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Strong long-range forces between g, and Na atoms and microclusters
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We describe a measurement of the long-range van der Waals interslctionCg /r® between free neutral
sodium atoms and clusters (N&<n=<20) and G, fullerenes. TheCq coefficients were derived from absolute
integral cross sections for low-energy scattering of a supersonic beam of metal particlgs\uap&@. Their
values are extremely high, ranging froml0* a.u. up to more than ®@a.u., corresponding to center-of-mass
scattering cross sections of up 66000 A (which exceeds the hard-sphere dimensions of the particles by a
factor of 20. These experimental values Gf are in excellent quantitative agreement with the predictions of
the London theory of dispersion forces based on atom and cluster spectral properties. The strength of the
long-range potential is due to high cluster polarizabilit{&x1050-294{®8)05901-0

PACS numbds): 34.20.Gj, 36.40-c, 61.48:+c

Long-range forces between neutral spece®ms, mol- Cluster scattering cross sections were determined by mea-
ecules, surfaces, et@re due to quantum fluctuations of their suring the depletion of a highly collimated sodium cluster
electronic moments, that is, to virtual polarization effectsbeam by fullerene vapor in a heated cell. An outline of the
[1-4]. At sufficiently large separations a pair of neutral par-experimental setup is shown in Fig. 1. The supersonic beam
ticles A and B attract each other with the van der Waals Of neutral Na atoms and clusters is produced by seeded ex-

(vdW), or dispersion, potential: pansion of sodium vapor through a small nozzle. The beam
is collimated by a small apertured€ 0.5 mm) located in
chB front of a heated copper scattering cell. The cell was loaded
VAB= _ _66_ (1)  with 0.5 g of G, powder(99.5% pure, MER Corp., Tucson,
R AZ) and heated to a series of temperatures between 380 and
460 °C(stable and uniform ta=1 °C), generating g, vapor
The interaction coefficienCg is given by pressures of up to 10 bar. The effective scattering path

through the cell is calculated to he=3.25+0.10 cm(cor-
3 o responding to the inner diameter of the cell plus one-half the
CeP=—— ﬁf aMNiw)aP(iw)do, (2)  thickness of both wall14]). After a long free-flight region,
™ Jo the beam enters the detector through a second collimation
) ] o ) aperture (=1.4 mm). Since the reconstruction of vdW co-
where o(w) are the dipole dynamic polarizability functions efficients from measured cross sections is very sensitive to
[3]. The long-range attraction is thus fully determined by thethe scattering geometigee below, accurate beam collima-
dipole spectra of isolated particles. Beam-scattering experiion and alignment are important.
ments can measure the vdW force, and thereby establish a In the detector the atoms and clusters are ionized by a
bridge between collision phenomena and spectroscopy. [filtered UV lamp, mass selected by a quadrupole mass spec-
this paper we describe a measuremenCgfdispersion co- trometer, and detected by an ion counter. Soft near-threshold
efficients between £ fullerenes and sodium atoms and clus- ionization with filtered light ionizes the clusters without sig-
ters (Ng,1<n=<20). These coefficients are determined fromnificant fragmentatiorj16,17]. Beam velocities were mea-
elastic-scattering cross sections of a supersonic sodium clusured with the help of two identical fa€t00—200 Hz chop-
ter beam by fullerene vapor. per wheels located 128 cm apart: the mass spectrometer was
There has been significant experimental and theoreticalet to a particular cluster size, and the beam was alternately
interest in the dipole photoabsorption spectra and electrichopped by wheels 1 and 2. The time difference between the
polarizabilities of both speciggl—7], as well as in collision detection of pulses from the two locations directly yields the
phenomena involving these clustésee, e.g., recent papers beam velocity without a need for calibration of detector de-
and reviewg 7—12)). Since both metal and fullerene clusters lays. The measured velocities increased from 1080 m/s for
are highly polarizable, their vdW attraction must be extraorthe Na atom to 1170 m/s for Naand then gradually de-
dinarily strong. As will be shown below, the experimental creased to 1120 m/s for Mg The variation of cluster veloci-
cross sections are indeed remarkably large, and the vdW cdies in a seeded supersonic beam depends somewhat on the
efficients extracted from them are in excellent agreemengxpansion parameters; however, a velocity increase from the
with dispersion theory and spectroscopic ddta). atom to the dimer has been indeed observed in alkali beams
Let us note in passing that, by following the developmen{ 18], and the “velocity slip” for larger clusters is a well-
of Cgg-metal cluster potentials with cluster size, one is essenknown feature of cluster beani$9]. The fact that there are
tially observing the gradual evolution of the interaction be-clear differences between the velocities of individual peaks
tween fullerenes and metallic structur@sg., nanoparticles, in the mass spectrum confirms the statement that they corre-
scanning microscope tigd5], etc. and surfaces all subjects spond to original beam constituents and not to fragmentation
of considerable practical importance. products.
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FIG. 1. Outline of the experimental arrangement. The supersonic cluster source is opefiate®9atK (Na vapor pressure 0.04 bar
with an argon carrier gas pressure of 8 bar. The nozzle and skimmer diameters are 0.075 and 0.4 mm, respectively; the nozzle temperature
is maintained aff =1030 K. The heated atomic vapor cell is 40 cm downstream from the skimmer. The collimating and detector entrance
apertures are located 5 cm before and 164 cm after the scattering cell, respectively. The detector ionizing lamp is filtered to transmit light
in the range of 240-410 niiopp CS 7-54 glags The cluster beam velocity is measured with the aid of two chopper wheels as described
in the text.

Thanks to the small velocity spread of the supersonic
beam, the center-of-ma$€M) collision energies were well
defined for each pair, and ranged from 0.13 eV forH@,
to 1.8 eV for Nay+Cg. It is to be expected that at such low Here 7(6) is the experimental resolution functi¢®4] which
energies cluster-fullerene scattering is governed primarily bgives the probability that a cluster deflected by an amgjte
the long-range vdW tail of the interaction potential. We shallthe scattering region will still be able to enter the detector
see below that this is indeed the case. aperture. This function is determined by the experimental

The absolute scattering cross sectiogswere measured 9eometry; a thorough discussion and explicit formulas for
by varying the temperature of the scattering ¢aiid thereby the case of circular collimators were given in Rief5]. The
the fullerene vapor densityc, ) and plotting the integrated largest geometric uncertainty in our experiment concerns the

intensities of individual cluster peaks from the mass spectra

(Tozf [1-7(6)]1Q(6)d6. ()

versusNc, [20]: I =1gexp(~aoNc, L). Herely is the refer- 2ooo |
ence cluster intensity measured with the scattering cel
moved out of the beam path. The plots oflliy) displayed a 6000 |

linear decrease Withlceo, demonstrating that beam depletion

was caused by single collisions. Several calibrations gf C
vapor pressure have been published; we used the average
cross sections obtained with the results of Abredahl.[21]
and Mathewset al. [22] (see below. The values ofo, ob-
tained from linear fits to these plots are shown as opel
circles in Fig. 2.

Before fitting vdW potential parameters to these experi-
mentally measured “apparent” cross sectiang, it is im- ol e S —————T———
portant to realize that they are smaller than the true CN 0 2 4 & & 10 12 4 16 1820
integral cross sections because of finite angular resolution
of the apparatus: only those metal clusters which are scat- _ _ o
tered by more than a certain limiting angle are deflected out FIG. 2. Integral scattering cross sgctlons for cpII|S|ons between
of the detector entrance. The small-angle corrections are ifya atqms and CI,‘,JSterS an@o(_:Empty grcl_es: e).(perlmentally mea-
creasingly more significant for the heavier clusters. In factsure_d apparent” cross sections. Solid circles: center-of-mass cross

. ) sections[Eq. (4)] calculated from the extracted van der Waals in-
one can easily shoy20,23 that the_y are resplonSIbIe .for the teraction parameters. The resolving power of the beam apparatus
fact that the apparent cross sectiang remain practically  getects most of the Na-atom cross section, but for larger clusters the
constant even as the true CM cross sections increase stron@yall-angle scattering correction becomes importaee text for
with size (see Fig. 2 detailg. A comparison with the hard-sphere geometrical cross sec-

Specifically, the apparent values are related to the CMions demonstrates that we are dealing with a strong long-range
differential cross sectionQ(68)=2m(do/d6)sing by interaction.
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FIG. 3. van der Waal€g interaction coefficients, in atomic units, for collisions between Biad G, Closed circles: determined from
the experimental data. Open circles: prediction of the dispersion forfigla(5)] based on the cluster response properties.

transverse density profile of the cluster beam. Even thoughussed below, the magnitude of the cross sections reflects the
the supersonic beam emerges from a very small nozzle and\&ry high polarizability of the collision partners.

highly directional, it possesses a certain transverse velocity Let us comment briefly on the sources of the error bars in
distribution which tends to spread out the beam profile. Thid=ig. 3. The overall uncertainty in the determination ©f
effect can be replicated by introducing a so-called “virtual parameters is approximatek30%. The primary contribu-
source” of the bean{26] which is located in the nozzle tions to this number arise froifa) uncertainty in the litera-
plane but is larger than the true nozzle opening. The precistire value of the vapor pressure ofyC(b) uncertainty in the
dimensions of this virtual source are difficult to estimate besize of the virtual source(c) temperature stability in the
cause they are quite sensitive to parameters of the expansiastattering cell~1 K); and(d) statistical scatter in the linear
We have therefore calculateg(6) for the limiting cases of fit of In(l1/lp) vs Nc,, As mentioned above, the values shown

(1) a small virtual sourcel soures< D skimme) » @nd(2) alarge  here were obtained by averaging the results found using va-
virtual source Dsoyrce™ D skimmed - Both limits lead to similar  por pressures from Reff21,22, and those for a small and
results(see below. The angular resolution of the apparatus, jarge virtual beam source. Ite@) contributed errors esti-
defined asp(6y,) is found to befd;,~2.4 min of arc. mated at~20% [28—30, items(b) and (c) errors of~10%
Having calculatedy(6), the procedure for extracting vdW each, and itentd) errors of~10-15 %. The final uncertainty
parameters from the experimental data is now straightforyg|ye quoted above was derived by adding these contribu-
ward. For thev= — C4/r® scattering potential, the analytical tions in quadratur¢29,30.
form of the CM differential cross sectio@(¢) is known At last, we are in a position to compare the experimental
[27]; corrections for the thermal motion of the scattering va-results with the dispersion theory predictig®. This general
por can also be incorporat¢@5]. We substitute this function equation simplifies considerably if the dipole transition
into Eq. (3) and determine th€ coefficient which repro-  strengths of the colliding particles are concentrated in rela-
duces the measured apparent cross section. This procedurejigely narrow spectral ranges. In this case, the expression for
repeated for each Igarticle. Note that it does not involve the vdW interaction reduces to the “London dispersion for-

any adjustable parameters. mula” [1,31]
The vdW coefficients determined in this way are shown in
Fig. 3. The corresponding full integral CM scattering cross w"wB
sections can be calculated from th&evalues by means of CgP=3hala® AT B 5

the formula[27]

o where « qno_l w are the sta_ti_c dipole pola_\rizabilities and the
o=8 08{ &) 4) characteristic dipole transition frequencies, respectively
' hv| neglect the higher-order effects of cluster shape anisotropy
This equation is perfectly appropriate in the present case be-

wherev is the collision velocity. These cross sections arecause alkali atoms and clusters as well as fullerenes display
shown as filled circles in Fig. 2 for velocities correspondingStrong resonant photoabsorptitsee e.g., Ref$5,6,32,33).

to our cluster beam. For comparison, the figure also shows Both the static polarizabilities and the dipole resonance
the geometrical hard-sphere cross sections. Note that tHfgequencies are mdependeNntI}/Cknown quantities, and so we
huge CM cross sections exceed the latter by a facter2d, ~ can use Eq(5) to computeC¢ ™ ~*° values from the spectral
reflecting the long range of the interaction. As will be dis- data and compare them with the experimental results. The



386 KRESIN, KASPEROVICH, TIKHONOV, AND WONG 57

static polarizabilities of alkali atoms and clusters have beement are generally below or barely above the required mag-
measured directlj4,34,35; they range from 23.6 Afor Na  nitudes(see abovg so direct charge exchange does not make
to 307 A2 for Nay,. The experimental and theoretical valuesa significant contribution to the measured cross sections. It
for Cgp aggregate around“so~85 A3[4]. The frequencie®  would be interesting to study the interplay between elastic
correspond to th® line (for the sodium atomor to collec-  and charge-exchange scattering in the higher-energy range.
tive electronic resonanceor larger Na clusters and for Another interesting question concerns the role of higher-
Cep)- In free fullerenes this resonance is centered abrder vdW interaction terms<{Cg/r8—Cyo/r'%—---). The
=20 eV, while in Na atoms and clusters it is located at experimental results are quite satisfactorily explained with-
2-3 eV. Fore"*-2, we make use of the values given by the gyt 4 need to invoke these dipole-quadrupole, etc., potentials.
theoretical expression derived in Ref$,36]: it gives an o the other hand, there are indications in preliminary data
excellent de;crlptlon of the position of the centroid of dlpoleOn Na,-Na cluster-atom scatteririg3] that in this case such
resonances in metal clusters. terms may make a noticeable contribution. It would be inter-

dingrggngfgrhn?mZ(é?a}EGinpaerfcrgﬁ;irts acilgglﬁt;c: {L?t? ttr?ee esting to address the question of the relative magnitudes of
P 9 aﬁhe dipole and quadrupole polarizabilities ofCand the

experimentally determined values. This confirms that neutr . L . :
atom-cluster and cluster-cluster collisions at present bea orresponding relative importance of the multipolar terms in
glastic scattering processes.

energies are governed by the long-range van der Waals forc .
Dispersion theory, making use of independent spectral data ' Summary, we have described a new, accurate measure-
on fullerenes and on alkali atoms and clusters, fully account§ent of Gthe long-range van der Waals attraction
for the very high strength of vdW interaction, wi@ coef- V=—Ce/r” between neutral sodium atoms and clusters
ficients exceeding Poa.u. (Na,,1=n=20) and G, fullerenes. Interaction constarn@y

The close agreement between experimental and calculatd¥ere determined from a fit to integral cross sections mea-
values implies that competing fragmentation or reactiveSUred for collisions between a metal cluster beam and
channels do not make a significant contribution to the scatlullerene vapor. These interaction coefficients turn out to be
tering process. In particular, the data confirm the earlier conextraordinarily high, ranging fromCs~8x10® a.u. for
clusion[14] that electron-transfer associative reactions of théNa+Cgo Up 10 Cg=~1.6X 10° a.u. for Ngo+Cgo. The corre-
type Na+ Cgo—Na, " Cpy, if present[37—40, proceed with sponding centgr—of—.mass cross sections range fedM00 A
cross sections much lower than what one could expect froriP t0~5800 A, which exceeds the geometrical hard-sphere
an electron-jump harpooning model. This observation wa&'éa Of the particles by well over an order of magnitude. The
recently explained41] by pointing out that nuclear dynam- €xperimentally determined values @ are in excellent
ics strongly restricts the phase space available for the abo@greement with the prediction of the London dispersion

reaction, and therefore significantly reduces its probability. €3uation(5) based on the electric polarizabilities and dipole
At higher collision  eneries, E>IPy, —EAc ~1 resonance frequencies of the colliding particles. The origin
! 60

of the high interaction strength is in the large electric-dipole

—2.5 eV for the cluster range studied héle is the ioniza- polarizabilities of both Naand G,

tion potential and EA is the electron affinifyone expects to
observe an electron-exchange reaction |, Na This work was supported by the U.S. National Science
+ Cgo—Na,* +Cgqo~ [42]. Collision energies in our experi- Foundation under Grant No. PHY-9600039.
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