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CHAPTER III 
Rotational Tunneling of Adsorbed CH2D2 
and CH3D on MgO(100)
3.1
Introduction & Background
3.1.1
Quantum Tunneling

At temperatures less than 20K, the rotational motion of an adsorbed methane molecule within the monolayer solid is dramatically reduced until the molecule only executes angular oscillations (librations) about the ground state of the periodic rotational potential energy well (i.e. the pocket state (PS)).  Although the molecule lacks sufficient kinetic energy to classically overcome the barriers to rotation, overlap between wavefunctions of neighboring PS’s enable the molecule to quantum mechanically tunnel through them.  This rotational tunneling is observed as a splitting of the ground librational state into sublevels.  Not surprisingly, the symmetry of both the adsorbate and the adsorption site determines the number and relative positions of these sublevels.  The magnitude of the splittings decreases exponentially with the height of the barrier to rotation, i.e. the strength of the interaction potential between adsorbate and substrate.  Assuming that the adsorption sites of the material are uniform (as in MgO(100) ), the rotational tunneling spectra (RTS) of adsorbed molecules are an extremely sensitive probe of the strength and symmetry of the interaction potential at these sites.  
3.1.2
Inelastic Neutron Scattering (INS)
For a variety of reasons, inelastic neutron scattering (INS) is an ideal technique for measuring the RTS of adsorbed monolayer films.  In order for the wavefunction of the molecule to satisfy the spin statistics theorem, a tunneling transition involving a change in PS symmetry must be accompanied by an identical change in nuclear spin function symmetry.  Unlike methods that use electrons or photons as probes, neutrons can flip nuclear spins, inducing the changes in symmetry necessary to observe rotational tunneling transitions [1]

 ADDIN ZOTERO_TEMP .  Moreover, nonhydrogen-bearing substrates (such as MgO) are virtually transparent to neutrons; hence the observed spectrum primarily measures the contribution from the hydrogenous methane adsorbate.  Neutrons are also highly penetrating, and thus are not appreciably attenuated by the cryostat, sample cell, etc.  This penetration also allows the neutrons to probe the entire sample, rather than just the exterior.  
3.1.3
Phase II CH4
Methane—a tetrahedral molecule—has three C2 axes and four C3 axes, yielding a total of twelve rotational symmetry operations (including the identity operation).  If a CH4 molecule is confined to a minimum-energy configuration on the surface, then performing any of these twelve operations will result in a configuration degenerate with the original.  Therefore, a CH4 molecule librating in a rotational potential may occupy one of twelve equivalent pocket states.  The barrier to 120° rotation between these states is less than that of 180° rotation due to the smaller arc through which constituent atoms must rotate.  Consequently, there is greater overlap between states separated by three-fold rotations, and the RTS of CH4 is dominated by these three-fold overlaps.  These overlaps cause the ground librational state to split into one A, one E, and three T sublevels.  
3.1.4
CH4 on MgO(100)

Previous neutron scattering studies [2–4] of CH4 adsorbed on MgO(100) have shown that the three T sublevels for this system are evenly spaced, which is consistent with an interaction potential of two-fold rotational symmetry.  These results indicate that CH4 prefers a dipod configuration, i.e. one with a C2 axis perpendicular to the MgO surface, as illustrated in Figure 1.
These spectroscopic predictions for CH4 on MgO(100) surfaces were modeled using a first-principles-based density functional approach employing a plane-wave basis set and periodic boundary conditions.  The results of these calculations confirmed the experimental conclusions and showed unequivocally that the minimum-energy configuration of the CH4 molecules is directly above a surface Mg atom, that the principal axis of the C2v molecule is normal to the surface plane, and that pairs of hydrogen atoms are oriented along the lattice lines that include adjacent surface O atoms.  Neighboring methane molecules are rotated by 90° to reduce the H-H steric interactions [5,6].

These studies have stimulated additional work on refining the potential energy surfaces of this system prototype.  Using quantum chemical techniques, Stimac and Hinde [7] evaluated the electrostatic and polarization components of a rigid CH4 molecule and a lattice of point charges intended to mimic the MgO(100) surface.  They also found that the most energetically favorable position for a CH4 molecule is positioned above a Mg atom with the dipod or edge down configuration.  Most recently, Bruch and Larese, building on the earlier experimental and theoretical findings, advanced the description of CH4 on MgO(100) by performing calculations of monolayer and bilayer lattices of methane on MgO(100) using a spherical model of the molecule. They reproduced the observed stability of commensurate square monolayer and bilayer lattices using a surface energy corrugation that implies a large gap in the monolayer phonon density of states of the commensurate CH4. This phonon gap is consistent with the incoherent inelastic neutron scattering measurements [8].

3.1.5
Lower Molecular Symmetry – CH2D2 & CH3D

Compared to tetrahedral CH4 and CD4, significantly fewer RTS studies currently exist for lower symmetry methane isotopologues such as CH2D2 & CH3D.  Previous INS studies of the bulk Phase III of these species have revealed multiple rotational tunneling features in the range of 0-200 μeV, which were accounted for using a PS model in which half of the molecules reside in sites of C2 symmetry and half in sites of Cs symmetry [9].  [ch3d on graphite]

The focus of this work is to investigate how the relative compatibility between molecular and site symmetry affects the rotational tunneling of methane adsorbed onto MgO(100).  Assuming that the 2D crystalline structure of adsorbed methane does not vary with isotopic substitution, selective deuteration of the adsorbate allows the study of two opposing cases.  In the complementary case (CH2D2), the C3 axes present in CH4 are removed, reinforcing the tendency of the molecule to align with the C2 rotational potential at a given adsorption site.  Conversely, this tendency is frustrated in the case of CH3D, which has no C2 axes. The INS spectra for these two systems are presented and analyzed using a PS approach similar to that developed by Hüller, Press, and others [1,10–13].
3.2
Experimental Procedure

3.2.1
Sample Preparation


Approximately 20 grams of MgO nanocubes were prepared using the Kunnman-Larese method [14].  This method produces nanocubes with a narrow particle size distribution (250 ± 30 nm edge length), high surface area (10 m2g-1), and with exclusively the (100) face exposed.  The reader is referred to Section 2.2.1 for details concerning the production of these nanocubes.

3.2.2
Data Collection
[studying monolayer molecular films with INS techniques] The INS response of the MgO filled sample cell is recorded with equivalent counting statistics (before the molecular films are adsorbed) and then used subsequently to remove the contribution to the INS signal from the cell and substrate.

The INS spectra discussed below were collected using the BASIS backscattering instrument (~3 μeV resolution) at SNS at ORNL.  Compared to CH4 systems. the RTS of these heavier isotopologues are confined to a narrower energy window (±150 μeV) due to the increased ratio V/B, necessitating the use of a spectrometer with higher energy resolution.  INS spectrometers like BASIS, capable of investigating narrow energy windows with significant improvements in the energy resolution, must have sufficient incident neutron flux to compensate for the changes in intensity of the detected tunneling signals which decrease by roughly the square of the ratio of the differences in energy resolution of a comparable spectrometer (e.g. IRIS or OSIRIS at the Rutherford Appleton Laboratory or IN16 at the Institute Laue Langevin).  Experiments with signal to background equivalent to the ones described herein would be difficult (if not impossible) to perform elsewhere.
3.3
Results & Analysis

3.3.1
Spectra
Figure 1 illustrates the INS spectrum of a monolayer of CH2D2 adsorbed onto MgO(100) at 2.0K.  The peaks at energy transfers of 15, 31, 45, and 127 μeV are attributed to rotational tunneling transitions within the ground librational state of the CH2D2 molecule.  These features, as well as the elastic peak, were fitted with Gaussian curve fits, and the full width at half maximum (FWHM) of these Gaussians were plotted against the peak centers.  Figure 2 shows a linear relationship between the width and position of these peaks, with the exception of the feature at 15 μeV.  When this peak is excluded, the least-squares linear regression of the other transitions predicts a FWHM of 4.46 μeV for the transition at 15 μeV.  The observed width is 46% greater, suggesting that the feature at 15 μeV may consist of more than one transition. 
The corresponding INS spectrum for CH3D is shown in Figure 3.  When the spectrum is viewed over the full energy window (top), prominent features are readily observable at 40, 51, 95, & 138 μeV.  Closer analysis of the region where the features at 39 and 51 μeV appear reveals that additional transitions—possibly doublets and triplets—may be present (bottom).  These fine structures are found at the same positions on both the energy loss and gain sides, strongly suggesting that they are genuine and not statistical noise.  The widths of the primary features were analyzed in the same manner as those for the CH2D2 spectrum; however, there is no clear relationship between peak width and energy transfer (see Figure 4)
The linear relationship between the peak width and energy transfer for transitions in RTS has been observed in other studies [need reference].    The linearity of Figure 2 strongly suggests that this trend is applicable to the CH2D2 system.  Within this framework, the deviation of the feature at 15 μeV can be explained by the presence of multiple transitions near this energy transfer.  If these hypothetical transitions are separated by an amount less than the resolution of the spectrometer (3 μeV), then they would appear as one peak.  The width of this peak would then depend on the separation of the component transitions, and not just the energy transfer.  Therefore, these plots of width versus energy transfer can be used as a rough indicator of whether a given observed feature is attributable to one or multiple transitions.  This leads to the conclusion that the 15 μeV feature represents multiple transitions, while the rest are due to single transitions.  Applying this approach to Figure 4, there is a general positive trend between width and energy transfer, but this trend deviates significantly from linearity.  This implies that the primary features of the CH3D spectrum are composed of multiple transitions.  This supposition is supported by the apparent presence of multiplets within these peaks.
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Figure 1.
INS spectrum of CH2D2 monolayer.
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Figure 2.
Peak width analysis of CH2D2 spectrum.
The linear curve fit excludes the transition(s) at 15 μeV.
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Figure 3.
INS spectrum of CH3D monolayer on MgO.

Full INS spectrum of (top) and close-up of fine structure of peaks closest to elastic line (bottom).
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Figure 4.
Peak width analysis of CH3D spectrum.
There is no discernible trend for features on either the energy loss side (red) or energy gain side (blue). Elastic peak is shown in purple.
3.3.2
Pocket State Hamiltonian Matrices

In order to produce an accurate model for these spectra, both the 2D crystal structure of the monolayer and the orientation of the individual molecules with respect to the surface must be known.  Using neutron diffraction [15] and INS [3,4], the solid monolayer phase of CH4 on MgO(100) has been shown to adopt a commensurate √2x√2R45º (also known as C(2x2)) structure, where the molecules assume a dipod orientation with respect to the corrugated potential of the surface.  Also, since nearest-neighbor molecules are rotated 90° with respect to a reference molecule, the symmetry of the rotational potential is reduced to C2v (as opposed to C4v in the case of an isolated molecule in a dipod configuration on a bare surface).  A similar structure is expected for adsorbed CH2D2 monolayers, because the reduction in molecular symmetry to C2v should further enhance methane’s preference for the dipod configuration on the MgO(100) surface.  Accordingly, this work assumes the 2D crystal structure is identical to that of the CH4 system in modeling the CH2D2-MgO interaction potential.

Like CH4, an adsorbed CH2D2 molecule may occupy one of twelve PS’s, and a 12x12 Hamiltonian matrix encapsulating the symmetry relationships between these states was constructed (Table I).  Unlike the CH4 case in which all twelve PS’s are degenerate, the orientations of CH2D2 on MgO can be separated into three nondegenerate groups of states (see Figure 5).  The Hamiltonian consequently has three unique diagonal elements (D, H, & M) that correspond to the zero point energies of these orientations.  States with deuterium atoms closest to the surface are lowest in energy due to at least two factors.  First, a deuteron has a greater polarizabilty than a proton [16,17], resulting in a greater electrostatic interaction with the surface.  Second, the asymmetry of the moments of inertia is stabilized by placing the heaviest atoms in a deeper potential well, in a manner analogous to two simple harmonic oscillators with different masses and force constants [9].

The off-diagonal elements represent the overlap integrals of neighboring PS wavefunctions.  These can be divided into groups of identical elements that permute identical isotopes through symmetrically equivalent rotational barriers.  For reasons that will be described later, elements relating nondegenerate orientations are set to zero.  Diagonalizing the Hamiltonian matrix yields twelve nondegenerate sublevels (see Figure 6a).  Naturally, using symmetry arguments this diagram can be simplified further.

If CH3D also adopts the same dipod orientation on MgO(100) as CH4, then the twelve equilibrium orientations can be separated into two nondegenerate groups:  those in which the deuteron points up, i.e. away from the surface, (hereafter referred to as U states) , and those in which the deuteron points down, toward the surface, (hereafter referred to as D states).  The 12x12 Hamiltonian matrix for this system contains two unique diagonal elements (Table IIFigure 6).  Again, the off-diagonal elements relating nondegenerate orientations are set to zero.  Finally, diagonalization of the resulting matrix produces eigenvalues of A and E symmetry as shown in b.

Table I.  CH2D2/MgO 12x12 Hamiltonian Matrix.
	PS
	D
	D
	B
	B
	B
	B
	B
	B
	B
	B
	H
	H

	D
	D
	TD
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	D
	TD
	D
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	B
	0
	0
	B
	T
	t1
	t3
	t4
	t2
	T┴
	T║
	0
	0

	B
	0
	0
	T
	B
	t3
	t1
	t2
	t4
	T║
	T┴
	0
	0

	B
	0
	0
	t1
	t3
	B
	T
	T║
	T┴
	t2
	t4
	0
	0

	B
	0
	0
	t3
	t1
	T
	B
	T┴
	T║
	t4
	t2
	0
	0

	B
	0
	0
	t4
	t2
	T║
	T┴
	B
	T
	t3
	t1
	0
	0

	B
	0
	0
	t2
	t4
	T┴
	T║
	T
	B
	t1
	t3
	0
	0

	B
	0
	0
	T┴
	T║
	t2
	t4
	t3
	t1
	B
	T
	0
	0

	B
	0
	0
	T║
	T┴
	t4
	t2
	t1
	t3
	T
	B
	0
	0

	H
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	H
	TH

	H
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	TH
	H


The twelve PS’s are labeled in the top row and far left column.  Diagonal elements correspond to the zero-point energies for each state.  Two-fold overlaps are labeled with a capital “T”, and three-fold overlaps with a lowercase “t”.
[image: image5.png]A — = =

Microsoft PowerPoint - [Fig 5] =

g Lo ‘
& (=L@ Fle Edt view Insert Fomat Tools SideShow Window Help e .

'18v81gs.7 . == = v

File Edit Vi

L Organize ~

i 1 Favorites
M Deskiog | 1
‘s Downlol |

25 Recent

Dropbo

(] Libraries

Documg

Music
n %, Pictures
N B videos

& Homegr

Computel
M & Gatewal i

) |Click to add notes
rzw'“ Autoshapes~ \ N (1O A 4 73 @ @ & v o ~

Nl

J





Figure 5.
Three unique PS’s for CH2D2.
The twelve equilibrium orientations can be divided into three types of states. Deuterium atoms are shown in red, protium atoms in yellow.  States are labeled according to which nuclei are facing toward to the surface (toward the bottom of the page): deuterons (D states), protons (H states), or one of each (M—or mixed—states).  Degeneracies of each type of state are below in parentheses.

Table II.  CH3D/MgO 12x12 Hamiltonian Matrix.

	PS
	U
	U
	U
	U
	U
	U
	D
	D
	D
	D
	D
	D

	U
	U
	d↑
	d↑
	h↓
	0
	h↓
	0
	0
	0
	0
	0
	0

	U
	d↑
	U
	d↑
	h↓
	h↓
	0
	0
	0
	0
	0
	0
	0

	U
	d↑
	d↑
	U
	0
	h↓
	h↓
	0
	0
	0
	0
	0
	0

	U
	h↓
	h↓
	0
	U
	d↑
	d↑
	0
	0
	0
	0
	0
	0

	U
	0
	h↓
	h↓
	d↑
	U
	d↑
	0
	0
	0
	0
	0
	0

	U
	h↓
	0
	h↓
	d↑
	d↑
	U
	0
	0
	0
	0
	0
	0

	D
	0
	0
	0
	0
	0
	0
	D
	d↓
	h↑
	h↑
	0
	d↓

	D
	0
	0
	0
	0
	0
	0
	h↑
	D
	d↓
	0
	d↓
	h↑

	D
	0
	0
	0
	0
	0
	0
	h↑
	h↑
	D
	d↓
	d↓
	0

	D
	0
	0
	0
	0
	0
	0
	h↑
	0
	d↓
	D
	d↓
	h↑

	D
	0
	0
	0
	0
	0
	0
	0
	h↑
	d↓
	d↓
	D
	h↑

	D
	0
	0
	0
	0
	0
	0
	d↓
	d↓
	0
	h↑
	h↑
	D


There are two unique diagonal elements, and only the C3 overlaps are nonzero.  For a C3 rotation, one proton/deuteron will remain stationary, and the off-diagonal elements are labeled according whether this stationary atom is a proton (h) or deuteron (d), and whether it points away (↑) or toward (↓) the surface.
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Figure 6.
Preliminary tunneling diagrams.
(a) CH2D2/MgO:  Diagonalizing Hamiltonian matrix yields twelve nondegenerate eigenvalues. 
(b) CH3D/MgO: Eigenvalues are divided into U and D blocks, each consisting of two doublet states of E symmetry and two singlet states of A symmetry.
3.3.3
Calculation of CH2D2/MgO Transition Energies
The HA→HB and DA→DB transition energies were calculated using the variational method.  Since these transitions are symmetrically equivalent, they are given the same functional form, and only the potential strength is varied to distinguish them.  In light of the localized nature of the PS’s and the usefulness of quaternions for describing rotations in three dimensional space—especially systems with multiple rotational frames of reference—Gaussian-like functions in quaternion space were employed as the ansatz wavefunctions.  Quaternions define points on the surface of a 3-sphere using coordinates τ1, τ2, τ3, & τ4, obeying the relation:
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(1)
The identity quaternion (τ1, τ2, τ3, τ4) = (0, 0, 0, 1) represents a reference rotational orientation, and a frame differing from the reference frame by a rotation of φ about a unit vector n = (n1, n2, n3) may be written as (n1·sin(φ/2), n2·sin(φ/2), n3·sin(φ/2), cos(φ/2)).  The reader is referred elsewhere [18] for additional information about quaternion coordinates.  Since tunneling between nondegenerate orientations is assumed to be negligible (see next section), the transition within the H (or D) states was modeled using only a reference PS (ψref) and the PS corresponding to a C2 rotation about the molecular axis (ψC2).  The corresponding ansatz wavefunctions given below included variational parameter (β) related to the width of the wavefunction:

[image: image8.wmf]




(2)
[image: image9.wmf]




(3)
The Hamiltonian operator was likewise expressed in quaternion coordinates.  The kinetic energy operator (T) of an asymmetric top in quaternion space can be found in the literature [11].  The potential was expanded into cubic rotator functions (CRF's) following the method described by Hüller and Kane [10].  Because only CRF's that are compatible with both the molecular and site symmetry contribute, most of the expansion coefficients are zero by symmetry.  Earlier studies by Hüller and coworkers [10,13,19] have demonstrated that these expansions converge rapidly enough that only one term is sufficient to approximate the system.  The lowest order CRF with the requisite site and molecular symmetry is H133, giving the following expression for the potential:
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(4)
where the expansion coefficient A is an adjustable parameter directly related to the strength of the potential.  Solving the Schrödinger equation for the H (or D) PS’s of A and B symmetry yields the energies EA & EB:
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(6)
The integration is performed over the quaternion coordinates, leaving only the parameters A and β.  A range of potential strengths corresponding to 10-300 times the average rotational constant of CH2D2 (10-300B, B = 436 μeV) were substituted for A, and the energy levels were minimized with respect to the variational parameter β.  Figure 7 shows the calculated HA→HB/DA→DB splitting as a function of A.
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Figure 7.
HA→HB / DA→DB vs. potential strength.
Strength parameter A is expressed in units of average rotational constant of CH2D2 (436 μeV), and an exponential decay curvefit applied.  Expressions for HA→HB & DA→DB are identical except for choice of potential strength parameter.

3.4
Discussion

3.4.1
CH2D2 vs. CH3D – Complementary vs. Frustrated Symmetry

As described above, analysis of the peak widths supports the notion that all but one of the features in the CH2D2 spectrum are due to single transitions, while the features in the CH3D spectrum are likely composed of multiple irresolvable transitions.  The apparent complexity of the CH3D spectrum strongly argues for the presence of more tunneling sublevels within the ground librational state when compared to the CH2D2 system.  Generally speaking, significant mismatches in molecular and site symmetry are associated with complex splitting patterns.  The relative simplicity of the CH2D2 spectrum is consistent with the complementary symmetry of the molecule and the adsorption potential (both two-fold).  In contrast, the frustrated symmetry of the CH3D system (two-fold site symmetry and three-fold molecular symmetry) appears to produce a more complex RTS.

For CH2D2/MgO, if every off-diagonal element in the PS Hamiltonian contributed significantly to the RTS, then the resulting tunneling manifold would have twelve nondegenerate states with 66 possible transitions between these states.  The observed RTS clearly does not support this description of the system.  In the spirit of Ockham’s razor, only the minimum number of PS Hamiltonian matrix elements that are necessary to explain the observed transitions are included.  The remaining elements are set to zero.  Therefore, it is necessary to identify which types of tunneling transitions are most probable.

 Given that quantum particles (or groups of particles in this case) generally tunnel only between degenerate states, the overlap elements relating orientations of different energy are obvious candidates for exclusion.  This is also empirically justified; other RTS of methane isotopologues show no evidence of transitions between states of nondegenerate orientations [20,21].  The net result is that only one transition is possible for molecules in the D or H states.  Molecules in an M state, however, still may tunnel to one of seven other M states, resulting in 36 possible transitions—still far more than are observed. 

3.4.2
CH2D2:  The Case for Simplicity
Considering the two-fold symmetry of the molecule, it is reasonable to assume that there is a significant barrier to making three-fold reorientations and hence negligible tunneling probability about any three-fold axis.  Half of the C3 elements transform an M state into an H or D state (or vice versa) and were already set to zero in producing Table I.  The remaining C3 elements (labeled t1, t2, t3, & t4 in Table I) transform an M state into another M state that is distinguishable from the original (see Figure 8a).  For an isolated molecule in an idealized C2 potential, these two configurations will be degenerate.  However, when nearest-neighbor interactions are taken into account, it is clear that this degeneracy is dependent on the orientations of adjacent molecules (Figure 8b).  Moreover, even in cases where nearest-neighbor orientations are symmetric about the C2 axis of the reference molecule, the possibility remains that surface defects and local asymmetries—however slight—will break this degeneracy and suppress tunneling between these two states.  Accordingly, all C3 elements are neglected, and only two-fold reorientations of the molecule are accounted for in the PS Hamiltonian.  This results in four doubly degenerate M states (Figure 9a).  There are six possible transitions with these proposed M sublevels, or eight total once the H and D transitions are included.  This is still more than can be substantiated from experiment, leading to the conclusion that some of the C2 matrix elements must also be negligible.

While tetrahedral CH4 has three C2 axes, for CH2D2 only one of these is a true axis of molecular symmetry.  Henceforth the other two will be referred to as “virtual” C2 axes.  For molecules in an M orientation, one of the virtual axes is perpendicular to the surface while the other is parallel to the surface.  Only rotation about the true molecular axis produces a state identical to the original, so this is clearly the most probable reorientation.  Including only these elements (denoted T in Table I) does not sufficiently describe the observed spectrum, as shown in Figure 9b.  Only three transitions are possible, whereas at least four features are present in the experimental RTS.  Therefore reorientations about one (and only one) of the two virtual axes must be included.  Since the virtual axis perpendicular to the surface is also aligned with the C2 axis of the potential, it is the logical choice.  These rotations (denoted by matrix element T┴) only require the constituent atoms to traverse corrugations in the surface potential, which have been calculated to be only a few percent of the total potential strength [8].  On the other hand, rotation about the other virtual axis (parallel to the surface) requires the two atoms closest to the surface to scale the potential well while the two other atoms simultaneously crash into it.  This reasoning is also supported by RTS studies of CH3D on graphite [20,21], in which splitting due to rotation about the three-fold axis normal to the surface was found to be larger than that about one of the axes oblique to the surface.  Including only T and T┴ in the Hamiltonian results in the sublevels shown in Figure 9c.  Although this diagram still has four M sublevels, two pairs of transitions are necessarily identical in energy, leading to a total of six unique transition energies once the H & D states are included.
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                        (b)

Figure 8.
C3 reorientations of CH2D2.
(a) Performing a C3 rotation on a B state (middle) will transform it into either a D or H state (left) or another B state distinguishable from the original (right).  Note the position of upper H and D atoms. 
(b) Top view of same C3 rotation for two molecules in same M orientation (center tetrahedra in each frame) but with different NN configurations.  Deuterons shown as filled circles, protons as open circles.  Top:  All NN’s in D orientations.  For an ideal lattice, the initial and final states would be degenerate.  Bottom:  Top and left NN’s are in M orientations.  In initial state, the four most significant atom-atom interactions are H-H (x2) and D-D (x2).  For final state, they are H-H, D-D, and H-D (x2).  Thus, the final and initial states would not be degenerate.
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Figure 9.
Diagram of M sublevels under three sets of assumptions.
(a) Tunneling is appreciable about all three C2 axes.

(b) Tunneling is appreciable only the about true molecular axis and is negligible about both virtual axes.

(c) Tunneling is appreciable about axes coincident with molecular and site C2 axes but negligible about virtual axis parallel to the surface.  Although there are six possible transitions, two pairs of these (color coded in red and blue) are of identical energy.

3.4.3
Advantages of Proposed Model

The above model provides a reasonable number of transitions given the observed spectrum.  It also explains other aspects of the observed transition energies.  For example, the sum of the energy transfers of two of the peaks (15 & 31 μeV) are approximately equal to the energy transfer of a third (45 μeV).  Meanwhile, this model predicts one of the transitions (M1→M4) to be a combination of two others (M1→M2 & M2→M4, or alternatively M1→M3 & M3→M4).  The transitions of energy T┴ and T are assigned to the peaks at 15 and 31 μeV, respectively.  The M1→M4 transition (T + T┴) would then correspond to the 45 μeV peak, while the M2→M3 transition (T - T┴) should occur at 16 μeV.  Table III shows the transition energies predicted by this model in terms of the Hamiltonian matrix elements.  That T┴ should approximately (but not identically) equal T - T┴ is a fortunate coincidence:  This provides an explanation for the anomalous width of the 15 μeV peak.  Presumably this feature is actually a combination of transitions at two close, yet distinct, energy transfers.

Transitions within the M block then account for all of the observed features except for the one at 127 μeV.  This must then be attributed to either the HA→HB or DA→DB transition.  The H states—highest in energy—occupy the shallowest wells of the rotational potential and therefore should have the largest splitting.  Thus the 127 μeV peak is assigned to HA→HB.  This peak is also the weakest in intensity, which is sensible considering that the H states should be the least populated at these temperatures.  Referring to Figure 7, this assignment corresponds to a potential strength of 18.92B (8.25 meV) for molecules in the H configuration. Within these assignments, the DA→DB transition remains unaccounted for.  Given that these states are lowest in energy (i.e. deepest potential well), this transition should be at the lowest energy transfer.  One possible explanation for its absence could be that it occurs at less than 2 μeV and is buried within the elastic line.  In this scenario, the variational calculations predict a potential strength greater than 93B (41 meV).  Alternatively, it could compose part of the peak at 15 μeV with a corresponding potential strength of 51.3B (22.4 meV).  However, at these temperatures, the D states should be the most heavily populated, and the 15 μeV multiplet would be expected to have the greatest intensity of all the features in the spectrum.  This is not the case, making this explanation less likely.  These possibilities are summarized in Table IV.

The two-site PS model used in the study of Phase III partially deuterated methanes [9] calculated small differences (~10%) in absolute potential strength among the three isotopologues.  For a given site, the calculated potential strength unsurprisingly increased with molecular weight.  Using the experimental CH4-MgO INS spectrum, the strength of the rotational potential has been calculated to be 10.03 meV for that system [3].  In this work, the calculated potential for the H states of CH2D2 (8.25 meV) is about 18% less than that calculated for CH4 on MgO.  As the CH4 work used spherical harmonic wavefunctions and a potential expanded in terms of Wigner functions, this discrepancy might be attributable to the different methods used.  Another point of interest regarding the CH4/MgO studies [2–4] is the splitting between T levels.  If the two-fold matrix elements for this system are assumed negligible, then the three T levels would be evenly spaced.  However, the INS data shows a difference of approximately 20 μeV.  If this is attributed to contributions from the C2 overlaps, then two-fold matrix elements for this system are of the same order of magnitude (~10 μeV) as those for the M states for the CH2D2/MgO model presented here.  The corresponding H state element is about five times greater, and the D state element is at least five times less (assuming the D transition is buried within the elastic line).
Table III.  Partial assignment of features observed in Figure 1.
	Transition
	Energy
	Assignment

	M1→M2
	2T┴
	15 μeV

	M1→M3
	2T
	31 μeV

	M1→M4
	2T + 2T┴
	46 μeV

	M2→M3
	2T - 2T┴
	16 μeV

	M2→M4
	2T 
	31 μeV

	M3→M4
	2T┴
	15 μeV


Assignments are color coded to match the M state transitions shown in Figure 9c.  Energies are given in terms of the matrix elements in Table I.
Table IV.  Possible HA→HB & DA→DB transition assignments.
	Transition
	Assignment
	Potential. Strength

	HA→HB
	127 μeV
	8.25 meV

	DA→DB
	15 μeV
	22.4 meV

	DA→DB
	< 2 μeV
	> 41.0 meV


HA→HB is assigned to the feature with the greatest energy transfer (127 μeV).  DA→DB is not observed in Figure 1, although it could be buried within the elastic peak (< 2 μeV) or the 15 μeV feature.
3.4.4
Conclusions
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