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Quantum Monte Carlo study of static properties of one *He atom in superfluid “He
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The local environment and the energetic properties of 8iHe atom solved in bulk superfluidHe are
studied by means of the diffusion Monte Carlo method. The chemical potential ofHeeimpurity is
calculated with a generalized reweighting method which allows for a reliable estimation of this quantity.
Results for the chemical potential, radial distribution and structure functions, volume-excess parameter, and
effective mass are given for several pressures and compared with available experimental data. An overall
agreement with experiment is obtained except for the kinetic energy otHleeatom which, in accordance
with previous theoretical estimations, appears to be considerably larger than determinations from deep-inelastic
neutron scatterind.S0163-18209)11713-2

[. INTRODUCTION accuracy but the impurity effective mass appears slightly
underestimated’ The application of Monte Carlo methods,
Isotopic He-*He mixtures have deserved theoretical andboth variationaf* and ab initio,*? to the impurity system in

experimental interest for many years due to their uniqueorder to calculate a basic property as the chemical potential
properties?> Among them one may recognize the only iso- of the impurity in the bulk f,), has been seriously hindered
topic mixture which remains stable at a certdie concen- by the fact that, results from the difference of two energy
tration down to zero temperature, and the only liquid systenterms of ordem, N being the number of particles. In fact, a
in which the two quantum statistics, bosorf$i¢) and fer- Straightforward application of the Monte Carlo method can-
mions He), are put together and one influences the othefot estimatey, because the statistical fluctuations would
through the interatomic potential. As a result of this inter-Mask it completely.

play, it has been observed both experimentally and theoretj- " the present calculation, the reported resultsdphave
cally, that the*He superfluid fraction decreases and simulta-2€€N obtained using a particular reweighting procedure suit-

neously the*He condensate fraction increases whenHe able for the d|ffg$|on Monte. CarIQDI\_/IC) methoq, which
concentration increases. On the other hand 3tie momen- has allowed a direct calculation @f, ywth a statistical error

e . T reduced to a manageable level. Using this method, we have
tum distribution in the mixture appears largely influenced by

h $He showi derably | denleti been able to obtain reliable results for that fit accurately
the presence o € showing a considerably 1arger depietion 4, q experimental data from the equilibrium up to the freezing
above the Fermi momentum in comparison with pdkee.

i . ) i “He densities. The local environment of the impurity, re-
Experimental information on théHe condensate fraction fiected in the crossed radial distribution and structure func-
(no) and the kinetic energy of botfiHe and *He in the  tions, has been studied by means of a pure estiffator
mixture have been recently extracted from deep-inelastigemove the bias associated to the trial wave function. We
neutron scattering’ These analysis show a large enhance-have, finally, focused our attention on the calculation of the
ment ofn, with respect to puréHe, and>He kinetic ener-  impurity effective mass and its kinetic energy for several
gies very similar to the ones of puféde. In contrast, all the densities. As in previous quantum Monte Caff@MC)
theoretical calculation have shown only a small increment app|ication§;12 the effective mass is extracted from the dif-
of ny when the®He concentratiorix) increasegmainly due  fusion coefficient in imaginary time and, in spite of some
to the change in the total density at a fixed pressar@l a  uncertainties inherent to the extrapolated estimator used in
3He kinetic energy appreciably larger. this calculation, a reasonable agreement with recent experi-
The maximum solubility of*He in “He isx™=0.066 at mental determinatioi&'®is attained. Our results concerning
zero pressure and presents a maxim valug"b£0.095 at  the kinetic energy of the impurity, derived from the
P=10 atm. These values are sufficiently small to stimu- Hellmann-Feynman theorem, avoid the residual importance-
late the theoretical interest in describing microscopically thesampling dependence and show values which are definitely
limit of zero 3He concentration which, on the other hand, haslarger than the experimental data, as pointed out previously
also been experimentally analyzed and a number of charain variationaf® and path integral Monte Carl®IMC)*° cal-
teristic properties are nowadays availablerom a theoreti-  culations.
cal viewpoint, this limiting system has been studied consid- The outline of the paper is as follows. In the next section
ering a single*He atom solved in bulkHe. The most useful we briefly introduce the DMC algorithm for the impurity
approach in the past has been the variational method consystem and present a DMC reweighting technique that per-
bined with the resolution of the hypernetted chain equationsnits a direct estimation of arbitrarily small differences. In
coupled® or nof to an Euler-Lagrange optimization proce- Sec. IIl, we present the results and compare them with avail-
dure. The results obtained with this approach reproduce thable experimental and theoretical data. We close in Sec. IV
energetic and structural properties of the system with a goodith the summary and final remarks.
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Il. THE DIFFUSION MONTE CARLO METHOD WITH ates a global uncorrelated noise that prevents a direct mea-
REWEIGHTED CONFIGURATIONS sure of the difference. However, this problem can be avoided
considering that given a common starting configuration point
R, a single deterministic drift process brings both walkers to
new positionsR;(R) and R,(R) which are very closdin
particular, separated a distance much smaller than the typical
size of a random Gaussian displacemenhe configuration

The DMC method®~8allows for a very accurate descrip-
tion of the ground-state properties of an interactidpody
system. In the DMC formulation the imaginary-time Schro
dinger equation for the functiof(R,t) =¥ {(R)P(R,1),

JH(R.1) N region attainable after the subsequent diffusion process is the
_ L= D[V (R,t)- V- (F(R(R,1))] same, and the transition probabilities to a final pdtitare
gt i=1 almost equal. Equation€) and (3) may then be used to

change both probabilities exp(R’—R;)%/(4DAt)] into a
HER-BIRY, @ common oneG;(R'—R;)=G,(R'—R,). The key point is,
is turned into a stochastic process which provides a samplé@erefore, that there is no need of taking averages using two
of configuration pointR (walker§ and weightsw(R) in a  independent walkers for the two systems, and it may be
3N-dimensional space, whose probability distribution ishighly preferable to useorrelated walkersin the sense of
given by f(R,t).W(R) is a time-independent trial wave carrying a single random walk to obtain statistical values for
function that acts as an importance-sampling function, an®oth systems. Furthermore, notice that this technique may be
®(R,t) is the exact wave function of the system. In this applied to modify the diffusion process of the whole walker,
form, the Schrdinger equation appears as a diffusionlike i-€., all the particles of the system, or only a subset of it.
differential equation with a diffusion, drift, and branching ~ The generalized reweighting method is an appropriate
terms corresponding to the first, second, and third terms dpol for studying the quantum liquid in which we are now
the right-hand side of Eq(1), respectively. In Eq.(1), interested. It is composed BY— 1*He particles and onéHe
EL(R)=¥(R)"*H¥{(R) is the local energy,F(R) atom(l) enclosed in a simulation box with periodic boundary
=2¥(R)" 1V, ¥(R) is the quantum drift force, an®; conditions. The Hamiltonian of the system is

=#%2/(2m;) acts as the free-diffusion constant of thpar- N—1 N
ticle. At sufficiently long imaginary times the probability H=-D E v2-D V2+E V(r) @)
density evolves to a stationary solution given by o T Ty TR

Do(R)V1(R),Py(R) being the ground-state wave function
from which the exact ground-state energy is obtained as th
average of the local enerdy, (R).

Let us now turn to the implementation of the reweighting N
method. In the DMC algorithm, the distribution probability \PT(R)=exp< > U(hj)) (5)
of the walkers is modified in every single operation. Con- <]

si_der _in particular _the_stochastic process _origin_ated by th?vithout distinguishing between the (%,and (4,4) pairs of
diffusion term, which is a random Gaussian displacement, icies This simplification in the wave function, known as
R—R’. The new weight and distribution probability are 5yerage correlation approximatiéACA), has been used in

W/ (R')=w(R) and p’(R')=[e [(R-RTPMpR)dR,  several variational calculatioh®obtaining a quite good de-
respectively. In this stochastic process we can make usgcription of the impurity properties. In the DMC method the
again of importance sampling in order to perform a modifiedtrial wave function acts only as a guiding wave function for
diffusion random displacement. In this case, if the transitionthe walkers driving them to regions whefy(R) is ex-
probability of going fromR to R’ following the modified  pected to be large and thus a particular choice, as the ACA
diffusion process iG(R’—R), the new distribution prob- one in the present case, does not bias the expected value for

nd the trial wave functioW’+(R) has been chosen to be of
the Jastrow type

ability is given by the ground-state energy. On the other handsthaproblem
that would emerge in a simulation of a finitéle concentra-
p,(R,):J G(R'—R)p(R) dR ) tion in “He does not appear here and an exact energy for the
' system, apart from statistical uncertainties, can be safely ob-
tained.

and the statistical sample of walkers provides unchanged av-

) : ; ; From the energetic viewpoint, the more fundamental
eraged values if one uses accordingly a new weight given b&u

antity in the study of théHe impurity in “He is the im-
W' (R") o [(R'~R)Z/4DA] purity chemical potential or binding energy

WR) - GR-R @ jr=(HONF 1)) s — (HON) )y, ©)

both energy estimations being evaluated at fixed voline

This means that a system can be studied using a variety of i i
diffusion random laws, although the efficiency of the method_ N/p- If the tftal number of particles is also conserved, and
therefore one*He atom is substituted by th#éHe impurity,

will be related to the magnitude of the changes. In general} ™ =
the modification has to be small enough so that the samé! IS given by
configuration space is sampled. — 1)+ _

The reweighting method is especially useful in the calcu- = et ((HIIN=DH D1y = (HINDY)- (D)
lation of differences between two almost identical systemsWe have chosen the second option in which the difference
Performing independent samplings for both systems genebetween the two energy estimations is much less density
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dependent than in E¢6), and moreover because it is more + 8V, but in general it is not enough to completely eliminate
convenient if a correlated estimation of the difference is in-the influence of; in (O). In order to go beyond this ap-
tended. The puréHe chemical potentigle, entering in Eq.  proximation, we have used for the expectation values of co-
(7) has been determined in a previous work using also therdinate operators the pure estimators following the method-
DMC method with a good agreement with experimentalology of Ref. 13 based on the future-walking stratégps
data®®2° proved in pure*He,'® the pure estimator removes all the
The drawback of amb initio MC estimation ofu,, that  dependence oW providing results as exact as the ones for
has precluded such a calculation for years, is that an indehe total energy.
pendent calculation of (H[(N—=1)+I])n-1)+1 and Derivative operators as the kinetic energy cannot be
(H(N))y followed by its difference, produces a result com- evaluated with the pure estimator, and the extrapolation
pletely hidden by the statistical error. In order to overcomemethods generate more unreliable results than in the case of
this serious problem, we have directly sampled the differencé@(R). In a pure phase it is not a severe problem because the
by means of the reweighting method above introduced. Oukinetic energy can be calculated through the difference
purpose was to perform twoorrelated DMC runs, one of E/N—V/N,V/N being the pure estimation of the potential
bulk “He and the other with onéHe impurity. Equation(2) energy. That it is not obviously possible in the impurity sys-
has allowed us to use the same environment for botifitee  tem because the total energy includes the kinetic energy of
atom in the impurity system and the equivaléfte atom in  the medium and the one of thiHe impurity. To overcome
the pure liquid. In fact, the drift of the surrounding—1 this difficulty and go to an unbiased estimation of tfide
particles in Eq.(1) is almost insensitive to the mass of the kinetic energy one can invoke the Hellmann-Feynman
impurity, i.e., the resulting positions in the impurity system theoren? It states that
(RN_1) and in the pure phaseRf,_,) are very close. One
can decide then to change the diffusion process of the envi- JE
ronment in the pure system in such a way that the transition (Ti)=D, 07_D|'
probability G(Ry_,— Rﬁ,_l) exactly matches that of the en-
vironment of the3He impurity, i.e., E being the exact ground-state energy. We have then evalu-
ated T, discretizing the derivative’)E/dD, and computing
, . (Ry_1—RN_1)? the difference in the total energywith AD,/D,=0.1
G(Rn-1~Rn-1)=expg — W —10%) by means of the generalized reweighting method.

This results in a modification of the weight of the pure sys-
tem given by

(12

Ill. RESULTS

w'(R') The microscopic properties of 3He .ator'n .imme(sed in
=ex;{— [(R_;—Rr_1)? bulk “He have been investigated putting it in a simulation
w(R) 4D, At box with N—1*He atoms in such a way that the volume is
Q=N/p, with p the input density. In all the simulatior$
—(Ry_1—Ry-D2]. (99 =108 particles have been used and the time step and popu-
lation bias have been analyzed in order to remove any sys-

In this form, the statistical fluctuations coming from regionstematic error. We have also verified that fbi=100 the
far from the impurity and its correspondirfiie atom cancel finite-system size introduces an error which is smaller than
exactly, and the remaining signal corresponds only to theithe statistical noise, indicating that the influence of the rep-
local environment making feasible a direct estimatioppf ~ licas of the *He impurity implied by the use of periodic

In addition to the impurity chemical potential,, the = boundary conditions is negligible. The interatomic interac-
knowledge of other properties as the crossed radial distribuion, which does not distinguish between the two isotopes, is
tion function g“*)(r), the impurity effective mass and its the HFD-BHE) Aziz potenug?“ which has proved its high
kinetic energy are also relevant in a microscopic characterdccuracy in a DMC calculation of the equation of state of
ization of the ®He impurity. Expectation values of operators Superfluid *He at zero temperatuf@° Concerning the trial
O that do not commute with the Hamiltonias are, how- Wave function(5), the two-body factor proposed in Ref. 25
ever, biased because the probability densitfigR)®,(R)  With the parameters optimized for puféde (Ref. 19 has
and not|®y(R)|2. Thus, the natural expectation values, been considered. _ _ _
called mixed estimatorsif), have to be corrected in orderto W€ present the results of our calculations starting with a
reduce or eliminate this systematic source of error. In thénicroscopic analysis of the local environment of thide

extrapolation method, this correction is approximated by impurity in the medium. This information is mainly con-
tained in the crossed two-body radial distribution function

(D)e=2{0)n—(0O),, (1200 g™ (r). In Fig. 1, mixed(short-dashed lineand pure(solid
line) estimations ofg*")(r) at densities 0.365, 0.401, and

or 0.424 o3 (0=2.556 A) are reported. In all the three
<@>r2n densities the pure or exact results appear shifted to the right
<O>eq:W’ (1))  with respect to the mixed estimations pointing to a larger

hole that is absolutely absent in the trial wave function. On
(0}, being a variational Monte Carlo estimation. B@tfl),;  the other hand, the height of the main peak in the pure
and (0)q are accurate to first order i6W, with Wr=d, g“"(r) is slightly reduced at positive pressures and remains
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FIG. 3. Pure liquid*He (dashed ling and impurity-medium
(solid ling) static structure factor at théHe equilibrium density
{ Po=0.365 o 3. We have plotte®“? (k) — 1 for a better compari-

FIG. 1. Mixed(dashed lingand pure(solid line) estimations of
g®)(r) at densities 0.3657 3, 0.401 o3, and 0.424¢ 3,
from bottom to top. A vertical shift has been introduced a
0.401 o2 and 0.424 0% to better visualize their differences.
unchanged at the equilibrium density. In Fig. 2, the evolutionWhICh corresponds to the Fourier transformgst')(r)
of g™ (r) with density is compared with the one shown by
the pure*He distribution functiong**(r). Both functions S<4">(k)=pJ dre'® g (r)—1], (14
show an increase of the localization when the density in-
creases as well as a shift of the main peak to shorter intef being the density of puréHe. From the above definition it
particle distances. At a given density, the height of the mains easy to check that the value gqﬂ,l)(k) at the origin i<8
peak ofg*")(r) is smaller than the one of**(r) and, what
is more relevant, it appears localized to the right of the main S40+)=—(1+a) (15)
peak ofg*4(r) pointing manifestly to the existence of an

excluded-volume region due to the smaller mass of’tHe he i : hat of "
atom. The size of the excluded volume decreases when ttfd the impurity system) and that of pure He (vg). In
g. 3,S“(k) is plotted in comparison wits“*(k) — 1 at

density increases as one qualitatively can see comparin@ A VS ) X A
g4(r) andg)(r) at equilibrium and at the highest den- the He equilibrium density S (k) being the pure*He
sity plotted in Fig. 2. static structure factor

Additional information on the local environment of the
irr(14plgj(rli(t)y is contained in the crossed static structure factor S<4,4>(k):1+pf dr e* g (r)—1]. (16)
S ' 1

with e=v/v, being the quotient between the molar volume

N—1 The functionS“"(k) shown in the figure has been ob-
S(“")(k)=<cl>0 dlenS gk, ¢0>' (13  tained Fourier transforming*")(r) for valuesk>1 A ~*
i=1 and by a direct calculation of Eq13) for k<1 A ~. The
- - - - main peak ofS“"(k) appears slightly depressed with re-
16 I ] spect to the one o8“*(k)—1 reflecting the same feature
observed in the comparison of the radial distribution func-
tions. Nevertheless, the largest differences between the two
1 static structure functions are at lokwalues k<=1 A ~1).
In spite of the impossibility of calculating*) (k) below a
certaink,, imposed by the use of a finite-size simulation
box and periodic boundary conditions, if a linear extrapola-
tion tok=0 is carried out one obtair&*%(0)—1=—1 and
S4D(0)=—1.3. If the latter is compared with E15), it
resultsa=0.3 to be compared with the experimental value
a®P=0.284! The volume-excess parameter decreases
0.0 . : : with pressure but this feature may be hardly observed in the
0 2 4.8 8 limiting behavior of S (k) at different densitie¢Fig. 4).
r(a) One of the most relevant magnitudes in the study of the
FIG. 2. Pure liquid*He (dashed ling and impurity-medium  impurity system is the binding energy of tiele atom in the
(solid line) two-body radial distribution functions at densities Mmedium or, otherwise, the chemical potential of the impurity
0.365 o3, 0.401 ¢~ 3, and 0.424¢ 3, from bottom to top. A . In Table I, we report DMC results of the purtHe
vertical shift has been introduced at 0.401 2 and 0.4240 °to  chemical potential, and &, at three densities which corre-
better visualize their differences. spond to the pressures also contained in the table. The results
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FIG. 4. Impurity-medium static structure factor at densities P

0.365 o2 (solid line), 0.401 ¢ 2 (dashed ling and 0.4245 2

) FIG. 5. Chemical potential of thHe impurity as a function of
(dotted ling.

the density(full circles). The solid line is a polynomial fit to the
DMC results. The open circles are experimental data from Ref. 1.
for the pressure and, reproduce the experimental data with

high accuracy as pointed out in Refs. 19,20. Also, in the(see Table)lwhich, using DMC values fog, andT,, come
present case, one gets a good agreement between the calclese to the DMC and experimental values.

lated «, and the experimental datahe statistical uncertain- The volume-excess parameter may be obtained from
ties in the values oft, being less than 10%. A more exhaus- the knowledge ofx,(p), or equivalentlyu,(P), through the
tive comparison between theoretical and experimental valueghermodynamic relation

for w, is displayed in Fig. 5. In the figure, two additional

results are plotted: one at a pressure higher than 20 atm, and 9 1 18
another located at a density smaller than the equilibrium one TP T (18
(po) which corresponds to a negative pressure of -6 atm. Th
solid line is a polynomial fit to the DMC results and has to be - : :
compared with the available experimental data of Ref. 1, als arison with the S();P.e rimental data of Ref. 1. T_he agreement
reported in the figure. As one can see, the agreement betwe flweena and a®"is very good at zero and intermediate .
theory and experiment is excellent and a minimunitip) pressures and even at high pressure where the error bar is
is not observed in this region. In fact, if a minimum exists it somewhat larger.

is located at lower densities, even below the spinodal densitg MICf;)S;:OdeC qu?hntltllgs ;’.Vh'Ch are e;lsﬁo S|gtn|f|cantd|:1hthe
of “He (ps=0.264 ¢ %).?% It is worth noticing that®He resent study are th€ kIinetic energy o atom and the

i 4
energetically prefers to remain in the surface of liqdide mean po_tent|al energ?_,He He .(V')' In Table I, r_esult_s for
forming an Andreev state rather than penetrate in théhe kinetic and potential energies for the two helium isotopes
bulk282” We have verifie® that if the 3He impurity is re- '€ reported at several densities. All of them correspond to
placed by a K molecule there is a minimum of, at a pure estimations. In both systems, pure liqtide and liquid

4 . 3 . . B .
density belowp, that nearly coincides with the local density oEtZi\rgvg: S:i(ne '}'ﬁe'Z]grl:]rétyr}];?ﬁozottﬁgg'ﬁggnﬁ;gfisnggyfgethe
of the preferred location of Hin “He clusters obtained in a 9

DMC calculation of Barnett and Whal&y. radial di?tﬂbutiorégunﬁ_tion_s because _the;l/ are cloorfdinat(; op-
: : ; S erators. The puréHe kinetic energy simply results from the
bygl,goACA the chemical potential of the impurity is given differenceE/N—V/N but that is not the case foF, in the
impurity system due to the coexistence of the two isotopes.
Therefore, the kinetic energy of the impurity has been calcu-
lated using the Hellmann-Feynman theorem as commented
in Sec. Il. The ACA estimation of the partial energies of the
impurity is TA“*=m,/m, T, andV/“*=V,, the values of
i.e., it can be calculated from the knowledge of properties off{“* being explicitly given in Table Il to be compared with
the pure liquid. This approximation provides upper boundghe exact results. In going froify to T, one can see that the

?‘he values forr so obtained are reported in Table | in com-

ACA _
M= gt

m, )
E_l T41 (17)

TABLE I. Chemical potential of pure liquidHe (u,), chemical potential of théHe impurity («,), and
excess-volume parameterat several densities. The experimental data are from Ref. 1.

p (a7 Pam  opa () MK K wPK) a a®®
0.365 0. —7.27(1) —2.58 —2.79(25) —2.785 0.28410) 0.284
0.401 10.67 —3.89(1) 1.59 1.380) 1.42 0.20010) 0.199

0.424 20.42 —0.97(2) 5.10 4.7®5) 4.83 0.17620) 0.165
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TABLE Il. Kinetic and potential energies of the pure liguttle 22 . r .
and of the®*He impurity immersed in buléHe. All the energies are A
in K.

p (07 T, V, THA T Vi

0.328 11.988) -19.14(6) 15.9(8) 17.06) —18.2(5)
0.365 14.3%5) -21.59(5) 19.007) 18.45 —21.1(5)
0.401 16.789) —23.88(9) 22.2012) 20.55 —22.6(5)
0.424 18.5) —25.45(8) 24.6411) 23.48) —24.7(5)

T; K)

largest change is due to the difference in the mass of the two He He
isotopes, the only effect contained T CA and the correc- . T . . T
tion due to different correlations, i.eT,“*—T,, is in all 28 3.2 3.6 4.0
cases less than 10%. This small correction is also observed m (u.m.a.)

by comparingV, and V,. In the range of densities here
analyzed, it is observed th¥ is always smaller thaW, (in
absolute valupwhereas the differencé“*—T, is not mo-
notonous: atP=0,T A>T, but Tf°<T, at a density
0.328 02 (P=-6 atm). This striking behavior can be the aforementioned trial wave function the mixed and pure
better understood looking at the differences betweeriesults coincide for bottm,=m, and m;=m;. The PIMC
gg“é',l(r)=g(4'4)(r) and g“*)(r) at each density. In the re- result form;=mjs is also shown as an open circle. In the
gion of positive and zero pressures the main peak oACA case, ifT, in Eq.(19) is replaced byT{“" one recovers
g™(r) is ever shifted to the right with respect to the one ofthe ACA expression foy, Eq. (17) and the corresponding
g“4(r) and with a smaller localizatiofFig. 2. The envi-  result reported in Table lu{“*=—2.58 K. The solid line
ronment of the impurity may then be madsuivalent in Fig. 6 corresponds to a fif,(m)=am+b/m, and when

to a pure*He liquid at a reduced density. The reduced den-integrated in Eq(19) one obtaingw;= —2.70(10) K which

sity p, of the equivalentsystem at positive pressure can beis consistent with both the experimental value and our direct
obtained by looking for the density of putHe at which  estimation contained in Table I. As a supplementary result, it
V, and g*(r) do correspond. If the density, is then is predicted a linear departure from the ACA prediction with
used to estimate the kinetic energy of the impurity,the impurity mass as is clearly manifested in Fig. 7, where
T,(p,)=ms/m, Ta(p,), the results forT, are the same the functionT{**(m)—T,(m) is shown. Finally, it is worth
than the ones reported in Table Il. This supplies an additionaientioning that our results confirm and even enlarge the
test to our pure computation of, using the Hellmann- discrepancies between deep-inelastic neutron-scattering de-
Feynman theorem. In the case of the equilibrium densityerminations of the®He kinetic energy in liquid®He-*He
(po=0.365 ¢~ 3) p,=0.358 0 3. At p,, we have per- mixtures* (T;=11*3 K at P=0 and x=N3/N=0.10)
formed an explicit calculation ofHe and have verified that and all the theoretical predictiod:*? One of the reasons
g“(r) is very much the same that*")(r) at p,. On the that may explain this disturbing difference is the importance
other hand, at the lowest density reported in Table llof the high-energy tails in the dynamic structure function
(p=0.328 ™3, P=—6 atm) theequivalentsystem does Which largely influence the second energy-weighted sum rule
not exist because the shift of the main pealglf)(r) with ~ from which the kinetic energy is extracted.

respect to the one af**(r) disappears and only a small
delocalization remains.

There is only a previouab initio calculation ofT, at the 20 r 3 1
“He equilibrium density using PIMC and extrapolating to
zero temperatur® Our present result foF, , which is more
accurate than our preliminary result of Ref. 31, is apprecia-
bly larger than the value reported in Ref. 17,
=17.1(1) K. As a kind of closure test of our results we
have calculated the mass dependenc@&,ah order to esti-
mate the chemical potential of thi#e impurity through the
relation

FIG. 6. Kinetic energy of the impurity as a function of its mass
(full circles and solid ling The dashed line corresponds to the ACA
prediction. The open circle is the PIMC result from Ref. 12.

(TAA-T) (K)

my T| ( m) .
M= gt dm——. (19 2.8 3.2 3.6 4.0
m m m (u.m.a.)

In Fig. 6, results fofT, using different masses for the impu-  F|G. 7. Difference between the ACA prediction and the real
rity are displayed in comparison with the ACA prediction value for the kinetic energy of the impurity as a function of its mass
(dashed ling For simplicity, the kinetic energie¥, corre-  (full circles and solid ling The open circle is the PIMC result from
spond in this case to mixed estimations, since@and for  Ref. 12.
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DMC results, an overall agreement between our calculation
12 1 and experiments is attained, with somehow a significant dif-
ference at the highest density due in part to the use of the
extrapolated estimatiol0). On the other hand, the CBF
results of Ref. 10 come close to the DMC and experimental
results but seem to be slightly smaller at the densities here
reported. Another CBF calculation, due to Fabroeinal.>?
reported several years ago a resulhgf=2.2 at the equilib-
rium density in better agreement with the present DMC re-

0'0 1 1 1
0 200 400 600 800 sults.

T

(r(0)-11(0))*/(6DT)

FIG. 8. The inverse of the impurity effective mass from the
long-time behavior of its diffusion coefficient. The solid, dashed,
and dotted lines correspond to densities 0.365°, 0.401 ¢ 2, We have analyzed in this paper the most important mag-
and 0.4240 3, respectively. nitudes which characterize the static properties of a single

3He atom embedded in bulk superfluttie. The difficulties

We close this section with the results obtained for theof an efficient calculation of the binding energy of the impu-
impurity effective massn;, which has been recently mea- rity in the medium, one of the main objectives of the present
sured with great accuracy itHe-*He mixtures**®and also  work, had prevented in the past the applicatiorabfinitio
microscopically analyzed using correlated basis functiorMonte Carlo methods to this problem. In order to overcome
(CBP) theory® The 2He effective mass plays a relevant role these difficulties, it has been proved that the use of reweight-
in the study of *He“*He mixtures characterizing thBHe  ing techniques can be readily extended to diffusion Monte
excitations at low momenta. In a DMC calculation, the im- Carlo algorithms. This generalized reweighting method has
purity effective mass can be obtained from the diffusion coprovided reliable results fgx, which are in excellent agree-
efficient of the impurity in imaginary tiné ment with experimental data.

The local environment of thBHe atom has been explored
through the calculation of the crossed radial distribution and
m . |r(n)—r0)? static structure functions for a wide range of densities. The
— = mT, (20 use of pure estimators for these quantities removes the un-
mp roe : controlled bias, remanent in the approximate extrapolation
methods, and shows clear evidence of an excluded volume
region surrounding théHe impurity. The lowk behavior of
sS4 (k) also points to the expected value related to the
volume-excess parameter but a precise value far cannot
be estimated due to the absence of data Ketk,,

IV. SUMMARY AND CONCLUSIONS

with D,=7%2/(2m,) the free-diffusion constant of the impu-
rity. In Fig. 8, extrapolated estimations of, /m; are re-
ported at densities 0.365, 0.401, and 0.424>. The impu-
rity effective mass is extracted from a linear fit to the flat

: . . . ; =2a/L, with L the side of the simulation box. Nevertheless,
asymptotic regime of that functiof20) which, as the figure ;1 ingependent and more precise estimationothrough
shows, is acquired at relatively short diffusion times. The,

the pressure dependence of the chemical potential of the im-

rgsults S0 obta}lned are repor'ted'm Table Ill in compariso urity, produces results which compare favorably with ex-
with the experimental determinations from Refs. 14,15 an erimental data

the recenF CBF calculation of Krot_scheekal.lo Obviously, Special attention has been devoted to an accurate estima-
the experlmentgl values are not direct measures but extrapz o the partial energies, potential and kinetic, of the im-
lations to zero°He concentrationx) of determinations in ; R ’

3He-*He mixtures. As pointed out by Krotscheek al1® a purity. The usual forward walking methodology does not ap-

. > ) . . " ply for derivative operators, and for this reason, we have
linear extrapolation, primarily used in the experimental oy the Hellmann-Feynman theorem combined with the
works, is not satisfactory because the Fermi-liquid contrlbu—generalized reweighting method to calculate e kinetic

tions are the most relevant in thiéde-concentration depen- energy. The results fof, obtained with this method show
dence ofm;” and these terms introduce fractional power of ¢ q11er differences with the ACA values than a previous

in the analytical model fom/(x). The experimental values p;mc estimaté? with a difference TAA—T, which in-

reported in Table Il have been obtained using this MOr&; eases linearly with the mass of the isotopic impurity. Our
accurate extrapolation. Within the statistical errors of theyegyits confirm the gap between all the theoretical results for
T, and the much smalletHe kinetic energies derived from
the neutron-scattering data of Refs. 3,4.

A final concern of the present work is the calculation of
the 3He effective mass through its diffusion coefficient in

TABLE Ill. 3He impurity effective mass at several densities.
The CBF results are from Ref. 10.

p (o) m m ' (Ref. 19 mi ** (Ref. 15 mi * imaginary time. The results obtained show a good agreement
0.365  2.205) 2.18 2.15 2.09 with recent experimental data that slightly worsens at high
0.401  2.368) 2.44 2.39 2.34 pressure due probably to uncertainties in the MC extrapola-
0.424  2.7210) 2.64 2.62 255 tion method used in the estimation wf . A natural exten-

sion to the present work would be the calculation of the
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excitation energy of théHe impurity in liquid “He, which ACKNOWLEDGMENTS
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