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Stability chart of small mixed “He-3He clusters
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A stability chart of mixed*He and®He clusters has been obtained by means of the diffusion Monte Carlo
method, using both the Aziz HFD-B and the Tang-Toennies-Yiu atom-atom interaction. The investigated
clusters contain up to eigiHe atoms and up to 28He atoms. One singl&He binds 20°He atoms, and two
“He bind 1, 2, 8, and more than £#He atoms. All clusters with three or moféle atoms are bound, although
the (:ombinations“H%3He9,10,11 and 4He43He9 are metastable. Clusters with 2, 8, and %8e atoms are
particularly stable and define magiéle numbers.
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Helium clusters are weakly bound quantum systems, as anly upper bounds to the binding energies are obtained from
consequence of both the small atomic mass and the weak vanvariational calculation, so that the limits of the instability
der Waals interaction between helium atoms. A detailedegions may be only approximate. Moreover, the choice of
analysis of their structure and dynamics has been done entlhe atom-atom interaction could play a relevant role in estab-
ploying microscopic many-body techniquigs-9], as well as  lishing the stability boundaries.
density-functional methodgl0—14. Systems formed by a Recently, Bressanini and collaborat¢25,26 have con-
mixture of both helium isotopes are particularly interesting,sidered systems witNg=2-17 and\p=1-3, by means of
since they are made of bosons and fermions with differenthe DMC method. Apart from the fact that DMC calculations
mass interacting through the same potential. Clusters with provide exact ground-state energiésr improved upper
single fermion,*Hey*He, have been studied using a density-bounds, if fermions are presgnwhereas VMC generates
functional approach15] and microscopic method46—18.  only upper bounds, there are two main differences between
Such clusters form bound states fdE=2. The excess in their approach and our previous work. The first one is related
kinetic energy pushes thtHe atom to the surface, where its to the He-He interaction: the TTY30] interaction used in
wave function becomes quasi-two-dimensional, similar toRef.[26] gives slightly less binding energies than the HFD-B
the Andreev state describing orfele impurity in “He bulk.  [29] interaction used in Ref23]. The second difference is
Compounds with a large number of botHe and*He atoms  related to the importance sampling wave function for the
have been studied employing a nonlocal finite range densitgystems with three fermions. Bressanini and Morosi assumed
functional[19,20. an L=0 configuration and concluded that the minimum

The study of the lightest clusters has a great theoreticatumber of bosons required to bind three fermions is nine. In
interest, as they are a challenge for theoretical methods dugontrast, arL =1 state was considered in R¢23] and we
to their very small binding energy. Moreover, they are par-concluded that all systems witNg=4 and Ng=3 are
ticularly interesting from the experimental point of view be- bound. Obviously, as far as the instability regions are ob-
cause one may expect in the near future the improvement ¢éined from differences of ground-state energies, they may
the detection systenj1], so as to resolve clearly the clus- change when improving the VMC calculations with the
ters of mass up to 50 amu, approximat¢B?]. The main DMC method. However, the main question addressed by this
objective of this paper is to present a precise determinatioaomparison refers to the quantum numbers of the ground
of the stability chart of small mixed clusters witiz<8  state.
bosons andNg<20 fermions. We have used the diffusion =~ The DMC description is based in a variational or impor-
Monte Carlo(DMC) method, with the Aziz HFD-§29] as  tance sampling wave function. Such a wave function is re-
well as the Tang-Toennies-Yi(TTY) [30] He-He interac- quired to control the variance of the ground-state energy.
tions. Moreover, when dealing with fermions, it allows us to build

In previous workg 23,24 we have investigated the stabil- up a positive-definite quantity which may be thought of as a
ity of small mixed systems by means of a variational Monteprobability distribution function. We have used a rather
Carlo (VMC) calculation, based on a trial wave function simple form which contains the basic required properties. It
which combines short-range correlations, described by a Jas written as a product of five factors:
strow factor, and medium- and long-range correlations, de-
scribed by a configuration-interaction term up to pair level. V(R)=VggVeeVgeDD, (D)

We concluded that a singl#He atom cannot bind a system

with N<20 fermions, and nor can twdHe atoms bind a containing a Jastrow form for the boson-bos¢BB),
system with 3XNg<17. We also found metastability islands fermion-fermion(FF), and boson-fermio(BF) parts, and the
for some combinations with three and four bosons. Howeverspin-up and -down Slater determinants required by the Pauli
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exclusion principle. As compared with the trial wave func- TABLE |. Ground-state binding energigm K) of mixed clus-
tion used in Ref[23] it is simpler because it does not include ters for several combinations bl andNg, obtained in a diffusion
the self-adjustable configuration-interaction terms. Each Jaonte Carlo calculation using the Aziz HFD-BHE) interaction.

strow part has the generic form Figures in italic characters correspond to metastable states.
A NE Ne  Ng=1 2 3 4 8
‘I’MN:H eXF(_E ﬂ _a'MNrij)a 2

i ij 0 0.00162 0.12B) 0.5716) 5.12515

1 0.015416) 0.3034) 0.9318) 6.072)

where indicesM,N represent bosonsBj or fermions €), 0.11G5) 0.5906) 1.4048)  7.052)
and indicesi,j run over the corresponding atoms. This Ja-5 0011(3) 0.578(8) 1.50810) 7.692)
strow part includes the short-range repulsion, related to pa; 0.605(8) 1.71910) 8.422)
rameterdh,,, and the long-range confining part, related tog 075712 2.01X12 9.232)
ayn- FunctionsWy,, are explicitly symmetric under the 6 0.92312) 2.35714) 10.033)

exchange of particles.

The antisymmetry required for fermions is described in
the Slater determinantS, andD , related to the spin-up
and -down fermions. These Slater determinants are of pri:
mary relevance, because they define the sets of spin-up al
-down nodal surfaces which strongly constrain the DMC al- 1

~

1.23614) 2.79016) 11.033)
0.22514) 1.6713) 3.362) 12.033
0.053(10) 1.581(16) 3.40(2) 12.333)
1.65(2) 3.552)  12.743)
1.702)  3.692)  13.204)

© @

gorithm. As in our previous work23] we have assumed a 12 1842) 38713 13719
harmonic-oscillator(HO) ordering of shells, with major 13 2.002) 4153  14.204)
shells Is (up to 2 fermiong 1p (up to 8 fermiongy and 14 0.14(3)  2173)  4.453) 14.884)
2s1d (up to 20 fermions Moreover, based on our findings 15 0.485) 2603  4.883) 15735
on pure 3He clusters[7] we have assumed in all cases al6 0.633) 3.053) 5433  16.584)
filing scheme with maximum total spin, i.e., the atomic 17 1.193) 3.623) 6.184) 17.4413
physics Hund’s rule. In conclusion, the single-particle orbit-18 1.534) 4.344)  6.814)  18.4495)
als entering the Slater determinants have been taken as hag 2.183) 4.966) 7.644)  19.576)

monic polynomials in terms of the Cartesian coordinates o20 0.34814)  3.266) 5.7605) 8.845)  20.755)
the fermions, i.e., 1x, y, z X2, y?, 7%, xy, xz, andyz, in
that order. The major shells are therefore characterized by the

power 0, 1, and 2 of the harmonic polynomials. Note that the;ondition. Moreover, the random process has been con-
confining part of the single-particle orbitals is already in-grained so as not to traverse the nodal surfaces, using the
cluded in the Jastrow part of the variational wave function. ¢, «4-node approximatioriThe simulations have been per-

There are some properties related to this simple Cho“??ormed from an initial set of 1000 walkers, a time step

which are worth commenting on. First, the Slater determi-_ 0.0005 K1, 2000 time steps of stabilization, and 20 000

nants are translationally invariant, having a Vandermonde,Eime steps for computing expectation values. In some special
like structure. Second, up t8=8 the resulting wave func- P puting exp ' P

tions have a well-defined orbital angular-momentu) cases, particularly for systems with a very small binding en-

value; it is a trivial consequence of the fact that configura—ergy’ it was necessary to decrease the time step a_md to in-
tions 15" and 1p" have a unique term with maximum spin. crease the number of steps. To evaluate the statistical error,

This is not the case when filling thes2d shell (8<Ng and due to the unavoidable correlations of walkers related to

<20), and deliberately we have used single-particle wavd® smallness of the time step, we have used a block average,
functions which are a mixture of2and 1d orbitals, with the ~ 9rouping sets of successive steps in blocks. The size of the
hope that the DMC procedure will select the more adequat€!0cks was increased until the energy variance remained
ones. roughly constant, and in general this happened for groupings
In all cases, the short-range parameters have been fixed & 200 steps. Afterwards the resulting variance was tested by
the valuesy=5.2, bgg=2.95 A, ber=2.85 A, andbge carrying out a statistical analysis of a set of independent
=2.90 A, as in our previous studies. We have also included®MC calculations for theNg=8,N=8 cluster.
the so-called Feynman-Cohen backflp27,28 in both the Table | displays the full set of calculations using the Aziz
fermionic exponential and the Slater determinants, accordinglFD-B interaction. Empty entries correspond to cases in
to the form used by Pandharipandeal. [2]. The trial or  which the DMC energy jumped to a positive value, repre-
importance sampling wave function contains thus only threesenting an unbound system. Entries in italic represegia-
free parameteragg, agr, andarr which have been deter- stable statesn which the DMC algorithm converged to a
mined by minimizing the ground-state expectation value ofnegative energy value, but with energy higher than or equal
the Hamiltonian. to (within statistical errorsthat of the cluster with the same
For the DMC algorithm we have used the short-timenumber of bosons and one fermion less. The remaining en-
Green-function approximatiof81,32 with an O(7%) form tries are properly bound and stable systems. There is an ob-
[33]. It is worth mentioning that this approximate Green vious remark regarding the metastable states. An exact and
function satisfies the microreversibilitydetailed balange unconstrained DMC calculation should converge to a bound
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\ \ TABLE Il. Same as Table | for the TTY interaction.

12 7 Ng Ng=2 3 4 8
1 0 0.0013 0.121@4) 0.5582) 5.03716)
1 0.01134) 0.2972) 0.9114) 5.9658)
< 081 7 2 0.098316) 0.5742) 1.3604) 6.94510)
= 3 0.033(2) 0.553(4) 1.4604) 7.52310)

04

tistical nature, because after computing the energy differ-
ences the relative errors become quite large.

The present results for the binding energies improve our
previous VMC calculations with the self-adjustable
configuration-interaction pair correlation$23,24), the

FIG. 1. Fermion separation energig@s K) as a function oNg changes being important for medium- . and Iarge-si_zed
for Ng=4 andNg=8. clusters, but not so important for clusters with less than six to

eight atoms. Obviously, the relative improvement of the

DMC algorithm with respect to the VMC calculations is
Subsystem with one fermion less p|us a very far away unimore important near the Stablllty edges, and this is reflected
bound fermion. Perhaps this also happens in simulation# some changes of the upper limits of the stability regions.
based in an approximate Green function, if the total elapsed To ascertain the effect of the atom-atom interaction, we
time is enormously long. However, the required projectionhave used the TTY interaction to analyze the interesting
on the importance sampling wave function, which is spacéNr=3 region. Our DMC results are given in Table Il. Even
confined, may prevent the time evolution to end up at thef the obtained binding energies are smaller than those com-
unbound system. puted with the HFD-B potential, the differences are not large

Clusters “He®He,, and “He,*He; deserve specific com- enough to change the stability limits. These results are in
ments. On one hand, given that pure fermion systems witlrery good agreement with previous calculations of Bressa-
around 30 atoms are known to be boyi#l one expects that nini and co-workerg25,26 for N.=2, which is a further
the addition of a single boson will lower the required numbertest of our calculations. Our results indicate that=4 “He
of fermions to produce a bound state. We have found indeegtoms can bind threBHe, whereas in Ref26] a minimum
thatN=20 is the minimum number of fermions bound t0 a nymperNy =9 was required. As we have mentioned above,
single boson. On the other hanfiie,”He; is an isolated the reason of this apparent discrepancy lies in the angular-

bound clgster. Presumably it will be difficult to produpe if momentum coupling of the importance sampling wave func-
the creation of clusters follows the expected mechanism ofq \we have considered the HOs2Lp! level ordering

growing up from the previous bound system by capturing Qwhich givesL =1 angular momentum arf= 1/2 spin. Bres-
new fermion. These two clusters, and in general clusters Wiﬂ%anini and Morosi considered instead the state0. S

2, 8, and 20 fermions, are related to the special stability o 1 :
associated with the closure 0611p, and 1d shells, re- _|1/_2’ as V\;]ouldh(i)r_r%spond t(; thes le 0;?_?”23" O“r: Colg'
spectively, and may be properly considerednaagic clus- ~ clusion is that thd =0 state of the clustetHe,"He; shou

ters. be an excited state, whereas its ground stateLka%. One
Shell-closure effects are magnified in Fig. 1, in which theMay guess that the excitation spectrum of mixed drops can
fermion chemical potentials or separation energies be very rich.

We conclude this paper with a remark pointing towards
the hopefully forthcoming experiments. Our results indicate
mr=E(Ng,Ng—1)—E(Ng,Ng) (3)  that clusters*He, ;’He; are metastable and should not be
observed, whereas clustefHe,°He; and “He,’He; are
are represented as a function of the number of fermions foound, the latter being isolated. The absence or presence of
the clusters with 3, 4, and 8 bosons. The pattern recalls thgeaks in the mass spectra related to these systems will ascer-
analogous representation for the atomic ionization potentialsgin the validity of the present analysis and determine the

with a sudden dropping of the chemical potential afler  ,5ynds of the p-shell instability region.
=2 and 8, and a steady growing within the active shells.

When there are very few bosons, this falling-off results in  The authors are grateful to Peter Toennies for his advice
unstable regions. Note that this could also happen after theegarding the experimental possibilities and to Dario Bressa-
filling of the 2s1d shell, namely, foNg=21, specially if the  nini for providing us with his code to compute the TTY
number of bosons is very small. Thutie*He,, could also interaction. This work has been supported by MCyT/FEDER
be an isolated cluster, such 4de,*He;. The fluctuations of ~ (Spain, Grant No. BFM2001-0262 and Generalitat Valenci-
the chemical potential within a shell are presumably of staana, Grant No. GV01-216.
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