1532

partially negated by the higher MR and high-
er p of the geometric MR sensor. Further-
more, physical MR information storage sen-
sors such as spin-valve read heads may not
provide sufficient sensitivity when scaled to
sizes corresponding to the superparamagnetic
limit for modern media of 100 Gb/inch?,
because of demagnetization and other mag-
netic effects (22). Composite nonmagnetic
semiconductors with enhanced geometric
MR > ~100% at the relevant field (23),
H,., = 0.05T, are not thus limited and could
still exhibit high MR even when scaled to
mesoscopic sizes (24). Also, their response
time can be approximated by the inverse of
the plasmon frequency, yielding a value in
the subpicosecond range (25). This is sub-
stantially faster than the 107° to 107'0 s
switching times of metallic sensors that are
limited by magnetization dynamics (22). It
should also be easy to provide the ~ 0.2 T
self (19) or external biasing necessary to
obtain a linear response and higher MR close
to H=0.

In addition to SNR, semiconductor physical
MR sensors are often judged by a figure of
merit (1/R)(dR/dH) that typically exhibits a RT
maximum of ~2.5 T~! around a biasing field
of 0.25 T (2). If we use this figure of merit, our
MR sensor with & = 13/16 reaches a corre-
sponding maximum of 24 T~! at 0.13 T, a
factor of ~10 improvement, realized at a lower
field. InSb enhanced geometric MR sensors
should also be competitive with InSb Hall sen-
sors (3) now produced in quantities >10°/year
for motors in consumer electronics.

Finally, one can readily anticipate sensors
with still higher geometric MR values than
reported in this proof-of-principle study.
With higher mobility films and more vertical
inhomogeneity side walls, we believe a fur-
ther improvement of a factor of 2 to 3 of the
MR to be in comfortable reach. In addition,
the simple vdP geometry may not be optimal.
Whatever the ultimate magnitude of achiev-
able MR, it is clear that careful design of
simple composite metal-semiconductor struc-
tures can result in sensors with substantially
enhanced RT geometric MR.
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Evidence for Superfluidity in
Para-Hydrogen Clusters Inside
Helium-4 Droplets at 0.15
Kelvin

Slava Grebenev,'* Boris Sartakov,? J. Peter Toennies,'}
Andrei F. Vilesov'*

A linear carbonyl sulfide (OCS) molecule surrounded by 14 to 16 para-hydrogen
(pH,) molecules, or similar numbers of ortho-deuterium (oD,) molecules,
within large helium-4 (*He) droplets and inside mixed “He/?He droplets was
investigated by infrared spectroscopy. In the pure *He droplets (0.38 kelvin),
both systems exhibited spectral features that indicate the excitation of angular
momentum around the OCS axis. In the colder “He/>He droplets (0.15 kelvin),
these features remained in the oD, cluster spectra but disappeared in the pH,
spectra, indicating that the angular momentum is no longer excited. These
results are consistent with the onset of superfluidity, thereby providing the first
evidence for superfluidity in a liquid other than helium.

The helium liquids “He and *He are the only
known substances that exhibit the phenome-
non of superfluidity below transition temper-
atures 7, = 2.18 Kand 7, = 2.4 X 1073 K,
respectively. Despite intensive theoretical
and experimental efforts during the ~60
years since its discovery, this remarkable ef-
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fect still eludes complete understanding (7).
Thus, there is considerable interest in finding
superfluidity in other substances, and this is
one of the reasons for the great interest in the
recently discovered phenomenon of Bose-
Einstein condensation (BEC) in the alkali
atom gases (2). In 1972, Ginzburg and
Sobyanin (3) estimated the BEC temperature
of the modification of hydrogen molecules
with antiparallel spins on the two nuclei (i.e.,
para-H, or pH, molecules) to be 7, = 6 K.
They used the formula
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(4), where n is the particle density, g is the
spin degeneracy of the particles (g = 1 for
pH,), M is their mass, i is Planck’s constant
divided by 2, and kj is the Boltzmann con-
stant. According to Eq. 1, T, is expected to be
highest for pH, molecules in their rotational
ground state (j = 0) because they have a
nuclear spin of / = 0 and are therefore, like
“He atoms, spinless bosons. In ortho-H, (I =
1, g = 3), T, will be ~3 K, and in ortho-D,
(1/6 in I = 0 and 5/6 in I = 2), superfluidity
will be further impaired by the mixture of
nuclear spin states, the greater degeneracy,
and the greater mass. The triple point of
hydrogen is 13.8 K, and the liquid therefore
must be extensively supercooled to observe
the transition. Maris et al. (5) have proposed
and tried several methods for supercooling
H, drops. Other groups have studied the be-
havior of thin H, films on various substrates
(6, 7) or have tried to exploit finite size
effects in confined geometries, such as occur
in porous media (8, 9), but so far without
success.

The present research was inspired by the
Feynman path integral Monte Carlo (PIMC)
simulations of Sindzingre et al. (10), who
found that small pH, clusters with only 13
and 18 molecules exhibit a superfluid transi-
tion below ~2 K, whereas clusters with 33
molecules did not. They attributed this effect
to the 30% decreased density resulting from
the large surface-to-volume ratio and the re-
lated reduced coordination in the small clus-
ters. To identify the transition in a given
cluster, they calculated its effective moment
of inertia and angular momentum, both of
which are known to vanish in a superfluid at
temperatures well below T (/).

In the present experiments, the recently
discovered phenomenon of “molecular super-
fluidity” (1), which refers to the free rota-
tions of single molecules [and small clusters
(12, 13)] inside superfluid “He, has been
exploited to search for superfluidity inside
small OCS-(oD,), and OCS-(pH,), clusters
with n = 14 to 17. The central OCS (linear
carbonyl sulfide) molecule in these small
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clusters serves as a spectroscopic probe for
measuring the effective moments of inertia.
Its symmetry axis also provides an axis of
angular momentum quantization without hav-
ing any inherent angular momentum, as is
known from the gas-phase spectrum and also
found in liquid “He droplets (/4). By coating
the large “He droplets with a thick outer layer
of 3He, which has a lower evaporative tem-
perature, it is possible to fix the temperature
in the interior of the “He core at either 0.38 K
(without *He) or 0.15 K (with 3He). The
evidence for superfluidity of the pH, clusters
is derived from changes in the high-resolu-
tion infrared (IR) spectra of the OCS-(pH,),
(n = 14 to 16) clusters, which occur upon
lowering the temperature from 0.38 to 0.15
K. The disappearance of the Q-branch spec-
tral feature, which is associated with vibra-
tional transitions between states with the
same rotational quantum numbers (Aj = 0),
indicates a vanishing of the angular momen-
tum around the symmetry axis (/5). This is
consistent with a large decrease in the effec-
tive moment of inertia, as expected for the
transition to a superfluid state. Further con-
firmation comes from a lack of any effect in
OCS-(oD,),, clusters, where, as discussed
above, the onset of superfluidity is greatly
impaired.

The coaxial laser-droplet beam depletion
apparatus was identical to that described in
(11, 13). The lead salt diode laser was tuned
to the 0 — 1 vibrational transition of the
stretch mode (2060 cm™!) of the OCS chro-
mophore molecule inside helium droplets.
The droplets were produced by expanding
99.9999% pure “He or *He gas, or a mixture
consisting of 4% “He in *He, at P, = 30 bar
and T, = 8.5 K through a 5-wm nozzle. The
OCS molecules were first combined with the
droplets in a separate scattering chamber at
an optimal pressure of 3 X 107 mbar, such
that on average 0.4 OCS molecules were
captured per droplet (/2). Then, either 99%
pure pH, or 96% pure oD,—produced by
low-temperature catalytic conversion of lig-
uid H, or D,, respectively—was added in a

Fig. 1. Spectra of OCS- T
(oD,), clusters (A) and oD, in *He
OCS-(pH,),, clusters (B) in- |
side pure%He droplets, con- shell Il
sisting of about 5000 at-
oms, in the frequency re-
gion where the first shells

2062

second liquid nitrogen—cooled scattering
chamber at pressures corresponding to the
addition of an average number of n = 15
molecules. Upon attachment of the H, or D,
molecules, they form small clusters around
the OCS molecule that resides near the center
of the droplet (/2). In the mixed “He/*He
droplet, a nearly pure “He phase surrounds
the impurity; in turn, this phase is coated by
3He, which extends to the outside (/1, 16).
The beam of droplets is detected by a quad-
rupole mass spectrometer. The absorption of
photons from the laser beam leads to a large
decrease in the detector signal.

To monitor the number of hydrogen mol-
ecules added, we first measured the spectra in
pure 3He droplets, in which the rotational
structure is shrunk into a single peak, simpli-
fying its assignment (/7). Spectra at relative-
ly high oD, and pH, pick-up pressures ex-
hibit a series of well-separated peaks shifted
toward the red and separated by ~0.3 to 0.5
cm~! (Fig. 1, A and B). These peaks could
each be assigned to a particular value of »
(12, 13). The additional anomalous peaks in
the oD, spectrum (Fig. 1A, asterisks) were
assigned to clusters in which one of the oD,
molecules is replaced by a pD, molecule,
which at 4% is the major impurity in the oD,
supply gas. Also, the shifts of the peaks
corresponding to OCS-(pH,),, forn = 12 and
13 as well as for n = 15 and 16 are anoma-
lous in that they lie too close together (Fig.
1B). Because the latter anomalies are not seen
in pure “He droplets (Fig. 2C), they may be
due to small structural differences. Other-
wise, the peak shifts follow a smooth depen-
dence up to n = ~17 for both pH, and oD,
(Fig. 1C). The nearly identical shifts for the
two hydrogen isotopes indicate that they have
similar structures. The dependence saturates
for larger n, indicating the completion of the
first shell around the OCS molecule. The line
shifts corresponding to the formation of the
second and third shells are much smaller
because the molecules are farther away from
the central chromophore and the correspond-
ing bands are no longer resolved.

2061

2060 |

are completed and the sec-
ond and third shells are
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filled. The asterisks denote
peaks resulting from the in-
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(C) Measured frequencies
of the collapsed spectra of
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Fig. 2. Comparison of the
IR spectra measured for
three different OCS-
(oD,), and OCS-(pH,),
clusters in helium drop-
lets. (A and B) OCS-
(oD,),, clusters with n =

0CS(oD,), in *
n=17

He

A | [OCS(pH,),in *He

Cc
16 15

15, 16, and 17 in pure
“He droplets with about
8000 atoms (T = 0.38 K)
and in mixed “*He/He
droplets with 10,000 3He
atoms and 500 “He at- Best
oms (T = 0.15 K), respec- fit
tively. (C and D) OCS-
(pH,), clusters with n = . :

in *He/*He

Relative depletion

15 B

in *He/*He D

16 15 14

14, 15, and 16 in the 2057.2
same droplet environ-
ments. The asterisks in
(A) denote peaks result-

2057.6

2058.0 2058.4

v (cm™)

2057.6

2058.0
v (em™)

2058.4

ing from the inclusion of pD, impurities. The bottom part of (B) shows best-fit simulations based on a free symmetric top Hamiltonian with spectral

resolution of v = 0.01 cm™".

In the oD, spectra measured in pure “He
droplets (Fig. 2A), the P- and R-branches—
which correspond to transitions to rotational
states that differ in their rotational quantum
numbers by Aj = —1 or Aj = +1, respective-
ly—are largely obscured by noise. However,
the sharp Q-branch is clearly seen for each of
the clusters. In the colder mixed “He/*He drop-
lets (Fig. 2B), a distinct Q-branch and the rota-
tional lines of the P- and R-branches are well
resolved. In all three pH, clusters in Fig. 2C, the
Q-branches once more are clearly observed, but
surprisingly they disappear in the three much
better resolved spectra measured in the mixed
“He/*He droplets (Fig. 2D).

To quantify these results, we simulated the
spectra using the Hamiltonian for a freely ro-
tating top that is symmetric about the OCS axis
(17). It was not possible, however, to properly
account for the effect of nuclear spin statistics
because the symmetry of the H, clusters is not
known. With the exception of the very noisy
traces for the oD, clusters in the pure “He

droplets (0.38 K), the experimental spectra
could be well simulated, as exemplified by the
best-fit calculations for the oD, clusters in “He/
3He mixed droplets (0.15 K) shown in Fig. 2B.
The assumption of a symmetric top structure is
confirmed by the good agreement of the fre-
quencies and the intensities of the resolved
rotational lines with the simulations. The rota-
tional envelope of the pH, spectra could also be
nicely fitted by assuming the previously estab-
lished temperatures of 7= 0.38 K and 0.15 K
for the “He and “He/He droplets, respectively
(11, 12) (Fig. 3, C and D). From the best fits,
the symmetric top moments of inertia /, and /,,
which correspond to rotations around the OCS
molecular axis and perpendicular to it (Table
1), are obtained via the rotational constants A
and B using the relations /, = #%/24 and I, =
#2/2B. Because a Q-branch could not be detect-
ed in the pH, spectra at T = 0.15 K, only an
upper limit for 7, can be estimated.

The experimental values of / for the oD,
and pH, clusters (Table 1) are considerably

Table 1. Vibrational band origin frequencies v and best-fit symmetric top moments of inertia /, and /,
as a function of the number of oD, or pH, molecules for the spectra in Fig. 2. The temperatures are 0.38

K in the pure *He droplets and 0.15 K in the mixed *

He/>He droplets. Numbers in parentheses are the

estimated mean square deviations in the last significant digits. Asterisks denote insufficient resolution for

a reliable determination of the rotational constants.

v

/ !

greater than expected for the free cluster. For
a free OCS-(oD,), , cluster, the total value for
I, is estimated to be ~1030 amuA? (14).
Thus, the observed value is larger than ex-
pected for the free cluster by a factor of 2.5.
For the corresponding free pH, cluster, if the
structure were identical, a value of ~557
amu-A? would be anticipated because the
mass is smaller by a factor of 2. The observed
values are greater by a factor of ~3.0. These
ratios are in line with the factor of 2.8 in-
crease in [, for a bare OCS molecule in a “He
droplet (11, 14).

Despite the large noise in the pH, spectra
at T = 0.38 K, values in the range 600 to
1000 amu-A? could be obtained for /,,. These
values are significantly higher than the ex-
pected value of 360 amu-A2. At 0.15 K the
value of /, nearly vanishes, as indicated by
the disappearance of the Q-branch (Fig. 2D).
Compared to the oD, clusters at the same
temperatures, /, is more than an order of
magnitude smaller, whereas on the basis of
the reduced mass 7, should at most be only
about a factor of 2 smaller.

To confirm that /, changes significantly
between 0.38 K and 0.15 K, it is necessary to
rule out the possibility that the disappearance
of the Q-branch is a consequence of the
reduction in the Boltzmann factor due only to
the lowering of the ambient temperature. We
therefore simulated the pH, cluster spectrum
at 7 = 0.38 K using the 0.15 K parameters
(Fig. 3E) and the spectrum at 0.15 K using
the 0.38 K parameters (Fig. 3F). In both
cases, the measured spectra (Fig. 3, A and B)
differ considerably from the simulations, es-
pecially with respect to the presence of the
Q-branch. Thus, the observed effect is not
explained by a temperature-induced change
in the populations of the rigid symmetric top
rotational degrees of freedom, but is due to a
large inherent reduction in the effective mo-
ment of inertia /,. Precisely this behavior is
expected for a superfluid cluster.

n Droplet (em™) (aml/J‘-A2 ) (amll:-A2 )
oD,
15 “He 2058.35(1) * *
“He/*He 2058.35(1) 510 (170) 2380 (40)
16 “He 2057.86(1) * *
“He/3He 2057.87(1) 730 (190) 2550 (40)
17 “He 2057.44(1) * *
“He/3He 2057.44(1) 1050 (260) 2810 (140)
PH,
14 “He 2058.39(1) 670 (350) 1530 (140)
“He/3He 2058.39(1) <56 1770 (150)
15 “He 2057.99(1) 990 (700) 1530 (280)
“He/3He 2057.99(1) <56 1870 (210)
16 “He 2057.60(1) 600 (450) 1670 (70)
“He/3He 2057.60(2) <56 1870 (210)
1534 1 SEPTEMBER 2000 VOL 289 SCIENCE www.sciencemag.org



Other possible explanations, such as
changes in the “He superfluid fraction, can
also be excluded because at these low tem-
peratures, the “He normal fluid fraction in
large droplets is expected to be similar to the
bulk value, which is only ~1076. The small
concentration of 3He, which is estimated to
be less than 2% in the vicinity of the cluster
(16), is also not expected to affect rotational
motion at either temperature (/8). The only
structural change that could explain the de-
crease in I, involves a realignment of all the
pH, molecules away from the tightest bind-
ing sites near the waist to positions at the pole
caps, thereby forming a linear configuration
along the axis of rotation. This seems very
improbable in view of the much weaker van
der Waals binding at the cap sites (/9) and is
not consistent with the regular behavior of the
line shifts in Fig. 1.

The observed striking differences in the
behavior for oD, and pH, therefore are most
likely due to the different permutation sym-
metries resulting from the different nuclear
spin states (see Eq. 1). If the oD, or pH,
shells are cursive, then the point group sym-

in “He in “He/PHe

Exp't. A Explt. B

c

L

2

2
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(]

°

(-]
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@
T=015K "E| [r=038k | 'F
parameters parameters

2057.4 2057.6 2057.8 2057.4 2057.6 2057.8
v (ecm™)

Fig. 3. Two typical measured spectra for OCS-
(PH,)4 clusters (A and B) are compared with
best-fit simulations (C and D) for temperatures
of 0.15 and 0.38 K, respectively. In (E) the
spectrum at 0.38 K is simulated using the best-
fit rotational constants of the data at 0.15 K.
The very low intensity of the Q-branch in the
simulation indicates that these rotational con-
stants cannot explain the observed spectrum. In
(F) the spectrum at T = 0.15 K is also not
reproduced by a simulation using the parame-
ters obtained at 0.38 K. Thus, the difference in
the experimental spectra cannot be explained
by the changes in Boltzmann factors at the two
temperatures. A spectral resolution of 0.02
cm~' was assumed in the fits (C to F) taken
from the averaged width of the Q-branches in
the experimental spectra of Fig. 2C.
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metry with respect to the OCS axis will be
important. Such a rigid cluster may be
viewed as consisting of several coaxial rings
of D, (H,) molecules arranged along the
OCS axis. The overall symmetry of several
concentric rigid rings, each with different
numbers of molecules (with n < 6), will be
much lower than for a single ring with six
“He atoms (Cj,), which just fits around the
waist, as was recently postulated to exist for
OCS molecules in pure superfluid “He drop-
lets (14). As a result of the lower symmetry
and large number of attached D, (H,) mole-
cules, the rotations should be energetically
allowed even at 0.15 K, as indicated by the
oD, cluster spectra. However, if the system is
sufficiently cursive so that exchange permu-
tations between the cluster molecules are pos-
sible, then the particle spins become impor-
tant in determining the dynamical behavior in
much the same way as discussed by Feynman
(20). Feynman argued that the superfluid is
characterized by closed loops of helium at-
oms resulting from Bose permutation ex-
change symmetry. This concept is at the basis
of the Feynman PIMC method for simulating
superfluidity. Thus, because of the corre-
sponding high symmetry of such liquid shells
about the OCS axis, the corresponding low-
energy rotations would be energetically for-
bidden, which is equivalent to a decrease in
the effective moment of inertia, as is ob-
served. On the basis of these arguments, we
conclude that our results indicate the onset of
superfluidity in the pH, clusters, which is not
found in the oD, clusters.

These conclusions are consistent with
what is now known about small pure cold H,
and D, clusters. Theoretical simulations pre-
dict pure oD, clusters to solidify at tempera-
tures below 4 K (21), whereas small (pH,),,
clusters remain fluid (2/-25). The main dif-
ference between these simulations as well as
those of Sindzingre et al. (10) for pure pH,
clusters and our experiments is the presence
of the OCS chromophore at the center of the
cluster and the embedding of the entire clus-
ter inside superfluid helium. The effect of an
impurity has been studied in the PIMC sim-
ulations of lithium-containing (pH,), clus-
ters for n = 13, 55, and 180 carried out by
Klein and co-workers (26), even though they
did not test for superfluidity. Their simula-
tions at ~2 K revealed that the small
Li(pH,),, clusters are completely melted and
have a self-diffusion coefficient similar to
that of bulk liquid pH, (27). The effect of the
outer helium environment has recently been
simulated using the PIMC method for small
H, clusters (n = 6 and 13) inside larger *He
clusters with up to 40 atoms at 0.5 K (28).
These calculations indicate a clear separation
of the two species with a slightly compressed
central H, cluster and a decrease in the H,
superfluid fraction from ~0.45 (n = 6) to

1 SEPTEMBER 2000

~0.10 (n = 13). The strong interaction with
the OCS chromophore and the presence of
the “He atoms on the outside are thus expect-
ed to reduce the transition temperature from
the calculated value of 2 K for the pure
clusters in the direction of the order of mag-
nitude smaller value found here.
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