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with dry pyridine (py), followed by washing
with dichloromethane, gave a quantitative yield
of a green derivative [Cuy(TMA),(py)sl,
0.5py-2H,0 (22). Its x-ray diffraction pattern is
similar to that of HKUST-1 in d-spacing and
line shape, demonstrating that chemical func-
tionalization can be achieved without a loss of
structural integrity.

Although the resulting polymer [Cu,-
(TMA),(py);],, cannot be obtained by a direct
treatment of Cu(Il) salts with TMA in pyridine
solution (23), the use of either DMF or dimeth-
ylsulfoxide (DMSO) as the crystallizing solvent
affords phase-pure solids that are isostructural
with HKUST-1. These can be formed at RT in
>80%:-yield and in multigram quantities. These
solids still possess axial aqua ligands but con-
tain channel DMF/DMSO and water (24). How
such polar organic solvents play a structure-
directing role in the formation of the tetracar-
boxylate moieties remains to be established,
although changes in both solution speciation
and product solubilities are probably involved.

Finally, the replacement of Cu by more
oxophilic metals (Os, and others) in the
framework of HKUST-1 should help achieve
thermal stabilities in excess of 300°C. A
TGA study of anhydrous [Er(TMA)] (25),
which we have recently synthesized hydro-
thermally, shows no weight loss up to 500°C.
Other metal substitutions may allow the in-
troduction of redox centers {Ru(II)-Ru(I)},
the incorporation of catalytic sites (Rh,), or a
switch from neutral to charged frameworks
{Re(III)-Re(1II)}.
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Direct Evidence for R~ Rotons
Having Antiparallel Momentum
and Velocity

M. A. H. Tucker and A. F. G. Wyatt*

Experimental evidence is presented that shows that the momentum of a R~
roton (a particle-like excitation in liquid helium-4) is antiparallel to its velocity.
Although this is anticipated from the negative slope of the dispersion curve for
these excitations, it has only been possible to test since the development of a
source of ballistic R™ rotons. The backward refraction of the quantum evap-
oration process, which is the signature of antiparallel momentum and velocity,

is observed.

Particles in free space obey Newtonian laws
of motion at low speeds and relativistic laws
at high speeds. The momentum p and veloc-
ity v of such a particle are connected by an

School of Physics, University of Exeter, Stocker Road,
Exeter EX4 4QL, UK.
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equation of the form p = mv, and because
mass (m) is always a positive quantity, p and
v are parallel. Particles that move in a medi-
um do not necessarily have p parallel to v
because the momentum is a composite quan-
tity involving both the particle and the reac-
tion of the medium to its motion. Liquid “He
at temperatures 7’ < 2.1 K has particle-like
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excitations called R™ rotons that are expected
to have p antiparallel to v. Here we describe
an experiment that shows that this is indeed
the case. This property is interesting not only
because of its rarity but also because it leads
to nonintuitive scattering behavior. This be-
havior can be illuminated by an analogy.
Consider a tennis ball that has its momentum
antiparallel to its velocity. When the ap-
proaching ball is hit with a racquet, the ball’s
direction is reversed as usual but its speed is
reduced and the racquet does not recoil but
accelerates forward (/). It is the unusual scat-
tering behavior of R™ rotons at the free liquid
surface that gives an unambiguous method of
detecting the relative orientation of p and v.

Theoretically, p and v are expected to be
antiparallel for R~ rotons because of the
shape of the energy-momentum (dispersion)
relation €(p). Landau (2) suggested the cor-
rect form of €(p) for excitations in superfluid
“He, in which T < 2.1 K. This dispersion
curve was first measured (3, 4) with neutron
scattering. €(p) increases from e(p = 0) =
0 to a local maximum at p__. . dips to a
local minimum (the roton minimum) at p,
with energy A, and then rises asymptotically
to a limiting energy of 2A (5). The values of
poand Aarepo/h =1.925 X 10'°m ™" and
A/ky = 8.61 K (%, Planck’s constant/2; kg,
Boltzmann constant) (6). Excitations with
P < Paxon ar€ nearly pure propagating den-
sity fluctuations and are called phonons. Ex-
citations with p > p_ . are called rotons
and involve superfluid flow as well as density
fluctuations. A roton that has p > p, is called
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Fig. 1. Schematic of quantum evaporation
showing the negative refraction of the R~ ro-
ton evaporation path at the free liquid surface
of superfluid “He. No horizontal momentum is
imparted to the surface, so the atom has the
same horizontal momentum as the R~ roton.
This stems from the translation invariance of
the surface.
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a R™ roton because the dispersion curve here
has a positive gradient, and similarly a roton
that has p,_ ... < p < p, is called a R~
roton because the gradient is negative.

The velocity of a particle is given by the
gradient de/dp at the point (g, p) on the
dispersion curve. An object in free space has
€ = p?/2m at nonrelativistic speeds and &2
= c2p? + m?c* at relativistic speeds, so
de/dp > 0, that is, its dispersion curve has
positive gradient and its velocity is therefore
parallel to its momentum. In superfluid “He,
however, de/dp < 0 for positive p in the
interval p__ . < p < p,, so theoretically
the velocity of a R™ roton should be antipa-
rallel to its momentum. This also implies that
if the energy of a R™ roton is increased, its
momentum decreases.

There are few techniques available to
measure roton properties. Although neutron
scattering can measure € and p, it is unable to
measure the velocity and so cannot give in-
formation about the relative orientation of p
and v. However, in a quantum evaporation
experiment both p and v can be measured, so
we can determine whether the momentum of
a R™ roton is antiparallel to its velocity.

To perform the quantum evaporation mea-
surement, it is necessary for the R~ roton to
have a mean free path that is longer than the
distance from the source to the free liquid sur-
face so that the angle of incidence is well
defined. The shape of the dispersion curve in
the R™ region indicates that spontaneous decay
of a R™ roton by phonon or roton emission is
forbidden by energy and momentum conserva-
tion. Scattering from thermal excitations is
made negligible by the use of low liquid tem-
peratures, and scattering with other rotons emit-
ted by the source can also be made negligible
by limiting the flux. Time-of-flight measure-
ments show that long R~ roton lifetimes can be
achieved (7). The rotons are collimated into a
beam directed at the free liquid surface. The
velocity of the roton points toward the surface,

Fig. 2. The flux of evap- 5 o

and the modulus of the velocity is found from
the time of flight. We use the interaction with
the free liquid surface to show that the momen-
tum of a R™ roton points back along the path
toward the source. At the surface, the R™ roton
scatters into a free atom state above the liquid,
that is, the roton disappears and a free atom is
created. In this process, energy and the compo-
nent of momentum parallel to the surface are
conserved. This latter condition arises from the
translational invariance of the free liquid sur-
face. The conservation laws are

2

DPa
82EB+E 1)
psin® = p,sind )

where ¢ is the energy of the incident roton with
momentum p, p, is the momentum of the evap-
orated atom, Ej is the binding energy of the
atoms to the liquid, and m is the mass of an
atom. The path of the R~ roton makes an angle
6 to the vertical and ¢ is the angle of the atom
path relative to the vertical. These conservation
laws (8, 9) have been verified with the use of
phonons and R™* rotons in quantum evaporation
measurements (/0—12).

The angle ¢ of the evaporated atom can
be derived from Egs. 1 and 2 and is given by

p sin 0

sind = e = E) ) (3)

The denominator has the dominant effect, so
we see that for rotons of higher energy the
evaporated atom is ejected at a smaller angle
to the normal. This angular dispersion of
quantum evaporation allows us to perform
spectroscopy on the roton distribution. For a
R™ roton, ¢ is positive so the atom path has
the same horizontal direction as the path of
the roton. However, if p is negative then the
angle ¢ is negative, so atoms evaporated by
R rotons should be refracted backward (Fig.
1). So we need only show this direction of the
evaporated atom to demonstrate that p is
antiparallel to v.

—_
o

orated “He atoms as a
function of the hori- T
zontal position x of the
detector. The detector
is 3 mm above the lig-
uid surface and the
source is 9 mm below
the surface at x = 0.
The open circles corre-
spond to evaporation
by R™ rotons (energy
scale at right). The er-
ror bars are comparable
with, or smaller than,
the circles. The solid
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evaporation by R~ ro-
tons (energy scale at
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the numerical simulation of the experiment for evaporation by R~ rotons (left) and R* rotons (right).
The effective temperature of the roton distribution that fits best is 1.0 K.
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A fast source of R™ rotons that enables
this experiment to be performed has recently
been developed (/3). It is based on collisions
between R™ rotons as follows

R"+R" —>R" +R~ v

R*+R*" >R~ +R" “
The source consists of two parallel metal
films that form a narrow open-sided cavity
containing liquid *He. The two metal films
are heated simultaneously with a short pulse
of current, injecting R™ rotons and low-ener-
gy phonons into the cavity. R™ rotons are not
injected by these heated films (/4) but are
created when the R* rotons interact. The
pulse of R* and R~ rotons emitted from the
cavity is short enough for time-of-flight mea-
surements. This information gives an indepen-
dent check that we are observing the effects of
ballistic rotons and not spurious reflections.

To measure the quantum evaporation an-
gle, the emitted rotons need to be collimated.
We do this with horizontal semicircular slits
so that the beam has the shape of the surface
of a half cone. The source is ~9 mm below
the liquid surface, and 6 = 16.5° with a beam
profile full width at half maximum of 7.5°.
Atoms from R~ rotons should be refracted
backward and converge several millimeters
above the liquid surface, vertically above the
source. This collimation arrangement en-
hances the R™ roton evaporation signal at a
detector placed here (/5). The detector can be
moved horizontally so that the divergent
beam of atoms from the R™ rotons can also
be detected for comparison.

The detector is 3 mm above the liquid sur-
face. The energy deposited on the detector as a
function of its horizontal position x (Fig. 2) is
clearly composed of two separate components:
maxima at x ~ 0 (directly above the roton
source) and at x ~ 6 mm, with a minimum of
almost zero at x ~ 2.5 mm. This spatial distri-
bution of atoms is that expected from a beam
containing R~ and R™ rotons. The peak on the
left comes from R~ rotons and the peak on the
right from R™ rotons. The times of flight sup-
port this identification. The result clearly shows
the negative refraction of atom paths relative to
R™ roton paths, thus demonstrating that the
momentum and velocity of a R™ roton are
antiparallel.

To make a quantitative comparison with
theory we have made a computer simulation.
A Monte Carlo procedure selects a roton
from a thermal distribution at the source and
follows it through the geometry of the colli-
mation to the surface. An atom is liberated
according to Eqs. 1 and 2, and a test is made
of whether the atom hits the bolometer. For a
roton spectrum with an effective temperature
of 1 K, the simulation reproduces the main
features of the measurements very well (Fig.
2). The remaining difference is most likely
due to the evaporation probability being mo-
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mentum dependent; in the simulation we took
this probability to be constant because current
theories of quantum evaporation do not agree
on the momentum dependence (/6-18).

We are only just beginning to understand
the true nature of rotons. Now that beams of
R~ rotons can be created, it should be possi-
ble to scatter them from R* rotons and probe
their internal structure.
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A Processive Single-Headed
Motor: Kinesin Superfamily
Protein KIF1A

Yasushi Okada and Nobutaka Hirokawa*

A single kinesin molecule can move “processively” along a microtubule for more
than 1 micrometer before detaching from it. The prevailing explanation for this
processive movement is the "walking model,” which envisions that each of two
motor domains (heads) of the kinesin molecule binds coordinately to the
microtubule. This implies that each kinesin molecule must have two heads to
“walk” and that a single-headed kinesin could not move processively. Here, a
motor-domain construct of KIF1A, a single-headed kinesin superfamily protein,
was shown to move processively along the microtubule for more than 1
micrometer. The movement along the microtubules was stochastic and fitted

a biased Brownian-movement model.

A single kinesin molecule has two heads or
motor domains (/) and moves processively
(2-4), taking more than 100 steps before
detaching from a microtubule (MT). The
two-headed structure is assumed to be essen-
tial for processive movement, because engi-
neered single-headed or monomeric mole-
cules have motor activity but are not proces-
sive, whereas dimeric constructs have high
processivity (4—9). The prevailing hypothesis
for the mechanism of processive movement is
the “walking model” (2, 10), in which one
head anchors the molecule to the MT while
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the other moves to the next binding site on
the MT. Thus, a single-headed molecule is
not expected to move processively because
the molecule is not anchored while it moves
to the next binding site.

A monomeric kinesin superfamily pro-
tein, KIF1A, which has only one motor do-
main, supports MT gliding at ~1.2 pm/s
(11). It remains unresolved whether this nat-
urally single-headed KIF is processive or not.
A conventional, very low motor density MT
gliding assay and a single-motor motility as-
say with fluorescently labeled full-length
KIF1A protein suggested that it is processive
(12). However, the results were very variable,
possibly because of the instability or hetero-
geneity of the full-length KIF1A recombinant
protein. Thus, to overcome these problems,
we produced a KIF1A motor-domain chimer-
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