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We present results of path integral Monte Carlo simulations of LiH solvated in supétflaidlusters of size

up toN = 100. Despite the light mass of LiH and the strongly anisotropic-tité¢ potential with a large
repulsion at the hydrogen end, LiH is solvated inside the cluster for sufficiently Mirgksing path integral
correlation function analysis, we have determined the dipbte () rotational excitations of the cluster and

a corresponding effective rotational constBg¢ of the solvated LiH. We predict th&d.« is greatly reduced
with respect to the gas-phase rotational consBaitd a value of only about 6% d@. This exceptionally large
reduction of the rotational constant is due to the highly anisotréipé solvation structure around LiH. It
does not follow the previously established trend of a relatively sBiedduction for light molecules, showing
the strongest reduction of all molecules®ie to date. Comparison of the calculated rotational spectra of
LiH in helium obeying Bose and Boltzmann statistics, respectively, demonstrates that the Bose statistics of
helium is an essential requirement for obtaining well-defined molecule rotational spectra in helium-4.

I. Introduction T T 5 | .

Since the discovery that molecular spectra have narrow lines 4+
and retain their symmetry in a superfluid helium matrix, the
dynamics of many molecules from the smallest diatoms to large
organic molecules have been investigated experimentally and s
theoretically, by respectively recording or predicting rotational,
vibrational, and electronic spectra. The rotational structure of __
spectra is particularly relevant for understanding the coupling <,
between solute and quantum solvent, because rotational energie o2
of many molecules lie in an energy range compatible with the
elementary excitations dHe, i.e., the phononroton spectrum.

Much understanding of superfluidity on the microscopic scale
has indeed been gained from the study of rotational spectra in
4He. It is found that generally molecules have the same
symmetry in helium as in the gas phase but that the effective -4 :
moments of inertia are increased, i.e., the effective rotational ! ! i ! I
constants are reduced, by varying amounts. Usually a small -6 —4 -2 0 2 4 6
relative reduction is found for light molecules (gas-phase z[A]
rotational constanB = 1 K), while a reduction to about one- ) . . . .

Figure 1. LiH—He interaction potenti#l shown as a contour plot,

third of the gas-phase value_ is found for h.eaVIer moI(f,'C_LEss ( displayed as a function of the He positidR, ) with respect to LiH,
= 1 K). Reference 1 contains a recent list summarizing the ayeraged over the vibrational ground state of LiHs the distance
effective rotational constants of a number of molecules that havefrom the center of mass of LiH (located at the origin) along the
been experimentally studied in helium droplets. The model of molecular axis andR is the radial cylindrical distance from the axis.
adiabatic following of the normaHe fraction in the two-fluid ~ The equilibrium distance between Li and H is 1.5949 A, and the circles
modeP3 can reproduce the latter case of a heavier molecule indicate the atomic positions of Li and H in the classical ground state.
quite well. For light molecules, however, adiabatic following ?é%ckzg%ntour}s( are at 10, 30, - 50, ..., K and blue contours at 0,
cannot account for the experimental observatibimstead, we ' H
have shown that for fast rotors it is the coupling to collective for which the interaction potential with helium is quite isotropic,
excitations of the“He droplets that reduces the effective the LiH—He potential is extremelgnisotropic® The potential
rotational constarft.” averaged over the vibrational ground st&te shown in Figure
LiH is a very light (only twice the mass dfHe) and fastB 1 where it is evident that it also has a large repulsive bubble at
= 10.81 K) linear rotor. However, unlike other light molecules the H end of the molecule. This raises two questions: (i) is
LiH solvated inside @He droplet or does it sit on the surface
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the answer to question i is “inside”, while the answer to question
il is that Bet is reduced to a remarkably small fraction of the
gas-phase rotational constaBt Hence, LiH lies completely
outside the range of typical relative reductioBg/B that is
summarized, e.g., in Figure 13 of ref 18 or in Figure 7 of ref
19.

We now briefly discuss the LiHHe interaction, which we
take here from ref 10. This interaction potential was constructed
by averaging a three-dimensionab initio potential energy
surface over the ground vibrational state of LiH. This vibra-
tionally averaged potential is shown in Figure 1, with the
locations of the Li and H atoms in the classical ground state
shown for reference. Figure 1 shows that on the Li side, He is
strongly attracted to the molecule, while on the H side, He is
mostly repelled (there is a secondary minimum, but it is very
shallow). This results in a very steep but narrow potential well
on the Li side, which constitutes the global minimum. This
behavior is qualitatively similar to that exhibited by the
combined solute-He interaction of complexes such as HCN
Na in helium droplets, where the bubble due to the-Na
repulsion is even biggef. If we consider a growth sequence
from the LiH—*He dimer to LiH interacting with large helium
droplets, we expect (and will confirm later) that the first few
He atoms will preferably cluster around the global potential
minimum. However, a8l increases, two scenarios are conceiv-
able. The first is that additional He atoms will go first to the Li
side, while the repulsive H side will stay partly “dry” , and
then, as the limit of large droplets is approached, LiH will
eventually float on the droplet surface, like a beachball (H side)
with a plumb weight attached to one side (Li side). The second
scenario is that additional He atoms will eventually cover the
whole LiH molecule so that in a large droplet, LiH is solvated
in the interior.

Considering the interaction potential alone cannot answer this

question. For highly quantum particles likde and LiH, much

depends also on the respective masses and the rotational constal

of LiH, and neither scenario can be ruled out without actually
solving the Schidinger equation. Even for the dimer LiH

“He, two extreme situations are possible and cannot be distin-

guished without explicit calculation. Specifically, eitHete is

so strongly bound in the global minimum that the EiHe
dimer is effectively a molecule rather than a van der Waals
complex. In this case the potential wins over the (translational
and rotational) zero-point motion dHe and LiH, effectively
localizing the helium atom. Alternatively, if the zero-point
motion wins over the potential, thetde will be delocalized
and the*He distribution with respect to the LiH orientation will
spread around the LiH molecule. (More exotic, nonclassical
structures are also possible, e.g., fosH& 2Y) In section II, we
will first present results of quantum calculations of the EiH
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Figure 2. LiH—“He dimer ground state energy plotted as a function

of PIMC time stepAr and compared with the exact ground energy
obtained from BOUND?® Open boxes correspond to simulationsTat

= 0.3125 K 3 = 3.2 K™%), open circles to simulations @t= 0.625 K

(8 = 1.6 K%). Extrapolation to zero time step is made with a quadratic
fit a + bA7? (full line). The dashed line is a linear fit to all data points.

rotations was presented in detail in Ref. 23. As described there,
we employ the pair density approaélior the (isotropic) He-

He interaction, and the primitive appoximation for the (aniso-
tropic) LiH—He interaction. Because of the very steep potential
gradient of the LiH-He interaction, we have to be careful with
the time step bias, which is proportional|#V|2.2* The energy
and density distributions associated with atoms in the potential
well are most susceptible to time step bias. We start our
investigation of the bias with the LiH*He dimer.

Figure 2 shows the dimer equilibrium enerBy (which, at
such lowT, is the ground state energy, as it will be referred to
from now on) for PIMC time step valueAr = 1/40; 1/80;
1/160; 1/320; 1/640 K. Clearly,Eq exhibits a very strong\t
bias. Thus, for the largest time stég = 1/40 K1, which is
usually sufficient for puréHe when the pair density approach
is used?? Ey is off by a factor of 2. The time step bias should
be proportional toAz? for the primitive approximation to the
density matrix. In fact, the strong bias results in a lindar
Hependence for most of ther range in Figure 2, and the correct
asymptotic quadratid\t dependence is reached only for the
smallestAr value. Nevertheless, a quadratic fit through the three
smallestAt values reproduced (within the error bar) the exact
ground state energsp = —73.3 K that was obtained indepen-
dently with the close-coupling program BOUN®The tem-
perature was set 6 = 0.3125 K, corresponding {6 = 1/kgT
= 3.2 K™ for most of the results presented here and has a
negligible effect orky, with simulations afl = 0.625 3 = 1.6
K~1) giving identical results (see Figure 2).

In order to address the question of the solvation structure of
LiH in 4He, we need to look at botiiHe and LiH densities. An
important quantity for the understanding of the local quantum
solvation environment is the molecule-solvent pair dengity
i.e.the helium density in the molecular frame. Lef/(z) denote
the“He position with respect to the center of mass of LiH, with

4He dimer to answer where on the scale between those two
extremes the dimer is situated. Then we will proceed to the the z -axis along the molecule axis, aiRl= vx*+y’ is the
more interesting case of |arger clusters. In section Ill, the main distance from the molecular axis. Since the interaction potential
results of this work are presented, namely the rotational and hence the helium density has cylindrical symmetry about
excitation energies of LiH ifHe clusters ranging froml = 1 the molecule axis, the helium density is a functiorRoéindz,
to N = 40. In section IV, we examine the essential role played ¢ = p(R, 2). Just as for the ground state enefgy there is a
by Bose statistics, and consequently by superfluidity, for Severe time step bias on the densities. Figure 3 shows the helium
molecular spectra irfHe, with a comparison of the LiH  densityp(R, 2) for PIMC time stepsAt = 1/40;1/80;1/160;1/
dynamics in calculations made with and without Bose statistics 320 K™*. For the largest time stefsr = 1/40 K, the peak density
of helium included (“Bose” and “Boltzmann” helium, respec- is more than twice as large as the corresponding density obtained
tively). Section V concludes. at the smallest value afz.
. Figure 4 shows the ground state enefgyN) for larger

IIl. Ground State: Energetics and Structure clustersN > 1 and various time step valués. We observe

For all calculations presented here we use the path integralthat theN dependence of the ground state endggiN) is almost
Monte Carlo (PIMC) techniqué Its application to molecular  linear, which implies an almost constant chemical potential
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Figure 3. He density relative to the solute LiH is shown for the EiHe dimer in units of A3, as a function oR andz (see Figure 1 for definition
of R and2). Densities for calculations with four different values of time stepare compared.
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Figure 4. LiH—*He y ground state energy plotted as a function of
cluster sizel. The filled square is the exact ground energy o= 1
obtained from BOUND¥® Open squares correspondAe = 1/80 K4,
open circles ta\r = 1/160 K1, The inset shows the average chemical
potential#’'(N), N > 1 (see text for definition)T = 0.312K for all
simulations here.

u(N) = Eo(N) — Eo(N — 1) for N > 1. In the absence of

interaction potential (Figure 1), the first fetle atoms tend to
cluster in and around the global minimum on the Li side of
LiH. (See Figure 1 for the approximate location of the Li and
H atoms.) In fact, only aN ~ 10 doesp begins to extend all
around the molecule, although before this the helium density
has already begun to form layers at the Li end of the molecule.
Because of the very large zero-point motion of all degrees of
freedom tHe and LiH translation, LiH rotation), for these
clusters it is meaningless to give specific valuesNoivhere

the first “solvation shell” becomes complete. Rdr= 20, “He

can be found all around LiH with a near uniform probability
apart from the global minimum where it is markedly higher.
As the size is further increased d = 40, there is a faint
demarcation between the density at the Li atom and the rest of
the“He shell, with the otherwise almost uniform first solvation
shell seeming to split into two “subshells” near the Li atom.
As we approaciN = 100, a third*He solvation layer has grown
but the radial modulation of this is weak (and even weaker at
the Li end). Furthermore, aid increases, the primary density
peak near the Li atom widens toward the saddle joining the
peak with the rest of the first solvation shell.

An exact specification of a well-defined peak region is
therefore of course not possible. But a contructive and unam-

calculations for every possible size, we can compute the averagebigous definition which can be applied to other cases of sharp

of the size dependent chemical potentiéN) between different
sizesN = N; + 1 andN = Ny from ' = (Eg(N2) — Eo(N1))/(N2
— Ny). This is shown as a function of, for Az = 1/80 K1 in
the inset of Figure 4, We see that fér> 1, the average quantity
u'(N) is almost constant, having a value of around K, and
is of considerably smaller magnitude than the value of the
chemical potential for th& = 1 dimer, for whichu'(1) = Eq
—73.3 K (using the BOUND energy). The time step bias
stems largely from the steep global minimum region of the
potential, which can accommodate only very few He atoms.
Therefore, the time step bias grows slowly beydhe: 1. For
N = 1, the difference irEy betweenAr = 1/80 K1 andA7 =
1/160 K1 is 25.1 K, while forN = 20 the corresponding
difference has only increased to 31.6 K.

In Figure 5, we show théHey densityp(R,2) obtained with
a time stepAtr = 1/80 K1, for several sizes betweew = 1
andN = 100. The most marked feature of the helium solvation
is its strong anisotropy in the angular direction. Compared to

density peaks as well is the following: we integrafR,2) within
an isosurface of constant densityhat defines a corresponding
volume AV(k)

AN(k) = 27 waK) dzdR Ro(R,2) 1)

AN(x) is thus the average number of particles in the region
wherep(R,2) is greater thar. As long asc is above a threshold
valuexy, this region can be identified as a region enclosing the
density peak. The values 8fN(x) as a function ok are shown

in Figure 6. The sharp upturn cAN(x) at small « values
indicates thak has dropped below thé&{dependent) threshold
ko here andAV(k) now also comprises regions outside the main
peak. Hence we can regafiiN(«xg) as a lower bound for the
number of particles in the density peak. While Figure 6 shows
that, just as is seen fai(R, 2), there is significant time step
bias inAN(«x) (compare the dotted and solid lines fér= 20),

heavier molecules such as OCS, the layering in the radial we see thalAN(ko) is nevertheless consistently close to unity
direction is less marked, except for the region around the global for all N. Hence, if one accepts this constructive definition of

potential minimum. Because of the strong asymmetry of the

the number of particles in the primary peak, we can conclude
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Figure 5. “He ground state densitiegR, 2) for the clusters LiH-*Hey plotted for several cluster sizéséas a function oR andz (see Figure 1
for definition of R andz and for the locations of Li and H). All simulations are madélat 0.3125 K 3 = 3.2 K™%, using a time step o7 =
1/80 K™1. Note the region of lower density on the molecular axis lying between the high density (yellow) peak in the global minimum region and
the rest of the first solvation shell (red band). The color scale shows the corresponding density scale in urfits of A

that for allN the main density peak is made up of a sintife closely, thus increasing the relative biag(R, 2)/p(R, 2). This

atom. We note that an estimate based on integrai{iRy 2) strong time step bias in regions close to the molecule is also
further out to the saddle region for largemwould significantly evident in Figure 3 where we see that as the time dtefs
increase the estimate of the number of atoms in the peak todecreased, not only is tHéle density peak smoothed out but
more than two, because of tieweight in the integral (1). also its average moves slightly further away from LiH.

We have investigated the time step bias on the dep$Ry The sharp peak op at the global minimum indicates that

2) for N = 20, comparing the densities at time step valdes helium is strongly bound there. This poses the question as to
= 1/80 K™t andAr = 1/160 K. This comparison (not shown  whether the He atoms sitting in this favored spot is forming a
here) confirms what we have alleged above, namely that the complex with LiH strong enough to suppress Bose permutation
time step bias is primarily important in the global minimum exchange with the other He atoms, as was seen with betfzene
region while the density in other regions is less dependent on and larger aromatic moleculésTo address this question, we
the value ofAr. Very close to LiH, wherep(R, Z) becomes have analyzed the distributions of PIMC paths. The density of
small, the time step bias of the densiy relative to the density particles engaged im-particle exchangepm, has no physical

p, Aplp, is also large. This is easy to understand: the effective meaning per se, but it provides a qualitative indicator of local
sizes of LiH and“He are larger than is suggested by the nonsuperfluid density and serves useful illustrative purposes.
interaction potential, because of their large zero point motion. In particular, if p1 & p in the global mininum region, any He
Larger time steps render the dynamics of the particles more atom there could be considered to form a molecule-like complex
classical, so that He and LiH can approach one another morewith LiH that is solvated by the other He atoms. Figure 7, which
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Figure 6. Integrated densitAN = [av p(R,2), whereAV is the volume
enclosed by surface(s) of constant densitplotted as a function of
forN=1, 2, 3, 6, 10, 20, 40 (lines), whefie= 3.2 K™%. Higher values
of AN correspond to largeX. The time step wadr = 1/80 K. For
N = 20, we also show the result faxr = 1/160 K* (dotted line).
Also shown isAN for a hypotheticaN = 20 cluster where the LiH
rotation is switched off (filled squares).
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Figure 7. Top: relative density of nonexchangiritle paths,pi/p,
for LiH—*Hey clusters withN = 20 at T = 0.3125 K plotted as a
function of R and z for calculations withAr = 1/160 K™ (the color
scale forpi/p is shown on the right). For reference, the full dengity
is shown below (the color scale fpris shown in Figure 5). Note that
p1lp is lowestwhere the density is highest, i.e., at the density peak in
the global potential minimum.

shows the density distribution of nonpermuting atoms, shows
that this is not the case. In fact, the density of nonpermuting
He atoms relative to the full densityy/p, is actually slightly
decreasedh this primary density peak, to a value of about 0.105
for AT = 1/160 K. Using also the result from\r = 1/80 K1

and assuming a linear extrapolation@fp to zero time step,
we estimate thapi/p ~ 0.115 in the density peak, which is
still lower thanpi/p in the rest of the solvation shell where the
time step bias op1/p is insignificant. It appears that due to the
large zero-point rotation of LiH in the effective potential of the

J. Phys. Chem. A, Vol. 111, No. 31, 2007493

generally decrease in the neighborhood of the molecule, resulting
in a local nonsuperfluid densify.

In order to assess the role of the large zero-point rotation of
LiH, we perform PIMC simulations with the rotational degrees
of freedom switched off (i.e., we seB = 0). Then the
nonpermuting density fractiopi/p in the global minimum
region is indeedncreasedindicating that the rotational motion
of LiH enhances the permutations. However, we note that the
whole “He solvation structure also changes profoundly when
the rotation of LiH is removed: the main density peako(R,

2) is not located on the molecular axis anymore, p(R, 2)
peaks at finiteR, indicating a “ring” surrounding the global
minium. Figure 6 shows that this ring corresponds to roughly
two “He atoms (filled squares).

The helium density in the molecular framéR, z) does not
provide unambigous information regarding the location of the
LiH molecule in the cluster, namely whether LiH is solvated in
the interior of the'He cluster or floats on its surface. To analyze
this aspect of the structure, we calculate the LiH density with
respect to the center of mass of the cluster, i.e., we calculated
the probability density, ;4 (r) to find the center of mass of LiH
a distance away from the center of mass of the whole kiH
“He y cluster. If LiH is fully solvated and sits at the center of
the helium cluster, we expegtn(r) to peak atr = 0. If,
however, LiH floats on the surface of the cluster, we expect
that pLin(r) will peak at a nonzero value> 0 and thatopin(r)
will go to zero atr = O as the cluster sizN increases. Figure
8 showspyin(r) for cluster sizes betwedd = 6 andN = 100
(the left panel shows the number density,(r) and the right
panel the probability density?oLin(r)). ForN = 6 andN = 10,

LiH is clearly not sitting at the center of mass of the cluster.
BetweenN = 10 andN = 15, LiH moves to the center and
stays there aNl is further increased up to the largest cluster we
have simulatedN = 100. FromN = 20 toN = 100 we can
already observe a slight broading of the density distribution
pLiH(r) compared to that for the smaller clusters (see right panel).
This is due to the weakening of the effective confinement
potential provided by the cluster with increasing siZ&rom

this analysis we can expect that LiH resides in the interior also
for large droplets of thousands of helium atoms.

[ll. Excited States: Rotational Spectrum

Our primary interest in LiH-*Hey clusters concerns the
rotational excitation spectrum. In principle, the excitation
spectrum of a quantum many-body system can be calculated
with the path integral correlation function (PICF) appro&céh
where an imaginary time autocorrelation functions is sampled
with PIMC. In the present case of rotational excitations of LiH
in 4Hey clusters, the orientational autocorrelation function of
the solvated molecule is sampled, i¥z) = [Q(7)Q(0)[]where
Q is the orientation vector of the linear molecutes [0,5] is
the imaginary time, and the bracké®ldenote the canonical
ensemble average. Subsequerffr) is numerically Laplace-
inverted to the real frequency domal(zr) — Yw), using the
maximum entropy (MaxEnt) implementation of ref 29. This
inversion is approximate and we refer to the spectrum thus
obtained as the “MaxEnt spectrum”. For example, owing to the

helium environment, the Bose exchange of He atoms that sit in smoothing property of the entropy term in the MaxEnt inversion

the global minimum is not hindered at all. Higher relative
exchange densitigs,/p are even less dependent on the position
(z, R) than p1/p, thus confirming that Bose exchange is not

procedure, the inverted spectrum is typically smoother than the
real spectrum of molecular rotation file which all experi-
mental evidence so far has shown to have narrow fifes.

suppressed in the density peak. This situation is very different Therefore, in this section, we interpret a smooth peak in the

from that observed previously in helium solvation of more
strongly bound molecules where the helium permutations

MaxEnt spectrum as a single transition whose position and
spectral weight coincide with the maximum of and integral over
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Figure 8. LiH ground state densities with respect to the LitHey cluster center of masg,in(r) is normalized to unity, according todr pin(r)

= 4 [ dr r2ou(r) = 1. The left panel shows the number densitys(r), for several cluster sized. The right panel shows the corresponding
probability distributiong?p,i(r). All simulations were carried out &t= 0.3125 K 3 = 3.2 K™%, with a time step ofAr = 1/80 K™. Consecutive
densities are offset for better visibility.

' ' ' ' ' 1 has nonzero width. For largé\, this leads of course to the

‘ guestion whether the broad MaxEnt lines may in fact be the
envelope of several sharp lines. However, all experimental
rotational spectra of molecule fttde until now have revealed
. N only a single] = 1 transition (or at most two for small clusters,

a-type and b-type, see below). Therefore, as mentioned above,
N=20 . . . . . .
e in this section we will consider the smoothed peaks in the
N=15 MaxEnt spectra as a single transition.

S(E)

N=10 In addition to the primary peaks in Figure 9 which carry most

N=6 of the spectral weights, we can discern weak secondary peaks

N=3 (for N = 2, the primary and secondary peaks are so close that

N=2 MaxEnt cannot fully resolve them, leading to overlapping

Nt peaks). Their energies are not statistically converged because
0 1 2 3 4 5 . of their low spectral weight, and we have not carried out further

analysis of them. However, we note that for= 2 — 15 these
E[K] " .

] ) L, secondary peaks resemble the b-type transitions found in the
Figure 9. MaxEnt rotational spectr&E) of LiH in *Hey clusters for rotational spectra of CO ifHe clusters$! except that for LiH,
sg\ieralN (e_ach S,p?Ctr,um offset fo_r clarity) at—_0.312571K b= 3'_2 the supposed b-type transition starts to appealNfer 2 rather
K=1) for N = 1;2;3;20;40 and af = 0.156 K 3 = 6.4 K™?) for N = . a8
6;10;15, respectively, as explained in the text. All calculations were th_an_ already foN = 1.4° The end-over-end spect_ruﬁh for
done with time step\r = 1/80 K. ForN = 2 andN = 3, the spectra  LiH in “He clusters (not shown here) corresponding to a-type
are very broad, and have been scaled up by a factor of 2. Note that thetransitions shows no such similarity with the corresponding
line-shapes are smoothed by the. MaxEnt Laplace inversion procedure,spectrum for clusters containing CO. For CO, the primary peak
and we cannot extract spectral line widths. of the end-over-end spectrum has a well-defined crossover with

the rotational spectrum, i.e., with the b-type transiti&hsor
the smooth MaxEnt peak, respectively. We show in section IV LiH, however, the end-over-end spectrum is, folNjlto a good

that merely fitting an effective free rotor correlation funcfid#? approximation co-incident with the primary peak of the rota-
is not possible for LiH because this results in excessive violation tional spectrum. The coincidence of the molecule rotation and
of the exact sum rule®{r = 0)/dr = — 2B, whereB is thegas end-over-end spectrum indicates that the corresponding excita-
phaserotational constarf tions are strongly coupled and consequently implies that a

In Figure 9, we show thé = 1 rotational MaxEnt spectra as  significant fraction of helium is following the LiH rotation. This
a function of energf = hw, SE) = Yw), for several cluster  situation is in strong contrast to that seen for CO, where we
sizesN. We emphasize that the line shapes obtained by MaxEnt found that those two types of motion are not very strongly
Laplace inversion of solvated molecule rotational spectra do coupled at all, except in a crossover regioriNat 12. For all
not necessarily allow any conclusion about the physical line N we also found weak spectral features at even higher energies,
shape. For example, fof = 1 the true spectrum is@&function, outside the energy range shown in Figure 9. Such high-energy
while the corresponding line in the MaxEnt spectrum o+ features beyond the primady= 1 peak in rotational spectra of
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Figure 10. Rotational energies fo# = 1 of LiH—*Hey (LiH in gas
phase:E; = 21.62K) as a function di. The filled boxes are for time
stepAr = 1/80 K™%, and the open boxes fakr = 1/160 K% The
temperature i§ = 0.3125 K except foN = 6;10;15 wherel = 0.156
K. Also shown is the] = 1 excitation obtained with BOUN® for N
=1.

molecules solvated ifHe must necessarily exist in order to
fulfill exact sum rules®

Figure 10 shows the main result of this work: the rotational
energiesE; for J = 1 obtained from the MaxEnt spect&E)
as a function of cluster sizd. The temperature is set b=
0.312 K (8 = 3.2 K1) for all N except forN = 6;10;15. For
these sizes that correspond to the smallest obséBwalues,
we choose a lower temperatufle= 0.156 K (3 = 6.4 K1), in
order to suppress the thermal population of rotational levels
which would complicate the MaxEnt Laplace inversion. Ror
= 1, our PICF result compares favorably with the valudcof
that was obtained with BOUN®D (see section II). It is evident
from Figure 10 that the relative reduction®for LiH in helium
is very large. We shall comment on this in some detail below.
However, despite this unusually large reduction, we also observe
the typical behavior found for all linear rotors in helium studied
so far, namely that both experimentally and theoretically, for
smallN, theJ = 1 rotational excitation enerdy; falls with N,
until at a size of the order afl ~ 10 there is a turnaround, and
E; rises either to the large droplet/bulk limit or to a value lying
still abave that limit and showing an oscillatory behaviof3Z-40
The latter situation is not yet fully understood. In the present
case of LiH, we see an oscillation betwelrn= 20 andN =
25, and then there is no significant changdsilbetweenN =
30 andN = 40. However,N = 40 is still too small to be
completely sure that we have reached the large droplet limit of
E1,” so we cannot rule out further changestafbeyondN =
40 for LiH in “Hey.

All simulations were performed here with a time stepAaf
= 1/80 K™1. ForN = 1;3;20 we have also performed simulations
with Az = 1/160 K1 The results are plotted in Figure 10 as
open symbols. Comparison of results for two different time steps
shows that the PICF excitation energies are less time step biase
than ground state energies (Figure 4). We conclude that taking
into account other uncertainties such as the-tHte potential
and the ill-conditioned nature of the inverse Laplace transforma-
tion, a time step ofAr = 1/80 K1 is sufficiently small for the
purpose of calculating rotational excitation energies.

The J = 1 rotational energyE; allows estimation of the
effective linear rotational constant from the relatibin= 2Bgs,
where we neglect the contribution of centrifugal distortion. For
the largest clustefN = 40, we obtain a valuBet = 0.66 K.
This results in a reduction relative to the gas phRAsalue of
Beii/B = 0.0615, i.e., the effective rotational constant is reduced
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Figure 11. Comparison of the relative reductioBe/B of those
molecules and complexes listed in Table 1 of ref 1 where the gas phase
B is known (open boxes) with the calculatBgy/B of LiH (filled box).

to a mere 6% of the gas-phase value! A comparison of this
reduction to that found experimentally for previously investi-
gated molecules in largHe droplets is shown in Figure 11.
While there is considerable scatter in the rat®s/B, it is
apparent that there is a clear trend toward a larger ratio for light
molecules (i.e.B larger than about 1 K). LiH is therefore a
remarkable exception lying far outside the regime of all other
light molecules.

From the ground state results for energies and structure in
section Il, we recall that sonféle density is strongly localized
in the global minimum. The rotational motion of LiH aride
atoms in the global minimum is therefore likely to be highly
correlated. This suggests a simple model for the rotational
dynamics of LiH in the larger clusters, namely rotational motion
of a core unit of LiH and one or mor#ie atoms. We consider
here the smallest unit, namely a core dimer, with a sifgle
atom. First, we calculate the bare rotational energy of this dimer.
The moment of inertia of the LiH*He dimer is determined
from its ground state density (section Il). Assuming this to be
arigid (prolate symmetric) top results in rotational constéhts
= C = 2.1 K, yielding a lowest]l = 1 excitation energy oE;
= 4.2 K. The actual value obtained from the MaxEnt inversion,
E; = 2.8 K, is smaller because the dimer is very delocalized or
“floppy” , but given that the model is rather crude, it is not
surprising that it is 50% off. Now we can use this model of the
dimer as a HeLiH “molecule” with “gas phase” rotational
constantB’ = 2.8/2 = 1.4 K as a reference point for the
reduction ofB' in larger clusters. With this dimer reference,
we find that in the larg&l limit, the effective rotational constant
Bett With respect to this dimer “molecule” would be expected
to be reduced by about 47%. SucB&/B' ratio would be closer
to the ratio of the molecules shown in Figure 11. Taking a larger
core unit would only improve this estimate. Hence this simple
model of a core rigidly bound unit appears to provide at least

& qualitative understanding of the very laigg reduction with

respect to the gas phaBefor LiH in helium. We note that by
introducing this dimer model (or models using a larger core
unit) we do not want to imply that there is no exchange between
4He atoms of the core unit and the otHete atoms; in fact we
saw above that exchange is actually enhanced in the density
peak region.

IV. Bose vs Boltzmann

One of the consequences of superfluidity is the lack of a
Q-branch in all recorded rovibrational spectra of linear molecules
in “He and hence the conservation of the linear rotor symmetry.
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Another consequence is little dissipative molecule-matrix 1% . . ; . ;
i ; Bose -
coupling, so that sharp spectral features are generally retained. .
g . . . . Boltzmann D
Comparison with spectra obtained3de, which obeys Fermi oas phase |

statistics, indicated that the bosonic naturété is responsible
for this4142

In ref 43, the dynamic structurdunction Sk, w) of bulk
4He was obtained with similar methods to those used here for
molecule rotation spectra. A comparison there betwi#éa
obeying Bose and Boltzmann statistics, respectively, demon-
strated the important role of Bose statistics for the spectrum of
elementary excitations (phonenoton spectrum). A key feature
of Sk, w) of bosonic*He below the superfluid transition
temperaturel,, namely the energy gap below the elementary : : : : '
excitations, was reproduced qualitatively, while no such gap 0 02 04 06 O'i ! 1214 16
was present in “Boltzmann helium” . Tk

In ref 23, we have found that the Bose statistics of the _Figure 12. Orientationa_d correlation functiof(r) sampled with PIMC
quantum solventHe have a profound effect on the rotational 'S, S1OWn (Points) for Likt fkiey, N = 20, atT = 0.3128 K for Bose

. - . “He (filled squares) and Boltzmarthie (open squaresi) is shown
dynamics of slow linear molecules like OCS when compared fo every other time step for better readability. The full line shows

with corresponding results obtained witde omitting permuta-  g(¢) for LiH in gas phase (the dashed lineS&) with fit parameterB
tion exchange. Unfortunately, for OCS, the effect could not be = Bes, which fits the data badly).

quantified in detail since statistical noise on the very small

energy level spacing of such heavy molecules precluded MaxEnt 1.6 ‘ ' ‘ . " Bose =
inversion. In contrast, for the fast linear rotors HCEtnd 14 L " Bolzmann 0 A
COM we found surprisingly no significant effect of Bose
statistics in the = 1 MaxEnt spectrum? In comparison to

OCS, both of these molecules are light (fast) rotors with a
solvation structure irfHe that is much less anisotropic. A
strongly bound heavy rotor such as OCS induces a strong 2
anisotropic solvation structure in the surrounding helium that
acts as a source of local excitations which give rise to a moment

of inertia renormalization. While the ground states of Boltzmann
and Bose helium are the same at zero temperature, both the
local and collective excitations will be different in Bose and
Boltzmann fluids. In the absence of analytical calculations of
rotational spectra in Boltzmann helium, we cannot provide a
definite explanation for the difference between OCS and the E [K]

lighter molecules. However we note that it is not inconsistent Figure 13. MaxEnt rotational Spectruri(E) of LiH—Hey for N =

with the current models for fast and slow rotors in superfluid 5521 = 9 3125 K B = 3.2 K1), calculated assuming Bose statistics
helium. Thus, the rotational spectrum of HCCH and other light (filled squares) and Boltzmann statistics (open squares), respectively.
molecules with weakly anisotropic interactions with helium can The lines connecting the symbols are spline interpolations, made to
be obtained by calculating the coupling to collective excitatfons: guide the eye.

apparently, this mechanism is little affected by the additional

density of states in Boltzmann helium. On tr_le othe_r hand, s_Iow shown in Figure 13, where we now also show the corresponding
molecules like OCS have a strongly anisotropic solvation peak in the negative energy range which is calculated using
structure in the surrounding helium, and the coupling between yetailed balance(— E) = e P¥"YE), and which corresponds
rotation and helium can be described well by a phenomenologi- 1o geexcitation of thermally populated excitations. For the Bose
cal two-fluid modeF:4° The two-fluid model clearly relies on  ¢ase in the energy range shown in Figure 13, there is a narrow
the predominantly superflluid_s.tate of helium arqund the peak at 1.22 K carrying most of the spectral weight (78%,
molecule and hence is implicitly dependent on its Bose considering only the positive energy range). As mentioned
symmetry. above, we assume that this is a single sharp line, consistent
Now we ask the same question for the light molecule LiH with the experimental findings for many molecules, and we
solvated in“He, namely, does Bose symmetry affect the assign it to the R(0) transition of the solvated LiH, with its width
rotational dynamics of LiH? Given the light mass but strong of about 0.5 K constituting an approximate measure of the
anisotropy of its interaction with helium, the answer is not clear amount of artificial smoothing that the MaxEnt inversion
in advance. In Figure 12, we compare the orientational correla- introduces for this particular spectri#hCorrespondingly, the
tion function(z) of LiH solvated in a clustery = 20) of Bose smaller deexcitation peak atl.22 K with the same width is
and Boltzmann helium, respectively. For the Boltzmann case, assigned to the P(1) transition.
S(r) decays slower toward = /2, indicating the presence of The MaxEnt spectrum of LiH in Boltzmann helium in Figure
excitations of lower energy. Hence, the situation for LiH is 13 (open squares) peaks at a similar energy (1.32 K, spectral
similar to theslowrotor OCS, and thus very different from the  weight 77%), but is significantly broader. In particular at zero
fastrotor HCCH (which, in the gas phase, is however still slow energy it lacks the “energy gap” seen in the Bose case.
compared to LiH!). Unlike for OCS, statistical noise in the Therefore, while we cannot completely rule out that the
present case is small enough (smaller than symbol size in FigureBoltzmann example is a pathological case of excessive smooth-
12) to allow MaxEnt inversion to obtai E). This spectrum is ing of a single sharp line due to MaxEnt, it is more likely that

S(1)
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the true spectrum consists of several sharp lines and that theto have the lowest ratiBeg/B of all molecules which have been
smoothing characteristics of MaxEnt result here in an ap- investigated up to now. This exceptional behavior is due to the
proximate continuous envelope of these lines. (Note that for a strong anisotropy of the LiHHe interaction compared to other
small cluster likeN = 20, the spectrum cannot be smooth, but light molecules. A simple model which assumes that a core unit
must be discrete for energies below the evaporation threshold,of one or moréHe atoms bound in the global minimum moves
i.e., the chemical potential, of the droplet.) The MaxEnt adiabatically with the molecule but still participates in permuta-
spectrum is too broad to see individual peaks but its generaltion exchanges provides a qualitative explanation of the large
shape is consistent with the presence of negative energy peakseduction.
corresponding to deexcitation. Hence, we believe that the We have also considered the artificial system of LiH solvated
following interpretation is correct: the true rotation spectrum in a cluster offHe which obeys Boltzmann statistics instead of
of LiH in a small (N = 20) Bose cluster has an isolated, sharp Bose statistics. Unlike the previously studied molecule OCS
R(0) line, while the spectrum in a small Boltzmann cluster where the statistical noise was too high to obtain the rotational
consists of many lines with a broad envelope that has no energyspectrum by MaxEnt, and also unlike the case of light molecules
gap. HCCH and CO, which induce relatively weak perturbations of
An energy gap in théHe excitations for finitek is associated  the helium density and show no difference between the two
with superfluidity#> Here we have a similar situation, but it is  statistics, we could show explicitly for LiH the existence of a
the gap in the rotation spectrum of teelutethat identifies the marked difference between the rotational spectra in Bose and
superfluidity of thesolvent Although there is a lot of indirect  in Boltzmann helium. In this case we demonstrated that only
theoretical evidence for the role of superfluidity for sharp in Bose helium is there a well-defined rotational line. In
rotational spectra using, for example, the two-fluid approach Boltzmann helium, the rotational spectrum (or, more precisely,
for “He and the assumption of adiabatic following of the normal its envelope) is much broader and does not vanish at zero
fraction to calculate and compare rotational constants with energy, i.e., it has no low energy “gap”. Comparison with the
experimental value3? or from calculations of the local super-  corresponding results for OCS, HCCH and CO respectively,
fluid density3746we have here for the first time obtained direct indicates that in addition to high quality sampling statistics for
theoretical evidence of how Bose permutation symmetry of the the correlation functions, a very pronounced anisotropy of the

quantum solvent affects the rotational spectrum. helium density around the molecule is required to observe a
dependence of the rotational spectrum on exchange statistics
V. Conclusion (Bose and Boltzmann).

. . . ) ) On the technical side, a detailed study of the dinhers 1,

We have investigated small to medium sized tifthey showed that due to the steep global potential minimum, the
clusters using PIMC simulations to obtain the solvation energy pimc time step bias is quite severe for the ground state energy.
and structure as well as the rotational excitation spectra. OUr o accurate value for the ground state energies of-tiHe
results show that the LiH molecule is solvated in the center of . sters may be obtained from values at time steps 1/160
the cluster (defined with respect to the total center of mass) for -1 by extrapolation toA7 = 0. The ground state distribution
sizesN > 10 — 15, and that this solvated structure prevails Up ¢ 44e around LiH changed little belowr = 1/160 K-* even
to the largest cluster simulated heNe;= 100. We conjecture ¢4 the peak in the global potential miminum. Since we are
that LiH is solvated inside largéHe droplets, despite its IoW jyierested in the buildup of density around LiHN increased

mass (large zero-point motion) and despite the repulsion betweenich, js less affected by bias than this density peak, we found
He and the hydrogen end of LiH. Because of the anisotropic A, — 1/80 k-1 to be sufficient for this purpose, and refrained

LiH—He in.teractiqn,. the solvqtion structure is very anisotropic from extrapolation toAr = 0. For the excitation energies we
as well, with a distinct density peak in the global potential t4,ng surprisingly little time step bias; therefore, extrapolation
minimum. The solvation energy of He atoms fde2is much s hot needed either. Nevertheless, our simulations show that
smaller than the dimer binding energy, which can be seen in \he primitive approximation, as the name implies, is not the
the N dependence of the chemical potential. Nevertheless, anpegt choice for the density matrix, and a better approximation
analysis of the exchange path lengths show that the He atomsgp,,,4 be employed for strong solutsolvent interactions. A

in the global minimum region are not classically localized ;o mpination of the pair density matrix approximation for the
dead” atoms and still participate in permutation exchange with spherical solventsolvent interaction with a fourth-order

other He atoms. In fact, the permutation exchange propensity ¢chema47 for the anisotropic solutesolvent interaction can

appears to be enhanced in this region, unlike the situation for 5 g significant reduction of the time-step bias on the energy.

more strongly bound molecules where it generally decreasesthe applicability and benefits of such higher order propagators

near the global minimum region. for molecules in quantum solvents will be discussed elsewhere.
For calculation of the rotational spectrum, we used the path
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