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Vortex Mutual Friction, Orbital Inertia, and History-Dependent Textures
in Rotating Superfluid He-A
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We have measured the resistive and reactive mutual friction coefficients in rotating superfluid
SHe-A at 29.3 bars pressure. The results agree with those predicted from the equation of orbital
hydrodynamics for two quantum continuous vortices if the previously measured value of the orbital
viscosity is used. Our results put an upper limit on the orbital inertia of less @@05% per
Cooper pair. We explain our observation of history-dependent textures by noting that the ease
of formation of continuous vortices depends on the relative directiod ahd the rotation axis.
[S0031-9007(96)01886-8]

PACS numbers: 67.57.Fg, 47.37.+q, 67.57.De

In superfluid®He-A rotating at a small angular velocity F,, = 2ap,, Q(vy — v,)1 — 2a'ps Q@ X (vy — V,)
Q) in a small magnetic field it is expected that nonsingular (1)
dipole-locked continuous vortices will be created [1] to
allow the superfluid to simulate solid body rotation. An per unit volume between the normal and superfluid
interesting property of such vortices is that the mutuakcomponents, wherg,, is the superfluid density for flow
friction they produce should be fully determined by perpendicular to and the dimensionless parameters
two macroscopic hydrodynamic coefficients, the orbitaland o’ give, respectively, the magnitudes of the resistive
viscosity, and the orbital inertia [2], which enter the (longitudinal) and reactive (transverse) components of the
equation of motion of the orbital vectol. Mutual force. Our notation is consistent with that of [7]; we use
friction measurements thus provide a good method fow andca’ rather than the more usuBl(= 2pa/p,,) and
measuring the orbital inertia; the magnitude of this and itsB’ (= 2pa’/p,.) because it is the former that are directly
relationship to “intrinsic angular momentum” has been ameasured in our experiment. Theories usually calculate
subject of some controversy [3]. In this Letter we presentlimensional quantities) and D’ that characterize the
mutual friction measurements that enable us to put aforce acting on unit length of vortex line because of its
upper limit on the orbital inertia 00.005% per Cooper motion relative to the normal fluid. The force balance
pair; this is significantly smaller than can be achievedgequation for a vortex moving at velocity is written
for example, in orbital relaxation measurements [4]. Our
result favors microscopic calculations which predict a
magnitude of orderkzTc/er)*h per Cooper pair [5]. (2)
The measured resistive component of mutual friction
agrees with that predicted using previously measure
values of the orbital viscosity [4].

psikZ X (v, = v)=D(vp —v,) +D'2 X (v, — v,),

here the left-hand side is the Magnus force resulting
rom relative motion of the vortex and superfluid. The di-

H ! H —
To make reliable mutual friction measurements we hadnensmn_lessl forms ab and D', given byd/” = D/psix
to develop a method for obtaining a unifodniexture in andd, = D'/ps. «, are related ta anda’ by
the nonrotating state. We discovered that the best way of a

achieving this was to cool through- while rotating in dy =57 (a — 12’ (3)
a magnetic field smaller than the Freedericksz transition o — 1
field [6]. We were at first surprised to find that the d, —1= a + (a — 12 4)

liquid rememberedhe sense of rotation used during this
initial cooldown in that after a further rotation in the If the length scale of the vortices is long compared
same direction the uniform texture was reestablished, bub the excitation mean free path and the mutual friction
following a rotation in the opposite sense a nonuniformforce is assumed to arise from the motion of undistorted
texture was obtained. After presenting the mutual frictioncontinuous vortices, then the mutual friction force can be
data we give more details of this textural memorycalculated [2] from the orbital hydrodynamic equation
effect and present a simple explanation, based upon the dl dl SE
realization that the initial sense of rotation determines the “MX —+ u—=—-——, (5)
direction of the uniforml texture. dt dt ol

In rotating equilibrium vortices give rise to a mutual where A is the orbital inertia densityu the Cross-
friction force Anderson [8] orbital viscosity, and- §E/51 at constant
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phase the driving torque acting oh the calculation 10;
shows thatd andd, — 1 are determined by. and A, a
respectively. Thus 81 3
_ Y mp phase
dy = =— , 6
W 2 hps. (6) 6
1 —d, =2mM/hps,, (1) 41
t
where the texture-dependent dimensionless number 7 ] _;."I
given by an integral over a unit cell of the vortex lattice e * !
in the plane perpendicular to the rotation axis, 0 o , T/Tc
) 075 08 | 085 09 095 1
y =[ ds Z(az,-/ax) . (8) 0s . i
l

|
I
Writing v as a scalar assumes that the properties of a-l !

the vortex array are isotropic so that the integral is JM_JFL] T/T¢

0 ‘ﬂqﬂ'tﬁ oo o9 1

independent of the direction afin this plane. 0.7{ 0.8

Since our experimental method for measuring mutual
friction has been reported elsewhere [9], and results for
the B phase have been given in [10], we give only a brief 0.2
description here. ThéHe is contained in two disc shaped
regions of diameted cm and heightl00 wm, separated
by a circular aluminized kapton diaphragm. Vortex 041

Iines. perpendicular to the diaphrag_m are generat_ed b¥IG. 1. Measured values ef anda’ — 1 at 29.3 bars. Data
rotation of the cryostat, and superfluid flow perpendiculat; e left of the dashed line are for tiezphase, those to the

to these is produced by electrostatic excitation of th&ight are for theA phase. The continuous curve is obtained
normal modes of transverse vibration of the diaphragnfrom Eq. (10) as described in the text.

using electrodes in the roof of the cell. The coefficients
a and o' are measured through their effect on theCooper pair. This is sufficient to exclude the suggestion
two near-degenerate\¢/» = 0.032) modes with single )\ = 5(2C — Cp)/2m [3].
nodal lines along mutually perpendicular cell diameters. |n the limit1 — o/ — 0, Egs. (3) and (6) give
The dissipative term in the mutual friction causes an
increase2a () in the bandwidth of each mode, and the o = —
reactive term and the Coriolis force together produce a d y mu’
net coupling proportional tax’ — 1 between the WO and this has been used to draw the continuous theoretical
orthogonal components. We thus measure directly thg e on Fig. 1 fory = 12.8, u =58 X 10°7(1 —
quantities that appear in Egs. (3) and (4). :
Figure 1 shows values of and o’ — 1 obtained for
the A phase at 29.3 bars witB phase values at lower
temperatures for comparison. At tlR— A transition
a increases discontinuously, whereas— 1 jumps to a
value indistinguishable from zero. The increased scatt
of the « values in theA phase probably indicates that
history-dependent textural effects were not completel
eliminated by our procedure of cooling throu@h while
rotating. The resonances were too broadfor 0.97¢
to obtain meaningful values af’ — 1.
If we take p,, /2m as an estimate of the Cooper pair
density andl — o/ < «, then the orbital inertia per
Cooper pair in units ofz, estimated from Eqgs. (4) and

|
|
|
!
|
|
|
|
|
|
!

L _ 27 fipy (10

T/T¢)¥? Nsm 2 [4], and theoretical values fgr, , .

To calculate a theoretical value of we assume that,
in our thin slab geometry, continuous doubly quantized
vortices of the Anderson-Toulouse (AT) type [11] are
created by rotation. To justify this assumption we note that

continuous vortex texture must terminate in appropriate
oint singularities (boojums) on a surface perpendicular
o the axis of rotation; a boojum can be thought of as an
AT vortex whose radial length scale diminishes to zero at
the surface. Since at our highest speed of rotation two-
guantum vortices are abo300 um apart in a volume
only 100 wm high, we expect the texture in each vortex
to be hardly affected by the proximity of others, because
its radial scale will be set by the cell height. Only at higher

(7). is vortex density (or greater cell height) would we expect
2mA - the vortex textures to merge to give the lattice of single
Fpey (1—-d))= PERE (9)  quantum Mermin-Ho vortices [12] that is expected to have

sl

the lowest energy in a bulk geometry. Textures for the
From Fig. 1 we deduce that’> > 16 and hence that three possible types of AT vortex, radial gy circular (or
the orbital inertia corresponds to less th@005%4 per  w), and hyperbolic, are shown in Fig. 2 for anticlockwise
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FIG. 2. Orbital texture for (a) radial, (b) circular, and (c) hyperbolic AT vortices appropriate for anticlockwise rotation. The
markings on the base of the cones enable rotation of the orbital triad hbmbe followed.

circulation. The cone symbols indicate the directiod,of nonrotating texture. Rotation in the “right” sense can
with the black and white markings on the base enablingventually reduce dissipation below the initial level. The
rotations of the orbital triad abodtto be followed. In roles of positive and negative rotations can be reversed
all cases the cones rotate two turns in a left-handed sendy a sufficient number of successive rotations in the
as the perimeter is traversed anticlockwise, correspondingrong direction; the nonrotating bandwidth achieves a
to two quanta of anticlockwise circulation. For future maximum value of about 0.58 Hz during this training
reference note that radial, circular, and hyperbolic ATprocess and about ten further rotations are needed to reduce
vortices appropriate to anticlockwise rotation embed-in the bandwidth to that expected for a good texture. These
down, I-down, andl-up textures, respectively. Vortices observations show thdHe-A exists in two different states
appropriate to clockwise rotation are obtained by reversingf low dissipation, which we identify asup andl-down
thel direction. textures. Further evidence that our lowest dissipation
Using Eqg. (9) we calculate values forof 16.1, 15.8, textures correspond to uniforiris provided by the>8%
and 15.5 for radial, circular, and hyperbolic vortices ofdecrease in resonant frequency on cooling intdpéase,
infinite extent along the vortex axis — T¢ values showing thatp,, is the effective superfluid density in the
of the free energy bending coefficients were used imA phase.
this calculation. Our experimental measurements cannot The textural memory effect is explained by noting that
therefore distinguish between the different types; thecooling throughTs while rotating should produce the
agreement with the experimental value is reasonablgortices of minimum energy (we believe these to be the
because of possible error in the value used for the orbitadircular AT vortex). On stopping rotation the vortices
viscosity and the failure of the theoretical calculation toare swept out leaving behind a unifortriexture in the
take into account variation of vortex texture along theappropriate direction for the type of vortex and sense of
rotation axis. rotation. Further rotation in the same sense should again
Textural memory effects were investigated by exploitingembed minimum energy vortices in this uniform texture,
the observation that, for any texture other than unifdrm but to achieve rotation in the opposite sense we have
perpendicular to the slab, ac flow exerts a torqué and  either to insert vortices of an energetically unfavorable
hence causes dissipation by orbital viscosity, essentialliype or invert the bulkl texture; it is likely that both
the same mechanism as that which produces the mutuptocesses occur. We then expect a nonrotating texture of
friction. Figure 3 shows a series of measurements of
resonance bandwidth in the nonrotating state, separated by
periods of rotation. The low initial dissipation (indicating 0.55

a texture of good uniformity) was obtained by cooling T March 5 March 6
throughT¢ while rotating in a positive (earthwise) sense = : ;

at 0.42 s! and then stopping rotation. Measurements 3 0.50 ,’\ : K :
connected by solid and dashed lines are separated by E .\" I/'\x /
periods of positive and negative rotation, respectively. The 045 Ve

two unconnected points were separated by a 19-hour wait :

without rotation. It is clear that rotation in the initial =16 I 12 i3 i1 13
sense tends to reduce dissipation in the nonrotating state, time (hours)

and rotation in the opposlte_ sense to mcrease_lt. ThEIG. 3. Measurements of nonrotating bandwidth, separated by
system t_hUS remembers its initial sense of rotation, anderiods of positive (continuous lines) and negative (dashed
rotation in the “wrong” sense produces a less uniformlines) rotation after cooling through. with positive rotation.
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higher dissipation associated with domain walls betweerture is inverted by repeated rotations in the wrong sense is
I-up andl-down regions, until after repeated periods ofperhaps explained by assuming that dipole-unlocked do-
rotation in the new sense théexture is entirely inverted. main walls are produced on cooling throu@h without

We observed a linear decrease of resonant frequenaptation, whereas inversion dfbelow T proceeds via
with rotation rate when a uniform texture is rotated indipole-locked domain walls.
the right sense, which provides evidence that the vortex The experiments reported here have thus established
textures are as envisaged above. Since the frequencytisree basic propertie$He-A: negligible orbital inertia;
proportional to the effective value qfps a texture that dissipation by orbital viscosity; association biip and
gave an isotropic average of the tensor would reduce 1-down textures with opposite directions of rotation.
the frequency by a factay5/6, a reduction of 8.7%. If This work was supported by EPSRC through Research
we assume that the effective value @p; for the vortex ~ Grant No. GRK59835 and by the award of research
texture is determined by an isotropic average within astudentships to T.D.C.B. and J.B.C.
radiusr around each vortex and by, , elsewhere, then
the observed fractional reduction in resonant frequency
of 3.5 Q) % is obtained forr = 92 um, independent of
angular velocity. This length is of the order of the sample
height as expected for well separated AT vortices. The *Present address: Physics Department, University of
frequency reduction, like the dissipation, is significantly Jyvaskyla, P.O. Box 35, 40351 Jyvaskyla, Finland.
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