Impurity rotations in quantum versus classical solids:
O, in solid hydrogens

Z. Liand V. A. Apkarian
Department of Chemistry, University of California, Irvine, California 92697-2025

(Received 4 December 1996; accepted 24 April 2997

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}). Then the rotations of molecular oxygen

in the ground X(3E§) and electronically excited statd’(3A,) is investigated. Where the
substitutional impurity is small, §0X), 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 exci{@d YOstate, 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 hogtAQ 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 Physid$S0021-960627)02229-(

I. INTRODUCTION sical hosts was recently provided in studies of CN radicals
] o ] isolated in rare gas solids.lt was shown, that even in the
TT_elzgpectrqscopy of Impurities isolated in quantumgase of solid Xe, and despite the strong CN—Xe pair interac-
hosts,”™ in sohd.hydrf)sgerﬁ ~ in_hydrogen cluﬁgé,m tion, the radical freely rotates as evidenced from the fact that
SO“_d ar_ld superfluid HE;® and in large He clustets 1San e spectroscopic moment of inertia is nearly identical to that
active f|eld_ of r_esearch at present. One_of the motivations OI)f the bare radical. In essence, due to the preservation of the
these studies is the fact that the impurity speciroscopy pr high symmetry of a substitutional cavity in the classical lat-

V'des a _molecular probg of the host, th_e pecul|ar_|t|es 0 ice, the angular anisotropy of the pair interaction is nearly
which arise from the dominance of zero-point effects in these

. . . . . : completely lifted. This contention is directly demonstrated,
weakly interacting, light mass, media. That impurity rota- . ) .
. . . . . by showing that upon destroying the cage symmetry in
tions provide a useful handle for interrogating host properties ”. :
) ixed rare gas solids, the CN ceases to rotate.
on a molecular level, has been best illustrated by the recen . )
Indeed, we expect a significant difference between clas-

high resolution spectroscopic studies ofgSfntrapped in . . . ; .
9 b 3 6 PP sical and quantum cavities. In the first case, the integrity of a

large superfluid He droplet§. - ) = ) 0
nsubst|tut|onal site containing a small impurity is expected to

In an elegant experimental execution, high resolutio . h tth idi .
spectra of SEisolated in superfluid He droplets has beenP€ Preserved, since t estructureo the solid is determined by
and collapse is prevented by the lateral po-

obtained. The spectra could be fit with an effective momenPotential energy, _
of inertia 30% that of the free molecule, leading to a possibléent'al repulsion among constituents of the cage. In contrast,

interpretation that the rotor is a tight cluster of eight Hell guantum solids where the structure is determined by both
atoms attached to the faces of thegSfetahedrort® This kinetic and potential parts of the Hamiltonian, the cavity is
picture would imply that due to the strong impurity host dynamic and would be expected to conform to the impurity.
interactions, the first shell of atoms are radially localized as d his consideration would lead us to the expectation that im-
classical solid, while the rest of the droplet acts as a friction-Purities that may be free rotors in a classical solid, may be-
less superfluid on the atomic scale. Hindered rotors can alsePme strongly hindered in quantum solids since now rotation
be treated in terms of effective moments of inertia that aris¢an only occur with full correlation with the surrounding
from the drag experienced by the rotor in a cage, or due t6age motion, in effect a polaronic trapping of rotations.
the cage pseudorotatidf.This could provide an alternate These expectations are verified in the model simulations
interpretation of the observed spectrum. Indeed, the radiakhich we present, which are parametrized to represent the
distribution functions obtained in simulations of SFapped rotations of Q in 0-D, or p-H,.
in He clusters show a larger frozen core, containing 22—-23 The choice of the system to be modeled here is moti-
He atoms™* vated by our own experimentsThe spectroscopy of {so-

It is instructive to contrast the concept of a hinderedlated in solid hydrogens was studied experimentally via the
rotor in a quantum host with that of free rotors in classicalformally nonallowedA’ X transition. The transition be-
hosts. The most direct analysis of impurity rotations in clas-<comes allowed only in fcc sites where the molecule is ori-
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ented along thd111] axis* This occurs only for a small dUgy d 1.« ~
fraction of the molecules, and then mainly i, presumably ar —dr2 < Vij(r)=0 3
because the main site of isolation in I$ locked in the hcp

structure. The fluorescence is polarized, implying that aty whichi, andj extend over all pairs. Molecular dynamics
least in the excited state the molecule does not rotate. Aimulations then track the motions of thecenters of the
librational progression is observed, with a librational fre- Gaussians. From such a simulation, it is possible to obtain
quency of 15 cm' in the excited state. A Franck—Condon the pair distribution function of the centers(r), directly,
analysis of the progression intensities indicates that the mognd the pair distribution function of lattice pointg(r), may

lecular axis tips during the transition, that the angularthen pe retrieved through a second Gaussian convol(tion
minima in the ground and excited states are shifted. Beside

the general issue of contrasting soft and hard lattices, the
simulations reported below were designed to provide ration-
ales for these experimental observations.

The simulations are based on a rather approximat¥Vheno is chosen with the criterion of E¢3), the computed
method: classical simulations using pseudopotentials, corf(r) is more structured than the exact function obtained
structed by Gaussian convolution of pair potentials. In thehrough quantum path integral Monte Carlo simulatiéhs.
present, the pseudopotentials are constructed variationallfne exactg(r) is retrieved by adjustingr, by reducing it
designed to be consistent with the structure and phonon de#om the value determined by the minimization of £g)."®
S|ty of states of the neat solid. A more primitive version of However, in the absence of a criterion other than the exact

this method, pseudopotentials constructed based on structugénulations, this approach did not seem very profitable. Yet,
only, we introduced earlié® There, we recognized that the essence of the fix is rather obvious. The above recipe for
while useful, the pseudopotential had to be corrected to rethe choice ofo freezes the entire kinetic part of the Hamil-
produce the exact position correlations in termg(@f). This  tonian, in effect ballooning the particles into Gaussians. The
correction seemed to ke hog discouraging further devel- Structure is mostly determined by the static potentials—a
opment. We have since recognized that the correction can bdassical lattice of hard Gaussians. The overlap between po-
made variationally, using in addition g{r) the phonon den-  sitions is then retrieved in part through the convolution in
sity of states as reference. It is with this approach that wéq. (4). However, this does not contain the proper kinetic
interrogate the issue of classical-like versus quantumlikegorrelations. Hereon, the Gaussian widths determined by the
stiff and soft lattices, and their effect on molecular rotations criterion of Eq.(3) will be designated byrc, with the im-
Our approach finds formal justification in the method of cen-plication that dynamics simulated by these pseudopotentials
troid dynamics over pseudopotentials which has been rigordescribes an effectively classical lattice of Gaussian par-
ously developed by Voth and co-workers for treating theticles. o
time dependent quantum Hamiltonian of systems of large Instead of the criterion of structure, we may choese
dimensionalityt’~1° variationally from a more dynamical measure, namely, by
In what follows, in Sec. I, we outline the construct of demanding that the proper phonon density of states of the
the pseudopotentials and simulations of properties of the ne#attice be reproduced. The phonon density of states of the
solid. In Sec. Il we relate the results of simulations op O neat lattice is obtained by diagonalization of the force ma-
doped hydrogen and deuterium, and close in Sec. IV with &rx, K, of second derivatives with respect to Cartesian coor-
discussion of implications. dinates of the centers

K(r,o)m=V,V,u(r,o), I,m=1,..3, (5)

or)= | g, @

Il. CONSTRUCT OF PSEUDOPOTENTIALS wherel andm run over all coordinates of the lattice. is

As an expedient approach to the dynamical simulationdh€n varied, until the phonon density of states agrees with
of quantum lattices, we previously proposed freezing théhat previously calculated by self-consistent methoidss it
zero-point amplitude of the lattice points by convoluting tUmMs out, the Gaussian width chosen by this criterion, to
them in the potential. Thus we define a pseudopotential W(h')Ch we will hereon refer as, also reproduces the proper

a(r).

S o= - Note, to the extent that the single particle functions can

Vij(r)_f xdr Vi(NGr=n) @ be assumed to be identical time in%eppendent Gaussians, the
present formulation is the same as the prescription used in
centroid dynamics over pseudopotentidldhe assumption
seems quite reasonable for systems near equilibrium, at tem-

L 1 (r—r)? perature of a few K. The more refined treatment would be
G(r—r)= ﬁ exp{ P (2)  that of assuming that the particles are in locally quadratic
avT effective potentials, therefore Gaussians, however, not re-

is a Gaussian characterized by its wid#h,The width of the  stricted to have identical widths. We do not attempt a formal
Gaussian is chosen to minimizeetl® K lattice sum of the assessment of our approximation. Instead, we simply verify
pseudopotential that equilibrium properties are obtained from dynamical cor-

which describes the interaction between a pajr, in terms
of the separation between the centers of Gaussianshere
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TABLE I. Potential parameters.

Pseudopotentials C(eV A??) Cio(eV AL Cg(eV A®) Cs(eV AS)
Vo(Hy—Hy; o=0.567) ~30530.7 9343.45 —607.055 1.539 39
Vy(Ho—Hy; 0=0.43) ~15610.4 5255.52 ~296.902 ~5.54135
V(D,~Dy; =0.42) ~18747.5 5959.72 —386.549 ~2.103 24
V4(D=Dy; o=0.21) ~16107.7 5095.28 —333.678 —2.68054
V(0-Dy) 7074.94 —287.388 13.8675 -9.9483

Morse potentiafsfor O,: De(eV) BA™Y ro(A)
O,(X) 5.178 2.665 1.207
O,(A") 0.868 3.335 1.530

3For the Morse formV=DJ1—exp(-B(r—rJ))*

relations, and fully recognize that our treatment is only anquantum phonon density of states fos &hd D, are given in
approximation, yet a useful one for providing insights into Fig. 2. These are based on diagonalization of force matrices
the problem at hand. for cells containing 256 particles. The computed quantum

The pair distribution functionsg(r), and the phonon p(w), is in good agreement with that of Ref. 23 as far as the
density of statesp(w), starting with the Silvera—Goldman high frequency cutoffs and the Van Hove singularities are
pair potential for hydrogef?, and usingo,=0.42 a.u. and concerned. However, our distributions are coarse due to the
0.567 a.u. for D and H, were already reporte. For the  |imited number of modes considered.

sake of simulations it is useful to have analytical forms for  Given the simultaneous reproduction of both structure

the pseudopotentialg, which we fit to the expansion and phonon density of states with a single pseudopotential,
_ C C c. C we proceed to simulations of the thermal rotations of gn O
V(r_:r__ngT_IngrT_ngT_g_ (6)  impurity in these solids, at-4 K.

These coefficients are given in Table I. The variationally
obtained values ofry are 0.21 and 0.43 a.u. for,Dand 0.3 . - - -
H,, respectively. The coefficients of thg, pseudopotentials

obtained by this convolution of the Silvera-Goldman pair 2%
potential is also given in Table I. The simulatgdr) for
solid H,, based oV andV, are shown in Fig. 1. The first
of these yields a more structureg{r) while the second 3,45}
yields the proper curve, one that agrees with the exact patl <

integral quantum Monte Carlo simulatioffsHenceforth, we 0.1} ]
will refer to all simulations based oW, as “classical,”
while those based oW, as “quantum.” The classical and 0.05¢ ]
0
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25— . o (em
0.25 . . . ;
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FIG. 1.~Pair distribution flinctiorg(r) for solid hydrogen using pseudopo- EIG. 2. Phonon d(insity of states for solig &hd D, using pseudopotentials
tentialsV,, (solid line) andV,, (dotted ling. Vq (solid ling) andV, (dotted ling.
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Ill. SIMULATIONS

The pseudopotentials are used in a pairwise additive
fashion in the classical molecular dynamics simulations of
O, in the X and A’ states, separately. All potential param-
eters used are summarized in Table I. An fcc cell of 500
particles, with periodic boundary conditions is useg. i©®
introduced substitutionally, by replacing it with one of the
lattice points. Independent of initial orientation, the molecule
always flips to point, on average, along the fourfold axis of
the octahedral cage. The thermal motions of the system are
then characterized through four measures:

(a) the time dependent orientation of the molecule:

Q(t)=arcco$R(t)-R(0)]; (7)

(b) the instantaneous cage distortions from equilibrium
D,.p,y, defined as the local lattice constabt(t)=a(t)
—a; wherea is the lattice constant of the perfect solior
equivalently the distance betweer-a planes, and «,8,y
correspond to th¢100], [010], and [001], directions. For

each direction there are four pairs of separations that can be s
computed among the 12 nearest neighbors to the impurity,

andD is taken as the average of these four separatises
inset to Fig. 3;
(c) the principle moments of inertia of the cadg,, ¢,

obtained by diagonalization of the moment of inertia tensor,

I, with diagonal elementk,,l,y,l,,, given as

yy?
12

L= kZl m(RZ—X2) ®)

and off-diagonal elements,, ,I,,,l,, given as

12

Xy = Iyx: - 2 mX, Yy 9

k=1

D
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FIG. 3. O(X) in classical B, characterized by orientatiod, cage distor-
tions,D, 5, , cCage moment of inertia as measured from the molecular cen-
ter of mass|; ; «, and the correlation between the principle cage moment of
inertia and molecular orientatiorh. Note, for the sake of visibility, two
components oD and| are shown in black while one in each is shown in
gray.

in which the summation is limited to the nearest neighbors ofA. O,(X) in “classical’ D ,

O, and the vector positions of the cage atoms are measured

from the G center of mas®R=ry—rcm;

(d) the correlation between molecule and cage, in term

of the angle between principle moment of inertia and mo
lecular axis

¢p=arcco$l ,(t)-R(t)]. (10

These time dependent measures of anisotropy, allow

With reference to Fig. 3, it can be seen that in this case
the molecular orientatiorg(t) fully spans the O« possible
drientations. The cage does not distort as judged by the fact
‘that on averag® ,= Ds=D,~0, and their fluctuations fully
overlap. Nevertheless, the molecule remains slightly eccen-
tric in the undistorted cage, which leads to the small separa-
tion in the moments of inertia. The principle moment of in-
ertia and the molecular orientation remain correlated: on

full characterization of the dynamical correlations betweeraverage =0, implying that the orientation and eccentricity

cage and molecule, significantly more incisive than ensemb
averaged statistical measures.

lare correlated. This is the picture of the rotation-translation-
coupling (RTC) model for motior?* which has long been

Note, since the O—Ppotentials are assumed to be the recognized as the principle mechanism for rotation of small
same, independent of electronic excitation of the moleculemolecules, such as diatomic hydrides, in substitutional sites
the main difference between simulations of the ground an@f classical solid® The separation between center of mass

excited states arises from the difference in the fond
length: 1.2 A in theX state, and 1.53 A in the excited state.

and center of interaction, which is measured by the splitting
in I; in the present gives rise to,j combination bands in ir

In each of these electronic states we carry out separate simeetive molecules, whene is the translational quantum num-

lations usingV. and V, pseudopotentials, referring to the
first as classical and to the latter as quantum. The results
the simulations are collected in Figs. 3—6, to which we refe
in the analyses given below.

J. Chem. Phys., Vol. 107,

ber (local phonon andj is the free rotor quantum numb&t.
& Fourier transform ofé(t), shown in Fig. 7a) yields the
rclassical rotational frequency, from which the effective mo-
ment of inertia can be extracted noting that classically:

No. 5, 1 August 1997
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D (A)
D (A)

Ix10*
Ix10*

20720 40 60 80 100 120 140 -T2 35— 30— &5 -~ B0 i00
Time (ps) Time (ps)
FIG. 4. O(X) in quantum D, same format as in Fig. 3. FIG. 5. O(A’") in classical B, same format as in Fig. 3.
1) 2= LKkgT. (11) follows the distortion. This picture is reinforced by the tight

correlation observed between principle moment of inertia
From the observed frequency of 3.1 th the simulation  and molecular orientation: the rotational jumps observed in
temperature of 4.5 K, a moment of inertia of 1.8 g(t) produce no signature ith(t). We therefore have a pic-
X 107% g cn? is obtained, which, within the uncertainties of tyre of a librator in a locally distorted cage, which undergoes
the simulation, should be regarded as the same as the mgrientational hops carrying along with it the cage distortion.
ment of inertia of the free molecule, of 1.810"** gcn?.  The distortion of the cage in the quantum solid, Fig. 4,
Thus although the observed motion is described as rOtatiOl’ghOL"d be contrasted with the near|y Spherica| Cavity in the
translation coupling, the effect of this perturbation on thecjassical solid, Fig. 3. In the softer solid, the cage conforms
rotational frequency of the molecule is negligiffete, drag  to the to molecular potential anisotropy.
would raise the moment of inenialn its ground state, in
classical solid B, the G impurity is essentially a free rotor. C. O,(A") in “classical” D ,

O,(A’), due to its larger bond length, can no longer
freely rotate in the classical host, as observedy in Fig.
__ The same simulation as above are now carried out using. The molecule undergoes large amplitude librations during
V- as the pseudopair potential. A very different picturethe first 60 ps of the simulation, during which time the cage
emerges from the decomposition shown in Fig. 4. The molis slightly distorted, stretched along the molecular axis. Near
ecule is no longer a free rotof(t) oscillates with small 60 ps, the molecular orientation hops, oscillates along the
amplitudes and makes occasional jumpsm, flipping be-  new equilibrium direction, and then rotates. This motion oc-
tween fourfold axes of the site. The cage has a uniaxial diseurs when the cage assumes a nearly spherical geometry,
tortion,D,>D =D, . The distortion is dynamic and its ori- whenD,=Dg=D,,. The collapse of the cage distortion, and
entation flips as judged by the crossing©in Moreover, all  the reorientation of the molecule, is accompanied by anisot-
of the molecular orientational jumps are accompanied with aopy in the moment of inertia tensor: As in the ground state
change of orientation in the cage distortion axis. No crosselassical simulation, the rotation occurs in the undistorted
ings are observed in the principle moments of inertia, whichcage but with a separation between centers of mass and cen-
implies that the eccentricity of the molecule adiabaticallyter of interaction, and the eccentricity remains correlated

B. O5(X) in “quantum” D ,

J. Chem. Phys., Vol. 107, No. 5, 1 August 1997
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O (X) in "classical" D
i _ ,(X) ’
g
—
<
e 20 25 30
<
O o~
= 38 |
[u— e
0
= 1
Frequency (cm™)
FIG. 7. Power spectra of molecular orientatiéht). Top panel shows the

50 100 rotational frequency of g§X) in a classical solid B and corresponds to
Time (ps) Fourier transformation of the time file shown in Fig. 3. Bottom panel shows
the librational frequency of A’) in a quantum solid B derived from the

FIG. 6. O(A") in quantum B, same format as in Fig. 3. time file shown in Fig. 6.

larger than in . However, the differences in frequencies
with the molecular orientation. The picture is then one ofgre within the widths of the peak width in the power spectra,
orientational locking due to cage distortions, and reorientai.e., indistinguishable. An interesting observation relates to
tion induced by the dynamical collapse in cage distortion. the difference in cage distortions. In the case of quantum
solid D,, the cage distorts by stretching along the molecular
D. O,(A’) in “gquantum” D , axis (D,=0.2 A for O,(A’) in Fig. 6) while compressing
along the molecular betDz=D,=—0.2 A in Fig. 6. The
stretch is obviously the result of repulsion between O and
lattice atoms, and accordingly the compression maybe con-
atrued to be the result of crowding. Given the larger lattice
onstant of H, in the case of thé\’ stateD ,=0.2 A while
s=D,=—-04 A, is observed, i.e., the radial distortion is

nearly doubled, while the axial distortion is the same. More
notable is the case of th¢ state in the quantum {1 where
Dpw the there is no extension of the cage along the molecular
axis, while the radial cage compression remains as
—0.4 A. Therefore, in this case, it is safe to conclude that
the very large radial cage compression is strictly the result of
. attractive forces between guest and host. In short, the very
E. Solid H, soft H, lattice may distort around the impurity either due to

The same set of four simulations were repeated byattractive or repulsive interactions. A cage that conforms to
changing the mass of the host atoms to that gf &hd by the impurity potential is a valid picture to have for these
adjusting the lattice constant of the simulation cell to that ofquantum hosts.
solid H,. The overall picture remains the same, except the
effects observed in Pare somewhat more amplified in,H IV. CONCLUDING REMARKS
A few of the differences deserve comment. In all cases, li- We have presented approximate simulations of extended
brational amplitudes and cage distortions in solig &e  systems dominated by quantum zero-point motions, through

In the softer quantum lattice, the larger angular anisot
ropy of the elongated molecule in tie state is sufficient to
permanently distort the cage, forcing a strictly librational
motion on the molecule, see Fig. 6. The cage is elongate
along the molecular axis, and is compressed around its wai
Fourier transform ofj(t), see Fig. ), now yields a libra-
tional frequency of 15 cm', same as the librational fre-
quency observed experimentaflyThis close agreement
should be regarded as fortuitous, nevertheless, the effect
completely locked orientation is verified by the fully polar-
ized fluorescence observed in the experiments.

J. Chem. Phys., Vol. 107, No. 5, 1 August 1997
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reproduce properties of the system. While by design the Phys.189 351(1994.
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The simulations reported in this work help validate a L+L'=I=|L—L’| andz—z' precluding odck—I values. In Ref. 3, the
picture of an easily deformable lattice for quantum hosts to condition for the vector addition was miss stated asLt-L’, however,
be contrasted with classical hosts. While the exact magni- the conclusion remains, since the lowest acceptable valuésimf the

i i i i ice Substitutional site are 0, 4,6 .

tudes of these distortions will depend on the particular choice, _ are _ _ _
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SFe-g 8B. Tabbert, M. Beau, H. Gunther, W. Haubler, C. Honninger, K. Meyer,

Despite the approximate nature of these simulations, sur-B- Plagemann, and G. zu Putlitz, Z. Phys98 425(1995. _

. . . . — 9A. Scheidemann, B. Schilling, J. P. Toennies, and J. A. Northby, Physica

prisingly good is the agreement with the relatively limited i ' ’ :

- . . B 165 135(1990; R. Frochtenicht, J. P. Toennies, A. Vilesov, Chem.
experimental observations on this system. The model ex- Phys. Lett.229, 1 (1994,

plains Fhe fibsenc_e of rotation sz@\'.): in solid Dz and 10y Hartmann, R. E. Miller, J. P. Toennies, and A. Vilesov, Phys. Rev.
H,, which is verified by the observation of polarized laser Lett. 75, 1566(1995; Science272, 1631(1996.
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