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The path-integral Monte Carlo technique is applied to study thgH8fy cluster at low
temperatures. The method employs as input only pair potentials, the number of atoms, and the
temperature, and is thus independent of the trial function bias which can affect calculation of
structural quantities in variational and diffusion Monte Carlo. We thereby obtain an unambiguous
answer to the question of the location of sSiR small clusters(39 He atomy as well as the
temperature dependence of the cluster structure. The cluster is found to undergo a gradual transition
to a superfluid between 0.625 K and 1.25 K, and to evaporate significantly at temperatures above 2
K. We also calculate spectral shifts for thg vibrational mode of SE, using the instantaneous
dipole-induced dipole mechanism. The results are compared with infra-red absorption
measurements and with the previous ground-state quantum Monte Carlo calculatiod996©
American Institute of Physic§S0021-960606)02205-§

I. INTRODUCTION is ~1 K,” this is an additional factor affecting the delicate
energetic balance in weakly bound dopant-helium cluster
The study of helium clusters has attracted a great deal adystems.
interest among both theorists and experimentalists because of |n this paper we investigate the effect of finite tempera-
their unique finite-size quantum-liquid natdr€urthermore,  ture on the structure of SHe, . Several infrared spectro-
theory predicts that pure helium clustétdey would be su- scopic studies have been made ong-8Bped helium
perfluid at low temperaturés’ Recent experiments on these cluster$~2° The vibrational spectrum shows an extremely
clusters with atomic and molecular impurities attached havearrow, red-shiftedv; absorption atw=946.3+0.1 cm !
made it possible to conduct indirect probes of their struc{FWHM < 0.01 cm?), with two satellite band$.High
tures. A basic question is the location of the impurity, whichresolution analysis of these bands has enabled the spectrum
can depend on the competing effects of impurity-He bindingio be fit to a model of a freely rotating spherical top, with
energy, cluster size and temperature. Zero-temperature quagotational constant one third that of free S& Both
tum Monte Carlo calculations for molecular impurities with spectroscopit'® and mass spectrometric measuremetrits
a wide range of binding energies to helium have shown thagicate that the SFimpurity is fully solvated and is located
as the impurity-helium potential increases, the molecule beinside the cluster. This is not surprising, since; &Fstrongly
comes more localized about the cluster center, and that for lgound to helium and would be expected from chemical con-
given impurity, the molecular delocalization then increasessiderations to be completely solvated inside a cluster of
as the cluster size increase$.However for boson quantum He,. Experimentally, the temperature of the cluster is mea-
clusters such as helium, there may be an important distingsured as 0.40.05 K1°
tion between the ground-stat& £ 0) structure and that for Several zero-temperature quantum Monte Carlo studies
finite temperatures. At finit& below the superfluid transition have been made for $Hey.*'%3While the most recent
temperature, injection of an impurity into helium may causestudy® has confirmed the original prediction of a centrally
a free energy increase from loss of Bose permutationocated, quite well localized SF* these calculations have
symmetry! At T=0, Bose and Boltzmann statistics are iden-indicated that analysis of ground-state structure by varia-
tical and this free energy increase is absent. In a finite clustefional Monte Carlo (VMC) and diffusion Monte Carlo
the extent of reduction in the Bose permutation symmetry ofDMC) can be complicated by long convergence times for
helium atoms surrounding the impurity can in principle beimpurity structural quantities and by trial wave-function bias.
reduced if the molecule is situated near a surface or is onlfhis stimulated us to employ the path-integral Monte Carlo
partially solvated. Since the free energy increase for com(PIMC) method** which is independent of any variational
plete loss of permutation symmetry of a helium atom in bulkansatz.The PIMC method also necessarily results in finite-
temperature properties, and so enables us to examine

dpermanent address: Department of Physics, Kon-Kuk University, Seou‘f’"hether t_he impu'rity eXChang_e energy Can' p'lay any Signiﬁ'
133-701, Korea. cant role in affecting the location of the $within the clus-
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ter. At very low temperatures the PIMC results can be ex- In treating the SgHe, clusters, we fix the SfFmolecule
trapolated to T=0K to compare with the ground-state at the origin for simplicity as is done in some of the ground-
properties. state calculations, i.e., we give it infinite mass. This is a
reasonable approximation because its mass is much heavier
than that of a helium atom. It results in a slight lowering of
Il. THEORETICAL APPROACH the zero-point energy relative to finite-mass; $FHey, but
] ) ) in very litle change in structural featurt$Thus the main
The path-integral Monte Carlo is a numerically accurat€cgntribution to any apparent delocalization of (SR the
method to calculate thermodynamic properties of a quanturgyster will arise from the delocalization of the He distribu-
system, based on Feynman's original idea of mapping patfon ahout the heavier SF and can be quantified by the He
integrals onto interacting classicahg-polymers.To date,  center.of.mass distribution about the stationary SFor the
the PIMC method incorporating quantum statistical &X-potential energy, we use a sum of pair potentials between

change effects has been successfully applied to bulk liquigl.jium atoms and between SB&nd He. Therefore, we have
helium;*>*®two-dimensional helium on hydrogen surfacés, .. following system Hamiltonian:

clusters of pure heliufmand of para-hydrogen molecule¥

A detailed review of the method and of bulk helium results is n? & ) N

given by Ceperley.We start from the many-body density H=— 2m 21 Vi +i2<j VHe—HériJ)"'iZl Vie-sg(Ti),
matrix at a temperature: (6)

p(RR";B)=(Rle”"R’), (1) wherem is the mass of a helium atom;;=|r;—r, and
where 8=1/KkgT, H is the Hamiltonian of arN-body sys-  Vre-te (Vie-sg) is the He—HeHe-SF) interaction poten-
tem, and R represents a [I8-dimensional vector, tial. This represent® helium atoms moving in an external
R={r,r,,...ry}. Then the thermal average of an operatorfield provided by the stationary gFThe widely used form
O is given by of Aziz et al*?is employed folV e, While for the He—SF
¢ interaction we use an isotropic version of the two-body
<6>=Zflf deR(R’|6|R)p(R R": ) ) potential proposed by Paait al?® These are the same po-
T tentials as used in the previous ground-state calculations. Ac-
whereZ=[dRp(R,R; ) is the partition function. Since we ¢ording to Barnett and WhalefBW),* incorporation of the
do not know the density matrix at low temperatufesvhere ~ @nisotropy inViye s, has only a small £0.5%) energetic
our system is highly quantum-mechanical, it is replaced witteffect and does not influence the angle-averaged radial de-
a product ofM higher-temperature density matriceshaT : pendence of structural properties. Both interactions are short-
ranged; the He—SFinteraction has well depth of 62 K, a
p(R'R’;B):f f dR,dR,--dRy_1p(R,Ry; 7) factor of ~6 times that of the He—He interaction. For the
purpose of using a tabularized form of the density maftix,
Xp(Ry,Ry;7) - p(Ry_1,R";7), (3y  We truncate the potentials smoothly at a certain distance as

follows:
where 7= /M. The pair product high-temperature density
matrix at 7~1=40 K, which was shown to be accurate V(r)=V(re) forr<r,

enough for bulk liquid He in Ref. 15, is used in this study of (™0 otherwise ' @

SKHey clusters. For a Bose system, the density matrixT . . .
: . he cutoff radii are set toe9 A for the He—He interaction
should be symmetrized by summing over all permutati®ens and 15 A for the He—SFinteraction, yieldingVie_ (T )

of particle labels: =-0.020K and\/He_SFe(rc) =—0.025 K. The potential dis-

4) placements caused by these value¥@f;) with Eq. (7) are
negligible relative to the strength of the potentials in the

interaction regime. We have not added any artificial confine-

coupled with Eqs(3) and(4), we employ a generalized Me- ment potential to prevent the helium atoms from evaporating,

. . . . in contrast to Refs. 2 and 18. The stronger binding to the
tropolis algorithm whose details can be found in Ref. 7. Both :
permutationsP and paths{R,Ry R, . .. Ry _1,PR'} are SFs molecule lowers the evaporation rate enough to make

sampled with probability density proportional to this feasible.
p(R,Ry;7)p(R1,R2;7) - p(Ry-1,PR’;7). Then, the aver-

age of an operatoD can be determined just by taking the Ill. RESULTS
average of R'|O|R) over the paths sampled:

1
pB(Reriﬁ):m 5 p(R7PR’1ﬁ)

In order to calculate the multidimensional integral of E2).

We have done path-integral calculations for the
. 1 No . SRHesq cluster atT=0.625 K and 1.25 K. Calculations at
(O)%N—Z (R"@|O|R@), (5)  higher temperatures showed increasingly large amounts of
pa=1 evaporation, discussed in more detail below. Nwe39 clus-
whereN,, is the number of the paths sampled in the Monteter was chosen since this was the first size at which the issue
Carlo process. of trial function bias became important in th&=0
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TABLE I. The total energy of SfHe, calculated af'=0.625 K and 1.25 K 0.10
using the PIMC method, together with the VMC and DMC ground-state
energies(Ref 13. PIMC and A are forN=39, while B is for N=40. All

energies are in units of K per helium atom. Hor 0.625 K,M =64, and for 0.08 I @ T
T=1.25 K,M=32. Sk has infinite mass in all three calculations. R
Te 006 .
A B >
VMC ~15.601) ~17.211) g 004 1
DMC —19.454) ~19.451) e
0.02 | .
PIMC T=0.625K -19.404)
T=1.250 K —18.895)
0.00 L
0.10 Y
calculation$®*® and it is computationally still manageable 0.08 b |
with PIMC. Employing the high-temperature density matri- '
ces atr 1=40 K givesM =64 and 32 path-integral parti- T 0.06 F i
tions for T=0.625 K and 1.25 K, respectively. 'i
We first calculate the cluster thermal average energy at 2 04 F ]
these temperatures, and compare with the ground-state ener- &
gies calculated by McMahoet al® with two different trial 0.02 F |

functions, A and B(Table |). The trial function B was first
proposed by Chin and Krotsche¢kK)!? and then reopti- 0.00 o .
mized by McMahoret al.,*® while A is the same wave func- 0.0 5.0 100
tion as BW used in their ground-state calculations. These RA
differ primarily in the presence of a term inducing the peak
structure of the He density distribution in B, which is absentF!G- 1. The helium density profiles of gffey (@) at T=0.625 K (solid
in A This term signiicandy improves the energy and struc-{" 14125 Koted e ant a7 ©626 Ko s sl
tural properties at the VMC levébee Table)l Detailed dis-  position of SE. PIMC and A results are fok=39, while B is forN=40.
cussion and comparison of these and other trial functions are
given in Ref. 13. Hereafter A and B represent the trial func-
tions themselves or the ground-state results obtained witkelative to the bulk. The importance of exchange effects at
them in Ref. 13, foN=39 (A) andN=40 (B), respectively. the lower temperature will be addressed again below.
Both these ground-state calculations were performed with Figure Xa) shows the helium density distributions
the mass of S§set to infinity, just like our PIMC calcula- around Sk at T=0.625 K (solid curve and 1.25 K(dotted
tion. The DMC energies for A and B, which are in principle curve. For the distributions at both temperatures, there is a
independent of trial functions used, would be expected teshell structure peaked at4.3 A where the helium density is
differ because of different number of particles involved incomparable to those of the solid at high pressures. The first
these calculations. However, we see that the two energies askell includes about 23 helium atoms, which is consistent
exactly the same in Table 1. This reflects the possibility thawith the DMC calculations of BW.According to their cal-
one of these energies has been affected by the time step ermulations, the first-shell structure hardly changes over a wide
in the DMC proces$®?! Both DMC energies are lower than range of cluster sizes (30N<499). Our calculations show
that atT=1.25 K, by~ 0.5 K per He, but are the same as that this solvation shell is not affected by a temperature in-
that atT=0.625 K within statistical error. The total thermal crease up to 1.25 K. There is another peak in the helium
energy increase from=0.625 K toT=1.25 K is about 20  density, located at about 7.2 A from &FThis second peak
K, which is largely due to the presence of evaporated paris lower atT=1.25 K than either alT =0.625 K or atT=0
ticles at the higher temperature. Note that the average enerdgee Fig. 1b)], because at higher temperatures thermal mo-
at T=1.25 K includes the evaporated helium atoms. Thetion tends to disperse the helium atoms beyond the first shell,
discussion of energetics here has not considered the tail cowhich are more weakly bound to the SH-urthermore, we
rections due to the truncation of the potentials in Eg). have found that some helium atoms are evaporating during
We have also done the calculations without includingthe path-integral run at 1.25 K. Typically one or two atoms
permutational movego exchange effectsWhile the exclu-  are seen at distanc&>24 A from the Sk. The evaporated
sion of exchange effects causes very little change in the totgdarticles account for the significant lowering of the second
energy atT=1.25 K, it produces a significant energy in- peak in Fig. 1a) at the higher temperature. Additional calcu-
crease al =0.625 K, by about 0.37 K per helium atom. This lations atT=2.5 K and 5.0 K show increased evaporation, to
is less than the value in bulk helium, which is abduK at  the extent that the cluster is completely evaporated by 5.0 K.
this temperaturé. The lower exchange energy loss in the We compare in Fig. (b) the PIMC helium density pro-
cluster reflects only partial loss of Bose permutation symmefile for T=0.625 K with the ground-state densities obtained
try induced by the pinning of some He to thegShpurity,  using trial functions A and B. The dotted line shows the A
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FIG. 2. The pair distribution functiong(r) between the helium atoms in

— (b
the first shell(solid curvg and between the second-shell atofdsetted 15, %
curve of SR;Hezq. The calculation was done @t=0.625 K and the length = E %
unit is A. 2 % E

8 G

1 Tag

(N=39) helium distribution about Sf; the dashed line the B o ?@51 Axa,
(N=40) distribution, and the solid line represents our PIMC 0.005 ooy 55 i
result for SgHesq. Since the importance-sampled DMC pro- ' RA) '

cess gives rise to a set of random walks whose probability
density is proportional to the product of trial function and theFIG. 3. The helium center-of-mass distribution ingBlgy with respect to
exact ground-state function, the accurate computation of 8F; fixed at the origin. PIMC calculations at=0.625 K (filled triangles;
structural quantity which does not commute with the Hamil-DMC ground-state calculations from Ref. 18: open squares, B: open
tonian requires an extrapolation from the VMC and DMC C"C"fs)' () o .fj\]u_Stggn et:‘.:arge.m?”tNdf‘Lgt larger distances. PIMC and A
results?? This is the point at which the trial wave function - (s are ToN=39, whie B Is forli=40.
bias can occur in DMC calculations of structural quantities.
The two T=0 K results in Fig. 1b) are the extrapolated and the second shell as the rest of the space. In order to
ones, and lie between the corresponding VMC and DMCgbtain a finite normalization, we sék to be the volume of a
results. As can be seen, the result A has a significantly lowegube with side 28 A, which can be justified from the fact that
first peak and a little higher second peak than the othersio helium atom is likely to be further than 14 A from the
while B and our PIMC result are very consistent with eachSFk at T=0.625 K (see Fig. 1 The first-shell pair distribu-
other, except at large distances beyond the second peak. Thign function, represented by the dotted curve, has a more
difference at large distances is due to the additional particlgtructured form than the second-shell one represented by the
in the B calculation =40). From this comparison, one can dotted curve. This reflects the fact that the helium atoms in
say that wave function B is more accurate than A as far as thghe first shell are more solid-like due to the strong interaction
helium density distribution is concerned. This confirms thewith the impurity molecule. Because of the finite size of the
improved representation achieved by the addition of pealystem, both distributions go to zero at large distances.
structures in the trial wave function B:*1t is also reflected The helium center-of-mass distribution with respect to
in the lower VMC energy obtained for Brable )), but the  the impurity moleculgor equivalently the impurity distribu-
similarity of the structure with PIMC provides a more com- tion with respect to the center of masat T=0.625 K is
pelling argument. Similar improvement is achieved by othershown in Fig. 3, along with the DMC extrapolated res@hs
trial functions implicitly containing the He density structure, and B obtained by McMahoret al*® For higher tempera-
as is discussed by McMahat al.*® tures, the presence of even a few evaporated particles gives
Figure 2 shows pair distribution functions at=0.625 rise to an ambiguity in calculation of the center-of-mass dis-
K, calculated separately between helium atoms in the firstribution because the positions of those particles, which are
shell and between the second-shell heliums. These functiongelevant to the properties of the bound system, nevertheless

are defined as follows: dominate the determination of the center-of-mass location.
_ Q L Therefore we restrict the discussion here to the result for
g(')(r)=m<2' r;n' 5(r—rmn)>, (80 T=0.625 K and comparison with th&=0 calculations.

Since Fig. 3 represents a probability density in three dimen-
where the primes mean that the summations are done onsions, it has much larger statistical fluctuations at small dis-
over the helium atoms in thigh shell. It is natural from Fig. tances than at large distances. Unlike CK’s original results
1 to choose the first-shell region as a sphere of radius 6 Afor a trial function of type B the impurity distributions

J. Chem. Phys., Vol. 104, No. 6, 8 February 1996

Downloaded-28-Apr-2003-t0-130.126.9.235.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/jcpo/jcpcr.jsp



Kwon, Ceperley, and Whaley: Monte Carlo study of SFq 2345

from all three calculations do not have a peak clearly dis-
placed from the center. Rather, its maximum density seems
to be located at the center, just as in the ground-state calcu-
lations of BW* McMahonet al® concluded that CK’s find-

ing of the impurity being displaced from the center is due to
the lack of the convergence in CK’'s DMC calculation.

Figure 3 (a) shows that our PIMC distribution at
T=0.625 K has a much larger spread than the result A and is
quite similar to B at short distances, even considering the
large statistical errors. This confirms the previous conclusion
made from Fig. 1, namely that the trial wave function B is
structurally more accurate than A. Note that there is more
difficulty in obtaining the statistically converged &Histri- -2.0 L L L
bution than the He distribution, because we get only one 0.0 05 —Av (1(;1911—1) 15 20
sample of the center-of-mass location from each configura-
tion R, for every 39 samples of the He location. One can see ) - ]
in Fig. 3b), which is an enlargement of Fig(@ at distances £i0,* The s Shect shl densitee (), sened by Eso) for
of 0.5-1.5 A, that beyod 1 A the T=0.625 K distribution s (Ref. 24. The solid line represents the PIMC resultTat0.625 K
is higher than the distribution A. This higher probability at (solid line), while the dotted and dashed lines show the DMG=0) ex-
large distances could result from thermal broadening rathetfapolated results obtained from trial functions A and B, respectively. Fre-
than the wavefunction bias in the DMC calculation. Accord_quencies are given in cm. PIMC and A results are fa=39, while B is
. . .. . . for N=40.
ing to Krotscheck and Chin’s variational estimatéshe di-
pole excitationenergy is about 0.8 K foN=39, so it is
possible that this quantized vibration mode could affect thenixed distribution, which approximates the ground state
PIMC calculation atT=0.625 K. Since this excitation ac- density. When the zero- and low-temperature distributions
counts for relative oscillations between the helium center ofre similar, as is implied by the similarities between the He
mass and the impurity, its effect would be most noticeable iltand Sk distributions(Figures 1 and 3, respectivélyhis can
the center-of-mass distribution. It does not give much contribe viewed as generating a pseudo-thermal distribution. The
bution to theT=0.625 K energy in Table (where the ener- mixed estimator folP(Av) is then extrapolated according to
gies are in units of K per particiesince an increase of 0.8 K the usual second order schefrfé The average spectral shift,
in the total energy is within the statistical error of our calcu- Ay, is then given by
lation.

We also compute the spectral shifts of the; $framo- AV3=f P(Av)Avd(Av), (10)
lecular vibrations, using the instantaneous dipole-induced di-
pole (IDID) mechanism originally proposed by Eichenauer 1 13
and LeRoﬁ4 to calculate the vibrational spectra of Sk =_ 2 e BEmZ 2 Asi(m[ (11
classical simulations of SFdoped argon clusters. The same Z'm 3=
mechanism was used by BW for @fey in their ground- 1
state calculation$This approach is based on the assumption == 2 e PEmAg(™), 12
that the instantaneous dipole moment of; $laring the v, Z
vibrations induces dipole moments in the surrounding he”UfTWhereAsi(m)=(\Ifm|Asi(R)|\Ifm> is the expectation value of
atoms, and that the resulting interactions between thg SFA¢ (R) in the cluster statéV,, andA&(™ is the resulting
and He dipoles are the main cause of the spectral shifts. Wyerage spectral shift of the three,Sk vibrations in state
define a spectral shift density for thg vibration by m.

6.0 T T v T

P(Av)

3 Figure 4 shows the/; spectral shift densitieR(Av),

P(Av)= E D (8(Aei(R)—Ap)), (9) for SR;He;q calculated aff =0.625 K (solid line), together

3z with the extrapolated DMC results obtained from trial func-
: : i tions A and B, using the parameters and algorithm of Ref. 13
Where Ag‘(R):AEf(R)_AEbd(R)’ and AEIOd(R) and (dotted and dashed lines, respectiyeljhe general similar-
AEY(R) are the shifts of the ground and first excited vibra-jty petween the zero and finité results derives from the
tional state of Sfin the cluster configuratio®R. The de- similarity of the He density distributions in the region of the
tailed expressions for these quantities within the IDID modeffirst solvation shell, the second shell being located at dis-
are given in Eqs(18) and (19) of Ref. 24. In our finite tances too large to contribute much to the spectral shift. Dif-
temperature calculation$é, -) is computed by taking the av- ferences between the three spectral shift density distributions
erage of the argument- over configurations sampled with arise from the small quantitative differences in He and SF
probability density proportional to the diagonal density ma-density distributions, the closer similarity of the lineshift B
trix pg(R,R;B), as in Eq.(5). In the zero-temperature DMC to the PIMC shift reflecting the improved structural represen-
calculations, the probability density was taken to be theation of the B versus A trial functions. These differences are
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most evident neaAr~—0.5 cm !, where trial function Ais gral calculation, so the only estimate of the heterogeneous
seen to result in appreciable negative spectral shift densitjnewidth we can give is therefore derived from thie=0
after the usual second order extrapolation is made. Thesmlculations. These show thats(®) is not split, i.e., the
non-physical negative values reflect a large difference bethree-fold degeneracy of the mode is retained when gis
tween the VMC and DMC mixed spectral shift densities, andsolvated by Hg, in its ground staté.Therefore the hetero-
are clearly less significant for tie=0 shift density derived geneous broadening is zero B&0. This is not surprising,
from trial function B(dashed ling The latter also lies closer given the high symmetry of the He density about thg BF
to the finite temperature path integral result. The averagéhe non-rotating ground state.
shift at T=0.625 K isAv;=—0.84 cm'%, and the extrapo- The shortcomings of the IDID model lie in the assump-
lated shift aff =0 from trial function AisAv;=—0.73 cni?,  tions that only the vibrational dependence of the long range
while that from trial function B isAv;=—0.81 cmi™. (BW interaction is significant, and that this may be approximated
obtained aT=0 value of —0.82 cm* using a third trial by an electrostatic model. While this was valid for ;SR
function of similar quality to B in terms of structural and Ary,?* the polarizability of He is much less than that of Ar,
energetic accuracy). These average shifts are negative, indi-so that the long range terms are much weaker. The contribu-
cating a red-shift from the gas-phasgfrequency, and show tion from the repulsive part is unknown and has been ig-
negligible effect of temperature over the rangenored. A more detailed investigation of the intramolecular
T=0-0.625 K. However, the magnitude of the shifts in all vibrational dependence of the $FHe interaction would be
calculations is noticeably smaller than the experimental shifery desirable for analysis of the homogeneous linewidth.
of—1.6 cm ' found in Refs. 8 and 9. Another desirable extension from the spectroscopic perspec-
In previous work;** spectral shift density distributions tive is to explicitly incorporate the SFotational and vibra-
calculated according to E¢9) were equated with a hetero- tional degrees of freedom in PIMC and DMC calculations.
geneous line shape profile for tiev; absorption(The ho-  The mere inclusion of potential anisotropy was shown by
mogeneous lifetime broadened width cannot be obtainegw* to have negligible effect on the lineshape, although it
from the IDID mechanism because the quadratic IDID termsid cause some resolution of angular structure in the first
in the potential expansion do not cause transitions out of thgeak of the He density distribution. Explicit incorporation of
triply degenerate first excited; vibrational state of Sf-)  the rotational wavefunctions of $Fould more drastically
Figure 4 confirms that th& =0 distribution can indeed be affect the sampling of the potential, and would be desirable
used as a good approximation to the low temperature spectrid more detailed studies of the spectroscopy.
density distribution, as was assumed in Ref. 4. However, this  One of the most interesting properties of the helium
similarity also implies that few excited states contribute atcjusters is their superfluid behavior. According to Pollock
T=0.625 K, and that there should therefore be little contri-and Ceperley® the probability that a particle is engaged in a
bution from heterogeneous broadening. This has two implipermutation cycle involving several particles can be used to
cations. First, it is therefore likely that the experimental line-determine the degree of superfluidity, at least qualitatively.
widths are merely lifetime-broadened. Theoretical analysisthis was previously used to study the extent of superfluidity
of this in terms of vibrational energy transfer requires knowl-in clusters of pure helium and gfara-hydrogen molecules
edge of terms of odd order in the §iternal stretching by Sindzingreet al?*® Fig. 5 shows snapshots of typical
dependence of the gFHe interaction potential. These are Feynman paths projected onto the XY plane @
currently unknown. Second, the identification of E®). with T=0.625 K and (b) T=1.25 K. Since the timeslice
a heterogeneous lineshape is not generally valid in quantum=1/40 K~! has been used throughout these calculations, a
mechanics, and becomes particularly problematic at lowath of a single helium atom consists of 64 timeslices at
temperatures when few states contribute. This is apparent=0.625 K and 32 timeslices dt=1.25 K. The thick solid
upon constructing an alternative spectral shift densitylines in Fig. §a) represent a permutation cycle involving 15
P’(Av) directly from the operational definition of a hetero- helium atoms, and the thick dotted lines show cycles involv-
geneous lineshape deriving from thermal population ofing three atoms. Each closed polymer consisting of thin lines
states, corresponds to a path of a single atom which does not par-
ticipate in a permutation move. The §I represented by a
single point at the origin. AT=1.25 K, we do not see any
long paths involving several permuting atoms, while permu-
tation moves or exchange effects are seen to be quite impor-
IntegratingA v over P'(Av) yields the same average shift tant at the lower temperature. The existence of these long
Avz as doesP(Av), but only P’'(Av) yields the correct permutations suggests that thegBE;q cluster may show
limit of the heterogeneous line shape profileTat 0, i.e., a more superfluid behavior as the temperature is lowered be-
sum of three delta functions. The difference lies in the locatween 0.625 K and 1.25 K. In order to study this phenom-
tion of the delta function, which is immaterial only when the enon quantitatively, we have computed the superfluid frac-
full average oveP(Av) to obtainA v is performed. Thus it tion in the helium density by calculating the moment of
is important to bear in mind that spectral shift densities arénertia of the system and comparing with that of the corre-
not unique, and are not necessarily a measure of the hetersponding classical system. The details of this process are
geneous line shape. E(L3) is not amenable to a path inte- explained in Ref. 7. We have found that the superfluid frac-

3
1 1
P'(Av)=5 >, e PEm= > 5(Ael™—Av). (13
ZG 34
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FIG. 5. Snapshots of the paths in the PIMC runs projected onto the XY-plat@ &t=0.625 K and(b) T=1.25 K, for SEHezq. The thick solid lines

represent a permutation cycle involving 15 helium atoms and the thick dotted lines show one involving three atoms. Each closed polymer consisting of thin
lines corresponds to a path of a helium atom which does not participate in a permutation move gThel&ile is fixed at the origin and is therefore
represented by a single point @0). The length unit used is A.

tion ps/p of the SKHesq cluster is 0.677) at T=0.625 K, different trial function forms. In particular, it is found that
and 0.0%1) at T=1.25 K. The PIMC calculation of Sindzin- trial functions tailored to reproduce the He density peaks in
gre et al? for pure helium clusters showed thaf/p of an  the first and second solvation shell at the VMC level, give
N=64 cluster is 0.61) at T=0.625 K, and 0.6) at DMC distributions closer to the PIMC results.
T=1.25 K. The difference between the results for doped and  The SKHeyq cluster is seen to be extremely sensitive to
for pure clusters is mainly due to the fact that the, 8fpu-  temperature. The thermal energy increases~®0 K on
rity strongly binds the surrounding helium atoms and therebyaising the temperature frorfi=0.625 K to T=1.25 K,
suppresses the superfluidity, since the neighboring atomghich is accompanied by evaporation of several He atoms
cannot fully participate in the global exchange. Thus the sufrom the outer shell. Further raising of the temperature in-
perfluid state occurs at a lower temperature than in purereases the extent of evaporation, with the entire cluster be-
Hey (Fig. 1 of Ref. 2. However the exchange is not com- ing evaporated by 5 K. There is a marked energetic contri-
pletely suppressed in the first solvation shell, and we do segution of the exchange permutation symmetryTat0.625
permutation moves causing exchanges between first- and about 0.37 K per He atom, which results from the partial
second-shell He atoms in Fig(&), despite the very different |oss of Bose permutation symmetry induced by some extent
structural features these shdfig. 2). The smaller number of pinning of He to the impurity. However there is no evi-
of heliums in our calculation may also be a factor in thegence that the SFis preferentially located near the surface
reduction ofps/p; Sindzingreet al. showed that the super- iy order to minimize its number of nearest neighbors, as a
fluid density does decrease with smaller cluster size. result of this. The strength of the $FHe interaction clearly
outweighs this finite-temperature Bose characteristic. A more
IV. CONCLUSIONS weakly bound impurity, such as Ne, is therefore required to
In summary, we have performed PIMC calculations forsee the impurity location affected by the exchange symmetry
the SKHeyq cluster at low temperatures. PIMC has the ad-energeticg?
vantage of giving results for structural quantities which are ~ Evaluation of the finite-temperature spectrum of the
free of bias due to a trial function, unlike DMC calculations. SFs v3 vibrational mode within the IDID model of
Therefore it is extremely useful for analyzing dopant distri- Eichenauer and LeRoy gives a lineshift equat-ta/2 of the
butions, since the ground-state energy is relatively insensiexperimental red shift of-1.6 cni *, while the close simi-
tive to small changes in this, even for strongly-bound dopdarity of the finite T spectral shift densities with the corre-
ants such as SF sponding T=0 densities suggests that the heterogeneous
For SRHesy, assuming an infinite mass SFthe aver-  linewidth is negligible atT=0.625 K, just as it is zero at
age energy aff=0.625 K is as low as the previously- T=0. A more detailed knowledge of the internal molecular
reported ground-state enefdy® within statistical error. At  stretching dependence of the ;SfFHe interaction is required
this temperature, both He and Séensity profiles are con- in order to analyse the homogeneous linewidth, which we
sistent with theT=0 converged DMC resulf$ confirming  conclude is responsible for the small experimental broaden-
the presence of a strongly bound first solvation shell withing. It would also be useful to investigate the effect of the SF
~23 He atoms and a centrally locatedgSEonfined within ~ SFK; rotational motion directly in a PIMC calculation.
1.5 A of the cluster center of mass. Furthermore, the PIMC ~ One of the most interesting conclusions of these calcu-
results for both He and $Flensities allow a distinction be- lations is the existence of a significant superfluid fraction at
tween energetically equivalent DMC calculations made withT =0.625 K. At T=1.25 K there is essentially no exchange
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