. 

We simply note here that these values are of the solid adsorbed Kr and Xe on graphite, we have 

order of magnitude expected for the simplest model shown that : 

of a hexagonal network of dislocations, shown in (i) the Sinanoglu-Pitzer term in the interaction 
figure 1 1 .  [33]. This figure can be viewed at two between rare gas atoms on a substrate is around 0.4 

FIG. 1 1 .  - Visualization of dislocation structure, drawn for 
Xe (m > 0). See text for discussion. 

scales. At the scale of the dislocation network, the 
hexagons represent the (edge) dislocations with 
spacing d, inversely proportional to m. The heavy 
lines represent a node of the network at the scale of 
the graphite hexagons, and the dots represent the 
xenon atoms in the dislocated monolayer. The 

- 

of the strength originally proposed[25]. By 
considering the accuracy of the cell model we 
estimate this value to be 0.4 2 0.2. We note that this 
is very similar to the values obtained from second 
virial coefficient measurements of Ar by Wolfe and 
Sams [35] ; 

(ii) dislocations influence the form of the 
solid-solid transition and can cause it to be of second 
order ; a dislocation energy in the form given by 
Frank and Van der Merwe [34] can produce 
reasonable agreement with lattice parameters 
obtained from diffraction experiments ; 

(iii) dislocations also influence the intensity of 
diffraction. from a solid monolayer ; preliminary 
experiments can be understood in terms of the 
simplest type of hexagonal dislocation network. 
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DISCUSSION 

S. C. FAIN. - In your model for the dislocation 
structure (Fig. II), how does the intensity vary with 
misfit for the overlayer diffraction beams ? 

J. A. VENABLES. - This is a complex question, 
and the answer depends in detail on the atomic 
positions in the overlayer, and on the dislocation 
spacing in relation to the coherence width of the 
beam. We have not performed this calculation in any 
detail. The simple argument given here suggests that 

that for a perfect undislocated layer for various 
dislocations, for the reflections (ho), given a large 
coherence width, and this seems to be borne out by 
our preliminary experiments. 

For wider dislocations, or for a more sinusoidal 
variation of the positions of the atoms, which is an 
equivalent statement, the reduction in intensity will 
be less marked. But the diffraction pattern should 
also contain satellite spots and the intensities in 
these spots will also change according to the details 
of the atomic positions. However, many of these 
satellite intensities may be below the detection limit 
experimentally. In all these cases the most abrupt 
changes should occur across the registry-disregistry 
transition. We hope to explore these effects by 
THEED in the future. 

S. C. FAIN. - I would like to point out that Ying's 
more complete solution to the 1-D model of Frank 
and van der Merwe shows first-order transitions for 
strong substrate potentials [Ying, S. C., Phys. Rev. 
B12 (1W1) 41601. Our experimental data cannot rule 
out a discontinuity in lattice constant of less than 
1 % at the transition. Thus in presenting our data 

[Chinn, M. D. and Fain, Jr., S. C., Phys. Rev. Lett. 
39 (1977) 1461, we were quite careful to state that the 
transition we observe for Kr is apparently second 
(or higher) order. 

J. A. VENABLES. - Sure ! All we can say 
experimentally is that the transition is second-order 
like away from the exact rn = 0 state. What happens 
very near to rn = 0 is not so clear, neither 
experimentally nor theoretically. Our model can give 
a true second-order transition for a continuous 
model of the dislocations and within mean-field 
theory. But we must beware of engaging in 
semantics and stick close to experiments and to 
simple explanations. 

M. SCHICK. - Is it correct that you have built 
into your calculation, which employs dislocations, 
the second order transition ? 

J. A. VENABLES. - Not really. The calculation 
presented here, and in more detail in a companion 
paper to  be published in Surface Science, is really a 
mean-field treatment of the effect of the 
dislocations. The model can produce a transition of 
first order, second-order or even both, depending on 
the details of the form of the dislocation energy, 
Sf(rn). What we have shoivn is that with a suitable 
choice of the parameter S and the form of f (rn), the 
second -order like behaviour of the lattice parameter 
of Xe and Kr can be simulated with some screens, 
and that the values of the parameters needed at 
physically reasonable. But the form of rn ( T , p  ) 
predicted is quite sensitive to the form of the 
dislocation energy employed, as detailed in the 
companion paper. 


