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Direct Spectroscopic Observation of Elementary Excitations in Superfluid He Droplets
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The absorption spectra of the electrofiic— S, transition of glyoxal molecules ¢€1,0,) embedded
in He droplets £5500 atoms) show well-resolved vibronic bands with a width0.5 cm™!. The
phonon wings at higher frequencies have distinct gaps amounting Ftc= 8.1 K followed by a
small maximum at 14.8 K. The phonon wing shape agrees with a theoretical simulation based on the
dispersion curve of elementary excitations in bulk He II, providing the first evidence for superfluidity in
the finite-sized He droplets. [S0031-9007(96)00383-3]

PACS numbers: 67.40.Yv, 33.20.Kf, 67.40.Db

A number of recent theoretical studies predict tfide  multiphonon processes appear to dominate the spectra and
clusters with more than about 64 atoms are superfluidonceal the elementary excitations of the droplet.
with a transition temperature which is somewhat lower To circumvent these difficulties we have undertaken
than the bulki-point temperaturd, = 2.2 K [1-3]. So the first spectroscopic experiments with a simple or-
far, however, there is no direct experimental evidence foganic molecule. Glyoxal (gH1,0,) was chosen since its
superfluidity in these nanosize liquid particles. Recentlyvisible spectroscopy has been studied both as a free
it has been possible to observe a very sharp rovibrationaholecule and in cryomatrices [16,17]. Compared to the
spectrum of single SfFmolecules located in the interior alkali metals glyoxal is readily solvated by helium. More-
of He droplets(N > 1000 atomsg which were produced over, the electroni¢S; — S;) excitation has an intrava-
in free jet expansions [4,5]. From this the rotationallent n7* character so that the electron-phonon coupling
temperature was found to b& = 0.37 = 0.05 K [5] to the surrounding medium is sufficiently weak to as-
in good agreement with theoretical predictions [6]. Insure narrow lines, yet just strong enough to allow for
addition, infrared spectra of QElimers indicate that these phonon excitation.
larger entities can also rotate freely in the He droplets [7]. The molecular beam laser apparatus is essentially

In the bulk the most direct evidence for superfluid-similar to that used in the previous works [4,5]. The
ity comes from neutron diffraction experiments which He droplet beam is formed by expanding He gas from
indicate sharp elementary excitations with a dispersio 5 um thin walled orifice operated at a stagnation
characterized by a maximum Bf,,x = 13.7 K (Qmax = pressure oP, = 20 bar and a temperature & = 14 K.
1.10 A=1) called a maxon and the well known roton From the previous experiments it is known that these
minimum at E,o; = 8.65 K (Oyor = 1.91 A71) [8]. As droplets have a mean size of 5500 atoms [18]. Glyoxal,
first pointed out by Landau the sharp excitations at thevhich was prepared following standard procedures [16],
roton minimum enable the fluid to flow unhindered atwas admitted at a pressure of approximatildy > mbar
velocities below abouf8 m/s which is the most promi- into a 2 cm long scattering cell located 30 cm from the
nent manifestation of superfluidity. This critical veloc- source. Following pickup of a glyoxal molecule the
ity could so far only be observed for negative ionsdoped droplets in the beam are detected on the mass of a
which were found to move without friction in liquid he- COH" fragment ion by a quadrupole mass spectrometer
lium at P = 25 atm and7 = 0.4 K [9]. Two-phonon with the electron impact ionizer located 142 cm from
Raman spectroscopy in bulk helium also has been showthe source. The beam of a pulsed dye laser (repetition
to provide information on the elementary excitations [10].rate 57 Hz) is directed antiparallel to the droplet beam
In the quest for more direct spectroscopic probes of supeand interacts with the doped droplets over a distance
fluidity several groups have developed sophisticated tectof 112 cm as they pass from the cell to the ionizer.
nigues to levitate atoms in liquid helium [11-14]. Up to Photon absorption after a laser pulse leads to a transient
now only broad lines of several crh width could be ob- decrease of the mass spectrometric signal (up-30%)
served. A recent study of the electronic spectra o Nadue to the evaporation of several hundred He atoms.
attached to the surface of He droplets reveals vibroni®ecause of the long interaction distance and the low beam
bands consisting of a sharp zero phonon line (ZPL) andelocity of about340 m/s the depletion signal lasts for
an intense broad phonon wing (PW) [15]. In this systemapproximately 3.5 ms after a laser pulse.
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Figure 1 shows an overview absorption spectrum of Wave number

glyoxal m_la He droplet in the. range of 21730 to FIG. 2. Absorption spectra of glyoxal in the range of tfe
22820 cm™ . The spectrum consists of four very sharppand, measured for different laser output energies: Hay
ZPL each having a weak broader feature on its blu&.1 mJ/pulse, (b) E = 1.6 mJ/pulse, (c) E = 11 mJ/pulse.

side which is ascribed to a PW. The lines can beZero energy corresponds to the maximum of the ZPL at
identified as vibronic transitions between the ground staté! 942.8 cm™'. R denotes the rotational structure of the ZPL.
So and the first excited singlet statg of glyoxal due

to the close similarity of the observed spectrum and

the corresponding free jet expansion LIF (laser-induced = 10.3 cm™' (14.8 K). At still higher energies the
fluorescence) spectrum [16]. The position of ﬂgeband intensity gradually decreases without any additional struc-
of glyoxal in a He droplet is found to be redshifted by ture. The phonon wings of the other vibronic bands ex-
30.6 cm™! relative to the corresponding band origin of hibit the same distinct gap between ZPL and PW and the
the free molecule [16]. The vibrational frequencies ofmaximum of the PW at=8.1 K. The gap has been found
glyoxal (S;) in He were found to be slightly larger than in to be independent of the droplet size fop00 < N <

the free molecule [16] by 4.6, 0.1, afid cm™! for the 15000 atoms.

v7 (torsion),»s (CCO bend), and thes (CH wag) modes, As far as we are aware a gap between a well separated
respectively. Compared to our spectrum the absorptioAPL and PW has not been observed previously in classical
spectrum of glyoxal in a solid Ar matrix consists of much solutions or cryosolutions [20]. One reason is that at the
broader lineSAr =~ 200 cm™') which conceal the ZPL relatively high temperatured” = 70 K) usually needed
components [17]. to keep the matrix liquid the medium will have a high

In Fig. 2 three spectra in the range of thg band density of phonon states. These tend to reduce the
are displayed for different laser ouput energies: (aﬁXCited state lifetime and smear out the PW line shape.
0.1 mJ/pulse, (b) 1.6 mJ/pulse, and (c)11 mJ/pulse. Moreover, in classical liquids only the lo@ region of
The intensity of the PW increases with increasing pulsdhe longitudinal branch is reasonably sharp [21] and a gap
energy, whereas the ZPL transition saturates. The ZPis not expected. In contrast, liquid He droplets7at=
fine structure is ascribed to the rotational structure of thé.37 K, expected to be superfluid, provide a coherent
transition and will be discussed elsewhere [19]. Addi-environment. As a result they resemble more a cold solid
tional measurements with an intracavity etalon reveal dnatrix without inhomogeneous broadening, rather than a
linewidth of the ZPL of less thaf.1 cm™'. classical liquid.

The PW reflects the excitation of phonons in the He The spectral shape of the PW can be analyzed using
droplets accompanying photon absorption by the glythe theory of impurity spectra in solid matrices [22].
oxal molecule. From Fig. 2(c) it is seen that the in-According to this theoretical approach the absorption
tensity of the PW is very small & < 4 cm™! (5.8 K),  Cross section vs transition frequeneycan be written as
where E is measured with respect to the ZPL. The 472w
intensity then rises dramatically and reaches its maxi- o(w) = W
mum at E =56cm ' (8.1 K). A second, less pro- ¢
nounced maximum can also be safely distinguished awvherea., is the matrix element of electronic excitation

|Meg|2G(w - weg)s (l)
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of a molecule. The subscriptsand g refer to the elec- from normality and the boundary conditioyigy (R.) = 0
tronically excited and the ground state of the molecule(R. = cluster radiu}sandf{Q(Ro) = 0.
respectively. G(w) is a normalized spectral shape func- The spectral shape of a PW was simulated using

tion given by Eq. (2). The calculations of Refs. [2,3] indicate that
o (@) o (@) a 2 the elementary excitation dispersion curves of large He
Glw) = > fdr\I'{n W)Wy (7) droplets are very similar to those in the bulk. Thus,

{”Q}

o (Q) was first taken from the dispersion curve for bulk
< 5l o — Z”Q‘”Q> He Il [8] for Q <24 A~!'. For Q >24 A" w(Q)
0 was approximated by the parabolic dependence of a free
particle. B8 = 1.1 A1 was obtained from a best fit to the
=¢ S Z(S”/n!)B,,(w), (2) experimental spectrum. This value agrees well with the
n thickness of the He boundary near impurities calculated
where the cluster microscopic wave functiolis®’ and  in [23]. fio(Ro) is proportional toQ in the limit of

(e) Ro < R, according to Eqg. (5). From Eq. (2) it is seen
v refer to the cluster ground state for the molecule;,” ¢
{ng g hate 5 = IZPL/(IPW + IZPL): WhereIZpL andlpw are

in the ground state and to the cluster excited statd'& : L ;

(no que?nta in each normal mode of frequenay, he integrated intensities in the ZPL and PW, respectively.
o5 . .

and wave numberQ) for the molecule in the excited € _. 0.2 was (_estlmated frqm the spectrum F_|g._2(a).
Figure 3(a) displays the simulated one-excitation spec-

state, respectively. Integration is over theé position . . P
vectors? = {71, 7. .., 7y} of the He atoms. The spectral trum B{(E) and the'resultlng multiphonon contribution
up to n = 5 according to Egs. (2)—(4).B;(E) shows

function is expanded over the-excitation components e X
b P two distinct maxima af,,, = 8.7 K andE,,x = 13.7 K

B, (w) (normalized to unity), wherdo(w) = d(w)isthe i eno ot the high density of excitation states in the
zero-excitation line and . . . ;
vicinity of the dispersion curve extrema. Figure 3(b)
B,(w) = ] do'B,_ (0B (0 — o). (3)  shows the convolution of this spectrum with a Lorentzian
line-shape function (FWHM .4 cm™! = 2 K). The ap-

The one-excitation spectrui, (w) and the Huang-Rhys
factor S can be calculated by assuming that the molecule
is a sphere of radiu®R, located at the cluster center
and that its excitation yields a sudden shitff — Ry + Wave number

A of its boundary with a volume increase &V = 0 10 20 30 40 50 60
47RA. Wo(F) and W, (7) (where the indexiQ refers S —
to single excitation wave functions) are replaced with the
respective Feynman macroscopic wave functigi) =
p'2(R)e'® andfip(R)¥(R). p(R) is the cluster density,

¢ is a phase related to the velocity field Byi/m)A ¢,

and f1o(R) is the one-excitation wave function [2]. We
obtain

a)

_ (podV)?

Bi(w) 45

Intensity [a.u.]

E |f1Q(R0)|2€_Q2/2B25(w — wyp),
0
(4)

and S is given by the condition/ Bj(w)dw = 1. In
Eq. (4) po is the He density near the boundary so that
the electron-excitation coupling strengthé V represents
the number of He atoms which are displaced at the
molecule boundary during the electronic transitiob(R)

is assumed to decay inside the molecule boundary like
erfd B(R — Ry)] in order to account for the softness
of the molecule-He repulsive potential. Onlywaves 0 10 20 30 40 50 60 70 80 90
are considered since these are the only ones having an Energy [K]
appreciable intensity near the molecule boundary, i.e., i

] I fl 1 1 1 1 1 1 i

in
s FIG. 3. (@) Calculation of the multiphonon spectrum from the
the vicinity of the cluster center, dispersion curve for bulk He Il according Egs. (2)—(4); (b)
SiNQR COR comparison between the measured spectrum (dashed line) of the
fi1o(R) = A R + B R (5) PW of glyoxal in He droplets and the simulation (a), convoluted
with a Lorentzian(FWHM = 2 K); (c) same as (b) with a
whereA, B, and the set of allowe@ values are obtained maodified dispersion curve for the He droplets.
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