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Abstract

The isotope effects on the absorption spectrum of Li in solid hydrogens at 7 = 5 K and different pressures are ex-
tensively studied. At a lower pressure, the difference in Li atomic absorption spectra between the Li/D, and the Li/H,
systems is significant, while becomes less remarkable with the increase in pressure. The zero-point motion from H,
molecules influences the Li absorption spectrum in both a direct and an indirect way. Although the direct and indirect
effects on the absorption spectrum from the quantum motion cancel partly, eventually the indirect effect dominates the
variations of the Li absorption spectrum. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

The trapping and attachment of light alkali
atom in quantum matrices has attracted consid-
erable attention recently. These issues are of
interest for their scientific importance in under-
standing the behavior of energetic species in
cryogenic environments, and also for potential
technological applications. The addition of a small
amount of light atoms, such as lithium, into solid
hydrogen is believed to improve chemical perfor-
mance as a propellant for rocket propulsion [1].
Recent experiments have shown that Li atoms can
be metastably trapped in both solid hydrogen and
deuterium at 7 <5 K [2].
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The theoretical research on the doped system of
lithium in solid H, has previously been made by
many investigators. Scharf et al. [3,4] performed
the first quantum calculation of a lithium impurity
in para-hydrogen at zero-pressure by using Path-
integral Monte Carlo (PIMC) simulation. Cheng
and Birgitta [5] performed another calculation on
the absorption spectrum of Li atom in solid H, at
zero-temperature and zero-pressure by using both
variational Monte Carlo (VMC) and diffusion
Monte Carlo (DMC) simulations. In our previous
papers, both the pressure [6] and temperature [7]
dependencies of the absorption spectra of Li in
solid H, for various trapping sites are extensively
investigated by using PIMC calculation. The dy-
namic behaviors of a Li atom in hydrogen clusters
and a hydrogen slab, and two or more lithium
impurities in solid hydrogen have been investi-
gated by means of molecular dynamics (MD)
simulation [8-11].
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Although, as far as most properties are con-
cerned, solid H, and D, are quite similar [12], they
also show striking differences in several aspects.
(1) There appears to be a significant isotope effect
on the orientational-ordering transformation in
the molecular solid, on the basis of phonon and
roton measurements carried out below 100 GPa
[13]. The ordering transformation occurs at sig-
nificantly lower pressures in D, than in H,. (2)
There is also a pronounced isotope effect on the
Raman-active vibron [14-17], deriving probably
from the higher anharmonicity of hydrogen due to
its larger zero-point motion. (3) A large isotope
effect on the melting behavior of para-hydrogen in
small clusters has been observed by Scharf et al.
[18]. (4) Remarkable differences in some NMR
behaviors of solid H, and D, have also been ob-
served. For a review of these NMR properties see
[19].

Scharf et al. [3,4] has calculated the absorption
spectrum of Li atom in both solid hydrogen and
deuterium at zero-pressure and 7 = 4 K. The re-
sults show that the difference between the Li/H,
spectrum and the Li/D, one is significant. How-
ever, to our knowledge, the isotope effects on the
absorption spectrum of Li atom in doped solid
hydrogens under pressure is still open. It is of in-
terest to understand how the doped system re-
sponds to the isotope matrix under pressure. In
this Letter, following the theory in treating the
system of Li in solid H, outlined in [5], we calcu-
late the absorption spectra of a lithium atom
trapping in both solid para-hydrogen and solid
ortho-deuterium under pressure at 7 = 5 K using
quantum constant pressure PIMC simulations.
(By default, H, and D, in this paper refer to para-
hydrogen and ortho-deuterium, respectively).

2. Path integral Monte Carlo calculations

In order to study the matrix mass effect on
properties of lithium doped in the doped system
under pressure, the technique of the constant
pressure path integral Monte Carlo used in the
present work was developed by Cui et al. [20] to
study the pure solid hydrogen system. We have
applied it to the Li/H, doped system [6].

The Metropolis scheme for NPT ensemble is
implemented by generating a Markov chain of
states which has a limiting distribution propor-
tional to [21].

exp(—pPV — PE(s) + (N —n,+ 1)In V). (1)

The number of ‘beads’ of the path integral is
chosen as 50 at 7 =5 K in this calculation as in
our previous work [6]. Each Monte Carlo step
consists of an attempted Metropolis move for
every bead, with ith particle move incurring ran-
dom displacement in R;,. To enhance sampling
efficiency, the whole path for each particle also
gets a random displacement at each MC step: i.e.
every bead of the path is moved in the same way
with identical AR. This corresponds to a simpli-
fied multilevel sampling [22]. One Metropolis
move of the simulation cell is attempted every ten
MC steps during the simulation. About 1500 MC
steps are required for equilibration. After equili-
bration, statistical averages are collected from
every two steps, to a total of about 10000 data
points. Other details of the PIMC technique can
be found in [6].

96 H, molecules are placed at the ideal hcp
lattice sites initially. The simulated cell is deter-
mined by two basis vectors (a and b) forming a 60°
angle and the third one (¢) perpendicular to both a
and b. This choice, with the appropriate length
ratio a: b :c=1:1:+/6/2, has the advantage of
accommodating both the fcc and hcp lattice
structures [20]. The Li dopant is introduced into
the simulation cell by replacing n, nearest-neigh-
bor H, molecules, and leaving only (N —n,)H,
molecules in the simulation cell. At the start of the
simulation, the lithium atom is placed at a refer-
ence ‘site’ S;; =Y ., S;/ny, where i runs over the
lattice sites of the replaced H, molecules. In order
to minimize surface and finite size errors, the pe-
riodic boundary condition is used in all three
spatial dimensions. The interactions are evaluated
making use of the periodicity and the ‘minimum
image’ method [21], and the cutoff length is chosen
to be equal to half of the shortest simulation cell
side. Cutoff correction to the potential energy is
performed by assuming that beyond the cutoff
length the sold is a continuous and uniform me-
dium.
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There are two kinds of Li absorption spectra in
the doped solids for various trapping sites n, from
I to6at T =5 K and a given pressure [6]: one kind
is the highly symmetrical triplet absorption line
shape for n, = 1 and 4 trapping sites; the other one
is the low symmetrical triplet (or singlet plus
doublet) absorption feature for n, =2, 3, 5and 6
trapping sites. Therefore, for simplicity, we study
only two representative trapping sites n, = 2 and 4
in this calculation.

The semiclassical line shape for electronic
transitions in a condensed phase system is shown
as follows, as derived by Lax [23] using semiclas-
sical Franck—Condon principle

1) x / My(Q)PR(Q)S(AE(Q) — o) 2)
with

AE(Q) = E(Q) — Ei(Q), (3)

where M;(Q) is the electronic transition dipole
moment between the initial state i and the final
state f; P,(Q) is the quantum statistical mechanical
thermal probability distribution for the initial
electronic state; E;(Q) and E¢(Q) are the energies of
the system at configuration Q in the initial and
final electronic states, respectively. For more de-
tails of the E;(Q) and E¢(Q) see [24]. A finite energy
bin width is used instead of a delta function to
calculate the absorption spectrum of a Li atom
doped in solid hydrogen.

The Hemley-corrected SG [25,26] potential was
used to represent the intermolecular interaction
between two matrix molecules, while the Cheng
potential [5], through fitting to a new ab initio data
for the Li/H, system [27], was used for the
Li-H,/D, pair interaction potentials with the Li
atom in both ground and excited state in this
calculation. The ground state Li-H,/D, pair in-
teraction labeled as Fxs(R), takes the form

a—pBR—yR? C C
with
~(128Ru/R=1)>  [f R < 1.28R
R — e m 5
f(R) {1 Otherwise ®)

The parameters for the pair potential Vxs(R) are
listed in Table 1.

The excited state Li*-H,/D, pair potentials
take two kinds [5]: Vs(R) and Vap(R), which have
the same form as the Fxz(R) one. The parameter
values are also listed in Table 1.

A Li atom experiences a spherically averaged
potential in both ground and excited states deriv-
ing from an isotropic D, (or H,) matrix and the
spherical average of all configuration can be rep-
resented by a radial correlation function, so the
centroid shift of the spectral line can be obtained
approximately by [5].

hogige = 4mp / R*gri 1, (R) Vanie(R) dR. (6)
0
Here g1 n,(R) is the pair distribution function
between Li atom and H, molecules, which is nor-
malized according to

47TP/ R*gin,(R)dR = 1.
0
Vinire(R) takes the form

Vot (R) = 3 D (R) + 2an(R)] — (R (7)
In this work, both isotope molecules have been
treated as spherical particles for three main rea-
sons. First, it has the advantage of direct com-
parison of matrix H, and D, without worrying
about the differences in intramolecular bond
lengths, molecular polarizabilities, etc. [18]. Sec-
ond, in our research range (P = 0.02-2.4 GPa and
T = 5 K), either pure solid is in phase I, orienta-

Table 1

Parameter values (in atomic units) for the spherical interaction potentials between Li and H,
Potential o p y Ry Cs Cy
Vs -2.976 0.1612 0.05033 9.856 85.00 4050
Vas —1.858 0.2517 0.03424 37.8 85.00 0
Van —-1.328 1.109 0.05295 4.79 85.00 305.0
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tionally disorder phase, in which the molecules
behave approximately as spherical particles. Third,
it enabled us to relate our results to the previous
study of Li/H, solid [6]. We also perform a clas-
sical simulation of lithium doped in solid H,, to
probe the quantum effect on the Li absorption
spectrum.

3. Results and discussion

The absorption spectra of Li atom in solid D,
for n, =2 at T =5 K and different pressures are
presented in Fig. 1. The spectra at different pres-
sures show a singlet plus a doublet pattern. As the
pressure gets larger, the splitting between the sin-
glet and the doublet increases remarkably. An in-

@
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Fig. 1. Li absorption spectra for a Li atom replacing two D,
molecules in solid D, with a hep lattice at 7 = 5 K and P = 0.02
(a), 0.3 (b), 1.2 (c), and 2.4 GPa (d), respectively, the dashed
curves are the individual underlying components.

crease in pressure also results in an increase in
spectral width. It should also be pointed out that a
fascinating pressure dependency of the centroid
spectral shift (CSS) calculated by the Eq. (6) is
observed. The variation of the CSS with pressure is
plotted in Fig. 4a (open up triangle) for this case.
One observes that with the pressure increase, the
CSS tends to have a increasing blue shift at
a pressure range below a ‘turning pressure’,
P, (= 0.6 GPa), and tends to have a decreasing
blue shift above P, under study. The pressure de-
pendency of Li atomic absorption spectrum in the
Li/D, doped solid for n, = 2 case is quite similar
to that in the Li/H, solid [6].

However, it is obvious that, at a given pressure
point both the CSS and the absorption spectral
line shape in the Li/D, solid are remarkably dif-
ferent from those in the Li/H, solid. The com-
parison of the Li/H, quantum absorption spectra
with the Li/D, one at T = 5 K under P = 0.02 and
1.2 GPa are shown in Fig. 3a,b. At P = 0.02 GPa,
the spectrum in the Li/H, system shows a low
symmetrical triplet absorption feature, while the
Li/D, one shows a singlet plus doublet absorption
line shape, as shown in Fig. 3a. For n, = 2 case,
the trapping site structure for both doped solids
belongs to a lower symmetrical point group, which
is responsible for the low symmetrical triplet pat-
tern in the Li/H, system and the singlet plus
doublet absorption feature in the Li/D, system [6].
Note that the difference in separation between the
‘singlet” and the ‘doublet’ for both systems is sig-
nificant and the CSS of the Li/D, spectrum is
1294 cm™!, larger than the Li/H, one, 1102 cm™!,
at this pressure point. It should also be pointed out
that the spectral width of the Li/D, spectrum is
slightly larger than the Li/H, one, indicating that
the spectral width is less sensitive to the isotope
matrix than the CSS and the singlet to the doublet
splitting are at a given condition. At P = 1.2 GPa,
the differences in both absorption spectra are less
remarkable than those at P = 0.02 GPa. The two
spectra all show a singlet plus doublet absorption
pattern as depicted in Fig. 3b, arising from the
lower symmetrical trapping site structure too. The
singlet to doublet splitting of the Li/D, spectrum
is larger than that of the Li/H, one, similar to the
case at P = 0.02 GPa. The differences in the CSS
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for the two systems are also slightly noticeable.
The variations of CSS for both spectra with pres-
sure from 0.02 to 2.4 GPa are presented in Fig. 4a.
The difference in CSS for the two spectra is sig-
nificant at lower pressure, but less visible with the
pressure increases up to 2.4 GPa.

Fig. 2 shows the absorption spectra of the
Li/D, doped solid for n, = 4. The spectrum for a
given pressure shows a highly symmetrical triplet
absorption pattern. The differences in spectral line
shape at different pressures are negligible except
for an increase in the spectral half-width with in-
creasing pressure. A significant CSS with increas-
ing pressure is also observed as plotted in the Fig.
4b (open up triangle). The pressure response of the
spectrum for this case agrees well with that in the
Li/H, solid [6].
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Fig. 2. Li absorption spectra for a Li atom replacing four D,
molecules in solid D, with a hep lattice at 7 = 5 K and P = 0.02
(a), 0.3 (b), 1.2 (c), and 2.4 GPa (d), respectively, the dashed
curves are the individual underlying components.

The comparison of the Li/H, quantum ab-
sorption spectra with the Li/D, ones for n, = 4 at
T=5 K under P=0.02 and 1.2 GPa are pre-
sented in Fig. 3c,d. The spectra for both solids
show a highly symmetrical triplet feature. The Li
atomic trapping site structure belonging to higher
symmetrical point group in both solids dominates
these behaviors [6]. One observes that at both
pressure points, the differences in the absorption
pattern for the two systems are negligible, except
for the differences in the spectral half-width and
the CSS shown in Fig. 3c,d. The pressure depen-
dences of the CSS for the two spectra are plotted
in Fig. 4b. The difference in the CSS of two spectra
gets smaller with increasing pressure quite similar
to the n, = 2 case.

As described above, the pressure dependency of
Li atomic absorption spectrum in the Li/D, doped
solid for a selected trapping site is quite similar to
that in the Li/H, solid. But it is clear that at a
lower pressure point the behavior of the spectral
line shape for a trapping site in the Li/D; solid are
remarkably different from that in the Li/H, solid.
The difference for the spectra between the Li/D,
and the Li/H, doped systems becomes smaller
with the increase in pressure.

The reason that causes the difference in the two
absorption spectra for the Li/D, and the Li/H,
systems at a given pressure should be ascribed to
the difference in zero-point motion of H, and D,
molecules. This quantum motion influences the
absorption spectra in both a direct way and an
indirect way. The direct way is that after the doped
solid arrives at equilibrium, the quantum motion
influences directly the absorption spectrum. The
indirect way is that the zero-point motion influ-
ences the system density first, then acts on the
spectra through density. The densities for n, =2
and 4 doped solid at P =0.02 and 1.2 GPa are
listed in Table 2. At a given pressure point the
density of the Li/D, solid is larger than that of the
Li/H, solid as expected, because stronger zero-
point motion exists in the Li/H, system. At a
lower pressure point P = 0.02 GPa, the difference
of densities is larger, while smaller at P = 1.2 GPa,
a larger pressure, due to the fact that the zero-
point motion tends to converge with the increase
of pressure. The density for a doped solid is related
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Fig. 3. The comparison of the Li absorption spectra in the Li/D, solid (solid line) with that in the Li/H, solid (dashed line) at 7 = 5 K.
(a) is for n, =2 and P = 0.02 GPa; (b) is for n, =2 and P = 1.2 GPa; (c) is for n, =4 and P = 0.02 GPa; (d) is forny, =4 and P=1.2

GPa.

to the compact behavior in the trapping site
structure around the Li atom. The larger density
indicates a more compact trapping site structure
around the dopant. Therefore, the Li absorption
spectrum for the Li/D, solid at a lower pressure is

similar to the Li/H, spectrum at a higher pressure.
In another word, at a given pressure the stronger
zero-point motion in the Li/H, system makes its
absorption spectrum similar to that of the Li/D,
system at a lower pressure.
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Fig. 4. The pressure dependency of the CSS in both the solid
Li/D, (open up triangle) and the solid Li/H, (open circle) for
ny=2(a)and 4 (b)at T =5 K.

Table 2
The densities of the Li/H, and Li/D, systems for n, =2 and 4
at T =5 K and P = 0.02 and 1.2 GPa, respectively

Pressure ny Density £0j3 the doped solid
(GPa) (102 x A )

Li/H, Li/D,
0.02 2 2.626 2.906
0.02 4 2.683 2.967
1.2 2 5.201 5.283
1.2 4 5.291 5.370

For understanding how the zero-point motion
acts on the absorption spectrum directly, we also
performed a ‘classical simulation’ in which the H,
molecules are treated as particles without any
quantum motions. We make a comparison be-
tween the Li/H, quantum absorption spectrum
(QAS) and the ‘classical’ absorption spectrum
(CAS) at the same density. Fig. 5a,b show the
results of the QAS and the CAS for n, =2 and 4

at T=5 K and P = 0.02 GPa, respectively. The
difference between QAS and CAS indicates that
the zero-point motion plays an important role in
determining of absorption spectrum, but in an
opposite way to the indirect effect as shown in Fig.
5. For the lower symmetrical trapping site
(ny =2), the larger the zero-point motion, the
larger the singlet to doublet splitting, the spectral
half-width and the CSS. For the higher symmet-
rical trapping site (n, =4), the quantum effect
results in an increase in the spectral half-width and
the CSS.

In a quantum solid, the indirect effect from the
zero-point motion on the absorption spectrum is
larger than the direct effect, determining the
properties of the absorption spectra eventually at a
pressure after canceled each other partly, i.e., the
compact behavior in trapping site structure
around the Li atom dominates the variations of
the Li absorption spectrum.

4. Conclusions

In this Letter, following the theory in treating
the system of Li in solid H, outlined in [5], we have
performed quantum constant pressure PIMC cal-
culations on a Li atom trapped in solid deuterium
with a hcp phase at 7 =5 K and different pres-
sures ranging from 0.02 to 2.4 GPa. The isotope
effects on the absorption spectrum are extensively
investigated.

We can make an insight to the difference be-
tween the Li/H, spectrum and the Li/D, spectrum
at a given pressure. For the trapping sites be-
longing to lower symmetrical point groups
(ny =2), the lower symmetrical trapping site
structures around the Li atom are responsible for
the low symmetrical triplet absorption feature or
the singlet plus the doublet absorption pattern.
The compact behavior in trapping site structure
dominates the behavior of the spectral half-width,
the CSS and the singlet to doublet splitting in spite
of the cancellation from the direct effect of the
zero-point motion. For the trapping sites belong-
ing to higher symmetrical point groups (n, = 4),
the higher symmetrical trapping site structures
around the Li atom contribute to the highly
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Fig. 5. The comparison between the classical reference Li/H, absorption spectrum (dashed line) and the quantum Li/H, absorption
spectrum (solid line) with same density for n, = 2 (a) and 4 (b) at 7 =5 K and P = 0.02 GPa.

symmetrical triplet absorption line shape, the
compact behavior in trapping site structure dom-
inates the behavior of the spectral half-width and
the CSS against the direct effect of the molecular
zero-point motion.

At lower pressures, the difference in solid den-
sity for both doped solids is larger, so the differ-
ence in absorption spectrum for the two-doped
solid is significant. Due to the fact that the mo-
lecular zero-point motion tends to converge, the
difference in solid densities for the two doped
solids decreases with increasing pressure as listed
in Table 2. Therefore, as the pressure gets larger,
the difference in absorption spectrum becomes less
remarkable.
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