Superfluidity Within a Small Helium-4 Cluster:
The Microscopic Andronikashvili Experiment
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The infrared spectrum of single oxygen carbon sulfide (OCS) molecules was measured
inside large superfluid pure helium-4 droplets and nonsuperfluid pure helium-3 droplets,
both consisting of about 10* atoms. In the helium-4 droplets, sharp rotational lines were
observed, whereas in helium-3 only a broad peak was found. This difference is inter-
preted as evidence that the narrow rotational lines, which imply free rotations, are a
microscopic manifestation of superfluidity. Upon addition of 60 helium-4 atoms to the
pure helium-3 droplets, the same sharp rotational lines were found; it appears that 60
is the minimum number needed for superfluidity.

The phenomenon of superfluidity, which
so far has only been observed for *He below
the transition temperature T, = 2.12 K and
for °He below T, = 3 X 107 K, has been
extensively studied both experimentally
and theoretically since it was first discov-
ered in *He between 1936 and 1938 (1). To
account for the peculiar observations of the
unusually high heat conductivity, the foun-
tain effect, and the vanishing flow resis-
tance in narrow capillaries, Tisza (2) and
Landau (3) proposed that liquid helium be-
low T,, designated as He!', was in fact
composed of two fluids, one normal and the
other superfluid. When the temperature is
lowered substantially below T,, the entire
liquid is converted into the supetfluid frac-
tion. One of the most important of the early
investigations was the 1946 experiment of
Andronikashvili (4), which provided im-
pressive confirmation of the two-fluid mod-
el. Using a cleverly designed compact disk
torsional oscillator immersed in He'l, he
observed that the moment of inertia of the
disks surprisingly did not increase on reduc-
tion of the temperature, as expected for a
viscous classical liquid, but decreased sharp-
ly below T,. This decrease was interpreted
as indicating that the superfluid fraction
made no contribution to the moment of
inertia. The deviation from the classical
“value of the moment of inertia thus provid-
ed evidence for superfluid behavior. Where-
as superfluidity in the bulk is now quite well
understood, there are still some fundamen-
tal questions concerning superfluidity in
small, finite-size systems, such as clusters,
where the above macroscopic manifesta-
tions are not observable (5). Feynmann
path integral Monte Carlo calculations pro-
vide evidence for superfluid behavior of
pure “He clusters with only 64 atoms (6) as
revealed by weak anomalies in the heat
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capacity and a reduction in the effective
moment of inertia (7). There is consider-
able interest in finding new microscopic
manifestations of superfluidity.

To address this question, researcher have
recently used high-resolution spectroscopy
to study small single molecules attached to
large “He droplets consisting of between 103
and 10* He atoms (8-12). One of the most
remarkable findings was the observation of
sharp rotational lines in the v, vibrational
band of SF¢ molecules (8). The entire spec-
trum could be fitted very accurately by as-
suming a free molecule Hamiltonian (12),
implying that the symmetry of the molecule
is not disturbed by the medium. The fit
provided a rotational temperature of T, , =
0.38 K in excellent agreement with theo-
retical predictions for the droplet tempera-
ture (13) but revealed that the moment of
inertia was a factor of 2.8 larger than that
for the free molecule. This increase was
interpreted as indicating some type of cou-
pling to the liquid He environment, pre-
sumably due to the anisotropy of the poten-
tial describing the interaction of the mole-
cule with the individual He atoms. Subse-
quent high-resolution laser spectroscopy
experiments in the visible region of glyoxal
molecules (14) revealed a well-resolved
phonon wing structure that could be ex-
plained in terms of the sharp dispersion
curve for the elementary excitations, a
characteristic feature of the superfluid state.
Thus, one possible explanation for the free
rotations of SF¢ in He droplets is a super-
fluid environment.

To test for this possibility, we performed-

infrared (IR) absorption experiments on
single molecules inside both large *He and
“He droplets. The *He droplets, which at
0.15 K (12, 13) are colder than the *He
droplets, are still much too warm for *He to
be superfluid. At low temperatures, the vis-
cosity of *He is known to increase sharply
(15) in a manner quite similar to that of the
normal component of liquid *He (16).
Thus, the *He droplets provide an environ-
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ment very similar to that of normal liquid
*He. Earlier attempts to measure the IR
spectra of SF¢ in *He droplets (12, 17)
revealed no change in the characteristic
features of the spectra. This lack of change
was explained by considering the effect of
the small (=1073) amount of *He impuri-
ties in the large (the average number of *He
atoms N5 = 45,000) 3He droplets. Because
of their high diffusivity (18) and their lower
zero point energy, the “He atoms quickly
coated the SF, molecule, producing a layer
sufficiently large to insulate the SF¢ mole-
cules from the *He environment as recently
confirmed theoretically (19). To avoid
these problems, we used highly purified *He
with a stated isotopic impurity level of 1076
(Isotec; A. Matheson, Miamisburg, Ohio)
and took great care to reduce all sources of
contamination. For our experiments, OCS
was chosen because its spectrum in *He
droplets exhibits better resolved rotational
structure (17, 20) than that of SF,.

The cluster molecular beam apparatus is
the same as that used and described in the
earlier SFy IR spectroscopy studies (8, 9).
The 3He gas was expanded through a 5-um
nozzle at a source pressure of P, = 5 bar at
a temperature of T, = 6.6 K and continu-
ously recycled. The resulting cluster beam
then passed through an 8-cm-long scatter-
ing chamber before being detected 80 cm
from the source by the electron beam ion-
izer of the mass spectrometer. The absorp-
tion of a laser photon (21) resulted in vi-
brational excitation of the molecule, which
was followed by rapid energy transfer to the
host droplet and the subsequent evapora-
tion of about 1200 atoms. This absorption
led to a substantial (=5 to 10%) decrease in
the mass spectrometer signal (8). The purity
of the *He was monitored in the mass spec-
trum, and no impurities to within 10 parts
per million of the *He peak could be de-
tected. The N; of the *He droplets was
measured to be 12,000 by deflection scat-
tering in another apparatus (22).

The OCS IR spectrum in the pure “He
droplets (Fig. 1A) exhibits a series of sharp
lines corresponding to the expected P- and
R-branches for the rotational A] = —1 and
+1 transitions, respectively. At higher res-
olution, the linewidths were found to de-
pend somewhat ‘on the initial rotational
state J in the ground vibrational state, in-
creasing from about 0.005 em™! (=150
MHz) for J = 0 to about 0.02 cm™! (=600
MHz) for ] = 3 in both the P- and R-
branches (17, 20). The dependence on ro-
tational state suggests some very weak cou-
pling of the rotations with the liquid (7).
This broadening, which is barely apparent
in Fig. 1A, is, however, of no direct impor-
tance for the interpretation to be discussed
below because it is about a factor of 20 to 40



smaller than the rotational energy. As for
SF,, the spectra can be fitted by a Hamil-
tonian for a free rotor, with a molecular
moment of inertia that is a factor of 2.7
larger than that of the free molecule, com-
pared with the factor of 2.8 found in SF
(12). The best fit rotational temperature is
-0.37 K compared with 0.38 K for SF, (12).
The absence of a Q-branch in the OCS
spectrum indicates that, as in the case of
SF,, the symmetry of the rotating molecule
in the *He droplet is the same as that of the
free molecule (17, 20).

The OCS spectrum in the pure 3He
droplets (Fig. 1B) shows an entirely differ-
ent profile, which is characterized by a
rather broad (linewidth, 0.1 cm™!) peak at
2061.8 cm™!. This featureless spectrum is
typical for heavy molecules in normal lig-
uids (23). As a result of thermal excita-
tions, the molecule undergoes a process
involving continuous changes of its angu-
lar momentum and - rotational energy
known as rotational diffusion (24). If the
associated relaxation time T, is less than
the inverse of the line splitting, then the
spectrum is expected to lose its rotational
structure. With' further decreases in the
relaxation time, the spectrum develops
into a single line at the band origin, with
a linewidth that may be much less than
the rotational envelope. This phenome-
non, known as the collapse of the rota-
tional structure or motional narrowing,
has been observed frequently (23). From
the bandwidths of the spectra in Fig. 1, the
lifetimes for rotational diffusion are esti-
mated to be 50 ps in *He, compared with
more than 1.5 ns for the sharpest R(0) line
in the liquid *He droplets.

The interaction potentials of OCS with
*He and *He atoms are expected to be
virtually identical, and therefore the ob-
served differences in the two spectra are
attributed to the different environments; in
the case of *He, the OCS is in a normal
fluid, and in the case of “He it is in a
superfluid. If the free molecular rotations in
“He were not due to superfluidity but were
only a consequence of the weak van der
Waals potential peculiar to He and the
large zero point motion resulting from the
low mass of He, then the effect should be
even more extreme in the case of the cold-
er, lighter *He atom environment (25). We
propose therefore that the appearance of
sharp rotational spectra of a single molecule
is a microscopic indication of superfluidity.

Additional evidence is provided by ex-
periments in which a small amount of *He
was added to the scattering gas. As men-
tioned above, the embedded “He atoms seg-
regated from the *He atoms and surrounded
the impurity molecule (12, 19). The aver-
age number of “He atoms, N4, captured was
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estimated assuming a Poisson distribution

(9, 26):

(al)™
P(Ny) = N, S (=al) (1)

where o = n,0F/vey (n, is the scattering
chamber density of “He, o is the coagula-
tion cross section, g is the average relative
collision velocity, and vq, is the cluster
beam velocity) (25) and L is the length of
the scattering region. The coagulation cross
section for “He was assumed to be identical
to the cross-sectional size of the He droplet
in accord with a recent study of the mass
dependence of capture cross sections (26).
According to Eq. (1), the n, needed to
obtain a distribution peaked at a given N, is
defined by
N,

N oglivcr 2)

N4

The standard deviation of the Poisson dis-
tribution is given by s = \/_N:.

The evolution of the adsorption spectra
was monitored for an increasing number of
“He atoms (Fig. 2, A to F). Even with the
addition of about seven atoms, the peak in
Fig. 2B was substantially shifted by about
0.1 em™! to the blue relative to the peak in
Fig. 1A. With 25 “He atoms, another shift
back to the red was found (Fig. 2C). With
35 “He atoms (Fig. 2D), the spectrum shows
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Fig. 1. An expanded view of the OCS IR spectrum
in pure “He droplets with N, = 6000 atoms (A)
and in pure ®He droplets with N, = 12,000 atoms
(B). The depletion is plotted versus the change in
wave number with respect to the origin of the
spectrum in (A) at v, = 2061.64 cm~".

the first resemblance of the final spectrum
that is well developed by the time 60 “He
atoms have been added (Fig. 2E). The in-
crease in the moment of inertia was about
the same as that obtained in pure *He drop-
lets. From the relative intensities of the
three peaks (Fig. 2, Eor F),a T, = 0.11K
was obtained that was somewhat lower than
in our earlier measurement for SF; in mixed
*He-*He droplets (12, 17). The further ad-
dition of *He beyond N, = 100 did not
change the spectrum substantially. The ap-
pearance of a sharp rotational spectrum is
an indication of superfluidity, and therefore
these experiments indicate that superfluid-
ity sets in gradually with the addition of
about 60 atoms. A cross-sectional view of a
large *He droplet containing an OCS mol-
ecule surrounded by a shell of 60 *He atoms
is shown in Fig. 3.

The present experiments provide clear
evidence that OCS molecules do not rotate
freely in *He droplets. Only with the addi-
tion of about 60 “He atoms, which corre-
sponds to about two shells around the OCS
molecule, do the spectra reveal sharp rota-
tional peaks. Thus, two effects contribute to
the observed transformation of the spectral
features. On the one hand, the “He atoms
decouple the molecule from the impeding
effect of the *He collisions. The *He on the
outside is not expected to affect the *He
atoms substantially if the inner core of the
atoms is sufficiently large. This is in agree-
ment with calculations on mixed clusters,
which indicated that the *He density at the
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Fig. 2. A series of OCS IR spectra similar to Fig.
1B but with increasing average numbers N4 of
added “He atoms [N, = 0 (A), 7 (B), 25 (C), 35 (D),
60 (E), and 100 (F)]. The change in wave number
in the abscissa is with respect to v, = 2061.71
cm~.
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“He->He interface falls off over a distance
similar to that at the surface of a free “He
cluster of the same size (19, 27). The second
effect is the buildup of a superfluid shell
that enables the molecule to rotate freely.
Recently, Feynmann path integral calcula-
tions in which the potential anisotropy was
neglected have been carried out for SF
inside small *He clusters. The results re-
vealed that superfluidity persists to a certain
extent even in the highly compressed layers
nearest the impurity molecule (28). These
calculations are also consistent with mea-
surements of healing lengths in thin films
for which the superfluid fraction is sup-
pressed at the interface and builds up to its
full value within a distance of a few ang-
stroms (29). Similarly, in the vicinity of the
OCS molecules, we expect a substantial
normal fluid fraction.

The observed increase in the moment of
inertia of the molecule about which we
speculated earlier (8) now has a straightfor-
ward explanation. If we neglect any inter-
action with the outer shell of 3He, then,
because of its superfluid character, the mo-
ment of inertia of the shell of *He atoms
surrounding the molecule is expected to be

greatly reduced to below its rigid body val-
ue, just as in the case of Andronikashvili’s
experiment (4) or as found in the Feyn-
mann path calculations (6, 28). Thus, the
moment of inertia of a single OCS molecule
in a superfluid cluster will have three con-
tributions:

I'=locs
Rmax 271
+ f f Jpn(R, 9, @)R*R sin’d ddde
0 00
(3)

where g is the moment of inertia of the
free molecule. The second term is inte-
grated over the entire anisotropic distribu-
tion of the normal liquid density p,(R, 9,
¢) (R, 9, and ¢ are spherical coordinates
with respect to the center of mass and axis
of the rotation) out to a distance R___ of

about 7 A 0%

corresponding to about 60 *He

+ hydrodynamic terms

atoms. p,(R, 9,¢) is expected to be largest
near the “surface” of the molecule (29).
The last term accounts for the perturba-
tion of the surrounding liquid by the ro-

Fig. 3. Simple schematic picture of an OCS molecule (yellow, black, and red) with a surrounding cluster
of 60 “He atoms (purple) inside a large *He droplet (blue). This model corresponds to the spectrum
shown in Fig. 2E, where superfluidity becomes apparent.
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tating molecule that depends on the an-
isotropy of the molecule. Because the su-
perfluid undergoes irrotational flow, we
refer to this term as a hydrodynamic
(backflow) correction. Simple estimates
(30) suggest that this third term is quite
small so that the factor 2.7 increase in the
moment of inertia comes mainly from the
normal liquid fraction near the molecule.
Although the overall moment of inertia is
larger than that of the free molecule, it is
much smaller than if the surrounding shell
of “He atoms were a normal fluid and
nearly rigidly coupled. A more complete
microscopic understanding of the phe-
nomena observed here will require de-
tailed simulations with careful accounting
of the anisotropic interactions.

These experiments provide convincing
evidence for a microscopic manifestation of
superfluidity in a system consisting of a
small number of “He atoms. We propose
that this new phenomenon should therefore
be designated “molecular superfluidity.”
The second major observation is the critical
size of about 60 *He atoms needed to permit
molecular superfluidity to occur. When a
molecule is coated with about two layers of
*He at temperatures well below T,, then
the molecule is able to rotate nearly unim-
peded but with an increased moment of
inertia compared with that of the free mol-
ecule due to both the normal component
dragged along and a hydrodynamical super-
fluid “backflow” correction. Unfortunately,
we were not able to change the temperature
of our droplets, which maintained a con-
stant temperature determined by their heat
of evaporation (13). Otherwise, it would be
possible to observe the change in superfluid
fraction with temperature. In most other
respects, however, the new phenomenon is
the microscopic analog of the famous An-
dronikashvili experiment (4).
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Elevation Change of the Southern
Greenland Ice Sheet

Curt H. Davis,* Craig A. Kluever, Bruce J. Haines

Seasat and Geosat satellite altimeter measurements for the Greenland ice sheet (south
of 72°N latitude) show that surface elevations above 2000 meters increased at an average
rate of only 1.5 = 0.5 centimeters per year from 1978 to 1988. In contrast, elevation
changes varied regionally from —-15 to +18 centimeters per year, seasonally by +15
centimeters, and interannually by +8 centimeters. The average growth rate is too small
to determine if the Greenland ice sheet is undergoing along-term change due to a warmer

polar climate.

Understanding the current state of the
polar ice sheets is critical for determining
their contribution to sea-level rise and pre-
dicting their response to climate change.
Current estimates from decades of tide-
gauge data indicate an increase in global sea
level of 10 to 20 cm over the past century
(1). It is uncertain, however, what the in-
dividual contributions of the polar ice
sheets are to sea-level rise at this time. The
Greenland ice sheet is of particular interest
in climate change studies because it is sig-
nificantly warmer than the Antarctic ice
sheet, where temperatures remain well be-
low freezing over the majority of its surface.
Also, the potential for polar amplification
of a global warming trend in the Northern
Hemisphere is very likely (2). Thus, the
Greenland ice sheet is likely to undergo
more dramatic change in response to a glob-
al warming trend.

Using satellite radar altimeter data from
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the Seasat and Geosat missions, Zwally et
al. (3) estimated that the southern part of
the Greenland ice sheet (south of 72°N
latitude) grew by 23 *+ 6 cm/year from 1978
to 1986. Zwally (4) suggested an increase in
precipitation rates caused by a warmer polar
climate as a possible cause of the volume
growth. However, concerns have been
raised about the effect of orbit errors, re-
tracking errors, and systematic biases on
these results (5-8). We reexamined eleva-
tion change of the Greenland ice sheet,
using Seasat and Geosat altimeter data
through 1988 after incorporating recent
technical advancements in ice-sheet re-
tracking, orbit computation, and orbit error
reduction.

The Seasat and Geosat altimeters were
designed primarily for measuring sea-surface
height. Altimeter data collected over the
ice sheets must be postprocessed to produce
accurate surface elevation measurements.
This is called “retracking” and is required
because the leading edge of the reflected
radar signal deviates from the tracking gate
on the satellite, causing an error in the
range measurement. Comparison of the re-
peatability of surface elevations produced
from different ice-sheet retracking algo-
rithms (7) showed that the retracking algo-
rithm (9) used by Zwally et al. (3), hereafter
referred to as the NASA algorithm, intro-
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duced larger errors in the elevation data
than did three other retracking algorithms.
Also, the NASA algorithm produced ice-
sheet growth rate estimates 30 to 50% larg-
er than those derived from three competing
algorithms, which all produced nearly iden-
tical results. Although several refinements
of the NASA algorithm have now been
made (I0), it still introduces significant
random error in ice-sheet datasets. We used
a threshold retracking algorithm developed
specifically for measurement and detection
of ice-sheet elevation change (I11). The
threshold algorithm reduces random errors
in ice-sheet data by up to 35% compared to
the current NASA algorithm (11).

For comparing Seasat and Geosat data,
Zwally et al. (3) used orbit solutions accu-
rate to about 1 m in the radial component
(12). The solutions for Seasat and Geosat
were derived from different gravity models.
Because of this and other factors, these
authors used a 40 = 40 cm systematic cor-
rection in their analysis. Since then, several
consistent sets of orbit solutions have been
developed for both datasets. We used Joint
Gravity Model-3 (JGM-3) (13) orbit solu-
tions that are now available for Seasat,
Geosat-Geodetic Mission (GM), and the
Geosat-Exact Repeat Mission (ERM) satel-
lite datasets. The radial component of Geo-
sat JGM-3 orbits is accurate to 10 cm (14).
The Seasat JGM-3 orbits, while not as ac-
curate as their Geosat counterparts, repre-
sent significant improvement over previous
solutions.

Most studies of ice-sheet elevation
change correct altimeter radial orbit error
using a reference ocean surface in the vi-
cinity of the ice sheet (for example, the
North Atlantic for Greenland) (15). How-
ever, the predominant radial orbit error is a
long-wavelength signal concentrated at a
frequency of 2/orbital period (1/rev fre-
quency). Within each continuous orbit so-
lution, the phase and amplitude of the 1/rev
error change gradually over large distances,
where a high level of correlation is main-
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