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Effects of molecular rotation on densities in doped “He clusters
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Department of Chemistry and Kenneth S. Pitzer Center for Theoretical Chemistry, University of California,
Berkeley, California 94720-1460

(Received 10 April 2002; accepted 17 December 2002

The effects of including rotational degrees of freedom on helium solvation densities in
molecule-doped helium clusters are investigated for a variety of molecules. Helium densities and
cluster energetics are calculated with diffusion Monte Carlo methods. The rotationally induced
changes in the helium density distributions are examined and quantified with a theoretical estimator
applicable to molecules of arbitrary symmetry. This analysis leads to a discussion of adiabatic
following of molecular rotation in a solvating helium environment. We make a detailed comparative
study of the effect of molecular rotation as a function of four impurity molecules with varying mass
and symmetry: S| OCS, HCN, and benzene {B). We find that even for the heaviest rotors,
only a fraction of the solvating helium density adiabatically follows the molecular motion in the
quantum ground state. For the lightest molecule, HCN, a negligible degree of adiabatic following is
found. A discussion of the various definitions is presented to clarify the meaning of adiabatic
following, and its applicability to dynamical models of quantum rotation in helium droplets is
evaluated in light of the quantitative findings of incomplete adiabatic following established
here. © 2003 American Institute of PhysicgDOI: 10.1063/1.1545106

I. INTRODUCTION provide the most complete theoretical description, with full
incorporation of the molecular rotational degrees of freedom
in microscopic quantum calculations of rotational excitations
of the doped clusters. These calculations employ diffusion
Monte Carlo(DMC) methods, and may provide either en-

%rgy levels alone, or energy levels with associated multi-
L . ) . dimensional cluster wave functions. To date, direct calcula-
to bg a characteristic of Fhe.superflwd solvation environmenf, < hove been made using either fixed node diffusion
provided by the bosonic isotopéHe at temperatured _Monte Carld or the projection operator imaginary time spec-

~0.4 K. No spectroscopic signazture of rotational states ig, | o\0/ytion methodology®® The latter is more powerful,
seen in the fermionicHe droplets,’ a feature that is under- allowing the limitations of fixed node constraints to be over-

?tOOd. mtrt]er;ns O.f the h|ghtdenls_|ty_é)f smgl_e-pag!c!e fxc'ti'come and exact excited states to be obtained, as demon-
ions in the fermionic quantum liquid, causing efficient sca 'Ftrated in Refs. 8 and 9.

tering and decay of rotational excitations as in classica The first DMC studies incorporating molecular rotation

Fride 2
“qwg:\/eral aporoaches have been advanced to model tIgi;égtve rise to the notion addiabatic followingof the molecu-
PP lar rotation by some fraction of the helium densitf¥his

rotgtlonal dynamlcs_ of mc_)IecuIes that are solvated by th%otion, which will be discussed in detail in the latter part of
unique quantum fluid environment provided 4He. These

include direct calculation of cluster energy levels correlatedIhIS paper, plays a key role in the other two theoretical ap-

with molecular excited rotational levets;®°a microscopic proaches, i.e., in the microscopic two-fluid theory and in the

two-fluid theory of helium response to molecular rotation hydrodynamic model. The formulations of the microscopic

. " : two-fluid theory and hydrodynamic models made to date rely
based on path integral decompositions of the solvating he- . . :
X . . . . __on theoretical estimates of the helium response to molecular
lium density into local superfluid and molecular-interaction

: . .~ rotation that are based on assumptions of either complete or
induced nonsuperfluid componefts,and hydrodynamic S : ) .
. " artial adiabatic following of the molecular rotational motion
models for helium response to classical molecularp . . . .
- 5 71314 . . by the solvating helium density. However, the solvating he-
rotation?”=>*" Of these, the direct calculations currently s . . )
lium densities that have been used in calculations with these
approaches to date have all been calculated for nonrotating
dCurrent address: Lawrence Livermore National Laboratory, L-405, Liver-molecules, within the implicit assumption that the density
more, CA 94550. ; . ;
PCurrent address: Technische Univeisiinchen, D-85747 Garching bei will be 5|m|lar for a rotating molecule. Th,e _DMC approaches
offer a direct method to assess the validity of this assump-

Mlnchen, Germany. _ AL _
®Electronic mail: whaley@socrates.berkeley.edu tion, which is often loosely referred to as the assumption of

Interpretation of the phenomenon of apparent free rota
tion of small molecules and complexes4He droplets has
generated considerable theoretical activity in recent titngs.
This phenomenon is now widely observed in a broad rang
of infrared and microwave experimertfst! where it is seen
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adiabatic following of the molecular rotation by the helium rithm (IS-RBDMC) that is developed and described in detail
density. A primary theme of this paper is to examine in detailin Ref. 15. In general, all degrees of freed@moth rotational
the extent of validity of this assumption, and to show withand translationalare importance-sampled in this approach.
demonstrations for a number of molecules of different mas#\s a result, it can be used for calculation of both ground and
and symmetry that this assumption is not correct and that thexcited state energies for molecules in helium clusters with
helium density distribution is indeed quite sensitive to thefull incorporation of the molecular rotational kinetic energy.
presence or absence of molecular rotation. This has allowed calculation of rotational states to be made
A second theme of this paper is to show that making usevithin fixed node approximationas well as application of
of the intrinsic anisotropy of the molecule—helium interac-the more powerful projection operator spectral evolution
tion offers a route to quantification of thextentof adiabatic ~ methodology to the direct calculation of rotational excita-
following, via an estimator that measures the effect of mo-+ions without nodal approximatiofs’ Importance sampling
lecular rotation on the solvating helium density. We applyof the molecular rotational degrees of freedom is important
this estimator to the same set of molecules differing in bothwhen these are strongly coupled with the translational and/or
mass and shape, and show that it allows a systematic analysifbrational degrees of freedom of the cluster. This is the
of the extent of adiabatic following for a range of moleculessituation with heavier molecules, such asgSP®CS, and
relevant to experimental studies in helium droplets. In parbenzene. For weakly coupled molecules, such as the lighter
ticular, we examine the extent of adiabatic following of the HCN molecule, the importance sampling of rotations is less
molecular rotation by helium for several small molecules of¢ritical and may often be neglected.
differing mass and molecular geometry. We analyze the be- e employ this full importance-sampled rigid body al-
havior of Sk, OCS, HCN, and benzene {B¢). The first  gorithm here for the ground states of the molecule-doped
two provide a pair of relatively heavy molecules that differ in helium clusters, making use of explicit importance sampling
molecular symmetry, SFbeing octahedral and OCS linear. of the molecular angular degrees of freedom as required.
OCS and HCN allow a comparison of the effect of molecularTrial wave functions and additional computational details are
mass to be made, between two molecules possessing theovided in the Appendix. Calculations are made for each
same linear symmetry. Benzene represents an extreme caglecule in*Hey, with and without the rotational kinetic
in the heavy regime, for which the molecule—helium inter-energy of the molecule. Each of these pairs of calculations
action potential is much more anisotropic than the other exa|lows an assessment of the effect of quantum rotational mo-
amples. tion of the molecule on the helium distributions in the mo-
The structure of the remainder of this paper is as folecular frame to be made. We find differences in both the
lows: Section Il gives a brief overview of the computational energy and the helium density distributions between these
methods used in the calculations presented here, noting thgirs of calculations.
various different estimators employed in calculation of the  The gifference in energy observed between the two cases
helium density and/or wave function. Section Il presentSgerives from the fact that the rotation of the molecule inside
results (comparison of densities obtained with and withoutihe clyster is not a free motion but is hindered by the pres-
the inclusion of molecular rotatignfor the smallest ence of helium atoms. This gives rise to a matrix zero point
molecule—helium complexe®{=1, containing a single he-  gnergy contribution that can be viewed as the effect of the
lium atom, together with essential numerical details for eaclhingered rotation and having a mixed rotational and vibra-

of the four molecules studied here. In Sec. IV we analyzgjona| charactefi.e., libration. As a consequence the calcu-
and quantify the effect of rotations on these density distribuation without the kinetic term corresponding to the molecu-

tions, with an estimator that compares the anisotropy of the;; otation misses some part of the zero point energy of
density distribution in the cluster ground state when this i§terna| degrees of freedom of the full cluster. In the remain-
evaluated with and without molecular rotation. This estima-qq, of this paper, we refer to this difference as the “hindered
tor is then applied first to thél=1 clusters. Section V pre- | iation energy” ,increment.

sents the corresponding analysis for larger cluster Sikes ( geyeral approaches are used here to analyze the ground
%20' cgntammg up to one solvation shellogether with a state helium densities in the molecular frame. While DMC
discussion of the more complex set of factors that affect th%ields exact ground state energies when numerically con-

helium density distributions and the estimator at these size erged, expectation values of position operators may be sub-
For the linear molecules OCS and HCN complexed with a}ect to trial function bias when importance sampling algo-

single helium atom where it is possible to make exact Calcufithms are employed. This may be dealt with at several

lations of excitgd state e_nergies gnd wave functigns, we alsl%vels. It may be completely avoided by the use of descen-
gvaluate the difference in solvating helium Qen5|ty dlstrlbu—dant weighting!® requiring a significant increase in compu-
tions between thd=0 andJ=1 cluster rotational Ie\_/els. ._tational effort. It may be reduced by the use of extrapolation
) . : : "stimates such as the second-order estimfatéior very
and _con_cluspns for the m'_terpretatlons of the rotational dy'small clusters, e.g., th=1 complexes we study here, the
namics in helium droplets in Sec. VI. densities can be obtained from nonimportance sampled “un-
biased” DMC, for which trial function bias is absent. For
larger size clusters we may also use unbiased DMC, and
The primary methodology employed here is thesimply examine the projections of thé-helium wave func-
importance-sampled rigid body diffusion Monte Carlo algo-tion into the molecular frame, rather than the denSiyidi-

Il. THEORETICAL METHODS
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tionally, since we are interested in comparisons between den-
sities evaluated with and without rotation, if only radial trial
functions are consistently used in both calculations and the
cluster is less than a single solvation shell so that there is no
extended radial structure, then there should be negligible bias
on the helium angular distributions and hence on the adia-
batic quantifier proposed here. Either mixed or second-order
densities can be used in this situation. However, when the
trial functions are anisotropic, care must be taken to assess
the extent of trial function bias on the density differences
found between the nonrotating and rotating molecule calcu-
lations. When the trial functions are highly optimized, it is
expected that use of the second-order extrapolation should
effectively reduce trial function bias on the difference be-
tween the densities from the two calculations.

In the calculations presented here, we have obtained [ty AL B S W N B BN NN B B
consistent results using descendant weightilignzene, 801~ ) \\ = el 7
OCS), second-order density estimat¢3CS), mixed density 60~ =1 = iSRGl N
estimators (S, HCN), and unbiased DMC (SF HCN, 40 Y % — He-SF (Cy)
OCS. In addition, for S we have also made the corre- 'g 20+ v\ -—- He-SF,(C)) -
sponding analysis comparing wave function projections in- o ok N ]
stead of densities, and find consistent results for the corre- o0l
sponding measures of adiabatic followit@ec. V). 40
~ For the grrggllest' gluster sizBl=1, we use 'the' colloca- e N
tion method®~?°modified by Drucker and HiggiRsin order R T PR

to determine exact rotationally excited energy and wave
functions for HCN and OCS as a function of total angular r(ag]
momentumJ. This method is based on using basis set meth-

. . . FIG. 1. (a) Schematic of the SFmolecule showing the high symmetry axes
ods for the representation of the kinetic energy operator an .. Cs, andC,). (b) Radial cuts of the SHe potentialRef. 23 along

grid points for the representation of the potential. The SiX+he high symmetry axes marked {g). The He—He potentialRef. 24 is
dimensional wave function is expanded onto basis set funcaiso plotted for comparison.

tions made of product of radial wave functions and Wigner

matrices representing the relative rotation of the rigid body

vglgthes%e% éoSth; atom, agd tth? overall ;otattpn. Fg{ t_’OtttonstantBO:O.OQ cm * and mass 146 amu. The rotational
an » (€ ground state wave tunction oblaINeG,, 14t decreases to 36%Ry in *He cluster€? The octa-

from collodca:iotn fcaIClt'l.latio?)f s i((jjefntical t%_the goéﬁépqrnhc_i'hedral Sk molecule is shown together with its high symme-
ing ground state function obtained from unbiase . ThiS,y axes C,, Cs, andC,) in Fig. 1(@. The C, axes lie

is also the case V\{hen a nonrotating rigid_ body is useq. Fc(’élong the S—F bonds, th@; axes are located in the centers
geM_CS%’. WehObft.am q extgted state ent_arg|e|s ch?m ur?blase f the octahedral pocket®verywhere equidistant from the
using the fixed-node approximation. In this scheme, g, oo delimitingC, axes, and theC, axes point toward the

trial ‘excited statg nodal surface is wpposed by rejec.tmgmidpoint of a line segment connecting adjacent F atoms. The
walker moves which attempt to cross this surface, thus y'eldénisotropic SE-He interaction is modeled using the poten-

ing an energy which is a variational upper bound to the lOW'tiaI of Packet al?® Cuts of this potential along the high
est stat_e of the same symmetry. For HeE,_—,S_We compute_ an symmetry axes are shown in Fig.(bl. The He—He
approximate)~j =1 excited state, wherg is th_e spherical i eractio? is also shown here, for ease of reference. The
top angular momentum quantum number. This assumes th s—He interaction potential has eight equivalent minima
the total cluster angular momentuincan be approximately situated on theC, symmetry axes at a distance of 75
separated into the molecule angular momenturand the from the sulfur atom, each of which has a well depth of
hglium angular momentum. For & large helium clusters 58.285 cm *. For the ’purposes of studying how the helium

r(’!Jtensity is distributed around the molecule, we find it useful

with . expenmentally. observgd rotational - energy IeVe'to define two special axes along which the density is exam-
spacings’ Note that this approximate angular momentum de“lned. One of these is an axis favorable for helium density,

coupling does not preglude_ a reno_rmalizatio_n of the effectiveand the other is an axis unfavorable for helium denge
molecular moment of inertia, as discussed in Ref. 7. Sec. IVB. For SF;, the obvious choice for the “favorable”
ll. ENERGIES AND HELIUM DENSITIES FOR N=1 (includes region of lowest potential enejgkis, F, is theCs
A SF axis. The potential possesses two saddle points with respect
"o to rotation around the molecule. They lie on the two other
SF; lies in the dynamical regime of slow, heavy mol- symmetry axesC, and C,, which are thus two possible
ecules in helium dropletspossessing a gas phase rotationalcandidates for the special “unfavorablé) axis.
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T T [ T T T 7 T T 1T 1T [ T 1T

F

TABLE I. Unbiased and biase@mportance sampledMC energies for the 10T
SK;—He complex. The numbers in parentheses give one standard deviation

statistical errors in the last digits. The energies are in agreement with the
value of —25.81 cmi! obtained by finite basis set/discrete variable repre-
sentation(FBR/DVR) calculations. This FBR/DVR value is converged, i.e.,

it is stable when the unsymmetrized basis set size is increased from 19 890
to 33 930.

o
T T T T [ T v 1T T [ T 1 T T [ T T 11

DMC (cm™ %) DMC (no rotation$ (cm™ 1) ]

Unbiased —26.0(1) —-26.7(2) ]
Biased —25.8(2) —26.7(2) -5 7]
_10 | | I | | | | I \ | | 1 | T | | I | ]

We analyze the effect of rotations on the helium density 15 -10 5 0 5 10 15

surrounding the qOPam gFhere with pOth importance-  Fig. 3. Contour lines of the potential energy surface for the OCS—He in-
sampled and unbiaseghure DMC. The importance sam- teraction(Ref. 26, showing also the locations of the oxygen, carbon, and

pling is made with the IS-RBDMC scheme described in Ref sulfur atoms. The lowest contour line is a#40 cm %, and the line incre-

; ; ; ; : ; ; ment is 10 cm? (the outermost contour displayed is thus-a10 cm 1),
15, using the isofropic trial wave function described in theThe filled circle indicates the position of the OCS center-of-massl, and

Appendix._ For Sk, a _spherical top molecule, calculations  genote privileged directions passing through this peite the text
are carried out in the fixed Ilaboratory frame bistances are shown in atomic units].

implementatior® In the importance sampled analysis we
look at mixed densities, and in the unbiased DMC case, Wene effect of the rotations is to reduce the localization

examine thg ;ingle partigle wave function. In both instances, o nd the potential minimurtieduction of density along
these quantities are projected into the molecular frame. Tthis), and to increase the density along the less favorable

ground state energies obtained for both the importancegirections (along C, and C, axes. Consequently there is
sampled and unbiased calculations are listed in Table I. Thgome overall smearing out of the density in the molecular

ground state energies obtained with rotations included are if;me as a result of including the molecular rotational mo-
good agreement with an independent discrete variable reprgg

sentation(DVR) calculation'® The energy increment due to

- " - ! A These differences in both energies and density profiles
the hindered rotations is about 0.70 ¢th Note that this is

X , imply that even in the ground state, molecular rotations do
considerably greater than th_e spacing between the lowegl, e a noticeable effect on the properties of the cluster. The
free-rotor energy levels (Bo=0.18 cm 7). As discussed o that the densities obtained including rotations do never-
previously, this reflects the fact that the hindered rotation hag,gjess closely resemble those obtained with a nonrotating
some vibrational character and implies that adding the Mo gjecyle implies that the helium density is ableattiabati-
lecular rotational degrees of freedom to a molecule—helium.g); follow the molecular rotation to an appreciable extent.
cluster containing a nonrotating molecule will have a morep 11 discussion of this concept and a more quantitative

dramatic effect on the system than a low lying rotationalyescription of this observation will be provided in Sec.
excitation of the molecule would do. This will be confirmed |\, 1

in Sec. IVD where we specifically examine the effect of
increasing the molecular rotational state. B. OCS
The ground state helium densities along the symmetry

axes of the SfEmolecule, calculated with and without rota- Thz OCS. mlolecqle 'S a slgvxitrl:neag rlct)tpr lying |nhtr:e
tion, are compared in Fig. 2. In all cases, we average ov pame dynamical regime as & although 1t 1S somewha
ighter. Its rotational constant in the gas phase Bg

equivalent symmetry axes in sampling the helium densmes.: 0.207 cmi® and its mass is 60 amu, FHe droplets it
undergoes a decrease of rotational constant similar to that of

2010 —— 1 — 17— SF;, with a reduction toB=0.07 cm'!, i.e., to 34% of its
gas phase valu€.In the present work we have used a full
potential energy surface based on #ieinitio He—OCS in-
teraction previously calculated by one of (#P), using den-
sity  functional theory together with dispersion
contributions?® This He—OCS potential energy surface, de-
fined in Jacobi coordinate§,6), is shown in Fig. 3. The
global minimum of —46.02 cm! is located atr =5.984a,
and #=108.0°. There are other two secondary minima for
the two collinear geometries. The first,&t 0° (sulfur side,
has a well depth of-34.56 cmi'* and is located at 8.36,

 [a] The second local minimum, @=180° (oxygen sidg has a
FIG. 2. Comparison of radial helium density profiles obtained witly SF comparable well depth of-32.01 cm ' and is located aF
rotation (solid lines and without SE rotation(dashed linesalong the three ~ 8.938, from the OCS center-of-mass. The two saddle points
symmetry axes for §f~He (see Fig. 1 are located, respectively, a#=61.7° and #=132.1°. In

1.5x10°

1.0x10°

p () [2,°]

5.0x10™

0.0
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FIG. 4. Comparison of radial helium density profiles obtained with OCS
rotation (solid lines and without OCS rotatioridashed linegsalong the
privileged axed andU for OCS—He(see Fig. 3.

Fig. 3 we have also indicated three privileged directions 12 T
starting from the OCS center-of-mass and passing, respec- ! ;
tively, through the global minimum poirtE), the first saddle "
point (U’), and the second saddle poitil). The binding
energy of a single helium atom in this potential is
—15.84 cm 1.%% The ground state energy calculated with a
nonrotating OCS molecule is 17.06 cm , resulting in a
hindered rotation energy increment of 1.2¢m

Figure 4 shows th&He densities along the andU axes,
derived from calculations with molecular rotatiaisolid
lines and without molecular rotatiofdashed lines These
densities are derived as second-order extrapolations from IS-
RBDMC calculations in the mixed frame implementaticn, >
using the anisotropic trial wave function described in the -2
Appendix. The density along tHg' axis is negligible at all
distances and is therefore not shown. We see that the dengiic. 5. Upper panel: cut of the benzene—He potential through the global
ties obtained with molecular rotation appear qualitativelyminima along a plane parallel to the benzene molecule, at a distarce of
similar to those obtained with a nonrotating molecule, but=6-18ag abovc_e the benzene plane. The orien_tgtion of the molecule is
that there is a noticeable angular smearing out of the heIiur@ho""n by marking the carbon and hydrogen positions orz+h@ plane by

. . L L .. filled circles. Lower panel: cut of the benzene—He potential alongythe

density for the rotating molecule. This situation is very simi- _g pjane, intersecting a global minimum €.,6.18, a saddle point at
lar to that seen earlier for gF and suggests that the helium (3.72,6.69, and a secondary minimum @.37,5.10. The axes andU pass
density is similarly able t@diabatically followthe OCS ro-  through the global minimum and saddle point, respectively. The contour

tational motion to a significant but incomplete extent lines on both contour plots run from 63 cmi’* to zero in increments of
' 7em L

X [aO]

C. Benzene (CgHg)

Benzene is an oblate symmetric rotor with gas phas@ected to each of the six secondary minima on the same side
rotational constantsA,=0.188 cm?, C,=0.0938 cm!, via a saddle point ofV,=—35.29 cml. These saddle
and a mass of 78.11 amu. This puts it in the same mass ammbints, twelve in all, are located roughly above and below
moment of inertia regime as gkand OCS. No rotational the C—C bonds. A cut of the potential through the global
spectrum of benzene has been measuretHi droplets to  minimum along a plane parallel to the benzene plane is
date, although rotational constants have been measured fshown in the upper panel of Fig. 5. The corresponding lower
the N=1 complex?’ In comparison to both SFand OCS, panel shows a cut through a plane perpendicular to the mol-
the helium—benzene interaction is markedly more anisoecule that intersects a global minimum, a secondary mini-
tropic. We use here an analytical'fitto ab initio data of mum, and one saddle point on the potential surface. The
Hobzaet al?® There are two equivalent global minima of binding energy of a single helium atom in this potential is
Vo=—66.01 cm!, located on the molecul€g symmetry —18.65(3) cm*,?° increasing to—21.61(2) cm?® if the
axis at a distance af= +6.184a, from the benzene plane. molecule is nonrotating. This results in a relatively large hin-
There are also twelve equivalent secondary minima/pf  dered rotation energy increment of 2.97 ¢in Comparison
=—43.47 cm!. These secondary minima correspond to aof this value with the corresponding values fors3fid OCS
helium atom situated roughly between two neighboring hy-above implies that the magnitude of the hindered rotation
drogen atoms, six above and six below the benzene planenergy incrementand its value relative to the free rotation
The global minimum on one side of the molecule is con-By) is correlated in a general sense with the extent of anisot-
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FIG. 7. Comparison of radial helium density profiles obtained with HCN
FIG. 6. Contour lines of the potential energy surface for the HCN—He'otation (solid lineg and without HCN rotation(dashed lingsalong the
interaction, showing also the locations of the hydrogen, carbon, and nitrogeRrivileged axes= (#=0) andU (6= ) for HCN-He.
atoms. The lowest contour line is at25 cm ! and the increment is 5 cnt
(the outermost contour displayed is thus-a6 cm ). The filled circle

indicates the position of the HCN center-of-mass. Fhexis (§=0) is an ener of—29.6 cn! at the potential minimum. The
shown as the dashed half line, theaxis (9= ) as the dot-dashed half line. ay : p -

Distances are shown in atomic unit}. saddle point of the interaction potential corresponds also to a
linear configuration but with the helium atom now on the
nitrogen side ¢= ). These two geometries allow us to de-

ropy of the helium-molecule interaction, consistent with afine two privileged axes for analyzing the density modula-

significant contribution from relative vibrational motion. tions. The favorable axis;, is thus the positive axis, with
Calculations for benzene-RNelusters were carried out 9=0, and the unfavorable axit/, is the negativez axis,

with the IS-RBDMC algorithm in the mixed frame with §==. These axes are shown, respectively, as dashed

representation? using the trial functions described in the and dot-dashed horizontal lines in Fig. 6. This potential gives

Appendix, and evaluating the helium densities with descena ground state energy ef9.66 cm * for the HCN—He com-

dant weighting'>*’ For N=1, the helium density is strongly plex. The corresponding ground state energy with a nonro-

confined along the molecula€g axis, with a single peak tating HCN molecule is—11.20 cm'?, resulting in a hin-
located over the global potential minimum, as expected frontiered rotation energy increment of 1.55 ¢hfor HCN.

the topology of the interaction potential. The position of this The effect of molecular rotation is studied using IS-

density maximum is in good agreement with experimentaRBDMC, employing the trial functions described in the Ap-

estimates foN=1.4?"?*The most obvious choice for tfe  pendix and the mixed frame implementatiGriThe helium
direction is along theCg axis. We define th&) direction to  densities are evaluated here as mixed densities. As was done
be an axis originating at the benzene center-of-mass, anfdr SF, earlier, we have confirmed that the use of unbiased
passing through a saddle poiM,. There are thus two DMC leads to the same conclusions as derived from mixed

equivalentF axes, and twelve equivalelt axes. densities.
Figure 7 shows the helium density profiles along the two
D. HCN axesF andU from HCN. For this light molecule we see that

limination of the molecular rotation has a very strong effect
the helium density. The calculations without rotation now

show considerably more structure compared to the calcula-

tions with rotations. Thus the density profiles calculated with

- . molecular rotation included are more smeared out, similar to
much lighter molecule, with a mass of 27 arftompared to ; . . . ’
g P the situation for S and OCS described earlier. However,

146 amu for SE, 60 amu for OCS, and 78 amu foidy). _ : :
For the HCN-He interaction we use the potential 1E8.C 2 818 (o0 I oC o Ol e erence.for
i Atki Hutsoft. Thi tial -

derived by Atkins and Hutso 's potential, based on HCN are provided in Fig. 3 of Ref. 15 and in Ref. 8. When

both ab initio calculations and on spectroscopic data, is ex i t included. the helium density i ite local
pressed as a function of the Jacobi coordinateg)(of the rotations are not inciuded, the helum density 1s quite focal-
ized, and its value a#= 7 (U) is nearly zero.

helium atom with respect to the linear HCN molecule. We
define a reference frame having theaxis lying along the
HCN molecule with hydrogen on the positive side, and hav{y. ANALYSIS OF EFFECTS OF ROTATION
ing x andy axes perpendicular to this, in two arbitrary but _ ) . _

mutually perpendicular directions. The geometry of the po—A' The notion of adiabatic following
tential minimum is linear =0), with the helium atom situ- For a molecule that is deep inside a cluster, a spherically
ated close to the hydrogen atom at a distance=0¥.94a,  averaged, isotropic molecule—helium potential would give
from the center-of-mass of HCN, as depicted in Fig. 6, andise to an isotropic solvating helium density. When the inter-

The HCN molecule is a much faster rotor than the three®
previous molecules. Its rotational constant in the gas phase
Bo=1.47 cm . This value is reduced by only 17% in he-
lium clusters, to 1.20 cmt.3%3! This molecule is also a
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action has angular dependence, however, the concept &fllowing studied here. This comparison may differ from re-
adiabatic followingoften comes into play. Loosely speaking, sults of a comparison of the dependence of densities upon
the idea is that the rotating molecule drags some of the suthe total cluster angular momentumWe will discuss this in
rounding helium density with it. Adiabatic following can be the following explicitly for N=1 complexes of the linear
discussed in either a classical or quantum mechanical dymolecules for which we have exact solutions for differ@nt
namical framework. In a classical context, adiabatic follow-values from the collocation calculatiofSec. 1V D).

ing is said to hold when the helium density around a rotating

molecule is independent of the speed of molecular rotation

(up to some critical angular velocity determined from theB. Quantification of the effects of rotation

time scale of the fluid’s responsé\n energetic criterion for We now use the previously definédand U (favorable
existence of such classical adiabatic following of the solvatand unfavorable, respectivélpxes to define a quantifier of
ing helium density was given in Ref. 7, by comparing theadiabatic following in an anisotropic molecule—helium sys-
magnitude of kinetic energy for classical rotation of the ﬁl’Sttem_ An appropriate way to evaluate the effect of rotations
shell helium solvation density around a given axis in thefor a cluster containing a molecule that interacts with helium

molecular frame with the corresponding potential energy devia an anisotropic potential, is to define the following quan-
rived from the molecule—helium interaction potential. In atity:

guantum context, adiabatic following holds when the helium /
density in the rotating molecular frame is independent of the = Lpu/plne rot 1)
molecular rotational state. Determining the validity of adia- Lpu/pElrot

batic following in this context requires a comparative studytpe subscripts “rot” and “no rot” are self-explanatory, re-
of the solvating helium density around a molecule as a functerring to calculations made with inclusion or absence of the
tion of different rotational states. molecular rotational degrees of freedom, respectively. The
We investigate the validity of adiabatic following here erm . refers to the density along a particular axis defined
by comparing the helium density derived from quantum calin the molecular frame, and is the distance from the mo-
culations that make full incorporation of the molecular rota-jecylar center-of-mass. As noted earlier, we use the notation
tion, with densities derived from calculations with a nonro-« g» for an axis of the molecule that is energetically favored
tating molecule. Formally, this constitutes a comparisonfor helium binding and consequently has a high helium den-
between a classical grOUnd State, nonrotating molecule, Wltbnyy while “U” refers to an axis that is energetica”y disfa-
a quantum rotor in its zero energy state. It does not correyored for helium binding and consequently has a low helium
spond exactly to either of the above-mentioned situationsgensity. For example, for the octahedralgSfolecule,F is
but it does nevertheless allow a direct assessment of the ighosen to be th€; axes, passing through the global mini-
fluence of quantum mechanical rotational kinetic energy ofnum of the SE—He interaction potential, arld is chosen to
the molecule on the helium distributions. We note that direche theC, axes, passing through saddle points of the interac-
probing of both the classical and quantum criteria describegion. As long as a consistent choice of privileged akeand
earlier is problematic. Performing calculations with a classi-U is made in the rotating and nonrotating molecule calcula-
cally rotating molecule surrounded by a bosonic quantumions, the actual choice of these is subject to considerable
fluid is neither trivial nor an appropriate dynamical descrip-flexibility. The main requirement is that the helium densities
tion. On the other hand, the quantum molecular rotationahlong these two axes be distinguishable and also measurable
states are not true eigenstates of the cluster, so that evalugte., nonzerp Note that these axes are not necessarily
ing the helium density for a pure molecular rotation stateequivalent to the principal axes of the molecule, which are
would also present both technical and theoretical problemsietermined solely by the internal molecular mass distribu-
For example, the cluster ground state contains a mixture afon.
molecular rotational states, and cannot be taken to contain Thus, some anisotropy in the molecule—helium interac-
solely thej =0 molecular state. In contrast, the comparisontion is essential for a meaningful analysis@¢r). The ob-
of a fully quantum ground state calculation for a cluster con-vious choice forF is a molecular frame axis that passes
taining a nonrotating molecule with a fully quantum groundthrough the potential minimum. The choice for is less
state calculation for a cluster containing a rotating moleculebvious and may present several options. Clearly this should
is well defined and has a clear interpretation. The energetibe an axis passing through unfavorable, high potential en-
difference between these two calculations gives the hindereergy configurations, such as a saddle point of the molecule—
rotation energy increment discussed earlier. As noted in thlelium potential energy surface. These saddle points are ob-
previous sections, this energy increment can be significantljained as maxima of the potential curve obtained when a
larger than the difference between low lying rotational statesingle helium atom rotate@diabatically around the mol-
of the molecule. ecule, i.e., the curve is obtained by optimizing the radial
The difference in helium distributions projected into the coordinate from the molecular center-of-mass to obtain the
molecular frame provides a measure of the effect of theminimum energy for each rotational angle. When the maxi-
guantum molecular rotation on the adiabatic following by mum of the resulting potential curve obtained is very high,
helium. A quantitative comparison between these distribuand if the curve presents local minima, then there exist mul-
tions in cluster ground states containing a nonrotating and tiple saddle points, and multiple options for thleaxis are
rotating molecule will constitute the measure of adiabaticpossible. We prefer to choose a saddle point which does not
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provide an extreme energy difference betwéeand U, to (a) SF, (b) OCS (c) benzene () HCN
avoid problems arising from density zeros @ For ex- 0‘; ' ’ ' T 006
ample, for the octahedral $fnolecule, theU axis is better _
chosen as th€, rather than theC, axis that is the highest & ¢4
energy symmetry axis. In general, we shall refer to the mo- ¢
lecular frame axe§ andU as “privileged axes” rather than 0 ' ‘
as symmetry axes, since for lower symmetry species such a r[iﬂ] ’ sr[aol rlag rlag]
HCN and OCS, these axes will not reflect any particular

symmetry of the interaction potential. FIG. 8. Plot of the adiabatic following quantifi€(r) for the N=1 com-

: ; ; plexes:(a) Sk—He, (b) OCS—He|c) CgHg—He, andd) HCN—He.Q(r) is
The ratios in the numerator and denominator of Eq defined in Eq(1). See the text for discussion and definition of the privileged

compare the der?Sity in the region of the potenti.al minimumaxes for each molecule. Due to the extremely srgll) values for HCN,
to that in the region of a much less favorable point such as @ey-axis scale for(d) is considerably expanded relative to {i@e1] range

saddle point. These axes are always defined in the moleculgged in panelsa)—(c).
frame, whether this is rotating or not. If there is complete
adiabatic following, the densities obtained with and without
rotations would be identical and we would ha@e=1. Con-
versely, if there is little or no adiabatic following, the helium
density would not be significantly modulated by the molecu- ,
lar potential contours. This leads the denominatoQofo ~ C- @ analysis for N=1

approach unity while the numerator would remain small.  Figure 8 shows the behavior 6f(r) for the variousN
Thus, smaller values d@ are indicative of a lack of adia- =1 complexes studied in this paper. In each case we have
batic following. It is important to note that this assessmentplotted Q(r) over the region in which there is appreciable
applies only to a molecule possessing an anisotropic interaclensity along both of the privileged axes.

tion with helium and hence having the possibility of some SF
angular modulations in the helium density in the molecular™™ =" ©

frame. For an isotropic interaction, there can be no angular Figure 2 shows that for $fthe mixed density along the
modulations of the helium density and hence the ratio ofC4 axis is very low in both rotating and nonrotating molecule
densities in both numerator and denominator of E.is calculations. The use of this axis as the privileged axis
unity, regardless of the choice of axEsand U. Also, since leads to small values of both humerator and denominator in

the anisotropy generally decreases as the distance from tfl- (1), which would introduce a large numerical inaccuracy.
molecule increaseésee, e.g., Figs. 1, 3, 5, and, 8(r) We thus c_hoose to use th®, axes for th_eU axis for S_l%.
—.1 asr—=. We expect that other physical factors that can! "€ resulting behavior aQ(r) in the region of appreciable
make the density more isotropic can also reduce the usefufl€nSity along botk;]pnw_ligedhgxﬁi(cg) "I"lndp |s_,f_shown n
ness of this estimator. In particular, for larger cluster sizes thg'g' 8a). We see that within this physically significant region

primarily repulsive helium—helium interaction acts to distrib- Q is approximately 0.7, noticeably less than unity, indicating

ute the helium atoms evenly over the configuration spacethat for rotation of Sk the adiabatic following by helium is

) . . . not complete, even fal=1.
opposing the focusing effect of the global potential minimum These results for SFHe are not tied to a particular
of the molecule—helium interaction. If the latter is strong, the P

helium—helium interaction is not very important, agidre- choice of trial wave function, or to the definition Qf(r) in
o " S y important, terms of the density in Eq1). This is easily demonstrated
mains a sensitive discriminator fof>1. We will see that

: . . by performing unbiased DMC calculations, which yield rep-
Sk falls into this category. However, if the molecule— y P ng unol wat et v P

helium i o K the heli hell ) .~ _resentations of the wave function directly without amypri-
elium m'_teractlo.n Is weak, the he iUm-=nhetium mtgracthnsori assumptions. Of course, this kind of analysis is restricted
may dominantly influence the behavior of the density ratios,; < aiier clusters, for which sampling efficiency is not an

making them appear isotropic. We will see that this is theiggyel5 \with unbiased DMC we can analyze the wave func-
situation with the lighter HCN molecule fad>1. tion directly. As expected, the wave function profiles exhibit
An analogous quantity to E¢1) can be defined in terms 1o same features as the density profiles in Fitj. Bvaluat-
of the helium wave functions, by replacing the densities bying the adiabatic quantifie@(r) with projected wave func-
the projections of thé\-particle helium wave functions into tions in Eq. (1) instead of densitie§,results in a similar
the molecular frame. Preliminary results with this quantifierayerage value 0®(r)~0.7, shown in Fig. 9. This confirms
were presented in Ref. 7. We show in the following, with thethe conclusion of the importance-sampled calculatigfig.
example of Sf, that these two related quantifiers of adia- 8) that there is a significant but not complete degree of adia-
batic following provide consistent results, and that either camatic following in this system. As long as a consistent defi-
therefore be used to analyze the phenomenon. Overall, thesgion of densities or of wave functions is employed in Eq.
considerations lead us to expect tf@fr) will provide a (1), similar magnitudes o are found.
useful quantification of adiabatic following when applied to Figure 9 also shows the results of a simple test of the
clusters within the first solvation shell for molecules possesssensitivity of Q(r) to the magnitude of the gas phase rota-
ing an anisotropic molecule—helium interaction potential.tional constantB,.®> Replacing the rotational constai®
This will work for N=1 and possibly for largeN values, =By in the simulation withB=10B is equivalent to reduc-

0.04

0.02

o
~
oo
&
-
-
A=l

depending on the relative magnitudes of the helium—helium
and helium—molecule interactions.
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I — T T . . for the other complexes. The greater energetic cost to incor-
- 1 porating the molecular rotation for benzene within the he-
0.8 B=B, lium complex appears to correlate with a greater difficulty of
\M adiabatic following by the helium density. In this case the
0.6 4 high degree of anisotropy in the interaction potential out-
g L i weighs the simple expectations based on consideration of the
0.4 = 4 molecular mass, resulting in a highly individual response.
——__//-““—/ ~1
. B=10B, |
02 o 4. HCN
" ] The diffuseness of the helium distribution around this
0;— 7'_5 ' é : 8'.5 ' é : 9"5 0 lighter moIeche intro_duc;es addition_al technical require—
r [ag] ments. In particular, binning the density along thexis is

not easy since this axis is located at the edge of the binning
FIG. 9. Q(r) for SF;—He, computed using unbiased DMC and evaluated region. We prefer to use a finite volume in order to evaluate

using wave function projections instead of densities in @g(Refs. 7 and . . .
33). The effect of changing the value &f used in the simulation fronB the Q factor. To Implement this constraint, we count the

=B, to B=10B is shown[ B is the gas phase rotational constant vaRie, number Of walkers in(_jUded in a sli¢e,r + Ar] of a CY””'
is the diffusion constant governing the rotational moves in IS-RBD(REF. der of radius la, that is centered on theaxis. The ratio of

19]. these quantities with and without the molecular rotation is a
good approximation of the corresponding ratio of densities.
It was confirmed that small variations in the radius of the
cylinder do not affect the results for the rat@(r).

The large variation in density between the two privileged
axes translates to a negligible value@fr), shown in Fig.
8(d). Note the different scale used in thieaxis for this panel,
relative to that used for the heavier molecules in patwls
(c). In fact, the average value f for HCN is approximately
2. 0CS zero (it corresponds to~0.01 of the corresponding values

For OCS, we again use the chosenand U axes to for Sk and for OCS. This nearly zero value d@ indicates
deﬁneQ(r)_ The very small density a|0ng thd’ axis re- that adiabatic fO”OWing is practically negllglble in this Sys-
moves this from consideration as the unfavorable privilegedem.
axis (see the earlier discussion for F The behavior of Our conclusion concerning the degree of the adiabatic
Q(r) for OCS over the range af values for which thel following for HCN arrived at using th€ factor is in agree-
axis density is appreciab[ﬁee F|g 4IS shown in F|g a:)) ment with the conclusions reached independently from the
The average value d®(r) over this region is~0.8. Thus, classical criterion proposed in a path integral stlye note
just as for Sk, the adiabatic following by helium is signifi- that since the CPU requirement to evaluate the adiabatic fol-
cant but is not complete for OCS, evenNa 1. lowing quantifierQ by IS-RBDMC is smaller than the cost
of path integral calculations, it therefore presents a very use-
ful and practical diagnostic of adiabatic following.

We interpret the very small value §f for HCN to mean

TheN=1 He-benzene density is not as easily amenablenat the assumption of adiabatic following is invalid for this
to analysis in terms oR as that of the other complexes system, an assertion that is supported by the fact that hydro-

global potential minimum leads to very small values of thefajled to give results that are reconcilable with

density along theJ directions. We therefore take somewhat gxperimenf:®-3°

larger bin sizes when sampling along the privileged axes for

this molecule in order to reduce the statistical quctuationsD Rotational q q f densities f N=1
deriving from small values of the density. This allows us to " otational state dependence of densities for
obtain only a few values of(r) in the region of interest, As discussed in Sec. IV B, analysis of rotational state
namely where the density along thé direction is non- dependence of densities in a quantum calculation provides a
negligible. The sampling is made over all equivalent axes, aslose analog to the classical qualitative picture. For the linear
noted earlier for Sf. We see in Fig. &) that the resulting N=1 complexes, computation of exact energies and eigen-
value ofQ fluctuates around an average-60.3. This value functions is possible using basis set expansion methods such
is markedly smaller than that obtained for the;®folecule,  as the collocation methdd.For these small systems we can
which has a similar potential well depth with helium. We then examine the helium density dependence upon the total
attribute this partly to the difference in shape of the potentiabngular momentum of the compleX, This provides an in-
minimum, with that for benzene being broader and allowingteresting contrast with the comparisons between ground state
more displacement of the helium density upon rotation. It is{.J=0) calculations made with and without molecular rota-
also consistent with the fact that the hindered rotation incretion. We have performed collocation calculations for tie
ment is significantly larger for the benzene—He complex thar=1 complexes with the linear molecules HCN and OG&e

ing the moment of inertia by a factor of 10, or, conversely, to
increasing the(classical molecular rotation rate. Figure 9
shows that theQ(r) curve for the artificially faster rotor is
much lower, indicating that the helium density is néegs
able to follow the rotation of the faster dopant molecule.

3. Benzene

Downloaded 28 Feb 2003 to 129.187.254.46. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



5020 J. Chem. Phys., Vol. 118, No. 11, 15 March 2003

Patel et al.
HCN x1074 0CSs %1072 SFg
0.01 y i - 5 " v
— no rot. — no rot.
— J=0 — J=0
— J=1,n=1 — J=1,n=1
—— J:T.HEE e J=1 _n=2‘
— J=1n=3 — —— J=1,n=3 |;
o x
L LL
(=T a |
G i - A 0 M s A A
6 8 10 12 14 16 5 T 9 11 13 15
rla,]
0
x1074
5
N — no rot.
|II Il'l J=0
|I III — J=1 ,n=‘[
f I'. — J=1,n=2
Sl | || '.I — J=1,n=3 ||
Edl BN
= |I \
S \
.\\
u A i — L A a i
6 8 10 12 14 16 5 i 9 11 13 15 5 T g 11 13 15
rla,] rlay) rla,]

FIG. 10. (Color) Comparison of helium densities along favoratie (upper panelsand unfavorabléU) axes(lower panelgfor HCN, OCS, and S§ Several
calculations are represented here by the different colored lineSalculations neglecting molecular rotatitaark blue lineg (ii) Calculations incorporating
molecular rotation, for thed=0 complex statdred lines. (iii) Calculations incorporating molecular rotatiah=1 complex statggreen lines, 3=1,n

=1;"cyan lines “J=1, n=2;” magenta lines, 3=1, n=3"). The three sublevels far=1 are labeled in order of increasing energy, with 1 the lowest
energy level. See the text for definitionsefandU for HCN, OCS, and Sg

the Appendix for detailsand then projected the helium com- eculg. Second, for both linear molecules, the density of the
ponent of the eigenfunctions into the molecular frame to obiowestJ=1 state(green ling is very similar to that obtained
tain the corresponding helium densities for low-lying rota-for the ground statéred line. The densities for the corre-

tional states. Figure 10 presents these densities obtaineponding lowesf=2 stategnot shown are also very simi-
along theF (upper set of panelandU (lower set of panels

lar to that of the ground state. However, the density in the
directions for HCN—H€gleft) and OCS—Hedcentej, for the  otherJ=1 andJ=2 sublevels can be significantly different
J=0 ground state and for the thrde- 1 rotationally excited

(cyan and magenta linesExamination of the wave functions
states. Each panel also shows the result for a nonrotatinfgr the states shows that this is due to the presence of nodal

molecule(obtained by setting the molecular rotational con-structure in the frame attached to the molecule, which com-
stantsA,B,C equal to zero in the collocation calculatigns plicates a direct comparison of the densities. For example,
To provide comparison with a nonlinear molecule, the right-for HCN—He, the thirdJ=1 state =3 in Fig. 10, denoted
hand panels show the analogous results foldthd state for  with the magenta linehas a node on the molecular axis

Sk obtained using unbiased DMC with the fixed-node ap-itself. Referring to Fig. 6 reveals that this corresponds to
proximation.

both theF andU directions, explaining why thid=1 sub-
Several systematic features are evident in Fig. 10. Firstevel shows a zero value in both upper and lower panels of

the collocation results for both HCN and OCS confirm thatFig. 10. In contrast, the lowedt=1 andJ=2 sublevels have
the introduction of the molecular rotation has a significantlittle or no nodal structure in the molecular frame, resulting

effect on the helium densities in tle= 0 state—compare the in a similar shaped helium distribution to that of the ground
blue line (nonrotating moleculdewith red line (rotating mol-

state in Fig. 10. The nodal structure in the molecular frame
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for these states can be easily recognized in the complemple systematic analysis of the helium density in the mo-
two-dimensional representation of the wave functions forecular frame for all rotational states is not feasible. The
OCS-He and HCN—He given in Ref. 34. =1 sublevels analyzed here showed nontrivial variations of
For the Sk complex within the fixed-node approxima- the density when the levels contained nodal structure in the
tion (right-hand panels in Fig. 30the difference between molecular frame. A corollary of this is then a cautionary note
theJ=0 andJ=1 helium densities is now very small rela- that an analysis of the densities obtained for excited states
tive to the difference between the=0 calculations made based on a classical picture of molecular rotati®ac. 1V A)
with and without molecular rotation. In addition, all three is not meaningful since a classical analysis does not include
J=1 sublevels have identical density distributions in the mothe notion of nodal structure. Finally, while we have seen
lecular frame. Given our analysis of the behavior of the HCNIittle difference of the helium density betweeh=0 and
and OCS complexes in the exact calculations presented eal= 1 (within the caveats about the effect of nodal structure in
lier, this simpler behavior can now readily be understood as ¢he molecular framg this situation may change for much
consequence of the imposition of a fixed nodal structure irhigher rotational states,
the molecular angular degrees of freedom in the laboratory
frame. The §mal!er dlfferenc.e between tlheQ andJ=1 RESULTS FOR N>1
helium densities is due to a rigorous decoupling of the noda
surface from the molecular frame in this particular fixed For larger numbers of helium atoms, the full cluster po-
node approximation. This holds for al=1 sublevels, and tential was obtained by adding the HFD-B potential of Aziz
therefore there is no differentiation of the density in the mo-and co-workers for the He—He interactiéhsto the
lecular frame for different sublevels. We note that this fixedmolecule—helium interactions that were employed for khe
node approximation has been shown to provide accurate re=1 complexes in Sec. Ill. WhelN>1, as noted in Sec.
sults for the rotational energies of the=1 complexC while IV B, the effects of the He—He interaction on the density and
the analogous fixed node approximation for the similar mas® factor must be carefully considered. Generally, the
OCS molecule has been shown to provide poor accuracy fdrelium—helium repulsion will favor an evenly distributed,
N=1.2 The analysis of the density dependencies for the twad.e., more isotropic, helium density. Far away from the dop-
molecules made here suggests that the accuracy of this fixeaht molecule, the dopant—helium interactiofy () is also
node for Sk is probably due to the high symmetry of this weak and becomes increasingly isotropic. Thus, at large dis-
molecule. tances, one would not expect much variation in the helium
Several general conclusions may be drawn from thisdensity between calculations with and without rotations in-
analysis of the rotational state dependence of the helium demiuded. For this reason, when computiQgfor N>1, we
sities in the molecular frame for tié=1 complexes. First, must focus our attention close to the dopant molecule. In
it is apparent from the examples of molecules with differentparticular, we examine the region near the peak of the first
mass and different symmetry shown here, that the effect oolvation shell. In this section we show hdyvis modified
adding molecular rotational degrees of freedom to calculaby the additional He—He interactions in larger clusters, con-
tions of the ground state density is greater than that of insidering first the heavier molecules S&nd OCS, then the
creasing the angular momentum of the complex fdbaD to  more anisotropic gHg molecule, followed by the consider-
1. This is true not only for the heavier molecules OCS andably lighter HCN molecule.
Sk for which the hindered rotation energy increment is  Table Il shows how the ground state energy of larger
larger than the energy difference between these two level§FK—He, clusters depends aN, for calculations made with
but also for the lighter HCN molecule, for which the hin- and without the molecular rotation. It is evident that fér
dered rotation energy increment is slightly less than the en=6, the differenceAE/N between the total energy per par-
ergy difference betweed=0 andJ=1 (1.55 compared to ticle with and without rotation is approximately constant.
2.40 cm' 1, respectively. Thus we can conclude that this is a This supports our identification of this difference fér=1 as
very general effect. Second, we see that comparison of the measure of the zero point energy of the hindereglrSta-
rotational state dependence is only really simple when therdon in the effective potential field provided by the surround-
is no rotational nodal structure in the molecular frame, i.e.jng helium density.(For larger cluster sizes this difference
when this is located primarily in the molecular orientationalbecomes an increasingly smaller percentage of the total en-
degrees of freedom in the laboratory frame. Consequently argy and even greater sampling than made Ki&able VIII)

TABLE Il. SF,—He,: IS-RBDMC total energies and energies per host particle in‘crithe “no rot” columns
contain the energies obtained wheng$6tations are turned off in the calculatibAE=E—E, -

N E Ero rot AE E/N Enoro/N AE/IN
1 —25.8(2) —26.6(2) 0.84) —25.8(2) —26.6(2) 0.84)
2 —52.2(3) -53.9(2) 1.75) -26.1(1) -26.9(1) 0.93)
4 —105.8(5) —109.7(4) 3.99) —26.4(2) —27.4(1) 1.02)
6 —159.6(7) —165.2(7) 5.613) —26.6(1) —27.5(1) 0.92)
12 —299(3) —304(2) g5) —24.9(2) —25.4(2) 0.54)
20 —427(8) —433(7) G14) —21.3(4) —21.6(3) 0.37)
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(a) SF, (b) OCS (c) benzene (d) HCN
1 —— % e R
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o« Soal  N=6 | [ ./'*"x; L {04
- N ¢
) sz =2 SENGN resosid )3
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S 4x10” 7 8 9 7 8 9 7 8 9
r[a)] r[a)] r[a)] r[ag]
FIG. 13. Plot of the adiabatic quantifi€(r) for clusters havingN>1
/ v ! helium atoms, for S§; OCS, benzene, and HCN. The legend for p&akeis
06 7 8 9 10 11 12 13 valid also for panelgb) and (d). (a) SF;—He: Q(r) for N=4,6,12,20.

r[ay] Q(r) is plotted only in regions of appreciable density alongth€C,) axis
(see Fig. 1L (b) OCS—Hg: Q(r) for N=4,6,12,20.Q(r) is plotted only
FIG. 11. |Integrated radial density profiles for SHe, N in regions of appreciable density along tHeaxis (see Fig. 4 and Ref. 35
=1,2,4,6,12,20. All profiles exhibit a single peak that grows wWthshow- The curves were obtained by taking ratios of fitt@eshd smoothedmixed
ing that the first solvation shell is still being filled fot<20. Reference 40  density profiles(c) CgHg—Hey : Q(r) for N=3,14.Q(r) is plotted only in
contains profiles for larger clusters sizes having additional shells populatedegions of appreciable density along thleaxis (see Figs. 5 and 14(d)
HCN-He,: Q(r) for N=4,6,12,20. Note that the values foi>12 ap-

proach unity, indicative of a more isotropic effective potential for the outer

would be required to evaluate this difference with the re-aoms(see the tet

quired error bar$.The integrated radial helium density pro-

files for SiE—Hey are shown in Fig. 11. These are mixed was adjusted to provide maximum contrast between high and
densities, shown for cluster sizé6=1,2,4,6,8,12,20. It is low regions) A complete set of analogous plots for all avail-
evident from Fig. 11 that we are still within the first solvation able cluster sizes up td=20 is given in Ref. 34.

shell for all these sizes. The corresponding radial density TheQ values extracted from these densities fog-Sdnd
profiles for OCS are provided in Ref. 35, together with two- OCS-doped clusters with up tl=20 helium atoms are
dimensional mesh plots of the full densities and the correshown in Figs. 1&) and 13b). We see that for these rela-
sponding energetics. We show the full angular variation intively strongly bound molecules) continues to provide a
the density around $For N=4 in Fig. 12, comparing as sensitive measure of the degree of adiabatic following for
usual the data for calculations made with and without theN>1, remaining fairly stable as a function of for the
molecular rotation. Figure 12 was produced by first symmesmaller sizes, and showing a small but noticeable increase
trizing the raw data(summing the contributions from all with r for the larger sizes. For $F for which the highest
equivalent bing and then interpolating the Cartesian dataquality data are available, with the largest amount of sam-
onto a spherical shell. This kind of visual comparison be-pling (see Table VII}, there is evidence of some size depen-
tween angular variations for gF made originally for pro- dence. Comparing also with Fig. 8 we see that there is a
jected wave functions in Refs. 3 and 7, provided the initialsmall decrease i@ on going fromN=1 to N=6, and that
impetus for our current quantitative analysis of adiabatic fol-subsequentlyQ increases again, approaching unityNisn-
lowing. The smearing out of the helium density whens SF creases above 12. The increase in avef@gs largerN can
rotation is incorporated is highlighted in pan@), which  be attributed to the effect of helium—helium interactions in
shows the difference density between pari@lsno molecu-  driving toward a uniform helium distribution, as discussed
lar rotation and (b) (including molecular rotation [The  earlier. This effect is seen to a much greater extent in the case
color scale in(c)] is different from that in(a) and (b), and  of HCN in the following. The decrease i@ seen for the

(b) (c)

FIG. 12. (Color Angular variation ofp(r), the ground state helium density, measured=a8 a, from the Sk molecule, and displayed as a color coded cut
on a spherical polar grid located on a ball of radiu§he densities are mixed densities obtained from 1S-RBD(gk2 the tejt (a) No molecular rotation,
i.e., for a nonrotating SF (b) Including molecular rotation of SF (c) Difference density, defined &8) and(b), emphasizing the greater localization of the
densities in(@). The molecule-fixed S—F axes are oriented alongxthg, andz axes. The chosen distance 8 a, is located on the inner edge of the radial
profile of the first solvation shell pealsee Fig. 11 The density peaks are located in tBig angular orientations. The color scale goes from Hlogest
density to red (highest density Panels(@ and(b) have the same dynamic range for the color scale. The dynamic range of the color scale it)paasl
expanded to better visualize the difference.
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smaller sizes is less straightforward. We attribute this to dABLE Ill. Minimum, maximum, and averag® values for SE-Hey,

delicate balance between the localizing effect of the anisooMPuted over the range ag=r <8.5, with unbiased DMC, and evalu-

. . R . ated by substituting the density projections with wave function projections
tropic Sk—He anisotropic interaction close to the molecule,;, g (1),

and the repulsive He—He interaction. As the cluster size in

creases, the He—He contributions become relatively more N Qmin Qnmax Qavg
important, eventually dominating the total energy and also 1 0.68 0.71 0.69
the structure. This trend witN is consistent with the behav- 3 0.68 0.70 0.69
ior of Q as a function ofr. While the data for OCS in Fig. 4 0.66 0.70 0.68
13(b) are noisier and do not allow such firm conclusions 5 0.63 0.65 0.64
about size dependence to be made, it does appear to show g g'gg 8'% 8'?615

similar trends inQ(r) with bothr andN. Overall, this de-
tailed discussion foN>1 shows that there are multiple fac-
tors determining the actual value @f for any given cluster
sizeN and distance. We emphasize that the most signifi- companied by an increase in the delocalization of helium
cant observation is th&(r) remains sensitive to the poten- atoms residing at both the global and secondary potential
tial anisotropy at smalt values, even for the largest cluster minima. This is illustrated in Fig. 14, which also shows the
sizes. overall very dramatic difference between the densities evalu-

The Q values for larger benzene clusters are shown irated without and with the molecular rotation. The increased
Fig. 13c), for N=3 andN=14. As mentioned previously, density along th&J directions for largeN now allows for a
analysis of theN=1 benzene—He complex in terms @  more stable evaluation d@, shown in Fig. 1&). We see
was harder than for the gfand OCS molecules, because for that for N=3 the average value @ is similar to that for
benzene most of the single helium atom density is localizeth= 1, while for N=14, Q decreases to an average-00.1.
along theF direction and the density along thédirections  Bearing in mind that for benzeré= 14 constitutes consid-
is very small. As more helium atoms are added to benzenerably less than a full solvation shéft® we conclude that
however, the secondary potential minima become occupiedhis decrease is similar to that seen in parfelsand (b) for
and the density along the directions increases. This is ac- Sk; and OCS, and is due to competition between the
molecule—helium and helium—helium interactions. Clearly
the very strong anisotropy of the benzene—helium interaction
causes a unique size dependenc&athat differs in detalil
from the other two heavy molecules. We expect that, similar
to Sk and OCS noted earlie will increase again at larger
sizes and show a similar trend to saturation at larges N
approaches a full solvation sheM& 30439,

In general, the small finite values @ seen here for
benzene are best understood as yet another example of the
lack of complete adiabatic following of the helium density
close to the molecule within the first solvation shell. The
surprising aspect of these results for benzene is their low
value relative to that found for gFand OCS. This implies
that, despite the strong spatial localization of helium at the
aromatic ring, there is nevertheless only weak adiabatic fol-
lowing. As noted earlier foN=1, this unique response of
the benzene molecule indicates that not only the strength of
the molecule—helium interaction, but also the shape of the
potential minimum and the general topology of the potential
surface is important in determining the propensity of the he-
lium density to distort with molecular rotation.

0.06

0.06

TABLE IV. Hindered rotation energy increment fot=1 complexesAE,
=Ey(R) —Ep(NR), whereR andNR refer to calculations with and without

212 the molecular rotation, compared with gas phase rotation conBtaand
zla) x(ag] molecular mass for the four molecules studied hei&; is the ground state
energy. Units of, andB, are cm'*, andm is in u.

FIG. 14. Helium density around a benzene molecule in benzeng+He

shown as cuts through the=0 plane, calculated by IS-RBDMQa) Cal- Molecule AE, Bo m
culations without molecular rotatiofh) Calculations incorporating molecu-

lar rotation. The densities are evaluated here by descendant weighting and Sk 0.7 0.091 146
are symmetrized to reduce statistical fluctuations. ykeD plane bisects OCs 12 0.07 60
two carbon—carbon bondsee Fig. 5, and consequently contains four sec- HCN 1.55 1.2 27
ondary helium density peaks in addition to the two primary helium density Benzene 2.97 0.188, 0.0938 78

peaks located near the global minimysee the text

Downloaded 28 Feb 2003 to 129.187.254.46. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



5024 J. Chem. Phys., Vol. 118, No. 11, 15 March 2003 Patel et al.

The case of the lighter HCN molecule is very different adiabatic following foiN=1 being followed by a monotonic
from these heavier molecules, as was already evident witincrease inQ with N, as a result of the dominant energetic
theN=1 cluster(Fig. 8. Since no appreciable adiabatic fol- role played by the He—He repulsions in determining the an-
lowing was found forN=1 [Fig. 8(d)], one physically ex- gular distribution in this case. Lastly, for all molecules, as the
pected conclusion is that this will also be the case Nor cluster size increases to a full solvation shell,ravalues
>1. Figure 18d) presents the behavior §i(r) obtained for  lying beyond the peak of the first solvation shéli(r) tends
HCN-Heg, with N up to 20. We see however, that while to unity, reflecting the increasingly isotropic density at large
approximately constant witlm, the value of the function distances from the molecule.

Q(r) monotonically increases as a function éf reaching
its maximal value of 1 foN=12. The reason for this mono- VI. SUMMARY AND CONCLUSIONS
tonic increase IQ(r) asN increases is a stronger version of g effects of including molecular rotations in calcula-

the effects seen with $Fin Fig. 13a) for N=6 and dis-  (j5ns of helium solvation density have been carefully ana-

cussed earlier. It reflects the increasingly dominant role Ofyzed here for a variety of molecules solvated in a low tem-

the He—He interaction in determining the helium distributionperature liquid helium environmenthelium droplets

in the first solvation shell for the calculation with nonrotating \1olecular rotation has a noticeable effect on both the ground
HCN. The attraction of helium atoms by linear HCN is both giate energy and the helium density distribution in a doped

weaker and more isotropic than the corresponding attractiogyster. The energy difference between calculations with and
by the heavier linear species, OCG®mpare Figs. 6 and)3  yjithout molecular rotation, referred to here as a hindered
Consequently, helium atoms added beydhd 1 will even-  rotation energy increment, was seen to provide the cluster
tually fill the locations defined earlier as unfavorable for theanalog of matrix zero point energy. This energy increment
HCN-He interactioriSec. Il D), driven by the need to mini-  \yas found to range from 10x B, for the three heavier mol-
mize the helium—helium repulsions. This happens whethegcyles SE, OCS, and @Hg, to ~B, for the lighter HCN
molecular rotation is included or not, because the weaknolecule, as summarized in Table IV. It thus correlates in a
HCN-helium interaction does not provide sufficient ener-general(not quantitative sense with the dopant mass and
getic differentiation between favorable and unfavorable locagpyerall extent of anisotropy of the molecule—helium interac-
tions. In other words, the energy difference betweenRhe tion. For all four molecules, we have found a significant
andU axes is too small to override the tendency to a uniformeffect of molecular rotation on the solvating helium density,
angular distribution induced by the repulsive helium—heliumregardiess of the molecular mass and symmetry. The details
interaction. The result is that th@ factor for HCN is very  of the density response to the molecular rotation differ
strongly N-dependent over all ranges bf and that there is  amongst the molecules, and some trends with molecular
no apparent regime of competition between angular localizamass and symmetry are apparent. In all cases the helium
tion around HCN—He and the He—He repulsive effects. Condensity in the molecular frame is considerably more delocal-
sequentlyQ simply increases wittN at a faster rate than for jzed in the angular degrees of freedom when it is calculated
the other molecules and its behavior for HCN most clearlyith incorporation of the molecular rotation than when it is
shows the loss of significance @(r) asN increases to a calculated with a nonrotating molecule. This general effect is
full solvation shell and the helium—helium interactions domi-important since, as discussed extensively elsewHefsol-
nate the angular distribution. vating helium densities calculated for a nonrotating molecule
We can draw several conclusions from these systematigo not correspond to eigenstates of angular momentum and
trends. First, for the heavier molecules,¢SPCS, and ben-  this can cause problems for analysis of the dynamic helium
zene, it is evident that the assumption of partial adiabati¢esponse to molecular rotation. In particular, the greater de-
following within the first solvation shell of helium remains |ocalization and angular smoothness of the helium solvation
valid for all sizes up to completion of the first solvation shell. density significantly lowers estimates of hydrodynamic
As an independent check on this conclusion, several sizes @ésponse to molecular rotation, rendering this insignificant
SF;-doped clusters were also studied using unbiased DMGor a true density evaluated with angular momentum
(N<8, since artificial dissociation becomes an issue withconsistency®
N=12'). The resultingQ values, evaluated from wave func- The analysis in this paper has also enabled us to provide
tion projections, are summarized in Table Ill. We see @at a meaningful definition for the notion of adiabatic following
remains stable for this range of smaller sizes when evaluatesf molecular rotational motions by the solvating helium den-
by wave function projections, and that the value is quitesity that allows a quantitative analysis. The subtleties in this
similar to the values derived from densitigig. 13a)]. notion of adiabatic following and its extent, i.e., whether
Thus, it appears that, however we choose to quantify it, adigpartial or complete, were discussed with attention to the
batic following does also occur in the first solvation shell for quantum or classical nature of the molecular rotation, to the
these heavier molecules witN>1 helium atoms, but is molecular rotational state, and to the balance between the
similarly incomplete. Second, for these heavier moleculesmolecule—helium and helium-helium interactions. We de-
the detailed behavior of) at small N values is strongly fined an estimatoQ(r) that may be used to quantify the
dependent on the energetic balance between the anisotropgtent of this adiabatic following in the quantum situation,
molecule—helium and isotropic helium—helium interactionand that allows the variation in adiabatic following to be
potentials. Third, the lighter HCN molecule shows quite dif-analyzed as a function of distance from the molecule. This
ferent behavior, with the clear quantification of negligible estimator is applicable to molecules of general symmetry,
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defining the extent of adiabatic following in terms of density e.g., with the various molecules studied here. This gives a
ratios along privileged axes that are defined in terms obystematically varying estimator that reflects the effect of the
minima and of saddle points of the molecule—helium potenmolecule—helium interaction and both molecule and helium
tial energy surface. It is therefore a short-range quantifier ofnasses on the response of the helium density in the first
the effect of the potential anisotropy on the helium distribu-solvation shell to molecular rotation. As detailed earlier, the
tion in the molecular frame, for a given molecular rotation modifications ofQ for larger numbers of helium atoms can
constant and state. The estimator provides most useful infobe rationalized in terms of the additional helium—helium in-
mation for theN=1 complexes, where there are no helium-teraction, but the values are very molecule-specific because
helium interactions and it can act as a predictor of the extenef the competition between this and the molecule—helium
of adiabatic following. For larger clusters the uniformizing interaction. Consequently differeNt-dependence is seen for
effect of helium—helium interactions renders analysisQof different species, and the values @{r) for N>1 are not
more complex. While the estimator is less useful as a predic4seful for comparative evaluations of adiabatic following.
tor for N> 1, its behavior in large clusters can be rationalized ~ These results have significant implications for dynamical
in terms of the competition between the molecule—heliummodels of molecular rotational motion in helium droplets.
and helium—helium interactions. They show that the solvating helium density can only par-
We have used this quantitative estimator to make a comtially follow the molecular rotation, even for the heavier
parative study of the extent of adiabatic following by helium molecules, and that this partial adiabatic following is con-
in four different molecule-doped helium cluster systems. Wefined to the immediate vicinity of the molecule within the
find that in none of these four cases is the adiabatic followindirst solvation shell. This is consistent with the conclusions of
by helium complete, regardless of the mass and symmetry dhe microscopic two-fluid modél] which found that only
the molecule, and of the number of helium atoms attached téhe local nonsuperfluid density in the first solvation shell can
this. For a single helium atom, the heavier molecules; SFadiabatically follow the molecular motion, while the comple-
and OCS, showQ~0.7-0.8, while the benzene molecule, mentary local superfluid density does not adiabatically fol-
which shows a considerably more complex anisotropy in itdOW. However it is in disagreement with models that assume
interaction with helium, shows a lower value @~0.3, in- 100% of the helium density adiabatically follows the mo-
dicating that its solvation density is nevertheless more sugecular rotatior. The results presented here from these mi-
ceptible to distortion upon addition of molecular rotation. In croscopic quantum calculations show that this assumption is
contrast, the lighter HCN molecule shows essentially ndncorrect and that only a fraction of the helium density is
adiabatic following, andQ~0. For the heavier molecules, able to adiabatically follow molecular rotation in superfluid
with larger numbers of helium atoms the value @fmay helium. The consequences of this for hydrodynamic models
initially decrease, reflecting a balance between localizatiof the dynamic helium response to molecular rotation will be
due to the molecule—helium anisotropy and the helium-described elsewheré.
helium interactions that is very molecule-specific. However,
asN further increases, particularly as it approaches a com-
plete solvation shell,Q subsequently increases as the A\ckNOWLEDGMENTS
helium—helium interactions become dominant. At the largest
sizes, a clear dependence is seen to emerge, v}kl at The authors gratefully acknowledge financial support
smallr inside the first solvation shell and increasing to ap-from the National Science Foundation through NSF Grants
proach unity at larger distances beyond the peak of the firdilo. CHE-9616615, No. CHE-0107541, and a grant of super-
shell. For the lightest molecul¢iCN) Q is very sensitive to computer time from the NSF NPACI program administered
N at all sizes. For this molecul® shows a monotonic in- by San Diego Supercomputer Center. The authors thank K.
crease withN, approaching its saturation value of unity at Higgins, R. C. Cohen, and R. J. Saykally for providing their
N~12. This behavior for the light molecule is due to the collocation program.
extreme weakness of the HCN—He interaction, which is con-
sequently quickly dominated by the packing forces deriving
from the h(.elium—-heliym-intgraqtions &dkincreases, leading APPENDIX: COMPUTATIONAL DETAILS
to a quasi-isotropic distribution in the angular degree of free-
dom. For a single rigid molecule, a form of trial wave function
Several other factors that can lead to a unit valuQof possessing the correct permutation symmetry is given by the
were identified in addition to the increasing dominance of theproduct of pair correlation ternis:
He—He interactions at large cluster size. These include an
isotropic molecule—helium interaction potential and evalua-
tion of Q at large distances from the molecule. Evaluation of o . _ o
Q in higher molecular rotational states also exhibits mc)reTABLE V. Isotropic trial wave function parametefé atomic unit$ for

. . . . Sk,—He, and HCN-Hg .
complex behavior and is less amenable to interpretation_° & i

solely in terms of adiabatic following. Overall, we conclude c a y a
that in prder to ascertain the extent to Whlch t'he': hel|u'm. den- SF, 42 000 0.80 0.0 0.0
sity adiabatically follows molecular rotation, it is sufficient |~y 22 067 0.638 3852 0.0056

to evaluateQ(r) for the N=1 complex, and to compare,
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TABLE VI. Anisotropic trial wave function paramete(s atomic unitg for TABLE VII. Trial function parametergin atomic unit$ for benzene—He

OCS—Hg,. and benzene—Hg. The first row gives the helium—helium repulsive param-
eter for Eq.(A3). The next four rows give the parameters for E&5), and
ag a a, az ay as ag a; v a the remaining rows give the parameters for Eg).
-43 079 65 025 026 -0.18 6.4 092 3010 0.04 N=1 N=14
y 3674.6
Cy 6000.0 8217.7
Cp 8000.0 2546.2
n ap 0.05 0.014 378
3 AN Co 0.06 0.007 3448
Tr(RD)= 11 Vhe (R R ) o Lo317
a, 0.156 13
n Y 15165
X T Whe_nd |IRy—=Rg)), (A1) 0.095 327
p#q Cyr 2.217
a 0.030121

where the helium atom coordinates are givenRyyand the
impurity coordinates and orientation are specifiedRgyand
Oy, respectively.

It was shown in Ref. 15 that simple radial trial wave
functions can be used to avoid artificial dissociation. How- +[asR? cog(6—a,) — 1]exp(ag—as;R)}
ever, this choice may potentially bias the resulting density to (A4)
underestimate the angular modulations, and thereby lead to
bias in the quantification of adiabatic following. In order to where the optimized parameteasare given in Table VI.
minimize the potential effect of such bias on Qéactor, we For benzene—He, the trial function expressed in the
use the same trial wave function in both calculatiowith ~ molecule-fixed frame has the form
and without molecular rotationThis also avoids the need to F{ 6 6

d(R,0,p)=explagR* +ay[1+azcog 6—a,)InR]

separately optimize the angular part of the correlation term  _,_ (r)=exg — >, LG_ > i&;
for the two cases. This procedure can be justified since we do a1 r=ro° g1 |r—rgl
not focus on the precise values of the density but rather on

the effe(?ts resu_lting from including_or excluding the_ molec_u- —ag(X2+y?2) — ¢z
lar rotational kinetic energy term in the Hamiltonian. This

option was used for the gFand HCN-doped clusters. FOr the harameters,, and ¢z control the short-range behavior,
OCS, an amsotropl_c molecule—helium trial function Waswherera andr ; represent the carbon and hydrogen posi-
used and the densities evaluated by second-order extrapoigsng respectively. The intermediate and long-range behavior

tion t.o minimize any dlfferent|.al trial function p|as for cal- 5 modeled as an anisotropic Gaussian centered at the ben-
culations made with the rotating and nonrotating molecule, oo center-of-mass, with parametagsand c,. This rela-

The large anisotropy of the benzene—helium interaction alsq e\ stryctureless trial function becomes inadequate as ad-
necessitates the use of an anisotropic trial function #4eC gitional heliums are added and a strong local structure begins
For the benzene calculations, the exact ground state heliugg develop around the benzene molecule. For benzeng+He
distribution was sampled using descendant weightingyqitional structure is incorporated by multiplying the trial

. (A5)

H 6,29
technlquesl.. _ _ _ ~ function above with an additional factor
The radial molecule—helium trial functions used in this )
article are of the form _ 2
z(r):ex;{ 2 Cye ay(r I'y)
y=1
c
\PHe—X(RpaRX1QX):eXF{_rT_arpX , (A2)
pX

12 6
+ E Cyreiay(rirﬂ/)z E Cyneiayn(riw”)z )
. y =1 ’}/I:l
wherer ,x=|R,—Ry|, and X is Sk or HCN. The param-

etersa andc are listed in Table V. The He—He contribution
is also a parametrized@able V) radial function of the same

(A6)

form TABLE VIII. Simulation parameters used for the DMC propagations. For
the Sk doped clusters, we used 5000 configurations forNikel2 and 20
Y clusters, and 15 000 configurations for the other cluster sizes.
Vhe_nd ) =€x —isTar. (A3)
Molecule Nbiock Ntime dr o Nwalker

The anisotropic function employed for the OCS—He trial  SFs 500 100  20-30  0.001-0.005  5000-20000
function is obtained from a fit to the ground state wave func- HeN 152%% 1288 228 8'f 22888
tion of the He—OCS compléXcalculated by use of the cOl-  gengene 500 150 25 001 2000

location method? This fitted function has the form
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wherer ., r,,, andr,, correspond to the positions of the *P. Huang, A. Viel, and K. B. Whaley, iRecent Advances in Quantum

global, secondary, and tertiary minima of the helium— Monte Carlo Methods, PartJledited by W. A. Lester, Jr., S. M. Rothstein,

benzene interaction potential, respectively. These terms served™d S Tanaka, Recent Advances in Computational Chemistry, Vol. 2
. . . . . (World Scientific, Singapore, 2002p. 111, physics/0203012.

to Iopahze helium atoms at the various potential minima, ands Viel, M. V. Patel, P. Niyaz, and K. B. Whaley, Comput. Phys. Commun.

provide a much better representation of the ground state fori4s 24 (2002, physics/0109004.

N>1 than Eq.(6) alone? For the helium—helium factors, K. S. Liu, M. H. Kalos, and G. V. Chester, Phys. Rev18, 303 (1974).

we only use the repulsive part of Edq4), i.e., a=0. 178, L. Hammond, W. A. Lester, and P. J. Reynolt#gnte Carlo Methods

The helium—benzene trial function parameters are listed in, " AP Initio Quantum ChemistriWorld Scientific, Singapore, 1994
Table VII BA. C. Peet and W. Yang, J. Chem. Phg4, 6598(1989.

. 19R. C. Cohen and R. J. Saykally, J. Chem. P195.7891(1990.
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Npiock» the average number of configuratiomg,e, and the ;-6 75 1566(1995.
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from Drucker and Higginé! In the He—OCS calculations, ,,1532(2000.

2% } .
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