Simulations of quantum crystals by classical dynamics
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Classical molecular dynamics simulations of quantum crystals, using a simple pseudopotential, are
reported. The method is implemented for calculating both equilibrium and dynamical properties. As
a test, the radial distribution functions for pure solig &hd Li doped solid Hare computed, and

found to be in excellent agreement with prior results obtained by the variational Einstein[Dodel

Li and G. A. Voth, J. Chem. Phy€6, 5340(1992]. The method also yields a realistic phonon
density of states, which is obtained by normal mode analysis. As an implementation in dynamics,
the rotational motions of ©isolated in solid D are investigated. In agreement with recent
experiments, it is found that Qloes not rotate in solid P © 1995 American Institute of Physics.

I. INTRODUCTION note, though, that these methods are inherently equilibrium
calculations. In this report we test the utility of a conceptu-
Cryogenic crystals are among the simplest of systems imlly simple dynamical approach, namely, classical dynamics
which details of many-body photodynamics can be investisimulations in which the single particles are represented by
gated by iterating between experiment and simulation. Whilespatial Gaussian distributions. To test the method, we carry
classical simulations of many particles are straightforwardput simulations of solidpara-hydrogen, both pure, and
dynamical treatments of many quantum degrees of freedordoped with Li. The latter system has recently been scruti-
pose serious difficulties. At cryogenic temperatures, zeronized by path integral Monte Car[®IMC) and a variational
point effects pose such a problem. To delineate the imporgquantum Einstein model, with which we compare our
tance of such effects on dynamics we suffice by citing tworesults:®*! Having tested the reliability of the approach in
examples. It has recently been demonstrated that femtosegbtaining equilibrium properties, we implement it in dynami-
ond time resolved studies represent a uniquely powerful togtal calculations, specifically considering the rotational dy-
for the study of dynamics in cryogenic solii¥he informa-  namics of Q isolated in solid B, a system which was re-
tion content in such measurements is directly related to theently scrutinized by experiments.
extent of classical coherence in the evolving dynamics. The
extent of coherence has been demonstrated to be determinﬁd
by the initial coordinate space distribution; which in turn, is
controlled by zero-point amplitudes of lattice vibratidnis Conceptually, the approach taken here is quite simple.
another example, in statistical treatments of photodissociaie represent each particle by a Gaussian, and then classi-
tion quantum vyields, it has been shown that dissociatiortally simulate the time evolution of the centers of the Gauss-
probabilities near the energetic threshold are strictly deterians subject to the assumption of pairwise additivity of
mined by zero-point amplitudes of lattice vibrations, an ef-forces. The equations of motion for the centers of the Gauss-
fect that could not be treated by classical simulations afoneians are then given according to Ehrenfest’s theorem:
Approximate methods, tailored to particular applications 42 2
exist3~® In the case of the time resolved studtempera- mWriEmaﬂm:E (=VV(r,—1)). (1)
ture scaling was used as a method to account for the quantum 17

amplitudes’ The systems mentioned above pertain to classiFor isotropic pair potentials, functions of internuclear sepa-
cal van der Waals SO“dS, in which the quantum effects Comeation R= |ri_ rJ| a|0ne’ the average force |mp||ed in Hq_)

into prominence due to the low working temperatures.can be obtained for a pair of Gaussian particles by the con-
Clearly the considerations are more severe in quantum hostge|ution integral

We have in mind the significant body of recent work on — _ _

spectroscopic studies of impurities isolated in condense —Vij(R) =<_ ‘9V(_ri__ri)>

He” and H,.2 Quite clearly, strictly classical simulations of dR B ari—rj)

dynamics in such media completely fail, and as we show

METHOD

below, temperature scaling yields completely unrealistic re- =_ fx drifm dr;G(r;—r))
sults. Convenient methods for incorporating quantum effects —o —o
in dynamical simulations in an approximate, nevertheless, N(ri—r)
useful manner remain desirable. XG(rj—r, S
The most common approach for simulating quantum ari=rj
many-body systems involves the path integral formulation of % — 9V;(R)
quantum statistical mechanigdhere is a vast literature on = —f deGj(R_ R) R (29

realizations of this principle in treatments of quantum hosts:
solids, fluids, and clusters, which we do not cite here. Wewhere
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While the definition of the average force is sufficient for 20F ]

numerical integration of Newton’s equations of motion, it is
generally more appealing to define a pseudopoterifal, g
from which the pseudoforce can be obtained. This can be 2 o0
done by taking advantage of the local nature of the Gaussian =
function, and properties of the convolution integral

10 ]
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= 7ocdRVij(R) IR R (a.u)
d [« — (3) FIG. 1. The Silvera—Goldman pair potential foy, i$ shown (thick line)
=— —f dRV;;(R)G;;(R-R) along with the pseudopotentiéhin line) generated by convolution of the
IRJ = GaussianG;;(R), which is also shown. The hatch marks are from the ana-
— U lytic fit to the pseudopotential, E¢6) of text, which reproduces the numeri-
aVij(R) 1% — dV;i(R) cal potential to within 0.1 K throughout the range shown.
- = ——(Vjj(R))=——2—.
JR JR JR

In practice\N/ij(Ii) is constructed by convolution of the pair betweenT=0 and 4 K (at T=4.2 K, P=0, V=23.16
potential V;;(R), with a GaussianG;;(R), which represents .y q) 15 The pair potential, the pseudopotential, and the
the self-consistent pair probability distribution in the ex- Gaussian used are illustrated in Fig. 1. In the bound region,

tended solid. Noting that &=0 the pseudopotential repre- o \ithin 0.1 K, V;;(R) can be fitted to the functional form
sents the total zero-point energy, sum of potential and k'”et'%energies in eV and distances in A

terms, a self-consistent criterion for the choice of the Gauss-

ian width can be defined. Namely, it is demanded that miniz, (R)=— 26982+ 9545.8 630'24+ 1.6385
mization of the lattice sum of the pseudopotential H-HA TV ™ R12 R10 R8 R '
~ 6
AU d 1G - = o . . .().
=—>> V(R;)=0 (4 which is a convenient form to be used in the numerical simu-
dR dR 24 ] . . P
! lations (also illustrated in Fig. 11

yield the proper experimental lattice constantTat0. For Classical molecular dynamics simulations were carried

Vij(R) given as a function of powers of internuclear separa-out in the microcanonical ensemble. A total of 68€H,
tion, the lattice sum can be evaluated and minimized analytimolecules arranged on a hcp lattice were included in the
cally. For an arbitrary form, the width of the Gaussian can besimulation box, periodic boundary conditions, and the Verlet
chosen iteratively by numerically evaluating the lattice sumalgorithm were implementetf. The H—H, radial distribu-
over the equilibrium configuration of the lattice. Givefy,  tion function, constructed according to E@), is shown in
classical molecular dynamics simulations can be carried outig. 2. Comparison of the radial distribution function with
according to well-established prescriptidridt is however those of Li and Voth shows that the present result is indis-
important to note that the simulations are for the centers ofinguishable from their converged variational Einstein
the single particle distributions. While most observables cammodel;* however, both are more structured than the fully
be computed directly, in the case of distributions, the outpugonverged PIMC simulations. The latter can be regarded as
of the simulation has to be convoluted by the Gaussian onceearly exact®!* Quite clearly, by freezing the zero-point
again. Thus, in the case of the radial distribution functionenergy in the pseudopotential the interparticle correlations
the simulation yieldgy(R), and the proper distribution func- are not well reproduced. It is interesting to note that if we do

tion, g(R), is obtained as away with the criterion for the choice of the Gaussian width,
then the PIMC results can be emulated. If we choose a
g(R)= fw dﬁG(R— Ii)g(ﬁ). (5) Gaussian width nearly half that obtained by the energy mini-
—o mization of Eq.(4), effectively unfreezing part of the zero-

A Solid H poi_nt_er_1ergy, it is_ po_ssible to approaqh the_ PIMC results.

' 2 This is illustrated in Fig. 2 for a Gaussian width of 0.13 A.

For simulations of solid K, we use the Silvera— However, given the arbitrary nature of this adjustment, we do

Goldman pair potentials a¢;;(R) 1% Note, this is an effec- not further pursue the procedure.
tive pair potential, implicitly incorporating many-body con- It is important to note that unlike a true Einstein model,
tributions. Using a Gaussian of widthh = 0.30 A in Eq. the present pseudopotential produces a proper phonon spec-
(2b), the constructed pseudopotential reproduces the latticekum. The phonon density of states for this system is deter-
constant of solid K (a=3.79 A), which is nearly constant mined by normal mode analysis, by diagonalizing the force
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FIG. 4. Li—H, radial distribution function with Li occupying a fivefold

FIG. 2. Radial distribution function for solid H Results of classical simu- e i
A esubstltutlonal site in hcp H

lations using two different pseudopotentials are shown: solid line, is for th
self-consistent pseudopotential generated by convolution of a Gaussian

width o = 0.30 A[Eq. 2b) of text]; dashed line, is for a pseudopotential

generated by a Gaussian width @f= 0.13 A, while using the equilibrium ~ Gaussian to generate the Lixldseudopotential. Given the

lattice constant of the solid. fact that the Li—H pair potential is extremely shallow, we do
not expect localization of the Hunction near the impurity.
Moreover, since the solid is expected to anneal around the
Ximpurity for low doping densities, we expect thap khol-
ecules nearest neighbor to Li will be well represented by
Sheir bulk single particle distributions. Accordingly, we con-
struct the Li—H pseudopotential using the same pair poten-
tial given in Ref. 11, and the Gaussian determined above for
the neat solid. The resulting pseudopotential can be well fit-
Y& by a Morse function

constant matrix. The results of diagonalization of the matri
for a cell containing 500 atom&l500<1500 elemenisis

shown in Fig. 3. The density of states qualitatively agree
with that of solid H.2>® However, the computed frequen-
cies are~10% higher than that of solid HAs in the case of

the structured distribution function, the implication is that the
pseudopotential created based on the spatial Gaussian dis
bution yields too stiff a lattice. This result can also be . o
amended by the use of a narrower Gaussian width. Viin,(R)= Def1—exd — B(R—Ry)1}2, !

whereD,=1.05x10"3 eV; R,=5.70 A, 3=0.915 A1,
The classical simulations in this case are carried out by
We next consider solid Hdoped with a single Li impu- placing the Li atom in a cavity formed by removal of five
rity atom. In contrast with the neat solid, in this case, anearest-neighbor atoms, which is one of the various trapping
self-consistency criterion does not exist for the choice of asites simulated in Ref. 11. The computed Li,phir distri-
bution function is shown in Fig. 4. As in the case of purg H
the present result is indistinguishable from the converged
variational Einstein model, and more structured than the con-
0.20 n'l'I'I'I'I'I'I'I'I'I'I'I'I‘I'I'I'I'I'I‘I'I'I'I'I'I'I'I'I'_ Verged PIMC resulté(xa)
I 1 The above comparisons of equilibrium properties, the
: ; radial distribution functions, and the phonon spectrum, estab-
015 ] lish some confidence of the reliability of the method as a
qualitative tool. Notwithstanding the simplicity of this ap-
proach, its major attraction is that it is inherently a dynamical

B. Li doped H ,

5\ i 1 . .
o or § treatment. We take advantage of this aspect in the example
below.
005 ] C. Rotational dynamics of O , isolated in solid D

In recent experiments the spectroscopy ofisdlated in
solid D, was investigated® Based on a detailed analysis of
the spectra, including polarized laser-induced fluorescence
measurements, it was established than@lecules isolated
in fcc sites of the solid do not rotate. In principle such an
FIG. 3. Normal mode distribution of solid Husing the pseudopotential of issue can be tr|V|aIIy resolved by simulations in classical

Eq. (6) in text. The distribution is obtained by diagonalizing the force matrix SOIidS.- HO\./vever,. in the case of Q_uantgm crystgls, strictly
for a lattice containing 500 Hmolecules. classical simulations completely fail. With periodic bound-
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approach is used, the lattice is stable, and the molecular ro-

Iasda v ~~. T tation is completely frozefsee Fig. $a)], in agreement with
098k b the experiment.
r ’ 1 The pair potentials used in these simulations are given
o 096f ] below. The O-D potential was assumed to be that of O—Ne,
@ [ ] which has been obtained from scattering détéhe pseudo-
38 0.94 3 potentials were generated as in the case of Lib¥ using
I ] the self-consistent Gaussian width which reproduces the lat-
092 . tice constant for neavbrtho-D,. The D,~D, and O-D
a) pseudopotentialéenergies in eV and distances in Are
P S N N T ST S NN TR SR SR N TR ST SN N T W1
T T s . o . _ 23571 7413.1 488.13
1.00 ] VDZ—DZ(R):_R12+R10_ R8
0'50:_ _ _0.21182 3
RC
D i ; ]
% 0.00[ 1 ~ — 15181 1315.5 55.516 10.729
S : : Vo-p,(R)= RIZ RO T T RE RC
-0.50[ ] (9b)
L b) 4
A Ill. CONCLUSIONS
qoolo v v v by
0 2 4 6 8 10 We have described an approach for molecular dynamics

Time (ps) simulations of quantum crystals, which despite its simplicity,
seems to produce quite realistic results. The method, relies
FIG. 5. Rotational dynamics of Qsolated in solid ). The time evolution Qn the as_sumptlon_ of a Gaussian SpE_;ltlaI probability dlStt_’Ibg-
of the O, axis is shown as a function of timég) using pseudopotentials 10N for single particles, based on which a pseudopotential is
defined in Eq(9) of text, (b) using pair potentials and a scaled temperature generated without any adjustable parameters. Strictly classi-
of T"=50 K~¢p/2. Note the change in ordinate scales between the twong| dynamics is then simulated using these pseudopotentials,
plots. . . .
which represents a standard computational task. The radial
distribution functions calculated via strictly classical simula-
tions on these pseudopotentials then yield results that are
aries it is possible to carry out classical simulations withoutnearly identical to those of Li and Voth, obtained by the
having the crystal collapse. However, if the experimentaVibrational Einstein model methdd.Moreover, a realistic
temperatures, 3—-5 K, are used in the simulations, then affhonon spectrum is obtained. However, in contrast with
motion is frozen in a metastable ground state. The metastddonte Carlo methods, the approach can be implemented in
bility of the solid is due to the well-known fact that in the dynamical applications. The latter was demonstrated in cal-
absence of zero-point energy the pair potentials produceulations of rotational motions of n solid D..
imaginary phonon frequencié$ln fact, small perturbations In its present formulation, the method described only
of the simulation box lead to lattice melting and diffusion of produces a qualitative picture. The radial distribution func-
atoms. The temperature scaling method employed in simuldions for example do not match exactly with those of the
tions of classical solids also fail. In this case, the recipe callsonverged path integral Monte Carlo calculatiohhis dis-
for simulations at an effective temperatufé, which pro- agreement was shown to be due to the complete freezing of
duces the proper amplitude of single particle motion, wherezero-point kinetic energy in the pseudopotential. This sug-

T’ is related to the real temperatuFethrough-®’ gests obvious refinements to the treatment. In particular, the

1 use of thawed Gaussian wave packets in the simulations

T = ﬁ_‘” tan)’(h—w>> %h_“’ (8) could be expected to produce improved results with some
2kg 2kgT 2kg’ increase in computational effdft.Such an implementation is

wherefiw/kg=124 K, is the Debye frequency of the soft. being presently pursued by us.

Accordingly, the scaled particle kinetic energies exceed the
pair binding energy, and therefore the simulation correspond& CKNOWLEDGMENTS
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