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Abstract

This thesis details a range of experiments and techniques that use the scattering of atomic
beams from surfaces to both characterize a variety of interfaces and harness mass-specific

scattering conditions to separate and enrich isotopic components in a mixture of gases.

Helium atom scattering has been used to characterize the surface structure and vibrational
dynamics of methyl-terminated Ge(111), thereby elucidating the effects of organic termination
on a rigid semiconductor interface. Helium atom scattering was employed as a surface-sensitive,
non-destructive probe of the surface. By means of elastic gas-surface diffraction, this technique
is capable of providing measurements of atomic spacing, step height, average atomic
displacement as a function of surface temperature, gas-surface potential well depth, and surface
Debye temperature. Inelastic time-of-flight studies provide highly resolved energy exchange
measurements between helium atoms and collective lattice vibrations, or phonons; a collection of
these measurements across a range of incident kinematic parameters allowed for a thorough
mapping of low-energy phonons (e.g., the Rayleigh wave) across the surface Brillouin zone and

subsequent comparison with complementary theoretical calculations.

The scattering of molecular beams — here, hydrogen and deuterium from methyl-
terminated Si(111) — enables the measurement of the anisotropy of the gas-surface interaction
potential through rotationally inelastic diffraction (RID), whereby incident atoms can exchange
internal energy between translational and rotational modes and diffract into unique angular
channels as a result. The probability of rotational excitations as a function of incident energy

and angle were measured and compared with electronic structure and scattering calculations to
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provide insight into the gas-surface interaction potential and hence the surface charge density
distribution, revealing important details regarding the interaction of H, with an organic-

functionalized semiconductor interface.

Aside from their use as probes for surface structure and dynamics, atomic beam sources
are also demonstrated to enable the efficient separation of gaseous mixtures of isotopes by means
of diffraction and differential condensation. In the former method, the kinematic conditions for
elastic diffraction result in an incident beam of natural abundance neon diffracting into
isotopically distinct angles, resulting in the enrichment of a desired isotope; this purification can
be improved by exploiting the difference in arrival times of the two isotopes at a given final
angle. In the latter method, the identical incident velocities of coexpanded isotopes lead to minor
but important differences in their incident kinetic energies, and thus their probability of
adsorbing on a sufficiently cold surface, resulting in preferential condensation of a given isotope
that depends on the energy of the incident beam. Both of these isotope separation techniques are
made possible by the narrow velocity distribution and velocity seeding effect offered only by

high-Mach number supersonic beam sources.

These experiments underscore the utility of supersonically expanded atomic and
molecular beam sources as both extraordinarily precise probes of surface structure and dynamics

and as a means for high-throughput, non-dissociative isotopic enrichment methods.
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Chapter 1

Introduction: The Versatility of Supersonic Molecular Beams

Molecular beam sources are extraordinarily interesting and useful tools — both as probes
for structure and dynamics, and as means of controlling separating a gaseous mixture into its
individual components. When gas molecules are forced into a small, high-pressure region, they
collide with each other with such great frequency that they all attain essentially the same
energy. When, by chance, some of these molecules find a tiny hole in the wall leading to a
region of high vacuum, they escape the high-pressure zone with extremely narrow distributions
of velocity, energy, and exit angles, and are collision-free due to the low pressure around
them. To make these molecules move faster or slower, the nozzle in which they originate needs
only to be heated or cooled, respectively. This seemingly simple discovery, bolstered by
countless man-hours of refinement, is the driving force behind volumes of groundbreaking
research and, more pertinently, to all of the experimental undertakings detailed herein.

While supersonic molecular beams were pioneered by (and owe a great deal to) scientists
carrying out crossed-beam experiments, they can also be directed at a solid surface to measure
fundamental details regarding its structure and dynamics. Of course, other probe particles can
both achieve similar velocity distributions and be employed to precisely measure the dynamics
of a crystal lattice — electrons, neutrons, and x-rays are key examples. The advantage of low-
energy, neutral molecular beams is that they reflect off of the surface electron density, making
this technique non-destructive, endlessly reproducible, and strictly sensitive to surface

phenomena.



Due to the high velocities achieved during a supersonic expansion, molecular beams have
de Broglie wavelengths on the order of surface lattice constants, meaning molecular beams will
undergo quantum diffraction and reflect into discrete angular channels, enabling investigation of
surface structure, vibrational dynamics, and phonon band structure. The ability to collect precise
information on surface phenomena arises from the impressively narrow distribution of velocities
attainable via a supersonic expansion, which is exceptionally narrow for beams of helium (4v/v
<1%, FWHM; other gases struggle to get within 5x of that). The strength and versatility of
helium atom scattering as an experimental technique is discussed at length in Chapter 2, along
with the instrumentation used to carry out such experiments.

The power of helium atom scattering is exhibited in Chapter 3, where it is implemented
to explore the surface structure of methyl-terminated Ge(111), a chemically passivated,
technologically interesting interface with promising applications in high-speed circuitry and
multijunction solar cells. This chapter contains measurements of surface quality and the extent
of methyl termination, and also features a unique application of helium atom scattering that uses
variable de Broglie wavelength scattering to precisely measure the step height of this interface.

Due to its narrow distribution of incident energies, helium atom scattering is also an
unrivaled tool for measuring low-energy surface phonon modes. Chapter 4 expounds on this
capability through its focus on the vibrational dynamics and phonon band structure of CHjs-
Ge(111), and demonstrates the accuracy of this technique through its comparison with density
functional perturbation theory calculations, leading to a clearer understanding of the effects of
organic functionalization on a semiconductor interface.

When a supersonic beam consists of molecular probes instead of atomic ones, the

situation becomes more complex as rotational and vibrational degrees of freedom are



introduced. While the incident energies discussed in this work do not facilitate energy exchange
between vibrational degrees of freedom, rotational modes of molecular beams can be accessed,
leading to a new means of internal energy transfer upon striking a surface. Namely, when a
molecule such as Hj strikes a surface, it is capable of exchanging energy between its translational
and rotational degrees of freedom, resulting in rotationally inelastic diffraction. This is the focus
of Chapter 5, wherein hydrogen and deuterium molecules are scattered from another organic-
functionalized surface, CH;3-Si(111), revealing details on the anisotropy of the gas-surface
interaction potential and surface charge density. The experiments discussed in this chapter are
paired with extensive computational work, resulting in the creation of an accurate potential
energy surface that precisely identifies the classical turning points of the incident molecules and
exposes a high degree of anisotropic character in the interaction potential at these points.

The final chapters of this thesis take advantage of a common technique in beam studies to
yield an interesting and useful result. As discussed above, the most common means of changing
the energy of a supersonic beam is raising or lowering the temperature of the source. However, a
nifty alternative can achieve the same result: by seeding the probe gas in a lighter or heavier
“carrier” gas, the frequent collisions with the carrier gas result in the probe gas being sped up or
slowed down, respectively, causing it to attain roughly the same speed as the carrier gas. While
this change in the velocity of the probe gas is traditionally the sole aim of such an arrangement,
the act of endowing multiple components of a gaseous mixture with the same incident velocity
also yields several profoundly interesting means of separating those components. When applied
to a mixture of isotopes of a given element, the importance of a novel isotope separation

technique cannot be understated.



When a gaseous mixture of isotopes is supersonically expanded, the seeding effect results
in the all of the isotopes achieving the same velocity; however, the difference in the isotopes’
masses results in isotopically unique incident energies and momenta. As predicted by the laws
of quantum diffraction, this difference in incident energy results in each isotope diffracting into a
distinct angular channel, allowing for the separation and enrichment of isotopes. Chapter 6
demonstrates this effect for a beam of natural abundance neon reflecting from CH3-Si(111),
resulting in a substantial enrichment factor that can be maximized by scrutinizing the scattering
conditions. Isotopic enrichment can be further improved by taking advantage temporal
separation that results from the difference in flight times of two isotopes at a single reflected
angle.

Lastly, Chapter 7 embraces the incident energy difference in a supersonically co-
expanded mixture of isotopes to introduce a more general isotope separation technique:
differential condensation. When an atom strikes a surface, it is capable of exciting a vibrational
mode by donating some of its incident kinetic energy to the surface, losing kinetic energy as a
result. If the surface is sufficiently cold, it may not have enough energy to eject the incident
species, resulting in the atom condensing on the surface. This process is mediated by the
sticking coefficient, which is governed by, among other things, the kinetic energy of the incident
particle. For two isotopes — here, the two major isotopes of argon in a natural abundance mixture
— moving at the same velocity but different energies, as in a supersonic beam, this results in
preferential condensation of the lighter species at low incident beam energies, and the
preferential condensation of the heavier species at high incident beam energies, both of which
can be used to enrich the mixture in the desired component. The techniques in Chapters 6-7

offer interesting alternatives to the modern suite of inefficient isotope enrichment methods.



Chapter 2
Experimental Methods and Theory

This chapter provides a thorough description of the atomic scattering apparatus used to
carry out the experiments detailed herein. This begins with a discussion of the atomic scattering
theory and vacuum conditions that make these experiments possible and fruitful, and which are
required for a full appreciation of the instrumentation and methods employed in this work. The
experimental apparatus, illustrated in Figure 2-1, is then described in detail, with the primary
regions of the instrument — the atomic beamline, the ultra-high vacuum (UHV) scattering

chamber, and the UHV rotatable detector — discussed individually.

The research discussed in this thesis can be separated into two main types of experiments:
diffraction and time-of-flight, and condensation. While both of these fields require the high-
precision instrumentation described below, they fundamentally differ in their experimental
approach. The theory and analytical techniques required for elastic diffraction and time-of-flight
studies are required background for Chapters 3-6, and are the focus of this chapter. Additional
theory must be considered when scattering with molecular instead of monatomic beams, as in
Chapter 5; a separate discussion is included therein. The second class of experiments described
in this work — those which use condensation as the primary experimental technique — are

described in Chapter 7, in which they are the central focus.
Atomic Beam Scattering

Helium atom scattering is a unique experimental technique that takes advantage of low-

energy, neutral, and chemically inert helium atoms to provide strictly surface-sensitive



measurements of structure and dynamics without affecting the chemical or physical composition
of the surface of interest. In addition, since the classical turning point of an incident helium atom
is several angstroms away from the surface atoms, the information provided by helium scattering
is not derived from the bulk material. It has been applied to a variety of surfaces, including
metals, semiconductors, insulators, and thin films, and has provided complementary information
to other techniques such as low-energy electron diffraction (LEED), neutron scattering, and x-ray

scattering, all of which sample layers beyond the surface.

Helium atom scattering was first demonstrated in 1930 in the diffraction studies carried
out by Estermann and Stern from LiF and NaCl crystals.” Their experiments edified the
argument for de Broglie’s theory on the wavelike nature of particles; thermal helium beams
range from 10 meV (A ~ 1.5 A) to 65 meV (4 ~ 0.3 A), which range is similar to the wavelength
of hard x-rays and the interatomic distances of crystal lattices. Combined with the fact that these
relatively low energies are insufficient to allow the atoms to penetrate the surface electron

density, this makes helium beams ideal for diffractive studies of surface structure.

For precise, high-resolution measurements of surface structure and dynamics, the atomic
beam source must have high intensity, a narrow velocity distribution, and strong collimation.
The supersonic molecular beam source utilized in these experiments fully meets these
requirements, and is capable of achieving a flux greater than 10" atoms sec” sr’ while
maintaining a velocity distribution Av/v < 1% (FWHM).> The velocity distribution of a
supersonic helium beam is significantly narrower than the velocity distributions of other probe
atoms/molecules used in the research described herein (H,, Ne, Ar); the precision requirements

for those beam sources are discussed individually in their respective chapters.



Supersonic expansion of an atomic beam occurs when the following condition is met:

4

2 fio]

where Py is the stagnation pressure of the gas on the inlet side of the nozzle, P, is the background
pressure on the vacuum side of the nozzle, and y is the specific heat ratio (C,/C,) of the gas (y ~ 2

for helium). The velocity distribution is directly related to the Mach number of the expansion:

(2-2)

where m is the mass of the gas atoms, v is the average gas velocity, £z is Boltzmann’s constant,
and T is the parallel temperature of the beam; higher Mach numbers result in higher-quality
expansions and narrower velocity distributions. The Mach number is determined by the
frequency of collisions in the nozzle prior to expansion, and as such it is sensitive to the product
of the backing pressure and nozzle diameter, Pyd.* As flux increases proportionally to Pyd”,
increasing the nozzle diameter d requires very high-throughput pumping in the vacuum chamber.
Through implementation of high stagnation pressures and a small nozzle (15 pm diameter), the
terminal Mach number in the beam source can surpass 200. Differential pumping of the

beamline achieves the low background pressures required for supersonic expansion.

For a mixture of gases in the beam source — specifically one with a small fraction of
heavier particles “seeded” in a larger fraction of a lighter carrier gas — the high frequency of
collisions that take place in the nozzle cause the heavier particles to attain roughly the same
velocity as the lighter particles, resulting in a monovelocity mixture of gases during the

expansion. This seeding phenomenon is a means of increasing the velocity of a beam without
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heating the nozzle source; moreover, it is a key component of the experiments carried out in

Chapters 6-7, and is described in greater detail therein.

Ultra-High Vacuum

The surface scattering and condensation experiments described herein are possible only
under ultra-high vacuum (UHV) conditions — where the background pressure is less than or equal
to 10" Torr — for two predominant reasons. First, atomic scattering from surfaces requires an
unobstructed path between the source and detector; the absence of gas-phase scattering can only
be ensured at extremely low pressures and resultantly large mean free paths:

k,T

=B 2-3
1.414Pc )

where T is the temperature, P is the background pressure, and o is the scattering cross section;
under UHV conditions, 4 ~ 10° m. Second, molecular beam scattering requires reproducibly
clean surfaces such that incident gas molecules can interact directly with the surface and not
undesired contaminants. A primary source of contamination of water, which adsorbs to many
surfaces below temperatures of ~160 K. This source of contamination can be mitigated by
baking the chamber, resulting in background pressures on the order of 10" Torr, for which the
time to form a monolayer surpasses 10* seconds. As such, experiments which required
measurements to be taken at sample temperatures below 200 K were carried out in a sample
chamber that was baked prior to scattering. A list of mean free paths and monolayer formation

times is given for various backing pressures in Table 2-1.



Experimental Apparatus

Atomic Beamline

Ultra-high-purity gas (helium, H,, D,, neon, argon, or mixtures thereof) is controlled with
a single-stage gas regulator (Matheson, M3006-677-S), operating at a backing pressure between
300-2500 psi. The purity of the gas entering the vacuum chamber is maintained by a series of in-
line debris filters (Nupro). Prior to the vacuum chamber, the gas enters a custom-built elkonite
(copper-tungsten alloy) nozzle capped with a 15 um molybdenum pinhole (SPI). To enable
temperature control of the nozzle (and therefore energy control of the atomic/molecular beam),
the nozzle is affixed directly to the second stage of a closed-cycle helium refrigerator (Advanced
Research Systems, DE-202); this refrigerator is capable of reaching temperatures as low as 25 K,
as measured by a silicon diode (Lakeshore Cryotronics, DT-470-SD-13) attached to the end of
the nozzle. The temperature can be adjusted using a resistive ribbon heater (Advanced Research
Systems, 36 Q) wrapped around the nozzle and controlled by a PID controller (Lakeshore
Cryotronics, DRC 81C & 325) which provides a temperature stability of £0.1 K; thermal loss

from radiative heating is mitigated by wrapping the beam manifold with Mylar superinsulation.

The gas passes through the pinhole into three differentially pumped high-vacuum regions,
undergoing an isenthalpic supersonic expansion as a result. The backing pressure of the gas is
adjusted with the regulator to maximize the specular scattering intensity while minimizing the
width of the beam (full width half max). The first stage of the beamline is pumped by an 8000
L/s diffusion oil pump (Varian, VHS-400) which has its foreline backed by a 70 m*/h rotary vane
pump (Pfeiffer, Duo65MC) and a 750 m’/h roots blower (Pfeiffer, WKP 500AM) in series for

maximum compression. After exiting the nozzle, the gaseous atoms travel only ~1 cm before



encountering a conical nickel skimmer (Beam Dynamics, Model 2), which extracts the center
portion of the beam. After passing through the skimmer, the beam enters the second stage of the
beamline, which is pumped with a 700 L/s diffusion oil pump (Edwards, Diffstak 160) and
backed by a 70 m’/h rotary vane pump (Pfeiffer, Duo65MC). The second differential region
houses a chopper wheel used to mechanically modulate the beam, thereby providing timing
resolution to scattering measurements. This 15 cm diameter wheel is mounted on a linear motion
feedthrough (Huntington, VF 108) which allows three different modulation patterns to intersect
the beam axis: single-shot (1% duty cycle) for time-of-flight measurements; square-wave (50%
duty cycle) for diffraction and background-subtracted intensity measurements; and a
pseudorandom 511-bit sequence (50% duty cycle) for cross-correlation chopping for inelastic
time-of-flight.” A motor (Globe Motors, 75A1003-2) with specialized high-vacuum bearings
(Barden Precision Bearings, SR4SSTAS) can spin the chopper wheel between 7 and 200 Hz,
with chopping speed controlled by a function generator (Stanford Research Systems, DS335)
that supplies AC voltage that is amplified with a stereo amplifier (Bogen, GS150). The chopper
wheel contains triggering slots through which light from an LED source passes and is detected
by a photon detector and converted into a TTL pulse to trigger the counting electronics (Multi-
Channel Scaler). After modulation, the beam passes through the first aperture into the third
beam stage; an exhaustive list of apertures and distances (measured relative to the chopper) are
provided in Table 2-2. The third stage is pumped with a 135 L/s diffusion pump (Edwards,
Diffstak 63) and backed by the same rotary vane pump as the second stage. Aside from
providing a buffer between the second beam stage and the ultra-high vacuum scattering chamber,
the third differential region also contains an in-line quadrupole mass spectrometer (Balzers,

QMG 112) perpendicular to the beam line, allowing for characterization of the beam intensity
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and velocity distribution prior to striking the crystal. Finally, the gas atoms pass through a gate

valve into the scattering chamber.

UHYV Scattering Chamber

The incident atomic/molecular beam is targeted at a sample mounted in an ultra-high
vacuum scattering chamber. UHV conditions are achieved with a 2400 L/s diffusion pump
(Varian, VHS-6) backed by a 12 m’/h rotary vane pump (Pfeiffer, Duol0M), attached to the
scattering chamber with a right-angle pneumatic gate valve. In order to trap oil and prevent
contamination of the scattering chamber, this diffusion pump is separated from the right-angle
valve by a baffle system cooled by a Freon refrigerator (Polycold PCT-200). Additional
pumping is provided by a 60 L/s ion pump (Perkin-Elmer, 2106035); this pump is also in place
to maintain vacuum conditions in the event the right-angle valve closes due to its interlock
system with the diffusion pump. The lid of the scattering chamber is doubly differentially
pumped using a series of three MoS;-coated Teflon spring seals (Saint Gobain) to isolate the
regions, allowing for rotation of the lid while maintaining ultra-high vacuum in the scattering
chamber. The outer region of the lid is pumped with a 12 m*/h rotary vane pump (Pfeiffer
Duol0M) and the inner region is pumped with a 10 L/s ion pump (Gamma TiTan); the inner

region can also be pumped by a sorption pump in order to initially achieve vacuum conditions.

The sample of interest is mounted on a six-axis (translation along x-, y-, and z-axes; tilt;
polar; azimuth) manipulator (Vacuum Generators, HPT2), offset 5 cm from the chamber’s center
and resting directly above the scattering pin (which marks the geometric scattering center), with
a custom-built mount and brackets. The crystal is cooled down to temperatures of ~28 K with a

closed-cycle helium refrigerator (Advanced Research Systems, De-202B), the second stage of

11



which is connected to the sample mount with an OFHC copper bar and two copper braids. The
sample mount is electrically isolated from the ground by a sapphire/indium joint between the
OFCH copper bar and the copper braids. The crystal can be heated up to 850 K via a 0.500”
resistive button heater (Heat Wave, 101137) affixed to the back of the back of the mount and
powered by a power supply (HP, Harrison 6286A) externally controlled by one of two
temperature controllers (Eurotherm, 818P; Lakeshore Cryotronics, 325); both temperature
controllers are capable of heating/cooling the sample at a fixed ramp rate (K/s), which is
necessary for precise measurements of adsorption/desorption temperatures. Depending on the
temperature range required for a given set of experiments, the sample mount and thermometry
devices can be installed accordingly: experiments requiring high temperatures (i.e. those
described in Chapters 3-6) were carried out with a custom-built molybdenum mount whose
temperature was monitored with two type-K thermocouples spot-welded directly to the mount
and could be controlled to within +0.1 K precision; experiments requiring low temperatures (i.e.,
those described in Chapter 7) were carried out with a custom-built copper mount whose
temperature was monitored with a silicon diode (Lakeshore Cryotronics, DT-470-SD-13) and

could be controlled to within £0.05 K precision.

Additional information on the crystal and the gaseous atmosphere of the scattering
chamber can gleaned from a suite of instrumentation affixed to the chamber and accessible via
rotation of the lid. The background composition of the chamber can be characterized and
monitored using a residual gas analyzer (Stanford Research Systems, 300 RGA). The quality of
the crystal can be determined with several traditional surface analysis instruments, including
reverse-view low-energy electron diffraction (LEED) using an integral electron gun (Princeton

Research Instruments, RV-8-120). LEED can be used to collect electron diffraction spectra,
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which provides the azimuthal orientation of the crystal; an example spectrum for CH3-Si(111) is
shown in Figure 2-2. Another tool for determining surface quality/composition is an Auger
electron spectrometer (Phi 04-015), which uses a double-pass cylindrical mirror precision
electron energy analyzer (Phi 15-255). Cleaning of certain crystals is also possible by sputtering
with rare gas (typically argon) via another electron gun (Phi-015). The gas provided to this
sputtering gun is introduced to the chamber by way of a UHV leak valve (Varian, 951-5106),
which can provide pressures beginning on the 10 Torr scale. This leak valve, along with an
identical leak valve terminated with a 1/8” stainless steel tube directed at the crystal, can also be
used for effusively dosing gaseous species onto the crystal, as described in greater detail in

Chapter 7.

Rotatable UHV Detector

After striking the crystal, the gas can be reflected into the ultra-high vacuum detector
region, which is separated from the scattering chamber by a gate valve. The detector has several
stages of differential pumping which limit the diffuse background and enable the detection of
low cross-section scattering events. In order to measure the gaseous species that scatter from the
crystal at a variety of final angles, the detector sits on a turntable capable of rotating +20° about
the crystal normal in the scattering plane; the detector position can be set manually or
automatically with a computer-controlled motor with 0.1° precision, as measured by an optical
encoder. The first stage of the chopper is pumped by 135 L/s diffusion oil pump (Edwards,
Diffstak 63), which is backed by a 12 m’/h rotary vane pump (Pfeiffer, Duo10M); this region is
connected to the diffusion pump via a pneumatic gate valve and a liquid nitrogen-filled baftle
trapping system. This region also contains another UHV leak valve (Varian, 951-5106) for

calibrating and troubleshooting the detector. The second stage of the detector is pumped by a
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200 L/s turbo pump (Balzers/Pfeiffer, TPU-170), which is backed by a 135 L/s diffusion oil
pump (Edwards, Diffstak 63) and the same rotary vane pump as the first region of the detector.
For experiments requiring increased resolution, the detector can be adjusted from a “short mode”
(FWHM = 0.46°) to “long mode” (FWHM = 0.29°) by the addition of a 44.45 cm flight tube

between the first and second regions; this addition causes a drop in total raw signal.

The second stage of the detector contains an axial ionizer (Extrel, 041-1) and a
quadrupole mass spectrometer (QMS) rod assembly (Extrel, 7-324-9). Gaseous species are
ionized via a heated tungsten filament, accelerated through a series of ion optics, filtered by the
QMS rods, and collected with an electron multiplier (Photonis, 4816). A pneumatic gate valve
connects the second stage to a liquid nitrogen-trapped 280 L/s diffusion oil pump (Edwards,
Diffstak 100) for additional pumping. Pressures in the detector after baking the system can reach
7 x 107" Torr when both diffusion pumps are open to the detector; when the detector is not in
use, the diffusion pumps are closed and pressures around 1 x 10 Torr are maintained by the

turbo and backing pumps.

The electron multiplier converts collected ions into pulses between 10-22 mV in height
and ~10 ns wide, which are sent through a 200x fast preamplifier (Ortec, VT120) to ensure full
transmission to the counting electronics. After the pre-amplifier, the pulses are sent through
another amplifier (Phillips Scientific, 771) and then pass through a discriminator (Phillips
Scientific, 711) to remove unwanted background signal; the voltage of the discriminator can be
adjusted depending on the application. The discriminator converts the raw pulses into NIM
pulses with a height of 1.6 V and width of 50 ns. These NIM pulses can be measured directly, or
converted into TTL pulses for counting with a multi-channel scaler or other data acquisition

(DAQ) devices (National Instruments, CB-68LPR).
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Data Analysis

Diffraction

Atomic and molecular beam diffraction provides a unique method for determining the
size and orientation of surface unit cells, the quality of the surface, and the corrugation of the
surface electronic density. Since the spot size of the atomic beam in this instrument is ~4 mm in

diameter, these diffraction measurements provide a macroscopic sampling of the surface.

As discussed above, diffraction spectra are collected by setting the pre-collision chopper
wheel to a square-wave pattern (50% duty cycle), where the open channel collects scattered
signal and the closed channel collects background signal for modulation. For a given diffraction
spectrum, the crystal is held at a fixed incident angle (6;) while the detector arm is rotated to
measure reflectivity as a function of final scattering angle (6)); an illustrative schematic of atomic
diffraction from CH;3-Si(111) is shown in Figure 2-3. Given the initial and final scattering

angles, the parallel momentum transferred (4K) between the gas and surface can be calculated as

follows:
AK =k, (sin 6, —sin@),); (2-4)
2zmlL
k — CD ’ 2-5
=T . (2-5)

mLZCD
ty= |—"; (2-6)
Sk,T

Where ky is the incident wavevector, m is the mass of the probe atom/molecule, L¢p is the total

flight path from the chopper to the detector, / is Planck’s constant, k5 is Boltzmann’s constant,
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and T is the temperature of the beam. For elastic diffraction to occur, the Bragg condition must

hold as follows:
AK =G, = hb,+ kb, (2-7)

where G,, is the surface reciprocal lattice vector, which is composed of primitive reciprocal

translation vectors b, and b_; multiplied by diffraction indices 4 and k. These primitive

reciprocal vectors are used to transform the reciprocal-space values into real-space values using

the following orthogonality condition:

a,eb, =215, (2-8)
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where aj (i=1,2)and bT (7 = 1, 2) are the real- and reciprocal-space surface primitive unit-cell
vectors, respectively, and o, is the Kronecker delta function. Through these equations, the

incident and final angles in a diffraction spectrum can be used to determine the reciprocal- and
real-space lattice vectors that define the surface unit cell. Likewise, the surface quality
(coherence length) can be inferred from the width of a specular peak, with smaller widths

resulting from larger average domain sizes.

Helium scattering in particular is especially sensitive to surface quality, and can be used
to detect steps on a given surface. This technique is utilized and described in greater detail in
Chapter 3 to determine the step height on the surface of methyl-terminated Ge(111).
Specifically, the de Broglie wavelength of the incident He beam can interfere either
constructively or destructively when its path length is altered as it reflects from terraces of

different heights, similar to the interference of x-rays described by Bragg’s law:
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2dsin0=nl, (2-9)

where d is the interlayer spacing, @ is the incident angle, A is the wavelength, and # is an integer
value when diffracted x-rays interfere constructively. As shown schematically in Figure 2-4, the
application of Bragg’s law to the diffraction of x-rays from a crystalline structure is analogous to
the diffraction of helium atoms from terraces separated by a step height 4, which results in

constructive and destructive interference, respectively, when the following conditions are met:

kyhcos@ =nr ; (2-10)

k,hcos@=(n+3)r. (2-11)

Time-of-flight

When an atomic beam strikes a surface, it is capable of undergoing an inelastic collision,
resulting in the creation and/or annihilation of vibrational modes at the interface. Phonons — the
collective vibrational modes of a surface — can provide important dynamical information about
an interface, and so the need to precisely measure their distribution is of paramount interest. The
energies of helium atoms in a supersonic beam are especially comparable to phonon energies,
and their energy transfers with a given surface can be resolved with time-of-flight measurements,
wherein inelastic collisions result in helium atoms arriving at the detector with faster (phonon
annihilation) or slower (phonon creation) times than if they undergo elastic reflection, as
illustrated in Figure 2-5. The total phonon dispersion across a surface Brillouin zone can be fully
mapped out by collecting time-of-flight spectra at various kinematic conditions and azimuthal
alignments, and comparing inelastic arrival times to the elastic arrival time for a set of incidence

conditions.
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Due to the isenthalpic nature of the supersonic expansion, the elastic time-of-flight can be
predicted based on the nozzle temperature using Equation 2-6, and can be used to determine the

beam energy as follows:

E,=k,T. (2-12)

For an inelastic event, the inelastic arrival time can be compared with the elastic arrival time to

determine the final momentum of the reflected atom as follows:

b= ML (2-13)

v ’
L
h[z— OCS]
LCD
where Lgp is the sample-detector distance, L¢s is the chopper-sample distance, and L¢p is the
chopper-detector distance. In order to quantify the energy exchanges that occur in inelastic

scattering, time-of-flight spectra can be converted from the time domain to the energy domain;

for this instrumental setup, the time conversion to energy exchange (4E) uses the following

equation:
L L
AE=E,—E =3m L =L (2-14)
—1, =

The transformation to the energy-exchange domain does not change the area under a given
inelastic peak, but the relative amplitude of an inelastic peak can change significantly due to the

nonlinear relationship between #) and 4E.* This nonlinear relationship is described by the
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Jacobian of the transformation; for a distribution of intensities f{?) from time-of-flight and f(4E)

from energy exchange, then
dN = f(t)dt = f(AE)dAE , (2-15)
And the Jacobian of the transformation will become

dt(AE £
(AE) _ . (2-16)
dAE mLg,

As is evident, the amplitude of an inelastic time-of-flight peak depends on the time of its arrival
and scales with the cube of time in its transformation to the energy-exchange spectrum.
However, since the detector of this instrument is sensitive to number density and not particle
flux, the ionization efficiency is inversely proportional to particle velocity due to slow-moving
particles exhibiting a greater cross section for ionization and subsequent detection. As such, the

above transformation must be given a corrective factor for the velocity, v, as follows:

3 2

f(AE>=[ L jvf(t)= L 2-17)
mL

SD mLg,

Since phonons can result from the discrete exchange of energy and parallel momentum
between the surface and the probe atom, the existence and accessibility of a phonon can be
determined by considering the conservation of momentum and energy. The conservation of

surface-parallel momentum, as described in Equation 2-4, can be rewritten as

AK =K, -K,, (2-18)

and can be combined with the conservation of energy law,
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hzk; ~ hzkiz

+AE, (2-19)
2m 2m

to generate a scan curve, which defines the relationship between AE and AK as follows:

. 2
(sm 0, +4& )
0

AE = —
sin Qf

—~1. (2-20)

By combining the conservation of momentum and energy, a scan curve represents the accessible
energy exchanges for a given exchange in parallel momentum. As such, the intersection of a
scan curve with a dispersion curve represents a kinematically accessible inelastic event — a
phonon creation or annihilation — which may then be observed as an inelastic peak in a given

time-of-flight spectrum.
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Table 2-1

Degree of Vacuum Pressure Gas Density Mean Free Path Time/ML (s)
(Torr) (molecules/m3) (m)

Atmospheric 760 2x 10% 7x 107 107

Low 1 3x 10* 5% 107 10°

Medium 107 3x 10" 5% 107 107

High (HV) 10° 3x10' 50 1

Ultra-High (UHV) 107" 3x 10" 5x10° 10*

Pressures and instrumental conditions for varied degrees of vacuum.
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Table 2-2

Distance from

Distance from

Aperture Aperture Size Chopper (Short Chopper (Long
Mode) [cm] Mode) [cm]

Nozzle 15 um -13.81 -13.81
Skimmer 0.5 mm -12.81 -12.81
Chopper Variable 0 0
Aperture 1 0.89 mm 2.66 2.66
Balzers filament N/A 17.60 17.60
Aperture 2 1.93 mm 22.35 22.35
Sample ~4 mm 49.96 49.96
Aperture 3 4.45 mm 76.88 76.88
Aperture 4 5.56 mm 95.88 140.33
Aperture 5 5.79 mm 103.36 147.81
Ionizer entrance plate 6.35 mm 106.74 151.19
Filament N/A 107.78 152.23

Aperture sizes and distances (measured from the chopper) in short and long detector modes.
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Figure 2-1
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Aerial view of helium atom scattering apparatus (left) and schematic view illustrating the
primary components of the apparatus (right).
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Figure 2-2

Representative LEED spectrum of CH3-Si(111).
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Figure 2-3
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Hllustration of atomic diffraction from CH3-Si(111), with resultant diffraction spectrum.

25



Figure 2-4
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to helium diffraction from a stepped surface (right).
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Figure 2-5
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Chapter 3

Atomic Surface Structure of CH3;-Ge(111) Characterized by Helium
Atom Diffraction and Density Functional Theory

This chapter contains an article that was reproduced in part with
permission from The Journal of Physical Chemistry C. Copyright 2015
American Chemical Society.®

The atomic-scale surface structure of methyl-terminated germanium (111) has been
characterized by using a combination of helium atom scattering and density functional theory.
High-resolution helium diffraction patterns taken along both the <I121> and <011> azimuthal
directions reveal a hexagonal packing arrangement with a 4.00 = 0.02 A lattice constant,
indicating a commensurate (1x1) methyl termination of the primitive Ge(111) surface. Taking
advantage of Bragg and anti-Bragg diffraction conditions, a step height of 3.28 = 0.02 A at the
surface has been extracted using variable de Broglie wavelength specular scattering; this
measurement agrees well with bulk values from CH3-Ge(111) electronic structure calculations
reported herein. Density functional theory showed that methyl termination of the Ge(111)
surface induces a mild inward relaxation of 1.66% and 0.60% from bulk values for the first and
second Ge-Ge bilayer spacings, respectively. The DFT-calculated rotational activation barrier of
a single methyl group about the Ge-C axis on a fixed methyl-terminated Ge(111) surface was
found to be approximately 55 meV, as compared to 32 meV for a methyl group on the H-
Ge(111) surface, sufficient to hinder the free rotation of the methyl groups on the Ge(111)
surface at room temperature. However, accurate MD simulations demonstrate that cooperative

motion of neighboring methyl groups allows a fraction of the methyl groups to fully rotate on the
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picosecond timescale. These experimental data in conjunction with theory provide a quantitative
evaluation of the atomic-scale surface structure for this largely unexplored, yet technologically

interesting, hybrid organic-semiconductor interface.

Introduction

High-quality Ge surfaces are desirable for applications in high-speed circuits and the
collection of infrared radiation in multijunction solar cells due to their high hole-carrier mobility
(4 times that of Si) and 0.67 eV band gap.” '’ The high surface-state density of the GeO,/Ge
interface and the presence of unstable, water-soluble GeO, sites have however inhibited the
commercial implementation of Ge-based technology.'''* Methods that passivate the Ge surface
while preventing the formation of an oxide overlayer are therefore highly desirable. For
example, hydrogenation of the semiconductor surface via chemisorption deconstructs Si(100)-
(2x1) or Ge(100)-(2x1) back to their primitive (1x1) structure, creating large, atomically flat
terraces of surface atoms passivated by a single layer of hydrogen. Hydrogen-termination of
Si(111) and Ge(111) also deconstruct the well-known (7x7) and (2x8) clean structures for Si and
Ge, respectively, and represent two of the simplest semiconductor surfaces, retaining a bulk-like
structure except for mild relaxations of their outermost bilayer spacings; therefore these surfaces
have attracted considerable interest with respect to elucidating their surface structure through

both theory and experiment.'*°

Hydrogen passivation of Ge does not provide the same long-term protection against

2122 As with Si, the high quality and

oxidation and reconstruction as seen with H-Si.
functionality of the hydrogen-terminated Ge surface can be used as a platform for grafting 1-
alkenes to the H-Ge(111) surface to form a stable C-Ge bond. " Alkylation of the Ge surface
has proven to be a robust method for creating densely packed, long-chain alkyl layers that add
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resistance to oxidation and protect the electronic properties against corrosion due to moisture.”*”
3% The H-Si(111) surface has been alkylated with Grignard reagents to produce functionalized Si
surfaces of high perfection that exhibit correspondingly low densities of electronic defects.>'>*
Similarly, a two-step halogenation/alkylation procedure has recently been used to create

chemically bonded hydrocarbon monolayers on the Ge(111) surface.>>*

Methylation of the
Ge(111) surface has the capability to form a complete monolayer, because the Ge lattice spacing

is sufficiently large that the van der Waals radii of the methyl groups do not overlap extensively,

resulting in a well-ordered, air-stable interface.

We describe herein a combined experimental and theoretical study of the atomic surface
structure of CH3-Ge(111). This work represents an extension of our previous studies of the
structure and phonon dynamics of CH3-Si(111) to the Ge system.>’ * High-resolution helium
atom scattering (HAS) and density functional theory (DFT) have been used to assess the surface
structure, the effects of methyl termination on the Ge(111) bilayer spacings and step heights, and
the extent of rotation of methyl groups on the (1x1) surface. Low-energy neutral helium atom
scattering provides a nondestructive, atomic probe of structure and low-energy vibrations, with
complete surface sensitivity. As will be shown herein, the methyl packing, in-plane lattice
constant, and average domain size have been determined by analysis of helium diffraction
patterns, including in- and out-of-phase scattering with respect to the surface normal. Due to its
extremely high sensitivity to defects and exclusive surface sensitivity, a precise application of
helium scattering exploiting Bragg and anti-Bragg diffraction conditions has allowed for the
quantification of the CH3-Ge(111) surface step height. Density functional theory was applied to
calculate the lattice parameters, bond lengths, and bilayer spacings of CH3-Ge(111), indicating

first- and second-interlayer spacings slightly contracted from bulk values. The theoretical
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approach was validated with the H-Ge(111) surface, showing significant bilayer contractions, in
agreement with other previously reported experimental and theoretical results. As an additional
test of our slab model, the high-energy molecular vibrational modes were calculated and showed
consistency with experimental FTIR and HREELS peak assignments. The rotational dynamics
of the methyl group on the fully methylated Ge(111) surface were also investigated with DFT
and MD simulations. DFT suggests that the rotational barrier is sufficient to hindered the free
rotation of methyl groups for a fixed surface, whereas MD simulations allowing for motion of
neighboring methyl groups exhibit full rotations for some methyl groups on the picosecond

timescale at room temperature.

Materials and Methods

Methyl-Ge(111) Sample Preparation

Unless otherwise noted, chemicals were obtained from Sigma-Aldrich or Fisher
Scientific and were used as received. Water was obtained from a Barnstead E-Pure water
purification system and had a resistivity of 18.2 MQ-cm. 10% HF(aq) solutions were prepared
by diluting 48 wt % HF (Transene). 3.0 M methylmagnesium chloride was purchased from

Fisher Scientific and was used without further purification.

For scattering experiments, double-side polished, undoped Ge wafers (EI-Cat Inc.)
oriented within + 0.1° of the (111) crystal plane were cut to the desired size using a diamond
scribe. The samples had a resistivity > 30 Q-cm. Immediately prior to surface modification, the
samples were cleaned by rinsing sequentially with water, methanol, acetone, methanol, and
water, followed by 5 min sonication in acetone and 5 min sonication in methanol. The samples

were then repeatedly dipped in 10% HF(aq) for 1 min and in 30% H,0O(aq) for 1 min, with a

31



water rinse between steps. After 3 cycles of etching and oxidation, the samples were dipped in
10% HF (aq) for 1 min (a final time), rinsed with water, and dried under a stream of Ar. Cleaned
Ge samples were loaded into a tube furnace that was repeatedly purged with He and pumped out
before being pumped down to < 0.5 mTorr. Hydrogen termination of Ge surfaces was achieved
by annealing the samples at 850 °C for 15 min under 1 atm of H, at a flow rate of 500 SCCM.
The samples were cooled to < 100 °C under H, and were immediately transferred into a N,-

purged flushbox upon removal from the tube furnace.

H-terminated Ge(111) surfaces were loaded into an N, purged flushbox, rinsed with
anhydrous tetrahydrofuran (THF), and then methylated in 3.0 M CH3;MgCl for 59.5 hr at 50 °C.
Methylated surfaces were then rinsed thoroughly with anhydrous THF; removed from the N;-
purged flushbox; sequentially sonicated for 10 min in THF, methanol, and water; and dried under
a stream of Ar. For transport from Pasadena, CA to Chicago, IL, to minimize sample

degradation, the samples were shipped under high vacuum in a sealed container.

Helium Scattering Instrumentation

An ultra-high vacuum (UHV) helium atom scattering apparatus with high energy and
angular resolution was employed to measure the structure of methylated-Ge(111). The apparatus
has been described previously.*' The apparatus consists of three regions: a differentially pumped
beam source, a UHV sample chamber, and a rotatable detector arm with a total flight path of

1.5230 m (chopper-to-crystal distance of 0.4996 m, crystal-to-ionizer distance of 1.0234 m).

Helium was expanded through a 15 um nozzle source, which was cooled by a closed-
cycle helium refrigerator, to generate a nearly monochromatic (Av/v < 1%, FWHM) supersonic

neutral helium beam. A mechanical chopper modulated the helium beam in the first
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differentially pumped region of the beam line with a 50% duty cycle. The beam was collimated
into a 4 mm spot on the crystal surface, which was housed in the UHV surface-scattering
chamber (base pressure 3 x 107" Torr). The CH;-Ge(111) crystals were mounted onto a six-axis
manipulator that could be positioned precisely to control the incident angle, 6, the azimuthal
angle, ¢, and the tilt, y, with respect to the scattering plane. Sample temperatures ranging from
30 K—-900 K were achieved using a button heater and a second closed-cycle helium refrigerator.
Reflected atoms entered a triply differentially pumped rotatable detector arm, were ionized via

electron bombardment, and then filtered using a quadrupole mass spectrometer.

The beam energies in these experiments ranged from 17 to 67 meV (incident wave
vector, k; = 5.7-11.3 A™), and the surface temperatures generally ranged from 140 to 200 K. At
the start of each set of experiments, the sample was first flashed to 650 K to remove trace
adsorbates from the surface, and then quenched to the sample temperature that was used during
data acquisition. Previous work has demonstrated that similar methyl surface moieties are stable
at these temperatures; the stability of the surfaces investigated was confirmed by highly sensitive
helium reflectivity measurements as described herein. Diffraction patterns were recorded by

aligning the crystal at a given incident angle, &, and then using a computer-controlled motor to

scan the detector through the final angle, 6.

Density Functional Theory Computational Details

The structural properties of the H-Ge(111) and CH3-Ge(111) surfaces were calculated
using density functional theory, as implemented in the QUANTUM-ESPRESSO package*” using
a norm-conserving pseudopotential for Ge and ultrasoft pseudopotentials* for C and H. Both

the local-density approximation44 (LDA) and the generalized gradient Perdew-Burke-Ernzerhof
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approximation® (PBE) for the exchange-correlation energy functional were used. The electronic
wave functions were expanded in plane waves up to a 28 Ry energy cut-off and a 280 Ry charge
density cutoff. We optimized the bulk geometry by integrating the Brillouin zone over a 6x6x6
Monkhorst-Pack mesh.*® The resulting equilibrium lattice parameters were a = 5.62 A for the
LDA and a = 5.77 A for PBE, in good agreement with an experimental value of a = 5.657 A."
The surface was modeled with a slab geometry and periodic boundary conditions (PBC); the
slabs were composed of 18 germanium atom layers with methyl groups adsorbed on both sides,
which were separated by a 12 A-wide vacuum gap. The surface Brillouin zone (SBZ) was

sampled over a Monkhorst-Pack grid of 6x6x1 k-points.*®

Atomic positions were relaxed until
the forces were below a 5-10” a.u. threshold. The vibrational frequencies at the Gamma point

were calculated by diagonalizing the dynamical matrix calculated within the density functional

perturbation theory (DFPT).*®

To analyze the motion of the methyl groups at room temperature, in particular to verify
the possibility of a free rotation, ab-initio Born-Oppenheimer molecular dynamics calculations
were performed in an NVE ensemble with an average temperature of 300 K using the CP2K
suite of programs® with a time step of 1.5 fs. In CP2K simulations Kohn-Sham (KS) orbitals
were expanded on a triple-zeta-valence plus polarization (TZVP) Gaussian-type basis set, while
the charge density was expanded in a plane-wave basis set with a cut-off of 240 Ry, to efficiently
solve the Poisson equation within periodic boundary conditions using the Quickstep scheme.*’
Brillouin zone integration was restricted to the 4x4 and 5x5 supercell Gamma point. CP2K
simulations were performed only for with the PBE functional and using Godecker-Teter-Hutter

(GTH) pseudopotentials.’*>!
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Results and Discussion

Helium Diffraction

Figure 3-1 shows diffraction scans taken for CH3;-Ge(111) aligned on both the <121>

(black) and <Oli> (red) azimuthal directions, vertically offset for clarity. These angular

distributions are plots of the reflected helium intensity as a function of the surface parallel
momentum transfer, AK. Both distributions were taken with the same incident beam energy, E; =
44 meV (k;=9.2 A™"), and crystal temperature, 7y = 140 K. The arrangement of the diffraction
peaks is given by the periodicity of the surface, so knowledge of the azimuthal symmetry and the
spacings of the diffraction peaks allows for the determination of the surface unit cell parameters.
Elastic diffraction peaks arise when the kinematic condition for Bragg diffraction for in-plane

scattering is met, as given by

—_—

AK:K—f—Z:Esinﬁf—EsinHi:@ (3-1)

where

G, =mb, +nb, (3-2)

and

YL (3-3)
a, o(a2 xé)

where K—f and Z are the surface parallel components of the helium wavevectors, 6; and 0y are

the initial and final scattering angles, G,

nn

is the surface reciprocal lattice vector, m and » are the
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diffraction indices, b, and E are the reciprocal lattice vectors, aT and a, are the primitive real

space lattice vectors, and Z is the surface normal unit vector. The spacings between specular

(AK =0 A™") and the first-order diffraction peaks observed at AK = 1.82 A" and 3.14 A™' for the

<IZI> and <Oli> alignments, respectively, correspond to a real space lattice constant of 4.00 +

0.02 A for the hexagonal close-packed arrangement of the CH3-Ge(111) surface. This value is in
excellent agreement with the known spacing (4.00 A) for the native Ge(111) surface;** hence the
data are fully consistent with the formation of a (Ix1) commensurate monolayer of methyl

groups on the Ge(111) surface, as visualized in the inset of Figure 3-1.

To a first approximation, the helium beam is scattered coherently within domains of
length /.; this coherence length is the approximate size of the atomically flat terraces of CHjs-
Ge(111), separated by domain boundaries or other structural defects. The widths of the helium
diffraction peaks are used to obtain the coherence length of CH;-Ge(111), with narrower
diffraction peaks corresponding to larger domain sizes. It has been shown previously™ that the
measured specular width, Af,,,, i1s a convolution of the instrument function broadening, A8y,
and the domain size broadening, A6,,. The measured broadening therefore allows measurement

of the domain size using

AO. =AO: +AG;

exp inst

(3-4)

5.54

=—- 3-5
© A6k cos0, G-3)

The coherence length measurements were taken in-phase, with a low beam energy of ~16.5 meV

to minimize the diffuse elastic and surface defect contributions (see below) to the linewidth.
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High resolution was obtained using a crystal-to-ionizer distance of 1.0234 m, allowing for a
narrow acceptance angle of 0.29° (~0.02 A™") and measurements of domain sizes up to ~900 A.
The average measured width of the specular peaks, FWHM = 0.46°, provides a coherence length
of ~170 A for CH3-Ge(111); thus, the average domain spans over nearly 50 methyl groups in a
given direction. The mean terrace size of CH3-Ge(111) is half of what has been measured in
prior work for an analogous surface, CH3-Si(111), which is consistent with the lower helium

reflectivity for CHs3-Ge(111) relative to CH3-Si(111).”

Normalized helium diffraction spectra taken from both CH3-Ge(111) and CH3-Si(111)
are shown in Figure 3-2. The larger AK spacing observed in the CH3-Si(111) diffraction pattern
is a function of its smaller real space lattice constant (3.82 A). The relative intensities between
the specular and first-order diffraction peaks are similar for the CH3-Ge(111) and CH3-Si(111)
surfaces. These low-energy helium scattering potentials are directly related to the surface
electron densities,” which we expect to be similar for two semiconductor crystals terminated
with the same commensurate methyl layer. One notable difference between the two diffraction

3

patterns was the appearance of broad shoulders, or “wings,” on the CH3-Ge(111) specular
diffraction peak; this broadening of the diffraction profile provides information on how defects

decorate the CH3-Ge(111) surface.

Surface imperfections like point defects, steps, domains, facets, and superstructures
produce characteristic modifications to the elastic intensity and can therefore be qualitatively
identified by visual inspection of the helium diffraction spectra. These static defects cause
deviations from the ideal diffraction pattern to include splitting or broadening of peaks, streaks,
or background.”™ Not all intensity is scattered elastically; excitations of phonons, plasmons, or

electronic band transitions are all considered dynamic defects. Phonons have been shown to play
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a major role in the scattering and vibrational dynamics of methylated semiconductor surfaces;”’
and an extensive characterization of phonons spanning the surface Brillouin zone for CHs-
Ge(111) will be discussed separately.”® Multi-phonon scattering causes the uniform background
while single-phonon excitations contribute significantly to the wings of the specular peak.’”®
The broadening due to phonon excitations is dependent on energy and this contribution can be
reduced by lowering the incident beam energy used for CH3;-Ge(111) diffraction (Figure 3-2,
inset). However, the intensity decay and narrowing of the diffraction lineshape is not strictly a
monotonic function of decreasing beam energy, but instead shows characteristic oscillations that
are only possible for stepped structures.”” Unlike regular step arrays, randomly distributed steps
do not cause diffraction peak splitting, instead they only cause peak broadening around a sharp

central spike, consistent with the behavior observed herein.**®!

By exploiting the kinematic
conditions, which include the beam energy and scattering angles, the role of randomly

distributed steps on the surface can be investigated further via coherent and incoherent scattering

from terraces at differing heights.

The stepped nature of the surface was surveyed by scattering under both in-phase (Bragg)
and out-of-phase (anti-Bragg) helium diffraction conditions. Helium atoms are not able to
penetrate the surface and scatter from bulk layers, differences in their path lengths arise due to
the presence of steps on the surface. The in-phase diffraction conditions correspond to
constructive interference of the de Broglie waves of helium atoms specularly scattered from

adjacent terraces, separated by steps, satisfying
kih(cosé?[ +cos Gf) =2khcos6, =2nr, (3-6)

where £ is the step height and # is an integer value. Similarly, the out-of-phase conditions
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kih(cosé?i +cos Hf.) =2khcos@ =2n+1)x (3-7)

correspond to destructive interference between helium atoms. With known scattering conditions,
these expressions allow for a unique determination of the step height of the CHs3-Ge(111)

surface.

Figure 3-3(a) shows three examples of our drift spectra, which show the relative intensity
of a specularly-scattered helium beam as a function of the surface-perpendicular component of
the incident wavevector, kpemendicuiar- Specifically, the specular intensity was monitored at three
different incident angles while the temperature of the beam nozzle source was allowed to slowly
drift from room temperature to 100 K over the course of ~ 1 hr. These runs were also repeated
while undergoing a controlled drift from 100 K up to room temperature, and no significant
difference was observed between the two data sets. The temperature reading from a diode
attached directly to the nozzle source was calibrated against the actual helium beam energy by

use of a series of time-of-flight runs over the range of nozzle temperatures.

Peaks and dips in the drift spectra arise from coherent and incoherent scattering accessed
by varying the beam energy, or the incident angle (Figure 3-3(b)), of the incoming helium atoms.
The peak maxima and minima in our drift spectra (Figure 3-3(a)) correspond to the different in-
(n) and out-of-phase (n + 0.5) scattering conditions, respectively. Figure 3-3(c) shows
diffraction spectra for the n =7 and n = 7.5 conditions. The drift spectra taken at three different
incident angles exhibited the same k., peak maxima and minima, within experimental error.
The baselines of the scattered intensities have been normalized to account for changes associated
with Debye-Waller effects and a changing helium beam flux over the temperature range of data

collection. The step height was extracted from each peak maximum and minimum, and these
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values were then averaged. The experimental data yield a calculated step height of 3.28 + 0.02
A. This value, within the precision of these measurements, is equivalent to the (111) interlayer
spacing of 3.27 A known for the ideal, unrelaxed diamond-lattice configuration of Ge(111).">'®
Electronic structure calculations reported herein are in agreement with this experimentally

measured CH3-Ge(111) step height and will be used to provide further insight into substrate

relaxations not extractable from scattering measurements.

Model Calculations

To complement our scattering results, a slab model of the (1x1) methyl-terminated
Ge(111) interface was generated and investigated using density functional theory. Two
approximations were used to calculate the crystal structure, with the equilibrium lattice
parameters a = 5.62 A for the LDA and a = 5.77 A for the PBE approximation. In the optimized
CH3-Ge(111) structure, the calculated bond lengths for C-H and C-Ge were 1.102 A and 1.974
A, respectively, for the LDA functional (surface lattice constant = 3.972 A) while 1.098 A and
2.008 A were obtained within the PBE approximation (surface lattice constant = 4.076 A).
Additionally, the dihedral angle for H-C-Ge-Ge, which defines the rotation of the surface methyl
groups about the Ge-C axis, was found to be 41.9° (LDA) and 41.3° (PBE), both of which are
slightly larger than the value of 37.7° calculated for the analogous CH;3-Si(111) surface.” In
addition to the crystal lattice constants and adlayer bond lengths, additional structural
parameters, such as the Ge-Ge bilayer spacings, which play a major role in the interfacial charge
density, have also been calculated. The first (d;;) and second (d»;) Ge bilayer spacings sum
together to produce the surface step height (dy., = d;> + d>3), as visualized in Figure 3-4, and also

measured via helium scattering.
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As an initial test of our CH3-Ge(111) slab surface, the molecular vibrational modes of the
adsorbed methyl groups were calculated using density functional perturbation theory at the I'-
point. The frequencies of the six high-energy molecular modes, including the methyl stretching,
deformation, and rocking are presented in Table 3-1, via both the LDA and PBE approximation.
The calculated frequencies are compared with experimentally observed peaks from Wong et al.®?
as measured using Fourier transform infrared spectroscopy (FTIR) and high-resolution electron
energy loss spectroscopy (HREELS). Overall, the consistency observed between our calculated
frequencies and both the FTIR and HREELS data provide further validation of our model of the

CHs-Ge(111) interface.

The effects of an adlayer, such as hydrogen, on the atomic structure and spacings of Ge

and Si semiconductors have been observed with both experiment and theory.'* ™

We report
herein the first investigation into the structural changes of the Ge(111) interface due to methyl
termination. As a consistency check, the model and calculations have also been applied to H-
Ge(111)-(1x1). Table 3-2 shows the first and second bilayer spacings, along with the Ge-H bond

15,19 and

length. A significant inward contraction of d;, was obtained, which agrees with theory
experiment.18 A smaller inward contraction was obtained for d,; relative to ideal Ge(111) bulk
values. Inward relaxations are commonly found on the outermost layers of bare surfaces,
whereas hydrogen would be expected to saturate the dangling bonds and remove this relaxation.
Instead, the contraction of the bilayer spacing has been explained by Kaxiras,'> who argues that
an electronegativity difference between Ge and H induces a dipole moment, which would be
partially cancelled by a charge transfer from the Ge-H bond into the Ge-Ge back bond. This

charge transfer would strengthen and shorten the back bond, causing the outer Ge layer to

contract towards the bulk. As a result of the inward contraction of both the first and second
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bilayer, the calculations indicate an overall contraction of 0.057 A (PBE) and 0.053 A (LDA) in
the H-Ge(111) step height from a bulk value of 3.328 A. These results are in excellent
agreement with previous quantitative low-energy electron diffraction results which determined
an overall step height contraction of 0.05 A due to the hydrogen termination of the Ge(111)

surface.'®

Having successfully modeled the H-Ge(111) interface, the structural effects of
terminating the Ge(111) surface with methyl groups were then investigated. Table 3-2 lists the
lattice parameters, Ge-C bond lengths, and bilayer spacings for the ideal bulk and methyl-
terminated Ge(111), respectively, using the PBE and LDA approximations. The interlayer
spacings of the ideal truncated bulk Ge(111) result in a step height of 3.244 A (LDA) and 3.328
A (PBE); the experimental value of 3.28 A reported above lies between these two values,
demonstrating agreement with the modeled surface. An inward contraction of the first and
second Ge bilayers due to functionalization is obtained from the calculations for CH3-Ge(111),
the magnitude of the contraction for the first Ge bilayer was 2.23% (LDA) and 1.66% (PBE),
with respect to the ideal truncated bulk values. The second bilayer was calculated to contract
0.51% (LDA) and 0.60% (PBE), which is nearly identical to what was calculated for H-Ge(111).
These first and second bilayer contractions, relative to H-Ge(111), suggest minimal electronic

charge transfer between the outermost Ge atoms and the adsorbed methyl groups.

The rotational character of the methyl groups on the Ge(111) surface was investigated to
investigate whether the surface methyl groups were locked, hindered, or freely rotating. The
rotational barrier was calculated by employing a 2x2 supercell with the same slab configuration
used for the structural properties, but with a 3x3x1 k-point sampling. Two extreme cases were

considered: a) a fully methylated surface in which only one methyl group was rotated and the
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position of the neighboring groups was fixed, and b) an isolated methyl group on an otherwise
hydrogen-terminated Ge(111) surface. These approximations can provide both upper and lower
boundaries for the rotational barrier of the real system, wherein all of the methyl groups are free
to rearrange to compensate for the steric interactions due to rotations of neighboring methyl

groups.

Figure 3-5 shows the energy profiles of both rotational barriers as a function of the
methyl rotation angle with respect to its equilibrium position. The rotational activation barrier
for the methylated Ge(111) surface with fixed neighbors was calculated to be ~55 meV, with the
highest energy measured at a 60 degree rotation from equilibrium. Sum frequency generation
(SFG) experiments® and DFT calculations* proposed a hindered rotation of the analogous
methylated Si(111) surface, with Brown e al.* calculating a rotational barrier of 112 meV,
arising predominately from the close packing of neighboring methyl groups. The helium
diffraction data described above indicate that the methyl spacing for CH3;-Ge(111) is larger than
CH;-Si(111), which is consistent with a significant lowering of the calculated rotational
activation barrier from 112 meV for CH;3-Si(111) to 55 meV for CH3-Ge(111). Even with a
larger lattice spacing, the steric interactions from neighboring methyl groups on CH;-Ge(111)
still play a role in the rotational barrier. By replacing the neighboring methyl groups with
hydrogens, the rotational barrier decreased further, from 55 to 32 meV. The lower-bound
activation barrier of 32 meV for an isolated methyl group surrounded by H-Ge(111) presents a
notable corrugation in the rotational potential for this model system as compared to kT (25.7
meV at room temperature). These DFT calculations therefore suggest that the free rotation of

the methyl groups on the CH3-Ge(111) surface is hindered at room temperature.
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As mentioned above, concerted motion of neighboring methyl groups might bring the
rotational barrier closer to the lower bound given by the model system specified by an isolated
methyl group on a hydrogen-terminated Ge(111) surface. To investigate this possibility, DFT
molecular dynamics (MD) simulations were performed using the CP2k suite of programs.49 Two
slab models were considered, with a 4x4 or 5x5 surface supercell that contained respectively 16
or 25 methyl groups grafted on both surfaces of a 6-layer slab of Ge. After equilibration at 300
K, the rotational dynamics were analyzed over a 1.3 ps interval. Figure 3-6 shows snapshots of
the largest model in the initial (ordered) and final configurations. In the larger model, five
methyl groups out of 25 underwent one or several (up to five) complete rotations in 1.3 ps. These
results suggest that although most methyl groups undergo hindered rotation, cooperative motion
allows for some methyl groups to perform complete rotations on the picosecond time scale at

room temperature.

Conclusions

A combined experimental/theoretical approach using low-energy helium diffraction data
and density functional theory has been used to characterize the atomic surface structure of
methyl-terminated Ge(111). Helium diffraction patterns for two primary azimuths showed that
methyl termination of the Ge(111) surface creates a (1x1) hexagonally packed adlayer,
preserving the native, unreconstructed structure of the Ge(111) crystal. The diffraction peaks
indicated the presence of large domains of CH3-Ge(111), while also revealing the presence of
atomic steps. Drift spectra, which measure diffraction intensity as a function of the helium
perpendicular wavevector, utilize data obtained under Bragg and anti-Bragg scattering conditions
to experimentally determine the surface step height. Density functional theory yielded an

optimized structure of CH3-Ge(111). Bulk spacings were in quantitative agreement with the step
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height measured from scattering, and organic functionalization of the surface resulted in small
inward relaxations of the first and second Ge(111) bilayers with respect to bulk Ge(111). The
close proximity of neighboring methyl groups results in a rotational activation barrier that is
sufficient to hinder the free rotation of methyl groups on the fixed CH3-Ge(111) surface at room
temperature. However, cooperative motion of neighboring methyl groups allows for few of the
methyl groups to undergo complete rotations on a picosecond timescale. Hence, a detailed
investigation of this hybrid organic-semiconductor surface, using scattering and calculations, has
revealed the effects of methylation on the atomic structure, interlayer spacings, and rotational

character of the methyl groups decorating Ge(111).

45



Table 3-1

Mode PBE | LDA | transmission FTIR* | HREELS®
M1 (CH; asymmetric stretch) 3052 3030 | 2928, 2906 2910°

M2 (CH; symmetric stretch) 2956 2923 | 2956, 2860 2910°

M3 (CH; asymmetric deformation) 1404 1366 | -° 1411

M4 (CH; symmetric deformation) 1200 1187 | 1234 1234

MS (CHj; internal rocking) 731 739 762 780

M6 (Ge-C stretch) 530 557 | -¢ 568

Frequencies (cm™) at the I'-point for the high energy modes of CHz-Ge(111).

63
“Reference

bSymmetric and asymmetric C-H stretches unresolved by HREELS

“Not IR active
Not visible above noise
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Table 3-2

PBE LDA
ideal bulk | H- |  CH;- |idealbulk| H- | CHs-

lattice parameter 4.0764 3.97245
dgen (dge-c) - 1.56211 2.00879 - 1.54231 | 1.97400
dy 0.82925 0.78689 0.81547 0.80947 | 0.76918 | 0.79141
Ady2/dpu - -5.10% -1.66% - 4.97% |-2.23%
dys 2.49917 2.48423 2.48410 243403 | 2.42157 | 2.42158
Adp3/dpui - -0.60% -0.60% - -0.52% |-0.51%

Structural parameters of terminated Ge(111) using the PBE and LDA approximations.
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for clarity); inset displays a top view of CH;-Ge(111) surface labeled with corresponding
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Figure 3-2
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Comparison of helium diffraction data on CH3-Ge(111) (black) and CH;-Si(111) (red) along the
<121> azimuth, inset demonstrates diminishing phonon contribution to “wings” of the same in-
phase specular diffraction peak of CH3-Ge(111) as a function of decreasing beam energy.
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Figure 3-3
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Figure 3-4

step

Lateral view of the CHs;-Ge(111) lattice exhibiting a single step along the <I121> orientation; d;;
and d>; define the first and second bilayer spacings, respectively.
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Figure 3-5
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The change in potential energy as a function of the rotation of a surface methyl group from its
equilibrium conformation, for a rotationally-fixed methylated Ge(111) surface (red) and an
isolated methyl group residing on a H-Ge(111) surface (black), calculated using the PBE
approximation for the exchange-correlation functional; (b) top view of CH;-Ge(111) showing
the surface methyl group in its equilibrium rotational conformation (top) and highest-energy
rotational conformation (bottom).
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Figure 3-6
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Chapter 4

Vibrational Dynamics and Band Structure of Methyl-terminated
Ge(111)

This chapter contains an article that was reproduced in part with
permission from The Journal of Chemical Physics. Copyright 2015
American Institute of Physics.”®

A combined synthesis, experiment, and theory approach, using elastic and inelastic
helium atom scattering along with ab initio density functional perturbation theory, has been used
to investigate the vibrational dynamics and band structure of a recently synthesized organic-
functionalized semiconductor interface. Specifically, the thermal properties and lattice dynamics
of the underlying Ge(111) semiconductor crystal in the presence of a commensurate (1x1)
methyl adlayer were defined for atomically flat methylated Ge(111) surfaces. The mean-square
atomic displacements were evaluated by analysis of the thermal attenuation of the elastic He
diffraction intensities using the Debye-Waller model, revealing an interface with hybrid
characteristics. The methyl adlayer vibrational modes coupled with the Ge(111) substrate,
resulting in significantly softer in-plane motion relative to rigid motion in the surface normal.
Inelastic helium time-of-flight measurements revealed the excitations of the Rayleigh wave
across the surface Brillouin zone, and such measurements were in agreement with the dispersion
curves that were produced using density functional perturbation theory. The dispersion relations
for H-Ge(111) indicated that a deviation in energy and lineshape for the Rayleigh wave was
present along the nearest-neighbor direction. The effects of mass loading, as determined by
calculations for CD;-Ge(111), as well as by force constants, were less significant than the

hybridization between the Rayleigh wave and methyl adlayer librations. The presence of
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mutually similar hybridization effects for CH3-Ge(111) and CH3-Si(111) surfaces extends the
understanding of the relationship between the vibrational dynamics and the band structure of

various semiconductor surfaces that have been functionalized with organic overlayers.
Introduction

Crystalline semiconductors, including silicon and germanium, have played a crucial role
in the electronics industry since the development of the transistor at Bell Laboratories in 1947.
These materials also exhibit many properties that allow them to play a critical role in solar
electricity generation.”” Until recently, stable SiO, sites have allowed Si to become the
semiconductor material of choice for field-effect devices, but now materials with larger dielectric
constants are replacing SiO, (due to the relatively large Si/Si0, leakage current at the nanometer
scale). Specifically, Ge has a 0.67 eV band gap and is thus an attractive option for the collection
of infrared radiation in multijunction solar cells.”'® Additionally, the higher electron and hole
mobilities (4 times larger than silicon) and lower processing temperatures of Ge relative to Si
make Ge a desirable alternative for use in high-speed circuits as well as in metal-oxide-
semiconductor field-effect transistors (MOSFETs).***” However, a limiting factor that precludes
facile fabrication of Ge-based devices is the rapid oxidation of the Ge surface that leads to water-
soluble germanium oxides. Hence, to enable new opportunities for device applications, chemical
control of the surface and interface properties is necessary to prevent oxidation and maintain the

surface ordering of Ge crystals.

To minimize free energy, clean Ge(111) surfaces prepared under vacuum undergo
reconstruction from a diamond cubic lattice structure to a c¢(2x8) surface conﬁguration.68

However, chemical passivation of the Ge(111) surface via hydrogenation, bromination, or
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alkylation leads to a reconstruction of Ge(111) that retains the native (1x1) unit cell. Hydrogen
or bromine atoms can passivate all of the dangling bonds above the surface Ge atoms, providing

enhanced stability against surface oxidation relative to clean Ge.*"*"

The hydrogenated
surface is sufficiently inert towards oxidation that H-Ge(111) can act as a reactive precursor for
subsequent surface reactions, such as alkylation.”® For example, hydrogenated Ge(111) surfaces
have been methylated using a two-step halogenation/alkylation process, creating well-ordered,

air-stable surfaces with excellent electrical properties.36’71

Recently, highly ordered, atomically
flat CH3-Ge(111)-(1x1) surfaces have been prepared, resulting in improved chemical and

electrical passivation.®®

Several standard surface analytical techniques have revealed the chemical composition,
surface structure, surface conductance, and methyl vibrational modes of methylated Ge(111)

surfaces,>36:6371

X-ray photoelectron spectroscopy (XPS) indicates that the two-step
halogenation/methylation process provides complete termination of the Ge surface sites by
methyl groups.’®*®7' The vibrational modes of CH3-Ge(111) have been investigated by use of
transmission infrared spectroscopy (TIRS), high-resolution electron-energy loss spectroscopy
(HREELS), and density functional perturbation theory (DFPT).®**® Low-energy electron
diffraction (LEED) indicates the formation of a hexagonal unit cell, whereas atomic force
microscopy (AFM), scanning tunneling microscopy (STM), and helium atom diffraction all yield
evidence for an atomic spacing of ~ 4.0 A, confirming the (I1x1) surface structure of CHj-
Ge(111).%%  Additionally, methylated germanane (a single-layer crystal of germanium
terminated with hydrogen) has recently been synthesized, and X-ray diffraction data indicate a

hexagonal spacing with a lattice constant of a = 3.96 A.”> Despite extensive structural

characterization, the dynamics of CHj3;-Ge(111) remain largely unexplored, whereas the
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dynamics of a surface analog, CH3-Si(111), have been thoroughly studied both experimentally®®

40,64,73,74 40,75,76

and theoretically.

We describe herein the comprehensive characterization of the dynamical properties of
CH;3-Ge(111), to provide a foundation for understanding the thermal properties, energy
accommodation at the interface, and vibrational band structure of such surfaces. Specifically, a
combined scattering and theoretical study has been performed to characterize the vibrational
dynamics and phonon band structure of this organic-functionalized Ge(111) interface. The
vibrational features of methyl-terminated Ge(111) surfaces influence the thermal properties as
well as the ability of the surface to accommodate energy. High-resolution helium atom
scattering (HAS) and ab initio density functional perturbation theory (DFPT) have been used
herein to study the effects of methylation on the surface thermal motion and phonon band
structure of the CH3-Ge(111) surface. Extremely surface sensitive low-energy neutral helium
diffraction measurements have been used to define the interfacial structure, gas-surface
interaction potentials, and the temperature-dependent mean-square displacements both normal
and parallel to the methylated surface. The phonon evolution of the Rayleigh wave across the
surface Brillouin zone for two high-symmetry azimuthal alignments has been experimentally
recorded because inelastic scattering of helium atoms, which is important in characterizing
physical quantities such as the specific heat, thermal expansion coefficients, and electron-phonon
interactions of a material,”’ is due to phonon (e.g. Rayleigh wave) excitations. These scattering
measurements are found to be in agreement with the calculated phonon dispersions produced via
density functional perturbation theory. DFPT was also used to generate the vibrational band
structure for H-Ge(111) and CD3-Ge(111), and these surfaces provided a comparison to CHj3-

Ge(111) to elucidate the effects of mass loading, force constants, and adlayer vibrations. As seen
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previously for CH3-Si(111) surfaces, the hybridization with organic adlayer librations is the

major influence that dictates the energy and lineshape of the surface phonon dispersions.
Methods

The hydrogenation and subsequent alkylation of Ge(111) using a one-step alkylation
from a H-Ge(111) precursor® disproportionately etches the surface and yields a surface with a
significant concentration of randomly distributed steps. The surfaces investigated herein were
therefore instead prepared using a two-step halogenation-alkylation that produces atomically flat,
methyl-terminated Ge(111) surfaces.” Briefly, a thoroughly cleaned and rinsed Ge(111) wafer
was hydrogenated by exposure to a flow of H; at 850 °C and atmospheric pressure. The sample
was then cooled to below 100 °C. The resulting H-Ge(111) surface was brominated for 1 min at
50 °C in neat CCl;Br that contained a small amount of benzoyl peroxide. The sample was rinsed
with anhydrous tetrahydrofuran (THF) and then methylated in (CH3),Mg/THF/1,4-dioxane for 5
min at 50 °C. For shipment from Pasadena, CA to Chicago, IL, the CH3-Ge(111) surfaces were
placed under high vacuum via turbo pumping prior to shipping. Upon receipt, the samples were
immediately loaded into the ultra-high vacuum sample chamber, with limited exposure to
atmosphere in the interim.

Data were collected using an ultra-high vacuum (UHV) helium atom scattering apparatus
that provided high angular and energy resolution; this instrument and the range of its parameters
have been thoroughly described elsewhere.”® The crystal-to-ionizer distance was however
shortened from 1.0234 m to 0.5705 m, which when added to a constant chopper-to-crystal
distance of 0.4996 m, produced a total flight path of 1.0701 m (shortened from a total distance of
1.5230 m for the long mode). Inelastic helium time-of-flight experiments (described below)

were performed with the detector in both configurations, providing greater angular resolution in
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the long mode whereas greater intensity was produced in the short mode.

To collect the scattering data, helium gas was supersonically expanded into a series of
differentially pumped chambers. The He was then scattered from a CH3-Ge(111) crystal that had
been mounted on a six-axis manipulator and temperature controlled with cryostatic cooling and a
button heater; ionized by electron bombardment, and then filtered through a quadrupole mass
spectrometer (QMS) before striking an electron multiplier. Prior to entering the sample
chamber, the beam was mechanically modulated by a chopper wheel. For the elastic diffraction
data that were used for Debye-Waller analysis the beam was chopped with a 50% duty cycle for
modulated detection. For collection of inelastic data, time-of-flight spectra were collected by
chopping the beam with either a 50% duty cycle for cross-correlation analysis,” which used a
pseudorandom 511 bit sequence of openings in the chopped wheel to increase signal-to-noise, or
by use of a 1% duty cycle for a single-slit pattern. For single-shot time-of-flight runs, composite
spectra were often produced to increase the signal-to-noise, by adding multiple spectra taken
under identical incidence conditions. The temperature of the sample was flashed to 450 K
between runs to eliminate unwanted surface adsorbates.

The dynamical properties of the H-Ge(111), CH3-Ge(111), CD3-Ge(111) surfaces were
calculated using density functional perturbation theory, as implemented in the QUANTUM-
ESPRESSO package” wusing a norm-conserving pseudopotential for Ge, ultrasoft
pseudopotentials®® for C and H, and the Perdew-Burke-Ernzerhof (PBE) approximation® for the
exchange-correlation energy functional. The electronic wavefunctions were expanded in plane
waves up to a 28 Ry energy cut-off and a 280 Ry charge-density cutoff. The surfaces were
modeled with a slab geometry and periodic boundary conditions (PBC), and the slabs were

composed of 18 germanium atom layers with hydrogen or methyl groups adsorbed on both sides,
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which were separated by a 12 A-wide vacuum gap.6 The surface Brillouin zone (SBZ) was
sampled over a Monkhorst-Pack grid of 6x6x1 k-points.** The atomic positions were relaxed
until the forces were below a 5-10” a.u. threshold. The dynamical matrix was calculated on a
6x6x1 g-point mesh for the SBZ. The Fourier transform of the dynamical matrices on a discrete
uniform mesh in the SBZ provided the real-space interatomic force constants that allowed

calculation of the dispersions relations.
Results and Discussion

Vibrational dynamics

He diffraction of CH3-Ge(111) surfaces has previously indicated the presence of a
hexagonally packed methyl adlayer with a (1x1) methyl termination of the Ge(111) lattice.®

Figure 4-1 shows diffraction spectra that include first-, second- and zeroth-order diffraction
peaks for the high-symmetry <121> and <Oli> azimuthal alignments. These alignments and their

corresponding diffraction peaks were used for the experiments reported on herein.

The diffraction patterns show the helium reflectivity as a function of the parallel

momentum transfer,

AE:E(sian—sinQ), (4-1)

where l?l is the incident helium beam wavevector, and 6; and 0y are the initial and final scattering
angles, respectively. The AK spacing of 1.82 A™ observed between the diffraction peaks for the
<iZi> alignment (Figure 4-1) is consistent with a 4.00 A real-space lattice constant, confirming

the presence of a hexagonally packed (1x1) methyl adlayer. Figure 4-1(c) shows a proposed top-

60



view model of the CH3-Ge(111) surface. The sharp and large diffraction peak intensities, along
with a minimal diffuse background, suggest the formation of a low-defect surface with long-
range ordering. These large intensities are required to extract information on the surface

dynamics via thermal attenuation measurements.

The thermal attenuation of the diffraction peaks provides information on the vibrational
dynamics of the surface, because the diffraction peak intensity decays with increasing sample
temperature as the vibrational amplitude of the surface oscillators increases, resulting in inelastic
scattering of the impinging helium atoms.” The surface temperature, 7}, of CH;-Ge(111) was
varied (75 = 200 — 500 K) at five different incident beam angles between diffraction scans, to
calculate the Debye-Waller factor, W(T,). The observed diffraction peak intensity, I, is

exponentially dependent on the Debye-Waller factor, such that
I=1,e""", (4-2)

where ) is the peak intensity at a theoretical surface temperature of 0 K. The Debye-Waller
factor is comprised of four components: the normal and parallel momentum transfers during the

scattering process, Ak, and AK, respectively, and their associated mean-square displacements

(MSD) of the crystal atoms, <u22> and <”\|2>’

2W(T,) = AK: (u? )+ AK (u]) (4-3)
where
Ak, = E[(cos2 0, + %’)1/2 + (cos2 6, +§)1/2 } ; (4-4)
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here, the D/E; term accounts for acceleration of a He atom with energy E; as the atom enters the
attractive portion of the gas-surface potential well having a depth D.** When only the thermal
attenuation of the specular (6; = 6y peak (Figure 4-2(a)) is observed, the parallel momentum

transfer to the surface is assumed to be zero, allowing simplification of Equations (4-3) and (4-4)

to yield:
2W(T,) = Ak (u?) (4-5)
Ak, =2k [(cos2 0, + %)1/2:' (4-6)

According to Equation (4-2), plotting the natural log of I(Ts)/I, as a function of the
surface temperature should result in a linear relationship. Figure 4-2(b) shows linear decays of
the total peak area with respect to increases in the surface temperature, confirming that the
Debye-Waller model held for the experimental range of surface temperatures in this system.
Each diffraction pattern was recorded with a 44 meV helium beam and was repeated three
separate times at five different incident angles (6, = 22.1°, 26.1°, 29.1°, 32.6°, 36.1°). Taking the
derivative of Equation (4-5) with respect to the surface temperature reveals the surface

temperature-dependence of the Debye-Waller factor,

AT 4T

N s

_M_[Mz M] w

The expression for the exchange of perpendicular momentum (Equation (4-6)) can then be

inserted to produce the desired relationship:
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o =4k @[cof 6,+£], (4-8)

such that a linear fit of the Debye-Waller decay, o, versus cos’6; can be used to determine the
temperature dependent mean-square displacement and potential well depth from the slope and y-

intercept, respectively of the data.

Figure 4-3 shows the angular dependence of the Debye-Waller factor for the CHs-

Ge(111) surface.” A linear fit to the specular data yielded a slope of -0.0145 K™ and an

intercept of 0.0041. Given k; = 9.2 A, d(u2}/dT, is (4.3 £ 0.2) x 10° A’K"" for the CH-

Ge(111)-(1x1) surface. For comparison, a previous He diffraction study identified a
perpendicular MSD of ~1.5 x 10 A’K™" (based on extrapolation of their diffraction data) for
Ge(111)-c(2x8).*"  The perpendicular MSD of the CHs-Ge(111)-(1x1) surface shows a
significant deviation from that of Ge(111)-c(2x8), which is consistent with the decreased
effective surface mass (72 amu for Ge, now 15 amu for CHs) and an increase in the surface
Debye temperature, as discussed in detail below. In the harmonic limit of the Debye-Waller
model, the MSD is inversely proportional to the effective surface mass as well as to the square of
the Debye temperature. The mass reduction by a factor of five thus overwhelms a less than
doubled surface Debye temperature, accounting for an increase in the perpendicular MSD.
Additionally, Ohkuma and Nakamura® have shown that surface reconstruction of diamond-
structure crystals can suppress the perpendicular MSD, causing an even larger deviation between
the two values. As shown by Figure 4-3, the perpendicular MSD for CH;-Ge(111) is
approximately four times larger than that of (1.0 £0.1) x 10° A’K™' for CH;-Si(111).>" This
deviation arises from the lesser effective mass reduction (28 amu for Si, now 15 amu for CH3),

with a similarly large increase in its Debye temperature. Hence, methyl-termination of Si(111)

63



instead results in a decrease of the perpendicular MSD relative to the bulk value for Si(111)-
(7x7). Although functionalization of both surfaces causes a decrease in their effective masses to
different degrees, the still-present perpendicular stiffness of both methyl-terminated surfaces is

associated with the rigidity of their directional, sp>-hybrid Si/Ge-C covalent bonds.

Due to the large slope observed for CH3-Ge(111) (Figure 4-3), the y-intercept extracted
from the linear fit does not provide a realistic value for the He potential well depth. This arises
from the inability of such Debye-Waller measurements to properly account for the low-
temperature librational dynamics of the system. A well depth of ~7.5 meV has been measured
for similarly functionalized CHs-Si(111)*” and H-Si(111) surfaces.* The He scattering potential
is a function of the surface electron density,”* which we expect to be similar for CHs-Ge, so a
well depth of 7.5 meV has been assumed herein. By inserting the parallel momentum
component from Equation (4-3) into Equation (4-7), the parallel MSD can be calculated and
separated from the perpendicular MSD component. Figure 4-4 shows representative thermal
attenuation diffraction spectra for two non-specular diffraction peaks. The temperature-
dependent decay in the areas of these peaks was compared with similar spectra that measured
other first- and second-order peaks at a range of surface temperatures, and provided an average
parallel MSD of (2.2 + 1.6) x 10° A’K™". The parallel MSD was found to be nearly two orders
of magnitude larger than the perpendicular MSD of (4.3 + 0.2) x 10° A’K"" measured herein for
CH;3-Ge(111). Recent theoretical studies on methyl-terminated semiconductor surfaces have
proposed couplings between methyl bending vibrational modes and the underlying lattice waves,
thereby significantly increasing the surface thermal motion in the parallel direction, as observed

here.”>’® These larger parallel MSDs suggest that the surface shares librational characteristics
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with not only the previously studied methyl silicon system but also with other organic overlayers
on metals.**

For a classical harmonic oscillator, the Debye-Waller model can also be expressed as

L +D|T,
W(T)= , (4-9)

where m is the mass of the incident helium atom, M.; is the effective surface mass, kg is
Boltzmann’s constant, and @), is the surface Debye temperature. The Debye temperature of the
CH;-Ge(111) surface is calculated to be 689 + 20 K (479 cm™), given that the effective mass that
a helium atom collides with decreases from 72 amu for Ge(111) to 15 amu for CH3-Ge(111), and
the estimated potential well depth is 7.5 meV. This value is significantly larger than the value of
~360-374 K that has been measured for the Debye temperature of bulk Ge(111).%%
Additionally, RHEED measurements give an effective surface Debye temperature of 96 K for
clean ¢(2x8)-Ge(111) surfaces, which was proposed to be due to the weakening of the harmonic
force constant of the interlayer potential.*’ Therefore, instead of producing a softer Ge(111)
surface, methyl termination imposes a greater rigidity, as indicated by a nearly doubled Debye
temperature for the surface. This rigidity can be explained by the coupling of impinging helium
atoms to the vibrational modes of the terminated methyl groups. The calculated surface Debye
temperature (479 + 14 cm™) is in accord with the Ge-C stretching mode frequency for CHi-
Ge(111) measured with HREELS® (568 cm™ ) and DFT® (530 cm™), as well as in accord with
IR data for methylgermane®™ (601.6 cm™). By terminating the Ge(111) lattice with methyl
groups, the collisional dynamics have changed such that helium atoms strongly interact with
localized molecular modes rather than just interacting with low-energy phonons that originate

from the lattice.
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Phonon band structure

The vibrational motion and band structure of surface groups can be additionally
characterized by use of inelastic helium atom scattering, which involves the transfer of both
energy and momentum between an impinging He atom and the surface. The extreme sensitivity
of HAS to sagittal displacement (shear vertical motion of surface atoms) allows for strongly
resolved measurements of the Rayleigh wave, which is the lowest-energy surface acoustic mode
that vibrates in the sagittal plane. The relatively short wavelength and small penetration of the
Rayleigh wave make it especially sensitive to interatomic forces at the surface; hence
measurement of the Rayleigh wave provides insight into the interaction of the surface methyl

groups with the underlying germanium lattice. Hence, inelastic helium atom scattering was used

to map out the surface phonon dispersion curves for CHs;-Ge(111) along both the <iZi>, I'-M,

and <Oli> , I'-K, primary azimuthal directions across the surface Brillouin zone (SBZ).

The inelastic scattering data were extracted from a series of time-of-flight spectra taken
over a large range of kinematic conditions. Figure 4-5 shows representative composite inelastic
single-shot time-of-flight spectra that were recorded at seven different final scattering angles for
the same beam energy and sample temperature. Each spectrum exhibited a large diffuse elastic
peak, as well as two sharp inelastic peaks on either side, indicating single-phonon interactions
with the Rayleigh wave. Each of these peaks was located atop a broad inelastic background
formed by multiple-phonon excitations, which is consistent with expectations based on the soft

nature of the surface, as indicated by the Debye-Waller experiments detailed above.

The time-of-flight spectra readily provide the energy and parallel momentum that is

exchanged with the surface in an inelastic scattering process. The flight times of elastic and
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single-phonon creation and annihilation peak maxima were determined by least-squares fitting
the data with multiple Gaussian peaks, with the multiphonon background subtracted, to leave a
fairly flat residual. The fitted flight times were then referenced to the length of the flight path
from the crystal to the detector, to calculate the associated energy exchanges with the surface.

The conservations of energy and surface parallel momentum for single-phonon interactions:
k, =k 2hao(0) (4-10)
=K. +G, +0 (4-11)

where ha)(é) is the energy of a phonon with wavevector @ and frequency @ (@ <0 indicates

creation of a phonon, ® > 0an annihilation), were then combined to yield an expression that

describes the functional form of a scan curve:

)
ha(Q) _ T O 142K (4-12)
E. sin 19], K

i

Scan curves calculate the allowed exchange of surface parallel momentum as a function of the
known phonon energy and kinematic parameters, and delineate the possible single-phonon
events that may be observed experimentally. Such data are presented in the inset of Figure 4-5

as colored bands that correspond to the conditions of their respective time-of-flight spectra.

The experimental data in the Figure 4-5 inset agrees very well with the dispersion curves

provided by the DFPT calculations, and shows a clear dispersion of the Rayleigh wave across the

<121> region of the SBZ. The increasing temporal distance between the elastic and inelastic

creation peaks in the time-of-flight spectra results from a greater exchange of momentum and
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energy with the surface, causing the phonon data to disperse away from the zone center (I'-point)
in the dispersion curve. Moreover, the increase in surface parallel momentum and energy
exchange causes the intensity of the Rayleigh wave peak to decrease considerably, as has been
demonstrated elsewhere.®” Conversely, the annihilation time-of-flight peaks initially moved
away from the elastic peak, but then dispersed back towards the elastic peak (beginning at 6, =
24.6°) as the phonons crossed over the M-point (JAK| = 0.907 A™) in the dispersion curve. These
inelastic transitions involving umklapp phonons are expected for surfaces with high corrugation,
as reported elsewhere.”® These umklapp phonons are folded into the irreducible surface Brillouin

zone along with the entire inelastic data set, as shown in Figure 4-6.

Density functional perturbation theory was used to calculate the vibrational band
structure for CH3-Ge(111). The absolute energies of all experimental single-phonon processes
are displayed on the reduced dispersion curves in Figure 4-6, which has been color-coded to
represent the total degree of sagittal polarization at the surface. A large degree of the sagittal
vibrational motion clearly arises from the Rayleigh wave, the lowest-energy dispersion curve.
Within experimental error (less than 0.5 meV), the large amount of experimental inelastic data
agrees with the theoretical dispersion curves, clearly mapping out the Rayleigh wave across the
SBZ, along with a few higher-energy modes. The inability to completely map out the Rayleigh
wave in the TK and KM regions is explained by a lower degree of sagittal displacement.
Additionally, the low-energy Rayleigh wave is difficult to experimentally resolve from the
significant bulk band excitations and multiphonon contributions introduced by the
aforementioned corrugation and relative softness of the surface.”’ Likewise, single phonons

occurring at higher-energy areas of strong sagittal displacement (such as at the K-point, ~12 and

14 meV) require higher beam energies to excite, but are washed out by the simultaneous
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excitation of multiple lower-energy modes, as higher beam energies increase the Weare

parameter beyond the threshold of single-phonon domination.’*

The Debye-Waller measurements reported above indicate a considerably softer surface
for CH3-Ge(111) relative to CH3-Si(111), an analog hybrid organic-semiconductor interface.

The relative softness of CH3-Ge(111) is reflected in the overall lower energy of the Rayleigh

wave, in that the calculated energies at the M - and E-point are 7.3 and 9.6 meV, respectively,
for CH3-Ge(111), whereas these values are approximately twice as large for CH3-Si(111), at 13.3
and 17.9 meV.” As detailed elsewhere,”’ the Rayleigh wave can be reproduced fairly accurately
by a force constant model for a single atomic layer with nearest- and next-nearest-neighbor
interactions. This disparity in the Rayleigh wave energies should therefore be reflected in the
force constants of the two surfaces. Wei and Chou® created an 8x8 supercell and used the
Hellmann-Feynman theorem to calculate the transverse force constants for surface atoms of bare
Ge(111) (-1.937 dyn/cm) and Si(111) (-2.193 dyn/cm), which strengthens this hypothesis of
softening. Additionally, Han ef al.”® noted that the largest phonon energy in Ge (38 meV) is only
about 60% of that in Si (64 meV), which matches well with the relative Rayleigh wave zone-

edge energies of these two methyl-terminated interfaces.

68,95,96 and

Phonon dispersions for clean Ge(111) have been measured experimentally
theoretically.”” Clean Ge(111) reconstructs rapidly, which causes distortions of the dispersion
curves;”’ however, at high temperature Ge(111) recovers the (I1x1) structure such that the
Rayleigh wave dispersion curves measured by HAS at 1000 K*® can be directly compared with
the present data for CH3-Ge(111) at low temperatures. There is a surprising agreement between

the Rayleigh wave data in both cases, indicating that the anharmonic softening expected for the

clean Ge(111) at high temperature is comparable to that due to the mass loading effect of the

69



methyl adlayer at low temperatures. To better understand the relationship between organic
functionalization and the vibrational band structure of germanium, the results for CH3-Ge(111)
have been compared with H-Ge(111)-(1x1). In the case of H-Ge(111), surface atoms preserve
the ideal tetrahedral configuration of the unreconstructed (1x1) surface, which ought to exhibit
dynamics similar to those of the clean (Ix1) semiconductor surface,”® such that adlayer
interactions do not significantly affect the vibrational characteristics of the semiconductor lattice.
In the absence of measurements of the surface phonon relations for hydrogen-terminated
germanium, the vibrational band structure for H-Ge(111)-(1x1) has been constructed in this work
by use of DFPT. Figure 4-7 compares the low-energy vibrational band structure of H-Ge(111)
and CH3-Ge(111), with the color scale indicating the relative sagittal displacement of their

respective 1% layer Ge atoms.

Although the Rayleigh wave frequency is nearly identical for both terminated surfaces at
the M point, methylation of the Ge(111) surface produces a noticeable increase in the Rayleigh

wave energy along the 'K azimuth near the zone edge (E point). This deviation can be
attributed to three sources: changes in the local force constants, mass-loading effects, and/or
hybridization between lattice and adlayer vibrations. Methyl termination results in the addition
of only 0.04 electrons to the Ge-Ge bonds in the first two layers with respect to clean Ge(111)-
(1x1). Comparison of H-Ge(111) and CH3-Ge(111) surfaces display similar Ge lattice charge
densities, as seen with DFPT; as a result, the force constants for CH3-Ge(111) are only 2.5% and
2.2% weaker in-plane and out-of-plane, respectively, than H-Ge(111). Modifications of the local
force constants due to methyl termination are therefore not primarily responsible for the increase

in phonon energy observed for CH3-Ge(111). Additionally, the DFPT-calculated displacement
fields did not display a linear sagittal polarization at the M point, which would be expected for a
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Rayleigh wave associated with an ideal fcc surface.”” Our previous work on methyl-terminated
Si(111) showed that the deviation in the shape and energy of the Rayleigh wave for CH3-Si(111)
from H-Si(111) was a result of hybridization of the Si(111) lattice waves with methyl adlayer
rocking librations.”” This mechanism can hence be formally extended to the Ge(111) system,
where the rocking libration of the terminated methyl group (characterized by a slight distortion

of the internal C-H bonds and the bending of the C-Ge bond with an energy of 13.1 meV at the
r point) has coupled with the lattice waves near the zone edge to induce an observable deviation

of the Rayleigh wave along the 'K alignment. The hybridization is slightly weaker for Ge(111)

than Si(111), because the hybridization in CH3-Si(111) caused an increase of nearly 2 meV at the

K point for the Rayleigh wave, whereas the hybridization for CH3-Ge(111) only resulted in an
increase of about 1.5 meV relative to H-Ge(111). This weaker hybridization is attributed to the
lower energy of the CH;-Ge(111) Rayleigh wave, causing an increased energy difference

between the methyl vibrational modes and the Rayleigh wave.

To account for mass-loading contributions of the terminal methyl groups to the
underlying lattice wave dispersions, DFPT was used to produce the vibrational band structure for
CDs-Ge(111), a simple isotopic analog of CH3-Ge(111). Experimental comparisons with the
theory data for CD;-Ge(111) have not yet been performed due to difficulties in synthesizing
high-quality crystals with near-complete CD3 termination, thereby prohibiting resolved inelastic
helium scattering measurements. Figure 4-8 compares the vibrational band structure for CHs-
Ge(111) and CD3-Ge(111), with the color scale representing the relative sagittal displacement of
the C atoms in each system. The Rayleigh wave frequency should scale as C ZMeﬁ’_I/ ? where C
is the interatomic force constant and M.y is the effective mass. For the Rayleigh wave, the

effective mass can be taken as the mass of a single germanium atom with a single methyl group.

71



This approach is taken from the comparison between data for CDs- and CH3-Si(111) surfaces,
where the increased mass (43 amu for CH3-Ge, 46 amu for CDs;-Si) resulted in an energy
decrease of 17.9 to 17.3 meV for CDs-Si(111). Applying the same approach here, the smaller
deviation in mass (87 amu for CH3-Ge, 90 amu for CDs-Ge) becomes negligible, suggesting a
decrease in the Rayleigh wave frequency of only ~0.16 meV. Figure 4-8 consistently provides
evidence for this rather small decrease in the Rayleigh wave energy, demonstrating that mass-
loading effects play a minimal role in determining the energies of the Rayleigh wave dispersion
for CH3-Ge(111). One notable difference in the band structure for CH3-Si(111) vs CDs-Si(111)
is the presence of a mode crossing between the Rayleigh wave and a hindered methyl rotation.
The crossing is absent for CD3-Ge(111), due to the much lower energy of its Rayleigh wave
compared to CD3-Si(111), while the hindered rotational mode is only slightly decreased (13.8
meV for CD3;-Ge(111) and 20.8 meV for CD;-Si(111)) due to the larger Ge lattice constant and
therefore reduced interaction between neighboring methyl groups. Overall, analysis of the H-
Ge(111), CH3-Ge(111), and CD3-Ge(111) band structures indicates that hybridization of modes
is the primary influence in determining the Rayleigh wave dispersion, with mass loading and
force changes contributing negligibly. This phenomenon has now been extended from CHj3-
Si(111) to CH3-Ge(111), and is likely present for other organically functionalized group IV

semiconductors.

Conclusions

This combined experimental and theoretical effort has revealed the vibrational dynamics
and band structure of the atomically flat CH3-Ge(111) interface. The attenuated intensities of
helium atom diffraction peaks at a variety of incidence angles were exponentially dependent on

increasing surface temperature, allowing for the application of the Debye-Waller model to this
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hybrid organic-semiconductor interface. This approach allowed for a precise estimation of the
surface Debye temperature as well as an estimation of the temperature-dependent atomic
displacements of the surface methyl groups in both the surface-normal and -parallel directions,
which indicated a transition in the regime of surface motion enforced by the methyl adlayer.
Inelastic helium scattering measurements were complemented with high-level density functional
perturbation theory calculations, showing agreement in the mapping of the phonon dispersion of
the Rayleigh wave across the surface Brillouin zone. The minimal effects of mass loading on the
lattice waves were resolved by producing the vibrational band structure for an isotopically
substituted surface, CD3-Ge(111). Comparing the surface phonon dispersions of CH3-Ge(111)
and H-Ge(111) aided in the identification of hybridization of methyl adlayer librations with the
Rayleigh wave as the dominant factor in shaping the Rayleigh wave dispersion, which agrees
with similar effects observed for CH;-Si(111). The results collectively strengthen the
understanding of the relationship between the nature of the organic functionalization and the
vibrational dynamics and phonon band structure of Ge(111), and can be applied to other group

IV semiconductors as well.
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Figure 4-1
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(a) He diffraction spectra showing the back-scattered (negative) diffraction peaks along both
primary azimuthal alignments with corresponding peak spacings; (b) diffraction spectra showing
the forward-scattered (positive) diffraction peaks along both azimuthal alignments, (c) top-view
model of the CH;-Ge(111) surface with real lattice spacings.
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Figure 4-2
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(a) Decay of the specular (6. = 0) diffraction peak as a function of CH3-Ge(111) surface
temperature, plotted vs. parallel component of momentum exchange,; (b) natural log of specular
decay with respect to total intensity for five different incidence angles; data exhibits a linear
decrease with increasing sample temperature, and a greater rate of signal decay for a more
normal incidence angle.
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Figure 4-3
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Decay rate of specular intensity as a function of the squared cosine of the incidence angle,
showing a greater dependence on angle for CH3-Ge(111) as compared with CH3-Si(111),
indicating a softer interface. Error bars represent standard deviations from independent
measurements repeated three times for each point.
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Figure 4-4
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Decay of the specular and first- and second-order diffraction peaks for the same incidence
energy.

Experiment file: Figure 4-4 (120214).pxp

Raw data file: 120214.D01; 120214.D03; 120214.D05; 120214.D07
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Inelastic time-of-flight spectra of several final scattering angles (6), offset vertically for clarity;
arrows indicate single-phonon annihilation and creation peaks, corresponding to the black dots
in the dispersion curve (inset), which themselves fall on color-coded scan curves for each
spectrum.

Experiment file: Figure 4-5.pxp

Raw data file: 032715.004; 032715.006; 032715.007; 040215.002; 040215.004; 040215.006
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Figure 4-6
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Dispersion curves (lines) of CH3;-Ge(111) as determined by DFPT calculations, overlaid with
HAS single phonon data collected in the same manner as in Fig. 3; total sagittal displacement of
the CH; group is indicated by color bar.
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Figure 4-7
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Dispersion curves of (a) H-Ge(111) and (b) CH3;-Ge(111) as determined by DFPT calculations,
relative sagittal displacements of 1" layer Ge atoms indicated by color bar.
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Figure 4-8

Dispersion curves of (a) CD;-Ge(l11) and (b) CH;-Ge(l11) as determined by DFPT
calculations, relative sagittal displacements of C atoms indicated by color bar.
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Chapter 5

Experimental and Theoretical Study of Rotationally Inelastic
Diffraction of Hy(D,) from Methyl-terminated Si(111)

This chapter contains an article that was reproduced in part with
permission from The Journal of Chemical Physics. Copyright 2016
American Institute of Physics.”

Fundamental details concerning the interaction between H, and CHj3-Si(111) have been
elucidated by the combination of diffractive scattering experiments and electronic structure and
scattering calculations. Rotationally inelastic diffraction (RID) of H, and D, from this model
hydrocarbon-decorated semiconductor interface has been confirmed for the first time via both
time-of-flight and diffraction measurements, with modest j = 0 — 2 RID intensities for H,
compared to the strong RID features observed for D, over a large range of kinematic scattering
conditions along two high-symmetry azimuthal directions. The Debye-Waller model was
applied to the thermal attenuation of diffraction peaks, allowing for precise determination of the
RID probabilities by accounting for incoherent motion of the CH3-Si(111) surface atoms. The
probabilities of rotationally inelastic diffraction of H, and D, have been quantitatively evaluated
as a function of beam energy and scattering angle, and have been compared with complementary
electronic structure and scattering calculations to provide insight into the interaction potential
between H, (D;) and hence the surface charge density distribution. Specifically, a six-
dimensional potential energy surface (PES), describing the electronic structure of the
H>(D,)/CH3-Si(111) system, has been computed based on interpolation of density functional
theory (DFT) energies. Quantum and classical dynamics simulations have allowed for an

assessment of the accuracy of the PES, and subsequently for identification of the features of the
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PES that serve as classical turning points. A close scrutiny of the PES reveals the highly
anisotropic character of the interaction potential at these turning points. This combination of
experiment and theory provides new and important details about the interaction of H, with a
hybrid organic-semiconductor interface, which can be used to further investigate energy flow in

technologically relevant systems.
Introduction

This study details the first rotationally inelastic diffraction of molecular hydrogen from a
hybrid organic-semiconductor interface, bolstering the understanding of technologically relevant
systems, such as fuel cells and biosensing electronics, where the interaction of H, with the

100-106 " The nature

surface charge density distribution of these materials is of paramount interest.
of gas interactions at solid surfaces has been thoroughly examined through characterizations of
chemisorption for a variety of interfaces, providing a strong basis for understanding the

processes involved in surface chemical reactions.'”’

While a traditional route for understanding
molecular chemisorption is monitoring the fraction of molecules that stick to a given surface,'”
it has been theoretically demonstrated and experimentally proven that diffraction of molecules
from a surface can provide complementary and precise information regarding the gas-surface

interaction potential.'®!"

Diffraction patterns of diatomic molecules in particular have
highlighted the role of rotational degrees of freedom in the chemisorption process, indicating a
direct effect on dissociative probabilities and revealing fundamental details concerning the

interaction of gases with surface charge densities.'*"'"!

Methyl-terminated Si(111) features a complete (1x1) methyl termination of its underlying

lattice, endowing this surface with improved interfacial electronic properties and surface
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passivation, and establishing it as a model system for the understanding of organic-
functionalized systems. This interface has been thoroughly characterized by many experimental

and theoretical techniques: the surface structure and extent of methyl termination have been

37,40,75 70,112

surveyed by elastic helium atom scattering, scanning tunneling microscopy, and

113

synchrotron-based x-ray photoelectron spectroscopy (XPS), "~ and the vibrational dynamics were

studied via high-resolution electron energy loss spectroscopy,''* transmission infrared

73,115

spectroscopy, and inelastic helium atom scattering in conjunction with density functional

4075 This study employs rotationally inelastic diffraction and accompanying

perturbation theory.
scattering calculations to further explore the surface charge density of CH3-Si(111) and probes
the interaction potential with Ha, broadening the understanding of the anisotropic features of this

system. This potential anisotropy can serve a fundamental role in dissociative chemisorption for

thin-film systems.

Rotationally inelastic diffraction (RID), whereby diatomic molecules impinging upon a
surface convert translational energy into rotational energy (or vice versa) and are scattered into
unique angular channels, was first reported in experiments involving diffraction of H, from MgO
and LiF in the 1930s."'“'"® Since then, this technique has seen improvements through gains in
angular resolution that have allowed a more precise investigation of the RID peaks.''*'** High
angular resolution and a wide range of incident energies have enabled the widespread use of
RID, with the goal of investigating the gas-surface potential for a variety of systems.''®'?*"1%
These studies have provided a wealth of information not only on the nature of interfacial

dynamics, but also on the theory that has been developed to study them.''®!!7:124:125

The dependence of diatomic diffraction on molecular orientation processes makes

theoretical modeling of the interaction a distinctly more complicated task than for monatomic
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systems such as He,'”' because the rotational transitions that occur at the surface are highly
sensitive not only to the anisotropy of the interactions, but also to the corrugation of the gas-
surface interaction potential and the coupling of these two factors.''” However, a number of

combined theoretical and experimental studies have already attempted to understand better the

126-128 116,129

effect of parallel momentum transfer on elastic and rotationally inelastic diffraction.
State-of-the-art theoretical models have shown some limitations, for example, in accurately
reproducing the intensities of RID peaks relative to their elastic counterparts. However, they

10,124,125,130.131 which are the result of the

have proven very useful in reproducing general trends,
main features characterizing the underlying potential energy surfaces, such as the corrugation

and the anisotropy.

This paper presents the first rotationally inelastic diffraction measurements on an
organic-functionalized semiconductor. In contrast to the various metal and alloy surfaces that
have been characterized via RID, CHj3-Si(111) represents a new soft-film, i.e., low Debye
temperature system for experimental studies. High-resolution rotationally inelastic diffraction of
H; and D, has been employed to study the anisotropy of the CH;3-Si(111) surface via comparison
with quantum dynamics simulations. The low-energy molecular diffraction measurements
performed herein are primarily surface-sensitive, revealing information on the structure, charge
density, and interfacial properties of the surface and its interactions with impinging molecules.
This low incident energy permits a valid use of the rigid rotor assumption and energetically
forbids vibrational excitations at the energies used.'”! Rotationally inelastic diffraction spectra
for H, and D, are compared, demonstrating much greater rotational excitation probabilities for
D,. Measurements of experimental RID excitations relative to elastic scattering events are

examined as a function of incident angle and beam energy. The precision of these rotational
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probabilities is improved by employing the Debye-Waller model to account for the attenuation of
diffraction peak intensities as a function of increasing surface temperature. Experimentally
measured RID probabilities indicate a greater likelihood, not unexpectedly, of rotational
excitation for higher beam energies, but show no significant dependence on incident angle. The
potential energy surface (PES) of the H,(D,)/CH;-Si(111) system has been modeled by
interpolation of a density functional theory (DFT) energies data set, and used to study
rotationally inelastic scattering and to simulate RID probabilities by means of quasi-classical and
quantum dynamics. Quantum dynamics simulations have been used to assess the accuracy of the
PES through a direct comparison with experimental results, whereas quasi-classical trajectories
have been used to track down the aspects of the molecule-surface PES that lead to rotational
excitation. These classical turning points show both large corrugation and high anisotropy for
the interaction, as revealed by a thorough survey of the polar angular dependence of the PES

landscape on these regions.

Methods

Methyl-Si Sample Preparation

All chemicals were used as received. Water (>18.2 MQ cm) was obtained from a
Barnstead Nanopure system.  Czochralski-grown n-Si wafers (Virginia Semiconductor,
Fredericksburg, VA), 381 + 25 um thick, were double-side polished, doped with phosphorus to a
resistivity of 1 Q cm, and oriented to within 0.1° of the (111) crystal plane. CH;3-Si(111)
surfaces were prepared according to a published procedure.'*? The wafers were cut into 1 cm x 3
cm pieces and rinsed sequentially with water, methanol (>99.8%, EMD), acetone (>99.5%,

BDH), methanol, and water. Organic contaminants were removed and the surfaces were
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oxidized by immersing the wafers in a freshly prepared piranha solution (1:3 v/v of 30%
H,0,(aq) (EMD): 18 M H,SO4 (EMD)) at 90 — 95 °C for 10 min. The piranha solution was
drained and the wafers were rinsed with copious amounts of water. Atomically flat H-terminated
surfaces were prepared'®® by immersing the cleaned wafers in buffered HF(aq) (Transene Co.
Inc., Danvers, MA) for 18 s, rinsing with water, and immediately placing the wafers in an Ar-
purged solution of NH4F(aq) (40%, Transene Co. Inc.) for 9 min. The wafers were agitated
periodically to remove bubbles that formed on the surface. The Si samples were removed from

the NH4F(aq) solution, rinsed with water, and dried under a stream of N».

The Si wafers were chlorinated inside a N>-purged glove box with <10 ppm O,. A
saturated solution of PCls (99.998% metal basis, Alfa Aesar) in chlorobenzene (anhydrous,
>99.8%, Sigma-Aldrich) was preheated with an initiating amount (<I mg/mL) of benzoyl
peroxide (=98%, Sigma-Aldrich). The wafers were rinsed with chlorobenzene and reacted in the
PCl;s solution at 90 £+ 2 °C for 45 min. The reaction solution was drained and the wafers were
rinsed with copious amounts of chlorobenzene, followed by tetrahydrofuran (THF, anhydrous,

inhibitor-free, >299.9%, Sigma-Aldrich).

The Cl-terminated surfaces were alkylated in a 1.0 — 3.0 M solution of CH3;MgCl (Sigma-
Aldrich or Fisher Scientific) in THF. The reaction was heated to 50 + 2 °C for >12 h. The
reaction solution was drained and the wafers were rinsed with THF, submerged in THF, and
removed from the Ny-purged glove box. The samples were sonicated sequentially for 10 min in
each of THF, methanol, and water. The wafers were broken into 1 cm? pieces, dried under a
stream of N, and sealed under Ar for shipment from Pasadena, CA to Chicago, IL. X-ray
photoelectron spectroscopy (XPS) indicated that the surfaces were fully terminated with Si-C

bonds, and that there was no detectable surface oxidation.
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H, and D, Diffraction Techniques

To measure the elastic and rotationally inelastic diffraction peaks, these experiments
required the use of an energy- and momentum-resolved ultra-high vacuum (UHV) scattering
apparatus. This instrument has been described in full-detail elsewhere;*' in brief, this apparatus
consists of three primary sections: a differentially pumped beam-source manifold, a UHV crystal
chamber, and a rotatable mass spectrometer detector. For beam generation, high pressures (800
to 2000 psi) of ultra-high purity gases (He, H,, D) are expanded through a 15 pum diameter
nozzle source that is cooled by a closed-cycle helium refrigerator to generate an intense and
nearly monoenergetic (Av/v < 1% for He, 10% for H,, D,) supersonic neutral atomic beam. The
beam energy is dependent on the nozzle temperature, which can be adjusted for beam energies in
the range of 35 — 90 meV. For diffraction and time-of-flight measurements, a mechanical
chopper was used to modulate the beam prior to collision with a duty cycle of 50%. For
collection of time-of-flight data, the beam is modulated with a pseudorandom chopping sequence
for cross-correlation analysis.” Collimation of the beam occurs through a series of apertures,
resulting in a 4 mm spot size on the crystal (chopper-to-crystal distance = 0.4996 m) in the UHV
scattering chamber (base pressure 3 x 10" Torr). The crystal was mounted onto a six-axis
manipulator which can be positioned precisely to control the incident angle, 6,, the azimuth, ¢,
and the tilt, y, with respect to the scattering plane. Post-collision, the atoms travel along a 1.0234
m (crystal-ionizer distance) triply-differentially pumped rotatable detector arm, with an angular
resolution of 0.29° FWHM, after which they are ionized by electron bombardment. The ions
then pass through a quadrupole filter where they are mass-selected before being collected by an
electron multiplier. Angular distributions were obtained by scanning the detector at 0.1°

computer-controlled increments while holding the incident angle at a fixed value.
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The rotational experiments are carried out with n-H, or n-D, molecular beams, with
varied stagnation pressures. The rotational populations of H, and D, were not measured directly,
but instead were calculated based on previous theoretical and experimental results. Generally,
the ratio of ortho- to para-H,(D;) is determined by the source temperature, and subsequent ortho—
para conversion does not occur during the expansion.”** The occupation of rotational states
follows a near Boltzmann distribution within the respective ortho/para families, and can be
characterized by an effective rotational temperature, 7k, which can be expressed with an

135

empirical fit >~ for n-D; as

T T .
log| =& |=-0.401-log| Pd - -~
g[T] g|: 0 T

0 0

}0.16, (5-1)

where the reference temperature, T,.; 1s 298 K, T) is the beam temperature, and Pyd is the
stagnation pressure times the nozzle diameter, given in units of Torr-cm. The beam energies,
rotational temperatures, and corresponding rotational populations for the experiments performed
herein are given in Table 5-1. In cases where high-translational-energy D, beams were created
by seeding in a 1:1 mixture of H, and D,, the rotational populations of the D, molecules were
calculated using the measured nozzle temperature instead of the temperature derived from time-
of-flight analysis, allowing for a more precise determination of these data points. All
experiments reported herein used incident energies below 120 meV for D,, such that over 99% of
the impinging D, molecules are in their vibrational ground states. Additionally, vibrational

excitations can be ignored due to the large inter-level spacing for D, molecules (~380 meV).'*®
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Theoretical Modeling

Theoretical analysis of the H,(D,)/CH3-Si(111) system has been performed within the
Born-Oppenheimer static surface approximation (BOSSA). The Born-Oppenheimer
approximation is justified by the different time scales associated with the motion of nuclei and
electrons. The surface static approximation is justified by the mass mismatch between the
surface-terminating CHj; layer and the H, and D, projectiles (although low recoil effects could be
expected). Furthermore, experimental results have been extrapolated to a surface temperature of
0 K via the Debye-Waller correction, which allows a direct comparison between experimental
measurements and SSA theoretical results. Working within this framework, a six-dimensional
(6D) PES is first computed, and then is included in the nuclear Hamiltonian to perform dynamics

simulations.

Electronic Structure Calculations

The 6D PES, for which the degrees of freedom are illustrated in Figure 5-1, has been
computed by interpolation of a density functional theory energy data set. To perform the DFT
periodic calculations, the plane-wave-based code VASP (Vienna ab initio Simulation
Package)'>"'*® has been used. In these calculations, the exchange-correlation energy of the
electrons has been described using the generalized gradient approximation (GGA); in applying
the GGA, the Perdew-Burke-Ernzerhof (PBE) functional®® has been used. Additionally, the ion

cores have been described using the PAW (projector augmented-wave) method.'*

The Hy(D;)/CH;3-Si(111) system has been modeled using a five-layer slab and a 2x2
hexagonal surface unit cell, as shown in Figure 5-1. The size of the unit cell has been chosen to

mitigate interaction between molecules in adjacent cells, which are present in the calculations
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due to the use of periodic boundary conditions (PBC). To avoid artifacts caused by the use of
PBC in the z direction, a vacuum layer of 21 A has been set. A 7x7x1 Monkhorst-Pack grid of k-
points was used to sample the Brillouin zone.*® The cutoff energy for the plane-wave basis has
been set to 650 eV. The lattice bulk parameter has been optimized, finding a value of a = 5.48
A, which agrees well with the known experimental value (5.431 A).*’ The surface interlayer

distances have also been relaxed until the forces were below a 1 meV/A threshold.

Modified Shepard Interpolation Method

To build the continuous 6D PES, Vip(X,Y,Zr, ®,¢), representing the ground electronic
state structure of the Hp(D,)-CH3/Si(111) system, this work makes use of the modified Shepard

140,141
L

(MS) interpolation method, originally developed by Collins et a to study gas-phase

reactions, and later adapted to study reactive scattering of molecules from surfaces.'**'*
Specifically, a recent implementation of the MS method,'*® which includes strict plane group
symmetry and translational periodicity, is utilized herein. In the MS method the interpolated

PES is described by a weighted series of Taylor expansions centered on a number of DFT energy

data points, N. These data points are sampled throughout the configuration space of the system.

Thus, the global PES at any configuration Q is given by:

VO =22 ey, Ve DSy (D) (5-2)

where w is a weighting function, Geyp and Gpg are the molecular permutation and plane

symmetry groups, and S is the Taylor series expansion of the PES in the vicinity of the geometry

of data point ( gOi), which denotes that the quantity for data point i has been transformed

according to the symmetry operation g € G, XG,.. Note that O in Equation (5-2) does not
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represent the set of Cartesian coordinates used to compute the DFT energy points, but a set of
redundant internal coordinates relative to them through the Wilson B matrix.'*® The Taylor

series expansion used here is expressed as:
$,0 = E()+AE() Ac() +1As(i) F()AG(i), (5-3)

where E(i) is the energy at the data point geometry i, AE(i) is the vector of first derivatives at

data point i with respect to elements of ¢(i), which are local coordinates resulting from a linear

combination of the redundant internal coordinatesé , F(i) is the matrix of second derivatives at
data point i with respect to elements of ¢(i), and A (i) is the displacement of the point @ from the

data point geometry @ (i) in ¢(i) coordinates.

It is important to note that the MS method uses a non-homogeneous sampling of the
configuration space, so that more DFT energy points are used in the dynamically relevant
regions. These regions are selected by using classical dynamics through a feedback process,
hereafter called the GROW process. The first step begins with an initial basic version of the
PES, defined in this case by only 50 DFT energy points. Then a small batch of classical
trajectories is run on this basic PES, and from these trajectories new geometries are selected and
added to the PES, thereby augmenting it. The new geometries are chosen according to two
different criteria:'*’ either new energy data points are added to the region most frequently visited
by the trajectories, or they are added to regions suspected to be the most inaccurate ones.
Periodically, a larger batch of trajectories is run and used to compute some observables, which in
this case are the rotational excitation probabilities. If the probabilities change significantly with
the number of DFT data points added to the PES, the procedure goes back to the second step of

running a small batch of trajectories. If the probabilities do not change significantly, the PES is
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considered converged, as illustrated in Figure 5-2. At this point, it should be pointed out that in
order to properly sample the dynamical regions relevant to this analysis, the incident conditions

of the classical trajectories are selected to correspond to the experimental conditions.

Quasi-classical Dynamics

Quasi-classical dynamics — i.e., classical dynamics including the zero point energy of the
molecule — have been used to both grow and scrutinize the PES. To compute quasi-classical
trajectories, the classical equations of motion are solved using the velocity-Verlet algorithm.'*®
For each initial energy (E;) and incident angle (6,), the classical scattering probability is
calculated as an average over the molecular initial conditions, i.e. over the internal coordinates
and conjugated momenta. The initial molecular conditions are sampled using a Monte Carlo
method. To ensure low statistical error, approximately 2.5 x 10* trajectories are computed for
each set of initial conditions (E;,68,). In these calculations, a molecule is considered reflected (and
the integration ends) whenever the final distance between the molecule and the surface, zj
becomes equal to initial distance, z;, with the molecular velocity vector pointing towards the
vacuum. To analyze rotational excitation upon scattering using classical dynamics, it must be
taken into account that the classical angular momentum (L) follows a continuous distribution.
Therefore, to analyze rotational excitations, the continuous representation is transformed into a

149,150

discrete one. This transformation is performed, in general, by evaluating the closest integer

that satisfies

1 arr\”
=—| =14+ 1+—- . 5-4
J=3 ( hzj (5-4)
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However, quantum selection rules for homonuclear diatomic molecules only allow rotational
transitions for which 4j = +2. Therefore, to obtain D, rotational excitation probabilities, the
initial rotational state of the molecule is considered, and only the closest even or odd integers

that satisfy Equation (5-4) are evaluated.

QOuantum Dynamics

Diffraction probabilities are computed herein by solving the time-dependent Schrédinger
(TDS) equation of the nuclear Hamiltonian using the Multi-Configuration Time-Dependent
Hartree (MCTDH) method"*"'>? which has already been successfully used to study diffraction of

154-156 In the

atomic projectiles,’™ as well as reactive scattering of molecular projectiles.
MCTDH method, the nuclear wavefunction is written as a sum of products of single-particle

functions (SPFs). In this particular case, each SPF () combines up to two degrees of freedom,

and so the nuclear function of this system can be written as:

ny N, NGW

DO,0)=> D Cou 1, (x, y:0) 1, (z:0)7,©,030), (5-5)

h=1 k=1 [=1

where Q represents the set of nuclear coordinates, and (N,,,N-Ng,,) represents the number of
SPFs used to describe each mode. The SPFs are in turn represented by linear combinations of
time-independent primitive basis functions. In order to reduce the computational effort, and
taking advantage of the lack of reactivity of D,/CH3-Si(111) in the energy range considered here,
five-dimensional (5D) calculations have been performed, in which the atom-atom distance has
been kept frozen at the equilibrium D, gas-phase distance (see Table 5-2 for calculation
parameters). Within the MCTDH framework, the equations of motion for both the expansion

coefficients and the SPFs are derived from the Dirac-Frenkel variational principle, which leads to
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a set of coupled equations. In general, solving this coupled-equation system requires less
computational effort than standard time-dependent wave packet propagation (TDWP)
methods,"”” because the number of SPFs needed is smaller than the number of time-independent
basis functions used in the standard TDWP methods. To obtain elastic and inelastic diffraction
probabilities, a flux analysis is carried out with the aid of a complex absorbing potential located

in the non-interaction z region.'*®

Finally, it should be noted that to take full advantage of the MCTDH formalism, the
multidimensional non-separable PES has to be rewritten as a linear combination of products of
one- or two-dimensional functions. This transformation can be performed using the POTFIT

159

algorithm, which is based on the approximation theorem of Schmidt, > provided with the

Heidelberg MCTDH package. Thus, the multi-dimensional PES is rewritten as:

me, m, Mg,

V@)=V, = e (@ )P (2000, ), (5-6)

j=1 k=1 1=l

where ¢ ;“) is the /™ one- or two-dimensional function used to describe the single particle mode

(the so-called natural potential). These functions are the ones used to expand the SPFs, which
are represented in a primitive grid of points. The expansion coefficients cj; are determined by
the overlap between the multi-dimensional PES and the natural potentials (see Table 5-3 for

representative parameters for PES refits).
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Results and Discussion

H, and D, Diffraction from CH;-Si(111)

Angular distributions of H, scattered from CH3-Si(111) are shown in Figure 5-3 along the
high-symmetry <121> (F—M) and<0ﬁ> (f—ﬁ) azimuthal alignments; both diffraction spectra

were taken under identical conditions, with a room temperature beam (£; = 81.4 meV) and cold
surface temperature (7 = 140 K). The zeroth-order specular (6; = 6)) diffraction peak and elastic
first-order diffraction peaks are clearly resolved here; the relatively large first-order diffraction
peak intensities compared to specular indicate a significant corrugation of the gas-surface
potential. Elastic diffraction peaks arise when the kinematic condition for Bragg diffraction for

in-plane scattering is satisfied, such that

AE:E(sint —sin@)zam,

(5-7)

where AK is the change in the surface-parallel component of the H, wavevector, E, 0; and Oy

are the initial and final scattering angles relative to the surface normal, and GTm is the surface

reciprocal lattice vector. Information on the surface geometry and lattice constant can be

determined by analyzing the spacing between diffraction peaks; the spacings between specular

(AK =0) and first-order diffraction peaks are AK =190 A" and 3.29 A" along <i2i> and

<01i>, respectively, corresponding to a hexagonally-packed methyl adlayer with a real-space

lattice constant of 3.82 A. This value is in excellent agreement with previous helium diffraction
measurements from this methyl-terminated Si(111) surface,”* with both identifying a (1x1)

commensurate monolayer of methyl groups on Si(111).
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Unlike with helium diffraction, when a H, or D, molecule scatters from the surface, it is
capable of exchanging energy between its internal rotational and translational degrees of
freedom; this exchange must still conserve total energy, such that

°’k; Bk
E, =" A g (5-8)
: 2m  2m

Here, / is the reduced Planck constant, m is the mass of H, or D», E; and Ey are the initial and
final kinetic energy of the projectile, respectively, and AE"Y is the energy exchanged between

rotational and translational modes, which equals a difference between the molecule’s rotational
energy levels as determined by the rigid rotor model; note that symmetry constraints within the
hydrogen molecule impose a rotational selection rule of 4j = £2. This phenomenon of internal
energy exchange results in RID peaks scattered at distinct angles from their parent elastic

diffraction peaks, such that

mn

k,sin6, -G
(k‘2 N )1/2

9}"[) = arcsin (5-9)

w2 Oling
Figure 5-4(a) shows a diffraction spectrum for H; scattering from CH3-Si(111), which includes a
small peak associated with the specular j = 0 — 2 rotational excitation; note that RID peaks are
labeled using the (j;,j;m,n) notation, whereas elastic diffraction peaks are labeled with the (mn)
notation. By positioning the rotatable detector arm at the final scattering angle of this RID peak,
time-of-flight measurements can be used to confirm the inelastic scattering of the hydrogen
molecules. A cross-correlation time-of-flight spectrum taken at the same conditions as this peak
is shown in Figure 5-4(b); a diffuse elastic and rotationally inelastic hydrogen peak are observed

to be fully resolved from one another. The flight time separation between the elastic and
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inelastic peak can be used to calculate the energy exchange as a result of inelastic scattering from
the surface (Figure 5-4(b), inset). The RID peak shown in Figure 5-4(b) arrived at a longer time
than the elastic peak, indicating a loss in energy and velocity of the H, molecules; specifically,
the calculated energy agrees well with the expected value of 45.4 meV for aj = 0 — 2 rotational

excitation for an incident H, molecule.

In order to obtain highly resolved elastic and inelastic diffraction peaks in this range of
relatively low beam energies, the surface probe was switched from H, to D,. The predominant
advantage in using D, is that the energy required to transition between rotational states is half
that of Hy (D2:j = 0 — 2, 22.7 meV), as predicted by the rigid rotor model, leading to a greater
probability of rotational excitation. In addition, the combination of nuclear spin states for each
of the nuclei in H, and D; leads to the formation of ortho (symmetric) and para (antisymmetric)
spin isomers, which pair with a set of rotational states to maintain the antisymmetry of the
molecule as a whole. The degeneracy of these spin states causes only ~25% of n-H, molecules

to be in the j = 0 state, whereas ~66% of n-D, molecules are in the rotational ground state.

The utility of D, as a surface probe is demonstrated in Figure 5-5(a), in which a
diffraction spectrum for a room temperature D, beam from CH;-Si(111) shows several high-
intensity elastic and RID peaks. The resolution of inelastic peaks in D, spectra allows for precise
measurements of rotationally inelastic transition probabilities; specifically, the rotational
excitations can be measured as a function of scattering angle or beam energy, as seen in Figure

5-5(b).

As the setup of this instrument does not allow for direct measurement of the absolute

incident beam flux, the probabilities of rotationally inelastic diffraction are evaluated describing
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H9,12L122 This ratio enables the number

them as ratios of inelastic to elastic diffraction intensities.
density measured by the detector to be effectively converted into flux by accounting for the
change in beam velocity that results from transferring energy between translational and rotational
degrees of freedom. In addition, this approach obtains accurate values by accounting for the

influences of instrumental broadening, finite crystal temperature, energy spread of the beam, and

the initial rotational distributions of the incident beam.

Specifically, to relate a RID peak to its parent elastic peak, the following expression is

used:

1(ji-dy-mn) [E + A .
I(mn)n(j,) E t eXp[sz - J (>-10)

i’j/ Jm,n mn
i

r(Jindyamin) =

In this expression, /(ji,jsm,n) and I(mn) are the peak-area integrated intensities of D, molecules
scattered from a crystal of finite surface temperature 7;. The square root term corrects for the
velocity difference between elastic and rotationally inelastic scattering events, as discussed
above.'” Additionally, the rotational distributions of the impinging atoms are accounted for
with n(j;). By using this ratio rather than a pure probability, the effects of surface defects and
beam geometry are eliminated and experimental error associated with evaluation of the Debye-

Waller factor, W(Ty), is mitigated.

Attenuation of diffraction intensity due to thermal motion at the CH3-Si(111) surface is
accounted for via the Debye-Waller factor, which can be approximated in the semi-classical limit

of a quantum-mechanical description of inelastic scattering as

W(T,) = ’ ' : (5-11)
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for the specular peak, where D is the attractive well depth for a gas-surface interaction potential,
M. 1s the effective surface mass that a given H, or D, molecule interacts with (assumed here to
be 15 amu), kp is Boltzmann’s constant, and @) is the surface Debye temperature.go’134 The
attenuated intensities of RID peaks are corrected using the Debye-Waller factor associated with

their parent diffraction peaks, which is a reasonable assumption based on the small parallel

momentum transfer associated with the (0,2,0,0) and (0,2,0, i) peaks.m’160

The Debye-Waller factor can be quantified by relating the intensity of a peak to its ideal

intensity for a lattice at 0 K, 7y, such that
I=1,e""". (5-12)

As such, the natural log of I/ versus T produces a linear decay, from which the Debye-Waller
factor for a given system can be extracted. Figure 5-6(a) shows the thermal attenuation of the
specular peak at a given set of incident conditions over surface temperatures ranging from 140 to
350 K; the inset of this figure exhibits the linear decay which provides the Debye-Waller factor
for the H,/CH3-Si(111) system. This exponential factor is derived from the normal and parallel

momentum transfers during the scattering process (Ak, and AK, respectively) and the associated

mean-square displacements (MSD) of the crystal atoms (<uz2> and <”\|2 > ), such that
2W(T,) = A (u? )+ AK? (). (5-13)

For the specular peak,

i

AR = 2?[(%52 ) +E£l_)”2} . (5-14)
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The perpendicular MSD and the well depth (D) of the gas-surface interaction potential can
therefore be determined by plotting the derivative d2W(T,)/dT versus cos0; and extracting the

3674 Figure 5-6(b) shows diffraction decay rates at several

slope and y-intercept, respectively.
angles, and the inset demonstrates the angular dependence of the Debye-Waller factor that
provides a perpendicular MSD of (1.85+0.30) x 10° A’K™'. Analogous data for the He/CHj-
Si(111) system is also shown in this figure, and its comparable slope provides a perpendicular
MSD of (1.0£0.1) x 10 A’K™", just slightly below what is measured for the H, system.”* The
difference in y-intercepts indicates a higher potential well depth for H, (D = 32 + 9 meV) than
for He (D = 7.5 £ 2.6 meV), as expected based on the higher degree of polarizability for H,.
Equation (5-11) uses these well depths to provide a surface Debye temperature of 723 K (503
cm’™) for the H, system, which is considerably lower than 983 K (683 cm™) measured via He
diffraction. While the surface Debye temperature measured for H,/CH;-Si(111) differs from He,

both molecules seem to interact with a vibrational mode of the methyl adlayer: either Si-C

bending (507 cm™) or Si-C stretching (683 cm™).'®!

Figure 5-7 shows plots of 1(0,2,0,0) and r(0,2,0,i) for D, on CH3-Si(111) as a function of
beam energy, as calculated via Equation (5-10) with Debye-Waller corrections. There is a clear
increase in rotational excitation probability with increasing beam energy, which is expected due
to higher-energy incident molecules penetrating further into the surface charge density, thereby
increasing the corrugation of the gas-surface interaction potential and the resultant torque on the
non-spherical molecule. The dependence of rotational excitation probability on incident angle is
weaker, with a more normal incident angle eliciting slightly more rotational probability for the

first-order RID peak, and no apparent trend in angular dependence for the specular RID peak.
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Theoretical Analysis

Quantum and classical dynamics simulations have been carried out with the goal of more
accurately interpreting experimental measurements. First, to assess the accuracy of the
theoretical tools employed herein, in particular the interpolated PES, quantum dynamics
simulations have been compared with experimental measurements obtained at several
representative sets of initial conditions (Figure 5-8). To perform this comparison, the quantum
simulations consider the initial rotational distribution of the molecular beam (Table 5-1).
Overall, a good agreement is observed between both sets of data; in particular, the theoretical
and experimental spectra exhibit an increase in the rotational excitation probability as the
incident energy increases. These results indicate that the calculated PES is accurate enough to

perform the required analysis.

In Figure 5-7, quantum ratios r(0,2,0,0) and r(0,2,0,i) (dashed lines) are compared with
the experimental ones; it should be noted that theoretical probabilities for a fixed incident energy
were within 1 degree of the experimental scattering angle. The theoretical results generally
agree with the increase in rotational excitation probability as a function of incident energy.
Slight disagreement between theory and experiment is observed at higher beam energies, which
is likely due to the strong corrugation of this system, as well as the use of a frozen-surface model
for the PES, which becomes a less reasonable approximation when the energy of incident D,
molecules nears the rotational barrier of the methyl group (~100 meV for a surface temperature

of 0 K).*°

Having established the accuracy of the PES, a quasi-classical dynamics analysis can be

performed on the regions of the PES that determine the characteristics of the diffraction spectra.
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To establish the validity of the classical analysis, quantum and classical total elastic and
rotational excitation probabilities have been compared. Figure 5-9 displays the elastic and

rotational excitation probabilities for H; (classical results only) and D, (quantum and classical
results) as a function of the beam energy, along the (f—ﬁ) direction, for three different

incident angles. Several notable features are evident in this figure: (a) in the case of Ha,
rotational excitation stays below 5% over the entire energy range investigated; (b) for D,,
quantum and classical simulations yield rather similar results — the classical rotational excitation
probability fluctuates around 20-25%, whereas the quantum probability is slightly higher (30-
35%). These results agree with the experimental results reported above, which show the
presence of large RID in the diffraction spectra of D,, whereas negligible RID has been observed
for H, in diffraction spectra. This qualitative agreement between classical and quantum
rotational excitation probabilities justifies further analysis of the systems using classical
trajectories calculations, especially for incidence energies below 90 meV, beyond which point

classic and quantum rotational excitation probabilities begin exhibiting different trends.

Classical trajectories have revealed that most molecules are scattered at a classical
turning point around 2 A from the plane formed by the H atoms in the methyl groups, with a
molecular bond length around 0.78 A. Given that these values are almost independent of &, and
E; within the range of experimental incident conditions, the characteristics of the potential have

been analyzed at these (z, r) values. Figure 5-10 illustrates the one-dimensional (1D) potential

energy profile along both the (f—ﬁ) and (f—ﬁ) azimuthal directions. One important feature

of the PES that can be observed in Figure 5-10 is that the corrugation of the potential due to H

atoms is very small compared to that due to C atoms, as the only indication of the presence of H
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atoms is the small shoulder seen between the hill and the valley. Another interesting feature that
can be extracted is that the projectiles are guided towards the hollow and bridge sites. It is clear
that molecules with incident energies below 90 meV cannot adiabatically approach the top site or
surrounding sites, and therefore most of the molecules are scattered from the hollow and bridge
sites. This behavior is also corroborated by analysis of classical trajectories, which indicates that
the molecules are scattered far from the top site after being efficiently steered towards the hollow

and bridge sites.

Finally, Figure 5-10 also reveals a marked anisotropy of the potential in the classical
turning point regions. For a closer inspection of the potential anisotropy, Figure 5-11 displays
the relative potential energy as a function of the molecular orientation angle, @, at several z-
distances from the surface. The anisotropy of the potential is observed to increase rapidly when
the molecule approaches the surface, except in the case of the top site, which molecules do not
sample, as discussed above. This rapid increase in the corrugation around the classical turning
points is responsible for the substantial rotational excitation found in this system. It is noted that
insubstantial differences are obtained for the trajectories followed by H, and D, molecules, when
similar incident molecular velocities are considered. It can thus be concluded that the anisotropy
experienced by both isotopes is similar, and therefore that the different rotational excitation
observed is only due to the differences in rotational level spacing (~45 meV for Hy, ~22 meV for

D»).

Further insight into the nature of the PES can be extracted from Figure 5-12, which
shows a series of 2D xy-cuts for several (@, ) orientations. In these plots, z and  values have
been chosen according to the average values at the classical turning points revealed by a classical

trajectory analysis, as discussed above. This figure indicates strong corrugation in the PES, and
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shows that the molecular projectile feels, although rather weakly, the H atoms that belong to the

CHj; groups.

Conclusions

The diffraction of H, and D, molecular beams from CH3-Si(111) was complemented by
electronic structure and scattering calculations to investigate the nature of the interaction
potential and surface charge density for a technologically relevant organic-functionalized
semiconductor interface. Time-of-flight measurements confirmed the presence of rotationally
inelastic diffraction for both H, and D, on this surface, and diffraction measurements
demonstrated a stronger probability of rotational excitation for D, as compared with H,, as
expected based on the lower energy required for an internal exchange of rotational energy. The
probabilities of these j = 0 — 2 rotational transitions were quantitatively evaluated as a function
of beam energy and scattering angle, accounting for the thermal attenuation caused by incoherent
motion at the CH3-Si(111) surface by implementing the Debye-Waller model. The interaction
potential between H, (D;) and the surface charge density was then examined via the combination
of these experimental results and quantum and quasi-classical dynamics simulations carried out
on a continuous potential energy surface for H(D;)/CH;3-Si(111) constructed by interpolation of
density functional theory energies. Both experimental and theoretical data show high rotational
excitation probabilities that increase with incident energy and which are weakly dependent upon
incident angle, for the angle range investigated here. Additionally, dynamics calculations have
identified the classical turning point regions (2 A over hollow and bridge sites), and close
scrutiny of these regions reveals a large anisotropy in the potential as a function of molecular
orientation, which increases rapidly when the molecule approaches these regions and is

responsible for the large rotational excitation observed experimentally. Overall, this work has
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revealed important details regarding the interaction of molecular hydrogen with a model
hydrocarbon-decorated interface, which are important for fuel cells and next-generation energy

systems.
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Table 5-1

D, beam parameters, rotational temperatures, and corresponding rotational populations.

To (K) Ep (meV) Tr (K) n(j=0) n(j=1) n(j=2)
184 55.5 46.7 0.654 0.333 0.013
231 69.9 61.3 0.620 0.332 0.047
234 70.6 64.9 0.610 0.332 0.057
289 87.3 68.2 0.598 0.331 0.069
307 105.4 95.5 0.498 0.324 0.168
356 107.3 94.1 0.503 0.325 0.163
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Table 5-2

Parameters used in the 5D(x,y,z,0, ) MCTDH calculations.

Initial wave packet

Width, Azy (A) 0.9

Position, zg (A) 14.74
Momentum, ko (au) [4.96, 6.61]
Primitive grid parameters

Type X,y FFT DVR
x,y-range (A) [0, 7.75]

M,y 65

Type z FFT DVR
z-range (A) [-2.66, 15.33]
M, 200

Type 0,6 Legendre DVR
Maey 20x17

SPF basis

Nyy 65

N, 17

No.o 17

Complex absorbing potential

z-range (A) [5.62, 15.33]
Strength (au) 6x10™
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Table 5-3

Parameters used to represent the PES in a suitable form for the MCTDH equations of motion
using POTFIT. A", A" represent the root-mean-square error on all grid points and on
relevant grid points, respectively. max(&), max(g) represent the maximum error on all grid
points and on relevant grid points, respectively.

Natural potential basis

m, 20

My y Contr.
my 20
Relevant region of the fit

z(A) > -0.66
V(eV) <3
r(A) 0.767
Vinax(€V) 20
POTFIT accuracy

Niter 3
Ams " 5 A (meV) 3.1,44
max ("), max(g) (meV) 150, 226
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Figure 5-1
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Schematic representation of the CH;-Si(111) unit cell used, viewed from above (left panel) and
the side (center panel). Right panel shows the degrees of freedom included in the PES.
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Figure 5-2
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Elastic and inelastic scattering probabilities as a function of the number of DFT points added to
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Figure 5-3
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Representative diffraction spectra for H, on CH;-Si(111) along two principal symmetry axes,

(011) (black) and (121) (red), as a function of parallel momentum exchange.

Experiment file: Figure 5-3.pxp

Raw data file: 052413.D01; 052713.D01
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Figure 5-4
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(a) H, diffraction spectrum with magnified bump attributed to (0,2,0,0) rotationally inelastic
diffraction; (b) Corresponding time-of-flight spectrum and energy-exchange spectrum (inset)
measured at position indicated by the arrow in (a), demonstrating j = 0 — 2 inelastic transition.

Experiment file: Figure 5-4.pxp

Raw data file: 060613.D01; 061013.003
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Figure 5-5
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(a) Representative diffraction spectrum for D, on CH3-Si(111), featuring high-intensity elastic
and rotationally inelastic diffraction peaks,; (b) D, diffraction spectra normalized to specular
intensity demonstrate effect of incident energy on location of RID peak, as well as relative
intensity of RID and elastic diffraction peaks (number density, not yet flux corrected).

Experiment file: Figure 5-5.pxp

Raw data file: 061813.D01; 062413.D01; 062513.D02; 062513.D03; 062513.D04
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(a) Decay of specular (0; = 0y peak intensity as a function of CH3-Si(111) surface temperature,
plotted vs. parallel momentum exchange,; natural log of intensity decay vs. sample temperature
(inset) confirms application of Debye-Waller formalism. (b) Intensity decays for five incident
angles (including that of panel (a)), with the slopes of these decays plotted against the square of
the cosine of the incident angle (inset), as compared to the same conditions for He diffraction.
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Figure 5-7
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diffraction peaks.
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Figure 5-9
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(AJ = 2) probabilities as a function of the incident energy along the I'-M azimuthal direction, for

several incidence angles.
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Figure 5-10
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1D potential energy surfaces along the high-symmetry directions T-K and T-M, with z = 2 4 and
r = 0.78 A, for molecules approaching with surface-parallel (© = 90° red lines) and
perpendicular (© = 0°, black lines) orientations (cf. Figure 5-1).
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Figure 5-11
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Relative 1D potential energy surfaces as a function of molecular orientation angle (®) for four
high-symmetry sites at several z values (r = 0.78 A); Eyyin represents the energy of the system
when H; is in its equilibrium configuration far from the surface.
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Figure 5-12
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Chapter 6

Separation of Isotopes in Space and Time by Gas-Surface Atomic
Diffraction

This chapter contains an article that was reproduced in part with
permission from Physics Review Letters. Copyright 2016 American
Institute of Physics.'®

The separation of isotopes in space and time by gas-surface atomic diffraction is
presented as a new means for isotopic enrichment. A supersonic beam of natural abundance
neon is scattered from a periodic surface of methyl-terminated silicon, with the *°Ne and **Ne
isotopes scattering into unique diffraction channels. Under the experimental conditions
presented in this chapter, a single pass yields an enrichment factor 3.50 £ 0.30 for the less
abundant isotope, *’Ne, with extension to multiple passes easily envisioned. The velocity
distribution of the incident beam is demonstrated to be the determining factor in the degree of
separation between the isotopes’ diffraction peaks. In cases where there is incomplete angular
separation, the difference in arrival times of the two isotopes at a given scattered angle can be
exploited to achieve complete temporal separation of the isotopes. This study explores the novel
application of supersonic molecular beam studies as a viable candidate for separation of isotopes

without the need for ionization or laser excitation.

Introduction
Proposals for separating and enriching isotopes came about almost immediately after
isotopes were discovered. In 1919, Lindemann and Aston examined a vast array of possible

methods including fractional distillation, chemical separation, gaseous diffusion, and
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gravitational and centrifugal separation, along with separation of positive ions with electric and

magnetic fields.'®

Their early analysis concluded that isotopes “must be separable in principle
though possibly not in practice.” The Manhattan Project in the 1940s ushered in large-scale
practical implementation of many of these techniques. Fractional distillation, gaseous diffusion,
and magnetic sector mass spectrometers (calutrons) were all used on an industrial scale to enrich
235y 164165 Today, isotope separation and enrichment underpins advanced technologies in a wide
variety of fields, including isotopic labeling in life science, the use of radioisotopes in medicine,
and a variety of energy systems. Microelectronics may also begin to utilize isotopic enrichment
as highly enriched **Si wafers have markedly increased thermal conductivity'®® and electron
transport characteristics'®” over natural abundance silicon wafers. Gaseous diffusion, distillation,
and gas centrifuges exhibit small isotopic separation effects that are overcome through large-
scale installations where many separation steps are performed in sequence. Alternatively, a
variety of laser-based techniques exist'®® that are capable of separating isotopes to a much higher
degree, but require ionization or excitation of the target isotope; illustrative examples include

169

techniques such as atomic vapor laser isotope separation (AVLIS) ™ and magnetically activated

and guided isotope separation (MAGIS).'”

A rather unexplored isotope separation technique is supersonic beam diffraction. Among
isotope separation methods, supersonic beam diffraction has the unique combination of being a
nonionizing and non-dissociative process that can achieve high separation effects. This high
degree of separation is only achievable via the narrow velocity distribution of a supersonic beam,
which translates into a narrow angular distribution that is scattered from a highly periodic
surface. While effusive beam sources have been used for atomic and molecular diffraction since

pioneering experiments in the 1930s, a very small percentage of the beam flux is within a few
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percent of the mean beam velocity,'”" preventing any meaningful degree of isotopic purification
by atomic diffraction. In contrast, the advent of supersonic nozzle sources with high Mach
numbers affords considerably narrower velocity distributions — here, as low as Av/v = 6.4%.
Such narrow velocity distributions, when coupled with a high-quality, high Debye temperature

surface, make separation of atomic isotopes via atomic diffraction feasible.

Previous work by Boato ef al. suggested the existence of isotopically unique diffraction

72 Here, the

channels for neon scattering from LiF(001), but was unable to resolve this feature.'
separation of the *’Ne and **Ne isotopes via atomic diffraction is observed for the first time when
a neon beam with a natural abundance of each isotope is scattered from a methyl-terminated
Si(111) surface as shown schematically in Figure 6-1(a). When paired with the extreme
resolution and sensitivity of the isotopically specific scattered angle with respect to the mass

differences of the incident atoms, diffraction experiments offer a promising isotope separation

technique.
Methods

The ultrahigh vacuum (UHV) scattering apparatus required for this experiment is

illustrated in Figure 6-1(b), and has been described in greater detail elsewhere.”!

Briefly, it is
comprised of three primary sections: a differentially pumped beam source, a UHV chamber that
houses the crystal, and a rotatable mass spectrometer detector. A natural abundance (90.48%
Ne and 9.25% **Ne) neon beam with a narrow energy distribution is generated by
supersonically expanding ultrahigh purity Ne gas through a 15 um diameter nozzle source that is

cooled by a closed-cycle helium refrigerator. The incident energy distribution of this beam is

measured with an in-line mass spectrometer and is minimized to Av/v = 6.4% by adjusting the
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backing pressure of Ne. Similarly, the beam energy, which is determined by the nozzle
temperature, is optimized to 50 K (Eg ~10 meV) in order to minimize the incident energy while
avoiding the formation of clusters. For diffraction and time-of-flight measurements, a
precollision chopper is used to modulate the beam with a duty cycle of 50%; the time-of-flight
measurements are performed by modulating the beam with a pseudorandom chopping sequence
for cross-correlation analysis.’” The spatial profile of the beam is minimized by collimation
through a series of apertures, resulting in a 4 mm spot size on the crystal (chopper-to-crystal
distance = 0.4996 m). From this spot size, pressure rise in the scattering chamber, and the
pumping speed, an incident flux of ~10" cm™s™ was determined. After the collision with the
surface, which is mounted on a six-axis manipulator in order to control the incidence angle (6;),
azimuth (@), and tilt (y) of the crystal, the neon atoms travel along a 0.5782 m (crystal-to-ionizer
distance) triply differentially pumped rotatable detector arm with an angular resolution of 0.29°
FWHM, are ionized by electron bombardment, which is sensitive to number density, and then
pass through a quadrupole mass spectrometer (QMS) before striking an electron multiplier. The
QMS is adjusted to selectively filter either the “’Ne or **Ne isotope. The angular distributions
for diffraction scans are obtained by scanning the detector at 0.1° increments over a range of 35°,
all while holding the incident angle at a fixed value. Between scattering experiments, the
temperature of the crystal was flashed to 200 K to eliminate unwanted surface adsorbates and

maximize elastic scattered intensity.

The crystal used for this experiment, CH;3-Si(111), was created by the Lewis group at the
California Institute of Technology,'** and shipped under argon to the University of Chicago for
the neon scattering experiments. This crystal was chosen for its small surface atom spacing

(3.82 A), high surface Debye temperature (983 K) which limits diffusive scattering, and high
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quality and long-range periodicity achieved in the synthesis of the crystal, which is described in

greater detail elsewhere.’*""!!?

Results and Discussion

When molecules elastically scatter from a surface, they can undergo a discrete exchange

of parallel momentum 4K with the surface, as governed by the equation
AK =k, (sin6, —sin6),), (6-1)

where £; is the incident wave vector of the beam, and 6; and 0y are, respectively, the incident and
final scattered angles of the molecular beam as measured from the surface normal. This
condition for elastic diffraction is met when the change in parallel momentum is equal to a sum

of the reciprocal lattice vectors b; according to the equation
AK = hb +kb,. (6-2)

As is evident from Equation (6-1), the angular location of a diffraction peak is determined in part

by its incident wave vector (k;), which in turn is dependent on the velocity of the incident beam.

For an elastic gas-surface interaction, the incident velocity distribution of the molecular
beam can be transformed into a theoretical angular distribution of the scattered beam through the
implementation of equation (6-1). Figure 6-2 shows the predicted angular distribution of Ne
scattered from CH3-Si(111) for both a supersonic molecular beam (Av/v = 6.4%) and an effusive
beam using a Maxwell-Boltzmann distribution at a temperature of 55 K. The separation of the
isotopes is nearly complete with the supersonic nozzle source, whereas the effusive source is

incapable of any significant degree of isotope purification using this method.
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Experimental angular scans of the (11) diffraction peak for **Ne and **Ne are shown in
Figure 6-3. These diffraction spectra were recorded using a naturally abundant supersonic neon
beam with both isotopes having the same average velocity and velocity distribution. These
spectra illustrate the high degree of angular separation between the respective isotopes’ (11)
diffraction peaks and thus the feasibility of separating isotopes via supersonic beam diffraction.
The natural abundance of the neon beam (90.48% *’Ne and 9.25% **Ne) accounts for the nearly
order of magnitude intensity difference for the maximum of each isotope’s (11) diffraction peak.
For this particular experimental condition, one can assess the efficacy of this isotopic enrichment
method. As the angular resolution of the instrument is 0.67°, each point on the spectra can
represent a collector with this acceptance angle. For the case of enriching the major **Ne
component, the collector can be placed at the maximum of the Ne (11) diffraction peak (6y =
47.5°) shown in Figure 6-3, which sits on top of a small incoherent background and the tail of
the *Ne diffraction peak. The collected signal after scattering provides a *’Ne abundance of
97.3% + 3.0%, as compared to the original abundance of **Ne (90.48%), thus yielding an
enrichment factor of 1.08 + 0.03 (this represents 1o error). Similarly, for the minor *Ne
component, the collector can be placed at the maximum of the Ne (11) diffraction peak (6y =
45.1°) shown in Figure 6-3, which sits on top of a small incoherent background and the tail of
the *Ne diffraction peak. The collected signal after scattering provides a **Ne abundance of
32.4% + 2.8%, as compared to the original abundance of **Ne (9.25%), thus yielding an
enrichment factor of 3.50 + 0.30. Note that these enrichment factors can be improved further by
lowering the temperature of the substrate to near but above the adsorption limit, ~7 K for neon,

which minimizes incoherent scattering from Debye-Waller effects for given incident kinematics.
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The large but still incomplete spatial separation of the isotopes’ diffraction peaks is
primarily due to the width of these features. To emphasize this point, Figure 6-4 shows helium
and neon scattering from CH3-Si(111), with the width of the diffraction peaks for these species
resulting from the convolution of the instrument function, surface quality, and their incident
velocity distributions. The narrower angular distribution for He results from its considerably
narrower incident velocity distribution (Av/v = 0.8%) as compared to that of Ne (Av/v = 6.4%),
indicating that improvement of the beam quality will result in even greater angular separation
than the data shown in Figure 6-3. While a common method for narrowing the velocity

distribution is seeding the beam with a light gas (e.g., He, Hy),***'"

the increased average
velocity of this mixture would bring the angular positions of the diffraction peaks closer
together, limiting the degree of separation, as predicted by equation (6-1). We note that this can
be compensated for by cooling the nozzle of the seeded beam to regain the increased reciprocal-
space distance between diffraction peaks while maintaining a narrow incident velocity

distribution. An additional solution would be the addition of an in-line precollision velocity

selector that would directly lead to more complete angular separation of the two isotopes.' "™

Velocity selection techniques can also be implemented after the atoms collide with the
surface. For a given 6y at which there is angular overlap between the **Ne and **Ne nonzeroth-
order diffraction peaks, the two isotopes will necessarily have different velocities, as required by
equation (6-1). This is demonstrated in Figure 6-5, which shows time-of-flight spectra for both
isotopes at the midway point between their (11) diffraction peak maxima. The pronounced
difference in arrival time between the two isotopes opens up the possibility for complete isotope

separation mediated by velocity selection techniques.
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The practical throughput of diffractive isotope separation can be maximized by
thoughtful consideration of the incident parameters and the choice of diffracting surface. As
established by equation (6-1), the total number of angles at which atoms scatter from a surface
depends upon the incident wavevector of the atomic beam (k;) and the spacing between
diffraction peaks (AK), which is in turn dependent on the real-space distance between atoms at
the surface. The incident flux of an atomic beam can be concentrated into a smaller number of
accessible diffraction channels by lowering the incident wave vector/beam velocity (e.g., by
nozzle cooling or seeding in a heavier gas such as xenon) or increasing the angular spread
between diffraction peaks by choosing a surface with a smaller lattice parameter, such as
graphite (lattice constant = 2.46 A). We have also observed in other studies the coupling of neon
with diffractive bound state resonances for this system. The resulting change in diffraction
probabilities due to this phenomenon may hold additional promise for further enhancements in

isotope separation.

The choice of surface can also affect the relative flux scattered into various diffraction
channels. Higher ratios of scattered intensity between nonzeroth-order diffraction and specular
peaks have been demonstrated to be correlated with increased surface corrugation.'’*!”>"!"’
Additionally, the amount of flux that is scattered diffusely from a surface is strongly affected by

the surface stiffness, which is quantified by the surface Debye temperature.”*'”®

When gases
diffract from surfaces with high Debye temperatures, less of the incident flux is scattered into
diffuse elastic channels due to the Debye-Waller effect than for soft surfaces, resulting in a more
directed channeling of the incident beam into coherent diffraction peaks. Further improvement

can be realized by minimizing the surface temperature (while remaining above the physisorption

limit) and thus mitigating Debye-Waller effects arising from the thermal motion of the
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179,180
substrate.!””

In sum, the judicious selection of a well-ordered, highly perfected surface with a
relatively high Debye temperature, small lattice constant, and inertness to a specific isotope or

isotopologue, opens this diffractive isotope separation method to a larger class of atoms and

molecules.

A practical implementation of this enrichment process would necessitate some collection
scheme for the enriched product. In principle, the desired isotope can be collected with a
strategically positioned cold surface where a single diffraction channel will strike and condense.
Alternatively, a strategically placed aperture that admits one diffraction channel would also be a
straightforward means to collect the reflected isotope from only one of the diffraction channels;
this could be extended to an array of apertures placed to collect numerous higher-order (and out-
of-plane) diffraction channels. Furthermore, this isotope separation technique is also amenable
to recycling the diffracted beam through recompression and/or staging the diffraction process

until a desired isotopic enrichment level is reached.

Conclusions

The angular and temporal separation effects of supersonic molecular beam diffraction
provide a promising isotope enrichment method that does not require ionization or laser
excitation of the target isotope. The necessity of a supersonic expansion for this technique is
demonstrated, and as a proof of concept natural abundance neon has been shown to diffract into
separate, isotopically dependent diffraction lab frame angles, yielding for the set of experimental
conditions used herein an enrichment factor of 1.08 + 0.03 for the major °Ne component and
3.50 + 0.30 for the minor “*Ne component in a single pass, with extension to multiple passes
easily envisioned. The incomplete separation of isotopes exhibited in this work demonstrates the

need for scrupulous consideration of the experimental setup to achieve maximum separation and
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throughput, with the velocity spread of the incident beam serving as the determining factor for
separation. As atomic diffraction has been observed for species with masses as high as 40
amu,'®" this isotope separation technique is applicable to a wide range of coexpanded atoms and
molecules. In sum, using a combination of a supersonic molecular beam and a well-ordered,
corrugated surface with a small lattice spacing and high level of structural perfection, we have

successfully demonstrated novel and efficacious routes to isotopic enrichment and separation in

space and time based on gas-surface diffraction.
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(a) lllustration of a monoenergetic beam of “’Ne and *’Ne diffracting from CH;-Si(111) into
spatially well-separated final scattering angles; (b) schematic of the ultrahigh vacuum surface
scattering instrument employed in this experiment; key components are a high-Mach number,
triply differentially pumped molecular beam source with variable temperature nozzle, a UHV
scattering chamber with a full suite of diagnostics (not shown), and a high sensitivity triply
differentially pumped detector with a high degree of collimation, that can rotate to detect a
range of final scattering angles while maintaining constant incident kinematic conditions.
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Figure 6-2
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(a) Demonstration of angular separation for supersonic molecular beam diffraction from an
ideal grating for the conditions reported herein; (b) lack of angular separation for an effusive
source under identical incident conditions; Tg = 55 K, 0, = 25.2°.
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Figure 6-3
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Nearly complete angular separation of (11) diffraction peaks for *’Ne (black) and *’Ne (red)
diffracted from CH;-Si(111). Further purification of the major *’Ne component or separation
and enrichment of the minor “’Ne component can be realized through experimental
considerations as discussed in the text.
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Figure 6-4
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(11) diffraction peak for helium (black) and *’Ne (red) scattering from CH;-Si(111). Note that
the width of these peaks is a consequence of the convolution of the instrument function, surface
quality, and their incident velocity distributions. The He diffraction peak has a significantly
narrower angular distribution than the Ne peak, due to the narrower velocity distribution of the
He beam used (Av/v = 0.8%) as compared to that for the Ne beam (Av/v = 6.4%). Potential
further improvement in angular separation, as compared to the data shown in Figure 3, can be
realized by additional narrowing of the beam’s incident velocity distribution. Inset: wide
angular range diffraction scan for He/CH3-Si(111), demonstrating the high quality of the
substrate used in these experiments.
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Figure 6-5
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Time-of-flight spectra for *’Ne (black) and *’Ne (red) at the midpoint between the maxima of the
’Ne and *’Ne (11) diffraction peaks as shown in Figure 3, providing a route for temporal
separation of the isotopes.
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Chapter 7

Isotope Enrichment via Differential Condensation and Reflection of
Isotopes during Supersonic Beam Gas-Surface Scattering

Isotopic enrichment through the condensation of supersonic beams is proposed and
quantified. This enrichment is a product of the high sensitivity of physisorption to incident
kinetic energy and the distinct kinetic energies of isotopes in a supersonic beam. As a test case,
temperature-programmed desorption (TPD) of an amorphous argon condensate grown at 29 K
using a room-temperature supersonic beam of pure Ar displays an enrichment of *°Ar relative to
“Ar by a factor of 1.052 + 0.011, as compared to the incident abundance. This work was
extended by increasing the velocity of the incident beam and thus lowering the sticking
coefficient, where less enrichment of *°Ar is observed in the condensate, ultimately resulting in
an inversion of this phenomenon whereby *’Ar is shown to condense preferentially to *°Ar.
These results inform the fundamental understanding of physisorption processes and may lead to

new isotope enrichment techniques.

Introduction

Current isotope enrichment techniques display a range of complexity, throughput, and

selectivity. These techniques include the straightforward but inefficient gaseous diffusion as

164,168,170

well as complex and highly selective laser excitation schemes. Although new laser

techniques such as MAGIS hold promise at being both highly selective and energy efficient,'®

modern isotope enrichment is largely performed by calutrons.'®*'®

While applicable to the
separation of essentially every stable isotope, calutrons suffer from many of the same problems

encountered when they were first developed in the 1930s — namely throughput and energy
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65 . . . . .
This leads to an increased desire for novel isotope enrichment schemes. Here,

consumption.'
we propose and demonstrate isotope enrichment through differential condensation and reflection
of isotopes in a supersonic molecular beam, which holds the promise of widespread applicability
in separating supersonically expanded gaseous mixtures.

The probability of an incident gas particle condensing on a surface is quantified by its
sticking coefficient, S, which is governed by the kinetic energy of the incident particle,'™ the
temperature of the surface, the surface-particle binding energy, and the energy transfer between
the particle and the surface as described by the energy accommodation coefficient.'®® After a
particle exchanges energy with the surface, physisorption will occur if its kinetic energy is lower
than its binding energy to the surface. Decades of experimental and theoretical effort have gone
into understanding this surface phenomenon. Although electronic excitations of the surface
mediate sticking under some conditions,'*® generally energy transfer occurs between a gas
particle’s kinetic energy and the substrate’s phonons, or collective vibrations. A natural
consequence is that a surface with more phonon modes available to excite (i.e., a colder surface)

has a greater ability to condense an impinging gas particle, just as a particle with less kinetic

energy is more likely to be condensed.

The energy of an incident beam can be controlled by means of a supersonic expansion,
which produces an intense beam with narrow velocity and energy distributions. When a mixture
of gases undergoes a supersonic expansion, the seeding effect results in the averaging of
velocities: for the simple case of a trace, lighter-mass species coexpanding with a dominant,
heavier-mass species, the lighter species is slowed to the velocity of the heavier species. This
experiment realizes this scenario through the expansion of natural-abundance argon; *’Ar and

®Ar have 99.604% and 0.334% natural abundances, respectively. Due to matching velocities
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from the seeding effect, the lighter *°Ar will have less kinetic energy than *’Ar and, as we
demonstrate, will condense preferentially relative to *°Ar upon striking a sufficiently cold

surface, as depicted schematically in Figure 7-1(a).

Methods

Isotopic ratios of reflected and condensed argon were measured using an ultra-high
vacuum (UHV) scattering apparatus, illustrated in Figure 7-1(b). The instrument has been
thoroughly described elsewhere.*! Briefly, it is composed of three sections: a differentially-
pumped supersonic beam source containing a chopper for timing resolution and an in-line mass
spectrometer for incident beam analysis; a scattering chamber that houses the substrate — which
is mounted on a six-axis manipulator that can be temperature-controlled between 27-750 K — and
an effusive doser situated ~1 cm from and directed at the substrate; and a triply differentially
pumped rotatable quadrupole mass spectrometer (QMS) that is capable of rapidly switching
between mass filter settings, allowing for effectively simultaneous measurements of reflected or
desorbed isotopes.

To examine the effects of incident energy on the sticking coefficient and the resultant
preferential adsorption of *°Ar over *°Ar, three beam energies were used in this experiment. The
lowest-energy beam was created through supersonic expansion of pure argon through a room-
temperature nozzle (beam energy = 68 meV for “’Ar and 61 meV for *°Ar); a more energetic
beam was created through expansion of a 10% argon in helium mixture at room temperature,
which boasts greater incident energies (254 meV for “’Ar and 229 meV for *°Ar) due to the
aforementioned seeding effect, and the most energetic beam resulted from the expansion of
helium-seeded argon through a nozzle heated to 650 K (562 meV for *’Ar and 506 meV for

®Ar). Figure 7-2(a) shows the velocities of *’Ar in each of these beams as measured by time-of-
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flight experiments carried out prior to collision with the surface. Further, Figure 7-2(b)
compares the velocity distributions of ®Ar and *Ar in the room-temperature Ar beam to

demonstrate the nearly identical velocities that lead to isotopically unique incident energies.

Results and Discussion

The sticking coefficients at these beam energies were measured by directing a modulated
beam of a given energy at the substrate and monitoring the incoherently reflected signal at
temperatures above and below the sticking temperature (~32 K) with a residual gas analyzer
(RGA). After subtracting the instrument background via mechanical chopping of the beam with
a 50% duty cycle, we compared the reflected argon signals at 29 K and 160 K, the latter
temperature being above the adsorption temperature of both argon and other unwanted
contaminants. Through this process, we measured sticking coefficients of 0.985 + 0.002 for the
pure Ar beam, 0.965 + 0.005 for the room-temperature helium-seeded beam, and 0.878 £ 0.010
for the 650 K helium-seeded beam. Figure 7-3 shows a plot of sticking coefficient versus
incident energy, demonstrating an exponential relationship that can be exploited to choose a

desired enrichment factor through the techniques discussed below.

The detector used for these experiments cannot measure the incident beam compositions
directly due to instrumental geometry constraints. Instead, the ratio of isotopes (*°Ar/**Ar) in the
incident beams were determined by measuring the argon reflected from the crystal at a surface
temperature of 200 K, well above the adsorption temperature of argon (~32 K) and other
unwanted contaminants. The incident beam was modulated with mechanical chopping (50%
duty cycle) to account for instrumental background, and the reflected beam was collected while
switching between mass filter settings at a rate of 0.1 Hz. We measured an incident ratio of

®Ar/Ar = 0.00338 + 0.00001 for the pure Ar beam, 0.00354 + 0.00002 for the room-
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temperature helium-seeded beam, and 0.00325 + 0.00002 for the 650 K helium-seeded beam.
The difference in incident ratio between the two room-temperature beams is attributed to a mass-
focusing effect, whereby the heavier components of a molecular beam are more concentrated
towards the center-line, causing the lighter components to be diminished after passing through a
skimmer.® This effect is expected to be more pronounced for a pure beam, since the loss of the

lighter helium atoms in the seeded beam do not affect the *°Ar/*’Ar ratio.

It is important to note that, while the unique kinetic energies of the incident species could

162 this

result in isotope separation through scattering into isotopically unique diffraction angles,
phenomenon is not observed for this experiment. Due to the large mass of the incident argon,
the distribution of reflected angles is lobular in nature and scattering does not exhibit distinct
diffraction peaks. This is demonstrated in Figure 7-4, in which the *°Ar/*°Ar ratio for a pure
argon beam reflecting from the crystal surface above the adsorption temperature is linear across a

range of final angles, indicating that measurements taken at one reflected angle reveal the overall

behavior of this system.

For a sticking coefficient S < 1, the isotope-specific kinetic energies in the incident beam
should cause the preferential condensation of *°Ar over “°Ar. Experimental measurement of the
condensate’s composition is possible through temperature-programmed desorption (TPD), in
which the surface is held below the adsorption temperature and dosed with a supersonic Ar
beam. The surface is then heated at a fixed rate while the mass spectrometer switches between
the two masses of interest at a rate of 10 Hz. The representative TPD spectra in Figure 7-5
confirm the expected depletion of *Ar in the condensate, with *°Ar/*’Ar ratios of 0.00356 +
0.00004 for the pure Ar beam, 0.00363 + 0.00003 for the room-temperature helium-seeded

beam, and 0.00324 + 0.00000 for the 650 K helium-seeded beam. When compared with the
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incident beam composition reported above, this yields enrichment factors for °Ar of 1.052 +
0.011, 1.025 £ 0.010, and 0.997 + 0.005, respectively. As shown in Figure 7-6, this ratio
indicates the preferential adsorption of *°Ar on the substrate when dosed with a supersonic
molecular beam at low incident energies, but this trend exhibits an inversion at high energies.
Forthcoming measurements of the ratio of the reflected beam below the condensation

temperature will be instrumental in confirming and understanding this phenomenon.

To prove that this differential condensation effect relies on the identical velocities
achieved with seeded supersonic beams, an analogous TPD experiment was carried out using an
effusive source pointed directly at the substrate. Once the surface temperature is cooled below
the sticking temperature, an argon mixture (from the same gas cylinder as above) is dosed
effusively onto the surface, followed by surface heating at a fixed rate while rapidly switching
between masses on the mass spectrometer. The sample TPD spectra in Figure 7-7 can be used to
calculate a mass focusing enrichment factor of 1.07 £ 0.01 for pure argon (results from the

argon/helium mixture are forthcoming).

Conclusions

Isotope enrichment by means of differential condensation and reflection of coexpanded
isotopes in supersonic molecular beams offers a promising alternative to the inefficient
enrichment processes that currently dominate this space and provides greater insight into the
nature of physisorption. We have proven the practicality and efficacy of this approach, which is
possible when a supersonically expanded mixture of isotopes is directed toward a substrate at a
sufficiently low temperature for adsorption. Additionally, we have demonstrated the dependence
of enrichment on the sticking coefficient, which in turn is governed by the kinetic energy of the

incident beam. Measurements of the composition of the condensate show enrichment in the
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lighter species at low incident energies, and enrichment in the heavier species at higher incident
energies. Upcoming changes to our mass-filtering electronics will improve the quality of the
measurements recorded above, and will enable the precise measurement of reflected beam
composition below the condensation temperature, where instability in mass filtering leads to
insurmountable difficulties in collecting a meaningful flux of *°Ar. These additional
experiments, along with forthcoming measurements at a wider range of incident beam energies
and computational modeling of energy transfer at the gas-surface interface, will help to elucidate
the nature of this preferential condensation phenomenon. Because this process requires only the
creation of a supersonic beam and the use of a surface that is inert to the given beam, it promises
to be applicable to a large range of isotopes and molecular isotopologues, with varied enrichment

factors tunable through incident kinetic energy.
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Figure 7-1
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(a) Illustration of a monoenergetic beam of *°Ar and *’Ar striking a surface of amorphous argon;
(b) schematic of the ultra-high vacuum surface scattering instrument employed in this
experiment,; key components are described in the text.
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Figure 7-2
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(a) Background-subtracted incident velocity distributions of *’Ar for room-temperature pure
argon (blue), room-temperature helium-seeded argon (black), and 650 K helium-seeded argon
beams (red); (b) incident velocity distributions of *’Ar (black) and *°Ar (red) in a room
temperature beam of pure Ar.
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Figure 7-3
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Measured sticking coefficient of *’Ar as a function of incident velocity. This relationship can be
exploited by changing the energy of the incident beam and selectively tuning the enrichment
factor through the techniques discussed below.
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Figure 7-4
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41/ Ar isotope ratio for a pure argon beam reflecting from CH;-Si(111) at Ty = 200 K (above
the adsorption temperature) as a function of reflected angle, demonstrating that measurements
taken at one final angle are representative of the complete set of reflected angles. The difference
in initial ratio between beam energies, and from the literature ratio, is attributed to a mass-
focusing effect that leads to enrichment of the heavier species and depletion of the lighter
species.
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Figure 7-5
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Representative temperature-programmed desorption (TPD) spectra for “’Ar (black) and *°Ar
(red) for a pure argon beam dosed on a cold surface. The data from this figure are used to
determine the *°Ar/*’Ar isotope ratios of the condensate, as depicted in Figure 7-6.
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Figure 7-6
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4/ Ar isotope ratio after desorption from a surface of amorphous argon as a function of
incident beam velocity. This is the first demonstration of isotope enrichment due to preferential
condensation from supersonic molecular beams, showing preferential adsorption of the lighter
isotope at low incident energies and preferential adsorption of the heavier isotope at higher
incident energies.
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Figure 7-7
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Representative temperature-programmed desorption (TPD) spectra for *’Ar (black) and *°Ar
(red) for a mixture of pure argon effusively dosed onto CH3-Si(111). The data from this figure
are compared with the data from Figure 7-5 to determine the extent of isotope enrichment that
results from the mass-focusing effect in the supersonic expansion of the incident beam.
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Appendix

Raw Data Referenced in All Figures

The following contains figures showing the raw data as collected for figures used throughout the
preceding chapters. The naming scheme for each figure follows the following convention: ‘A’,
followed by the chapter where the data appears in a figure (i.e. ‘2’), followed by a dash and the
number of the raw data figure in the order it appears in the appendix (i.e. ‘-1’ for the first, ‘-2’
for the second, etc.). This number does not necessarily correspond to the associated figure’s
number in the thesis.

In all cases, the figure(s) in which the raw data appear is indicated in the appendix figure’s
caption.
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Figure A3-1
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Raw He/CH;-Ge(111) diffraction spectrum (I —K) used to create Figure 3-1.
Experiment file: Figure A3-1 (091814 _D01).pxp

Raw data file: 091814.D01
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Figure A3-2
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Raw He/CH;-Ge(111) diffraction spectrum (I —M) used to create Figure 3-1.

Experiment file: Figure A3-2 (090514_D01).pxp

Raw data file: 090514.D01
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Figure A3-3
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Normalized He/CH;-Si(111) diffraction spectrum (I -K) used to create Figure 3-2.
Experiment file: Figure A3-3 (012214_D01).pxp

Raw data file: 012214.D01
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Figure A3-4
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Normalized He/CH;-Ge(111) diffraction spectrum (I —K) used to create Figure 3-2.
Experiment file: Figure A3-4 (092214 _D03).pxp

Raw data file: 092214.D03
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Figure A3-5
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Normalized He/CH3-Ge(111) diffraction spectrum (I -K) used in the inset of Figure 3-2.
Experiment file: Figure A3-5 (092214_D06).pxp

Raw data file: 092214.D06
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Figure A3-6
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Normalized He/CH;-Ge(111) diffraction spectrum (I —K) used in the inset of Figure 3-2.
Experiment file: Figure A3-6 (091914_D01).pxp

Raw data file: 091914.D01
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Figure A3-7
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Normalized He/CH3-Ge(111) diffraction spectrum (I -K) used in the inset of Figure 3-2.
Experiment file: Figure A3-7 (091714_D07).pxp

Raw data file: 091714.D07
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Figure A3-8
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Raw He/CH3-Ge(111) drift spectra at three different incident angles, offset on the y-axis for ease
of viewing, with fits (solid lines) used for background subtraction, fits are subtracted to create

the residual traces in Figure 3-3(a).
Experiment file: Figure A3-8 (091914).pxp

Raw data file: 091914.001; 091914.003; 091914.005
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Figure A3-9
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Normalized He/CH3-Ge(111) diffraction spectrum (I —K) used in Figure 3-3(c).

Experiment file: Figure A3-9 (091914_D01).pxp

Raw data file: 091914.D01
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Figure A3-10
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Normalized He/CH3-Ge(111) diffraction spectrum (I —K) used in Figure 3-3(c).
Experiment file: Figure A3-10 (091914_D02).pxp

Raw data file: 091914.D02
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Figure A3-11
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Normalized He/CH3-Ge(111) diffraction spectrum (I —K) used in Figure 3-3(b).
Experiment file: Figure A3-11 (092214_D06).pxp

Raw data file: 092214.D06
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Figure A3-12
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Normalized He/CH3-Ge(111) diffraction spectrum (I —K) used in Figure 3-3(b).
Experiment file: Figure A3-12 (092214_D07).pxp

Raw data file: 092214.D07
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Figure A4-1
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Raw diffraction spectra of He/CH3-Ge(111) back-scattered on I-M (top, black) and [-K
(bottom, red) azimuthal alignments used in Figure 4-1(a).

Experiment file: Figure A4-1.pxp

Raw data file: 120214.D01; 111214.D01
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Figure A4-2
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Raw diffraction spectra of He/CH;-Ge(111) forward-scattered on [-M (top, black) and I-K
(bottom, red) azimuthal alignments used in Figure 4-1(b).

Experiment file: Figure A4-2.pxp

Raw data file: 120514.D01; 111214.D02
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Figure A4-3
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Raw He/CH3-Ge(111) Debye-Waller diffraction spectra (I-M) taken at 6; = 29.1°. Peaks are
integrated to determine area, and the natural log of these areas are displayed in Figure 4-2(b).

Experiment file: Figure A4-3 (120314).pxp

Raw data file: 120314.D01; 120314.D02; 120314.D03; 120314.D04; 120314.D05;
120314.D06; 120314.D07
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Figure A4-4
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Raw He/CH3-Ge(111) Debye-Waller diffraction spectra (I-M) taken at 6; = 32.6°. Peaks are
integrated to determine area, and the natural log of these areas are displayed in Figure 4-2(b).

Experiment file: Figure A4-4 (120214).pxp

Raw data file: 120214.D08; 120214.D09; 120214.D10; 120214.D11; 120214.D12;
120214.D13; 120214.D14
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Figure A4-5
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Raw He/CH3-Ge(111) Debye-Waller diffraction spectra (I-M) taken at 6; = 36.1°. Peaks are
integrated to determine area, and the natural log of these areas are displayed in Figure 4-2(b).

Experiment file: Figure A4-5 (120214).pxp

Raw data file: 120214.D01; 120214.D02; 120214.D03; 120214.D04; 120214.D05;
120214.D06; 120214.D07
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Figure A4-6
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Raw He/CH3-Ge(111) Debye-Waller diffraction spectra (I-M) taken at 6; = 26.2°. Peaks are
integrated to determine area, and the natural log of these areas are displayed in Figure 4-2(b).

Experiment file: Figure A4-6 (120314).pxp

Raw data file: 120314.D08; 120314.D09; 120314.D10; 120314.D11; 120314.D12;
120314.D13; 120314.D14
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Figure A4-7
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Raw He/CH3-Ge(111) Debye-Waller diffraction spectra (I-M) taken at 6; = 22.1°. Peaks are
integrated to determine area, and the natural log of these areas are displayed in Figure 4-2(b).

Experiment file: Figure A4-7 (120414).pxp

Raw data file: 120414.D01; 120414.D02; 120414.D03; 120414.D04; 120414.D05;
120414.D06; 120414.D07
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Figure A4-8
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
long mode with a 150 K beam, 140 K surface temperature, I =M alignment, 35.2° incident angle,
and 24.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 111814.002
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Figure A4-9
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
long mode with a 150 K beam, 140 K surface temperature, I =M alignment, 35.2° incident angle,
and 25.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 111814.003
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Figure A4-10
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
long mode with a 150 K beam, 140 K surface temperature, I =M alignment, 35.2° incident angle,
and 22.7° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 111814.005
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Figure A4-11
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
long mode with a 150 K beam, 140 K surface temperature, I =M alignment, 35.2° incident angle,
and 17.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 111814.006
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Figure A4-12
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
long mode with a 150 K beam, 140 K surface temperature, I =M alignment, 35.2° incident angle,
and 17.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 111814.007
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Figure A4-13
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Raw He/CHs-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in

long mode with a 150 K beam, 140 K surface temperature, I =M alignment, 35.2° incident angle,
and 16.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 111814.008
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Figure A4-14
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in

long mode with a 80 K beam, 140 K surface temperature, [ —M alignment, 32.2° incident angle,
and 13.7° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 111914.006
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Figure A4-15
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
long mode with a 80 K beam, 140 K surface temperature, I —M alignment, 32.2° incident angle,

and 13.7° final angle.
Experiment file: Figure 4-6.pxp

Raw data file: 112014.001
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Figure A4-16
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in

long mode with a 80 K beam, 140 K surface temperature, [ —M alignment, 32.2° incident angle,
and 14.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 112014.007
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Figure A4-17

400 —

300 =

200 =

Helium Reflectivity (cps)

100 —

S

— InttB_112114_05

I
0 1000

2000

. 3000
Time (us)

4000 5000

Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental

phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in

long mode with a 90 K beam, 140 K surface temperature, I —M alignment, 32.2° incident angle,

and 14.7° final angle.
Experiment file: Figure 4-6.pxp

Raw data file: 112114.005
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Figure A4-18
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Raw He/CHs-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in

long mode with a 200 K beam, 140 K surface temperature, I =M alignment, 32.2° incident angle,
and 23.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 112114.007
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Figure A4-19
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Raw He/CHs-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in

long mode with a 200 K beam, 140 K surface temperature, I =M alignment, 32.2° incident angle,
and 24.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 112414.002
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Figure A4-20
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
long mode with a 200 K beam, 140 K surface temperature, I =M alignment, 32.2° incident angle,
and 25.7° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 112414.003
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Figure A4-21
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in

long mode with a 200 K beam, 140 K surface temperature, I =M alignment, 32.2° incident angle,
and 33.7° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 112514.003
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Figure A4-22
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 100 K beam, 300 K surface temperature, I —M alignment, 32.2° incident
angle, and 10.7° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 022715.005
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Figure A4-23
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 100 K beam, 300 K surface temperature, I —M alignment, 32.2° incident
angle, and 9.7° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 022715.006
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Figure A4-24

150 —

100 —

— InttB_022715_07 1

Helium Reflectivity (cps)

50 —

Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 100 K beam, 300 K surface temperature, I —M alignment, 32.2° incident
angle, and 8.7° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 022715.007

187



Figure A4-25
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 100 K beam, 300 K surface temperature, I —M alignment, 32.2° incident
angle, and 27.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 022715.010
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Figure A4-26
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 200 K beam, 140 K surface temperature, I —M alignment, 32.2° incident
angle, and 24.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 032415.009
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Figure A4-27
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 200 K beam, 300 K surface temperature, I —M alignment, 32.2° incident
angle, and 24.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 032415.012
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Figure A4-28
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 200 K beam, 300 K surface temperature, I —M alignment, 32.2° incident
angle, and 23.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 032515.003; 032515.004
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Figure A4-29
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 150 K beam, 250 K surface temperature, I —M alignment, 36.2° incident
angle, and 25.7° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 032715.004

192



Figure A4-30
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 150 K beam, 250 K surface temperature, I —M alignment, 36.2° incident
angle, and 25.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 032715.006
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Figure A4-31
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 150 K beam, 200 K surface temperature, I —M alignment, 36.2° incident
angle, and 25.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 032715.007
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Figure A4-32
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 150 K beam, 160 K surface temperature, I —M alignment, 36.2° incident
angle, and 25.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 033015.002
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Figure A4-33
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 115 K beam, 350 K surface temperature, I —M alignment, 36.2° incident
angle, and 23.7° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 040215.001
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Figure A4-34
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 115 K beam, 250 K surface temperature, I—M alignment, 36.2° incident
angle, and 23.7° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 040215.002
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Figure A4-35
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 115 K beam, 250 K surface temperature, I—M alignment, 36.2° incident
angle, and 23.7° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 040215.004
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Figure A4-36
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 115 K beam, 250 K surface temperature, I—M alignment, 36.2° incident
angle, and 21.7° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 040215.006
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Figure A4-37
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 115 K beam, 250 K surface temperature, I —K alignment, 36.2° incident angle,
and 18.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 040315.005
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Figure A4-38

140 —

120 —
— InttB_040615_01_1

100 —

80 —

Helium Reflectivity (cps)

60 —

40 —

20 —

I I I I I I

0 1000 2000 . 3000 4000 5000
Time (ps)

Raw He/CHs-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 115 K beam, 250 K surface temperature, [ —K alignment, 36.2° incident angle,
and 27.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 040615.001
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Figure A4-39
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in

short mode with a 115 K beam, 250 K surface temperature, I —K alignment, 36.2° incident angle,
and 28.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 040615.002
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Figure A4-40
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 115 K beam, 250 K surface temperature, [ —K alignment, 36.2° incident angle,
and 29.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 040615.003
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Figure A4-41
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 115 K beam, 250 K surface temperature, I —K alignment, 36.2° incident angle,
and 30.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 040615.004
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Figure A4-42
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 115 K beam, 250 K surface temperature, I —K alignment, 36.2° incident angle,

and 31.2° final angle.
Experiment file: Figure 4-6.pxp

Raw data file: 040615.005
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Figure A4-43
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 115 K beam, 250 K surface temperature, I —K alignment, 36.2° incident angle,
and 32.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 040615.006
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Figure A4-44
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 200 K beam, 250 K surface temperature, I —K alignment, 36.2° incident angle,
and 32.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 040815.001
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Figure A4-45
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Raw He/CHs-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 200 K beam, 200 K surface temperature, I —K alignment, 36.2° incident angle,
and 32.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 040815.002
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Figure A4-46
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 165 K beam, 250 K surface temperature, I —K alignment, 36.2° incident angle,
and 32.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 040915.006
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Figure A4-47
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in

short mode with a 165 K beam, 250 K surface temperature, I —K alignment, 36.2° incident angle,
and 30.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 041015.001
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Figure A4-48
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
short mode with a 150 K beam, 250 K surface temperature, I —K alignment, 36.2° incident angle,

and 33.2° final angle.
Experiment file: Figure 4-6.pxp

Raw data file: 041315.001
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Figure A4-49
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in

long mode with a 150 K beam, 140 K surface temperature, I =M alignment, 35.2° incident angle,
and 23.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 111714.009
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Figure A4-50
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Raw He/CH3-Ge(111) inelastic time-of-flight spectrum which contributes an experimental
phonon point to the final dispersion curves in Figure 4-6. Cross-correlation spectrum taken in
long mode with a 150 K beam, 140 K surface temperature, I =M alignment, 35.2° incident angle,
and 23.2° final angle.

Experiment file: Figure 4-6.pxp

Raw data file: 111814.001

213



Figure AS-1
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Raw H,/CH;-Si(111) diffraction spectra at different surface temperatures and incident angle
0,=21.47°; fitted peak areas for each temperature correspond to a point used in Figure 5-6(b).

Experiment file: 071113 _D08-D14.pxp

Raw data file: 071113.D08; 071113.D09; 071113.D10; 071113.D11; 071113.D12;
071113.D13; 071113.D14
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Figure AS-2
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Raw H,/CH;-Si(111) diffraction spectra at different surface temperatures and incident angle
0,=25.18°; fitted peak areas for each temperature correspond to a point used in Figure 5-6(b).

Experiment file: 071113 _D01-D07.pxp

Raw data file: 071113.D01; 071113.D02; 071113.D03; 071113.D04; 071113.D05;
071113.D06; 071113.D07
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Figure AS-3
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Raw H,/CH;-Si(111) diffraction spectra at different surface temperatures and incident angle
0,=28.16°; fitted peak areas for each temperature correspond to a point used in Figure 5-6(b).

Experiment file: 071713 _D01-D07.pxp

Raw data file: 071713.D01; 071713.D02; 071713.D03; 071713.D04; 071713.D05;

071713.D06; 071713.D07
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Figure A5-4
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Raw H,/CH;-Si(111) diffraction spectra at different surface temperatures and incident angle
0,=31.05°; fitted peak areas for each temperature correspond to a point used in Figure 5-6(b).

Experiment file: 071613 _D08-D14.pxp

Raw data file: 071613.D08; 071613.D09; 071613.D10; 071613.D11; 071613.D12;
071613.D13; 071613.D14
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Figure AS-5
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Raw H,/CH;-Si(111) diffraction spectra at different surface temperatures and incident angle
0,=35.62°; fitted peak areas for each temperature correspond to a point used in Figure 5-6(b).

Experiment file: 071613 _D01-D07.pxp

Raw data file: 071613.D01; 071613.D02; 071613.D03; 071613.D04; 071613.D05;
071613.D06; 071613.D07
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Figure AS5-6
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Raw D,/CH;3-Si(111) diffraction spectrum; fitted peak areas for elastic and rotationally inelastic
diffraction peaks input into equation (5-10) to compute a rotational excitation probability ratio,
as displayed in Figure 5-7.

Experiment file: Figure A5-6 (031914 _D01).pxp.

Raw data file: 031914.D01
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Figure AS-7
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Raw D,/CH;3-Si(111) diffraction spectrum; fitted peak areas for elastic and rotationally inelastic
diffraction peaks input into equation (5-10) to compute a rotational excitation probability ratio,
as displayed in Figure 5-7.

Experiment file: Figure A5-7 (031914_D02).pxp.

Raw data file: 031914.D02
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Figure AS-8
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Raw D,/CH;3-Si(111) diffraction spectrum; fitted peak areas for elastic and rotationally inelastic
diffraction peaks input into equation (5-10) to compute a rotational excitation probability ratio,
as displayed in Figure 5-7.

Experiment file: Figure A5-8 (061813 D02).pxp.

Raw data file: 061813.D02
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Figure AS-9
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Raw D,/CH;3-Si(111) diffraction spectrum; fitted peak areas for elastic and rotationally inelastic
diffraction peaks input into equation (5-10) to compute a rotational excitation probability ratio,
as displayed in Figure 5-7.

Experiment file: Figure A5-9 (031914_D06).pxp.

Raw data file: 031914.D06
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Figure AS-10
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Raw D,/CH;3-Si(111) diffraction spectrum; fitted peak areas for elastic and rotationally inelastic
diffraction peaks input into equation (5-10) to compute a rotational excitation probability ratio,
as displayed in Figure 5-7.

Experiment file: Figure A5-10 (062413 _D02).pxp.

Raw data file: 062413.D02
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Figure AS5-11
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Raw D,/CH;3-Si(111) diffraction spectrum; fitted peak areas for elastic and rotationally inelastic
diffraction peaks input into equation (5-10) to compute a rotational excitation probability ratio,
as displayed in Figure 5-7.

Experiment file: Figure A5-11 (031914_D03).pxp.

Raw data file: 031914.D03
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Figure AS5-12
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Raw D,/CH;3-Si(111) diffraction spectrum; fitted peak areas for elastic and rotationally inelastic
diffraction peaks input into equation (5-10) to compute a rotational excitation probability ratio,
as displayed in Figure 5-7.

Experiment file: Figure A5-12 (061813 D03).pxp.

Raw data file: 061813.D03
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Figure AS5-13
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Raw D,/CH;3-Si(111) diffraction spectrum; fitted peak areas for elastic and rotationally inelastic
diffraction peaks input into equation (5-10) to compute a rotational excitation probability ratio,
as displayed in Figure 5-7.

Experiment file: Figure A5-13 (070313 _D02).pxp.

Raw data file: 070313.D02
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Figure AS5-14
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Raw D,/CH;3-Si(111) diffraction spectrum; fitted peak areas for elastic and rotationally inelastic
diffraction peaks input into equation (5-10) to compute a rotational excitation probability ratio,
as displayed in Figure 5-7.

Experiment file: Figure A5-14 (062413 _D03).pxp.

Raw data file: 062413.D03
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Figure AS-15
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Raw D,/CH;3-Si(111) diffraction spectrum; fitted peak areas for elastic and rotationally inelastic
diffraction peaks input into equation (5-10) to compute a rotational excitation probability ratio,
as displayed in Figure 5-7.

Experiment file: Figure A5-15 (062513 _D01).pxp.

Raw data file: 062513.D01
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Figure AS5-16
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Raw D,/CH;3-Si(111) diffraction spectrum; fitted peak areas for elastic and rotationally inelastic
diffraction peaks input into equation (5-10) to compute a rotational excitation probability ratio,
as displayed in Figure 5-7.

Experiment file: Figure A5-16 (061813 D05).pxp.

Raw data file: 061813.D05
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Figure AS5-17
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Raw D,/CH;3-Si(111) diffraction spectrum; fitted peak areas for elastic and rotationally inelastic
diffraction peaks input into equation (5-10) to compute a rotational excitation probability ratio,
as displayed in Figure 5-7.

Experiment file: Figure A5-17 (070313 _D03).pxp.

Raw data file: 070313.D03
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Figure A7-1
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Square wave collected by residual gas analyzer, looking at reflectivity of *’Ar from pure Ar beam
(Ts = 300 K) above and below the condensation temperature. The ratio of modulated signal for
these two spectra is used to calculate the sticking coefficient in Figure 7-3.

Experiment file: Figure A7-1.pxp.

Raw data files: 103117 01, 103117 03, 103117 _04, 103117 06, 103117 07, 103117 08,
103117 09, 103117 10
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Square wave collected by residual gas analyzer, looking at reflectivity of *’Ar from helium-

seeded Ar beam (T = 300 K) above and below the condensation temperature.

The ratio of

modulated signal for these two spectra is used to calculate the sticking coefficient in Figure 7-3.

Experiment file: Figure A7-2.pxp.

Raw data files: 103117 11, 103117 12, 103117 13, 103117 14, 103117 15, 103117 _16,

103117 17,103117 18
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Figure A7-3
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Square wave collected by residual gas analyzer, looking at reflectivity of *’Ar from helium-
seeded Ar beam (T = 650 K) above and below the condensation temperature. The ratio of
modulated signal for these two spectra is used to calculate the sticking coefficient in Figure 7-3.

Experiment file: Figure A7-3.pxp.

Raw data files: 110317 15, 110317 16, 110317 17, 110317 18, 110317 19, 110317 _20,
110317 21, 110317 22
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Figure A7-4
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Modulated intensity of *’Ar and *°Ar over a range of scattered angles for a fixed set of incident
conditions. The ratio of these spectra is used in Figure 7-4.

Experiment file: Figure A7-4.pxp.

Raw data files: 030917.D04, 030917.D05
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Figure A7-5
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Composite square wave of reflectivity of *’Ar and *°Ar from 200 K surface for pure Ar beam (T
= 300 K). The ratio of modulated signal for these two spectra is used to calculate the incident
beam composition in Figure 7-6.

Experiment file: Figure A7-5.pxp.

Raw data files: 100917 22, 101017 02, 101017 03, 101017 04, 101017 05, 101017 06,
101217 02, 101217 03, 101217 09, 101317 02, 101417 02, 101417 03
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Figure A7-6

16x10° 300
He-seeded Ar beam
Sum of 15 runs
Tg=300K 280
\ T,=200K
40
— Ar
260
- 36Ar

10

N
>

-
N

pejosey

N}

N

<)
e

220

Ar Num. Density (cps)

40

— 200

(sdo) Aysuaq@ ‘wnN ng

Reflected

— 180

— 160

T T I T I T I
10 20 30 40 50 60 70x10°
Time (us)

Composite square wave of reflectivity of *“’Ar and *°Ar from 200 K surface for He-seeded Ar
beam (Tz = 300 K). The ratio of modulated signal for these two spectra is used to calculate the
incident beam composition in Figure 7-6.

Experiment file: Figure A7-6.pxp.

Raw data files: 101317 08, 101317 _09, 101317 10, 101317 11, 101417 _05, 10141706,
101617 02, 101617 03, 101617 04, 101617_05, 102417 03, 102417 _04, 102517 02,
102517 03, 102617_02
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Figure A7-7
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Composite square wave of reflectivity of *“’Ar and *°Ar from 200 K surface for He-seeded Ar
beam (Tg = 650 K). The ratio of modulated signal for these two spectra is used to calculate the
incident beam composition in Figure 7-6.

Experiment file: Figure A7-7.pxp.

Raw data files: 110317 24, 110617 04, 110617 05, 110717 02, 110717 03, 110717 04,
110717 05
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Figure A7-8
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TPD of *’Ar and *°Ar dosed using pure Ar beam (Ts = 300 K). The ratio of integrated number
density for these two spectra is used to calculate the condensate composition in Figure 7-6.

Experiment file: TPD_PureAr 300K.pxp.

Raw data files: 101217 04
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Figure A7-9
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TPD of *’Ar and *°Ar dosed using pure Ar beam (Ts = 300 K). The ratio of integrated number
density for these two spectra is used to calculate the condensate composition in Figure 7-6.

Experiment file: TPD_PureAr 300K.pxp.

Raw data files: 101217 05
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Figure A7-10
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TPD of *’Ar and *°Ar dosed using pure Ar beam (Ts = 300 K). The ratio of integrated number
density for these two spectra is used to calculate the condensate composition in Figure 7-6.

Experiment file: TPD_PureAr 300K.pxp.

Raw data files: 101217 06
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Figure A7-11
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TPD of *’Ar and *°Ar dosed using pure Ar beam (Ts = 300 K). The ratio of integrated number
density for these two spectra is used to calculate the condensate composition in Figure 7-6.

Experiment file: TPD_PureAr 300K.pxp.

Raw data files: 101217 07
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Figure A7-12
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TPD of *’Ar and *°Ar dosed using pure Ar beam (Ts = 300 K). The ratio of integrated number
density for these two spectra is used to calculate the condensate composition in Figure 7-6.

Experiment file: TPD_PureAr 300K.pxp.

Raw data files: 101217 08
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Figure A7-13
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TPD of *’Ar and *°Ar dosed using pure Ar beam (Ts = 300 K). The ratio of integrated number
density for these two spectra is used to calculate the condensate composition in Figure 7-6.

Experiment file: TPD_PureAr 300K.pxp.

Raw data files: 101317 03
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Figure A7-14
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TPD of *’Ar and *°Ar dosed using He-seeded Ar beam (Ty = 300 K). The ratio of integrated
number density for these two spectra is used to calculate the condensate composition in Figure
7-6.

Experiment file: TPD _HeAr 300K.pxp.

Raw data files: 101317 12
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Figure A7-15
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TPD of *’Ar and *°Ar dosed using He-seeded Ar beam (Ty = 300 K). The ratio of integrated
number density for these two spectra is used to calculate the condensate composition in Figure
7-6.

Experiment file: TPD _HeAr 300K.pxp.

Raw data files: 101317 13
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Figure A7-16
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TPD of *’Ar and *°Ar dosed using He-seeded Ar beam (Ty = 300 K). The ratio of integrated
number density for these two spectra is used to calculate the condensate composition in Figure
7-6.

Experiment file: TPD _HeAr 300K.pxp.

Raw data files: 102417 05
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Figure A7-17
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TPD of *’Ar and *°Ar dosed using He-seeded Ar beam (Ty = 300 K). The ratio of integrated
number density for these two spectra is used to calculate the condensate composition in Figure
7-6.

Experiment file: TPD _HeAr 300K.pxp.

Raw data files: 102417 06
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Figure A7-18
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TPD of *’Ar and *°Ar dosed using He-seeded Ar beam (Ty = 300 K). The ratio of integrated
number density for these two spectra is used to calculate the condensate composition in Figure
7-6.

Experiment file: TPD _HeAr 300K.pxp.

Raw data files: 102417 07
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Figure A7-19
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TPD of *’Ar and *°Ar dosed using He-seeded Ar beam (Ty = 300 K). The ratio of integrated
number density for these two spectra is used to calculate the condensate composition in Figure
7-6.

Experiment file: TPD _HeAr 300K.pxp.

Raw data files: 102617 03
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Figure A7-20
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TPD of *’Ar and *°Ar dosed using He-seeded Ar beam (Ty = 300 K). The ratio of integrated
number density for these two spectra is used to calculate the condensate composition in Figure
7-6.

Experiment file: TPD _HeAr 300K.pxp.

Raw data files: 102617 04
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Figure A7-21
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TPD of *’Ar and *°Ar dosed using He-seeded Ar beam (Ty = 650 K). The ratio of integrated
number density for these two spectra is used to calculate the condensate composition in Figure
7-6.

Experiment file: TPD _HeAr 650K.pxp.

Raw data files: 110317 25
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Figure A7-22
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TPD of *’Ar and *°Ar dosed using He-seeded Ar beam (Ty = 650 K). The ratio of integrated
number density for these two spectra is used to calculate the condensate composition in Figure
7-6.

Experiment file: TPD _HeAr 650K.pxp.

Raw data files: 110617 08
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Figure A7-23
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TPD of *’Ar and *°Ar dosed using He-seeded Ar beam (Ty = 650 K). The ratio of integrated
number density for these two spectra is used to calculate the condensate composition in Figure
7-6.

Experiment file: TPD _HeAr 650K.pxp.

Raw data files: 110617 09

253



Figure A7-24
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TPD of *’Ar and *°Ar dosed using He-seeded Ar beam (Ty = 650 K). The ratio of integrated
number density for these two spectra is used to calculate the condensate composition in Figure
7-6.

Experiment file: TPD _HeAr 650K.pxp.

Raw data files: 110717 07
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