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Vortices in rotating superfluid He’

Completely novel continuous vortices in He*-A and spontaneously
magnetized singular vortices in He3-B are just two of the many interesting
peculiarities of rotating superfluid He3.

Pertti Hakonen and Olli V. Lounasmaa

For about a century now, physicists
have been working hard to extend the
temperature range accessible to experi-
mental investigations closer and closer
to absolute zero. This endeavor has
been amply rewarded by new and
fundamentally important discoveries.

Thus, for example, it was long be-
lieved that helium-4 was unique in
supporting a superfluid phase, because
it consists of bosons and its atoms are
sufficiently light that it remains liquid
at absolute zero. However, in 1972,
Douglas Osheroff, Robert Richardson
and David Lee, working at Cornell
University, found that helium-3, which
is a fermion system, is a superfluid at
temperatures below 3 mK, and that in
fact there are two distinct phases of the
superfluid, He®-A and He®B. Their
paper started a new and exciting era in
ultralow-temperature physics.

As William Glaberson and Klaus
Schwarz explain in their article on
page 54, rotating a superfluid creates a
regular vortex array in the fluid. In
1982 our group at the Helsinki Univer-
sity of Technology built a rotating
cryostat (figure 1) and began to investi-
gate experimentally vortices in rotat-
ing superfluid He®. We have uncovered
many surprising phenomena. For ex-
ample, the A phase supports a contin-
uous distribution of vorticity, like a
normal liquid, but the texture is like
that of a liquid crystal; this structure is
forbidden in a “classical” superfluid
such as He'-II. He®B exhibits a vortex-
core phase transition and a gyromag-
netic effect; experimental data show
that the vortex cores have a spontane-
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ous magnetic moment. Figure 2 illus-
trates the phase diagram of He®

Because the He® nucleus—unlike
that of He*—has a magnetic moment, it
is possible to use nuclear magnetic
resonance to study the behavior of
superfluid He?. Our nmr studies have
played a decisive role in experimental
research on rotating liquid He® at
millikelvin temperatures. But because
He? is a complicated system, consider-
able theoretical efforts were needed to
explain the observations.

In this article we briefly discuss some
of the interesting phenomena associat-
ed with rotating superfluid He®
Readers interested in more details,
particularly on the relevant theory,
should consult several recent review
papers.! These also provide more com-
plete lists of references.

Superfluid phases of He?

Although both He® and He* are
superfluids at sufliciently low tempera-
tures, the superfluidity in He” is more
closely related to superconductivity
than to the superfluidity in He*, which
is a manifestation of a Bose-Einstein
condensation. Superfluidity in He?, on
the other hand, is, like superconductivi-
ty in metals, the result of a pairing of
Fermi-Dirac particles. The Bardeen-
Cooper-Schrieffer theory of supercon-
ductivity can therefore be adapted to
superfluid He?; this accounts for the
rapid theoretical advances in under-
standing superfluid He®.

In superconductors the orbital angu-
lar momentum L and spin S of the
Cooper pairs of conduction electrons
are both zero. In He® the strong
repulsive force exerted by the atomic
cores prevents such s-wave pairing;
instead, the pairs form an orbital p-
wave state, with L and S both equal to
1. The nonzero spin of Cooper pairs in
superfluid He® produces a magnetic
ordering similar to that observed in

antiferromagnets. In addition, the
nonvanishing orbital angular momen-
tum causes spatial anisotropy in the
superfluid; the He?-A and He®-B phases
resemble liquid crystals with uniaxial
and biaxial anisotropy, respectively.

The transition from the normal
Fermi liquid to the superfluid phasesis
a second-order phase transition, where-
as the transition between the super-
fluid phases He*A and He®-B is a first-
order transition, involving a latent
heat.

The superfluid state can be described
by a macroscopic wavefunction W(r),
usually called the order parameter.
For a p-wave superfluid the order
parameter is a 3x3 matrix that re-
flects the angular momentum state of
the system:

W . (r) = o 5 ()™

afi

The matrix ./ ,,; can be expressed in
terms of spherical harmonics for the
spin (a) and orbital () parts. The
directions of quantization of L and §
are not necessarily the same, so the
spherical harmonics are referred to
different axes; these are denoted by [
(for L) and £ (for S). He®A is in a state
for which <S, > isOand <L, > is1,s0
that only one component, .7, is differ-
ent from zero. In He®B, the total
angular momentum o is 0, and there
are three nonzero components of the
matrix, o/, ,, &g and & _;;.

In figure 3 we have attempted to
clarify the pairing situations in He®A
and He®-B; the ground state of a super-
conductor is included for comparison.
Pairing occurs between two He” quasi-
particles on opposite sides of the Fermi
sphere. Of the possible S=1 spin
substates, |11, [} 1>and 11D + |11}, the
strongly anisotropic He®-A contains
only the first two, whereas all the
substates are present in He®B. In 2
high magnetic field a third superfluid
phase, He®Al, appears; in this case
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only the second spin substate, |11, is
populated.

In He®A the energy gap A(7) is

anisotropjc and has nodes in the direc-
tion of I. The Cooper pairs can be
considered as ring-shaped “molecules’”
whose symmetry axis is along the
axis. The magnetic anisotropy axis of
the liquid is given by a upit vector d,
j-vhich is perpendicular to £ and points,
in He®-A, in the same direction every-
Where on the Fermi surface.
. As soon as the directions of the / and
d vectors have been specified, the order
parameter is fixed except for a phase
angle, The two spin populations are
paired separately, but the orbital angu-
lar momenta of the spin-up and spin-
dpwn pairs are all along the same
direction /. The average value of the
SpIn 18 zero, so there is no spontaneous
magnetization. Many properties of
He®A, for instance viscosity and ion
mobility, are different in djrections
parallel and perpendicular to /. Hence
He®A is like an anisotropic superfluid
liquid crystal. s

The spatial structure of the 1 vector is
called a texture; it is determined by
tompetition among several interac-

tions. In He®A, the dipolar spin-orbit
coupling tends to align the orbital
angular momentum axis / and the
magnetic axis d, the bending energy
tends to straighten the I(r) and d(r)
fields and keep them uniform, the
interactions with the walls_and the
streaming fluid tend to turn / perpen-
dicular to the walls and in the direction
of the superfluid flow, and the external
magnetic field tends to turn d perpen-
dicular to the applied field H. The
strengths of these orienting effects may
conveniently be compared by means of
“healing lengths,” which give the dis-
tance beyond which a particular inter-
action overcomes the forces tending to
keep the [ and d fields uniform.
The spherically symmetric He®-B is
isotropic both in the orbital and in the
spin space. Therefore, the d and !/
vectors cannot be constant over the
Fermi surface. Instead, the ordering is
described by a vector 7, which origin-
ates from the broken relative rota-
tional symmetry of the spin and orbital
spaces, caused by the tiny dipolar
interaction of Cooper pairs. This di-
pole-interaction energy is minimized
when the spherically symmetric d dis-

ROTA laboratory at the Helsinki University
of Technology in Espoo, Finland. The
rotating cryostat is supported on the four
pillars at the center of the photo. Graduate
student Kaj Nummila is preparing the
cryostat for rotation by disconnecting the
external pumping lines. Figure 1

tribution is rotated locally at each
point on the Fermi sphere by 104° about
n. Figure 3 shows the resulting d
vectors in the equatorial plane of the
Fermi surface; at other “latitudes” the
angle between d and 7 is smaller than
90°. The 7 vector tends to be parallel to
H and its direction is also affected by
other interaction forces of the liquid.

In He’-B the average values of both
the spin and the orbital angular mo-
menta of quasiparticle pairs are zero.
The texture is fully described by the n
vector, which in equilibrium defines
the axis for the tiny anisotropy of the B
phase, in both the spin and the orbital
spaces. The anisotropy is smaller than
that of the A phase by a factor of 10
the B phase can therefore be regarded
as an isotropic superfluid. In addition,
all orienting forces on the 7 vector are
about five orders of magnitude weaker
than the corresponding effects on the /
vector in He-A.

Rotating superfluid He?®

For the same reasons as in superfluid
He®, a regular vortex array is formed in
uniformly rotating superfluid He®.
Vortices are also generated easily by
liquid flow when the superfluid velocity
v. exceeds a critical value, but in this
case a tangled mess of vortices is
created. To study orderly vortex tex-
tures, one must therefore rotate super-
fluid He? smoothly and uniformly. The
typical experimental setup for nmr
measurements consists of a cylindrical
He® cell that can be made to rotate
about its (vertical) axis, surrounded by
a magnet that can apply a vertical
magnetic field.

In superfluid He* the order param-
eter is a scalar quantity, and v, is
proportional to V&, the gradient of the
phase of the wavefunction. As a result,
the superfluid flow is irrotational
(V% V& vanishes); that is, it satisfies
the Landau criterion.
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Phase diagram of He® below 3 mK. There

multiply our figures by 0.89.

40
are two superfluid phases, A and B, and Solid
the rotating B phase exhibits a phase
transition between two vortex structures, A
B1 and B2. At a pressure of 21.2 bar and a0l
a temperature of 2.55 mK the three liquid
phases are in thermal equilibrium with one =l
another. To convert the temperatures = Bl
given in this article to those of the most L e
recent scale, proposed by Dennis Greywall, 5 ol
Figure 2 &
(TN}
£
10— B phase
Normal liquid
0 1 | |
1.0 1.5 20 25 3.0

In He®-A the situation is not so
simple: It turns out that the A phase
can support not only the singular
vorticity characteristic of superfluid
He*, but also what is called continuous
vorticity in the presence of a spatially
varying distribution of the anisotropy
axis [.

A singular vortex has two cores: a
“hard” core, whose radius is the coher-
ence length &, about 10 nm, inside
which the order parameter deviates
sharply from its value in bulk He®A
due to the singularity; and a “soft” core
with a radius on the order of the dipolar
healing length, £,*, about 6 microns.
Continuous vortices have only a soft
core. In the bulk liquid outside £p*,
the texture [ is practically uniform; all
vorticity in the superfluid is thus con-
centrated inside the soft core. Both
types of vortices are well localized
because the intervortex distance is at
least an order of magnitude larger than
&n® at all experimentally accessible
rotation speeds.

Which vortex texture, singular or
continuous, actually forms in He®-A
under rotation depends, according to
theory, on the external magnetic field,
on the dimensions of the sample and on
the angular velocity (). Estimates
show that when the magnetic field is
above 2.5 m'T, singular vortices are
preferred for angular velocities less
than 1 rad/sec; their creation, however,
requires overcoming a high potential
barrier. As a result, singular vortices
are most likely to be formed at the
walls, whereas continuous vortices can
also be created in the bulk liquid.
Therefore continuous vortices may be
formed first, and once they exist in
metastable states, it becomes difficult
to transform one continuous vortex
into two singular ones.

David Mermin and Tin-Lun Ho? have
shown that superflow is coupled to the
angular momentum of the Cooper
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pairs. In particular, the curl of the
superflow velocity is, in cylindrical
coordinates (r, ¢ and 2),

al Xé‘_)

% z(—_
dé Jr

VXV,), =——
: ) 2mgyr

(1)

where m, is the mass of a He® atom. If/
is uniform, Vxv_ vanishes and only
singular vortices are created by rota-
tion. When [ changes its direction as a
function of position, continuous vorti-
ces may be formed; the fields v.(r) and
{(r) then have no singularities. Figure
4 shows the superfluid velocity of He-A
as a function of radial distance from the
center for singular and continuous
vortex distributions in a uniformly
rotating cylinder.

The A phase thus rotates in a man-
ner that is intermediate between the
ordinary solid-body rotation of a classi-
cal liquid and the behavior of super-
fluid He*. He®-A could, in fact, rotate
just like a viscous liquid, but this would
be costly in the energy of the resulting /
texture.

Before the discovery of superfluid
He®, the Landau criterion of curl-free
flow was considered an essential prop-
erty of every superfluid. It has now
become necessary to revise many theo-
retical concepts of superfluids, includ-
ing, in particular, their behavior under
rotation. For “traditional” super-
fluids, the circulation K, taken around
any closed contour surrounding a vor-

tex, is an integer multiple of the
circulation quantum h/M:;
K= d¢v-da
= Nh/M,

For He” the mass M is 2m, because of
Cooper pairing. For continuous vorti-
ces, this quantum condition is valid
only along the boundary of the primi-
tive cell in the vortex lattice.

In the isotropic He-B the superfluid
velocity field is determined by the

TEMPERATURE T (mK)

gradient of the phase of the order
parameter, as in He'-II:

#
v, =
2m;,

Ve

The flow is thus irrotational, and
only singular vortices are allowed. Pri-
or to experiments, He?-B was therefore
thought of as a rather uninteresting
superfluid, but this expectation turned
out to be completely wrong. An ex-
tended vortex core, about two orders of
magnitude larger than in He®IT, and a
peculiar intrinsic coupling between its
liquid crystal and magnetic properties
make the He®-B phase vortices intrigu-
ing objects of study.

Special textural effects, arising from
counterflows of the superfluid and nor-
mal components, modify the 7(r) field
in He®-B. This interaction is strongest
immediately after rotation has been
started, when the normal liquid is
moving with the container, with veloc-
ity v, , but the superfluid is still at rest.
When the equilibrium density of vorti-
ces has been established and the differ-
ence between the normal and super-
fluid velocities approaches zero, the
texture of rotating He’-B changes due
to the influence of vortices on the 7
vector. This orienting effect is pro-
duced by the local superflow around
vortices and by the vortex cores. Inside
the core the magnetic anisotropy,
which orients 7, is of the same order of
magnitude as in He®-A—about 10°
times larger than in bulk He®B.

The local superflow also gives rise to
a spontaneous magnetic moment of
vortex cores. This gyromagnetic effect
originates from the rigidity of the
quantum state, that is, the tendency to
keep the expectation value of the total
angular momentum ./ equal to zero.
The orbital angular momentum L i
thus compensated by a spin, giving rise
to a magnetization. At a rotation speed
of 1 rad/sec the magnetization is on the
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L=0,5=0
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Cooper pairing: The Fermi sphere (yellow) and the energy gap between the paired states and the excited states of unpaired quasiparticles
(pale yellow) in wavevector space. Spins are shown as black arrows; dashed lines indicate pairing. a: Electrons in a superconductor. The
phonon-mediated BCS interaction pairs electrons with opposing spins on opposite sides of the Fermi surface. The pairs form in a singlet
(L=0,5=0) state. b: He® atoms in the superfluid A-phase._ The atom pairs form in an anisotropic friplet state with spins aligned along the
magnetic field H and orbital angular momenta aligned along /. The vector d gives the magnetic anisotropy of the liquid. (This is the
Anderson-Brinkman-Morel model of He®-A.) ¢: He® atoms in the superfluid B-phase. The atom pairs form an isotropic triplet state. The

vector /7 gives the direction of the anisotropy of the B phase. (This is the Balian-Werthamer model of He*-B.)

order of 10~ nuclear Bohr magnetons
per atom of the liquid.

Experimental studies

Most of the experiments on rotating
superfluid He® have been made in the
ROTA minilab at Helsinki; several
investigations on the flow properties
have been done in John Reppy’s lahora-
tory at Cornell University. Figure 1 is
a photograph of the ROTA cryostat,
which is a joint project of the Academy
of Finland and the USSR Academy of
Sciences. The rotating part of the
apparatus incorporates an experimen-
tal He® chamber, a copper nuclear
demagnetization stage, an 8-T super-
conducting solenoid, a dilution refrig-
erator, an activated charcoal eryoad-
sorption pump, radial and axial air
bearings, and computerized measure-
ment electronies.

The nuclear stage was manufactured
from a single rod of high-purity copper,
43 mm in diameter and weighing 4.0
kg, with 0.8-mm-wide grooves milled
L5 mm apart along its length to avoid
eddy-current heating during demag-
netization. The He® chamber is located
on top of the nuclear stage and is
thermally connected to it by means of
very fine sintered silver powder.

During an experiment the copper
nuclear stage is first precooled to 18
mK, with the high-field magnet on, by
means of the dilution refrigerator, op-
erated by external pumps. The copper
rod is then thermally isolated and
dem_agnetized over 10 hours to 150 mT,
cooling it to 0.4 mK. Next the dilution

refrigerator is switched from circulat-
ing to single-cycle mode by disconnect-
ing the external pumping line and
starting the charcoal pump. (For de-
tails on dilution refrigeration and nu-
clear cooling, see the article by Lounas-
maa in PHYSICS TODAY, December 1979,
page 32.)

The cryostat is now ready for rota-
tion; the maximum angular velocity 2
in either direction is 3 rad/sec. The
instruments on the rotating platform
are connected to their power supply via
low-friction carbon-brush slip rings.
The measuring signals are first ampli-
fied and then fed, in digital form,
through an optical data transmission
unit to the stationary information ac-
quisition system outside the electrical-
ly shielded cryostat room. The same
optical coupler is employed as a com-
mand channel.

In about 12 hours the He® supply in
the dilution refrigerator becomes ex-
hausted; the cryostat must then be
stopped and connected again to the
external pumps. After the charcoal
has been regenerated, a new experi-
mental sequence can be started in
about 24 hours.

Localized spin waves in He3-A

One of the most direet probes of the
superfluid state is nuclear magnetic
resonance. The coherent interaction
between quasiparticles leads to big
frequency shifts in the nmr spectrum of
He®, shifts that depend on the order
parameter.® Large structures, such as
the vortex cores in He%A, have clear

Figure 3

effects on the nmr signal. The vortex
cores in He®-B, which are smaller by a
factor of a thousand, can nevertheless
be observed by nmr through their
influence on the overall texture.
The nmr absorption frequency f of
stationary superfluid HeA is shifted
from the Larmor frequency f; of nor-
mal He®. Anthony Leggett* has shown
that the frequency depends on the
temperature according to

fP=1" + A fa*Q - T/T.)

where f,, is 2x10° Hz. The parameter
A, describes the texture of the fluid.
For a uniform liquid

/{g
where 6 is the angle between the d and
! vectors. For a nonuniform texture,
the coherent spin precession within the
dipole healing length results in a spin
wave of definite frequency, localized at
the nonuniformity.

The effect of rotation is to broaden
the main nmr line of He%A and to
create an additional peak. The fre-
quency of the satellite does not change
with the angular velocity, but its inten-
sity depends linearly on ). This is just
the behavior expected for isolated vor-
tices whose number increases propor-
tionally with 2. Figure 5 shows a
typical nmr spectrum of a sample of
He®A.

The broadening of the main peak is
caused by increased spin diffusion and
spin-wave scattering due to vortices in
the bulk liquid. The satellite is caused
by a bound spin-wave mode localized at

73
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Tangential component of the superfluid
velocity field v, as a function of distance
from the center of a rotating cylinder. a:
Singular vorticity. b: Continuous vorticity.
The diagonal lines indicate the relationship

Figure 4

frequency. These can be seen, superim-
posed on the broad nmr line, in the
measured spectra®; examples are
shown in figure 6. From such measure-
ments one can conclude that the spin-
wave spacing increases under rotation;
the frequency shift is larger when 0
and H are in the same direction. The
frequency shift for each line decreases
as a function of temperature; for the
rotating B phase there is a rather sharp
discontinuity at a temperature of
0.6T., with the frequency shift jumping
by more than 20%.

Rotation alters the steepness of the
sin’f potential by changing the mag-
netic healing length &;. The value of
the healing length depends on the
magnetic properties of the vortex core:
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the vortex core—this spin wave must
be large to be able to produce a peak
responsible for 10% of the total nmr
absorption at 2 rad/sec. The energy of
the spin wave can be calculated from
the Leggett equations that describe the
spin dynamics in superfluid He®. By
comparing the calculated energy of this
mode with the measured nmr frequen-
cy of the satellite, one can infer the
distribution of / vectors in the vortex
core.

The Leggett equations lead to a
Schrodinger equation with a potential
determined from the I(r) distribution
and having a bound state correspond-
ing to a spin wave localized at the
vortex core. The bound state is not
very sensitive to the detailed shape of
the potential; there are several vortex
structures with different internal sym-
metries that produce experimentally
indistinguishable energies of the spin
wave. The energy of the bound state is,
however, very sensitive to the spatial
extent of the potential well. The nmr
response of the “small,” singly quan-
tized, singular vortices, which are ener-
getically favored above 2.5 mT, can
thus be easily distinguished from that
of the “large,” metastable, doubly
quantized, continuous vortices that are
actually observed.

Experiments indicate that vortices in
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He*-A are formed only above a critical
rotation velocity, as is the case in He®-
II. The critical velocity depends on the
container size—for cylinders of radii
2.5 mm and 0.25 mm, it is about 0.1
rad/sec and 1.0 rad/sec, respectively.
In He®A, after the critical speed has
been exceeded, continuous vortices en-
ter the sample rather quickly—in a few
seconds. In He* by contrast, the cre-
ation of singular vortices may take
several minutes.

Behavior of He3-B

As we have said, the texture of He®-B
is described by the vector 7 determin-
ing the axis of the tiny anisotropy of the
B phase. In the cylindrical cells we use
(about 2.5 mm in diameter), the n
vector spirals smoothly from a fixed
orientation at walls toward the mag-
netic field H along the cylinder axis,
forming the so-called flare-out texture.
The angle A between 7 and H is 0° at
the axis and 63° at the walls. This leads
to a broad nmr line because the fre-
quency shift is proportional to sin?s.

The spin dynamics for He®-B leads to
an equation analogous to a Schrodinger
equation in which sin’3 acts as a
potential. The center of the texture
thus forms a two-dimensional harmon-
ic potential well that supports localized
spin-wave modes with equal spacing in

The constant « reflects the spontaneous
magnetization of the core, which is thus
responsible for the different frequency
shifts when the magnetic field is paral-
lel or antiparallel to the rotation. The
constant 4 describes the susceptibility
of the core.

Phase transition. The temperature T,
at which the discontinuity in figure 6
occurs does not depend on H or on .
Both 4 and «, as obtained from the data
on spin-wave spacing, are discontin-
uous at 7,,. The discontinuity Af must
therefore be due to a structural reor-
dering in the vortex cores. We ob-
served superheating across this discon-
tinuity, so a first-order phase transition
must be invelved.

Under rotation the B phase thus
splits into two regions, B1 and B2, with
different vortex structures. The tem-
perature T, of the transition between
the two vortex structures depends on
the pressure, and we have been able to
map much of the curve that separates
the regions B1 and B2, using measure-
ments made at magnetic fields of 28
and 57 mT (see figure 2). Because the
frequency shifts Af diminish near T, it
is experimentally difficult to determine
T, close to T.. However, a linear
extrapolation suggests that the T,
curve hits the superfluid-normalli¢-
uid boundary slightly below the poly-
critical point, where the normal, A and
B2 phases are in equilibrium. A first-
order phase boundary could also end
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within the superfluid, but second-order
transition lines should then emerge
from the termination point. Experi-
mentally none have been observed.

Flow of superfluid He?

Persistent currents and frictionless
flow are fundamental properties of a
superfluid. Two methods have been
employed for detecting persistent cur-
rents in superfluid He®:

» By observing the persistent angular
momentum of the fluid, using the
gyroscopic principle: If superfluid cir-
culates in a ring whose normal is in the
z direction, a periodic torque about the
¥ axis produces oscillations about the y
axis with an amplitude proportional to
!:he angular momentum of the circulat-
ing superfluid. Figure 7 is a photo-
graph of the Cornell gyroscope.

» By measuring the flow-induced dissi-
pation in a torsional oscillator. The
motion of / dissipates energy through
ﬁh? so-called orbital viscosity; in an
qxlal torsional oscillator this is propor-
tional to (v, — v, )%. A persistent cur-
rent can thus be observed as a maxi-
mum in the @ value of the oscillator as
a function of Q) (see figure 8). This
method was devised at Cornell Univer-
Sity for measurements® in He?-A It

works also with He®B, but the the-
oretical framework is less secure.

The stability of persistent currents in
He®B has been convincingly demon-
strated both at Cornell and in a Helsin-
ki-Berkeley collaboration: The ob-
served’ effective viscosity is at least
10'% times smaller than in the normal
fluid. Persistent currents in He®-A, on
the other hand, apparently decay about
1% per day.

In our laboratory we measured® the
critical value v, for persistent currents
in a torus of 22 mm major radius and 3
mm minor radius packed with plastic
powder 20 um in grain size to increase
the critical velocity. We found a pres-
sure-dependent discontinuity in v,
with jumps of up to a factor of three.
The jump occurs at a temperature close
to the transition temperature T, ob-
served in nmr experiments on bulk
liquid, and it too has been interpreted
as originating from the vortex-core
transition.

Mobility of negative ions

The soft vortex cores can be probed
with measurements of ion mobility. A
negative ion in liquid He? is a bubble of
1 nm radius containing one electron.
In the A phase the ion moves in an

Transverse nmr absorption in He®-A at a
temperature of 0.737,. and pressure of
29.3 bar in an axial magnetic field of 28.4
mT. The graphs show the absorption as
functions of frequency when the cryostat is
at rest (a) and when it is rotating at

01 =1.21 rad/sec (b). The lower graph in
b shows a vertically expanded view of the

Figure 5

external electric field E with the

velocity

v=—uE+(u —p )EDI (@

where p, and p; are the mobijlities
perpendicular and parallel to [, re-
spectively. Because the superfluid en-
ergy gap A(T') vanishes in the direction
of [ (see figure 3), there are more
quasiparticles moving parallel to [
than perpendicular to it; consequently,
an lon experiences fewer collisions
impeding its drift when it moves at
right angles to [. Typical values at a
temperature of 0.87. are 0.12
em?/Vsec for u, and 0.08 em?/V sec
for p.

The time of flight of an ion cloud
through He®-A depends on the [ vector
field, as equation 2 indicates; in an
inhomogeneous texture different parts
of the ion pulse travel with different
velocities. In addition, typical textures
in vortex structures focus ion trajector-
ies into the core. Juha Simola and his
coworkers at Helsinki have eclearly
observed® a drastic reduction in the
velocities of negative ions when the
superfluid is rotated, which demon-
strates the strong focusing into regions
with v along [ caused by the vortex
structures.

Very recent mobility measurements
in He’A show also the presence of a
vortex structure that does not induce a
large change in the time of flight or in
the shape of an injected ion pulse.
This texture is obtained only after a
slow, stepwise acceleration or after
cooling under continuous rotation, and
it is interpreted as a focusing singular
vortex structure with large mobility
along the core. The absence of this
singular vortex type in the nmr experi-
ments is attributed to the fact that
ions may act as nucleation centers for
singular vortices.

Vortex structures

The usual classification of vortices
according to the circulation quantum
number K/(h/2m,) is not sufficient for
superfluid He?. Because the order pa-
rameter has 18 degrees of freedom,
there are several types of possible
vortex structures for each value of the
circulation number. Topological con-
siderations are therefore used to classi-
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fy vortex structures.'® Martti Salomaa
and Gregory Volovik' have developed a
classification system based on the sym-
metries of the core structures. This
scheme has greatly increased the un-
derstanding of vortices, and it has also
helped to identify the vortex structures

in rotating superfluid He’.

The observed nmr satellite in He®-A
(figure 5) coincides'' with that calculat-
ed for the nonaxisymmetric, doubly
quantized vortex structure displayed in
figure 9. There is no inversion symme-
try in the core. As a result, the vortex

Gyroscope for observing persistent currents built by John Reppy and his coworkers at
Cornell University. The gyroscope (partially disassembled here to show the sample cell) is
used to observe persistent currents by measuring the response of the cell to a torque
applied normal to the angular momentum of the circulating superfluid. (Courtesy of Peter

Fraenkel.)
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Figure 7

Frequency shifts as a function of
temperature for the lowest three spin-wave
resonance frequencies measured® in the
stationary state (left) and the lowest two
frequencies found during rotation at

1 = 1.40 rad/sec (right). The colored dots
refer to data taken for H parallel to (); the
black dots, data for H antiparallel to {1.
The insets show experimental nmr spectra
(at a temperature of 0.517.). The
frequency shifts are normalized to the
(temperature-dependent) Leggett

frequency f . Figure 6

core may exhibit spontaneous electric
polarization and spontaneous axial su-
perflow. However, other symmetries of
the core may exclude either of these
properties; in the vortex of figure 9, for
example, electric polarization is prohi-
bited.

Because of the intrinsic coupling
between the spin and orbital parts of
the He®A order parameter, it is possi-
ble to have vortices with a half-integer
quantum of circulation.'® In this case
the vortex in the orbital space is
combined with a singularity in the d
field. The wavefunction must be single
valued, so its phase may change only by
27p upon circling a closed contour
around a vortex. For p=1, for exam-
ple, the orbital and spin parts of the
wavefunction can each suffer a change
in phase of 7 during a full 27 rotation.
The net effect for the total wavefunc-
tion W is a change in phase of 27
however, the vector d changes its sign,
producing a disclination. The vortex is
a half-quantum vortex with a circula-
tion K of h/4m, along any path around
the line defect. o

The disclination in the d field acts as
a starting point for a planar defect,
which is costly in energy. To reduce
the size of the defect, and thus the
energy, two half-quantum vortices with
opposite disclinations combine.'® The
size of the combined half-quantum
vortices would be about 50 microns.
These structures should appear in He*
A between parallel plates separated by
less than 10 microns when the tem-
perature is below 0.57,. Experimen-
tally none have been found so far.

The core structure of a singular
vortex in He®-B is much more compli-
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cated than that of a continuous vortex
in He®A. The core of the B-phase
vortex may involve all 18 components
of the order parameter and thus its
determination poses a difficult theo-
retical minimization problem.

Experimentally, one observes a
change in vortex structures at the Bl to
B2 phase transition. The key to this
problem was first believed to be a
profound change in the discrete sym-
metry properties of axisymmetric vor-
tices; however, the currently favored
explanation seems to be the breaking of
axisymmetry.'*1%

Minimizing the Ginzburg-Landau
free energy at high pressures, one finds
for the vortex core a nine-amplitude
structure with axial symmetry. This
structure contains superfluid phases in
the core, which are responsible for the
observed large spontaneous magnetic
moment of the vortex cores in He®-B.
At lower pressures the free-energy
minimization by Erkki Thuneberg!®
yields a complicated core structure
with 180° rotation symmetry. The cal-
culation displays a first-order transi-
tion between the nine-parameter core
and the 180° rotation-symmetric core
structures about 3 bars below the
polycritical point, where He®-A, He%-B
and the normal fluid coexist. This is in
tgooﬂg agreement with experiments close

Future prospects

In comparison with He?® the super-
fluid phases of He? in rotation have
been studied for only a short time. The
nrnar Properties of rotating He®-A and
He’B have already been probed rather
extensively. Their superflow and ion

mobilities have been studied less thor-
oughly. Much still remains to be
learned—for example, the Al phase
has not been investigated at all.

Several types of experiments appear
promising for investigating rotating
He®, especially measurements involv-
ing zero sound—a collective oscillation
in the distribution of quasiparticles on
the Fermi surface. For superfluid He?,
the breakup of Cooper pairs leads to the
appearance of absorption maxima.
The absorption frequencies, which de-
pend on the energy gap A(T), provide a
means of studying inhomogeneous su-
perfluid states. For example, in the A
phase the attenuation of zero sound
depends on the angle between [ and the
direction of zero-sound propagation.

In addition to providing data on
individual vortex structures, nmr and
zero-sound experiments are, in princi-
ple, capable of yielding information
about the vortex lattice.!® It may be
possible to see absorption peaks due to
Bragg reflections in zero sound. And it
might even be possible to “‘photograph”
the vortex lattice by using the focusing
of negative ions by vortex cores in He®-
A; an analogous technique has been
used on superfluid He®.

Four types of vortices are already
known in superfluid He®* —two in He®-A
and two in He®B—all different from
the “classical” vortex of He'. Theory
says that many additional possibilities
exist; several new phase transitions
may thus be found, not only in the hard
vortex core but also in the much more
extended soft core. So far experimen-
tal studies of vortices in superfluid He*
have concentrated on their static prop-
erties. Tn the future, one will be

ANGULAR VELOCITY 0 (rad/sec)

interested also in the dynamics of
vortices: their nucleation, the mecha-
nism of vortex-core transitions, and the
formation of vortex rings. And what
happens at the border region between
the A and B phases?

Other fields may benefit as well from
an improved understanding of vortex
phenomena in rotating superfiuid He®.
For example, the so-called heavy-fer-
mion superconductors may also be
based on Cooper pairs for which L and
S are both 1. Half-quantum vortices
are .an example of topologically con-
fined singularities. The singularity in
the orbital part of the wavefunction is
inseparable from the simultaneous sin-
gularity in the spin part. A pair of half-
quantum vortices is “glued” together
by a d-vector string, and the force
between the pair increases with separa-
tion. The situation is analogous to
quark confinement.

A new cryostat, ROTA 1I, is under
construction in Helsinki. This appara-
tus, which should become operational
at about the time this article is pub-
lished, incorporates many practical im-
provements over the old ROTA ma-
chine, both in refrigeration and in
thermometry. For example, two char-
coal pumps, working and regenerated
alternately, allow continuous oper-
ation of the dilution refrigerator; this
will increase the time available for
experiments by a factor of three, at
least. We hope that ROTA II will reach
lower temperatures and turn six to
eight times faster than the present
cryostat, thus producing six to eight
times as many vortices. The new appa-
ratus will allow studies of He? in a high
magnetic field, thus making vortices in
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Vortex structure calculated'’ for He®-A. This theoretically predicted continuous, doubly
quantized, nonaxisymmetric structure is consistent with the experimental nmr observations.
The arrows depict the projection of the / vector onto the plane perpendicular to £, which is
directed out of the plane of paper. The points marked @ and & denote positions where / is
pointing parallel and antiparallel to £, respectively. According to equation 1 of the text,

vorticity is concentrated into the region in which the / texture is nonuniform.

He?-A1 accessible.

Investigations of rotating superfluid
He? have already shown that we are
dealing with one of the most interest-
ing systems in present-day condensed
matter physics. While the third law
prevents us from ever reaching 0 kel-
vin, low-temperature physicists have
long since surpassed Nature herself,
who has reached 3 K in the cosmic
background radiation. Below the boil-
ing point of He® we are thus creating
physics hitherto unknown to the uni-
verse. And this has been done without
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