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Direct Spectroscopic Observation of Elementary Excitations in Superfluid He Droplets
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The absorption spectra of the electronicS1 √ S0 transition of glyoxal molecules (C2H2O2) embedded
in He droplets (ø5500 atoms) show well-resolved vibronic bands with a width, 0.5 cm21. The
phonon wings at higher frequencies have distinct gaps amounting toDE ­ 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
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A number of recent theoretical studies predict that4He
clusters with more than about 64 atoms are superfl
with a transition temperature which is somewhat low
than the bulkl-point temperatureTl ­ 2.2 K [1–3]. So
far, however, there is no direct experimental evidence
superfluidity in these nanosize liquid particles. Recen
it has been possible to observe a very sharp rovibratio
spectrum of single SF6 molecules located in the interio
of He dropletssN . 1000 atomsd which were produced
in free jet expansions [4,5]. From this the rotation
temperature was found to beT ­ 0.37 6 0.05 K [5]
in good agreement with theoretical predictions [6].
addition, infrared spectra of SF6 dimers indicate that thes
larger entities can also rotate freely in the He droplets

In the bulk the most direct evidence for superflui
ity comes from neutron diffraction experiments whic
indicate sharp elementary excitations with a dispers
characterized by a maximum atEmax ­ 13.7 K sQmax ­
1.10 Å21d called a maxon and the well known roto
minimum at Erot ­ 8.65 K sQrot ­ 1.91 Å21d [8]. As
first pointed out by Landau the sharp excitations at
roton minimum enable the fluid to flow unhindered
velocities below about58 mys which is the most promi-
nent manifestation of superfluidity. This critical velo
ity could so far only be observed for negative io
which were found to move without friction in liquid he
lium at P ­ 25 atm andT ­ 0.4 K [9]. Two-phonon
Raman spectroscopy in bulk helium also has been sh
to provide information on the elementary excitations [1
In the quest for more direct spectroscopic probes of su
fluidity several groups have developed sophisticated te
niques to levitate atoms in liquid helium [11–14]. Up
now only broad lines of several cm21 width could be ob-
served. A recent study of the electronic spectra of N2

attached to the surface of He droplets reveals vibro
bands consisting of a sharp zero phonon line (ZPL) a
an intense broad phonon wing (PW) [15]. In this syst
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multiphonon processes appear to dominate the spectra
conceal the elementary excitations of the droplet.

To circumvent these difficulties we have undertak
the first spectroscopic experiments with a simple
ganic molecule. Glyoxal (C2H2O2) was chosen since it
visible spectroscopy has been studied both as a
molecule and in cryomatrices [16,17]. Compared to
alkali metals glyoxal is readily solvated by helium. Mor
over, the electronicsS1 √ S0d excitation has an intrava
lent npp character so that the electron-phonon coupl
to the surrounding medium is sufficiently weak to a
sure narrow lines, yet just strong enough to allow
phonon excitation.

The molecular beam laser apparatus is essent
similar to that used in the previous works [4,5]. Th
He droplet beam is formed by expanding He gas fr
a 5 mm thin walled orifice operated at a stagnatio
pressure ofP0 ­ 20 bar and a temperature ofT0 ­ 14 K.
From the previous experiments it is known that the
droplets have a mean size of 5500 atoms [18]. Glyox
which was prepared following standard procedures [1
was admitted at a pressure of approximately1025 mbar
into a 2 cm long scattering cell located 30 cm from t
source. Following pickup of a glyoxal molecule th
doped droplets in the beam are detected on the mass
COH1 fragment ion by a quadrupole mass spectrome
with the electron impact ionizer located 142 cm fro
the source. The beam of a pulsed dye laser (repeti
rate 57 Hz) is directed antiparallel to the droplet be
and interacts with the doped droplets over a dista
of 112 cm as they pass from the cell to the ioniz
Photon absorption after a laser pulse leads to a trans
decrease of the mass spectrometric signal (up to,30%)
due to the evaporation of several hundred He ato
Because of the long interaction distance and the low be
velocity of about340 mys the depletion signal lasts fo
approximately 3.5 ms after a laser pulse.
© 1996 The American Physical Society
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FIG. 1. Absorption spectrum of glyoxal embedded in H
droplets, recorded at laser output energy of1.1 mJyphase. The
assignment of the vibronic bands is indicated.

Figure 1 shows an overview absorption spectrum
glyoxal in a He droplet in the range of 21 730 t
22 820 cm21. The spectrum consists of four very sha
ZPL each having a weak broader feature on its b
side which is ascribed to a PW. The lines can
identified as vibronic transitions between the ground st
S0 and the first excited singlet stateS1 of glyoxal due
to the close similarity of the observed spectrum a
the corresponding free jet expansion LIF (laser-induc
fluorescence) spectrum [16]. The position of the00

0 band
of glyoxal in a He droplet is found to be redshifted b
30.6 cm21 relative to the corresponding band origin o
the free molecule [16]. The vibrational frequencies
glyoxal sS1d in He were found to be slightly larger than i
the free molecule [16] by 4.6, 0.1, and0.9 cm21 for the
n7 (torsion),n5 (CCO bend), and then8 (CH wag) modes,
respectively. Compared to our spectrum the absorp
spectrum of glyoxal in a solid Ar matrix consists of muc
broader linessDn ø 200 cm21d which conceal the ZPL
components [17].

In Fig. 2 three spectra in the range of the00
0 band

are displayed for different laser ouput energies:
0.1 mJypulse, (b) 1.6 mJypulse, and (c)11 mJypulse.
The intensity of the PW increases with increasing pu
energy, whereas the ZPL transition saturates. The Z
fine structure is ascribed to the rotational structure of
transition and will be discussed elsewhere [19]. Ad
tional measurements with an intracavity etalon revea
linewidth of the ZPL of less than0.1 cm21.

The PW reflects the excitation of phonons in the H
droplets accompanying photon absorption by the g
oxal molecule. From Fig. 2(c) it is seen that the i
tensity of the PW is very small atE , 4 cm21 s5.8 Kd,
where E is measured with respect to the ZPL. Th
intensity then rises dramatically and reaches its ma
mum at E ­ 5.6 cm21 s8.1 Kd. A second, less pro-
nounced maximum can also be safely distinguished
f
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FIG. 2. Absorption spectra of glyoxal in the range of the00
0

band, measured for different laser output energies: (a)E ­
0.1 mJypulse, (b) E ­ 1.6 mJypulse, (c) E ­ 11 mJypulse.
Zero energy corresponds to the maximum of the ZPL
21 942.8 cm21. R denotes the rotational structure of the ZPL

E ­ 10.3 cm21 s14.8 Kd. At still higher energies the
intensity gradually decreases without any additional str
ture. The phonon wings of the other vibronic bands
hibit the same distinct gap between ZPL and PW and
maximum of the PW atø8.1 K. The gap has been foun
to be independent of the droplet size for1000 , N ,

15 000 atoms.
As far as we are aware a gap between a well separ

ZPL and PW has not been observed previously in class
solutions or cryosolutions [20]. One reason is that at
relatively high temperaturessT $ 70 Kd usually needed
to keep the matrix liquid the medium will have a hig
density of phonon states. These tend to reduce
excited state lifetime and smear out the PW line sha
Moreover, in classical liquids only the lowQ region of
the longitudinal branch is reasonably sharp [21] and a
is not expected. In contrast, liquid He droplets atT ø
0.37 K, expected to be superfluid, provide a coher
environment. As a result they resemble more a cold s
matrix without inhomogeneous broadening, rather tha
classical liquid.

The spectral shape of the PW can be analyzed u
the theory of impurity spectra in solid matrices [22
According to this theoretical approach the absorpt
cross section vs transition frequencyv can be written as

ssvd ­
4p2v

h̄c
jMegj2Gsv 2 vegd , (1)

whereMeg is the matrix element of electronic excitatio
4561
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of a molecule. The subscriptse and g refer to the elec-
tronically excited and the ground state of the molecu
respectively. Gsvd is a normalized spectral shape fun
tion given by

Gsvd ­
X
hnQj

"Z
d $rC

sed
hnQjs$rdCsgdp

0 s$rd

#2

3 d

√
v 2

X
Q

nQvQ

!

­ e2S
X
n

sSnyn!dBnsvd , (2)

where the cluster microscopic wave functionsC
sgd
0 and

C
sed
hnQj refer to the cluster ground state for the molec

in the ground state and to the cluster excited s
(nQ quanta in each normal mode of frequencyvQ

and wave numberQ) for the molecule in the excite
state, respectively. Integration is over theN position
vectors$r ­ h $r1, $r2, . . . , $rNj of the He atoms. The spectr
function is expanded over then-excitation components
Bnsvd (normalized to unity), whereB0svd ­ dsvd is the
zero-excitation line and

Bnsvd ­
Z

dv0Bn21sv0 dB1sv 2 v0d . (3)

The one-excitation spectrumB1svd and the Huang-Rhy
factor S can be calculated by assuming that the molec
is a sphere of radiusR0 located at the cluster cente
and that its excitation yields a sudden shiftR0 ! R0 1

D of its boundary with a volume increase ofdV ­
4pR2

0D. C0s$rd and C1Qs$rd (where the index1Q refers
to single excitation wave functions) are replaced with
respective Feynman macroscopic wave functionscsRd ­
r1y2sRdeif andf1QsRdcsRd. rsRd is the cluster density
f is a phase related to the velocity field by$ysh̄ymdDf,
and f1QsRd is the one-excitation wave function [2]. W
obtain

B1svd ­
sr0dVd2

4S

X
Q

jf1QsR0dj2e2Q2y2b2

dsv 2 vQd ,

(4)

and S is given by the condition
R

B1svd dv ­ 1. In
Eq. (4) r0 is the He density near the boundary so t
the electron-excitation coupling strengthr0dV represents
the number of He atoms which are displaced at
molecule boundary during the electronic transition.CsRd
is assumed to decay inside the molecule boundary
erfcfbsR 2 R0dg in order to account for the softnes
of the molecule-He repulsive potential. Onlys waves
are considered since these are the only ones havin
appreciable intensity near the molecule boundary, i.e
the vicinity of the cluster center,

f1QsRd ­ A
sinQR

R
1 B

cosQR
R

, (5)

whereA, B, and the set of allowedQ values are obtaine
4562
,

e

from normality and the boundary conditionsf1QsRcd ­ 0
sRc ­ cluster radiusd andf 0

1QsR0d ­ 0.
The spectral shape of a PW was simulated us

Eq. (2). The calculations of Refs. [2,3] indicate th
the elementary excitation dispersion curves of large
droplets are very similar to those in the bulk. Thu
vsQd was first taken from the dispersion curve for bu
He II [8] for Q , 2.4 Å21. For Q . 2.4 Å21 vsQd
was approximated by the parabolic dependence of a
particle. b ­ 1.1 Å21 was obtained from a best fit to th
experimental spectrum. This value agrees well with
thickness of the He boundary near impurities calcula
in [23]. f1QsR0d is proportional toQ in the limit of
R0 ø Rc according to Eq. (5). From Eq. (2) it is see
that e2S ­ IZPLysIPW 1 IZPLd, whereIZPL and IPW are
the integrated intensities in the ZPL and PW, respectiv
e2S ø 0.2 was estimated from the spectrum Fig. 2(a).

Figure 3(a) displays the simulated one-excitation sp
trum B1sEd and the resulting multiphonon contributio
up to n ­ 5 according to Eqs. (2)–(4).B1sEd shows
two distinct maxima atErot ­ 8.7 K andEmax ­ 13.7 K
which reflect the high density of excitation states in t
vicinity of the dispersion curve extrema. Figure 3(
shows the convolution of this spectrum with a Lorentzi
line-shape function (FWHM1.4 cm21 ­ 2 K). The ap-
t

e

e
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n
FIG. 3. (a) Calculation of the multiphonon spectrum from th
dispersion curve for bulk He II according Eqs. (2)–(4); (b
comparison between the measured spectrum (dashed line) o
PW of glyoxal in He droplets and the simulation (a), convolut
with a LorentziansFWHM ­ 2 Kd; (c) same as (b) with a
modified dispersion curve for the He droplets.
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paratus linewidth is determined by the laser bandwidth
Dn ­ 0.5 cm21. We also expect an intrinsic broadeni
of the phonon spectrum at energies aboveE ­ 7.2 K due
to the continuum of dissociating states. The convolu
spectrum compares satisfactorily with the experime
spectrum of the00

0 band from Fig. 2(c). In particular
the sharp rise in intensity atE ø 6 can be reproduce
which shows that the intrinsic half width of the drop
excitations near the roton minimum is less than 2 K. T
sharpness of the single excitation spectrum in the bu
known to be characteristic for the superfluid state. T
linewidth of the roton excitation in bulk liquid He abov
Tl being 9 K [24] is considerably larger.

The convoluted spectrum also shows a maximum
E ­ 9.5 K near the observed maximum of the PW
E ­ 8.1 K. The upward shift with respect toErot is due
to the convolution with the Lorentzian. The weak seco
maximum in the experimental spectrum atE ­ 14.8 K
can hardly be interpreted as a two-roton process bec
this would imply a binding energy with respect to t
two-roton energy ofE ­ 17.3 K in the bulk of 2.5 K
which is greater than the accepted value of 0.22 K [1
More likely it can be assigned to the maxon. Howev
the observed roton and maxon energies in the cluste
somewhat below and above the respective bulk ener
from neutron data. Recent quantum-chemical calculat
[25] of the glyoxal-He potential predict a minimum
41 cm21 for a sandwich geometry and about20 cm21 for
the two minima in the molecular plane. It is known th
the molecule potential leads to an increase in the den
of helium near the molecule [23], which is expect
to soften the roton and stiffen the maxon as meas
with increasing pressure in bulk liquid He where atP ­
20 bar Erot ­ 7.4 K andEmax ­ 14.8 K [26]. A slightly
modified dispersion curve for the doped droplets w
Erot ­ 7.8 K andEmax ­ 15.1 K leads to a much bette
agreement between simulation and experiment as sh
in Fig. 3(c).

The present study provides the first experimental
dence for superfluidity of He droplets. The observation
sharp ZPLs accompanied by rather weak PWs remove
a sharp gap in He droplets suggests, moreover, that
droplets can be used as an ultracold and homogen
medium for electronic spectroscopy of large molecu
Work is presently underway to study spectra of more co
plex molecules in He droplets.

The authors are grateful to P. Hobza for calculating
glyoxal-He binding energies and to Ch. Parmenter
G. J. Kroes for information on the glyoxal-He potenti
They thank T. Winkler for his help in glyoxal prepar
of

d
al

t
e
is
e

at
t

d

use

].
r,
are
ies
ns

t
ity
d
ed

h

wn

i-
f
by
ese
ous
s.
-

e
d

.

tion. A. V. and M. H. thank the Deutsche Forchungsg
meinschaft for financial support.

[1] B. P. Sindzingre, M. L. Klein, and D. M. Ceperley, Phys
Rev. Lett.63, 1601 (1989).

[2] M. V. R. Krishna and K. B. Whaley, J. Chem. Phys.93,
746 (1990).

[3] S. A. Chin and E. Krotschek, Phys. Rev. B45, 852 (1992).
[4] R. Fröchtenicht, J. P. Toennies, and A. F. Vilesov, Che

Phys. Lett.229, 1 (1994).
[5] M. Hartmann, R. E. Miller, J. P. Toennies, and A. F

Vilesov, Phys. Rev. Lett.75, 1566 (1995).
[6] D. M. Brink and S. Stringari, Z. Phys. D15, 257 (1990).
[7] M. Hartmann, R. E. Miller, J. P. Toennies, and A. F

Vilesov, Science (to be published).
[8] R. A. Cowley and A. D. B. Woods, Can. J. Phys.49, 177

(1971).
[9] D. R. Allum, P. V. E. McClintock, A. Phillips, and R. M.

Bowley, Philos. Trans. R. Soc. London A284, 179 (1977).
[10] C. A. Murray, R. L. Woerner, and T. J. Greytak, J. Phys.

8, L90 (1975).
[11] R. E. Boltnevet al., Chem. Phys.189, 367 (1994).
[12] Y. Takahashi, K. Sano, T. Kinoshita, and T. Yabuzak

Phys. Rev. Lett.71, 1035 (1993).
[13] G. zu Putlitz and M. R. Beau,Topics in Applied Physics

(Springer, Berlin, 1992); Vol. 70.
[14] J. H. M. Beijersbergen, Q. Hui, and M. Takami, Phys. Le

A 181, 393 (1993).
[15] F. Stienkemeier, J. Higgins, W. E. Ernst, and G. Scol

Phys. Rev. Lett.74, 3592 (1995); Z. Phys. B98, 413
(1995); J. Chem. Phys.102, 615 (1995).

[16] E. P. Peyroula and R. Jost, J. Mol. Spectrosc.121, 117
(1987).

[17] L. J. IJzendoornet al., J. Chem. Phys.85, 1812 (1986).
[18] M. Lewerenz, B. Schilling, and J. P. Toennies, Chem

Phys. Lett.206, 381 (1993).
[19] M. Hartmann, F. Mielke, J. P. Toennies, and A. F. Vileso

(to be published).
[20] Molecular Cryospectroscopy, edited by R. J. H. Clark and

R. E. Hester, Advances in Spectroscopy Vol. 23 (Wiley
Sons, Singapore, 1995).

[21] A. A. van Well and L. A. de Graaf, Phys. Rev. A32, 2396
(1985).

[22] M. H. L. Pryce, in Phonons in Perfect Lattices and
in Lattice with Point Imperfections(Oliver & Boyd,
Edinburgh and London, 1966), p. 403.

[23] F. Dalfovo, Z. Phys. D29, 61 (1994).
[24] W. G. Stirling and H. R. Glyde, Phys. Rev. B41, 4424

(1990).
[25] P. Hobza (private communication).
[26] E. F. Talbot, H. R. Glyde, W. G. Stirling, and E. C

Svensson, Phys. Rev. B38, 11 229 (1988).
4563


