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Inelastic-incoherent-neutron scattering can be a valuable nanostructural probeloped porous materials,
provided the spectral peaks can be interpreted in terms of crystal-field-split hydrogen-molecule energy levels,
which represent a signature of the local symmetry. Inelastic-neutron-scattering measurements as well as ex-
tensive theoretical analyses have been performed on stage-2 Rb-intercalated dRIpI@H), with phys-
isorbed H, HD, and D, [composition GM(H,),, with x= 0.8 or 1.0, a layered porous system with
abundant spectral peaks, to assess whether the crystal-field-state picture enables a quantitative understanding of
the observed structure. The experiments were made at 15 K on the QENS spectrometer at the intense pulsed
neutron source. Potential-energy surfaces for molecular rotational and translational (pataliel and per-
pendicular to the intercalant planeas well as the intermolecular interactions of hydrogen molecules in
Rb-GIC, were calculated within local-density-functional the@pFT). A \/7>< \/7 periodic unit cell(with
composition GgRb) was treated in the calculations. Model potentials, parametrized using results of the LDFT
calculations, were employed in schematic calculations of rotational and translational excited state spectra of a
single physisorbed Himolecule in Rb-GIC. Results of our analysis are basically consistent with the assign-
ment by Steackt al. of the lowest-lying peak at 1.4 meV to a rotational-tunneling transition of an isotropic
hindered-rotor oriented normal to the planes, but indicate a small azimuthal anisotropy and a lower barrier than
for the isotropic case. A peak of low intensity at 4.0 meV is most likely a host feature. Based on the
experimental isotope shifts and the theoretically predicted states, we conclude that spectral peaks at 11 and 22
meV are most likely related to center of mass excitations. We attribute the relatively weak peak at 32 meV to
a librational excitation, and that at 44 meV to an out-of-plane vibration.

I. INTRODUCTION at the Intense Pulsed Neutron Source, Argonne National

Adsorbed or intercalated light atoms such as H and Hé_aboratory, and fill in an energy range missing in the previ-
exhibit quasi-two-dimensional quantum behavior at lowQUS work, as well as provide better resolution overall. These

temperatured. Stage-2 Rb- and Cs-graphite intercalationresults include measurements for HD ang Bs well as
compounds (GIC's) with physisorbed (“molecularly  H>. Furthermore, extensive theoretical calculations were
absorbed®) H, are of special interest because the excitedperformed within the local-density-functional-thedtyDFT)
state spectroscopy measured by inelasticframework of the potential-energy surface of hydrogen mol-
incoherent-neutron scatteriig)(IINS) of these systems pro- ecules in the Rb-GIC system. These potential surfaces were
vides a stringent test for models of the quantum states. Althen employed in model calculations of the ground and ex-
though these materials have received less attention than adited states for isolated hydrogen molecules in this material,
sorbate systents® the ternary heavy-alkali-metal GIC’s with which enable a critical assessment of the origin of the spec-
H, can provide important insights into quantum behavior intral peaks. The basic result of our investigation is that all of
two dimensions, and into the extent to which IINS spectrosthe peaks can be interpreted within the crystal-field-state pic-
copy of hydrogen in porous media can be employed as &re, but their positions are in several cases shifted from
local structural probe. those predicted with our LDFT potentials. The possible role
In earlier work* the IINS spectra for H in stage-2 Rb-  of intermolecular interactions, neglected in our model calcu-
and Cs-GIC were interpreted in terms of a crystal-field-statdations, is at present unclear.
picture. The direct evidence in support of this model, how- Of some general interest is the use of hydrogen-molecule-
ever, is limited. Improvements in both experimental anddopant IINS spectroscopy as a local structural probe of po-
theoretical capabilities motivated the present effort to assegous structures. The IINS spectrum in principle provides a
more quantitatively the crystal-field-state picture. New high-detailed signature of the local environment in the vicinity of
resolution IINS measurements on,tth Rb-GIC were made the site occupied by the molecule. Hydrogen molecules have
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been proposed as probes of local structure in other porous
systems, such as molecular sieVeBhis approach can be
successful only if a relatively simple interpretation exists of
the excited states. Our analysis of Rb-GIC, with a key role
played both by the measurements for several isotopes and the
ab initio calculations, provides some hope that this can actu-
ally be accomplished.

A brief description of the atomic structure of Rb-GIC as it
bears on the ternary system with absorbed hydrogen is given
in Sec. Il. This is followed in Sec. Il by a description of the
[INS experiments, as well as a summary of previous mea-

surements on these materials. The theory is presented in Sec. 0 : : w : :
IV. An interpretation of the spectral peaks is given in Sec. V. 0 10 20 30 40 50 60
A summary appears in Sec. VI. neutron energy loss (meV)

FIG. 1. Inelastic-neutron-scattering spectrum for the ternary
GIC C,Rb(H,) 1, at 15 K measured on QENS spectrometer at
IPNS, Argonne National Laboratory. The inset shows the rotational
tunneling peak at 1.4 meV. The solid line represents a fit to the data

S\gith Gaussians.

Il. HEAVY-ALKALI GIC WITH PHYSISORBED
HYDROGEN

In the heavy-alkali-meta(Rb or Cg GIC’s with phys-
isorbed hydrogen molecules, the molecular center-of-ma
motion is essentially confined to a plane midway between
two graphene sheets, whose separation is stretched from 3.35
A in pristine graphite to 5-6 A in the intercalated system A. Previous work

by the heavy-alkali-metal atoms. Calculations described in- g0 ;5\ inelastic-incoherent-neutron-scattering measure-
Sec. IV confirm the steep energy barriers to molecular

34 : _
center-of-mass motion perpendicular to the layers. Since thrEnents were performed by Stead al™ at Institut Laue

S . .L"angevin and on the DIDO beryllium-filter spectrometer at
molecular center-of-mass motion in the intercalant plane i

relatively free, this material can be regarded as a kind 0?—|arwel| for both stage-2 Rb- and Cs-G[C2M(H2),] at

atomic quantum-well system. Owing to the large “gallery” various hydrogen-molecule fillings. Measurements were
width, the H, molecular bond length and vibrational fre- er?:r magi ansep\)/e;:(;';nsenescgggsgV‘\;Y,;?;Sag;%?gﬁg;ﬁteak
qguency are virtually unchanged from their values in gy ) P b

vacuum® Judging by the behavior of rare-gas adsorbates or?ét;t':g?]gl_zg:mg"? O'i}aggl[?dﬁp?;k awrisé)lé((j:ﬁlnetmlggatae% ghte
graphite, the intermolecular interaction is also expected tcﬂ 9

have similar form to that in vacuum, with a slightly shal- Zs;te >A0 ;V 'tzlgethie'tn;?rczﬁg.g;?.?.é(?t .rt]r']g,hse.trefgl,',r;?:r’]_
lower attractive potential wef. X=>0.9, w P : med wi !

Since the molecule is undissociated in stage-2 GIC, it ha itions appeaf;" well removed in energy from those of site

orientational as well as center-of-mass degrees of freedomy.’ Furthermore., the line shapes of the site A peaks are'modi-
In contrast to adsorbed Hon graphite® the low-ener Mfied. The energies of several of the observed features, includ-
grapre, gy ing the rotational-tunneling peak and some higher-lying

orientation of absorbed molecules is perpendicular to the lay- ; ; - . >
ers, as a consequence of quadrupolar interactions with aIka:F—?aks’ were found conssteg%wth predictions of the isatropic
metal-atom intercalants, as described in Sec. IV. The molec lindered-quantum-rotor modef.
lar intercalates exist only in stage (Bvo graphene sheets
separate successive intercalant layebsit not in the more B. Present measurements
densely intercalated stage 1, with compositiosMZA com- Although Steacet al>#investigated these systems in con-
plicating feature of the stage-2 heavy-alkali-metal GIC, withsiderable detail, the important energy interval 5-15 meV was
approximate stoichiometry £M, is its incommensurate in- omitted from their measurements owing to instrumental limi-
tercalant structure and the resultant disordered crystal poterations. To obtain more complete and higher-resolution data,
tial. Periodic intercalant structures that consist\afx 7 particularly in the energy range below about 20 meV, spectra
domains separated by grain boundaries have beewere measured for GRb(H,) . with the QENS spectrom-
proposed-—*3as approximants to the actual disordered struceter at the Intense Pulsed Neutron Source, Argonne National
tures. The picture of the intercalant structure as a mosaic dfaboratory. Measurements were also made on HD aptbD
small \/7x /7 domains is supported by molecular-dynamicsdetermine the mass dependence of the spectra, as described
simulationst*1® below. Polycrystalline specimefiswere prepared with fill-
Hydrogen can dope the stage-2 heavy-alkali GIC’s conings x= 0.8 or 1.0. Neutron final energy was fixed at 3.65
tinuously, up to slightly greater than two molecules permeV.
alkali-metal intercalant; however, the phase diagram is un- The IINS spectral intensity at energies below 55 meV
known. A reconstruction appears to occur in the vicinity ofmeasured at 15 KRef. 19 for hydrogen-molecule filling
0.8 molecules per alkali-metal atom. X-ray diffraction x=1.0 is shown in Fig. 1. The solid curve represents a fit to
measurement8 would be useful to determine whether the the data(based on a superposition of Gaussjarad the
reconstruction involves the host or only the hydrogen dopinset highlights the rotational-tunneling transition at 1.4
ants. meV, the highest intensity feature in the spectrum. We note

IIl. EXPERIMENT
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that at least three of the peaks that appear in F{gel those

at 2.7, 11, and 22 me\cannot be accounted for within the
isotropic hindered-rotor modéf* The split peaks at 2.7 and

11 as well as the peak at 32 meV were not observed in the
earlier work®>* Although well-defined higher energy transi-
tions may exist, our measurements show no distinct peaks at
energies above those shown in Fig. 1.

0.0015 |H T Y
0.001  , . .

C. Isotope shifts 0.0005 1 D
Measurements were made on Rb-GIC specimens doped - .
with HD and D, as well as H . No previous work on B has
been published. Results are shown in the three panels of Fig. 0 ———— T
2. Some of the more prominent peaks are indicated by ver- 0 20 40 60 80 100
tical lines at the top of each panel. The peak energies are
listed in Table I. Peak energies thitypothetically belong
to corresponding states are listed on the same row of the 0.008 ‘ l ’ ‘ N 1)
table. Ratios of HD and Benergies to those for correspond- -
ing H, transitions are also listed. For reference, inverse- i

0.006 - : - .. T

square-root mass scaling gives a ratio 0.82 for HpAtd e i ST e e

0.71 for D,/H,, whereas inverse mass scaling give a ratio T oI i

0.67 for HD/H, and 0.5 for D,//H,. The isotopic shifts for 0.004 L 3

the corresponding-peak assignments shown in the table fol- i

low very closely the prediction of inverse-square-root scaling

for the transitions at 10.7, 11.9, 22.1, and 43.7 meV for 0.002 |

H,. : ]
For a translational degree of freedom governed by a o E e

power-law potentialV(x)=Cx", the energy eigenvalues 0 20 40 60 80 100

scale with mass as~"(""2). For rotational degrees of free-
dom or most other types of translational potentials, on the

other hand, no comparably simple isotopic scaling exists. 0.005 '| | ’ ' | — 1.
The inverse-square-root scaling found for the 11, 22, and 44 A 2
meV peaks may therefore plausibly be attributed to harmonic = ¢.004 ro -
oscillator potentials. Note that a flat potential with hard & " .
boundaries(i.e., a square-well potentiawould result in E o003 f j
inverse-mass scaling. R . - &
= e
= 0.002 o . o
D. Para- and orthohydrogen 2 &, X FT e e L
: . . = 0.001 [Py N SO
To interpret the spectra properly, the relative population of i
ground and first excited hydrogenic states in the measured 0 '

specimen must be known. If the lowest-lying excited state

(En,=1.4 meV} is associated with rotational tunneling, then b &y ron gﬁergy $0 s (m%OV)
para () and ortho ¢) correspond to the groundy) and
excited @) states, respectively, in the specimen filled with
H,. At equilibrium, the Boltzmann population ratio

100

FIG. 2. Inelastic-neutron-scattering spectra for the ternary GIC
C,,Rb(H,), at 15 K measured on QENS spectrometer, Argonne
National Laboratory. The panels show results for@=0.8), HD
(x=0.8), and H (x=1.0), respectively. Vertical lines at top of
o/p=elg=3 exp —Ey,/kT). (D) each panel indicate peak positions.

IV. THEORY

At T=15 K, o/p~1. Close agreement between spectra The sharply structured IINS spectruffig. 1) suggests
measured before and after a two-week holding pef@dow  h4t the ground and low-lying excited molecular states have

temperaturgindicates that the ortho-para ratio was close t0jjengifiable physical interpretations. The abundance of spec-
equilibrium. In the case of HDe/g=exp(~Enp/kT) and for 5| peaks makes GRb(H,), particularly challenging to
D>, e/g=(1/3)exp(-Ep,/kT). The lowest excited level in  theory. Steadt al. interpreted their results in terms of local-
HD, E,p=0.45 meV (see Table ), and the corresponding ized crystal-field molecular states, a reasonable hypothesis in
equilibrium population ratio at 15 K/g~0.7, of similar  view of the proportionality of the peak intensities and the
magnitude to that for K. Therefore, even at 15 K/g is of  insensitivity of their positions to hydrogen fillingfor
order unity for either HD or H filling. x<0.8)2 The localized-crystal-field-state picture underlies
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TABLE |. Observed transition energiémeV) for H,, HD, and D,, and ratios of transition energies in
HD and D, to corresponding energies in,H Peak widthghalf-width at half maximumand relative areas
are also noted for the fHpeaks.

H, HD HD/H, D, D,/H,
Position Width Area Position Ratio Position Ratio
1.4 0.1 1 0.4 0.29
2.7 0.3 0.1
4.0 1.5 0.25
10.7 1 1 8.8 0.82 7.7 0.72
11.9 1 1 9.6 0.81
22.1 35 1 18.3 0.83 15.6 0.71
31.7 1.5 0.25 30.1 0.95
43.7 25 1 349 0.80

the “site A(B)” nomenclature and the corresponding site- energy scales, the out-of-plane translational potential will be
population analyses presented in the earlier work.considered first, then the rotational and the translational po-
Calculation$** based on an azimuthally symmetric hindered-tentials of isolated hydrogen molecules, and finally the inter-
rotor model, furthermore, suggest that some of the peaks ai@olecular interaction.

attributable to rotational transitions. The remain(ngnhosl Previous calculations for adsorbates on cl8aand
peaks may plausibly be identified with excited states of thgare-gas-platéd graphite employed model pairwise and
molecular center-of-mass motion. three-body interaction®. The interatomic interactions of hy-

In spite of its plausibility, however, evidence for the yrogen molecules in stage-2 Rb GIC, however, has not re-
localized-crystal-field-state picture is inconclusive, and morg.qiyeq previous attention. Our construction of pairwise po-

gggat‘_'(l)end te:tza?éelarteeq?rl]reede tg'tgzt-i?gytseh Sltse(\:/t?;d(ljt%/.tl’:g tmhlo entials is guided by LDFT total-energy calculations. We find
lon, w u XCl P hat within the intercalant plane, the ,Halkali interaction

ecules, at least schematically, to facilitate such tests. Calcu;

lation of the molecular states requires knowledge of thedomlnates the B+graphite (*corrugation”) potential. Fur-

molecule-host interaction, the subject of Sec. IV A below. mthermore, the energy scale for,Hperpendicular vibrations

the present calculations, the host electrons are treated withifi» @5 expected, higher than that for in-plane motion. Physi-
the Born-Oppenheimer approximation, and the host lattice i§2/ly: the Hy-alkali-atom potential represents the superposi-
treated as static. Excitation energies are therefore treatdiPn of a screened quadrupole-quadrupole interaction at in-
within the Franck-Condon approximation. A periodic ap- termediate range and a core-overlap repulsion at short range.
proximant to the host structure is considered in calculationd he strength of the attractive quadrupolar interaction is de-
of electronic structure and total energies. Furthermore, inteitermined by the charge transfer of the, ldnd the Rb inter-
molecular interactions are neglected. Although none of thesealants to the graphite layers and by the dielectric properties
approximations is insignificant, the present single-particleof the layers. An analysis of charge transfer indicates that the
framework is a necessary starting point. Since the quanturalectropositive alkali-metal intercalants donate most of their
states of light interstitials in metals require a many-body devalence charge to the graphene shé&tshereas the ab-
scription even in the simplest cas@s?” one might be in-  sorbed molecules are slightly electronegative, thereby lead-
clined to dis_miss the present anisotropic and disordered sysng to a weak Coulomb attraction between the hydrogen mol-
tem as intractable theoretically. Nevertheless, thescyle and alkali-metal atom.

experimental fact of abundant and sharp IINS peaks, which

in many materials are not observed, suggests that clear inter- 1. Local-density-functional-theory calculations

pretations are available. Th tential f f hvd lecul
A difficult theoretical issue is the extent of localization of € potential-energy surlace of nydrogen molecules was

the hydrogen molecules. In general, several factors will ten@Pt@inéd from LDFT total-energy calculations for a periodic
to localize the ground state and to a lesser extent excite@yStem with composition &RbH,. LDFT is the best avail-
states, including the quasi-two-dimensionality of theable approach, since correlated many-electron-wavefunction
systen? the disordered intercalant structure of the Kgst, techniques would be computationally prohibitive. The
self-trapping® and coupling to host phonoR$,electronic ~ present application, nevertheless, poses a severe test of the
effects beyond the Born-Oppenheimer approximatioapnd ~ LDFT methodology, owing to the small energy scales, the
intermolecular interactions. The Hsingle-particle potential anisotropy in the layered GIC system, and the possible im-
in stage-2 Rb GIC, discussed below, is not strong enough iportance of exchange and correlation contributions, which
itself to localize excited states at many of the observed IINS.DFT treats only in a local approximation.
peak energies. Strong localization either of the ground or A plane-wave basis with a cutoff energy of 60 Ry, and
excited states is, however, not strictly required to produc&eparable norm-conserving pseudopotentials of the
sharp IINS peaks? Troullier-Marting® form, were employed. The semicor@ 4
electrons of Rb, which lie within the graphite valence band,
are treated as band staf@s! Self-consistent Kohn—Sham
The components of the Hinteraction potential are dis- orbitals were obtained by a preconditioned conjugate-
cussed in this section. Following a progression of descendingradient method algorithrif, modified to treat metallic

A. Interatomic potentials
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FIG. 4. Potential energy of a hydrogen molecule as a function of

FIG. 3. Large circles denote the carbon honeycomb lattice, an 4 )
9 y ghe center-of-mass coordinateperpendicular to the layers. Calcu-

small circles represent alkali-metal-ion intercalant positions in theI - - . :
. - o . . _Tation performed for P21a polytype, with molecular axis oriented
C,gRb unit cell. Lines terminating on arrows illustrate generating . 2 . . s
normal to layers; in-plane positiandescribed in the text. Solid line

vectors for the P3 polytype. These vectors represent the in-plane 4
. ; . : represents fit to a parabola.
translation of one intercalant layer relative to an adjacent layer.

(The two graphene sheets that sandwich each intercalant layer are le hvd | | ides inf . b
translated by one-third the second-nearest neighbor honeycoml§-Ing e hydrogen molecule provides information about poten-

lattice spacing, relative to the adjacent sandwichédter three tials in the dilute limit, since the intermolecular interaction is

translations, the sequence repeats itself. The P3 polytype corr@egligible at separations of the order of the lattice constant
sponds to the largest generating vector; two smaller generating veot21d=12.4 a.u., wherel is the carbon-carbon bond length.
tors correspond to polytypes P21a and b. Most of the LDFT calculations employed observed lattice
constants, although a few calculations were done for LDFT
systems® The Gaussian-broadened metffbatas employed, predicted lattice constants.The predicted in-plane lattice
with four special k points. constant is about 1% smaller than experiment, whereas the

The 7% \/7 supercell of the graphite honeycomb lattice, calculated equilibriumc-axis lattice constant is 6% larger
a commensurate-approximant to the alkali-metal-intercalanthan experiment. We have employed for tApA sandwich
structure, which corresponds to compositiongRb, was thickness the measured c-axis lattice constant of stage-1
chosen as the periodic unit cell in these calculations. As merRb-GIC3® and for theAB spacing the interlayer separation
tioned above, the actual intercalant structure is a disorderegf pristine graphite. C—C bond lengths appropriate to stage-1
mosaic of commensuraté7 x \'7 domains separated by do- Rb GIC (Ref. 3§ were employed. The small layer expansion
main boundaries of higher alkali density. The site-A posi-and distortion resulting from the fHdoping’ are neglected.
tions are thought to be located within th@ x /7 domains’ LDFT calculations are applied in the following to charac-
According to this viewpoint, the present calculations pertainterize the crystal potential
to the site-A spectroscopic features.

To fully specify the unit-cell configuration, stacking se- V(r,z,Q), (2
guences for both the graphite and the intercalant layers mus
be selected. The ideal graphene-layer stacking sequence .

erer and z are the molecular center-of-mass coordinates

stage-2 GIC?’ AIAB|BC|C, where the vertical spacers rep- arallel and perpendicular to an intercalant layer, and
resent intercalant layers, is employed throughout. Three in? Perp Yer,

equivalent intercalant stacking sequendpslytypes are Q_(ﬁ?’d.’) represc(ajnts th? mglem;}lar olrlleﬁtagonl,(lt.hg lbbfndh
compatible with this graphite-layer sequence. The polytypejsengt IS treated as fixed. T'e S'ga%,). uckling of the
will be denoted P21a,b and P3, and have repeat lengths aphene sheets resulting from intercalattda neglected in
21, 21, and 3 intercalant layers, respectively. The three poly- e calculations.
types differ in the nearest-neighbor spacings of intercalants
in adjacent layers. Since the alkali-alkali interaction is
repulsive® the polytype P3, which has the largest interlayer The potential for translations in the direction, perpen-
nearest-neighbor separation, is expected to have the lowedicular to the layers, is illustrated in Fig. 4. The plotted re-
energy. The stacking sequences for the P3 polytype is illussults correspond to the P21a polytypges0 andr located
trated in Fig. 3. The arrow indicates the in-plane displaceslightly displaced from a trigonal sifgrigonal sites are equi-
ment of a given intercalant layer relative to an adjacent layerdistant from three intercalants in thé?x \/7 supercell
The P21a sequence is generated by a translation vector coslong a line joining the trigonal to an alkali-metal intercalant
necting a hexagon-center position and a hexagon vertexsite; this is a relatively low-energy in-plane position, as will
P21b is generated by a vector twice as large, but with thée seen below. A quadratic potenthdl=kZz?/2 fitted to the
same orientation. We emphasize that these polytypes pertagalculated points is represented by the solid curve. The cal-
only to our idealized periodic system with composition culated points oscillate about this best-fit harmonic potential.
C,gRDb, and do not actually occur in nature. Based on the curvatuile we find the energy scale for per-
Calculations were performed with either one or two hy-pendicular center of mass motion of hydrogen molecules is
drogen molecules per unit cell. Thé7x 7 cell with a  of order Aw=45 meV. Perpendicular vibrations therefore

%an H, molecule embedded in a stage-2 Rb GIC matrix.

2. Out-of-plane center-of-mass potential
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FIG. 5. Azimuthal-angle dependence of the rotational potential

for r in off-trigonal site(see texx, with the molecular axis parallel

o the layers. FIG. 6. Center-of-mass potential for,Halong a slicgindicated

by the line with the arrowthrough the unit cell starting at a bridge
) __ site (r=—0.5) and passing through a trigonal site<0). The po-
possess a higher energy scale than many of the excitatioRgntial becomes steeply repulsive as an alkali-metal-atom intercal-
that appear in the IINS spectru(fig. 1). The out-of-plane ant site atr=1.0 is approached. Trigonal sites are indicated by
potential-energy curve varies only moderately with in-planetriangles. The plotted results are for the P3 polytype.
positionr; for example, results for the trigonal site are al-

most identical to those for the off-trigonal site plotted in Fig'ter of mass potential also includes a corrugation potential

4 for z less that 0.5 a.u. The zero-point molecular-center-of-

mass vibrational amplitude normal to the layers is approXi_resulting from interactions with the graphene sheets, interac-

mately 0.3 a.u. For comparison, the vibratiofrahs) ampli- tion's with a}lkali-mgtql ions in other layers, and intermolecu-
tude perpendicular to the layers of bulk graphite at low!ar |nteract|ons. Within the present trgat_m_ent, the center-of-
temperature¥ is 0.12 a.u. mass potential possesses the periodicity of the chosen
J7X A7 unit cell. The7x 7 unit cell is illustrated by
3. Rotational potential solid lines in the inset to Fig. 6. The dashed line divides the

cell into two equilateral triangles whose vertices are occu-
ied by Rb intercalants; the center-of-mass potential of a
ingle H, molecule must be determined only within one of

e{htese symmetrically equivalent triangles. The filled triangles
denote trigonal positions at the center of the irreducible tri-
angles. The results plotted in Fig. 6 represents the potential

: e along a line from a bridge siter € —0.5, in units of the
Three different center-of-mass positions, were exam- , . . X .

ined, the trigonal site, the “bridge” position midway be- alkali-metal ion-trigonal site separatiofdcc, wheredcc
tween two nearest-neighbor alkalis, and a site about 20% dP _t%e f.(fla:jb?n'calrbon ?ﬁﬂdlen?tmroggh alktrllgone:I ls_,lte
the distance from a trigonal to an intercalant site. The polargril’oI eThrlang €s Iln e insg ow;r aﬂ apgl-mf. a |o.n h
angle energy dependence is well represented in all cas 2_1 ) ?'t ese resu_:js c%rrgslpon to the polytype; the
by V(6)~1—cos(¥)=2 sirfd, with the preferred molecu- Wpoytypg ISt fl'?rlstlhere clow. le 20 is indeed
lar orientation §=0) parallel to thec axis. The azimuthal- € note Tirst that the energy scale g : mey) Is indee
angle dependence is given approximately Wye)~a lower than that for the rotational potential. Going from the
+bcos(Zh— b)), where the anisotropy amplitudda is es- trigongl siter=0 .(Wh!Ch we arbitrarily set as t.he energy
sentially zero at the trigonal site, 0.32 at the off-trigonal site,zgtrr? In t_h(_e +r dlrectlo_n(,)\i(k_)r) Sh.OWSt a?hattrgctlvtt_a region
and 0.40 at the bridge site. The calculated results for thd/1th @ minimum néar =14.15, owing 1o the aftractive qua-
off-trigonal site are plotted in Fig. 5, along with a {golid drupolar interaction, followed by a sharply repulswg core-
curve to the analytical form. The mean energy barrier foroverlap region as the mole'cule approaches the Rb intercal-
rotation through the equatorial plane 0= 7/2), Erg;The var? der \ﬁ/gazlz rac{%}.Z A fr(])r Ha, anc_j |149A| ford
a=96, 120, and 121 meV for the trigonal, off-trigonal, and ) ltouc ?t.r— I. ’h where t. e é)_otentla IS areda r):
bridge sites, respectively. Although results are mentione trongly repuisive. In the opposite direction, toward the

only for the P21a polytype, similar behavior would be ex- ridge site ar =—0.5, the molecule experiences the attrac-
pected for the other two polytypes. tive quadrupolar interaction with both members of the

bridge, while avoiding the core overlap, since the bridge
length, 6.55 A, is larger than the sum of van der Waals di-
ameters. These calculations were based on experimental val-
The center-of-mass motion of the molecule is governedues of the lattice parameters, which, as mentioned, differ
primarily by the potentialV(r,z=0,0=0). As mentioned from the equilibrium values determined from LDFT calcula-
above, quadrupolar interactions between arhblecule and tions. To test the sensitivity of the results to the lattice con-
an alkali-metal intercalant tend to align it norma#l<€0) to  stants, calculations were also performed for the calculated
the layers. In addition to the quadrupolar interaction, the cenequilibrium lattice constant§. The results were similar to

Rotational spectra were analyzed by Steadl®*with an
isotropic-hindered-rotor model, where the rotational-energyg
barrier was treated as an unknown parameter. The pres
LDFT calculations essentially confirm the validity of this
model, generalized slightly to include a small azimuthal-
angle anisotropy in the rotational barrier.

4. In-plane center-of-mass potential
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FIG. 7. Center-of-mass potential for;Halong the same path as  FIG. 8. Effective intermolecular potential for Hnolecules in
in previous figure for the P21a polytype. The points are on a coarsestage-2 Rb-GIC, based on Eg). The molecular axes are perpen-
grid than in Fig. 6. dicular to the layersR is the distance between the center of mass

positions of the two molecules, which are located on opposite sides

those shown in Fig. 6, but with a slightly shallower mini- of a bridge site. Potential zero arbitrarily chosen to correspond to
mum near =0.15. molecules on adjacent trigonal sites.

The center-of-mass potential for the P2la polytype is
plotted in Fig. 7(solid curve; these results are analogous to the unit cell are kept fixed in these calculations. The calcu-
those for the P3 polytype plotted in Fig. 6. Apart from fine- lated effective intermolecular potential
scale oscillations, the overall structure of the potential for the
two polytypes is similar. Fine scale oscillations with a period  Vef(Ra,Ro)=E[CogRb(H;), ] — 2E(CogRbH,) + const,
of about 0.1@/7d) appear in both cases. It is tempting to )

attribute these oscillations to the graphite corrugation potenwhereR, andR,, are the center-of-mass positions of the two
tial, but they are most likely a numerical artifact associatedmolecules, is plotted in Fig. 8. The effective potential
with the FFT grid. Vet1(R) shows a minimum slightly deeper and at intermo-
To represent the potential throughout the unit cell, it islecular separation 1 a.u. smaller than isotropic intermolecular
convenient to express the energy in terms of an effectivgotentials in vacuurfi: With the molecular orientation as-
molecule-alkali-metal-atom central-force pair potential. Wesumed in the present calculations, steric hindrance is smaller

have employed a parametrized potential of the form than in the isotropically averaged interaction, which accounts
for the shorter minimum-energy intermolecular separation.
V,(x)=Aexp — a[x—Xq]) — C/x*+D/x8, (3) The results folV.¢4(R) indicate that the attractive part of the

intermolecular potential is somewhat weaker, but of the same
wherex=1—r is the hydrogen molecule—Rb separation, theorder of magnitude, as that for the,HRb interaction(Fig.
potential minimumx,=0.84, andA, «, C, andD are adjust- 6).
able parameters. Qualitatively, the first term represents the
core-overlap repulsion, and the sum of the inverse-power B. Hydrogen-molecule eigenstates
potentials the alkali-metal-atom—hydrogen-molecule
(screeneflquadrupole interaction. The total potential is then
the sum of pairwise interactions with the Rb neighbors of
hydrogen molecule. The paramef@ri Eq. (3) were fitted
to the calculated results in Fig. 6 betweer 0.0 and

The results presented in Sec. IV A indicate that the in-
lane motion has a lower energy scale than the rotational and
ut-of-plane-vibrational motion. To simplify, we treat the lat-

ter degrees of freedom in an adiabatic approximation, so that
; ) > the in-plane motion is governed by an effective potential in
r=0.3, with the potential constrained to cut ofbxat 1. The which the rotational and vibrational motion are integrated

harmonic approximation to this potential h‘."‘S a IT]ir]irnlmout. Accordingly, the potential that enters the molecular
Ey=—8.6 meV atx,=0.84, with corresponding frequency Schroedinger equation

hwo=18.9 meV for H,; anharmonicity is therefore pro-
nounced even for the ground state. [H(r,z,Q)—E]®=0, (5)

5. Intermolecular potential where H=T+V, is approximately decomposed into three

Lo . . terms,
The effective interatomic interaction between rare-gas ad-

sorbates on graphite is substantially the same as in vaGuum. V(r,z,Q)=u(r)+uv(r,z2)+w(r,Q), (6)
This is also expected to be the case for the intermolecular

interaction of hydrogen intercalated in stage-2 Rb GIC, agvith  u(r)=V(r,z,,Q), the in-plane potential,
mentioned in Sec. Il. LDFT total-energy calculations werev (r,z)=V(r,z,Qq) —V(r,zy,{), the out-of-plane vibra-
performed, as a function of intermolecular separation, on dional potential; andv(r,Q)=V(r,zy,{) —V(r,zy,0Qy), the
unit cell with two molecules oriented perpendicuk=(Q) to  rotational potential. Here, refers to the intercalant plane,
the layers. The molecules are placed symmetrically on oppcand (), corresponds to a molecular orientation perpendicular
site sides of a bridge site. Positions of the 28 carbon atoms ito the layers.
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We employ a product wave function 100

b/a=0.5

>
D(r,z,0)=xym(r,2o; Q) E(r, Qo;2) ¢(r) (7 g 80
and factor the Schabnger equation into rotational 8 60 L
g
=
[Nrot(r, Q) —E5 m(r)Ixam(r,zo;2)=0, 8 a0
vibrational % 20 |
1]
[h.(r.2)—En()]1én(r,2)=0, 9) = ol = = 4,
and in-plane
100
Lhy(r)—Eil¢i(r)=0 (10) E g0 |
components. Here h,q(r,Q)=t,o;+w(r,Q), h,(r,2) % 60
=t, +v(r,z), and hy(r)=t+V|(r), where the in-plane E
adiabatic potential is ® q0r
§
V(r)=u(r)+Eqo(r) +Eq(r). (12) é 20
s
The foregoing separation of variables, based on (B. 0 T 30 30
will be employed throughout the remainder of this article. mean rotational energy barrier a/B

The degrees of freedom, z, and () are assumed weakly

coupled, as a first approximation. We do not present a formal F|G. 9. Transition energies from the ground state to excited
justification of the adiabatic approxmation, but to check itsrotational states vs reduced rotational energy barrier. The lower
plausibility, numerical calculations were performed of panel corresponds to isotropic barrier and the upper panel is based
the z dependence of the rotational barrier on azimuthal anisotropy ratib/a=0.5. The vertical axis energy
V(r,zp,Q4)—V(r,zy5,Q0), where Q,=(m/2,¢); the in- scale corresponds to that for,Hfor HD and D, the energies are
plane coordinater;, was located at a trigonal site, at which lower by a factor of 0.75 and 0.50, respectively. The same energy
the ¢ dependence is small. Only a gradual decrease of th&cale also enters into the rotational inertia param@ten the hori-
rotational barrier is found as z is moved away from the in-zontal axis, so that for the same barrier parameters, HD analr®
tercalant plane,, which indicates that rotational-vibrational further to the right.

coupling is small.

Note also that the Hibond length is held fixed, since the h/a=0.5. For nonzerd/a, the degeneracy betwedm and
associated vibrational frequency is an order of magnitude_ p; states is split, as shown in the upper panel of the figure.
larger than any of the other energy scales. Although the rotational states represent at most only part
of the hydrogen-molecule wave function, they already fur-
nish guidance for the interpretation of the observed IINS

The results presented above show that the rotational ma&pectrum(Fig. 1). If we assume that the lowest-energy IINS
tion has the largest energy scale of the in-plane degrees gkak represents a rotational transitféra constraint is im-
freedom represented in the potentdlr, 6, ¢). We found in  posed on allowable values of the rotational-barrier param-
Sec. IV A 3 an anisotropic hindered-rotor potential etersa and b. Thus, in the vicinity of the trigonal site,

) b~0, and the measured tunneling splitting of 1.4 meV im-
w(r,Q)=sirfg[a(r) +b(r)cog2¢)]. (12 pjiesa/B~13.5. For HD the measured tunneling splitting of

This potential apparently has not been studied previously?-4 MeV impliesa/B~19, and so in the two cases the tran-
although a similar potential with c&& polar-angle depen- Sition energy implies a barrier of 102 10 meV, remarkably
dence has been treat&dTo gain insight into the role of close to our calculated barrier. As described in Sec. IVA3,
azimuthal anisotropy ¢ dependende which was neglected however, the anisotropy increases for center of mass posi-
in the previous work, the Schirdinger equation for a quan- tions away from the trigonal site. The results in Fig. 9 show
tum rotor in a potential given by E@5) was solved numeri- that the rotational-tunneling splitting of a rotor with given
cally with a spherical-harmonic basis s¥,,. The method value of anisotropy parametér has a lower bound as the
of solution is described briefly in the Appendix. The appro-mean rotational energy barriafB is varied. This minimum
priate dimensionless parameters for the problem are the rédnneling splitting is plotted as a function bfa in Fig. 10.
duced mean rotational energy barfiea/B, and the anisot- Based on the measured val(®4 me\j of the tunneling
ropy ratio, b/a. Here B=#%2/2l is the molecular rotational splitting for H,, we find an upper bound on the anisotropy of
energy constant, which i§7.356, 5.538, 3.709meV for  aboutb/a=0.3. An even more stringent bound is obtained
(H,, HD, D,). Plotted in Fig. 9 are the transition energies from the tunneling splitting for HO? for which the transi-
from the ground-state to excited-state multiplets as a function energy(0.4 me\j requires an anisotropy of less than
tion of a/B. The lower panel corresponds to the isotropicb/a=0.15. From this we conclude that a center-of-mass
rotor with b=0 and the upper panel to anisotropy ground state localized in either of the two candidate sites

1. Rotational eigenstates
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—_ : 1

g 23 Vi(r)=Zmad(r—ro)?. (13)
N ]

g

g1.5" The center-of-mass eigenstates for this potential can be
= labeled by radial quantum numbarand (circulan angular

g 1y il momentum quantum numbkr Since the harmonic oscillator

Z 051 | frequency(19 meV) is greater than the well depf® meV),
- at most then=0 state is localized, but bound states may
E 0 exist with higherl. The approximate transition energies are

0 0.1 0.2 0.3 0.4 0.5
anisotropy parameter b/a

Eoy— Ego~#22/2mr3. (14)
FIG. 10. Minimum tunneling splitting as a function of the azi-
muthal anisotropy parameter. Obtained from minima in curves such i . .
as those in Fig. 9. If we consider, hypothetically,=0.7 (ro=5.0 a.u), transi-
tions would occur at 0.15,0.6,1.4,2.4,... meV, and

. . inverse-mass isotope scaling would be expected. For no val-
from our calculated potential already appears to be incom- P g b

. . . A . es ofxq in this range is there correspondence, however,
patible with experiment, because of their higher rOtatlonagetween these predicted energies and experiment. The Rb-

anisotropy. A more detailed consideration of center-of-mas )
states is given in the following sections. centered states therefore appear unlikely.
A significant feature of the rotational spectra in Fig. 9 is
the wide energy gap between the rotational-tunneling transi- 4. Bridge-centered and off-trigonal-site states
tion at 1-2 meV and the lowest “librational” mode transition  The LDET calculations yield approximately,=0.84,
between 30 and 50 meWfor a/B~10-20. The measured \hijch is close enough to half the intercalant separation for
spectra in Fig. 1, on the other hand, show several péatks the wells from two neighboring alkali metals to overlap to
2.7, 4, 11, and 22 meMwithin this gap.(In the previous form a deeper well in the “bridge” region. In this case the
work of Steadet al,>* only one peak in this energy range \ell forms an asymmetric two-dimensional harmonic oscil-
was identified. We now explore the possible relationship |ator, with roughly 25 meV frequency in the direction toward
between these spectral peaks and center-of-mass state eXle alkali metals, and 4 meV frequen@xery sensitive to the
tations. exact value ofx,) in the perpendicular direction. For,
slightly greater than/3/2=0.866. . ., this overlap well bi-
2. Center-of-mass eigenstates furcates into two wells with a small barrier between them at

The potential for the center-of-mass motion, Egjl) is  the bridge location; in fac.t we may already _be seeing this in
the superposition of the “direct” interaction(r) and the thg full caIcuIated' potential of Fig. 6. In either case, such
rotatonal and vibrational zero point energies, b'rlldge—cent_erec'i eigenstates would ha\{e center-of-mass tran-
Eoolr) + Eo(r), respectively. The direct interaction was dis- Sition energies in the range we are looking for and the correct
cussed in Sec. IV A 4. The variation of the zero-point eneriSotope dependence, and it is tempting to identify the 22
gies over the unit cell is small compared with the variation inmeV peak with the calculated 25 meV oscillator frequency.
u(r) and is therefore neglected. Instead of solving the moHowever, this excited state energy seems too high to be lo-
lecular center-of-mass Scltinger equation for the actual calized in our calculated potential. Additional evidence
calculated potentiali(r), simplified, computationally trac- 2gainst a bridge-centered ground state is the analysis in Sec.
table models are constructed, designed to capture the qual¥ B, which indicates that the azimuthal anisotropy associ-
tative features of the states. Intermolecular interactions an@t€d with a localized bridge-centered state is inconsistent
the disordered domain structure of the Rb intercalants ar@ith experiment. _
neglected, because our aim is to assess the validity of the FOr slightly larger values of the parametey there is a
site-A crystal-field-state picture, which postulates states lofing of minima surrounding the trigonal site, associated with
calized within individual cells of tha/7x \7 domains. The "€ combined potentials of the three neighboring alkali met-
central issue is whether the “gap” transitions, such as thos@!S: There is some evidence for this in our full calculated
at 11 and 22 meV, can be attributed to center-of-mass stafPtential for the P21 polytype in Fig. 7. Equatiofis3) and

transitions, as suggested by Stesicl > (14) would again apply, but now the ring radiugis reduced
’ to around 1 a.u., and the transition energies from the ground

state to states of differemtwould be 3.8, 15, 34 .. meV,
within the energy region of interest. The rotational anisot-

The potential given by Eq23) gives rise to a minimum of ropy may not be an issue in this case since the ground state
depthE, at radiusx, surrounding the Rb intercalants.df  has equal probability of being in positions with three differ-
were small enough that the contribution from neighboringent directions of anisotropy, so on average it should be
alkali-metal intercalants (with  midpoint distance roughly the same as the trigonal site itself, which has essen-
x=1/3/2=0.866...) were negligible, then at least the tially no anisotropy. However, for these states the transition
ground state would be localized in a ringlike state surroundenergies scale inversely with mass, and so again this result
ing a Rb atom. In the harmonic approximation, seems inconsistent with experiment.

3. Rb-centered state
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5. Trigonal-site states (analogous, say, to solid hydrogen in a random external po-

If the alkali-H, potential minimum parametex, were tentia) and is not addressed in this article.

close to 1(due, for example, to overestimated quadrupole
interactions in the LDFT calculatignthe potential wells of
three neighboring alkali metals would merge into a single
well centered on the trigonal site. The resultant harmonic e discuss in this section the interpretation of the IINS
oscillator potential would be symmetric because of the threespectrum. Since no selection rules are applicable, all excita-
fold symmetry there. The corresponding oscillator frequencytions are in principle observable. In view of the large
estimated from Eq(3) is close to 11 meV, and the intercell jncoherent-neutron-scattering cross section of H, spectral
barrier at the bridge site is about 28 meV. The ground statgeaks of primarily hydrogen character are expected to be
and two excited states could be localized within such a We”prominent in H and HD-doped intercalated graphite_ Some
giving transition frequencies at 11 and 22 meV, almost exhost phonon spectral featufés® may also be visible. Since
actly matching IINS peak positions. Furthermore, the inversehe first excited state as well as the ground state is populated
square-root isotope effect for this model is in agreement withyt 15 K (see Sec. Ill D, higher excitations may give rise to
the experiments, as is the zero ground state rotational anisqioublets split byEH2 or Ep. In most of the following dis-

ropy. — . cussion, however, peak energies are interpreted as ground-to-
Although such a center-of-mass potential is not d'reCtlyexcited-state differences

supported by the LDFT calculations, it could arise from a
slight modification of the fitted potential.

V. INTERPRETATION OF IINS SPECTRA

A. 1.4 meV transition
6. Extended states . . .
The 1.4 meV peak is the sharpest inelastic spectral fea-

Although we have thus far con;;id_er_ed Iocalize_d states, ifyre, as shown in the inset to Fig. 1. Its energy is well below
the presence of perfect periodicitythe lattice of the phonon density-of-states maxima of the binary stage-2
V7x\7 unit celly coherent Bloch states would be the for- Rh GIC host® and thus represents a hydrogen feature. It is
mally correct representation. Consider a simplified model inattributed to transitions between the lowest two rotational
which, instead of Eq(3), the alkali-metal atoms are treated state&* (“tunneling splitting”), as described in the preceding
as hard disks. The states for this potential are delocalizedection. As mentioned earlier, its intensity is proportional to
however, the bottlenecks between the disks appreciably nafiling, whereas its position is insensitive to filling for
row the bands. We note that similar potentials have beef<(0.83*Further, values of the rotational barrier required by
studied in the context of photonic bands in periodic dielectricthe isotropic(or weakly anisotropichindered-rotor model to
arrays‘,‘e and the two-dimensional Sinai-billiard modéIWe y|e|d the observed tunne”ng Sp||tt|ng for 2Hand HD
have calculated the eigenstates based on a technique dev@-% 100 me\} are in close agreement with each other, and
oped in connection with the latter modélit involves ex-  with our LDFT calculations. These results all lend support to
panding the wavefunction in plane waves and determininghe crystal-field-state picturelncidentally, the tunneling-

the eigenvalues that are compatible with the zero boundarypiitting in the D,-doped systentless than 0.1 meVis be-
conditions at the disk surfaces. Guided by the potential inow the experimental resolution.

Fig. 6, we consider disks with radii 0.433 of the triangular
lattice constant, which corresponds to 0.75 of the trigonal
site-intercalant spacing. The first several eigenvalues for B. 2.7 and 4.0 meV transitions

H, (starting with the ground stateare found to be 7.84, The 2.7 and 4.0 meV transitions. not ;
) . . , previously observed,
15.89, 16.80, 21.88, and 25.3 meV. The corresponding band,y renresent host features. Simulations for stage-2 Rb GIC

widths are of order 1 meV, although higher eigenstates havg; o 50 showed a phonon DOS peak associated with in-
considerably larger bandwidths. These results confirm thagané Rb-intercalant modes centered at 4.2 meV. in close
I : '

the excluded volume associated with the disks appreciab greement with experimental observatiGhghe 4.0 meV
narrows the bands and that at least the lowest energy trana—

, . ; eak seen in Fig. 1 may plausibly be identified with the 4.2
tions to resonant states above the potential barrier could proy,oy phonon peak in Rb GIC, with the peak shifted slightly
duce relatively sharp peaks in the IINS spectrum. We note ;

. ; owing to the presence of the hydrogen molecules. Consistent
however, that such states would have inverse-mass isotopgs

: ; . . ~Fwith this interpretation is the absence of an isotope shift in
shift scaling, contrary to the experimental observation, Wthf‘{h

. i , ; e corresponding peak for,gRb(HD),,.
is a serious drawback of the hard-disk-array potential model. 1o 5 7 mev transition may bé) a subfeature of the

_ _ _ manifold including the 4.0 meV peakij) another manifes-
C. Influence of intermolecular interactions tation of the 4.0 meV feature, shifted 18, , corresponding

Clustering of the hydrogen molecules may occur at lowto orthohydrogen, ofiii) an in-plane molecular-center-of-
temperatures, even for dilute filling, although there is atmass vibrational state. The feature at 1.5 meV in
present no direct experimental evidence of this. It is therefor€ ,,Rb(HD),, may representiii), shifted by the isotope ef-
possible that the intermolecular interactions play an imporfect. These energie@.7 and 1.5 meY appear sufficiently
tant role in the ground and excited states of this system, ansimall to be consistent with the shallow in-plane potential
in particular might be expected to enhance localization of thevells predicted by the LDFT calculations, and could be as-
higher energy excited states. To treat the intermolecular insociated with transitions between the ringlike states of Sec.
teractions theoretically is a difficult many-body problem IV B.
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C. 11 and 22 meV transitions served value of 44 meV. The observed isotope shift ratio of

The transition at 22 meV was previously observed by0-82 between HD and § however, is consistent with a
Stead et al®* The splitting of the 11 meV transition in ~harmonic oscillator transition and cannot easily be reconciled
C,.Rb(H,),, may be associated with orthohydrogen. It isWith the isotope shift ratio of 0.94 predicted for the libra-
tempting to interpret the 11 and 22 meV transitions as thdional mode.
first two excitations of harmonic-oscillator-like states, be- Although 44 meV is again close to a multiple of the ap-
cause of the approximately inverse square-root isotope effegiarent 11 meV in-plane oscillator frequency, the LDFT cal-
(Sec. Il and the integral ratio of the transition energies. Onculations also predict a perpendicular center-of-mass vibra
the other hand, the frequency of tleDFT-predicted out-  tional frequency of 45 meV, and the matrix-element
of-plane potential is too high to be relevant to these transiargumen{as well as the greater intensity of the 44 meV peak
tions, whereas the high excitation energies are difficult tahan the 32 meV peaksuggests that the observed transition

reconcile with the shallow in-plane potential wells. We note,is indeed associated with this out-of-plane vibrational mo-
however, that the extended excited states may be sufficientlyon.

narrow to match the observations. Furthermore, another pos-

sible scenario is that the LDFT calculations overestimate the N _ .

attractive part of the BRb interaction, as discussed in Sec. F. Transitions at higher fillings

IV B 5; a trigonal-site centered harmonic potential may then A remaining issue is the identity of si®. None of the
produce an almost perfect match to the experimental transiy7 x /7 sites appears to have the high rotational barrier
tion energy and isotope shift, as well as the inferred rotacalled for by the low observed tunneling splittiid,and
tional anisotropy. In any case, the 11 and 23 meV transitionherefore siteB is most likely located in a higher alkali-
energies are of the same order of magnitude as transitiongetal-ion-density region of the system, which becomes

predicted within several models of the,Henter-of-mass populated only after most of the energetically favorable
motion, so it is not unreasonable to attribute the transitions tgjtes are filled.

center-of-mass motion, even if the precise states have not
been established.

VI. DISCUSSION

D. 32 meV transition . o .
A primary motivation of this work was to assess to what

The 32 meV transition is distinguished from those at 1lgytent IINS spectra for GRb(H,)  (and related isotopically
and 22 meV by its minute isotope shift, which seems togypstituted systemgrovide a detailed signature of the local
preclude assignment as a third transition in that sequenc@nyironment surrounding the hydrogen molecules. If the
and the small integrated intensity. This might suggest appresrystal-field-state picture could be made more quantitative, it
ciable host participation in this mode, although the highes{yoyid lend confidence to the application of IINS spectros-

energy phonon density—of—states features attributed to alkal'bOpy as a nanostructural probe of other hydrogen-doped po-
metal |nterca|anf§ are in the range Of 13 meV. AISO Worthy rous SystemS, SUCh as mo'ecu'ar Sievesl

of consideration is the possibility that this mode is the sec- Tpe interpretation in the earlier work by Steatial®*
ond rotational(first librationa) transition of the H mol-  focysed on the rotational transitions and did not consider
ecule. With an isotropic-hindered-rotor-model rotational bar-center-of-mass excitations. It was found that the isotropic-
rier of a/B~14 (a~100 meV, the second rotational hindered-rotor modelSec. Ill) could apparently account for
transition occurs at 39 meWFig. 9). This is considerably several of the observed IINS peak positions, whereas some
larger than the experimental value; however, it is possiblgyher possible crystal-field symmetries, for example,
that nonsinusoidal contributions to the rotational potential, agetragonaf? yield splittings between rotational-tunneling and
well as rotational-translational coupling, significantly shift f,ndamental-librational linesJM =10 and 1} much larger
the observed transition. The observed HD tg Hitio of  than experiment. No direct theoretical justification of the
transition energies of 0.95 is consistent with the PmdiCtedsotropic-hindered-rotor model was available, however.
ratio of 0.94. _ - ~ The LDFT calculations in the present study suggest that
The small integrated intensity indicates a small matrixthe isotropic-hindered-rotor model is essentially correct, al-
element. General considerations suggest that librational trafhough the model should be generalized to include a small
sitions have smaller matrix elements than those associategrimuthal anisotropy, the consequences of which are consid-
with center-of-mass motion, which provides additional sup-gred in the Appendix and in Sec. Ill. On the other hand,
port for the assignment of this mode to the librational tran-several transition peaks identified in the earlier Wérwere
sition. not reproduced in the present IINS measurements. Further-
The next highest predicted rotational transitiomhich  more, the 44 meV peak, previously attributed to the funda-
corresponds td=2, M=1) for the isotropic hindered-rotor mental librational transition, appears more likely associated
model is at 49 meV. The experimental data, however, do nofith an out-of-plane vibrational mode, based on the isotope
show any distinct feature in this energy range, or at higheghifts, as well as the LDFT calculations. We tentatively as-
energies. Either small matrix elements and/or wide bandsjgn the fundamental librational transition to the narrower
widths for these states may make them unobservable.  pyt weaker 32 meV peak. Overall, therefore, although the
hindered-rotor model is now on a firmer theoretical footing,
the role of librational transitions in the observed IINS spectra
Model calculations for both librational and out-of-plane is not as clear as it seemed.
vibrational modes vyield energies in the vicinity of the ob-  Particular attention was given in the present work to the

E. 44 meV transition
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spectral peaks that could not be identified with rotationalNo. W-7405-ENG-48. A.P.S., R.B., M.M., and F.R.T. were
transitions, namely, those features between the rotational tusupported at Argonne National Laboratory by the U.S. De-
neling peak at the 1.4 and 32 meV peak. Of these peaks, thgartment of Energy under Contract No. W-31-109-ENG-38.
ones at 11 and 22 meV are perhaps most critical. They showost of the computational work was performed at the Na-
an inverse square-rotarmonic-oscillator likgisotope shift  tional Energy Research Supercomputer Center, Lawrence
in the spectra for both HD and Dand therefore represent | jyermore National Laboratory. Calculations were also per-

hydrogenic rather than host features. Calculations based diprmed on the CM-200 at the Minnesota Supercomputer
rectly on the LDFT potential, however, are unable to repro-center.

duce all the essential features of these transititnassition
energy, isotope shift, and the ground-state rotational anisot-
ropy). A modification of a potential model fitted to the LDFT
calculations suggests that the explanation may be a harmonic
potential well centered on the trigonal site, resulting fromthe  For a three-dimensional rotor described by coordinates
Superposition Of the pOtential fOI’ neighboring alkall metals. 0, ¢’ the free eigenstates are the Spherica' harmonics
We have mentioned in Sec. Il that our single-particle-y, (g ) with energy eigenvalues?|(1+1)/2!, wherel is
approximation theoretical treatment, although a necessaghe moment of inertia of the rotor. The Hamiltonian matrix

starting point, ngglects several many-body gfféptmnonic, elements in the presence of a rotational potentigll) can
electronic, and intermoleculathat may be important. For be written

example, since the predicted single-particle-approximation
P P geP Pp Him e =520+ /(21 81 Sy + (Yo MY iP), t

APPENDIX: THE ANISOTROPIC ROTOR MODEL

bandwidths, of order 1 meV, are of the same order as the
measurement temperatufEs K), localization of the ground
state is likely. The localization of the excited states at 11 an@nd the corresponding states are obtained by diagonalization
22 meV, for which at least the second is likely to be higherof the resultant matrix. The simplest way to evaluate the
than the single-particle-approximation barriers to migrationmatrix elements of the potential is to rewrite our angular
is more difficult to judge. The role of the intermolecular potentialw(€)=sirf¢{a+b cos(2$)] as a sum of spherical
interactions may be important for a proper description of tharmonics:

localization of the center of mass excited states. Even with

these uncertainties about the center of mass states, the corre-

lation bgtween calculateq and opseryed spectroscopic fea- W(Q)=a[ 2amY oy 0, ) — 2\mI5Y o0 6,8)]

tures reinforces the promise of this kind of hydrogen spec-

troscopy as a nanostructural probe of porous materials. +(b/2)(32m/15) YA Y 5+ Y, ). (A2)
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Then the matrix elements are simple triple integrals of
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Y W) Y =3[ (21 + 1)/ (21" + 1) 1Y @)y S —@- {C(1,2,] +2;m,0,m)C(1,2,] + 2;000) Sy 61714 2
+C(1,2,1;m,0,m)C(1,2,1;000) Sy 8- + C(1,2,1 —2;m,0,m)C(1,2,] = 2;000) Sy 81112}
+(32YD{C(1,2,| +2;m,2,m+2)C(1,2, +2;000) 8, ms+ 281 112
+C(1,2]+2;m,—2m—2)C(1,2,1 +2;000 8y m_287 1+ 2+ C(1,2,1;m,2,m
+2)C(1,2,;000) 8,/ ms 28,1+ C(1,2,1;m,—2m—2)C(1,2,1;000) 81 26,7
+C(1,2]—=2;m,2,m+2)C(1,2] —2;000) 8,y 126112+ C(1,2,] —2;m,—2,m—2)
XC(1,2,1 —2;000) 81 m-28) |- 2}]. (A3)

We can immediately simplify somewhat by noting that although the ones we needed hét®se withAl==*2,0 and
nonzero matrix elements appear only between states diffeixm= +2,0) can be obtained from standard talSfem cal-

ing in | or m by multiples of 2, so there is actually a con- culating the eigenenergies shown in Figs. 9 and 10 we per-
served parity-type quantum number for and for m:

p=l mod 2 andy=m mod 2, leading to four disjoint sub- formed exact diagonalizations of the matrices for fiyeand

blocks in the Hamiltonian, witp=0 or 1 andq=0,1. The d values, including all free rotor states witk'l;. By com-
Clebsch-Gordan coefficien§(...) can bereadily evalu- paring results for different values of the angular-momentum
ated numerically by one of the standard iteration schemegutoff, we found excellent convergence fgre=12.
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