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Single and Double Resonance Microwave Spectroscopy in Superfluid4He Clusters

I. Reinhard,* C. Callegari, A. Conjusteau, K. K. Lehmann, and G. Scoles
Department of Chemistry, Princeton University, Princeton, New Jersey 08544
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Purely rotational transitions of a molecule embedded in large4He clusters have been detected
for the first time. The saturation behavior shows that, in contrast to previous expectations, the
microwave line profiles are dominated by inhomogeneous broadening mechanisms. Spectral hole
and peaks produced by microwave-microwave double resonance have widths comparable to those
single resonance lines, indicating that relaxation occurs among quantum states of the inhomogeneo
distribution of each rotational level, at a rateø10 times faster than rotationally inelastic relaxation.
[S0031-9007(99)09422-3]
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The spectroscopy of molecules embedded in large4He
clusters has recently received considerable experimen
and theoretical attention [1,2]. Nanometer scale heliu
clusters (nanodroplets), containing from several hundre
to more than104 He atoms, provide a unique environ
ment for high resolution matrix spectroscopy where th
advantages of both conventional matrix spectroscopy a
molecular beam spectroscopy are combined [3]. Sin
these clusters will pick up molecules or atoms that they e
counter on their path without being appreciably deflecte
[4], they allow for a high degree of synthetic flexibility,
and, in particular, for the formation and stabilization o
weakly bound and unstable species [5–9]. Evaporati
cooling has been found to maintain4He nanodroplets at a
temperature of 0.4 K [10,11], well below the predicted su
perfluid transition temperature which ranges from 2.14
in bulk liquid helium to 1.5 K for clusters of only102 He
atoms [12]. As the perturbations imposed on the gue
molecules by the helium host are minimal, the shift an
width of spectroscopic lines in4He clusters are consid-
erably less than for traditional matrix environments [1
Furthermore, rotationally resolved spectra have been o
served for a large variety of molecules [11,13–18] whic
show the structure predicted by the gas phase symmetry
the molecules with, however, reduced rotational constan
By showing that rovibrational spectra in3He clusters col-
lapse into a single line, the weakly damped molecular fr
rotation present in liquid4He has recently been demon
strated to be a direct consequence of the boson nat
of 4He and is considered a microscopic manifestation
superfluidity [16].

An important unresolved question posed by the ir spec
relates to the physical process responsible for the li
broadening observed in rovibrational transitions, whic
ranges from 150 MHz in the case of the R(0) line in then3
fundamental in OCS [17] to5.7 cm21 for the case of the
P(1) line in then3 asymmetric stretch in H2O [18]. For the
carefully studied case of then3 fundamental of SF6 [11],
the lines were found to have a Lorentzian shape of wid
ø300 MHz independent of the rotational transition, which
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led to the suggestion that the linewidth reflected vibratio
relaxation and/or dephasing [17].

Since He clusters remain fluid down to zero tempe
ture and because of the very large zero point motion
the 4He atoms, it appears natural to assume that the s
tra of molecules seeded in this medium should not
play inhomogeneous effects other than contributions fr
the cluster size distribution via size-dependent freque
shifts which, however, have been shown to be small [1
In solids, variations of local binding sites lead to a dis
bution of vibrational frequencies, which results in inhom
geneous broadening that dominates the linewidths at
temperature. In contrast, in liquids local solvation fluctu
tions lead to dynamic dephasing. Treating the clusters
classical liquid, one may expect the time scale of the so
tion fluctuation (due to the large zero point kinetic ene
of the He atoms) to be much faster than the dephasing t
observed in most rovibrational spectra, and hence the e
of fluctuating solvation would likely be strongly motion
ally averaged [20], leading to homogeneous, Lorentz
line shapes. The spectra of SF6 [11] and CH3CCH [13],
which are well described with a free rotor Hamiltonian a
Lorentzian line shapes, seem to confirm the assump
that the major source of line broadening is of homogene
nature.

However, at temperatures as low as 0.4 K in a sup
fluid medium solvation fluctuations are probably mo
appropriately described in terms of the interaction w
the thermally populated fundamental modes of the c
ter. For typical cluster sizes (well belowN ­ 105) only
surface excitations (ripplons) have to be considered [
The coupling of the molecular vibration to these mod
has been estimated and found to be too weak to exp
the observed linewidths [21].

The observation of rotational structure in vibration
transitions suggests that pure rotational spectroscopy
excitation with microwave (MW) radiation, should pro
vide a useful probe of the rotational dynamics of t
dopant molecules in the superfluid helium environment
should be noted that it was not cleara priori whether such
© 1999 The American Physical Society
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spectra could be observed at all. Because of the short
sorption path and low densities characteristic of molecu
beams, direct MW absorption measurements are not
able. Whereas transitions in the uv and visible spect
range can be efficiently detected by laser induced fluor
cence [7,8,22], beam depletion spectroscopy is employ
to detect transitions in the near and mid ir [5,11]. In th
method, photon absorption and subsequent relaxation
the molecular excitation energy leads to He atom evap
ration from the cluster and a decrease in the flux of H
atoms in the droplet beam is observed. While absorpt
of a single ir photon leads to the evaporation of hundre
or more He atoms from a droplet, at least 10 microwa
photons per droplet need to be absorbed to provide s
ficient energy to evaporate a single He atom (,5 cm21

[23]). In order to produce a signal of sufficient size t
be detected, many He atoms per cluster must be eva
rated. This requires the rotational relaxation to occur
a time scale significantly shorter than10 ms. Although
a lower limit of the rotational relaxation time of the or
der of hundreds of ps is established by the linewidth
typically 1 GHz observed in the ir spectra [13], the up
per limit could be as high as tens ofms, in which case
no signal would be observed. The upper limit is impos
only by the fact that for all observed ir spectra the rot
tional populations are fully thermalized at the temperatu
of the He droplets by the time the clusters reach the la
interaction region.

Here we report measurements of the microwave sp
trum of HCCCN in He nanoclusters detected by the meth
of beam depletion spectroscopy. HCCCN was used
cause of its large dipole moment (3.7 D) and its line
structure (rotational constantB ­ 1.5 GHz in the helium
nanodroplets [13,14]), which leads to strong and well r
solved rotational transitions.

The molecular beam setup will be described in det
elsewhere [13]. Here we will give only a short summa
highlighting the aspects unique to the present study. Cl
ters are formed in a supersonic free-jet helium expans
from a cold5 mm diameter nozzle which, in the measure
ments presented here, is operated at 26 K and a stag
tion pressure of 100 atm yielding an average cluster size
ø3 3 103 atomsycluster (estimated from Ref. [24]). Af-
ter collimation by a conical skimmer, the clusters pa
through a pickup cell containing typically3 3 1024 torr
of the gas of interest and collect (on average) one fore
molecule each. Subsequently the clusters pass thro
a 10 cm long P-band microwave guide (nominal 12
18 GHz) which is aligned parallel to the cluster beam. T
MW amplitude is modulated at 310 Hz. The molecula
beam enters and exits the waveguide through two 3 m
holes in E bends located at each end of the device. If m
tiple resonant photon absorption and subsequent relaxa
of the molecule-helium cluster system occurs, the beam
pletion signal is recorded by a liquid helium cooled silico
bolometer using a lock-in technique.
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The microwave radiation is produced by a sweep ge
erator (HP 8350B) with a 0.01–26.5 GHz plug-in (H
8359A) and is amplified by a traveling wave tube amp
fier (Logi Metrics A310/IJ) to a power level between 0.0
and 3.4 W (corresponding to a field strength of 0.78
6.5 kVym in the center of the P-band waveguide). Th
power transmitted through the waveguide is attenuated
30 dB and measured by a crystal detector (HP 8473B),
output of which is used to level the power of the swee
generator during frequency scans.

Spectra of theJ ­ 3 ! 4 and theJ ­ 4 ! 5 tran-
sitions in the ground vibrational state of HCCCN ob
tained for various MW field strengths between 0.78 a
6.5 kVym are shown in Fig. 1. The line centers agre
well with the line positions predicted from the molecu
lar constants obtained from the rovibrational ir spectru
of HCCCN in the helium clusters [13]. The linewidth
(FWHM) are observed to increase from,0.6 to ,1 GHz
for theJ ­ 3 ! 4 transition and from,0.8 to ,1.2 GHz
for the J ­ 4 ! 5 transition when the microwave field
is increased from 0.78 to 6.5 kVym. At low MW fields
these linewidths are comparable to the width of the co
responding rovibrational transitions in the spectra of t
fundamental CH stretching mode [14], indicating that v
brational relaxation and dephasing which frequently are
dominant line broadening mechanisms in the spectra of
purities in classical liquids [20] are not the main source
broadening for a molecule such as HCCCN in a superflu
helium cluster. Similar linewidths have been observed

FIG. 1. Microwave spectra of theJ ­ 3 ! 4 andJ ­ 4 ! 5
transition in HCCCN in 4He droplets measured at variou
MW field strengths. The arrows indicate the line position
predicted from the molecular constants obtained from t
rovibrational spectrum of HCCCN in He clusters. Inse
Signal amplitude of theJ ­ 4 ! 5 transition at 13.1 GHz as a
function of microwave field strength. The linearity of this plo
demonstrates the inhomogeneous nature of the dominant
broadening mechanism.
5037
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and CH3CCH.

The dependence of the signal amplitudeS on the mi-
crowave field strengthE has been measured for HCCCN
with the MW frequency fixed at the top of either the
J ­ 3 ! 4 or the J ­ 4 ! 5 transition and is well de-
scribed byS ~ E2ys1 1 E2yE2

satd1y2 with the saturation
field Esat ­ 1.1s2d kVym (see the inset of Fig. 1). This
saturation behavior, resulting in a linear dependence of
absorption as a function of the MW field intensity forE ¿
Esat, demonstrates that, in contrast to the previous e
pectations, the linewidth is dominated by inhomogeneo
broadening [25]. With the saturation parametersEyEsatd2,
the homogeneous unsaturated linewidth is calculated to
at least a factor of 6 narrower than the inhomogeneo
linewidth observed at a MW field intensity of 6.5 kVym.
This sets the lower limit of the rotational relaxation tim
to about 2 ns.

An upper limit for the rotational relaxation time has bee
set by a MW amplitude modulation experiment: With th
MW frequency fixed on top of the3 ! 4 transition at
a MW field of 7.8 kVym, the signal height is monitored
while the MW field is 100% square wave modulated
a frequencyf. By modeling the3 ! 4 transition as a
driven two-level system, the absorbed microwave pow
is calculated to increase by a factor of 2 whenf changes
from f ø 1yT1 to f ¿ 1yT1, where1yT1 is the popu-
lation relaxation rate for the transition. This is basical
independent of the dephasing rate (1yT2), as long as the
microwave power is sufficiently large to allow for satura
tion. From the fact that no increase in signal is observ
for modulation frequencies up to 10 MHz we estima
an upper limit for the rotational relaxation time of abou
20 ns. This limit is in agreement with the independent b
less stringent estimate inferred from the comparison of t
strengths of the MW spectra and the ir spectra [13], whi
implies that the rotational relaxation takes place at a ra
not slower than in tens of ns.

In order to determine the homogeneous linewidth of th
rotational transition, microwave-microwave double res
nance experiments have been carried out. A second mic
wave source (HP 8690B, plug-in HP 8694B: 8–12.4 GH
is employed to generate microwave radiation at a fix
frequency. While the first microwave field (the probe)
frequency scanned across the3 ! 4 and the4 ! 5 tran-
sitions, the second microwave field pumps theJ ­ 3 ! 4
transition at about 11.1 GHz.

As the probe frequency approaches the pump frequen
a strong decrease in signal is observed due to the deple
of the J ­ 3 state by the pump, whereas the4 ! 5 tran-
sition signal is increased according to the enhanced po
lation of theJ ­ 4 state (Fig. 2). Remarkably, the hole
burnt into the3 ! 4 transition has a width ofø50% 70%
of the single resonance linewidth, implying that the rot
tional population inversion relaxation time is larger tha
4 ns. The increase in the4 ! 5 signal even occurs over
5038
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FIG. 2. MW-MW double resonance spectrum of HCCC
in 4He clusters compared to a single resonance spectr
The depletion in theJ ­ 3 ! 4 and the enhancement in
the J ­ 4 ! 5 transition occur over a significant part of the
linewidths indicating rapid relaxation among the substates
the inhomogeneous broadening of the individual rotation
levels with a rate much faster than the rotational populati
inversion rate. TheJ ­ 3 ! 4 transition is pumped with a
fixed frequency at 11.1 GHz and a field of 3.75 kVym while
the probing field is 5.3 kVym.

the total width of the signal, indicating that there is a fast r
laxation within the inhomogeneous distribution of each i
dividualJ level. This observation is important as it implie
that a substantial part of the inhomogeneous line broad
ing is due to a dynamic effect rather than to a static effe
such as the cluster size distribution.

The phenomenon of “dynamic” inhomogeneous broa
ening can be understood assuming that there are additio
degree(s) of freedom associated with a splitting of t
rotational state into several substates and that the m
cule may transit among these substates. Such transiti
which may well change the kinetic and potential energy
the molecule, but produce only a small change in its ro
tional energy, will be denoted as “elastic.” If the elast
relaxation rate is much less than the spectral linewidth,
line shape reflects the distribution of resonance frequ
cies of the molecules in these additional quantum stat
Each substate has a homogeneous width much narro
than the width of the inhomogeneous line. A double res
nance experiment would be expected to show a cor
spondingly narrow hole in the pumped transition and
peak on top of the transition starting from the populatio
enhanced rotor level. However, if the relaxation rate f
the rotor quantum number is slower still than the rela
ation between the substates, then the population dise
librium produced by the MW pumping will be spread ove
many or all of the substates. This produces, in our ca
a broad depletion in the lower rotor level and an enhan
ment over the complete width of the higher rotor level.

The relative areas of the depletion and enhancement
nals compared to the single resonance MW signal can
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used to extract the relative rates of the two relaxation pr
cesses. By kinetic modeling of the transition rates betwe
theJ ­ 3 andJ ­ 4 rotational levels and among the sub
states of each individual rotational state we estimate th
the elastic relaxation within one rotational state is abo
1 order of magnitude faster than the inelastic populati
inversion relaxation.

In order to determine possible mechanisms underlyi
the observed inhomogeneous broadening one of the
thors has analyzed the dynamics of a neutral impurity
a nanometer scale4He cluster [21] showing that for an
anisotropic impurity significant sources of line broadenin
arise from the coupling of the molecular rotation with th
center of mass motion of the dopant. These couplings ar
both from an anisotropic effective potential for the dopa
when shifted from the exact center of the clusters, a
from an orientationally dependent hydrodynamic contrib
tion to the effective inertial mass of the dopant. It shou
be noted, however, that it is not clear how the molecul
energy is transferred to the cluster since the energy relea
or absorbed by the molecular rotationally inelastic or ela
tic transition in general is not likely to match the quantize
energy of the lowest cluster excitations.

The measurements presented here are the first obse
tion of a purely rotational spectrum of any molecule in
liquid He environment, and have provided a unique wi
dow on the sources of line broadening and, in particula
onto the rotational dynamics of the dopant in the superflu
helium environment. It has been unambiguously demo
strated that the rotational lines are dominated by inhomog
neous broadening which is attributed to the coupling of t
center of mass motion of the molecule within the finite siz
cluster to the molecular rotation. The second major o
servation is that the molecule transits among the quant
states of the inhomogeneous distribution on a time sc
much faster than the rotational relaxation. These MW
MW double resonance measurements have been follow
by a separate study using microwave-infrared double re
nance which provides new information on the relaxatio
dynamics of the dopant in the cluster and its dependen
on the finite cluster size [26].
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