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In this article, recent developments in helium nanodroplet isolafiBNDI) spectroscopy are
reviewed, with an emphasis on the infrared region of the spectrum. We discuss how molecular beam
spectroscopy and matrix isolation spectroscopy can be usefully combined into a method that
provides a unique tool to tackle physical and chemical problems which had been outside our
experimental possibilities. Next, in reviewing the experimental methodology, we present design
criteria for droplet beam formation and its seeding with the chromog$jaréinterest, followed by

a discussion of the merits and shortcomings of radiation sources currently used in this type of
spectroscopy. In a second, more conceptual part of the review, we discuss several HENDI issues
which are understood by the community to a varied level of depth and precision. In this context, we
show first how a superfluid helium cluster adopts the symmetry of the molecule or complex seeded
in it and discuss the nature of the potential welhd its anisotropythat acts on a solute inside a
droplet, and of the energy levels that arise because of this confinement. Second, we treat the
question of the homogeneous versus inhomogeneous broadening of the spectral profiles, moving
after this to a discussion of the rotational dynamics of the molecules and of the surrounding
superfluid medium. The change in rotational constants from their gas phase values, and their
dependence on the angular velocity and vibrational quantum number are discussed. Finally, the
spectral shifts generated by this very gentle matrix are analyzed and shown to be small because of
a cancellation between the opposing action of the attractive and repulsive parts of the potential of
interaction between molecules and their solvent. The review concludes with a discussion of three
recent applications tda) the synthesis of far-from-equilibrium molecular aggregates that could
hardly be prepared in any other wafly) the study of the influence of a simple and rather
homogeneous solvent on large amplitude molecular motions(@rttie study of mixedHe/*He

and other highly quantum cluster®.g., H clusters prepared inside helium droplets and
interrogated by measuring the IR spectra of molecules embedded in them. In spite of the many open
questions, we hope to convince the reader that HENDI has a great potential for the solution of
several problems in modern chemistry and condensed matter physics, and that, even more
interestingly, this unusual environment has the potential to generate new sets of issues which were
not in our minds before its introduction. @001 American Institute of Physics.

[DOI: 10.1063/1.1418746

I. INTRODUCTION seen a really explosive growth in this area. For earlier re-
views of this field, see Refs. 1 and 2. Before describing the
motivations and general goals of this kind of research, we
In this article we review the motivations and the experi-shall first show how the natural evolution of supersonic mo-
mental methodology of helium nanodroplet isolationlecular beam infrared spectroscopy has led seamlessly to this
(HENDI) spectroscopy, with an emphasis on the infrared reapparently esoteric, but in reality simple, extension, which,
gion of the spectrum. After reviewing spectrometer desigras we hope to show here, is likely to spawn a large number
criteria and experimental know-how, we summarize ourof scientific and technical applications.
present understanding of line spacings, line shapes, and spec-
tral shifts, and discuss some of the recent results in as far @& The marriage between molecular beams
they illustrate general principles and possible future applicaand matrix spectroscopy
tions. Our aim is centered on discussing the current under- gacause of the long fluorescence lifetimes of vibra-
standing of the field, on identifying unsolved problems andonally excited molecules, it is impractical, with few
open questions, and not on providing a complete summary Qéxceptions:* to obtain infrared spectra in free jets using
the work published so far, because the last three years hayiorescence detection. At the same time, when the use of
well collimated beams is called for, direct measurement of
aElectronic mail: lehmann@princeton.edu the attenuation of the exciting radiation is also out of the
YElectronic mail: gscoles@princeton.edu questiorﬁ

A. Scope of the review
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This leaves bolometric detection of the energy depositedhe bulk matrix can be both manipulated and probed with
in the beam by a resonant, tunable laser as the method o¢latively low power, broadband light sources, a2y the
choice for this type of spectroscopyassuming unity parti- fact that the temperature of a cluster is “internally set” by
tion function and full saturation of the IR transition, it can be evaporative cooling and cannot easily be changed.
shown that with a seeded beam of “standard” intensity and ~ Another problem connected with MI spectroscopy is the
the typical sensitivity of a doped $or Ge bolometer oper- presence of matrix-induced perturbations, which can be
ating at 1.5 K(noise equivalent power on the order of 100 minimized by the use of bulk solid or liquid helium as a
fW/ JHz), signal-to-nois€S/N) ratios of up to 18 can be = medium. This, however, comes with a heavy price: injection
obtainec® of the sample into helium without causing aggregation or

The method is equally applicable to van der Waals com<condensation onto the walls of the container is extremely
plexes which, again with very few exceptiohslissociate difficult because of low solubility, and has been achieved
upon vibrational excitation. What is detected in this case is @lmost exclusively for atom¥.1t should be noted, however,
decreaseof the total kinetic energy carried by the beam, that high purity parahydrogen has been shown to form stable
because the dissociation fragments are deflected from tH®atrices for molecular dopants with perturbations, as mea-
beam axis, resulting in a decreased particle flux to the detegured by widths of rovibrational transitions, that are compa-
tor. rable to those observed in heliurh.

If the complex consists of a large number of monomer  The extension of CI spectroscopy to helium clusters,
units, it is nota priori obvious that absorption of energy Pioneered at Princeton about a decade ‘dgojves the prob-
must lead to evaporation, as the amount of excess energy p@m of sample injection. It has grown tremendously in im-
degree of freedom can conceivably be too small. One mugtortance since Toennies’ group in Bogen showed that a
consider, however, that the temperature of large van deguest in a host helium nanodroplet can yield a spectrum in-
Waals clusters is determined by evaporative codlimgnich dicative of free molecular rotation. Almost all the spectra
is a self-limiting process. It is then easy to appreciate that théeasured to date are consistent with the spectral structure
absorption of an IR photon by a large van der Waals clustePredicted by the symmetry of the isolated moledisiee Sec.
will in general put the cluster above the threshold for evapolll A). In contrast, in a solid matrixor even in a conven-
ration to resume. tional liquid, if an instantaneous configuration is considgred

Using this detection technique and concepts, IR spectrie total symmetry of the system is the combined symmetry
of hundreds of van der Waals complex@sostly below 4 of the molecule and that of the trapping site, usually Iow_er
monomer unitshave been obtained during the last 20 yearsthan that of the molecule alone. Furthermore, the matrix-
contributing a great deal to our knowledge of intermolecularinduced spectral shifts in helium are also much smaller than
forces’® For larger sizes, many experiments investigate d" any other medium, and often much smaller than
single chromophore molecule complexed to a cluster of rar€omplexation-induced shifisee Sec. |1l & For the purpose
gas atoms, in order to keep the interactions as simple dgfcomparlson withab initio calculatlon's, complexes formed
possible. This class of experiments has, however, about df He droplets can then be treated as isoldgzs phasg and

order of magnitude lower S/N ratios than the experimentéhe observed shifts provide direct information to decide
carried out on a seeded beam of stable molecules. which isomers are actually formed. There are two important

In spite of the added difficulties, the possibility of load- implications: (1) the structural information contained in the

ing a large rare-gas host cluster with almost any chroSPectral symmetry is undiluted, ar@) if a complex is

mophore by pickup of the latter in a “scattering” cell located formed in helium, the interactions of its parts with the sur-

on the path of the host cluster berhas generated a whole founding medium are too weak to significantly affect its

new class of experiments. As the exact number of atoms iﬁqumbr.lum' structure(zero_—pomt motions and, more dramati-

the cluster gradually becomes inconsequential, this approadia!ly: kinetics, are sometimes affecied ,

can be seen as the gas-phase analog of matrix isold¢ion _Fmally, the possibility of obtaining h|gh_ resolution spec-

spectroscopyt As in bulk MI spectroscopy, several classes @ in helium droplets at 0.38 K and, usirigle, 0.15 K,

of experiments can be carried out that involve both the unf'i”m"_’S for the St_Udy of superfluidity in nan_oscale systems, a

perturbed chromophore and its photodissociation/reactioﬁron_tler S“k_’leCt n condensed ma_xtter_ physics that has the_po-

products. tent|_al to give a substantial contribution t060ur understanding
In comparison with bulk Ml spectroscopy, its cluster iso- of highly degenerate many-body systefns.

lation (Cl) analogue has two main advantages and two major

disadvantages. The first advantage is due to the finite size of

the cluster matrix, which allows control over the degree of;| ExpPERIMENTAL METHODS

chromophore complexation. Uncontrolled aggregation upon

annealing plagues MI spectroscopy and sets one of the inevi- The history of liquid helium cluster/nanodroplet produc-

table limits of this powerful technique. The second advan-ion and the principal methods used for their study have been

tage is the fact that preparing the chromophore in a surfaceeviewed in the preceding article by NorthbyHere we will

location is much easier in a cluster than in a matrix. The twadnstead discuss the design criteria of a typical droplet source

disadvantages ar@) the usual transient character of every for HENDI spectroscopy, with particular focus on those used

molecular beam, which makes it necessary to use powerfuh our laboratory. The schematic of a typical experimental

laser sources to both pump and probe the cluster beam, whibpparatus is shown in Fig. 1.
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for the determination ofN) from expansion parameters is
generally recognized, different formulas have been proposed
for it.”®> The most popular one states ti{at) is a function
(not necessarily line@” of Pod**T,%*. The estimates that
we will give here for(N) use a formula by Knuttet al;?®

this formula is in fair agreement with the measurements of
Ref. 26, although the latter seem to scale differently Wigh

The case of supercritical expansion, which produces a bimo-
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waveguide-multipass dal distribution of much larger droplets, has been analyzed in
Refs. 20, 27, and 28. IR absorption has also been used as a
3 [ cold shield calibrated source of He evaporation to measure average clus-
to Diff. Pump 1| |3 to Diffusion Pump 3 ter sizes as a function of source conditighs.
- L Um S The exact shapédensity distribution of a He droplet

has been computed using both density functitrfaland
FIG. 1. Schematic of a typical experimental apparatus. From Ref. 18. Nonte Carld° methods. A good approximation for “back of
the envelope” calculations is that of a sphere having the
same density as bulk liquid heliunpg=0.0218 A3, for
A. Nanodroplet beam production “He) .3 According to this liquid drop model, a droplet con-

P 4 Y - 1/3
Due to the weak binding energy of small helium clusters,t"’"n'ng N “He atoms has a radi@=2.2N"" A. A more

large densities and low temperatures are called for in théeal'snc description uses the analytic functfori?
expansion, both resulting in a large gas flux. Therefore, lig- Po r—R
uid helium droplet sources require large pumps and/or very p(r)= > 1—tam‘( 2—>
small nozzles. The flux is proportional &,d?T, *?, where g
typical nozzle diametersd) range from 5 to 2Qum, pres-  which accounts for the diffuseness of the surface via a thick-
sures Py) from 1 to 100 bar, and temperaturéig} from 10  ness parameteg; the 10%—90% thickness~(1.1g) is esti-
to 30 K. Within the ideal gas approximation, a &n nozzle  mated by various methods to be6 A for “He (Ref. 21) and
with To=20 K andP,= 15 bar will discharge into the source ~8 A for *He.??
chamber approximately the same gas load as a room tem- The equilibrium temperature of a droplet is dictated by
perature 50um nozzle at 2 bar, i.e;~4 standard ciils evaporative cooling®>3*and can be extracted from the fit of
(=0.16 mmol/$. This is the maximum gas load that can bethe rovibrational spectrum of a probe molec(ec. 11 D 1.
applied to a typical diffusion pump with an effective pump- The measured values, 0.38 K féHe (Ref. 35, and most
ing speed of 4000 L/¢referred to N, i.e., 10 000 L/s for entries in Table)land 0.15 K for*He * are in good agree-
He) at the limit operating pressure=(3x 10~ Torr). Typi-  ment with theoretical predictions:>*
cally, droplets with an atom coumM of a few thousand are About 1 cm downstream from the nozzle, the droplet
formed. The large mass of these droplets means that tHegeam is collimated by a skimmer. As shock waves may play
beam intensity is not much affected by scattering from thea role in attenuating the beam, it is important that the shape
background gas. of the skimmer is optimized, and that its edges are as sharp
If a source is fed at the “standard” load mentioned pre-as possible. Typically, commercial electroformed conical
viously, it is possible to operate a droplet source with a smalskimmers, about 50.m in diameter, are usef.
two-stage closed-cycle refrigerat@he warm stage typically To give an idea of what intensity can be expected for a
operates at 80 K, the cold stage at 1pde€livering 1 W of  droplet beam, consider a detector located 500 mm away from
cooling power at the cold stag8.12 W of power are needed the source, wit a 1 mnt detection area, and an average
to cool the gas from 80 K down to 20)KHowever, due to cluster size of N)~4000. Assuming that 10% of the flux is
background radiation and background gas thermal loads, tha the droplets and that the droplet flux is spread uniformly
use of a 5 W refrigerator is recommended. This will allow over 1/10 of a steradian in the forward directiGmn conser-
experiments to span a larger temperature and gas load rangative estimatg one gets a flux of on the order of %0
and therefore to cover a larger range of average cluster sizedroplets/s at the detectdrNotorious difficulties in calibrat-
For sources which operate below 10 K, which are used foing the absolute values of molecular beam detectbesit
the production of very large clusteréN)>10°), either re-  bolometers or mass spectromejerske this number hard to
frigerators with lower minimum operating temperatures orcalculate precisely. For larger clusters, a first approximation
direct liquid He cooling are required. Closed-cycle refrigera-of the observable mass flux can be obtained by scaling the
tors with a zero-load temperaturé ® K are commercially number of clusters inversely with the number of atoms per
available!® of course at substantially higher cost. Cost is alsocluster.
the limiting factor for direct liquid He cooling, which is the Whereas pure and dopétie droplets have been exten-
cooling method that allows the maximum flexibility in terms sively studied far fewer experiments with puitde or mixed
of droplet size range and total flux that can be attaffed.  He/*He droplets have been ddré?*>*8-4%hiefly due to
In a subcritical expansiorfHe droplets exhibit a log- the high cost of the isotog€.Budget dictates thatHe be
normal size distribution, with a full width at half maximum continuously recycled, requiring specialized equipment:
of 0.55-0.75(N).?%?2 While the existence of scaling laws sealed pumps and a purification system. The gas is collected
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TABLE |. Rotational constants derived from rotationally resolved IR or erating costs are comparable to the other running costs of
MW spectra. Blank entries in the “Mode” column indicate purely rotational these experiments

spectra. The modes in parentheses indicate that more than one band has been

. . . 3
seen but the measured rotational constants do not differ enough to grant There is an important difference betWedEHBN and Hey

separate entries. qlusters: whereas the former are bound for dh§f calcula-
tions predict that smalfHe droplets of less than about 30
Boas Bre atoms are unstalff&*® because of the larger zero point en-
Molecule Mode — (em?)  (em™7)  Reference  orqy associated with the lighter isotopic mass. Experimen-
DCN 1.208 0.999 77 tally, a strikingly different behavior of average droplet size as
HCN 1.478 1.204 7 a function of nozzle temperature is observed for the two
HCN ! 1arg 1175 64 isotopes. Whereas the size te droplets increases gradu-
(HCN), vy 0.0582 0.0193 88 . . ) 3
(HON) ., 00156 00073 80 ally with decreasing temperatufé,the formation of3He
HCCON Vi 0.1517  0.0525 18 droplets sets in sharply, and at a considerably lower tempera-
HCCCN v, 0.1517  0.0518 69 ture (Tp=11.5 K for P;=20 bar andd=5um, giving drop-
(HCCCN), (A) vy () 0.0168 51 lets of about 4500 atomé%*?In the expansion of an isotopic
(HCCCN), (B) vi(v;) 00113  0.0050 51 mixture, formation of *He-enriched mixed droplets is
HCCCCH V3 0.1464  0.047 89 observed®*? The “He concentration in the droplets is sev-
H2Cl’CH vy 1.1766  1.0422 49 . . . .
H13C13CH ’y 11195 0.987 49 eral times higher than that of the expanding mixture
CH.CCH ” 02851  0.0741 87 (<4%) and depends on the expansion conditfSrBecause
CF,CCH 2, 0.2851  0.0717 69 “He will selectively solvate most dopants, the production of
CH,CCH 2y, (A) 01908  0.1004 69 pure *He droplets requires gas of high isotopic purif{Hée
CR,CCH 2v; (B)  0.0960  0.0355 69 <10 %), which is commercially availabl&
HCN-N, vy 0.0525  0.019 89
HF v 19.787 19.47 67
(HF), vy (v;) 02167  0.0986 66 .
CO—HF v 0.524 0.1022 89 B. Nanodroplet beam doping
No-HF " 0.1066  0.045 89 After collimation, the droplets are seeded with the mol-
0C*s Vs 0.2029  0.0732 90 . . .
oOcHs ) 01979  0.0706 90 ecule of interest by passing them through a small gas pickup
pH,—OCHS (A) Vz 0.0847 55 cell where the pressure is tailored to pbtain the des_ired_ mean
pH,—0C*S (B) Vs 0.0544 55 number of dopants per droplet. The internal and kinetic en-
pH,—OC*S (C) Vs 0.0422 55 ergy of the dopant, as well as the energy of solvation, are
Sk V3 0.0911 0.034 54 dissipated into the droplet and result in evaporation of He
ﬂgggg (g) vz (1) g-i;gg égg% gi atoms(200—250 atoms, each taking off 5.5—7 K of enetgy,
® v2 (1) ' ' are estimated for the pickup of a small molecule such as
HCOOH (C) v, (v))  0.3470  0.1996 91 . i X
DCOOH (A) " 116 91 HCN), leading to a microcanonical system cooled to 0.38 K
DCOOH (B) ” 0.24 91 (we assume puréHe droplets hefe On average, the impact
DCOOH (C) vy 0.21 91 parameter of the molecule is significaf@/3 of the droplet
Co, vs 0.39 0.154 92 radiug, resulting in a mean angular momentum~o#5N >3,
NH; va 9.96 7.5 61 per collision with HCN. Likewise, He evaporating at 0.38 K
ngﬂi 1 %8439225 g'igj gg will carry away 10—15% of angular momentum per atom. At
2~ V1 . N oy s .
0D,~HF " 0.487 0.159 89 present, it is not clear how much angular mo.mentgm remains
CH, Vs 52406  5.013 150 in the cluster after evaporative cooling, nor in which form it
N,O v+ s 0.419 0.0717 92 is stored if it exceeds the thermal values.
(CH3)3SICCH (A) 2v, 0.1056  0.0275 69 A quick estimate of the optimum pickup conditions can
(CHg)3SICCH (B) 2vy 0.0654  0.0144 69 be made by assuming unity sticking coefficient and a droplet
Ar—HF ! 0.102 0.04 89 cross section of 15M%3 A2 (see Sec. Il & further, the
Cyclopropane A+ B) vg 0.6702 0.1631 89 d let's si ducti ick d th |
CyclopropanéC) vy 04188 02416 89 droplet's size reduction upon pickup and the nonzero veloc-
oH,—HCN v 0.4303  0.0893 151 ity of the gas molecules are neglectétl the latter is ac-
pD,—HCN vy 0.2663  0.0805 151 counted for, the collision rate will increase by a factor of
Mg—HCN vy 0.0285 68 ~ 1+ (vmlvg)? Wherev~400 m/s is the droplet velocity
Mg3—HCN (A) vy 0.035 68 and v, is the rms velocity of the molecules in the pickup
Mgs—HCN (B) v - 0.0167 68

cell). With these approximationgurther corrections are dis-
cussed in Ref. 48 the pickup process results in a Poisson
distribution of the number of dopant molecules per droplet,
from the exhaust of the source chamber pumping systemand a column density corresponding4®.5N~?° Pa cm is
cleaned on liquid-nitrogen-cooled zeolite traps, pressurizedequired to maximize the probability of single pickup. Under
by a membrane compressor to 20—80 bar and fed back to thgpical conditions, the vapor pressure needed for efficient
nozzle. The recycling system used in Refs. 22, 35, andloping of helium droplets is on the order of 70Pa, some
40-42 needed about 20 Hagas to be filled. The loss rate four orders of magnitude lower than what is typically used in
under normal operation was?2 bar | per week?” Thus al-  supersonic jet coexpansions. This implies that many species
though a considerable initial investment is required the opean be doped into helium that are not practical to study by jet
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spectroscopy because of the high temperatures involved) their large output power, they have been successfully used
which are either difficult to reach or cause thermal decomito perform saturation measuremefits.
position of the species. The large cross sections for the drop- Most of the experimental spectra to date have been ac-
lets imply that the requirements on vacuum are more strinquired with color center lasers, in the 3um
gent than for beam experiments on monomers or smallegionl®5%51.64-683nd to a lesser extent, in the 18m
clusters. region®® These lasers offer broader tunability range, com-
Molecules captured by the same droplet are expected tparatively large output powdB0 and 250 mW, respectively
find each other and form van der Waals complexes, but oncand high resolution, as they can be stabilized to better than 1
past the pickup region, each droplet becomes an isolated systHz without too much difficulty. Since the 1,6m region is
tem and no further aggregation occurs. At the temperature afsed in telecommunications, commercial optical components
the droplet, 0.38 K, the rovibrational spectrum of a typical(e.qg., fibers, connectors, and high finesse cayites avail-
molecule spans-1 cm , which is generally smaller than able for this type of measurement.
the shifts induced by complexation. Hence, spectra of differ- At these power levels it is possible to bring near satura-
ent small oligomers will not overlap, and pickup of more tion a 10 MHz homogeneously broad, strong fundamental
than one molecule per droplet will only decrease the intentransition near 3um. If the lines are broader or the transition
sity of the single-molecule spectrum, without affecting itsweaker(as in the case of overtones at 1ufn), laser field
shape. For this reason, at least when one is concerned witnhancement devices can be usefully employ@ee Sec.
monomers and dimers only, high purity of the dopant gas idl D). Looking at the future, since HENDI spectral lines are
desirable but not essential. An extreme case is the spectrurarely narrower than 0.01 cmi (see Sec. Il ¢ and since
of H?C'CH, which has been obsern/Bat its naturally oc-  pulsed lasers with similar bandwidth are available, it would
curring abundancé2.2% interleaved to that of HCYCH. probably be useful to explore the possibility of developing
The situation is different for higher oligomers, because comypulsed helium nanodroplet sources. Pulsed devices that pro-
plexation shifts tend toward an asymptotic liffit*and the  duce small He clusters are already available at préSent.
spectra tend to merge. Nevertheless, in a favorable case com- For cw beam sources, narrow bandwidth high repetition
plexes of OCS with up to 17 hydrogen molecules have beerate pulsed lasers have recently become available at power
made and spectroscopically resolv&dhough this was done levels that allow frequency multiplication and mixing. As the
in mixed *He/*He droplets which cool to 0.15 K. Pendular use of regenerative amplifiers has allowed repetition rates up
spectroscopysee Sec. Il D 4 and Ref. b@llows even the to 10 kHz, the problem of the low duty cycle characteristic
modest width of the rotational contours to be collapsedpf traditional pulsed laser sources can be overcome. For
which is particularly favorable in separating closely spacedstrictly cw laser sources, recent developments that will likely
oligomer or isomer bands. find HENDI applications are cw OP@sand quantum cas-
cade laser& Quantum cascade lasers offer the advantage of
being available to wavelengths as high-a84 xm,” which
C. Radiation sources is going to be particularly useful for the study of large mol-

Since spectroscopy of doped helium droplets is stil aecules where, at higher frequencies, intramolecular vibra-

relatively new field, it is often the availability of a suitable tional redistribution(IVR) is an unavoidable source of line

radiation source that dictates the choice of the system to blgroadenmg and of loss of information.

studied. In the early day$;> SF; (v3 mode was chosen as
a dopant molecule because of its large absorption cross sec- i
tion in a spectral region where watts of radiatidrom line- D. Excitation schemes
tunable CQ lasers were available.
To achieve rotational resolution, this transition was laterl. Infrared

studied with a continuously tunable semiconduc¢tead salt
laser* The same type of laser was also employed for th
beautiful studies of OCS in mixetHe/*He carried out in

Gottingen1®°2:°556

Infrared (IR) spectroscopy in He droplets derives its
Qniqueness from the fact that the medium still allows rota-
tional resolution(a representative spectrum is shown in Fig.

2), even for relatively large molecules and complexes. This is

Pulsed lasers have also been used int%??srgy eXpermens pe compared to “classical” solvents, for which rotational
on HF-, B,O-, or NHs-doped helium droplets. ™ They of-  aqiytion is, at best, only possible for molecules of the

fer the advantage of high power and wide-range tunability;ajlest moments of inertia. Rotational resolution allows the

those come at the price of usually broadband emission, sgyeasyrement of the cluster temperature, a very sought after
that it becomes difficult to establish whether the width of thequantity as the following statemefrnade in 199%proves:

observed spectral lines is determined by the surrounding he-
lium environment or rather by the laser itsélfa instrumen-
tal linewidth or power broadening

High power line-tunable gas lasers, cw or pulsed, are
still being used up to the present tiffe?®® Because of the
sparse set of available lasing frequencies, they are modstonically, in the same book, the first results on infrared spec-
suited to the investigation of small molecules, with smalltroscopy in He clusters were summarized, and the following
moments of inertia and therefore well spaced lines. Thankprediction was made:

But so far no “thermometer” to measure a cluster’s
temperature is available. Worse, there does not even
exist a suggestion how to construct ofieef. 74,
Chapter 1.5Experiments not possible today
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~
1

] on axis beam flux. Even with helium evaporation occurring
K/ \/ R ' at 0.38 K, the mean lab frame scattering angle of the evapo-
] o rated helium is still=10°, and so the evaporated helium
atoms largely miss the detector. The relative sensitivity of the
two detection methods is hard to determine unambiguously
from the literature spectra, as they involve widely different
source powers, transition moments, and detection geom-
etries. Our attempt to correct for these factors suggests that
detection of depletion with a bolometer is about a factor of
10 more sensitive than with a mass spectrometer. This as-
sumes use of a continuous wave laser and of a multipass cell.
The latter partially offsets the shorter excitation lengtila-
tive to the more efficient counterpropagation scheme pos-
£568.5 sible with the mass spectrometeso that ultimately only
modest reduction results. The mass spectrometer will likely
give superior sensitivity in the case when one is using a low

FIG. 2. Spectrum of the 2 transition of propyne, and fit to a symmetric rgpetition rate pulsed laser for excitation, due to the possibil-
top. The inset shows the linewidth for each transition. Note that at the . .
temperature of the dropl€d.38 K) the Q branch would be absent if nuclear ity of using gated detection.
spin relaxation had taken place. From Ref. 69.

peak width [GHz]
1

(=4

4-32-101234
transiton number

P

bolometer signal

6568.0
wavenumber [cmEl]

2. Microwaves

Investigation of purely rotational transitions in doped he-
lium clusters shifts the frequency spectrum to the microwave
(MW) region. Radiation is confined inside a section of wave-
guide(part of which is collinear with the cluster beaprop-

) _ erly terminated at the ends. Confinement is necessary not
Continuously tunable, narrow-band lasers were indeedyy to concentrate the available microwave power, but also

the key that, one year after, allowed for rotational resolt;tionco minimize its absorption or rectification by the bolometric
to be achieved and thus temperature to be meastféd”  yetector, which can easily obscure the true signal.

The Fechnical solgtion that was used to overcome the power pre rotational spectroscopy in He droplets differs from
requirement consists of a different arrangement of how thg;ipational and electronic spectroscopies in that it is inher-
laser beam interacts with the beam of doped droplets. “éntly multiphoton. One can see from Table | that in a He
contrast to the opaque bolometer detectors of the early exgroplet the energies associated with a pure rotational transi-
periments, the use of a “transparent” mass spectrometer dgjon (0.5-70 GHz are insufficient to evaporate even a single
tector allowed for a setup whfare th_e Iaser_and cll_Jster beame atom. Microwave spectroscopy in a He droplet relies on
counterpropagated, resulting in an interaction region of tengne occurrence of rotational relaxation in an isolated droplet,
of centimeters. W|th this arrangement, low power diode layhich allows a dopant molecule to repeatedly absorb pho-
sers can be profitably employéﬁAddmonal benefits of us-  ons and release their energy into the droplet. The fact that
ing this setup for pulsed lasers is that their duty cy@le-  the observed signals are of the same magnitude as for infra-
fined as the fraction of th% beam that is in the laser fidd  yeq transitions has been used to estimate the number of re-
increased from 10° to 10" * and the detector output can be |axation cycles that each molecule must undergo in<160
time gated to match the depletion transient. _ s it spends in the MW field, and thus to place the rotational
When bolometers are used as detectors, multipasstellsr|axation time(see Sec. Il € on the submicrosecond time
and power buildup cavitié® have been successfully em- ¢caje for HCCCN®
ployed. While a well aligned multipass cell can give @ 30-10  Tpg |arge amount of available microwave powens of
50-fold increase in signal relative to the single-crossing casgyattg, along with the large transition dipoles in this spectral
a resonant cavity can further enhance the radiation INtensiYagion has made saturation measurements pos&ibig’
seen by the droplets by one order of magnitude. Naturallyyhich have been used to establish and quantify the domi-

this comes at a price, since, as the laser is scanned, the cavifynce of inhomogeneous broadening in HENDI spectros-
has to be kept in resonance by suitable feedback electronic§opy_

Moreover, as currently implemented, the interior of the cav-
ity is a volume bound by metallic surfaces; as such it is
effectively shielded from electromagnetic fields. Hence,
double resonance and Stark spectroscopy experiments are The term double resonan¢BR) refers to the coupling
not possible. Nevertheless, the large amount of availablef two transitions by a common level, which allows driving
power (currently only matched by line-tunable gas lag&rs one transition(the “pump”) to change the strength of the
makes this approach very desirable to reach saturation cowther (the “probe”). In the gas phase, DR is routinely used
ditions, and to study forbidden transitiofts. (1) to simplify the assignment of complex spect(@) to
HENDI spectra have been measured by beam depletioreach states inaccessible by one-photon selection rules, and
using both bolometers and mass spectrometers to detect tk® to measure homogeneous lines within an inhomogeneous

In future the technique may be combined with con-
tinuously tunable narrow band lasers of higher
power as these become availafildd., Chapter 3.7:
Infrared spectroscopy

3. Double resonance
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profile. To date, with one exception, only ty[§8) experi- molecules is in general highly anisotropic, the net induced
ments have been done in helium droplets, and only in thenoment provides a potentially interesting measure of the an-
simplest “steady state” versions, i.e., without explicit time isotropy. Recently such calculations have been performed for
resolution of the time delay between pump and probe fieldsMg (3P) solvated in He, with the anisotropic density ob-
The exception is the recent hole-burning study of the electained by a density functional method, and a 6.2% reduction
tronic spectrum of tetracerf& which shows a helium in- of the optical transition dipole of Mg3P — 39 transition
duced splitting of the electronic band origin. The complexityhas been calculatéd. Such a reduction, along with the
of the dynamics in helium droplets has unfortunately madesolvent-induced redshift, has been found to quantitatively ac-
the interpretation of these experiments much more difficulicount for the experimentally measured increased lifetime of
than that of their gas phase analogues. the transition. The solvent-induced stabilization of dipolar
The first double resonance study in helium were thestructures was listed as one of the possible causes of the
MW-MW experiments performed on thg® and R4) tran-  decreased tunneling splitting observed for the HF dimer in
sitions of HCCCN'® Saturation measurements on these rotaHe droplets(see Sec. IV B
tional lines had shown the pattern of a typical line to be  Nauta and Mille?* have studied the Stark pattern of the
dominated by inhomogeneous broadening. It was expected(0) line of HCN in the IR. They find the splitting and in-
that DR spectra would directly reveal the homogeneous comensity pattern expected from the isolated molecule, but with
ponent of the line, as in a classical hole-burning experimenthe observation that what appears to be a splitting of the
(Ref. 79, page 438 The observation of lines much broader [M|=0,1 components persists even at zero field, as a poorly
than expected was interpreted as a sign of spectral diffusiofesolved doublet structure of the(@R line (see Fig. 5 A
(see Sec. llICR careful study of the dipole moment in this and other systems
In an attempt to gain further insight, MW—-IR experi- would likely be quite valuable for testing theoretical predic-
ments on HCCCR have been performed. Independent oftions of the helium solvation structure.

this work, MW-IR double resonance experiments were per-  Another relevant manifestation of Stark effects is the
formed on OCS? Because rotational relaxation times in He mixing of rotational state¢Ref. 83, Sec. 10)6In He drop-
clusters lie in the nanosecond rangliring which a cluster |ets it has been exploited to inducérmrmally forbidden Q

only travels a fewum), double resonance experiments re-pranch in those linear molecules, such as HCN and HF,
quire spatial overlap of the two radiation fields. While in whose zero-field rotational constants are large enough that
MW-MW experiments this is readily achieved, in MW-IR theijr spectrum consists of the® line only. By this method,
experiments spatial overlap has been achieved by eithghe hand origin and the rotational constant of the molecule
propagating the laser along the axis of the waveglfid®, can be directly measuréd.In this application the field is

by using the walls of the waveguide as a substrate for thiept as weak as possible, compatibly with the need of induc-
mirrors in a multipass arrangeméhtsee Fig. 1 The long ing a measurable signal, and indeed an accurate value for the
wavelength of microwaves, compared to the transverse digand center is obtained by measuring the position of the Q

mensions of the cluster beam, makes it possible to have holgganch at increasingly weak fields and extrapolating to zero
drilled into the waveguide as ports for the cluster and lasefig|q.

beam, \ivithout introducing significant microwave_ iosses. The electric field can be used to “tune” the frequency of
~ While a MW—IR scheme introduces the additional com-5 given transition. This has been exploited to quench tunnel-
plication of vibrational excitation(which fans out the ing in (HF)2'66 and to perform time-resolved relaxation mea-

“probe” transition _frequencies associated with a given g rements in the ms rangby mapping different excitation
“pump” frequency), it has the advantage that the probe laselimes onto an electric field gradierif

can cover the entire manifold of rotational levels, thus prob- e the information contained in the rovibrational

ing rotational states that are not directly connected via thg amiltonian has been extracted, rotational resolution actu-

pump field. With some differences, probably due to the usey hecomes a nuisance: first, the band strength is fraction-

of different molecules, both experiments find that the POPULted, resulting in smaller signals: second, a typical spectrum

lation of a_II Ie_vel_s is to some e>_<tent affect_ed by the pumpspans a range comparable kgT (0.38 K or 0.26 cm?),
beam, which indicates fast rotational diffusion. which results in a corresponding loss of resolution when try-
ing to identify closely spaced banda common occurrence
4. Stark spectroscopy when many different van der Waals complexes of the same
Stark spectroscopy has been shown to be a potentialljnolecules are presentFor gas phase polar molecules, an
valuable tool to learn more about the interactions of the dopelegant solution is pendular state spectrosé3f§which is
ant molecule with the helium environment and possible disthe application of a static electric field sufficiently strong to
tortions of the molecule(particularly of complexesby  convert the rotation of a molecule into oscillations of the
gentle helium solvation®®* In a simple linear dielectric ap- dipole moment around the external field. In the strong static
proach, one would expect the molecular dipole moments tdield limit (and with the permanent and transition moments
be reduced in helium by its dielectric constant, 1.855. parallel to each othgrthe entire rotational contour of the
However, this is only valid for a dipole in a continuous me- spectrum collapses into a single line at the wave number of
dium. If the dipole is located in the center of a sphericalthe purely vibrational excitation, with an integrated intensity
cavity, the induced dipoles in the solvent cancel out and giveéhree times that of the entire band at zero fighe traditional
no net change in dipole moment. As the solvation aroundpectroscopic “conservation of intensity” holds, it is just the
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matically changed spectroscopic constafgse Sec. Il D
and Fig. 2. High temperature spin statistical weights have
been observed, indicative of negligible relaxation between
nuclear spin isomers on the time scale of the experiment
(~100 us), as first noted by Harmst al® (see also Fig. 2
Viewed in terms of a classical picture of the instanta-
neous configurations of the helium atoms, the above-
. mentioned preservation of symmetry is unexpected in that
these instantaneous configurations do not retain the molecu-
lar symmetry. In view of the large delocalization of the He
. ﬂ { atoms, we must rather consider the symmetry of their ground
— state many-body wave function, which is the same as the
molecular symmetry. Bulk excitations of the helium droplet
would lower this symmetry, but at the temperature of the
F'G-bi-r i}a;':()sn%erg::"gngf gﬂfﬁi :h?ih”es r?uf Ey?e”sooﬁﬁggyr']@g'gﬁ:2\‘/‘a‘;)>l’et*\‘lath droplets, liquid-drop-model calculations indicate that there
ggzqdular state spectrosccs>py. Thegseries ?s taken at progressively smal@f€ N0 therma”y excited phonoﬁ”sThermal excitations are
droplet sizes, showing that the size of the droplet limits the length of theéPresent in the surface modes of the droplet, but these appear
chains that can be formed. From Ref. 51, reproduced by permission of Thto couple weakly to the solvated molecules, though they
Royal Society of Chemistry. must ultimately be responsible for the relaxation of the latter
into thermal equilibrium with the droplet. Thus, we are lead
do view the helium not as a classical fluid of rapidly moving
particles, but as a quantum probability density associated
with a bosonid\-body wave function, which is a smooth and
continuous function of coordinates and reflects the symmetry
of the potential that the molecule creates for the helium.

®)

©

3210 3220 3230 3240 3250
Wavenumber /om’'

orientation of the molecules is now fixed, and absorption, n
longer averaged, will be maximum when the transition di-
pole and the laser polarization are paralléllis indeed pos-

sible to use the signal strength as a function of relative po
larization of the optical and Stark fields to determine the ) ]
angle between the static and transition dipoles. One potential counterargument of the above-mentioned

This technique has been applied to He droplets by Nautgrodel is_ th_at Iinear_ moleculgs will create a _cyIindricaIIy
and Miller5%8t is particularly attractive in this environment Symmetric ring of helium density around them, implying that

because both the low temperature and the increased mome/§ €ntire system should act as a symmetric top, which has
of inertia make it easier to reach the required “high field” &" additional rotational degree of freedom. However, it is

limit. By this technique, the spectra of linear chains of up to®Sily shown that the Bose symmeéry of the helium elimi-
8 HCN units®® and up to 12 HCCCN unité have been re- nates the low lyingK excited stateS’ states with angular
solved(see Sec. IV A and Fig.)3 momentum along the symmetry axis cannot be thermally

Suppression of rotation can also be achieved by replad?oPulated, and th&=0 spectrum of a symmetric top is
ing “He with 3He.»5% The technique has been used to col-indistinguishable from that of & state of a linear molecule

lapse the absorption bands of OQ8i,), complexes so that (S€€ also Sec. IV D This argument alone does not exclude
n could be assigned via the measured band ShiftThis ~ the possibility of creatincK>0 states with modest energy
method is applicable even to nonpolar cases, but lines wilf ~ 3.2 K has been estimated for OCS in){&However, in

typically not be as narrow as fdHe spectra. order to create such a “vortex” excitation localized in the
first solvation shell, it is necessary to have a nodal surface

IIl. CURRENT UNDERSTANDING AND OPEN separating it from the vortex-free remainder of the helium

QUESTIONS droplet!*® such a nodal surface may come at a steep energy

cost, making the creation of high-modes even more diffi-
cult. It would be interesting to have an estimate for the ex-
citation energy of such states calculated with the fixed node
The most remarkable feature of the vibration—rotationdiffusion Monte Carlo(DMC) method.

spectra of molecules in liquiHe nanodroplets is the pres- Miller’s group has observed two examples of spectra of
ence of rotational fine structure, either quantum state rehighly polar linear moleculegcyanoacetylene dimer and
solved or observed as rotational contours. This was first seddCN trimen®! which appear to have Q branches, and thus
in the seminal work of Hartmanet al>* on the spectrum of suggest a breakdown of this “rule” of preservation of mo-
Sk, but has now been observed in a wide range of othelecular symmetry. The origin of the Q branches in these
molecular solutes. Table | contains a list of molecules studiedases has not yet been explained conclusively. It has been
to date with rotational resolution in the IR, at least as knownproposed that they arise not from population of higker

to us. In almost every case, the nature of the spectroscopitates of the helium, but are due to some mechanism that
rovibrational structure is exactly what one expects from thenvould create an anisotropic potential for rotation of the mol-
gas phase, i.e., the standard spectroscopic signatures ofeaules. One candidate is the anisotropy due to the finite size
linear, symmetric, or spherical top are preserved, along witlof the droplet and the delocalization of the molecule in the
the rotational selection rules based upon the symmetry of théroplef? (see Sec. Ill B. This model predicted the wrong
gas phase transition dipole moment, though often with dradroplet size dependence of the Q-branch intensity unless an

A. Molecular symmetries in the nanodroplet
environment
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ad hocenergy term was added to favor location of the mol-these molecules are located in a nearly isotropic environ-
ecule slightly below the helium surface. Another propdsal ment. This rules out surface sites since their reduced symme-
is the presence of a vortex in a minority of droplets, which istry would lead to a characteristic splitting of tihé degen-
expected to strongly align molecules along“ifTthis would  eracy, as has been seen for the electronic spectrum bf He
also appear to favor Q-branch intensity in smaller dropletsvhich resides above the surface of the helifr®nce a mol-
since a larger fraction of pickup collisions in such dropletsecule penetrates the helium surface by more than the first or
would be expected to impart enough angular momentum t@erhaps second solvation layer, a relatively flat potential is
create a vortexon the order of oné per helium atom We  expected. Toennies and VilesS\proposed treating the mo-
would like to add to the list the anisotropy that arises fromtjon of the solvated molecule as that of a free particle in a
the hydrodynamic coupling of rotation and translatibfsee  spherical box. However, one can explicitly calculate the ef-
Sec. Il B), which is expected to be most important for pre- fective potential that pulls the molecule toward the center of
cisgly the extremely prolate molecules for which thi_s inter-yhe droplet by summing up the missing long-range interac-
esting effect has been observed. Furthermore, this effegjons outside of the droplét.e., taking the molecule in bulk
should be most important for large droplets, where the MOpgjiym as the reference statd@he resulting potential turns
tional averaging of the linear momentufio which the an- — ,;+ 14 |ocalize molecules well within the dropletsee Fig.
gular momentum is cogpléds slowest. Clearly,. these “odd 4), keeping them away from the surface region where the
spectra should be subjected to further experimental and th {pproximations used to derive the potential are expected to
oretical work §inc¢ some important new dynamical effectbreak dowr?S The spectrum of thermally populated energy
ma)lltpe reve}:[ﬁlmgt.nse![fhb:/ these ﬁc)r:ﬁnome'ga. tional : levels of a particle in this potential resembles more closely
IS worth hoting that none ot the rovibrational SPectra . ot a three-dimensional harmonic oscillator than that of a

observed in helium have shown evidence of “phonon article in a box; the heat capacity arising from this motion is
wings.” Such features, which appear to the blue of the mo? : pactty 9

o . . . “nearly g and is similar to that of an entire, pure helium
lecular excitation and involve creation of one or more helium Yy X P

phonons upon solute excitation, are observed and often pr%anodroplet of 3 nm radius. The effective frequency for vi-

dominate in electronic spect?&’®’ The strength of the pure rational motion in this patentlal is-0.5-1 GHz in typical
molecular excitation, the zero phonon li(&PL), is expected cases. T_h_e pote_nt|al IS proportlonal_ o the m(_)k_acule_—hehum
to decrease exponentially with the degree of solvent reorga=e CO€fficient minus the helium—heliug coefficient times
nization upon molecular excitation, and thus the completdn€ nét number of helium atoms displaced by the molecule,
dominance of the ZPL in the case of vibrational excitationl-€- there is a buoyancy correction due to the change in the
implies that the reorganization of the solvation density musfet heI|u0r(r)1—heI|um interaction as the molecule s
be negligible relative to the zero point fluctuations of thedisplaced:

helium ground state density. Perhaps the study of floppy, For a non-spherically-symmetric molecule, displacement
large amplitude vibrational modésee Sec. IV Bwill show from the center of the droplet leads to a reduction in site
evidence of the phonon wings, which could provide valuablesSymmetry and a weak coupling between translational and

data on solvent reorganization in a quantum liquid. rotational motion. The leading coupling term haB g cos 6)
] . . dependence on the anglebetween the axis of a linear rotor
B. Translational motion of molecules: molecule and the displacement vector from the center of the

Where are the molecules? droplet (P, are the Legendre polynomialdf the displace-

The gas-phase-like symmetry of rovibrational spectra ofments from the center are assumed to be static and their
molecules attached to helium droplets strongly suggests thalistribution given by Boltzmann weights, th asymmetric
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field results in the same type of characteristic splittingvbf
components of a transition as discussed previously for a sur-
face location, and is easily calculated analytically. However,
calculations indicate that the expected splittings are on the
order of, or less than, the vibrational frequency in the 3D
potential, and thus the splittings are predicted to be at least
partially motionally averaged. Lehmatirhas given explicit
matrix elements for calculations in a coupled basis of trans-
lational and rotational angular momenta of the molecule, and
presented some sample calculations.

Another important coupling of translational motion and
molecular rotation is expected to arise from hydrodynamic
effects(see Sec. Il D 1 The translational motion of an el-
lipsoid in helium leads to a hydrodynamic contribution to the
effective mass, which depends upon the orientation of the
ellipsoid relative to the linear momentum. Lehmé&hhas
derived the quantum Hamiltonian including this coupling
term, and the resulting matrix elements between the transla-
tional and rotational angular momenta. Model calculations
on simple systems, such as HCN and OCS, suggest that the
hydrodynamic coupling is more important than the potential
terms mentioned in the previous paragraph. It is interesting
to note that the hydrodynamic term leads again to the ex-
pectedP,(cos#d) induced splittings in the limit of bulk he- —
lium, where the potential asymmetry goes to zero. -1500 -1000  -500 0 500 1000 1500

The relatively dense manifold of center-of-mass states, Relative frequency [MHz]
coupled to the rotation of the molecule which changes upon
rovibrational excitation, creates a source of inhomogeneouS/C: 5- RO) line for DCN (»,=0) and HCN ¢,=0,1,2), evidencing the
broadening in the spectrum that was originally not I,ecogjmp.ort{;mce_ of mhomoggneous brqademng.'!’hese data show that vibrational

excitation is not very important in determining the broadening pattern,
nized: quantization of the translational motion should lead tGvhereas the mass of the dopant is, suggesting a nontrivial dynamics inside
a potentially resolvable fine structure of the spectral featureghe droplet. The data are adapted from Refs. 77, 77, 64, and 69, respectively.
However, it is likely that the broad droplet size distribution The zero of the frequency was selected to best overlap the transitions.
present in all rovibrational spectra observed to date will wash

out any details of this fine structure, which is then only ob-WeII as in the deuterated moleculeee Fig. 5. For OCS, the
servable as a source of inhomogeneous broadening in tql%es in the P and R branches have tails that point toward the

Spe(‘i}rrg:é couplings of the center of mass and rotational mol?arld origin and widths that grow with Possible explana-
. piing ; . “tions have been discussed by Grebeeeal *° Available evi-
tion of the molecules are believed to make important contri-

. ) X dence suggests that one can expect inhomogeneous broaden-
butions to the inhomogeneous line shapes often observed 99 P 9

rovibrational spectra. However, calculations done to datl.Hg t.o contrlpute a few huqdred MHz or more to the
have neglected the v.ibrational dependence of the interacti(jhnewmth’ e_quwglent toa I|f_et|m_e of a few ns. Often,_ rota-
of the helium with the molecules. Any such model redictstlonal and V|brat|onql relaxat|_0n 1S slower tha_n that, W‘Fh
that the line shape will be inde ' d yt  vibrati ?t _the notable exception of vibrationally excited J4F still
. P pendent o vibrational transi., -, faster than the 0.1-1 ms time scale of the experiment.
tion, and that the R) and PJ—1) transitions should be

. . L | This slow relaxation derives from the large mismatch
mirror images, which is not Wh".it IS gener_ally obser_ved._Onc%etween the frequencies of the modes of the molecule and
vibrationally averaged potentials for different vibrational those of the helium battthe helium cannot respond on the

states become available, it will be possible to more critically&i‘1me scale of the vibrational motion of the molecul@he

test the line ;hapes predicted by this que!. At present, | aximum energy of an elementary excitation in bfie is
must be admitted we do not have a quantitatively successf%lbout 20 K92 As a result, V—T(vibration to translationand

theory. even most V-V(vibration to vibration relaxations require

simultaneous creation of man($0—-100 phonons/rotons in

the helium. One expects the rate of such processes to be
Direct evidence of inhomogeneous broadening is onlyslow, decreasing exponentially with the number of phonons

available for a few molecules; nevertheless, there are reasoirs/olved.

to believe that it is common to all molecules. One reason is ]

that the rovibrational lines rarely fit to the Lorentzian shapesl- Homogeneously broadened profiles

predicted by simple lifetime broadening models. This is par-  Exceptions to the above-given argument are expected in

ticularly evident for HCN, for which the ®) (J=0—1) cases of very low frequency, large amplitude modes, and in

transition has been studied in several vibrational states, asses where there is a resonance, or near resonance, of vi-

C. Line shapes of rotationally resolved lines
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TABLE II. Vibrational lifetimes calculated from apparent homogeneous TABLE IIl. Rotational lifetimes measured in He nanodroplets. The entry in
linewidths in He nanodroplet@xcept Ar—HF, measured directlyThe entry the column “Note” refers to the droplet modes responsible for rotational
under the header “Note” refers to the cause of vibrational relaxation; “Ten- relaxation.

tative” indicates that vibrational relaxation i@assumedas the dominant

cause of broadening. Molecule Levels or band  Lifetiméns) Note Reference

Molecule Mode  Lifetime(ns Note Reference ~ HCN/DCN J=0 ~10 Surface? 7
HCCCN J=3,4 2-20 Surface? 76

HCOOH v, (@ 0.12 Fermi resonance 91 HCCCN J=2,4 10-100 Surface? 18

HCOOH vy (b) 0.09 Fermi resonance 91 HF v=1,J=1 12x10°3 Bulk 67

HCOOH vy (€) 0.05 Fermi resonance 91 (HF), v, K=1 2.7x10°° Bulk 66

d;—HCOOH vy 0.15 Fermi resonance 91

H%Cl’CH V3 0.12 Fermi resonance 49

H3ctCH vy ~1 Fermi resonance 49

(HCN), vy >0.64 66 2. Indirect measurements: Saturation, double

(HCN), v, 0.15 Dissociation 66 resonance

(HF), v, >0.53 Dissociation 66 .. . .

(HP), vyt g 7%10-3 Tentative 66 _For large molecules, the dissipation channel into _bulk

(HF), vitv,  3x10°° Tentative 66 helium modes is c_Iosed for thermal_ly populated r(_)tatlonal

Ar—HF v 1.5x 10° 84 states, and relaxation must occur either by R¥dtation—

Sk v3 0.56 Tentative 29 translation transfer(for which Franck—Condon factors are

CH,CCH 2v, 0.16-1.5 Tentative 69 unfavorablg® or by coupling to the softer surface modes of

the droplet. Because long-range forces confine the molecule
to spend most of its time away from the surface, the latter
coupling is weak, and relaxation times are correspondingly
extended into the nanosecond rarigee Table ll). In fact,
brational levels in a molecule and the optical excitation acthe coupling to the surface modes has been estimated to be
cesses an upper component of the resonance polyad. This ce® weak® that it is an outstanding question how the mol-
be compared to the behavior in the gas phase, where it @cules can come to equilibrium with such a grainy heat bath.
well established that anharmonic resonances allow for rapiéines are then inhomogeneously broadened, but homoge-
(i.e., approaching the speed expected for rotational relax?€ous widths can still be estimated from saturation and
ation) V-V collisional relaxation inside the set of coupled double resonance measurements.
levels. The first such measurement, the MW-MW experiment
A related phenomenon is the case of molecules which iff" HCCCN® faced a set of apparently contradictory find-

the gas phase have a density of states slightly below thdf9S: the single resonance saturation data demonstrated that

required for IVR via high-order relaxation, such as propynethe strength of ro_tat|0nal lines was prqportlonal to the square
root of the applied power over a wide range, the classic

in the 2v; mode. In helium, the effective density of states is _ ) X X
gnature of saturation of a line dominated by inhomoge-

raised, as the helium can be excited with one or more low'

energy quanta, thus accommodating small energy mig_€0Us brogdeninﬁ‘. As the only pr_eviously considered
matches. Molecules with a sufficiently high density of statesOUrce qf inhomogeneous bro_ademng was the spregd of
droplet sizes, a standard analysis based on the assumption of

to undergo statistical IVR in the gas phase, such ag ..~ - .
. 69 . static” broadening predicted that double resonance mea-
(CH3)3SICCH /> are at most weakly affected by the helium. .
surements would directly reveal the homogeneous compo-

An interesting case occurs when, in the gas phase, excl- . . . . ) ;
tati Id h | le to di iate. While the h nent of the line via hole burning with the pump field, i.e., a
ation would cause the molecule 1o dissociate. Whiie € Neg ot hole and hill in the absorption of the préBeyith a

lium forms a “cage” which may prevents dissociation, it width of no more than 150 MHz. It was instead found that

would still accommodate some of the excitation energy. ASpe jinewidths of the transitions affected by the pump beam
in the above-mentioned case, one might still be left with anyere comparable to those measured in single resondnce
excited species, but as for determining the lifetime, the i”i'GHz). The contradiction was solved by ascribing inhomoge-
tially excited state would appear to have relaxed. So far thigeqys broadening to the spectral diffusion of the dopant over
scenario has only been observed for van der Waals comy set of quantum state@nost likely different translational
plexes, and the lifetimes are only moderately decreased relaiates within the droplet; see Sec. ll).Bnitially it was as-
tive to their gas phase value. All the values measured to dat§med that such diffusion occurred on a time scale faster
are reported in Table II. than rotational population relaxation. Upon further analysis,
All the experimental evidence currently available indi- jt was realized that this would have corresponded to a much
cates that the line profiles are determined by rotational relaxhigher saturation power than was actually observed, and it
ation only when the energy of one rotational quantum iswas proposed that the two phenomena are occurring on the
sufficient to excite bulk modes of the droplét.As the en-  same time scaléens of n$ '8 Despite the use of a simplified
ergy must then be near or above the roton minimum of 8.58nodel, and the tentative value of the parameters obtained
K,'%2 only small molecules, with large rotational constants,from it, the conclusion that spectral diffusion and rotational
display this kind of behavior. The observed lines are Lorentrelaxation both occur because of the motion of the dopant
zian, with widths around 1 ci, reflecting relaxation times inside the droplet appears to be reasonable; indeed the time
in the 1-10 ps rangésee Table I). scale for such motion is in the ns range.
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1<->2 (8.35 GHz) ' R1' state. This apparent lack of population conservation must
2~ R2 reflect some “artifact” in the experiments, but the ones con-
R3 sidered do not appear consistent with the observations; in
0 . . . . .
particular, the sign of the total signal is opposite for the two
24 @) molecules. This effect is currently unexplained and may ul-

timately reveal some interesting novel dynamics for these

|
systems.
MW D. Molecular rotations
P ]

|
2<->3 (11/94 GHz)

-2
0.30

(b) 1. Changes in rotational constants: How is the helium
moving?

1
F2<->3 (12.2 GHz)

8 An important aspect of the rotational structure of sol-
vated molecules is that in most cases the effective rotational
constants are substantially reduced from their gas phase val-
:3<_>4(14_9004 GHi) i : =) ues. For_TolecuIes with rota_ltior_lal Con_stan_ts much Ia_rger
than 1 cm * the change on going into helium is small, while
for heavier molecules the rotational constant is typically re-
duced by a factor of 3—4 upon helium solvation. Clearly,
when the molecules rotate in helium, at least some of the
' ' ' : (@) helium must also move, creating kinetic energy and contrib-
2061.2 20614 2061.6 2061.8 2062.0 2062.2 . . . .
uting to the effective moment of inertia of the molecular
rotation. Several models have been put forward to describe
FIG. 6. Double resonance spectra of OCS in He droplets. The levels coupledie nature of the helium motion.
by the MW “pump” and the frequency of the transition are indicated in the The first model that was proposéd® assumed that a
upper left-hand corner of each panel. In contrast to what is commonly Ob'specific number of helium atoms were rotating rigidly with
served in gas phase experiments, note htivthe levels are affected by the . . . . . .
MW “pump,” and how the total signal does not sum to zero. From Ref. 80. the€ molecule, directly contributing their moment of inertia to
that of the molecule. This model appeared to work for both
Sk and OCS, in that chemically reasonable positions and
MW-IR experiments performed on HCC&Nand numbers of rigidly attached helium atoms were consistent
0CS" confirmed the picture presented above: double resowith the experimentally observed changes in moment of in-
nance lines span the whole inhomogeneous width. A reprcertia (Al). For OCS, the authors called this the “donut
ducible substructure of five peaks, about 50 MHz wide ismodel” since it assumes that a ring of six He atoms is local-
observed for theJ=2— 3 rotational transition of OCS, sug- ized in the potential minimum locus around the OCS mol-
gestive of a 4+1 splitting, but no pattern is resolved for ecule. This very simple model has two problems. First, when
other lines, thus making a definite assignment not possiblene tries to extend it to lighter molecules such as;NH
The main finding, common to both experiments, and thereHCN, even a single rigidly attached He atom would increase
fore probably of general nature, is that the populationaliof the moment of inertia by nearly an order of magnitude more
the rotational levels are altered by the MW “pum(ig. 6).  than what is observed experimentally. Second, more recent
In gas phase DR experiments, such as the classiesults for the OCS—Hcomplex® in helium are clearly in-
IR-MW studies by Oka® one can often observe collision- consistent with the “donut model” for OCS. In this work, it
ally induced four level DR signals, but they are typically was found by isotopic substitution that a single,HHD, or
considerably weaker than the collisionless features. In heD, molecule will replace one of the helium atoms in the
lium, the relaxation induced signals have been found to bédonut.” Yet, extrapolation to zero mass of the isotopomer
even stronger than the “direct” signals in some cases. Thergives a moment of inertia of the “donut with a bit taken out”
also was a strong dependence of the DR signals on theonsiderably larger than for the OCS in a pure helium drop-
source conditions, which suggests that the relaxation dynantet, i.e., with a complete “donut.”
ics are strongly dependent upon droplet size, which affects A more sophisticated “two fluid” model for the motion
the density of states of the thermal bath that the molecule isf the helium was introduced by Grebenetval ® They pro-
coupled to. For HCCCN, the DR spectra dramatically sim-posed that the density of helium around the molecule be
plify for the largest droplets, which has suggested rotationapartitioned into spatially dependent normal and superfluid
relaxation is in the “strong collision” limit for these droplets, fractions, with the normal fraction having large values only
i.e., that the relative populations produced by relaxation arén the first solvation layer. In analogy with the classical An-
independent of the initially populated state. dronikashvili experimentwhere the normal fluid fraction of
A curious feature observed for both HCCCN and OCS isbulk helium follows the rotation of a stack of plates, contrib-
that there appears to be a lack of conservation of populationting to their effective moment of inertia® these authors
in the DR experiment. For DR signals that arise from popu-ropose that the normal fluid fraction rotates rigidly with the
lation transfer, the integral of the DR signal over the rotationmolecule, contributing the classical moment of inertia of the
structure of the IR band should be zero since the integrahormal fluid mass density. This model was incomplete, how-
cross section for IR absorption is independent of the loweever, in that the authors provided no definition of the spa-

Double Resonance Depletion

Wavenumber, [cm™]
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tially dependent normal fluid density that appears in the exdependent helium density in the laboratory frame is irrota-
pression for the increase in moment of inertia. tional (which Kelvin proved to be the lowest kinetic energy
Kwon and Whaley proposed amsatzfor a local super-  solution,**?then one obtains from the equation of continuity
fluid density!®® based upon an extension of Ceperley’s glo-a second-order differential equation for the velocity potential
bal estimator for the bulk superfluid density from path inte-(the instantaneous laboratory frame velocity is the negative
gral Monte Carlo(PIMC) calculations® They took the gradient of this velocity potential The helium contribution
difference in total density and superfluid density to be a nonto the moment of inertia is then calculated directly as an
superfluid density that rotates rigidly with the molecule, as-integral over the velocity potential. In applying this method
suming the molecule—He interaction is sufficiently aniso-to molecules of cylindrical symmetry, the helium density was
tropic. The term “nonsuperfluid density” is used instead of calculated using a density functionéDF) approach®1*
“normal fluid density” because this density is not related to which, instead of searching for the ground state of the helium
the normal fluid density produced by a “gas” of elementary many-body problem, finds the solution of a one-particle
excitations, as in bulk helium experiments such as the Anproblem with a nonlocal self interaction, whose density dis-
dronikashvili experiment. The inertial response of the heliumtribution, if the correct functional were used, would exactly
to rotation is a second rank tensor, involving both the axis oimatch the density of the many-body wave function. It takes
rotation and the direction of the response, which is measuredrders of magnitude less computational effort to solve for the
in PIMC by a projected area of closed Feynman patfithe  helium density by DF methods than by Monte Carlo meth-
Kwon—Whaley estimator produces a scalar superfluid deneds, and the results have been found to be in good agreement
sity, and thus has the wrong symmetry to describe the heliurfor cases where the molecule-helium interaction potentials
inertial responsé®®1%” This two fluid model has, however, are not too deep®
made predictions in excellent agreement with experiment for ~ An alternative derivatiot® of the quantum hydrody-
the cases of Sfand OCS in helium. Draeger and Ceperley namic approach is to write the many-body helium wave
have proposed a new local superfluid density estimator thdtinction in a rotating “external” molecular potential as that
has the correct tensor properties and gives, when spatiallyf the instantaneous static ground state wave function times a
averaged, the correct value for the global superfluidsingle particle phase function. Variational optimization of the
fraction 0’ energy with respect to this phase function gives the same
An alternative, quantum hydrodynamic model has alschydrodynamic equation as for an ideal classical fluid with the
been developed for the helium contribution to the moment ofdiabatic following approximation. Within a Hartree ap-
inertia of molecules in helium. It is well known that linear proximation for the helium wave functiofwhich DF theory
motion of a rigid body through an ide&viscous and irro- implicitly invokes), the hydrodynamic treatment gives the
tational flow fluid generates motion in the fluid that contrib- exact wave function correction to first order in angular ve-
utes to the effective mass for translation. For example, for docity and thus the energy to second order. Time reversal
sphere, the effective mass increase is exactly one half of theymmetry implies that changes in the helium density can
mass of the displaced liquid® Similarly, rotation of an el- only depend on even powers of the angular velocity, and will
lipsoid generates helium kinetic energy proportional to thetherefore contribute only to the centrifugal distortion con-
square of the angular velocity, thus contributing to the effecstant, not to the rotational constant. It has been known since
tive moment of inertia. The possible inclusion of such a “su-the dawn of quantum mechantts*8that quantum mechan-
perfluid hydrodynamic” term was already recognized byics can be formulatedxactlyas a hydrodynamic problem in
Grebenevet al!® However, attempts to estimate this term, configuration space. The one-body approximate hydrody-
using classical expressions for the moment of inertia of amamic approach used for these calculations is equivalent to
ellipsoid in a uniform fluid of the density of bulk helium, many calculations that have been done in bulk helium, in-
gave results which were only a small fraction of the experi-cluding the structure of the core of a vort8X which has a
mental values®°° On the other hand, as the density around ahelium density structure on a length scale smaller than that
molecule is highly nonuniform, Callegaet al1®® have de- induced by the solvation of most molecules.
veloped a quantum hydrodynamic model that properly takes The quantum hydrodynamic model has been applied to a
into account the anisotropy of the density, and have obtainedumber of molecules, including HCN, HCCH, HCCgH
moments of inertia in good agreement with experiments for CS, HCCCN, and HCN diméf® For the last four, for
number of molecules. which the adiabatic following approximation is expected to
If one adiabatically separates the helium motion from thehold, the predicted increase in moment of inertia was be-
rotation of the molecule, then one expects the helium densitjween 103% and 130% of the observed values, as good as
in the rotating frame of the molecule to be constant and equatould be expected given the uncertainties in the helium sol-
to that around a static molecui®!1°This is called the adia- vation densities. For HCN and HCCH, which have small
batic following approximation and, on physical grounds, moments inertia, the hydrodynamic calculations significantly
should be accurate when the minimum rotational spacinggverestimate the observed increase, which is taken as evi-
2B, is well below the energy of the roton, which character-dence of the breakdown of the adiabatic followifsge be-
izes the helium density excitation energy on the atomic levelow). Kwon et al!'! have reported that the hydrodynamic
(in the two fluid model, Kworet al. have introduced a dis- model predicts for Sf-an increase in the moment of inertia
tinct definition of adiabatic following’®>!'!If one further  of only 6(9)% of the experimentally observed value when
assumes that the fluid velocity field generated by this timetheir calculated superfluidtotal) helium solvation density
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was used. Similar hydrodynamic calculations have been
done by Lehmann and Calleg&fiusing the lowest four ten- 10 5
sor components in the expansion of the helium density in ]
octahedral harmonics. These authors find that when the total
helium density is used, the hydrodynamic contribution to the
moment of inertia was 55% of the observed value, and this
value is likely to increase if the full anisotropy of the helium
density is included. The reason for the discrepancy in the two
reported values!'? for the hydrodynamic prediction for
SFK; has not yet been resolved.

Despite their apparent differences, the “two fluid” and
the hydrodynamic approaches to the superfluid helium rota- ]
tion problem are related. They are both based on a linear 0.01 -
response of the helium, and thus not applicable when the ]
adiabatic separation of molecular rotation and helium motion
breaks down. Furthermore, the “nonsuperfluid” helium ac-

-1

Bdroplet/ cm

o
—

0.01 0.1 1 10

counts for much of the angular anisotropy of the helium B. jem’
. . . . gas’
density, which is the source term in the quantum hydrody-
namic treatment. FIG. 7. Plot of the rotational constantgas phase vs helium dropiet-

; ; . _~ported in Table |. The two lines are the functioys x andy=x/3, respec-
Clearly’ it would be desirable to deveIOp a theoretlcaltively. Note the different trend above and bel8y.~1 cm !, indicative of

method to directly calculate the rotational constant of mol-; threshold for adiabatic following.

ecules in superfluid helium without making the dynamical

approximations of either the “two fluid” or quantum hydro-

dynamic approaches. It would also be desirable to directlyacy of the method in general is hard to judge, though it is
calculate relaxation rates for excited rotational states as welikely the most accurate of the presently available methods.
as their energies. Unfortunately, this is still largely an un-
solved problem. Blumet al'?* have used an excitation en-
ergy estimator based upon the rate of decay of an approxi- AS mentioned in the beginning of Sec. Il D 1, *light”
mate excited state wave function under imaginary timgMolecules with large gas phaBevalues appear to have little
propagation(POITSE methoyl Unfortunately, only studies he_l|um contributions to their moments of mertla. It is cer-
of very small clusters have been published to date with thid@inly the case that these molecules, by their nature, have
method, and thus its relevance to rotational dynamics in hel€/atively weakly anisotropic interaction potentials with the
lium nanodroplets is not established. Further, the initial stat@el'um' and thus a small increased moment of inertia is ex-
had the same rotor based nodal surfaces and thus the ac cted. However, because they also have very small molecu-

racy of this method may also depend upon an approximat r moments of inertia, even a small helium contribution

adiabatic separation of the rotational motion from that of theWOUId be expected to lead to a substantial fractional change

helium. If this approximation breaks down, the initial state” the value ofB. This suggests that something else is going

will contain sizable contributions from several excited state on. The models discussed previously invoke *adiabatic fol-

. . : . . L SIowing” of the helium with the molecular rotation, though
and the imaginary time propagation will contain sizable con- . . B

L : 110 the precise meaning of that phrase is different for the quan-
tributions from many exponential decays. Leieal. " have

) o tum hydrodynamic and the “two fluid” models. It is ex-
calculgted the rot'atlo.nal constant of SHey (N=1-20) pected that this adiabatic separation of the time scales of
by a fixed-node diffusion Monte Carlo method. In these cal-

: X ) molecular rotation and helium motion will break down when
culations, the helium and the molecule moved in the sam@,e otational spacing becomes comparable to the energy re-
coordinate system, a condition that is particularly easy for g, ,ireq to create a helium excitation with a wavelength on the
spherical top molecule, but harder in general. Calculationgger of the solvation structure around the molecule, and this
for the rotational spacings of $kvere in quantitative agree- il pe similar to the energy of the helium roton, 8.58'%.
ment with experiment foN=8, as in the simple model pro- Thjs suggests a rotational constant-e#.3 K as the point
posed earlier by Hartmanet al>* The fixed node approxi- where substantial breakdown of the adiabatic following
mation used, based upon the nodes of the rotational waugould be expectetsee Fig. 7. Leeet al%studied adiabatic
function of the isolated molecule, was justified by preciselyfollowing breakdown theoretically by changing the rotational
the same type of adiabatic separation of time scales that igonstant of Sk in their fixed node DMC calculations of
used for adiabatic following in the quantum hydrodynamicsmall Si—He clusters. They found that the angular anisot-
approacht’® Recent work on a model systéffi has found  ropy of the helium in the molecular frame and the helium
that the hydrodynamic and this molecular rotor based fixedontribution to the effective moment of inertia both de-
node approximation are closely related, and break down afreased substantially when the ;S#tational constant used
about the same point when the rotational constant of thén the calculation was increased by a factor of ten, from
molecule is increased. To date, the diffusion Monte Carlc0.1—1 cm 1. HCN (B=2.13 K)'?®is one of the few mol-
calculations have been published only forgSBo the accu- ecules that have been studied which is near this threshold.

2. Breakdown of helium adiabatic following
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The breakdown of adiabatic following for HCN has beenuntil a resonance between the molecular and helium ring
established experimentally, by observation of the change inotations occurs. These results are consistent with general
the helium contribution to the effective moment of inertia by conclusions previously drawn by Leggett in his analysis of

isotopic substitution of HCN to DCN. Compared to DCN, it the “rotating bucket” experiment for bulk liquid heliuf?®

was found that the somewhat lighter and thus 23% faster

HCN produced a 9% decrease in the helium contribution tY. Vibrational dependence of rotational constants

the moment of inertid’ It would be highly desirable to study

. S : . As in the gas phase, the effective rotational constants
other molecular systems in this important intermediate re- AR - )
gion. change upon vibrational excitation. The size of the observed

Density-functional computations can reproduce theV|brat|on—rotat|on coupling is much larger in helium than that

breakdown of adiabatic following to some degree by epric-eXpeCted based upon the gas phase_changi-. IRor ex-
: . . : e ample, for HCCCN the total increase in moment of inertia
itly moving the density computation from the inertial lab

frame to the frame rotating with the dopant molecule. muggn r\]/:;?ig)gaé %::ar?emrﬁhzzgiirfggcgﬁErﬁ nth:s
terms of the helium and total angular momentum operdtors gas p : 69 - - Y

. ) . from 0.32 u & to 8.5 u &£.%° This suggests that most of the
and J, respectively, the rotating-frame rotational energy of ; . . S
the dopant molecule iB(J— L)2=BJ?+BL2—2BJ-L. 124 effect is due to a change in the helium contribution to the

In the rotational ground statéJ?)=0, and(L)=0 because effective moment of inertia. As expected, the excited vibra-

. . tional states have increased helium contributions, which sug-
of time reversal symmetry. Therefore, the only change in

going to the rotating frame is the appearance of a tBirk gests increased density and/or anisotropy around the vibra-

in the helium density functional. For large valuesRyfthis tionally excited state. As pointed out previously, the absence

: f phonon wings to the spectra indicate that these changes
term increases the angular smoothness of the ground state . o

. . : . .~ “must be small. There has yet to be published a quantitative
helium density, which decreases the helium moment of iner-

tia in the hydrodynamic theory: this provides a scale toattempt to calculate this change in solvation structure, which

gauge the breakdown of adiabatic following, Work is in requires knowledge of the vibrational dependence of the

r0aress in our aroun to quantitatively assess this a roacrr1nolecule—He interaction potential, which is not yet generally
prog grouptoq y PP available. Recently, there has been important progress made
in the calculation of the intermolecular-mode dependence of

the interaction potentiaf€® which would allow such an es-
Another interesting generic feature that has been obtimate to be made.

served in rotational spectra in helium droplets is a dramati
increase in the centrifugal distortion constants required to fi
the spectra. Values db/B~10 “ have been observed for An extremely attractive feature of rovibrational spectros-
heavy molecules, three to four orders of magnitude largecopy in helium is that solvent shifts of the vibrational origins
than for the same molecules in the gas phase. It has beame generally quite small, typically less than 0.1%. This can
suggested that these large distortion constants reflect weakihe contrasted with spectroscopy in the traditional matrix en-
bound helium atoms that are easily displaced by the centrifuvironments of Ne or Ar, for which the shifts are usually
gal potential, but a careful attempt to estimate this effect, fomuch larger. As an example, for HF the matrix shifts are
OCS, gave a predicte® value 50 times smaller than is 0.067%, 0.24%, and 1.1%, respectivElyThe small shifts
observed experimental§). If one uses the standard scaling in helium are due in large part to its low density and polar-
D~4B3% w?, one must invoke an effective vibrational wave izability (even when compared to other rare gaseow-
number on the order of 1cnt in order to reproduce the ever, existing evidence suggests that there is often a fortu-
observedD values, much smaller than what is physically itous cancellation of effects leading to smaller shifts than one
reasonable considering the force constants of the heliuncould otherwise expect.
molecule potentials. Given the above-mentioned discussion In considering the shift in band origin, one must distin-
of the breakdown of adiabatic following with increasing ro- guish between theertical andadiabaticexcitation energies.
tation rate, one can argue that the effecfivealue should be The former refers to a transition within a frozen helium sol-
negative, the opposite sign from what has been observediation density, while the latter considers the optimized he-
This is because we would expect the effect®evalue to  lium solvation density in each vibrational state. As discussed
increase, going toward the gas phase value, as the rotation@aleviously, the observed vibrational dependence of the effec-
velocity increases, making it harder for the helium to follow. tive rotational constants is largely a result of such a change
At present, there is only one calculation that has reproin helium solvation. The peak of the zero phonon line should
duced the correct size of the distortion constant: a toyprovide an experimental estimate for the adiabatic excitation
model?? of a rigid, planar ring ofN He atoms interacting energy while the vertical excitation will be at the “center of
with a rotating molecule. What this calculation clearly dem-gravity” of the entire transition, including the phonon wing.
onstrated is that opposite behaviors are found depending ofhe difference between vertical and adiabatic excitation en-
how the rotational velocity is increased: by decreasing thesrgies reflects the helium reorganizational energy during vi-
moment of inertia of the molecular rotor or by spinning up abrational excitation. Given the lack of observed “phonon
fixed rotor to highei values. In the former case, the helium side bands” in vibrational spectra, one can anticipate that this
follows more poorly, consistent with the previous discussionreorganizational energy is small, but not necessarily small
In the latter case, the He anisotropy and following increase&ompared to the typically observed helium induced vibra-

3. Giant centrifugal distortion constants

. Shift in band origins
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tional frequency shift. If a~10 cmi' wide phonon wing pends on{x?)), which can magnify the effects of a small
contains 50% of the integrated intensity of a transition, itabsolute change in the dipole moment upon vibrational exci-
would cause a~5 cm! shift between the adiabatic and tation. For excitation of the overtone of the C—H stretching
vertical excitation wave number, but this phonon wing wouldmode in HCN®? the transition dipole and change in vibra-
have a peak absorption strength less than 1% of that of thigonally averaged dipole moment lead to estimated shifts of
zero phonon lingassuming a linewidth of 1-3 Ghizand 0.14 and 1.67 cm', respectively. The long-range interaction
thus could be easily lost in any low frequency noise in thebetween He and molecular dopants is typically dominated by
spectrum. The vertical excitation energy, in contrast, is mucl§lispersion interactions, not the induction terms. One can es-
easier to estimate theoretically, since it does not require confimate the change in the induction terms from changes in the
putation of the change in helium—helium interactions. As arPolarizability of the molecule upon vibrational excitation.
example, Blumeet al®” have calculated the vertical excita- For HCN, this gives an estimate of 5 crhfor the shift,
tion wave number of HF in helium by averaging the potentialsubstantially larger than the observed value.
difference for He interacting with=0 and 1 states of HF All of the terms discussed so far are long range and lead
over the ground state wave function of the system. to redshifts. They certainly are expected to dominate the
The change in the helium—molecule interaction potentiadroplet size dependence of the shift. Putting the solute in the
upon vibrational excitation reflects several different physicalcenter of the droplet and integrating the missiagmpared
components. Based upon the natural separation in time scalé the bulk interaction, one finds that the shift from bulk or
between intramolecular and helium solvation motions, arinfinite droplet size limit will be dominated by ttR™® terms
adiabatic separation is appropriate and one can consideraid will scale asN™*, whereN is the number of helium
vibrationally averaged molecule—helium interaction potentiaiatoms in the droplet Thus, a redshift toward the limiting
for each vibrational stat¥® If we consider excitation of a bulk value is expected for large droplets, independent of
normal modek in a molecule with dimensionless normal whether the overall shift is red or blue. If one assumes that
coordinatesy; , then in the harmonic approximation the He— the droplet size distribution follows a log-normal distribu-
molecule potential in the excited state of the normal vibration, then the inhomogeneous distribution of droplet sizes

tion v can be written as will also contribute a log-normal distribution of shifts away
from the bulk value. This allows th8l dependence of the
oV 1( 5%V ) width and shift for smaller dropletévhere the inhomoge-
Veff:vg“Lz 99 (as)+ 2 a_qﬁ (9ic) neous cluster size distribution contributes most to the spec-

tral shape to be used to estimate the inhomogeneous size
whereV is the full interaction potential, including intramo- dispersion contribution to the line shape of larger droplets.
lecular coordinates, and the derivatives are evaluated at the Counteracting the above-discussed increases in long-
equilibrium structure of the isolated molecule. The sum isfange He attraction upon vibrational excitaticand higher
restricted to totally symmetric vibrational modes, gug) is order multipole contributions that have not yet been esti-
proportional to the cubic anharmonic couplirigy, between ~ mated is an expected blueshift from the “crowding” inter-
the excited mode& and the symmetric mode Given the action. Such an effect is due to the fact that the potential for
small changes in vibrational wave number upon solvation bya molecular oscillator will be in part stiffened due to the
helium, the harmonic approximation is expected to be adinteraction with the first solvent shell, where repulsive forces
equate for rigid molecules. are important. In a highly simplified harmonic picture of a

The long-range interaction between He and the moleculinear X—H-He unit, the X-H stretch normal mode force

lar dopant is dominated by the isotropic aRd(cos¢) R"®  constant will be increased by the H—He force constant. This
terms. One contribution to the vibrational dependence of thi¢eads to a blueshift of the vibrational frequencies that should
term is the polarization stabilization of the dipole induced bybe most important for vibrational motion dominated by ex-
vibrational motion, even in nonpolar molecules such agposed atoms and/or involving low frequency, large amplitude
SFs.128 This term leads to a shift proportional to the IR motions. Examples of the latter include the torsional mode of
strength of the vibrational mode. Integrating this term overglyoxal” and the butterfly mode of pentaceffehoth in the
an estimate for the helium solvation density gave a shift foffirst excited electronic states. At fixed helium solvation struc-
SFK; (Ref. 129 of about one half the observed value of ture, one would expect that the blue shift of a chemically
—1.6 cm ! (Refs, 14 and 54(such an estimate is for the unique vibrational motion, such as the C—H stretching mode
vertical, not adiabatic shift A sizable fraction of the shift of terminal acetylene compounds, would be approximately
comes from the first solvation shell, for which the use of theconserved. However, helium density functional theory calcu-
long-rangeR~® terms is not expected to be complete, thoughlations made by our group have shown that helium solvation
there may be a significant cancellation of errors between thdensity around this terminal C—H bond is a strong function
neglect of higher order terms and damping of the dispersionf the rest of the molecule, which thus far has prevented the
seriest*® For molecules with a permanent dipole moment,development of a quantitatively predictive theory of the ex-
one also needs to consider the changes in the vibrationallyected blueshift.
averaged dipole moment. While these changes are usually The spectrum of HCN dimer provides some evidence for
smaller than the transition moments, at least for reasonablthe importance of the blue shift induced by the local struc-
strong IR transitions, one gets an “interference” with theture. For the hydrogen bound C-H stretch, Nauta and
permanent dipole momerisince the induction energy de- Miller® have observed a larger gas-to-helium-droplet red-
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shift compared to the same quantity for the HCN monomer.
They interpreted this as arising from an increasingly linear
and thus strengthened hydrogen bond when HCN dimer is
solvated in helium. However, this effect can also be inter-
preted as arising from a substantial reduction of the helium
induced blueshift upon intermolecular complex formation
since the hydrogen bonded H atom no longer pushes directly
on the helium solvent.

At present, we lack an effective theory to use the ob- Calculation
served solvent induced shifts to learn about the solvation
structure around the chromophore molecule or to reliably
predict the observed shifts, even their sign, relative to the gas ~ 3304.7 3304.8 3304.9 3305.0 3305.1 3305.2 3305.3 3305.4
phase. However, since the observed shifts appear to be small, Wave number (cm-')

we can safely neglect this compllcatlon In most cases, IrI1=IG. 8. Rotationally resolved spectrum of the van der Waals complex

particular when using the predictions of quantum chemistry\yy _HcN. The structural information extracted from this spectrum allows

to help assign novel spectra observed in liquid helium. one to deduce a contraction of the HCN—metal-cluster bond, when going
from Mg, to Mgs. This in turn indicates the presence of strong nonadditiv-
ity effects. From Ref. 68.

Experiment

IV. SPECIAL TOPICS
A. Synthesis of nonequilibrium structures served spectra for CGJOH and CHCN cluster<? for H,0
A very promising application of HENDI spectroscopy clustersS® and for Ar,+HF clustergdescribed in their article
which has been recently and dramatically demonstrated bin this issug*® have been interpreted as arising from the
Nauta and Millet®>*°relates to the possibility of using the isomers which are formed with the smallest amount of
very cold droplet environment to synthesize highly nonequi-nuclear rearrangement.
librium species that could not be prepared in any other So far this self-assembling technique has been applied
known way. In analogy to the preparation of van der Waalausing stable molecules. Efforts are in progress in our labora-
clusters of spin polarized alkali atoms demonstrated in Printory to use CN radicals for preparing isocyanogen-like
ceton in 1996 see the following review by Stienkemeier and chains or, if the presence of a recombination barrier is de-
Vilesov**! and Refs. 132—134the essential ingredient in tected, at least van der Waals clusters of CN radicals. The
these syntheses is, in addition to the low temperature of thpotential applications of this technique for the synthesis of
droplets, the rapid cooling action that the superfluid heliumexotic or high energy density materials are quite evident.
exerts on the molecular partners at the time of cluster forma- A different, but equally useful, nonequilibrium synthesis
tion. Consider the example of the preparation of linear chainbas been demonstrated by Nauta and Miller in an
of HCN:*® such chains with more than three monomer unitsexperimerfi in which a cluster of reactive metal atorfidg)
have not been observed even in the cold environment of has been attached to an IR active moledi€N), and the
supersonic jet expansion, where cyclic or other nonpolarotational spectrum of the resulting complex has been re-
structures are instead prepared. When an HCN molecule casolved(Fig. 8. While clusters of metal atoms are bound by
lides with a cluster that already hosts another molecule in ityan der Waals or metallic forces according to their
interior, the long range dipole—dipole forces align the twosizel*’~1*Cthey are in both cases very difficult to study be-
dipoles at distances where no other force is acting betweetause their UV spectra are made of broad lines and their IR
the two molecules. The rapid rotational relaxation necessargpectra, when present, appear at rather low frequencies,
for such an alignment is probably provided during multiplewhere lasers are not yet available. Probing the IR spectrum
collisions with the droplet surface, where coupling to rip- of a molecule attached to the atomic cluster yields valuable
plons is enhanced. After the two dipoles have been alignednformation on the latter via an analysis of the rotationally
the molecules are drawn together by their mutual attractioniesolved spectrum or via the spectral shifts of the molecule’s
in contrast to a gas phase coagulation, however, their potewibrations. While the information contained in rotationally
tial energy is not completely transformed into kinetic energyresolved spectra is at present clouded by our imperfect
because of the steady cooling action of the “solvent.” Con-knowledge of the helium contributiorisee Sec. Il D, the
sider that a potential energy of 200 (Ke., 2.8<10°21 J)  type of spectrum(i.e., the symmetries of compleyeand
would accelerate a molecule of mass 27 u to a velocity ofhifts are already sources of reliable information. We antici-
350 m/s, which is well above the critical velocity of 60 pate that this type of experiment will provide a wealth of
m/st° above which a foreign body will rapidly dissipate en- information on metal—ligand interactions and on the nature
ergy in superfluid helium. This dissipative cooling during of bonding in chemisorbed systems.
complexation ensures that, contrary to what happens in the Most large organic molecules, including those of bio-
gas phase, the freshly formed complex is born cold, withoutogical relevance, have a number of isomers populated at
the energy needed to surmount any barrier to isomerizatioroom temperature, particularly arising from rotation about
toward the global energy minimum. It is remarkable that thissingle bondgconformers. When these molecules are cooled
process is repeated until the linear chain spans the whol® low temperature, either in MI or supersonic jet spec-
cluster diameter, as the data of Nauta and Miller show. Obtroscopies, isomers separated by high barriers do not inter-
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convert, while those separated from lower-lying minima byversion splitting is found to be decreased by 31%. At the
low barriers will cool out. Multiple isomers have been ob- time, only speculations could be made as for the cause: it
served by HENDI spectroscopy as well. As an example, sewas suggested that helium might increase either the tunnel-
the study of glycine by Huiskert al.>® where the same ing barrier and/or the effective mass of the oscillator, or even
three conformers were observed in He nanodroplets and ichange the symmetry of the inversion potential, thus sup-
Ne and Ar matrices. In general, however, the different coolpressing tunneling overall. With the knowledge we have
ing rates should result in different distributions of conform- gained in the meantime from the study of molecular rotation,
ers in the different spectroscopies. Spectra of tryptophan ande can reasonably say that the first two are going to be
tyrosine in helium have been interpreted in terms of suppresmportant while the third is probably not. Similar observa-
sion of certain conformers in helium compared to those obtions have been made for thg and v, modes of the ammo-
served in seeded beam expansibisThe more rapid nia dimer®® In this system the inversion tunneling is already
guenching, lower final temperatures, and shorter interactiosuppressed by the partner molecule, and the presence of the
times of HENDI suggest that the conformer distribution ob-helium has, if any, a smaller effect. For the same reason, the
served by this method should more closely resemble that darge blueshift observed for the monomer is not present here.
the initial ensemble. The much smaller spectral shifts in heinterchange tunneling is instead affected by the presence of
lium should make conformer assignments based upon quathe helium: the splitting is reduced from 5-10 thto 2
tum chemistry calculations significantly more reliable thancm™?.
for MI. The use of pendular spectroscopy in helium, which A capital step forward is the study of the HF dimer by
allows measurement of the permanent dipole moments andauta and Miller?® the use of a low power continuously
the angle between that and the vibrational transition momentunable laser and the added diagnostics provided by Stark
should further greatly enhance reliability of assignments. fields allowed a truly quantitative study of tunneling mo-
tions. The interchange tunneling splitting, like in the ammo-
B. Large-amplitude molecular motions nia dimer, is observed to be decreased, by an amount that is
in liquid helium accurately quantified—41%). Nauta and Miller propose that

One of the great differences between electronic and rovithis 'S due to an increased _barner; the barrle_r_ increase 1S
xplained with the observation that the transition state is

brational spectroscopy in He droplets is the extent to whiclf : S
helium is displaced upon excitation of the molecule. Heliumnonpm?r’ and hence has less energy gain from p(_)lar_lz_atlo_n of
displacement arises from the repulsive interactishich can the helium than the polar equilibrium states. While it is dif-

be viewed in terms of the Pauli exclusion principbetween ficult to rule out anitiqnaI contributiorjs_, such as those pro-
the electron clouds of He atoms and that of the moleculeposed for ammonia, this one must definitely be present, since

Electronic excitation results in general in an expansion of théhe simple model used in Ref. 66 shows quantitative agree-

electron cloud, with an energetic cost that is responsible fopwent with the experiment. Nauta and Miller observe that this

the experimentally observed blueshifts of electronic spectr{tet[p:?tat'?n als? eiplams a ratfher u;\ijsglga: oggeévazli)n. The
of atomic and molecular species immersed in liquid He. rotational constant isicreasedfrom 31.96 to 33.3 cm’)

Conversely, the volume and shape of the electron cloud arghPon solvation in helium, a fact WhiCh.iS. indicative ofa more

not significantly changed upon rovibrational excitation. TheIInear structure. Such a structure eXthItS a Iarger _d|pole mo-
observed band shifts are small, mostly toward the red, anH“?nt’ and is therefore consistent with a polarization energy
are determined by a delicate balance between the attracti@'":

and repulsive forces in the ground and excited Statsee b ;’hef exper;}min;[halio measgred ft?ﬁ% VSﬂa nd glﬂj“ |
Sec. Il B. As a first approximation, one can say that mo- ands, from which the frequencies of the Soft modes involv=

lecular stretch vibrations, with few exceptions the onlyIng the van der Waals bond{, intermolecular stretch, and

modes studied so far, are too stiff to be significantly affected’s’ |nt.ermolecular bep)dare reconstructed. Both are found
by the presence of the helium. to be increased, relative to the gas phase~#% (~133

~1 -1
This statement does not hold true for Iarge—amplitudeCm up from 1.27'.57’ and-185 cm ~ up from 178.67,
modes which are, somewhat by definition, softre full respectively, which is a huge value compared to any other

width at half maximum of the one-dimensional harmonicmOde observed so far. This observation is in line with the
oscillator is proportional torfiw) Y2 or (km)~ 4. They are general expectation that soft modes will be more strongly

particularly relevant not only because they displace more he@ﬁected by the hindering presence of the helium.
lium (supposedly coupling better to He bulk mogdmit also
because they are usually bending modes. Tunneling barrier
commonly occur for such modes, and are expected to be"
increased by the presence of the helium. For the above- At present, rotationally resolved infrared spectra in pure
mentioned reasons, these modes are a useful probe of te mixed *He droplets have been only obtained for ofgSF
molecule—helium interaction. (Refs. 35 and 4R and OCS™>% In mixed droplets the
The prototypical transition is the, umbrella motion of  slightly lower zero point energy dfHe atoms favors their
NH,:%! the hindrance induced by the helium causes a bluelocalization around the dopant molectfé. Thus a small
shift of 17.4 cm %, an order of magnitude larger than what is doped“He cluster within the largéHe droplet is formed;
commonly observed. Within the limits imposed by the coarseclusters with a small number dHe atoms N,=20-30)
resolution of the spectrum~1 cm 1), the excited-state in- produce considerably broadened spectscribed to inho-

3He and mixed “He/®He droplets
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mogeneous broadening induced by the spreaN 9f Oth- The first study of an OCS—H(-HD, —-D,) van der
erwise the resulting spectra are, to first approximation, th&Vaals compleX has indicated that the hydrogen molecule
same as in puréHe, except the temperature is low@.15 lies in the ring-shaped locus of the potential minimum
K), being dictated by evaporation dfle. As the concentra- around OCS, with a rather large delocalization out of the
tion of “He in the expanding gas mixture is increased fromaverage OCS—hydrogen plane. It is not clear, however, to
0.1% to 4% the temperature rises gradually to the limit valuevhat degree the use of Kraitchman's equatiéwhich are
of pure*He droplets, 0.38 K? used to derive the position of an isotopically substituted atom
Because of the lower number density*éfe, the matrix ~ from the resulting change in the moments of inertia, assum-
shift of the band origiSec. Il B is also affected. The band ing a rigid structurg“® is justified given the large amplitude
origin shift of Sk has been used to estimate the number obf the hydrogen vibration. However, the resulting OC$S—H
“He atoms in the inner clustéf;small shifts within the R structure was found to be in reasonable agreement with the
branch suggest that the rotational constant of BFmixed  predictions of recenab initio calculations:*”
droplets with a large number dfHe atoms(200-500 is The same authors have foutfidhat upon addition of
~3% larger than in puréHe droplets. The effect is more more para-hydrogen molecules to the OCSpH,), van der
evident for OCS, where the rotational constant drops by ugVaals complex in puréHe (0.38 K) and mixed*He/He
to 10%, atN,= 60143144 (0.15 K) droplets, the rovibrational spectrum rapidly ap-
Studies of isotopically puréHe droplets were limited t0  proaches that of a symmetric top, until, fo= 5 and 6, the Q
OCS which has a simpler Hamiltonian and a better resolve@ranch disappears and the symmetry of the spectrum is that
spectrum'>*° Whereas in puréHe the spectrum shows the of a linear molecule again, just as for a pure OCS molecule
well-resolved rotational structure expected for a linear molin a helium droplet. This is most probably due to the fact that
ecule, in pure’He droplets the spectrum collapses into athe bosonic (=0) pH, molecules form a complete ring of
broad single band, very similar to what is expected in a clascnv (n=5-6) symmetry around OCS. As discussed for he-
sical fluid. Since the binary interaction potentials of OCS|jum excitations in Sec. Ill, azimuthal excitations of such a
with ®He and*He atoms are virtually identical, the difference ring are forbidden iK is not an integer multiple of. In the
must be due to the different states of the drOplet: Superﬂui@okj environment of the helium dr0p|et5, such h}gﬁeve]g
for “He and normal fluid forHe. Molecules in nonsuper- gre not populated, and there can be no Q brafftH?
fluid *He are rapidly exchanging their energy and angular | the same article, a very interesting comparison has
LT\OI’TEQ'Eum with the medium as compared to superfluidheen made with the same complex but usinito-deuterium
He.”™ Thus the ability of the dopant molecule to rotate (op,) instead ofpH,. One would expect that the six-fold
coherently over many periods is a microscopic manifestatiomyclear spin degeneracy oD, makes the probability for
of superfluidity. Recently, the spectrum in ptitée has also  pyilding a ring of indistinguishableD, molecules equal to
been fitted to an unresolved rotational structure; this gives g1-n \yhich amounts to 0.8% fan=5 and 0.1% fom=6.
rotational constant 1.6 times smaller tharf'fie.** The resulting decreases in intensity of the Q branches of
~ The onset of superfluidity in smaiHe clusters has been ocs—D,), complexes are therefore negligible. Indeed,
investigated by intentionally doping an isotopically pdke e spectra of all OCS-eD,),, clusters up ta=8 feature a
droplet containing one OCS molecule with a controlled num-g pranch,
ber (up to 100 of *He atoms.” The gradual appearance of & ~ st surprisingly, the same authors have fothtdat the
sharp rotational structure indicates that the onset of superfliy pranch disappears again for OC®HE), clusters with
idity is a smooth process, and is almost complete in a clustey— 14_16 at 0.15 K, but not at 0.38 K. For these values, of
of just 60 “He atoms, corresponding to approximately tWo he hH, molecules probably form several rings around OCS,
solvation layers. While it is understood that preservation of,;iih, gifferent numbersy; of molecules per ring. One could
rotational coherence depends on a lack of accessible exc"ﬂhagine a situation where two rings are formed, with
tion of the hehum,_ in turn I|r_1ked to thlgz?gse permu_tatlon =6 andn,=8 pH, molecules, with &C,, structure. Based
symmetry of the first solvation sheg),”*=*™the detailed 55 the ‘results for the OCS—Hnonomer, a moment of
mechanism of this effect is still to be understood. inertial ,~370 u & can be estimated for this structure. This

. Further addition of théHe atoms does not lead to q_uali- would imply that the lowest accessible state with rotational
tative change of the spectrum. The appearance of particularl

: 4 X é(ngular moment along the OCS axiK£€2) will have an
sharp lines in the P bra_mch<(100 MHZ) has been a,tt”*?“ted excitation energy of 0.26 K, allowing significant population
Fo cancellation of rotatlor!al and vibrational contributions 04t 0.38 K but not at 0.15 K. The next twaH, molecules
inhomogeneous broadenirit could then be added at both ends of the OCS on the molecu-
lar axis, preserving th€,, structure, and finally resulting in
a filled shell of 16pH, molecules around the OG8ompare

The HENDI study of van der Waals clusters containingto a filled “He shell that consists of 17 moleculg$ This
various isotopomers of molecular hydrogen deserves specigicture neglects any additional reduction of the rotational
attention because of the highly quantum nature of the latteconstant by the helium, which is expected to be small be-
molecule. Just like the magnesium clusters discussed in Secause such a highly symmetric structure may not induce
IV A, %8 the arrangement and properties of hydrogen molmuch angular anisotropy in the helium. The authors of Ref.
ecules are studied through their effect on the infrared spe&2 propose the radically different explanation that at the
trum of a larger molecule such as 0856 lower temperaturé0.15 K), large delocalization of theH,

D. Molecule /hydrogen clusters in helium droplets
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