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Molecular dynamics simulations based on pseudopotentials are used to characterize the difference
between impurity rotations in classical versus quantum solids. The method is first applied to the pure
solids and demonstrated to faithfully reproduce static and dynamical properties, in the form of pair
distributions and phonon density of states of solid H2~D2!. Then the rotations of molecular oxygen
in the groundX(3Sg

2) and electronically excited stateA8(3Du) is investigated. Where the
substitutional impurity is small, O2(X), in the classical solid, the cavity remains nearly spherical and
the molecule undergoes rotation-translation coupled motion. In contrast, in the quantum solid, the
lattice locally distorts around the impurity and forces librations with occasional reorientational hops
as rotation-distortion coupled motion. These effects are amplified in the excited O2(A8) state, in
which due to the larger molecular bond length, the angular anisotropy of the guest–host interaction
is larger. Now, in the classical solid a small cage distortion forces the molecule into large amplitude
librations. The molecule, however, reorients occasionally, when the lattice fluctuations lead to a
nearly spherical cage geometry. In the quantum host, O2(A8) becomes a strict librator, due to a large
and permanent deformation of the soft cage. The results are used to rationalize experimental
observations. ©1997 American Institute of Physics.@S0021-9606~97!02229-0#
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I. INTRODUCTION

The spectroscopy of impurities isolated in quantu
hosts,1–12 in solid hydrogen,1–3 in hydrogen clusters,5 in
solid and superfluid He,6–8 and in large He clusters9–12 is an
active field of research at present. One of the motivation
these studies is the fact that the impurity spectroscopy
vides a molecular probe of the host, the peculiarities
which arise from the dominance of zero-point effects in th
weakly interacting, light mass, media. That impurity rot
tions provide a useful handle for interrogating host proper
on a molecular level, has been best illustrated by the re
high resolution spectroscopic studies of SF6 entrapped in
large superfluid He droplets.10

In an elegant experimental execution, high resolut
spectra of SF6 isolated in superfluid He droplets has be
obtained. The spectra could be fit with an effective mom
of inertia 30% that of the free molecule, leading to a possi
interpretation that the rotor is a tight cluster of eight H
atoms attached to the faces of the SF6 octahedron.

10 This
picture would imply that due to the strong impurity ho
interactions, the first shell of atoms are radially localized a
classical solid, while the rest of the droplet acts as a fricti
less superfluid on the atomic scale. Hindered rotors can
be treated in terms of effective moments of inertia that a
from the drag experienced by the rotor in a cage, or due
the cage pseudorotation.13 This could provide an alternat
interpretation of the observed spectrum. Indeed, the ra
distribution functions obtained in simulations of SF6 trapped
in He clusters show a larger frozen core, containing 22–
He atoms.14

It is instructive to contrast the concept of a hinder
rotor in a quantum host with that of free rotors in classi
hosts. The most direct analysis of impurity rotations in cl
1544 J. Chem. Phys. 107 (5), 1 August 1997 0021-9606/97
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sical hosts was recently provided in studies of CN radic
isolated in rare gas solids.15 It was shown, that even in the
case of solid Xe, and despite the strong CN–Xe pair inter
tion, the radical freely rotates as evidenced from the fact t
the spectroscopic moment of inertia is nearly identical to t
of the bare radical. In essence, due to the preservation o
high symmetry of a substitutional cavity in the classical l
tice, the angular anisotropy of the pair interaction is nea
completely lifted. This contention is directly demonstrate
by showing that upon destroying the cage symmetry
mixed rare gas solids, the CN ceases to rotate.15

Indeed, we expect a significant difference between c
sical and quantum cavities. In the first case, the integrity o
substitutional site containing a small impurity is expected
be preserved, since the structure of the solid is determine
potential energy, and collapse is prevented by the lateral
tential repulsion among constituents of the cage. In contr
in quantum solids where the structure is determined by b
kinetic and potential parts of the Hamiltonian, the cavity
dynamic and would be expected to conform to the impur
This consideration would lead us to the expectation that
purities that may be free rotors in a classical solid, may
come strongly hindered in quantum solids since now rotat
can only occur with full correlation with the surroundin
cage motion, in effect a polaronic trapping of rotation
These expectations are verified in the model simulati
which we present, which are parametrized to represent
rotations of O2 in o-D2 or p-H2.

The choice of the system to be modeled here is m
vated by our own experiments.3 The spectroscopy of O2 iso-
lated in solid hydrogens was studied experimentally via
formally nonallowedA8←X transition. The transition be
comes allowed only in fcc sites where the molecule is o
/107(5)/1544/7/$10.00 © 1997 American Institute of Physics
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1545Z. Li and V. A. Apkarian: O2 in solid hydrogens
ented along the@111# axis.4 This occurs only for a smal
fraction of the molecules, and then mainly in D2, presumably
because the main site of isolation in H2 is locked in the hcp
structure. The fluorescence is polarized, implying that
least in the excited state the molecule does not rotate
librational progression is observed, with a librational fr
quency of 15 cm21 in the excited state. A Franck–Condo
analysis of the progression intensities indicates that the
lecular axis tips during the transition, that the angu
minima in the ground and excited states are shifted. Be
the general issue of contrasting soft and hard lattices,
simulations reported below were designed to provide rati
ales for these experimental observations.

The simulations are based on a rather approxim
method: classical simulations using pseudopotentials, c
structed by Gaussian convolution of pair potentials. In
present, the pseudopotentials are constructed variation
designed to be consistent with the structure and phonon
sity of states of the neat solid. A more primitive version
this method, pseudopotentials constructed based on stru
only, we introduced earlier.16 There, we recognized tha
while useful, the pseudopotential had to be corrected to
produce the exact position correlations in terms ofg(r ). This
correction seemed to bead hoc, discouraging further devel
opment. We have since recognized that the correction ca
made variationally, using in addition tog(r ) the phonon den-
sity of states as reference. It is with this approach that
interrogate the issue of classical-like versus quantuml
stiff and soft lattices, and their effect on molecular rotatio
Our approach finds formal justification in the method of ce
troid dynamics over pseudopotentials which has been rig
ously developed by Voth and co-workers for treating t
time dependent quantum Hamiltonian of systems of la
dimensionality.17–19

In what follows, in Sec. II, we outline the construct o
the pseudopotentials and simulations of properties of the
solid. In Sec. III we relate the results of simulations on2
doped hydrogen and deuterium, and close in Sec. IV wit
discussion of implications.

II. CONSTRUCT OF PSEUDOPOTENTIALS

As an expedient approach to the dynamical simulati
of quantum lattices, we previously proposed freezing
zero-point amplitude of the lattice points by convolutin
them in the potential. Thus we define a pseudopotential

Ṽi j ~ r̄ !5E
2`

`

dr Vi j ~r !G~r2 r̄ ! ~1!

which describes the interaction between a pair,i , j , in terms
of the separation between the centers of Gaussians,r̄ , where

G~r2 r̄ !5
1

2sAp
expF2

~r2 r̄ !2

4s2 G ~2!

is a Gaussian characterized by its width,s. The width of the
Gaussian is chosen to minimize the 0 K lattice sum of the
pseudopotential
J. Chem. Phys., Vol. 107
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dr̄
5

d

dr̄

1

2 (
i j

Ṽi j ~ r̄ !50 ~3!

in which i , and j extend over all pairs. Molecular dynamic
simulations then track the motions of ther̄ centers of the
Gaussians. From such a simulation, it is possible to ob
the pair distribution function of the centers,g( r̄ ), directly,
and the pair distribution function of lattice points,g(r ), may
then be retrieved through a second Gaussian convolutio16

g~r !5E
2`

`

dr̄ g~ r̄ !G~r2 r̄ !. ~4!

Whens is chosen with the criterion of Eq.~3!, the computed
g(r ) is more structured than the exact function obtain
through quantum path integral Monte Carlo simulations.20,21

The exactg(r ) is retrieved by adjustings, by reducing it
from the value determined by the minimization of Eq.~3!.16

However, in the absence of a criterion other than the ex
simulations, this approach did not seem very profitable. Y
the essence of the fix is rather obvious. The above recipe
the choice ofs freezes the entire kinetic part of the Ham
tonian, in effect ballooning the particles into Gaussians. T
structure is mostly determined by the static potentials—
classical lattice of hard Gaussians. The overlap between
sitions is then retrieved in part through the convolution
Eq. ~4!. However, this does not contain the proper kine
correlations. Hereon, the Gaussian widths determined by
criterion of Eq.~3! will be designated bysc , with the im-
plication that dynamics simulated by these pseudopoten
describes an effectively classical lattice of Gaussian p
ticles.

Instead of the criterion of structure, we may chooses
variationally from a more dynamical measure, namely,
demanding that the proper phonon density of states of
lattice be reproduced. The phonon density of states of
neat lattice is obtained by diagonalization of the force m
trix, K , of second derivatives with respect to Cartesian co
dinates of the centers

K ~ r̄ ,s! lm5“ l“mU~ r̄ ,s!, l ,m51,...,3N, ~5!

where l andm run over all coordinates of the lattice.s is
then varied, until the phonon density of states agrees w
that previously calculated by self-consistent methods.23 As it
turns out, the Gaussian width chosen by this criterion,
which we will hereon refer assq , also reproduces the prope
g(r ).

Note, to the extent that the single particle functions c
be assumed to be identical time independent Gaussians
present formulation is the same as the prescription use
centroid dynamics over pseudopotentials.18 The assumption
seems quite reasonable for systems near equilibrium, at
perature of a few K. The more refined treatment would
that of assuming that the particles are in locally quadra
effective potentials, therefore Gaussians, however, not
stricted to have identical widths. We do not attempt a form
assessment of our approximation. Instead, we simply ve
that equilibrium properties are obtained from dynamical c
, No. 5, 1 August 1997
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TABLE I. Potential parameters.

Pseudopotentials C12(eV Å12) C10(eV Å10) C8(eV Å8) C6(eV Å6)

Ṽc(H2–H2; s50.567) 230 530.7 9343.45 2607.055 1.539 39

Ṽq(H2–H2; s50.43) 215 610.4 5255.52 2296.902 25.541 35

Ṽc(D2–D2; s50.42) 218 747.5 5959.72 2386.549 22.103 24

Ṽq(D2–D2; s50.21) 216 107.7 5095.28 2333.678 22.680 54

Ṽ(O–D2) 7074.94 2287.388 13.8675 29.948 3
Morse potentialsa for O2: De(eV) b(Å21) r e(Å)

O2(X) 5.178 2.665 1.207
O2(A8) 0.868 3.335 1.530

aFor the Morse form:V5De@12exp(2b(r2re))#
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relations, and fully recognize that our treatment is only
approximation, yet a useful one for providing insights in
the problem at hand.

The pair distribution functions,g(r ), and the phonon
density of states,r~v!, starting with the Silvera–Goldma
pair potential for hydrogen,22 and usingsc50.42 a.u. and
0.567 a.u. for D2 and H2 were already reported.16 For the
sake of simulations it is useful to have analytical forms
the pseudopotentials,Ṽ, which we fit to the expansion

Ṽ~ r̄ !5
C12

r̄ 12
1
C10

r̄ 10
1
C8

r̄ 8
1
C6

r̄ 6
. ~6!

These coefficients are given in Table I. The variationa
obtained values ofsq are 0.21 and 0.43 a.u. for D2 and
H2, respectively. The coefficients of theṼq pseudopotentials
obtained by this convolution of the Silvera-Goldman p
potential is also given in Table I. The simulatedg(r ) for
solid H2, based onṼc andṼq , are shown in Fig. 1. The firs
of these yields a more structuredg(r ) while the second
yields the proper curve, one that agrees with the exact p
integral quantum Monte Carlo simulations.20 Henceforth, we
will refer to all simulations based onṼc , as ‘‘classical,’’
while those based onṼq as ‘‘quantum.’’ The classical and

FIG. 1. Pair distribution function,g(r ) for solid hydrogen using pseudopo
tentialsṼq ~solid line! and Ṽc ~dotted line!.
J. Chem. Phys., Vol. 107
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quantum phonon density of states for H2 and D2 are given in
Fig. 2. These are based on diagonalization of force matr
for cells containing 256 particles. The computed quant
r~v!, is in good agreement with that of Ref. 23 as far as
high frequency cutoffs and the Van Hove singularities a
concerned. However, our distributions are coarse due to
limited number of modes considered.

Given the simultaneous reproduction of both structu
and phonon density of states with a single pseudopoten
we proceed to simulations of the thermal rotations of an2
impurity in these solids, at;4 K.

FIG. 2. Phonon density of states for solid H2 and D2 using pseudopotentials
Ṽq ~solid line! and Ṽc ~dotted line!.
, No. 5, 1 August 1997
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1547Z. Li and V. A. Apkarian: O2 in solid hydrogens
III. SIMULATIONS

The pseudopotentials are used in a pairwise addi
fashion in the classical molecular dynamics simulations
O2 in the X andA8 states, separately. All potential param
eters used are summarized in Table I. An fcc cell of 5
particles, with periodic boundary conditions is used. O2 is
introduced substitutionally, by replacing it with one of th
lattice points. Independent of initial orientation, the molec
always flips to point, on average, along the fourfold axis
the octahedral cage. The thermal motions of the system
then characterized through four measures:

~a! the time dependent orientation of the molecule:

V~ t !5arccos@R~ t !–R~0!#; ~7!

~b! the instantaneous cage distortions from equilibriu
Da,b,g , defined as the local lattice constantD(t)5a(t)
2a; wherea is the lattice constant of the perfect solid~or
equivalently the distance betweena–a planes!, and a,b,g
correspond to the@100#, @010#, and @001#, directions. For
each direction there are four pairs of separations that ca
computed among the 12 nearest neighbors to the impu
andD is taken as the average of these four separations~see
inset to Fig. 3!;

~c! the principle moments of inertia of the cage,I a,b,c ,
obtained by diagonalization of the moment of inertia tens
I , with diagonal elementsI xx ,I yy ,I zz, given as

I xx5 (
k51

12

m~Rk
22Xk

2! ~8!

and off-diagonal elements,I xy ,I xz ,I yz given as

I xy5I yx52 (
k51

12

mXkYk ~9!

in which the summation is limited to the nearest neighbors
O2 and the vector positions of the cage atoms are meas
from the O2 center of massRk5r k2r c.m.;

~d! the correlation between molecule and cage, in ter
of the angle between principle moment of inertia and m
lecular axis

f5arccos@ Ia~ t !–R~ t !#. ~10!

These time dependent measures of anisotropy, allo
full characterization of the dynamical correlations betwe
cage and molecule, significantly more incisive than ensem
averaged statistical measures.

Note, since the O–D2 potentials are assumed to be t
same, independent of electronic excitation of the molec
the main difference between simulations of the ground
excited states arises from the difference in the O2 bond
length: 1.2 Å in theX state, and 1.53 Å in the excited stat
In each of these electronic states we carry out separate s
lations usingṼc and Ṽq pseudopotentials, referring to th
first as classical and to the latter as quantum. The result
the simulations are collected in Figs. 3–6, to which we re
in the analyses given below.
J. Chem. Phys., Vol. 107
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A. O2(X) in ‘‘classical’’ D 2

With reference to Fig. 3, it can be seen that in this ca
the molecular orientation,u(t) fully spans the 0–p possible
orientations. The cage does not distort as judged by the
that on averageDa5Db5Dg;0, and their fluctuations fully
overlap. Nevertheless, the molecule remains slightly ecc
tric in the undistorted cage, which leads to the small sepa
tion in the moments of inertia. The principle moment of i
ertia and the molecular orientation remain correlated:
average,f50, implying that the orientation and eccentrici
are correlated. This is the picture of the rotation-translati
coupling ~RTC! model for motion,24 which has long been
recognized as the principle mechanism for rotation of sm
molecules, such as diatomic hydrides, in substitutional s
of classical solids.25 The separation between center of ma
and center of interaction, which is measured by the splitt
in I i in the present gives rise ton, j combination bands in ir
active molecules, wheren is the translational quantum num
ber ~local phonon! and j is the free rotor quantum number.24

A Fourier transform ofu(t), shown in Fig. 7~a! yields the
classical rotational frequency, from which the effective m
ment of inertia can be extracted noting that classically:

FIG. 3. O2(X) in classical D2, characterized by orientation,u, cage distor-
tions,Da,b,g , cage moment of inertia as measured from the molecular c
ter of mass,I i , j ,k , and the correlation between the principle cage momen
inertia and molecular orientation,f. Note, for the sake of visibility, two
components ofD and I are shown in black while one in each is shown
gray.
, No. 5, 1 August 1997
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1548 Z. Li and V. A. Apkarian: O2 in solid hydrogens
1
2Iv

25 1
2kBT. ~11!

From the observed frequency of 3.1 cm21, the simulation
temperature of 4.5 K, a moment of inertia of 1
310239 g cm2 is obtained, which, within the uncertainties
the simulation, should be regarded as the same as the
ment of inertia of the free molecule, of 1.91310239 g cm2.
Thus although the observed motion is described as rotat
translation coupling, the effect of this perturbation on t
rotational frequency of the molecule is negligible~note, drag
would raise the moment of inertia!. In its ground state, in
classical solid D2, the C2 impurity is essentially a free rotor

B. O2(X) in ‘‘quantum’’ D 2

The same simulation as above are now carried out u
Ṽq2 as the pseudopair potential. A very different pictu
emerges from the decomposition shown in Fig. 4. The m
ecule is no longer a free rotor,u(t) oscillates with small
amplitudes and makes occasional jumps ofp/2, flipping be-
tween fourfold axes of the site. The cage has a uniaxial
tortion,Da.Db5Dg . The distortion is dynamic and its ori
entation flips as judged by the crossings inDi . Moreover, all
of the molecular orientational jumps are accompanied wit
change of orientation in the cage distortion axis. No cro
ings are observed in the principle moments of inertia, wh
implies that the eccentricity of the molecule adiabatica

FIG. 4. O2(X) in quantum D2, same format as in Fig. 3.
J. Chem. Phys., Vol. 107
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follows the distortion. This picture is reinforced by the tig
correlation observed between principle moment of ine
and molecular orientation: the rotational jumps observed
u(t) produce no signature inf(t). We therefore have a pic
ture of a librator in a locally distorted cage, which undergo
orientational hops carrying along with it the cage distortio
The distortion of the cage in the quantum solid, Fig.
should be contrasted with the nearly spherical cavity in
classical solid, Fig. 3. In the softer solid, the cage confor
to the to molecular potential anisotropy.

C. O2(A 8) in ‘‘classical’’ D 2

O2(A8), due to its larger bond length, can no long
freely rotate in the classical host, as observed byu(t) in Fig.
5. The molecule undergoes large amplitude librations dur
the first 60 ps of the simulation, during which time the ca
is slightly distorted, stretched along the molecular axis. N
60 ps, the molecular orientation hops, oscillates along
new equilibrium direction, and then rotates. This motion o
curs when the cage assumes a nearly spherical geom
whenDa5Db5Dg . The collapse of the cage distortion, an
the reorientation of the molecule, is accompanied by anis
ropy in the moment of inertia tensor: As in the ground st
classical simulation, the rotation occurs in the undistor
cage but with a separation between centers of mass and
ter of interaction, and the eccentricity remains correla

FIG. 5. O2(A8) in classical D2, same format as in Fig. 3.
, No. 5, 1 August 1997
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1549Z. Li and V. A. Apkarian: O2 in solid hydrogens
with the molecular orientation. The picture is then one
orientational locking due to cage distortions, and reorien
tion induced by the dynamical collapse in cage distortion

D. O2(A 8) in ‘‘quantum’’ D 2

In the softer quantum lattice, the larger angular anis
ropy of the elongated molecule in theA8 state is sufficient to
permanently distort the cage, forcing a strictly libration
motion on the molecule, see Fig. 6. The cage is elonga
along the molecular axis, and is compressed around its w
Fourier transform ofu(t), see Fig. 7~b!, now yields a libra-
tional frequency of 15 cm21, same as the librational fre
quency observed experimentally.3 This close agreemen
should be regarded as fortuitous, nevertheless, the effe
completely locked orientation is verified by the fully pola
ized fluorescence observed in the experiments.

E. Solid H 2

The same set of four simulations were repeated
changing the mass of the host atoms to that of H2, and by
adjusting the lattice constant of the simulation cell to that
solid H2. The overall picture remains the same, except
effects observed in D2 are somewhat more amplified in H2.
A few of the differences deserve comment. In all cases
brational amplitudes and cage distortions in solid H2 are

FIG. 6. O2(A8) in quantum D2, same format as in Fig. 3.
J. Chem. Phys., Vol. 107
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larger than in D2. However, the differences in frequencie
are within the widths of the peak width in the power spect
i.e., indistinguishable. An interesting observation relates
the difference in cage distortions. In the case of quant
solid D2, the cage distorts by stretching along the molecu
axis ~Da50.2 Å for O2(A8) in Fig. 6! while compressing
along the molecular belt~Db5Dg520.2 Å in Fig. 6!. The
stretch is obviously the result of repulsion between O a
lattice atoms, and accordingly the compression maybe c
strued to be the result of crowding. Given the larger latt
constant of H2, in the case of theA8 stateDa50.2 Å while
Db5Dg520.4 Å, is observed, i.e., the radial distortion
nearly doubled, while the axial distortion is the same. Mo
notable is the case of theX state in the quantum H2, where
now the there is no extension of the cage along the molec
axis, while the radial cage compression remains
20.4 Å. Therefore, in this case, it is safe to conclude t
the very large radial cage compression is strictly the resul
attractive forces between guest and host. In short, the v
soft H2 lattice may distort around the impurity either due
attractive or repulsive interactions. A cage that conforms
the impurity potential is a valid picture to have for the
quantum hosts.

IV. CONCLUDING REMARKS

We have presented approximate simulations of exten
systems dominated by quantum zero-point motions, thro

FIG. 7. Power spectra of molecular orientation,Q(t). Top panel shows the
rotational frequency of O2(X) in a classical solid D2, and corresponds to
Fourier transformation of the time file shown in Fig. 3. Bottom panel sho
the librational frequency of O2(A8) in a quantum solid D2, derived from the
time file shown in Fig. 6.
, No. 5, 1 August 1997
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1550 Z. Li and V. A. Apkarian: O2 in solid hydrogens
the use of pseudopotentials that are variationally derived
reproduce properties of the system. While by design
method is approximate, it is already useful in develop
insights regarding dynamics in quantum hosts. In addition
the treatment of impurity rotations executed here, we h
also used the same approach in calculations of reactive
namics in solid hydrogens.26 While we have not provided
formal justification for the method, our approach closely p
allels the method of centroid dynamics over pseudopoten
advanced by Vothet al.17–19

The simulations reported in this work help validate
picture of an easily deformable lattice for quantum hosts
be contrasted with classical hosts. While the exact ma
tudes of these distortions will depend on the particular cho
of a guest and host, the general trend remains. As a resu
solid hydrogens, and for non spherical guests, rotations
expected to be quenched into coupled molecule-cage osc
tions. This picture may not entirely hold for He, and in pa
ticular for superfluid He. There, the guest along with a sh
of atoms may still rotate, as is suspected for the case
SF6.

9

Despite the approximate nature of these simulations,
prisingly good is the agreement with the relatively limite
experimental observations on this system. The model
plains the absence of rotation of O2(A8), in solid D2 and
H2, which is verified by the observation of polarized las
induced fluorescence over this transition.3 Moreover, the pre-
dicted librational frequency of 15 cm21 in O2(A8) is in ex-
cellent agreement with the librational progression obser
there. Further, the present simulations provide a rationale
the absence of observable fluorescence in undistorted H2 and
the presence of a librational progression in solid D2. As dis-
cussed in the experimental analysis, only O2 molecules
pointing in the@111# direction of the fcc lattice are optically
active. The present simulations indicate that the prefer
molecular orientation in the ground state is along@100# and
strongly locked. As such, the large distortion of the H2 lattice
stabilizes the relative molecule-cage orientation, and p
vents it from pointing along the@111# axis. In the case of
D2, the distortion is smaller, and in the ground state
molecule undergoes large amplitude oscillations. Th
Franck–Condon overlap can be achieved between the gro
state@100# orientation and the excited state@111# orientation
in the case of solid D2, leading to a Franck–Condon progre
sion as observed experimentally, and already identified
implying a change in molecular orientation during the ele
tronic transition.
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