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A measurement of the polarizability of sodium clusters
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The static electric dipole polarizabilities of sodium clusters, K a series of sizes in the range<h
<93 were measured by electric field deflection of a supersonic cluster beam. Results for the smaller clusters
are in overall good agreement with previous experiments. Polarizabilities of the larger clusters continue the
downward trend with increasing size, but remain considerably above the bulk limit. There is a degree of
correlation between the polarizability values and electronic shell structure. Furthermore, there is an indication
that the polarizability is sensitive to the source conditions, possibly reflecting the influence of internal cluster
temperature.
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Alkali-metal clusters appear to be among the most polarwe report on a measurement of Nstatic electric polariz-
izable particles in existence. Withmobile valence electrons abilities for selected cluster sizes in the intervat 7<93.
delocalized over an ionic framework of radiRg, the static We compare the values with previous experiments and dis-
electric polarizability has been parametrized @g~(R,  cuss the trends observed for the larger clusters. We also show
+6)% [1]. For a neutral spherical cluster with closed elec-some evidence for the sensitivity of the polarizability to the
tronic shells, the radius iB,=r¢n*’® and 6 is a measure of cluster source conditions.
the electron spill-out beyond the ionic boundéigr sodium, The size-dependent polarizabilities of free neutral clusters
the Wigner-Seitz radius is,~2.1 A andé~1.3 A; see be- are measured by deflecting a collimated cluster beam in an
low). Thusa,, exceeds even the textbook value=R® foran  inhomogeneous electric field. An outline of the experiment is
ideal conducting sphere. shown in Fig. 1. The sodium clusters are produced by a

Since the pioneering measurement by Knightal. [2], supersonic cluster sourdgapor temperature 873 K, argon
which followed shortly after their discovery of electronic carrier gas pressure 600—620 kPa, nozzle diametenitg
shell structure in alkali-metal clustelr3], sodium cluster po- and temperature 1093)KThe resulting beam is collimated
larizabilities have continued to attract attention as a benchby two round skimmers with diameters of 0.4 mm and 1.5
mark of our comprehension of the structure and electromagnm (8 and 178 mm from the nozzle, respectiyelirhis
netic response of a nanoscale size-quantized system. Thelpuble skimmer scheme defines the beam geometry and
also have important manifestations in a variety of strongcounteracts any beam widening which may be caused by
long-range attractive interactiofid]. The original measure- cluster scattering off the background gas present at relatively
ment, which covered the range of Na_,, has been es- high pressure downstream from the expansion. Approxi-
sentially confirmed by a recent experiment on,Na »; [5] mately 45 cm past the second skimmer, the beam is colli-
and by a detailed study of alkali-metal dimer polarizabilitiesmated to a rectangular cross section of 0.25 mm
[6]. It was also found to be consistent with Napolarizabil- X 0.76 mm and enters the deflection field region. The inho-
ities derived from the oscillator strength moments of ionmogeneous “two-wire” electric field18] is produced by ap-
photoabsorption spectf&]. Other recent metal cluster polar- plying high voltage to a pair of curve@urvature radius 2.4
izability measurements include those on,AB], Li, [5], mm for both deflection plates spaced by 2.4 nii®]. These
Na,Lin, [9], and Nj, [10]. 15 cm long plates are machined out of aluminum, polished,

A remarkably large number of theoretical calculationsand electropolished. A voltage of 30 kV is applied across the
based on various methodologies have been directed at thigp with no detected leakage current.
guantity (see, e.g., the overview ifll], and[12-14 and Following a 110 cm flight path from the deflection field
references thereinBy and large, theory tends to underesti- region exit, the cluster beam enters the detector through a
mate the experimentally measured values. Different corredd.64 mm wide movable collimating slit. The clusters are ion-
tions have been proposed to deal with this long-standing diszed by a filtered UV lamp, mass selected by a quadrupole
crepancy, but the situation remains unresolved. For examplenass analyzeitQMA), and detected by an ion counter which
recent theoretical work has addressed the possibility of atilizes a high-voltage dynode. The cluster beam is alter-
strong influence of metal cluster temperature on the electrioately chopped by two fast 50% mechanical choppers spaced
polarizability[12—1§. In fact, this idea was mentioned even by 130 cm(see below. The resulting time-varying signal
in the original experimental papg2]; however, it still awaits ~ from the ion detector is recorded by a multichannel scaler
a definitive experimental answer. Note that the polarizabil{MCS). A computer controls and repeatedly monitors the de-
ities of several G@As,, and GgTe,, clusters have been found flection plate voltage, governs the detector collimating slit
to vary strongly with temperaturfe.7]. movement, performs mass selection by means of the QMA,

To understand the behavior of cluster polarizability and itsand stores data collected by the MCS.
evolution toward the bulk limit, it is useful to extend the  With the experimental parameters described above, the
range of the experimentally measured values. In this papedeflected cluster beam profile at the detector entrance is typi-
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FIG. 1. Top view of the experimental arrangemémbt to scale A collimated supersonic beam of sodium clusters is deflected by an
inhomogeneous electric field. With the help of two high-speed chopper wheels, the beam deflection profile and its velocity distribution are
measured simultaneously. PMT is a photomultiplier tube covered by a scintillator. Inset: An undefeditbdine) and deflecteddashed
line) profile of the Ng signal.

cally shifted by ~0.5 mm with respect to the zero-field to the chosen mass and measuring the counting rate for vari-
beam profile. The two-wire field deflects a,Neluster by an  0us positions of the movable detector entrance ltore
amount(see, e.g.[2]) precisely, at each slit position the rates for several cluster
sizes are collected by switching the QMA between several
settings) The results were normalized to the detector sensi-
(1) tivity curve [21]. Unfortunately, all the intensity measure-
N Mya p2 ments require a significant interval of time, while cluster
production rates in the supersonic source have a tendency to
where o, is the rotationally averaged static electric dipole fluctuate over this interval. To eliminate any systematic in-
fluence of these fluctuations on the beam profile, we random-

polarizability. Heremy, is the mass of a sodium ato@,isa . e the order in which the collimating slit covers its specified
factor defined by the deflection plate geometry and apparatLE n whi imating St COVers IS specill

dimensions is the plate voltage, andis the cluster veloc- Set of 60 positions. Furthermore, by reducing the measure-

v, AS i ) . 5 d polari ment time for each collimator position we also reduce the
Ily. AAS 1N previous experimentg2, ].’ our measured polariz- - gatistica| impact of the source production rate instabilities.
abilities are referenced to one fixed cluster polarizability

- "YThis reduction is made up for by scanning the complete
measured on the same apparatus within the same experimeflsam profile several times and adding up the results. Specifi-
tal run. This eliminates the imprecisely known geometricalcaly, for both deflected and undeflected beam profiles the
factor C from consideration. In our case, a conveniently getector collimator usually made between four and sixteen
stable reference cluster was Navhose absolute polarizabil- passes across the beam profile, each lasting between seven
ity was subsequently calibrated against the well-establishegnd twenty minutes. The inset in Fig. 1 shows typical de-
value for Na [2,5,6]. flected and zero-field cluster beam profiles obtained by
In a real experiment, one measures the deflection not of means of this random-sequence multipass scan technique.
single cluster, but of a supersonic beam which possessesRiease note that these profiles represent actual experimental
finite geometrical width and a certain velocity distribution. data and have not been subjected to smoothing or other sta-
Furthermore, cluster source intensity tends to fluctuate ovetistical treatment. The position of the beam profile maximum
the course of the experiment. All these factors can broaden, i determined by a least-squares fit to a parapd®. De-
not downright distort, the deflection profile of the cluster spite the robustness of the profile mapping method, source
beam. As a consequence, we devoted significant effort tfluctuations become more serious for the larger clusters and
controlling them. A detailed description of our treatment ofresult in greater uncertainties in the measured polarizabil-
velocity distribution and beam width effects will be pre- ities.
sented elsewhelf@0]. In particular, it can be shown that for The other critical variable in Eq1) is the beam velocity
the present experiment E@L) remains quite accurate @fis  distribution. Customarily, this distribution is analyzed only
taken to represent the displacement of the beam profile maxbefore and after a deflection measurement. However, in this
mum and 142 is replaced by 1/v?), i.e., averaged over the case the aforementioned cluster beam drifts and fluctuations
beam velocity distribution. may become a source of error. In order to combat it, we
The main source of experimental error is the uncertaintyalways measure the beam deflection and the velocity distri-
in the position of the beam profile maximum. The beam pro-bution simultaneouslyAs shown in Fig. 1, the spatial pro-
file for a particular cluster is mapped out by setting the QMAfiles of the cluster beam are measured while it is being
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TABLE |. Mean polarizabilities of sodium clusters. The absolute
values were obtained by scaling the deflection data to the polariz-
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ability of Na,, whose average literature vall@5,6) is listed in the

first line.

Number of atoms

Polarizability per atom $&

2 19.6
13- 7 18.1+0.5
L 8 17.7+0.4
o 12 18.6-0.5
R R A P 14 18.5-0.6
| o _j Bukdimity i G L G L 18 16.3:0.6
‘ BEEEEREEE P 19 16.6-0.6
O 8 16 24 82 40 45 56 64 72 80 9% 20 16.8-0.6
Number of atoms in the cluster 26 16.1+0.6
13 30 17.6:0.8
34 16.7-0.8
(b) 2 39 17.3+0.7
12 //// 40 14.7#0.5
= @ ///// 40 16.1£0.5
S = 46 18.0£0.7
o 50 16.0-0.8
17 55 16.7:1.0
57 13.4:0.7
58 14.4-0.9
1.0 T T T T T 68 13.8:1.5
0.0 0.1 0.2 0.}?3 04 05 06 77 15.7-1.4
" 84 14.2:2.0
FIG. 2. Static dipole polarizabilities of Neclusters.(a) Polar- 91 13.6:1.2
izability per atom with Na serving as the reference cluster. Circles, 92 13.2¢1.2
this work; diamonds, Ref2]; crosses, Ref5]. The estimated error 93 15.3-1.9

bars are shown only for the present experiment. The horizontal line
depicts the classical limit for a sodium sphésee text (b) Polar-
izabilities expressed in terms of the classical limit: the effective

radius is defined as, =R, andR, is the core radius. For the abilities are plotted in Fig. 2 and listed in Table I. The error
common parametrizatiolRe i~ (R,+ ), a fit yields 5=1.3 A.  bars are derived from the standard deviations in the measure-
The dashed line is a plot of the analytical formy26] derived  ment ofd, v, andV [see Eq.(1)], and the variations in the
within the surface-plasma-pole approximation of linear responsgiterature value Oh’Naz [2,5,6]. Numerically, this results in a

theory. systematic contribution o&2.5% error(in quadraturg de-
riving from calibrating the polarizabilities against a fixed ref-
chopped by one of the pair of mechanical choppers. Thus fogrence cluster; the remainder of each error bar comes from
every collimating slit position we acquire a complete time-size-dependent experimental uncertainties.
of-flight profile. (The detector and electronics time-delay un-  Figure 2a) also includes the results of previous experi-
certainty is excluded by combining signals from the twomental studies for comparison. As mentioned above, the data
chopperg23,24. Furthermore, each chopper is used in bothin [2] and[5] are available for sizes up to lNgand N3, ,
clockwise and counterclockwise rotation, eliminating pos-respectively. There is, generally, a good agreement within the
sible errors associated with alignment and synchronizatiostated uncertainty limit§25], although a few larger devia-
asymmetries.We developed a method that allows us to ex-tions are also found. The polarizabilities for sizes up tgdNa
tract the cluster beam velocity distribution directly from suchreported here continue the previously established downward
time-of-flight profiles without having to fit any model distri- trend; see Fig. ®) [26]. However, they remain substantially
butions[20]. This approach yields average velocity valuesabove the bulk limit. In agreement with the prior measure-
with an estimated accuracy of 0.2% to 0.4%. It even allowednents, some correlation between polarizabilities and shell
us to marginally resolve velocity differences within one de-structure is evident for the larger cluster sizes as well. Com-
flected beam profile: according to Efl), slower clusters monly, magic-number sodium clusters display lower polariz-
will tend to undergo a slightly greater deflectipf0]. In  abilities than their nearest neighbors. Nevertheless, in some
summary, then, only a fairly small part of the overall experi-cases there is no one-to-one correspondence between the pat-
mental error derives from the beam velocity measurement.terns of polarizability values and of shell closings in the
Our values for the rotationally averaged dipole polariz-sodium cluster mass spectra. This is especially apparent in
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the Nag to Na polarizability alternation, where our data
almost precisely follow the results ¢2]. Likewise, in the
Nas~Nasg sequence no drop is evident.

The data for all cluster sizes are consistent in terms of
exceeding most ground-state theoretical values, as mentione
in the Introduction. This once again raises the question of theg
possible importance of cluster temperature and isomerisng
effects. Similar effects, associated with variations in source§
expansion conditions, could also account for the discrepang
cies among the data sets of different groups.

In this respect, it is noteworthy that in two separate mea-
surements we obtained two somewhat different values for the
Nayo polarizability. It may be not coincidental that the super-
sonic expansion conditions in the two runs, while similar,
produced nonidentical mass spectral distributions, as showi
in Fig. 3. Interestingly, Clemenget al.[2,19] also reported
two Separate values for the_ _polarlzablllty of Nabtained . duced two distinct values of the Ngpolarizability. The shaded and
under different source conditions. As can be seen from Fig. . . _

T - Solid-line spectra correspond to the higher and lower values,gf
2(a), the upper value is in very good agreement with our :

. . respectively.

data, while the lower value is very close to that measured by
Rayaneet al. [5]. It is not yet clear what lies at the root of
such variations, but note that evaporative ensemble theo
[27,28 predicts that each cluster size in the supersonic bea
possesses a relatively wide temperature distribution. Eve
though the originally hot clusters undergo a rapid in-flight
evaporation stage, the shape, or skewness, of the resultingVe would like to thank K. Hansen and P. Brockhaus for
temperature distribution should retain a memory of the initialvery useful discussions, and the staff of the USC Natural
condensation envelope. Therefore, if the polarizability is in-Sciences Machine Shop for expert technical help. This work
deed a sensitive function of the internal particle temperaturewvas supported by the National Science Foundation under
the ensemble-averaged value will vary with the source exGrant No. PHY-9600039.

ts)
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FIG. 3. Cluster abundance spectra acquired during runs that pro-

ansion conditions. Thus relatively small shifts of cluster
olarizabilites may harbor important information about
ructural and thermal dynamics.
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