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LONG RANGE FORCES BETWEEN ATOMICIMPURITIES IN LIQUID HELIUM�J. Dupont-RoLaboratoire Kastler Brossely, Eole Normale Supérieure,24 rue Lhomond, 75231 Paris edex 05, Frane(Reeived June 3, 2002)Van der Waals or Casimir interation between neutral quantum objetsin their ground state is known to be universally attrative. This is not ne-essarily so when these objets are embedded in a polarizable medium. Weshow that atomi impurities in liquid helium may indeed realize repulsivefores, and even Van der Waals and Casimir fores with di�erent signs.PACS numbers: 34.20.Cf, 67.40.Yv, 67.60.�g1. IntrodutionOver the past twenty years, various experiments have dealt with atomior moleular impurities embedded in liquid helium, super�uid or not. Solidhelium have also been used. Suessful theoretial models have been on-struted to explain their properties. The main results have been reviewedreently in several artiles [1�3℄. Suh systems realize almost ideally thesituation of elementary quantum objets in a simple translation invariantand isotropi dieletri medium. Negleting magneti dipole interations,long range interation between those objets results from the eletri hargedensity and eletromagneti �eld �utuations, whih produes the Van derWaals and Casimir fores [4,5℄. A uni�ed treatment of these fores has beengiven by Dzyaloshinskii et al. [6℄ in terms of dieletri onstants and dynamipolarizabilities of the systems involved. Suh fores are universally attra-tive for systems in their ground state in vauum. It was pointed out in [6℄that it is not neessarily so for unlike systems in a dieletri medium. Thispaper onsiders whether repulsive fores ould arise between simple atomi� Presented at the Photons, Atoms and All That, PAAT 2002 Conferene, CraowPoland, May 31�June 1, 2002.y Unité mixte de reherhe du CNRS, de l'Eole Normale Supérieure et de l'UniversitéPierre et Marie Curie, UMR 8552. (2203)



2204 J. Dupont-Roor moleular impurities embedded in liquid helium. After a short disus-sion of the problem in Dyaloshinskii's approah, alkali atoms, rare gases,hydrogen atom and moleule are onsidered as andidates, their dynamipolarizabilities being available. We will show that repulsive interation anindeed our, and even ases in whih Van der Waals and Casimir foreshave di�erent signs. 2. Basi formulaeThe interation of an atom or a moleule with other speies is entirely de-termined by its dynami polarizability. For long range fores, the dominantontribution omes from the eletri dipole polarizability �(!) at frequeny!=2�. Helium atom is weakly polarizable in the frequeny range where otheratoms have their eigenfrequenies. Liquid helium is also a low density ma-terial so that its dieletri onstant "He is simply related to �He and to thepartile density � by "He = 1 + ��He : (1)For zero temperature and pressure, � = 0:0218 � 10�24m�3. Using itsanalytial properties, the funtion �(!) an be onveniently de�ned on theimaginary axis of !. More preisely, we use as a variable � the imaginarypart of ! in atomi units � = ~ Im (!)2Ry ; (2)where Ry is the Rydberg onstant in energy units. A simple representationof helium polarizability �He(i�) is taken from referene [7℄.�He(i�) = 4�a30 1:3853 + 1:21�2 + 0:1028�41 + 1:992�2 + 0:8362�4 + 0:05272�6 ; (3)where a0 is the Bohr radius.Two impurities A1 and A2, haraterized by their polarizabilities �1 and�2 are introdued in liquid helium. They replae respetively n1 and n2helium atoms. The volume V1 = n1=� oupied by the impurity A1 isharaterized by an average dieletri onstant "1 = 1+�1=V1. Aording toRef. [6℄, the fore between two spheres with volumes V1 and V2 haraterizedby dieletri onstants "1 and "2 separated by a distane R in a dieletrimedium with a dieletri onstant "He derives from a potential U(R) whihan be expressed as a funtion of exess dieletri onstants "1 � "He and"2 � "He. For distanes shorter than the wavelength �0 assoiated withtypial exitations of the media "1 and "2, U(R) is an e�etive Van derWaals interation



Long Range Fores Between Atomi Impurities : : : 2205
U(R) = �3(2Ry)� R6 V1V2 1Z0 d� ["1(i�) � "He(i�)℄["2(i�)� "He(i�)℄(4�"He(i�))2 (4)= �3(2Ry)� R6 1Z0 d� [�1(i�)� n1�He(i�)℄[�2(i�)� n2�He(i�)℄[4�(1 + ��He(i�))℄2 : (5)For R� �0, U(R) is an e�etive Casimir interationU(R) = � 23~�p"He(0) R7V1V2 ["1(0)� "He(0)℄["2(0) � "He(0)℄(8�"He(0))2 (6)= � 23~�p"He(0) R7 [�1(0)� n1�He(0)℄[�2(0)� n2�He(0)℄[8�(1 + ��He(0))℄2 : (7)Both formulae involve the exess polarizabilities [�A � nA�He℄. The weakhelium polarizability is �He is multiplied by nA, whih in some ases is muhlarger than 1. It is lear that when A1 and A2 are idential, the quantityto integrate in the seond hand of equation (4) is positive, as well as thebraket produt in equation (6). Both interation are attrative.To ahieve a repulsion for the Van der Waals fore, two onditions mustbe ful�lled.1. [�j(i�) � �He(i�)℄ should be negative for one of the impurities (j =1 or 2) over a signi�ant range of � values. This means that theorresponding atom should be less polarizable in this frequeny rangethan the displaed helium atoms.2. the spetra of the two atoms A1 or A2 must also di�er from anotherenough to make the produt [�1(i�) � �He(i�)℄[�2(i�) � �He(i�)℄ neg-ative on a large frequeny range.For the Casimir fore, the ondition is simpler sine only the stati polar-izabilities appears. It is repulsive when one of the impurity (and only one)is less polarizable than the replaed helium atoms, while the other is morepolarizable.We now onsider various type of atoms to ahieve suh situations.3. Alkali atomsAlkali atoms are as muh di�erent as possible from helium atoms, andare thus good andidates. Alkali atoms are known to attrat only weaklywith liquid helium, the interation potential being mainly repulsive. Theymay be pitured as making a kind of bubble in liquid helium. Its radius is



2206 J. Dupont-Roapproximately the ore radius r of the He�A potential (A is a generi alkaliatom). Hene they replae on the average nA = 4�r3=3 helium atoms. Thedynami polarizabilities of alkali atoms will be represented by the two-termPadé approximation given in [8℄�A(i�) = 4� F1 1�21 + �2 + 4� F2 1�22 + �2 : (8)Lithium, sodium and esium atoms will be taken as examples. The relevantparameters are given in Table I. TABLE IParameters used for alkali atoms in atomi units. The value of r is taken fromRef. [9℄, parameters for polarizability (8) is from Ref. [8℄.Atom A r nA F1 �1 F2 �2Li 10.4 15.2 0.0413 0.1564 0.748 0.0678Na 10.75 16.8 0.986 0.0775 0.0 0.0152Cs 13 29.6 0.459 0.1619 1.116 0.0534
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Fig. 1. Exess dynami polarizabilities of Li, Na and Cs embedded in liquid helium(in atomi units, 1 a.u. = a30) versus imaginary frequeny de�ned by formula (2).



Long Range Fores Between Atomi Impurities : : : 2207The exess dynami polarizabilities of these alkali atoms in liquid heliumare shown in �gure 1. It is lear that the ondition 1 is ful�lled from � = 0:2up to 1. However the spetrum of the two alkali are not muh di�erentand the produt of the exess polarizabilities is mostly positive. The Vander Waals interation between alkali impurities remains attrative. Thesame holds true for the Casimir interation. Note that the exess dynamipolarizability integral from � = 0 to an upper limit is larger than 1.3 isnegative for all alkali atoms. We will take advantage of this spei� featurelater on. 4. Rare gas atomsWe onsider Ne and Xe as extreme examples, and Ar in between. Po-larizabilities are taken from Kiaslyakov [7℄. The struture of liquid heliumaround rare gas impurities has been studied by Dalfovo [11℄. In ontrast tothe alkali atom ase, the attration potential produed by the rare gas atomis strong enough to produe a dense shell of helium atoms around its hardore. The radius of the hard ore is also muh smaller (about 5.4 a.u. forNe, 7.4 a.u. for Xe). The overall balane is positive. There is more heliumatoms around the impurity than before its introdution in the same region.Quantitatively, we get from referene [11℄ nNe = �2:4 and nXe = �1:7. Theresulting exess dynami polarizabilities are shown in �gure 2. They areone order of magnitude lower than those of alkali atoms and always posi-tive. They keep signi�ant values up to large values of �, re�eting the highexitation energies of rare gases, in partiular Ne. The e�etive interationbetween rare gases in liquid helium are thus always attrative. Consider nowthe pair Cs-Ne. The produt of their polarizabilities is nearly proportionalto that of Cs and its integral an be negative. Table II gives the Van derTABLE IIComputed Van der Waals oe�ients C6 for various alkali�rare gas pairs embeddedin liquid helium, in atomi units (1 a.u. = 2 Ry a60 ). The pairs with a negativeoe�ient ahieve a repulsive Van der Waals interation. For omparison, the rightpart of the table gives the similarly omputed values of C6 for the same speies invauum. Ne Ar Xe Ne Ar Xein liquid helium in vauumLi �6:5 16 89 42 171 404Na �7:7 15 93 47 188 440Cs 2.3 70 242 90 362 857
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Fig. 2. Exess dynami polarizability for Ne, Ar and Xe embedded in liquid helium.Waals oe�ients omputed from formulae (4) using the exess polarizabil-ities shown in �gures 1 and 2 for various alkali�rare gas pairs. Those pairswith a negative oe�ient undergo a repulsive e�etive Van der Waals inter-ation. This is ahieved for Li�Ne and for Na�Ne. The Van der Waals forenearly anels also for Cs�Ne. This results from a non trivial anellation oflow and high frequeny ontributions. The stati exess polarizabilities of allimpurities onsidered up to now are positive. Thus the Casimir interationis still attrative. The interation fore hanges sign for distanes intermedi-ate between the exitation wavelengths of the alkali atom and those of therare gas. This possibility was already mentioned in referene [6℄ as a theo-retial one. We give here an atual example of suh a peuliar behaviour.It must be kept in mind however that a revision of the alkali polarizabilitiesby about 10 perent ould re-establish the positive sign of the e�etive Vander Waals onstant. 5. Lighter elementsLight elements give simpler and more lear ut ases. We onsider Hatom, hydrogen moleule H2 and the light isotope of helium 3He. Theirinteration with helium atoms are omparable [12℄. Aording to this ref-



Long Range Fores Between Atomi Impurities : : : 2209erene, the potential well may be modeled by Lennard�Jones potentialsV (R) = 4� [(�=R)12 � (�=R)6℄ with parameters given in Table III. Whenintrodued as an impurity in liquid helium-4, they oupy a larger volumethan a 4He atom beause of their larger zero point motion. The number nAof replaed 4He atoms is also given in Table III. For 3He, this number isTABLE IIILennard�Jones well (�) and hard ore radius (�) for the interation of light speieswith helium in atomi units, taken from referene [12℄. The number nA of replaedhelium atoms is omputed from the volume oe�ient � drawn from referenes[14, 15℄ by nA = 1 + �. � � nAH 5.31E-5 6.047 5 [14℄ 3 [15℄H2 8.75E-5 5.725 1.2 [14℄ 2.9 [15℄3He 7.08E-5 5.007 1.3
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Fig. 3. Exess dynami polarizabilities for H, H2 and 3He embedded in liquidhelium.



2210 J. Dupont-Rodedued from the molar volume of dilute 3He/4He solutions [13℄. For H andH2, Kürten and Ristig [14℄ have omputed values for the relative exess oef-�ient � = nA�1. Crude estimates by Marin et al. [15℄ are similar for H, butmuh larger for H2. For the dynami polarizability of H, formula (8) is usedwith F1 = 0:7350, �1 = 0:3793, F2 = 0:4268, �1 = 0:6025. For H2, we use thepolarizability omputed by Ca�arel et al. [16℄, rotationally averaged, and �t-ted by the following expression in atomi units �H2(i�) = 4��0 �2=(�2+�2),with � = 0:572 and �0 = 5:13.The resulting exess polarizabilities are shown in �gure 3, using nA fromreferene [14℄. For H and 3He, they are negative for all values of �. As aonsequene, these atoms in liquid helium are repelled by any other impuritywith a positive exess polarizability. This is expeted for most losed shellatoms and moleules. Hydrogen moleules behave like rare gases for thishoie of nA. With the larger value of referene [15℄, the exess polarizabilityis negative at high frequenies and positive up to � = 0:4. It is similar toalkali atoms. Hene the present unertainty about nA prevents drawing anyde�nite onlusion for H2.Coming bak to H and 3He, various alkali atom impurities may interatdi�erently with them beause of their sign hanging exess dynami polariz-abilities. One �nds indeed that 3He is weakly repelled by Cs, but attratedby Li and Na in the Van der Waals range. The Casimir fore is repulsive inall ases. The same holds true for H with all alkali atoms: they repel in theCasimir distane range, but attrat in the van der Waals range. TABLE IVComputed Van der Waals oe�ients C6 between H, 3He and alkali atoms embed-ded in liquid helium. For omparison, the right part of the table gives the similarlyomputed values of C6 for the same speies in vauumLi Na Cs Li Na Csin liquid helium in vauumH 24 26 41 65 71 1393He 0.24 0.3 �0:5 22 24 466. ConlusionWe have illustrated the fat that the e�etive fore between two impuri-ties in liquid helium results from a deliate balane of various ontributions.They may be repulsive and eventually hange their harater at distanesof several hundred nanometers. While the repulsive fore between light
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