





Chapter 7

ELECTRON DIFFRACTION PATTERNS

7.1. Introduction

Theoretical investigation of cluster structures in electron diffraction patterns
generated by the Torchet group as described in Chapter 3 will be discussed in this
chapter. It is a difficult task to sort out the cluster structures in the beam gener-
ated by the coexpansion technique! by experimental electron diffraction patterns
due to their complexity. But evidence such as the existence of mixed clusters,
possible size ranges and prediction of the molar fraction in the cluster beam, ex-
tracted from experimental diffraction patterns are useful in theoretical studies to

model the cluster sizes for generation of diffraction patterns.

The requirement to obtain mixed clusters is that gaseous molecules of all
types should have similar binding energies (or similar sublimation energies in solid
state). Otherwise, the molecules with higher binding energies condense first and
those with lower binding energies simply help condensation by carrying away the
heat of condensation in a gaseous mixture of molecules. The similarity of the
binding energies of the three dimers, argon-argon (99.4 cm™1!), nitrogen-nitrogen
(102.8cm™1!) and argon-nitrogen (111.9cm™1!) facilitates the growing of mixed

clusters in the expansion of an argon-nitrogen gas mixture.
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Except for a few experimental studies which prove the formation of mixed
clusters, no substantial work has been done to elucidate the structures of argon-
nitrogen mixed clusters. In 1984, Okazi et al. produced small sized Ar,N, (for
n < 12) mixed clusters by both pickup and coexpansion methods and analyzed
them by mass spectroscopy.? Zero Electron Kinetic Energy (ZEKE) spectroscopy
after excitation of the 2p internal shell of Ar atoms was used by Riilth et al. in
1995 to study argon-nitrogen mixed clusters produced by gas coexpansion.® Clear
evidence for the existence of argon-nitrogen mixed clusters was given by Fort et al.
in 1998.4 In their studies, they produce the clusters by coexpansion and the cluster
beam was studied by angularly resolved mass spectrometric measurements after
scattering the beam by either a solid or a buffer gas (in the pickup method). They
detected the argon-nitrogen dimer species fragmented in a rotatable quadrupole

mass spectrometer.

For our purpose, the diffraction experiments of Torchet et al.! are most im-
portant. Experimental diffraction patterns for different argon partial pressures
in the inlet (data points were obtained from the Torchet group in France) are
presented in Figure 7.1 and Figure 7.2 for inlet pressures of 10 bar and 20 bar,

respectively.

7.2. Computational Procedure

Three computational procedures were carried out. The clusters of 13 particles
of icosahedron structures produced by the method discribed in Chapter 5 (the
first method) were first studied. Since argon centered clusters are more stable
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than nitrogen centered clusters, as discovered in dynamic studies, argon centered
Arp,(N2), (n+m = 13) clusters were subjected to diffraction studies. The dynamic
model given by equation 3.16 in Chapter 3 was used to obtain the diffraction
patterns. The radial distribution functions were generated by molecular dynamics
simulation for the most stable Ar,,(N3),, initial configurations. The size of the
time step used in the simulation was 10715 s and the system was allowed to relax
for 0.2 ps (200 steps) before actual data were collected for 0.8 ps (800 steps). The
target energy was chosen in such a way that the final average temperature was
to be about 28 K. This temperature is below the melting points of any cluster of
13 particles and a limited number of time steps was used to avoid any structural
change while averaging the data to calculate the radial distribution function. The
calculated diffraction patterns for all permutations of 13 particles are given in

Figure 7.3.

Previous studies on pure argon®® and pure nitrogen”® have interpreted the
features seen seen in these diffractions patterns. The splitting of the second peak
into a doublet is characteristic of an amorphous structure, mainly polyicosahedral,
in both argon and nitrogen diffraction patterns. In pure nitrogen patterns, the
large oscillation of the third peak (around 6.5 A=1) is due to interference from N—
N intramolecular distances of both free nitrogen molecules and nitrogen molecules
in the cluster. The strong angular damping of the first peak in pure nitrogen
patterns, in contrast to the pure argon patterns, is due to large librational motions

of nitrogen molecules.

In addition to these characteristic differences in the two pure patterns, the
position of the first peak for nitrogen is at a lower s value than that for argon.
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This variation can be seen in the diffraction patterns generated from argon nitrogen
mixed clusters. The change in the first peak position in the experimental patterns
with the argon molar fraction in the inlet is presented in Figure 7.4. With an
increase of argon percentage, clusters in the beam contain more argon atoms and
the peak position tends toward higher s values and finally stays constant once the

beam saturates with argon clusters.

Using the the above facts obtained from pure argon and nitrogen diffrac-
tion patterns, comparisons were made between the experimental patterns and
calculated patterns for the 13 particles. This clearly shows that the experimen-
tal patterns are due to clusters larger than the 13 particle system because none
of the calculated patterns show the second peak splitting characteristic of polyi-
cosahedral structures. After realizing that the clusters in the beam should have
polyicosahedron structures, we performed a second simulation to investigate the

electron diffraction patterns for the argon molar fraction 30% and below at 10 bar.
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Figure 7.1. Experimental diffraction patterns at 10 bar for dif-
ferent argon molar fractions in the beam.! Argon molar fraction
5%, 10%, 11.2%, 20%, 30%, 40%, 50% and 60% from bottom

to top respectively.
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Figure 7.2. Experimental diffraction patterns at 20 bar for
different argon molar fractions in the beam.! Argon molar frac-
tion 2.5%, 5%, 9%, 11%, 20%, 30%, 40% and 60% from bottom

to top respectively.
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Figure 7.3. Calculated diffraction patterns of Ar,,(N5), for

(n 4+ m = 13). Number of argon atoms in the cluster 0, 1,...,13

from bottom to top respectively.
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Figure 7.4. Change of first peak position r; with argon molar

fraction in the beam.
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7.3. Diffraction Patterns of Polyicosahedrons

We investigated the features of the experimental diffraction patterns, which
split the second peak into a doublet, by generating polyicosahedron structures
as follows. We started with three particles to build up pure argon clusters in a
sequential fashion. For each step in the growth sequence, we randomly selected an
orientation with respect to the cluster-fixed frame and brought in an additional Ar
atom until it touched (d = 3.75 A) an atom of the cluster. Then we used the Monte
Carlo method to equilibrate the resulting Ary4; configuration. The equilibrated
cluster was subjected to optimization (quenching) before adding the next particle
to the system. Using this procedure we generated seventy polyicosahedral argon
structures. To create mixed clusters we then selected some of the outer argon
atoms for replacement by N molecules. The mixed clusters just created were
subjected to optimization before use in MD simulations to calculate diffraction

patterns.

We used the same condition as used in first method for the 13 particle system
in our MD simulation to generate the radial distribution function for diffraction
pattern calculations except average temperature. We used a temperature of about
30K due to the following reason. We checked the behavior of the double bump at
the second peak with temperature below and above 30 K. The most reliable shape
of the peak then matched to the experimental diffraction patterns was at about
30K as suggested by the Torchet group in reference 1. A series of diffraction
patterns for clusters in the range starting from size fifteen to sixty-seven was
generated using the polyicosahedron structures. They are given in Figures 7.5,

7.6, 7.7, 7.8 and 7.9. in the order of size.
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Figure 7.5. Some of the calculated diffraction patterns of
Arp,(Ng), for (15 < n+m < 19). Composition and size of

each cluster given on top of the each curve.
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Figure 7.6. Some of the calculated diffraction patterns of
Ar,,(Ng), for (20 < n+ m < 30). Composition and size of

each cluster given on top of the each curve.
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Figure 7.7. Some of the calculated diffraction patterns of

Ar,,(N2), for (30 < n+ m < 42). Composition and size of

each cluster given on top of the each curve.
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Figure 7.8. Some of the calculated diffraction patterns of
Ar,,(Ny), for (42 < n + m < 55). Composition and size of

each cluster given on top of the each curve.
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Figure 7.9. Some of the calculated diffraction patterns of
Ar,,(N3), for (55 < n+m < 67). Composition and size of

each cluster given on top of the each curve.
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Figures 7.5 to Figure 7.9 present diffraction patterns categorized according to
cluster size. In Figure 7.5 the size ranges from 15 to 19, in Figure 7.6 from 20 to
30, in Figure 7.7 from 31 to 42, in Figure 7.8 from 43 to 55, and in Figure 7.9 from
56 to 67. Only the most relevant patterns, chosen according to their shape and
similarities to the experimental patterns at 10 bar, are plotted and given in each
size range. Then we analyzed and compared each category with the experimental

patterns and came to the following conclusions.

In the size range fifteen to nineteen (Figure 7.5.), oscillations in the third peak
of calculated pattérns are very deep and narrow compared to experimental pat-
terns. But the doublet in the second peak of the calculated patterns of Ary(N2)1s
and Ar3(N2);6 show some agreement with the experimental patterns. All other
patterns have large discrepancies specially in both the doublet in the second peak
and the oscillation in the third peak. The discrepancies in this size range reveal
that experimental diffractions patterns may not belong to the size range of fifteen

to nineteen and clusters should be even larger than this range.

The second peaks (doublet) of diffraction patterns (Figure 7.6) in the size
range from 20 to 30, show some similarities with experimental diffractions be-
low 20% argon molar fraction at 10 bar. Specially Ara(N3)24 (n + m = 26) and
Ar;(N2)2s (n + m = 30) have very good agreement in the second peak and in the
third peak oscillations with experimental patterns of 10% and 11.2% argon at 10
bar. These two patterns are then plotted together with 10% and 11.2% experi-
mental patterns and are presented in Figure 7.10 and Figure 7.11, respectively. In
each graph, experimental curves have been raised closer to the calculated curves
by multiplying by a constant to point out the similarities and discrepancies.
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A closer look at the Figure 7.10 and Figure 7.11 shows that the Ary(N3)qg
pattern has a much better match to the both 10% (multiplied by 2.8) and 11.2%
(multiplied by 2.7) than Ary(N3)24 pattern. If we compare each peak position
of Ary(N2)es with the experimental patterns, the second and the third peaks of
the calculated patterns are slightly off from that of both experimental 10% and
11.2% patterns in addition to the deep well in the calculated pattern compared
to experiment. Again the pattern for 10% argon shows better agreement over the
pattern for 11.2%. Finally this analysis reveals that the experimental cluster beam,
which is generated from 10% and 11.2% argon in the inlet with total pressure at

10 bar, may contain clusters of size about 26 to 30 particles with polyicosahedral

structures.

Patterns calculated from clusters size ranging from a total of 30 to 42 and
from 43 to 551argon atoms and nitrogen molecules are presented in Figures 7.7
and 7.8 respectively. Comparison of these patterns with experimental patterns
clearly indicates that there might not be clusters belonging to these size ranges in
the experimental beam because of strong discrepancies bétween experimental and

calculated patterns.

But in the last category, clusters sizes from 56 to 67, again show good agree-
ment with 20% and 30% argon patterns at 10 bar. Some of diffraction patterns cal-
culated in this category are given in Figure 7.9. Patterns belonging to Ar;5(N2)s2
and Arj;(N3)45 have remarkable similarities in the second peak and third oscilla-
tions. At the first glance, one can say that these clusters are similar in shape, but
comparing the height ratio of first peak to the second peak in both experimental

and calculated patterns, one can approximately match the 20% argon pattern to
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the Ary5(N2)s2 and 30% pattern to the Araz(N2)gs. These two calculated patterns
are plotted with 20% and 30% experimental patterns in Figures 7.12 and 7.13 re-
spectively. Each experimental peak has been multiplied by 6.5 to raise it closer
to the calculated patterns. Results in this category reveal that polyicosahedral
structures with a cluster size 67 may be responsible for diffractions patterns of

20% and 30% molar fractions at 10 bar.
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Figure 7.10. Comparison of the calculated diffraction pattern
of Ary(N2)24 and Ars(Nj3)2s with experimental diffraction at 10
bar. Experimental pattern (bottom) for 10% Ar in inlet has
been multiplied by a constant to raise it closer to the calculated

patterns.
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Figure 7.11. Comparison of the calculated diffraction pattern
of Ary(N2)24 and Ary(N3)es with experimental diffraction at 10
bar. Experimental pattern (bottom) for 11.2% Ar in inlet has
been multiplied by a constant to raise it closer to the calculated

patterns.
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Figure 7.12. Comparison of the calculated diffraction pattern
of Ary5(N2)s2 with experimental diffraction at 10 bar. Solid line

calculated patterns, dash-dot line exp. patterns of 20% Ar in

inlet and dash line 20% multipled by 6.5
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Figure 7.13. Comparison of the calculated diffraction pattern
of Args(Ns3)4s with experimental diffraction at 10 bar. Solid line

calculated patterns, dash-dot line exp. patterns of 30% Ar in

inlet and dash line 30% multipled by 11.5
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7.4. Diffraction Patterns of Multi-icosahedrons

Further studies for several clusters beyond the cluster size 67 was accom-
plished using polyicosahedral structures, but those results failed to generate pat-
terns similar to the experimental patterns above 30% argon. With increasing the
argon molar fraction, the doublet (splitting in the second peak) disappears and
a new peak starts appearing in the middle of the plateau between the previous
third and fourth peak. In addition to these changes, a split appears in the fifth
peak around s = 8 A1, These facts lead to the study of stable multi-icosahedron
structures of bigger clusters (n +m > 67) which do not adopt the polyicosahedral
structures. Then we started generating clusters of size in the range from 67 to 147

with multi-icosahedron structures.

Some of the calculated diffraction patterns of multi-icosahedron clusters of
size range from 67 to 147 are given in Figure 7.14. The small peak at the well
between the first peak and the second peak, which is closer to the bottom right
of first peak in patterns above 30% argon, gives a clue to possible cluster sizes in
the experimental diffraction graphs. Looking carefully at the change in the similar
peak that moves from right (bottom left of second peak) to left (bottom right of
the first peak) with increase of cluster size in the calculated diffraction patterns,
it is obvious that diffractions patterns above 30% argon at 10 bar are generated

from clusters of size above 130.
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Figure 7.14. Some of the calculated diffraction patterns of
Ar,,(Ny), for (67 < n+m < 147) using multi-icosahedral struc-
tures. Composition and size of each cluster given on top of the
each curve.

145



The diffraction pattern belonging to Argo(N2)70 is plotted togeter with the
experimental diffraction patterns of argon molar fraction 40% at 10 bar and molar
fraction 20% at 20 bar in Figures 7.15 and 7.16 respectively. Note that these
two experiments (40% Ar at 10bar and 20% at 20bar) have the same partial
pressure of Ar (P4, = 4bar). Figures 7.15 and 7.16 indicate that the Argo(N3)7o
cluster pattern is reasonably close to both of these experimental patterns. The

correspondence is better for the 40% Ar at 10 bar pattern.

Table 7.1 summarizes the mixed clusters whose calculated diffraction pat-
terns show reasonable agreement with experimental patterns. The unfilled entries

require further work (see Chapter 8).
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Figure 7.15. Comparison of the calculated diffraction pattern
of Argg(N2)70 with experimental diffraction at 10 bar. Solid line
calculated patterns, dash-dot line exp. patterns of 40% Ar in

inlet and dash line 40% multipled by 14.0
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Figure 7.16. Comparison of the calculated diffraction pattern
of Argg(N3)70 with experimental diffraction at 20 bar. Solid line
calculated patterns, dash-dot line exp. patterns of 20% Ar in

inlet and dash line 20% multipled by 14.0
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7

%Ar Molar Total Pressure Total Pressure
Fraction 10 bar 20 bar

2.5 - -

5 (N2)p n~13 --

9 --

10 Ar(N2)ag
Ary(N2)ag

11 --

11.2 Ara(N2)24 - -
Arz(N2)og

20 Ar;5(N2)s2 Argo(N2)70

30 Aryo(N3)ys

40 Argo(N2)70

50 --

60

Table 7.1. Summary of the cluster sizes assigned to electron
diffraction patterns generated at a variety of experimental con-
ditions. Correspondence is made on the basis of comparison of
calculated and experimental diffraction patterns; (- -) indicates

no experiment at these conditions. See text for more discussion.
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Chapter 8

CONCLUSION AND FUTURE WORK

The study of argon-nitrogen mixed systems can be summarized by dividing
our major findings into three parts: (1) dynamic and structural studies of clusters;
(2) thermodynamic studies of 13-mers as a function of stoichiometry; and (3)
the analysis of experimental electron diffraction patterns by simulating diffraction
patterns for model clusters. The dynamic studies showed the greater stability of
argon centered clusters over nitrogen centered clusters. This effect appears to be
largely due to frustration effects but may also be influenced by the slightly larger

size of the nitrogen molecule and its rotational behavior.

Further confirmation of the special stability of argon centered clusters over
nitrogen centered clusters was obtained by defining and calculating a new “species-
centric” order parameter (Q)) which changes from —1 (for nitrogen at the center)
to +1 (for argon at the center). The study of the change in the free energy due to
particle migration (N3 centered to Ar centered) using the defined order parameter
should be carried out in future work. In ordinary simulations, the system will
stay in the most stable argon centered configuration (Q = +1, biased system)
hindering the collection of proper statistics on P(Q), the probability of finding the
order parameter around a given value of (). So, a biased simulation technique such

as ‘umbrella sampling’! should be used.

Thermodynamic studies were carried out for all clusters of size thirteen. Melt-
ing points calculated using the classical density of states are lower for nitrogen
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centered clusters than for argon centered clusters. In chapter 6, we reported the
extension of the dynamical method? to handle evaporation at higher energies in the
microcanonical histogram method. A preliminary comparison of this approach to
the confinement method used by Calvo et al.> was made but more studies of these
two methods is necessary. It should include a wider range of R values (container

radius) than considered previously.

Comparison of calculated diffraction patterns with experimental diffraction
patterns was made and structures of clusters that could be in the beam were pre-
dicted. We have proposed (in Table 7.1) a series of cluster models that represent
the cluster distribution present under different sets of experimental conditions.
The calculated diffraction patterns do not completely account for the experimen-
tal diffraction patterns for two reasons. First, the actual cluster distribution is
rather broad both in size and in composition. Second, the presence of free atoms
and molecules in the beam alters the relative intensities of the peaks in the exper-

imental patterns.

The first factor, the presence of several cluster entities, might be taken into
account by producing the radial distribution functions, g(r), for several cluster
entities and averaging the model patterns obtained from these. These different
moieties can be considered by either producing clusters with same stoichiometry

randomly or generating a mixture of clusters over a small range of stoichiometries.

The presence of free particles can be considered by using a additional pa-
rameter. If t4 is the proportion of free particles relative to the total number of
scattering articles to represent the free particles, the theoretical scattered intensity
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s3Ity (s) is given by*
3 4.3 3
s°Irp(s) =tas’Ia+ (1 —ta)s’Ipic.

Here, the s3I4(s) represents the atomic scattering due to free atoms and s3Iprc

is the mean diffraction function of polyicosahedron structure.
8.1. Free Energy vs. Stoichiometry of Ar,,(N,),

The investigation of free energy vs. stoichiometry of Ar,,(N2),, remains to
be done. I proposed a method that uses the semigrand canonical method® with
appropriate modification to the conventional Metropolis scheme. This method is
based on Widom'’s particle insertion method.® A randomly selected particle from

one species is transformed to a particle of another species.

To present this procedure in general, Ny and Ar are represented by A and
B respectively. Suppose a system containing N4 particles of species A and Npg
particles of species B in a volume V and at temperature T (system 0). If we
transform a particle of type A to a particle of type B at the same temperature

and volume (system 1), the excess free energy difference can be calculated by

ex _ a1 ‘ [, exp—B(Uo + AU)drN
AF® = ,8 In Czd fv exp(—,BUo)drN

(8.1)

where B8 = (kpT)~', N = Ns+Np is the total number of particles, Ciy =
Np/(Ng+1) and AU = U; — Uy is given by

N4y Np-1 Na Ngp-1
AU=EUAA(c,i)+ z; UAB(Caj)_ZlUAB(C7j)_ Z Usgs(c,j) (8.2)
i=1 i= = 3=t
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The Monte Carlo simulation method can be used and a stable structure of an
Ary cluster is proposed as the starting point of study of Ary,(N32), (m + n =N)
clusters. Changes in compositions of Ar from X4, = 1 to X4, = 0 are carried
out by N separate MC simulations. In each simulation, the free energy difference
between Ary,(N3), and Ar,,_1(N3)n41 can be obtained. The whole procedure for

the change of the compositions from Ar,,(N5), to Ar,,_1(N2) is outlined below.

Equilibration

Standard canonical MC simulation is used to equilibrate the system.
e select a particle randomly, check for identity.

If it is Ar

e give the particle a random displacement and accept the move with probability
acc(0 — n) = min[1, exp(—BAU].

If it is N2

e in addition to the trial move orientational moves should be carried out.

Sampling

Define a switched variable, ID, with initial value, ID=0.

Randomly decide on the displacement of a particle or a change of identity of a
particle.

If it is a displacement,

o follow the same procedure as above.

If it is a change of the identity and ID is zero then

e select an Ar atom (system 0) and change it to a N2 molecule.e accept the change
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with probability,

N,
Pace(0 = 1) = min [1, 52— 2 exp(-A{U - Ug)
Average = Average + Nivi 7 exp(—pBAU),

reset ID=1
else if ID is 1 then
e select N2 molecule (system 0) and change it to an Ar atom.

e accept the change with probability,

N
Puec(0 = 1) = min N 11? exp(—B[U1 — Uo)) |,

Na
Average = Average + Ng+ 1 exp(—BAU).

reset ID=0

Continue sampling.

This method has an advantage over other free energy calculation methods
such as particle insertion method since this can be applied even for dense phases
such as solids and clusters because particle swapping uses a pre-existing ” cavity”
rather than attempting insertions into the dense phase. Without prior knowledge
of free energy of a reference system, we can study change of free energy with
compositions of the system with respect to one of the pure phases (A or B). That
is another advantage over original semigrand canonical method which needs prior
knowledge of a reference system. A disadvantage of this method is that it needs
N number of simulations to go through all compositions (0 < X4 < 1) if it has
N number of particles. But with modern computer facilities, this can be turned
into a advantage. Computers with multiple processors can convert these separate

N simulations into one parallel simulation.
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