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Diffusion Monte Carlo(DMC) calculations of the intermolecular vibrational ground states of
CO(He), clusters withn=1-12, for COv=0 are reported. The intermolecular degrees of freedom

of the clusters are treated in full dimensionality and a pairwise additive potential surface is used in
which the He—CO interaction is described by a recently developed scheme which combines density
functional theory(DFT) with the long-range dispersion contributions obtained from a perturbative
theory. The calculations yield intermolecular ground-state energies, He density distributions, radial
and angular density probability distributions. Optimal structuressiwpLEX minimization have

been calculated to estimate zero-point enefgiPE) and quantum effects. @000 American
Institute of Physicg.S0021-960600)50105-4

I. INTRODUCTION resolution laser spectroscopic techniques and supersonic mo-
lecular beams, usually reserved for isolated small molecules,
Quantum clusters of helium present an opportunity toto fundamental aspects of solvation in condensed matter. By
study both liquid clusters and highly quantum finite-size sysgradually increasing the number of rare-gas atoms in the het-
tems showing some very interesting peculiarities whicherocluster, one has the unique opportunity to meagase
make them unique in several respects. First, due to the veryell as to simulatethe size dependence of structural, spec-
weak interactions between helium atoms, these clusters atgscopic, and dynamical properties as they change from the
by far the most weakly bound. In fact, it is only very recently behavior of small molecules to that characteristic of bulk
that the existence of theHmolecule, with its single bound phases. Electronic and infrargtR) spectroscopy of mol-
state, was confirmed by both mass spectrometngl a novel ecules in size-selected rare-gas clusters have revealed that
diffraction method’ Second, the larger clusters provide amicrosolvation leads to spectral shift of the absorption or
unique opportunity for studying the behavior of finite quan-emission bands, and to changes in the bandwidths and band
tum systems. Third, the issue of superfluidity in finite clus-shapes, all of which show strong and nonmonotonic depen-
ters of helium is also of great interest. As a result, there hagence on the solvent cluster si$e0:21.23
been considerable theoretitdl and experimentér* effort Theoretical analysis of probe species in helium clusters
given to such clusters, which are known to remain liquid ands siill relatively sparse. Approximate calculations of the very
are predicted to show superfluidity behaviorTat 1.9 K>®  small clusters XHe),, N<10 have been mad&? and re-
A potentially powerful method for detecting superfluidity in cently variational and Green’s function Monte Carlo meth-
these system$™*involves spectroscopic studies of atoms orods have been applied to the ,(fe), and Ch(He)s
molecules that act as dopant of the cluste’s™® When  specie€” Analysis of the high-resolution spectroscopy of
combined with the relevant theoretical work;"it is now  such small clusters, e.g., £#He), shows that even these
clear that molecular probes can be used fruitfully to exploresery small species cannot be described by standard, rigid-
the local microscopic environment within the cluster. rotor-based expansions, despite the presence of a strongly
Furthermore, van der WaalgvdW) heteroclusters binding molecule which might be expected to increase the
M(Rg),, consisting ofn rare-gas atoms Rg bound to a mol- |ocalization of the helium atoms.
eculeM, have emerged in recent years among the most im-  The first theoretical study of a molecule attached to a
portant finite-size prototype systems for studying solute-helium cluster employed variational Monte Carlo computa-
solvent interactions on a microscopic leV®f°>**M(Rg),  tions on H(He),.2 In this case, the interaction of the for-
clusters are small enough to allow application of high-eign species with He is very much like that of helium inter-
acting with itself. The H—He potential is nearly isotropic

aAuthor to whom correspondence should be addressed; electronic maiftNd possesses a well depthy)ﬂl K Ipwer than that of the
fagiant@caspur.it He—He potential. Successive studies were devoted to the
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analysis of Sf(He),>® and HRHe),*° clusters using the dif- was carried out and the rotovibrational energy levels of the

fusion Monte CarldDMC) method to calculate ground-state complex were evaluated with the collocation method. Both

energetics, structural properties, and the solvent-inducetihe above calculations have included the effects of the BSSE

spectral shift of the vibrations of the dopant molecule. correction. A further comparison with the same infrared
The focus of this paper is to accurately characterize fospectra has been carried out again more recently starting

the first time the vibrational ground states of variousfrom a theoretical calculation which used symmetry-adapted

CO(He),, clusters, withn from 1 to 12, employing the diffu- perturbation theorySAPT).*

sion Monte Carlo method. In our treatment, no approxima-

tion is made on the quantum dynamics of all internal degrees

of freedom of these vdW clusters. We determine what aré- The DFT calculations

essentially the numerically exact ground-state energies of The use of density functionals thedhyor the treatment

CO(He), for potentials which are superpositions of CO—Heof either hydrogen-bonded or van der Waals systems has

and He—He interactions. In addition, the ground state wav@een much less widespread than the study of thermochemical

functions of these clusters are analyzed in terms of probabiljata or molecular equilibrium geometri®sOn the other

|ty distributions of the internal CoordinateS, all of which in- hand' because of the Computationa| difficulties present in the

dicate highly delocalized motion of the surrounding Heeyaluation of such weak forces, the path to some reliable

atoms. _ DFT method which can be employed to test dynamic observ-
In Sec. Il we describe a recently develoaeed_ treatmengples for such systems seems a very tempting one to follow.
which combines density functional theof®FT)*" with the It therefore becomes interesting to explore the applica-

long-range dispersion interaction, obtained from perturbatiorbi”ty of any DFT method to the broad range of configura-
theory, for the calculation of the full potential energy surfacetions sampled by the intermolecular interactions in order to
(PES of CO-He system. In Sec. lll we briefly explain the extend the possible use ab initio methods to increasingly
computational method employed to provide an accurate sAnore complicated multielectron partners. One knows, in fact,
lution of the many-body Schdinger equation, while we dis- that the inclusion of the all-important electron correlation
cuss the results of our calculations in Sec. IV. effects occurs rather directly within DFT methods while it
happens only slowly within CI expansions, where necessary

truncations can often jeopardize the whole reliability of the
II. THE CO—-HE INTERACTION POTENTIAL final results 1eop Y

Because of its fundamental role in theoretical and ex- One can E)gegin by writing the familiar expression for the
perimental studies of the thermal balance in dense interstelldetal energ§
molecular clouds, the CO—He interaction has been the sub- 10 p()p(r')
jegt of manyab'initio calculations. We will therefore try t'o Eoi= E[p]zz &5 %dr dr' +E,Jp]
briefly summarize below the results from such calculations ' Ir—r’|
and then we will discuss our present DFdlispersion
approach. —f V,p(r)dr, 1)
A. An outline of previous results

where
The earliest attempt was an evaluation of the rigid-rotor N
surface with the CO internuclear distance kept at its experi- _ f
: i=T + | Vex(r)p(r)dr, 2
mental value and with free-electron-gas methods employed 2 &=Tdp] er(F)p(r) &

to take correlation forces into accouft.
Later ab initio calculationd® considered an extended an
configuration interactioiCl) expansion, which however did
not include the possible consequences of basis set superpo- Veﬁ(r):V(r)+f
sition error(BSSH, and provided an entirely different PES. | |
Further modifications on the CI interaction were suggestedvhereV(r) is the potential energy between nuclei and elec-
by a series of calculations, classical and quantum, of thérons andV,.(r) is the exchange-correlation potential en-
transport propertie¥® An entirely different, empirical po- ergy. The above result is exact provided we know the kinetic
tential surface was then proposed, involving a new set oénergy functional form in Eq2) and theE,. functional form
parameters obtained from the fully resolved infrared spectrin Eq. (1).? It is toward the solution of this specific aspect
of the vdW complex® Finally, by using a model exchange- that many computational and theoretical efforts have been
correlation treatmentXC) in the calculation and by guiding directed in recent yeaf$:*>**Here, T is the sum of single-
its optimization with infrared spectra, a more general empiri-particle kinetic energy operators afg, is the nonclassical
cal potential was recently suggest&d. exchange and correlation energy contributions coming from
Severalab initio calculations have also been completedthe chosen form of the functional of the total electronic den-
in recent years. The rigid-rotor PES, in fact, has been comsity p(r) in the ground electronic state of the system.
puted using fourth-order Mgeller—Ples$®tP) perturbation Among the many possible forms of tig,. contribution
theory® while a similar approach was employed in anotherdiscussed at length by the relevant DFT literattié? the
recent publicatioif where the MP fourth-order treatment adiabatic connection method&CM)**~*° have recently be-

d
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come popular for calculating molecular electronic propertiestypes of interaction, the resulting PES will be mostly af-
The starting point of these approaches is the adiabatic coriected in the well region. Since the present potential is ex-

nection formuld®®! panded into Legendre polynomials
1

Eye= f U dA,
0

(4) V(r,R,e):; V,(r,R)P,(cos6),

®
where \ is an interelectronic coupling-strength parameterone could assume that the DFT short-range region already
that “switches on” the Coulomb repulsion between elec-contains, for each of the coefficients, the correct coulomb,
trons ancUQc is the potential energy of exchange correlationexchange, and correlation energy contributions as given
at an intermediate coupling strength within the prescription of Eq(1). Hence, one can subtract
This formula “connects” the noninteracting Kohn-— the first two contributions from the half—halHH) calcula-
Sham reference system €0) to the fully interacting sys- tions for each of the multipolar coefficients of E®)°° by
tem (\ =1) through a continuum of partially interacting sys- carrying out additional separate HF calculations with the
tems (0<\<1), all of which have the same densjty(i.e., same basis set discussed before and which is being employed
the density of the real systemilt has been shown in the to obtain the KS orbitals within the self-consistent field
literaturé® that the simplest approximation to E@) can be  (SCPH part of the full HH interaction. One can therefore
expressed by a two-point formula write

Exe=3Exe O+ 3Ex - (5) V(R =Vi(r, Ry =V{F(r, R +V(r,R), (9
An application of Eg.(5) is the so-called half—half from which
approximatiof VHH(r R) = VHF(r R) = V(1 R). (10

1 1-LSDA
EXC_ ZEX+ ZEXC 1

(6)

where theE5>P* contribution is calculated following the lo-

If one further presumes that at least the behavior of short-
range correlation forces is given realistically by the DFT

cal spin density approximatiof.SDA) in which the ex- calculations, then one could modify the perturbative disper-
change part is given by the formula proposed by Sta@md  sion terms of Eq(7) by using the values from Eq10) to

the correlation part is derived from the formula described byscale them as they come closer in from the long-range re-

Vosko, Wilk, and Nusair® while the E, contribution is the
pure exchange energy of the Kohn—Sh@d{®) orbitals from
a single determinarff

gion. One should also remember here that, as is known, no
long-range dispersion contributions are included in a DFT
model at large distancééHence, the long-rangé&.R) con-

The full calculation of the anisotropic interaction was tributions could be rewritten using Eq&) and(10) as
therefore carried out by fixing, at first, they distance at LR _ \,DISP corr
2.1323a, (equilibrium bond distangeand by evaluating dif- V(LR =L R DLV R).
ferent orientations betweefi=0° and #=180°. To intro-  Each final multipolar coefficient can therefore be obtained by
duce the vibrational dependence of CO, the same type ahatching the two regions at the points where, for each Leg-
calculation has been repeated for six other valuescgfin ~ endre component, the logarithmic derivatives of the disper-
order to include the first five diatomic vibrational states. Insion and correlation branches are equal, a requirement that

all the calculations of the present work the=0° orientation  produces théD, scaling factors which correct theP'sP ra-
corresponds to the collinear HE—-O structure.

dial dependence around the well region and makes the po-
The quality of the Gaussian basis set expansion emtential continuous in that region, in analogy to what was
ployed was of the quadruple-zetec-pVQ2) level > where  attempted earlier by Parker and Pk other vdW systems
the original and contracted sets of functions were, respec-
tively: (7s,3p,2d,1f) and[4s,3p,2d,1f] on the He atom,
(12s,6p,3d,2f,1g) and[5s,4p,3d,2f,1g] on the C atom, and

(12s,6p,3d,2f,1g) and [5s,4p,3d,2f,1g] on the oxygen ) ) i ) ) )
atom. Having defined in the above way the dispersion contribu-

One important aspect of the full evaluation of the weak,10ns, we obtained a modified DFT surfaces for the He—~CO
vdW type of PES involves the inclusion of long-ran@dr) system which we shall call the half—half with ;caled disper-
dispersion contributions sion (HHSD). The results from such calculations have al-
ready been discussed in detail considering the equilibrium
bond distance for the CO molecule=2.1323%,) either for
the He—CO’ or Ar—CO® systems. Here, we report in Fig. 1
the comparison, at fixed orientations, between the HHSD
where the coefficients and thelrdependence, as well as the potential and the best two potentials known in literature: the
dependence oo, have often been discussed in the semiempirical XC of Ref. 37 and thab initio SAPT of Ref.
literature®® 40. The plots refer to the rigid-rotor surface with the C-O

There are many ways in which the LR dispersion tail candistance fixed to the experimental equilibrium value of
be smoothly joined onto the short-range DFT interaction2.1323a,. In the upper panels we show the repulsive region
However, because of the difference in anisotropy of the twaand in the lower panels the well region. It is possible to see

(11)

VF(r,R) for R<R,

V,(r,R)= .
\(rR) VIFr R)+VR(r,R) for R>R,

(12

Ce(r,0) 3 C(r,0) 3 Cg(r,0)

Vpisp(l R, 0)=— R R7 =5

@)

Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



2242 J. Chem. Phys., Vol. 112, No. 5, 1 February 2000 Gianturco et al.

2000 T T
1600 S— SAPT [40]
7 1200
£
]
; 800
FIG. 1. Comparison of the repulsive
regions(top) and of the well regions
(bottom) for different orientations of
the present DFT potentialHHSD)
with respect to the last semiempirical
surface(XC of Ref. 37 and the last
computedab initio PES(SAPT of Ref.
40).
=
G
>
that the HHSD potential follows closely the best avallableac(r v _ )
potential functions in the short-range region, although it still E D;ViC(r,t) +k(r)C(r,t). (15

shows a slightly less anisotropic behavior that produces in
turn a more pronounced minimum for tide=0° orientation. Knowledge of the structure of the wave function can be
On the whole, however it gives us a very realistic represenfruitfully exploited for increased accuracy by introducing a
tation of the best available PES for the present system.  guiding functionW; that is meant to approximate the true
The potential has been described by 13 multipolar coefwave function. A common ansatz for atomic clusters and
ficients and their properties have been discussed in detail ibulk system& expresse®’; as a product over a set of one-
our previous work! The actual radial coefficients are avail- dimensional functions defined over all pairs of particles
able upon request to the corresponding author of the present

work. \IfT(R,p)=i];[j ®;;(R;; ;p), (16)

IIl. THE STOCHASTIC MODEL whereR;; is the distance between particlesind j, andp
denotes the set of adjustable parameters controlling the trial

The diffusion Monte CarldDMC) method® has been wave function. Following Ref. 39, we writé; as a product
extensively discussed in a number of pagér§®We there-  over pairwise radial functio® connecting the rare-gas at-
fore refer the reader to that literature for a fuller discussionoms and a product over two-dimensional functionsde-
while this section merely summarizes the main features oécribing the anisotropic CO—He contribution:
the method, our particular implementation, and some specific
extensions developed for the present application. :

The key idea Igf the DMCpmethod I?slothe isomorphism VrRip)= H Xi(Ri6p) X i< g Py(Ryp). (17
between the time-dependent many-body Sdimger equa-
tion and a multidimensional reaction-diffusion equation with
anisotropic diffusion coefficients. Introduction of imaginary
time r=it/A, shifting of the absolute energy scale by a
quantity E,, and identification of the inverse mass terms
with diffusion coefficientsD; and of the shifted potential
[V(r)—E,] with position-dependent rate termk¢r) leads
to the following equations which show this analogy:

TheR;; are the distances between rare-gas atoamslj, and

R;, 6; are the Jacobi coordinates describing the distance be-
tween rare-gas atoimand the center of mass of CO and the
angle between th&; vector and the CO bond vector. This
form of W satisfies the proper exchange symmetry*ide.
There is no explicit dependence #f; on the CO distance
since our current treatment assumes adiabatic separability
between the molecular vibration and the intermolecular vi-

o ov(r,t) h? ) brations in agreement with previous treatments of small van
I ——=- 2 om: ViV (O +V) — Bl W(r,0), der Waals complexes.
: (13) To avoid unnecessary lengthening of the present paper,
W we will discuss elsewhere the vibrational dependence of the
aw(r,T i ] i ibrati in-
;7- _ _2 _qu, (1 7) +[V(1) — E,o ¥ (1, 7) interaction and the shift of the CO vibrational frequency in

duced by the surrounding clusters of helium atSfnBrevi-
(14  ous experience with pute and mixed® helium clusters
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showed that Jastrow functions are a good choicelfaand  The asymmetric transfer functioG(r—r’;A7) has to be
were also employed in the present work. In particular, weexplicitly taken into account in this acceptance decision.
used the isotropic part of the best trial wave function ob-Therefore, the effective time stépre is defined through the
tained from a previous variational Monte CafMMC) cal-  ratio of accepted displacements and attempted displacements
culation. For the part concerning the interaction CO—He weaccording to

used a constant function instead. (Ar?)
The introduction of¥ results in additional drift terms ATeg=AT ace (23
in the diffusion equation which direct the random walkers (Ar?) 4

into regions where the trial wave function is large. At the o¢ mentioned before, our specific implementation assigns a
same time, the rate terms are now controlled by the loca| 4 japle weight to each random walker. As a consequence of
energy defined as the exponential weight update, the sum of weightér)
- - . - =2;w;(7) grows or decays according to the mismatch be-
Elocal(1) =W+ (D HW(1) =W (N TW(1) +V(1), twetlenlére)f gnd the averag)(la local ener%y.

(18) Walkers whose relative weight,o=w; /W(7) falls be-
which is a smoother function of the coordinates than thdow a preselected value,,,, are eliminated randomly from
potential and reduces the variance of the energy estimatorshe ensemble with probabilitp_=1—w, or retained and
o 1 1 assigned the average weigk¥(7)/n,, With probability

( 7) _ 2 —ij(‘If‘IfT)— V(WY In W) Pt =Wl Walkers whose _re_lative wgight grows beyond a
JT To2m, m; maximum valuew,,,, are split inton,,= int(w,+ u) walkers
-1 B of weightw; /n,,, whereu is a uniform random number. The
[Wr T+ V() = Erel (V). (19 values ofw,,;, and w,,, are chosen such that the average
A random walk technique is used to calculate the steadydumber of walkers remains approximately constant during

state solution of the diffusion equation corresponding to &he run, while the instantaneous ensemble fluctuates. These
given quantum problem. A large ensemble of random walk/m€chanisms ensure that the walkers remain concentrated in

ers is propagated with time stegsr starting from some rel_eye_mt regions of c_onfiguration space V\_/ithout intr(_)ducing
arbitrary initial distribution. The propagation from to 7 a_rt|f|c!al sources or sinks and can be easily generalized to a
+Ar consists of random Gaussian displacements of the Cafituation with correlated walks on several surfaces.
tesian coordinates and systematic moves under the influence After equilibration of the initial random walker distribu-

of the quantum drift forcd=(r)=¥;V In¥; and an update O, the en§emple average Efoca|_, whph will be referred

of a weight carried by each random walker. Additionally we {0 8 Emeanin this paper, is identical with the ground-state
use a Metropolis type acceptance check for each attempt&@'€ray irrespective o’y and is only subject to statistical
move?? such that for arbitrary time steps the number densityfluctuations. The ground-state energy can also be computed
of walkers is given by¥2 , while their weights are a stochas- from the rate at which the total weight of the ensemble grows
tic sample of the local value oF/¥+ . This has been shown OF decays ag elapses. This estimator is called the growth
to result in large reductions of the time-step error of DMC €N€rgy

calculations. Our implementation uses a global check after aInW(7)

trial moves have been made for all particles. The short time  Egrowth=Erer~ —— —— (24)
approximation to the Green’s function appropriate for Eq.
(19 is and, depending on the system being considered, is known at
times to have a smaller time-step dependence Ehan, &
G(r—r'An)= Both energy estimators were always extremely close to each
m |32 other in our simulations, the difference never exceeding half
11 [( ! ) the standard deviation of energies. We therefore report only
i [\2mAT our values forE anas Eq values.
m, A7 2 In order to take into account the slow decay of the weak
Xexp —=—|ri—r’—=—F(r) He—He interaction terms as the distances increased, we have
o asl a0 |
employed extended temporal runs that ensure the correct
xexp{ _ATeﬁ( E,oca(r)J;Ema,(r ) Eref) } . 20 sampling of the full PES by the random walkers.

-~ ) ) A. Calculation of expectation values
The modified time step 7. appears in the growth term of

Eqg. (20) because not all moves attempted according(o Avrbitrary property expectation valugd\) are computed
—r';A7) are accepted in the Metropolis step. Proposedy replacing integrals by sums over samples
moves fromr to r’ are carried out with probability

T (0AY(x)dx
P(r—r")=min{LA(r—r")}, (21) =y olax @9
|W(r)[?G(r' —r) 10 .
—r')= . 22 ~— -1
A(r—r’) = y—— (22) Ni:El\If (X)AY(x), (26)
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wherex’s indicate some general coordinates and the correct 180 ABE / L BN LR B
|W|? quantity is obtained from the estimated, tila} values 160 // / / .
by using the technique of descendant weighfh@nly ex- 140 / R Vo 7
pectation values of local operators are directly accessible §120 i / 7
with the DMC scheme. In this case, the integration reduces & 10 ( 4
to an average over operator valu®&) § 80 % @ .
o 60 7]
40 —
A>m M (27) 20_— C_ag_o .
> Nw; ol vl PRI B T I
28 32 36 40 44 48 52

. . . . . » R/A
This technique is in particular applicable to the positional
correlation functions which are very useful in visualizing the FIG. 2. Energy levels of the potential energy surface for the adiabgtic
structure of the clusters. The radial distribution of rare_g‘,ﬁ)otential discussed in the main text. The energy levels are in units of.cm
atoms relative to the center of mass of the whole cluster is
computed as

n n
View= 2>, VIESAR;, 6)+ >, VTN R;), 33
1 i 5(Ri_R) total i;l vfo( i |) Z<] e( IJ) ( )
Pad R)=—= —_— 28
rad R) n=< R? walk @8 whereR;; are distances between rare-gas atorasdj, and

R;, 6; are Jacobi coordinates describing the distance be-

The radial distribution function can be easily converted to™VE€N rare-gas atoinand the center of mass of CO and the
ngle between the; vector and the CO bond vector. Al-

the spherically averaged radial rare-gas density distributioff

o(R) though many-body forces are included in each term of the
first sum on the right-hand side ¢83), no three-body or

_n higher-order forces are added to it or to the second sum on
P(R)= 77 PradR). @9 he right-hand side of Eq33). We shall comment further on

- . . . this point when discussing the results from the present work.
In a similar way, we compute two-dimensional histo-

grams in cylinder coordinates to analyze the density distri- In.Flg. 2 we shpw the adiabatic potential energy con-
bution p(r,2) of helium atoms around the CO molecule Thetours in R,0) coordinates, where one clearly sees that our
CO bond ,is chosen at theaxis and the perpendicular.dis- calculations ponfirm the presence of only one minimum
tance of helium atoms to this axis defines the polar radius close to the linear conflguratloﬁ—O_—He and_themstence
The origin coincides with the center of ma&@M) of CO of a weak angular anisotropy as discussed in Ref. 57.

and the carbon atom is on the positizeaxis. The density

distribution is computed as IV. DISCUSSION OF RESULTS

p(r,z)= n > <6(r,—r)5(2i_z)> , (30) In this section we will discuss in detail the ground-state
2m 5 r walk energetics and structural properties of the(8€), clusters,
o Fo while the discussion of the other important aspect of this
n=27rf J p(r,z)rdrdz. (31  study concerning the vibrational frequency shift caused by
0 J-—w

the cluster environment on the “solute” CO molecule will

This quantity is accumulated on a grid which is equidistanto€ reported in a following publication. We will also discuss

in z andr? which eliminates the need to take square rootdhere a comparison with the results obtained from the
during the data collection. CO(Ar), cluster§® analysis with DMC methods.

A. Binding and evaporation energies

B. The global potential energy function The adiabatic ground-state energies for (86, when

All calculations were done with a purely pairwise addi- the CO molecule is in its vibrational state=0, calculated
tive potential energy surface based on the CHBTinitio part ~ from the DMC approach described in Sec. Ill, are shown in
for the He—CO interaction and the empirical HFD-B poten-the left panel of Fig. 3 for clusters of different sizes. One
tial for He®’ For the He—CO interaction, we used the adia-clearly sees that the slope of the line is practically a constant
batic expression when the number of helium atoms is increased. This fact

HeCO, _ _ becomes more evident when one looks at the single evapo-

VYo R, 6)=(V™ AR, 6.1 co))y=0=Vod R, 6),  (32) ration energy; that is, the energy necessary to evaporate one
where the indexv=0 indicates averaging over the CO He atom from the cluster. This quantity, which is a measure
ground-state wave function obtained by solving the Schroof the relative stability of clusters of different sizes, is shown
dinger equation for the diatomic potential of Ref. 68. Within in the right panel of the same figure. As mentioned before, it
this approximation, the adiabatic potential of the (@), is possible to note that there is no particular evidence of
cluster is now expressed as “magic number,” i.e., the clusters of different sizes all have
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CO(He), AE,=CO(He), _,+He-CO(He),
0T ——— T ———— 10
-10 | 419
20 | . - {8
-a0 | . - /‘/\ 17 g
[33
—'E -40 | 1 3 {6 5 F'IG. 3. Computed pinding er.le'rgie{keft pane) and
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practically the same relative stability. This result is com-mensional surface for the largest G@),, clusters, but it is
pletely different from that obtained for the CAr),, clusters, clear from the plots of the global density that the distribu-
inwhich it was possible to observe more complicatedtions of the rare-gas atoms become more uniform around the
energetic® and can be clearly related here to the very charc with the increasing of the cluster size, hence providing a
acteristic behavior of the helium atoms when thought of ag|yation shell for the diatomic impurity. This solvation can

@ ” 9,30 H
solvent. atoms™*as n the present process. . be further understood by comparing the relative strengths of
In Fig. 4 we report instead the 3D plot of the He denSItyHe—He and He-CO interactions. These interactions, al-

for some CQHe), clusters, represented in cylindrical coor- though very weak, are in fact different from each other. In

dinates where the axis corresponds to the C-O axis with particular, the attractive part between He atoms is weaker

the oxygen located at negative values ancbrresponds to :
the radius of the cylinder. From these density distributions:[han th_at for the He—-CO pgrtlgn, and therefore the rare-gas
toms in the clusters are distributed as shown by the calcu-

one sees very clearly the floppiness of such clusters whicfl . ) e o ) ; }
correspond to diffuse distributions of the rare-gas atom<@UONS in order to optimize their interactions with the di-
around the CO molecule which have larger probability of@tmic molecule. Considering the different strengths of the
being located in the regions where the interaction is strongeP&r interactions, it then becomes possible to explain the con-
This is most evident in the G@®le) cluster, where our calcu- Stant values for the evaporation energies: for these small
lations show a diffuse distribution of the He atom associatedlusters, in fact, the helium atoms are practically indistin-
to all the orientations around the bond axis of the diatomic. [guishable either by spatial position or by their energy. The
reaches its maximum value in correspondence to the glob#lbtained value of-7 cm ! roughly corresponds, therefore,
minimum of the adiabatic potential surface, that is close tdo the binding energy of a single helium atom to the CO-He
the linear configuratio@—O—He. It isobviously more diffi-  system, hence showing that for these small clusters the role
cult to correspondingly locate the minimum of the multidi- of additional, surrounding He atoms is marginal.

FIG. 4. 3D density distributions of He

atoms around the CO molecule ob-
tained from DMC calculations for

clusters of different size. Distances in
A and densities in A3,
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pHe(R) pHe(e) I:)He—CO—He(OC) |:)He—He—He(’Y)
n=Ip,.(R)R°dR n=2np,,,(6)dcose 1=JP(ar)dcosa 1=JP(y)dcosy
0.004 11— 0.2 ————— 11—
CO(He)
0.003 |- 4 0.09 | .
0.002 - 4 0.06 B FIG. 5. Radial and angular density

distributions for the CQHe),, clusters.
Upper panels: for tha=1 case; lower
0.001 - q 003 b panels: for then=2 case. The panels
represent, from left to right: radial dis-
tributions from the molecule center of

0.00 L mass; angular distributions for one Ar

0.000 TR Y R P P TP P
012345¢86 738 0 30 60 90 120150 180

atom’s Jacobi angle; angular distribu-
0.008 Ty 028 e [ L I R tions for two He atoms with respect to
CO(He), I I 1 the molecular center of mass; angular
020 | 4 08 distributions for three He atoms with
0.006 - T respect to the middle atom of each
0.5 - 1 esl trimer.
0.004 - .
0.10 4 04
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B. Radial and angular correlation values bution in which thef angle corresponds to the angle between

In order to obtain more information about the structureth® bond axis and the vector from the center of mass of CO.

of the present clusters, we have also analyzed the radial arid"e third and fourth columns further show the angular dis-
the angular density distribution probability of the He atoms.tribution probability in which thea angle is the angle be-
In Figs. 5—10 we report in their first columns the radial den-tween the center of mass of CO and two helium atoms and

sity distribution and in the second the angular density distrithe y angle is the angle between three He atoms.

Pre(R) Pro(0) Prie-co-re() Prie_re_relY)
n=lp,(R)R°dR n=2nfp,,.(8)dcoso 1=IP(c)dcoso: 1=IP(y)dcosy
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04 41 ost i
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010 | i

02 4 oaf y

0.002 |- §
FIG. 6. Same as in Fig. 5 but far
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 — —
0000 =46 5 1070 30 60 90 120150180 *°0 30 60 90 120150180 "0 30 60 90 120 150 180 =3 (Il;pper panelsand n=4 (lower
anels.
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FIG. 7. Same as in Fig. 5 but far
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Looking at the first column, one clearly sees that thebelong to the same solvation shell and are practically indis-
largest peak of the radial density is centered at about 4.0 Ajnguishable from each other. This suggestion is confirmed
which corresponds to the region of the minimum for theby the angular distributions: in the second column it is pos-
He—-CO interaction. It is also possible to note that, contrarsible to see a very diffuse distribution of rare-gas atoms
to what happens in the case of @), clusters’® thereisno  around the CO impurity, with an increasing probability to
appearance of outer peaks at larger distances: this is a furthend He atoms at the oxygen side of diatonigtronger at-
confirmation that all the helium atoms in these small clusterd¢raction He—CQ as the cluster size is increased, while both
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FIG. 8. Same as in Fig. 5 but far
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FIG. 9. Same as in Fig. 5 but far
=9 (upper panelsand n=10 (lower
panels.

the probability distributions for thexr and y angles show pulsive walls prevent putting any two atoms closer than their
very broadly spread out contours, contrary to what was obR,;, values. These results point to a very pronounced solva-
served for the COAr),, clusters?® where we saw several nar- tion effect of He atoms on the CO as a “solute” and further

row peaks which increased in number when the size of clussuggest that quantum effects are very important in the vdwW
ter was increased. The presence of peaks in the angulalusters where several minima exist and in which directional
distributions is simply a consequence of the location of thebonding cannot be described in terms of the usual “balls and
attractive minima of the Rg—Rg interactions, where the resticks” picture.
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FIG. 10. Same as in Fig. 5 but for
=11 (upper panelsandn=12 (lower
panels.
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FIG. 11. simpLEX optimization structures for the GBe), clusters using the

interactions described in the main text. First row, from left to right: the FIG. 12. Computed total energies as a function of cluster (siith n from

clusters withn from 1 to 4. Second row, from left to right: the clusters with 1 to 10. Solid line: from thesiMmpPLEX minimum structures; dashed line: from

n from 5 to 7. Third row, from left to right: the clusters withfrom 8 to 10. the DMC calculations. Top panel: resulting zero-point energies from the
calculations of the lower panel. All values in cf

C. Optimal structures and quantum effects

In order to further investigate the quantum effects in theof t00 many equivalent structures and of the inefficiency of
CO(He), clusters, we carried o®@IMPLEX optimizationg® to the simplesiMPLEX approach to reach the absolute minimum
find the “classical” optimal structures for such aggregates.9eometry.

In Fig. 11 we report the results of our calculations in terms of

conyentional bondi.ng. pictures with sphere§ degcribing thg,_ CONCLUSIONS

localized atoms. It is important to note at this point that we

actually found several different structures for the same value Pairwise additive intermolecular PES for (), clus-

of n which had total energies values below those of theters, n=1-12, has been constructed from higly accurate
ground-state energy obtained from the DMC calculations, ale—He interactiotf and anisotropic CO—He potential ob-
rather common property for rare-gas clustérSuch effects tained by a recently developed treatment which combines
originate from the highly delocalized nature of the solventdensity functional theoryDFT) with the long-range disper-
bound states in the case of helium atoms. It is instructive tsion interactior?! As discussed in Ref. 57 this approach in-
compare thesIMPLEX structures, shown in Fig. 11, and the dicates that the use of DFT calculations yields a final PES
DMC results from before. One clearly sees some analogyHHSD) which is remarkably close to the best MC-SCF
there between classical and quantum geometries in the senssult$®—° that are obtained with a greater computational
that thesimMPLEX calculations also provide clusters in which effort and to the semiempirical potential optimized to repro-
the helium atoms are located at the oxygen side, but obviduce the infrared spectra of the CO—He compiex.

ously this picture does not manage to be realistic when com- Since the CO—He potential depends on the vibrational
paring it with the DMC results that yield instead very diffuse quantum number of CO, we have followed the adiabatic
density distributions in which a fixed geometry completelytreatment of Ref. 30 to investigate the energies and the struc-
loses physical meaning. This is further proof of the fact thatures for CQHe), clusters in the CO vibrational state=0

the vdW clusters are not realistically described unless onesing the diffusion Monte CarlgDMC) method. We have
takes into account quantum effects. The presence, for a giveanalyzed the relative stability of clusters of different size and
number of solvent atoms, of several cluster structures, thahe distributions of He atoms around the CO molecule. The
lie very close in energy, and are separated by very smaltomparison with the optimal structures obtainedsiyPLEX
energy barriers, makes the classical picture of the clamperhinimizatior® was also reported.

nuclei in the Born—Oppenheimer approximation very  We have then shown that, in such van der Waals clusters
strongly dependent on the aggregate’s temperature-annealimgth several shallow minima separated by low isomerization
history. On the other hand, the quantum treatment usindarriers, the wave function associated with the ground bound
DMC calculations provides a more appealing physical destate exhibits significant amplitude values for configurations
scription. This point can be demonstrated by looking at Figwhich are spatially and energetically far from the equilib-
12, in which we report the zero-point ener@¥PE) com-  rium geometry. As a result, the global minimum of the full
puted for the present clusters. One clearly sees that the ZFRteraction no longer defines uniquely the structure of the
plays a very important role in their global energetics, reprecomplex and indeed, the very notion of a molecular structure
senting about 70% of the total binding energy. One shouldvhich would be described by the usual representation in
also note that theiIMPLEX minimization is not really reliable terms of clamped nuclei and localized bonds, certainly a cor-
as it provided some total energies that, for11 and 12, nerstone of conventional chemistry, becomes ambiguous and
were below the DMC energies, a further sign of the presenchas to be used with caution.
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