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Hydrodynamic Shifts in the NMR Spectrum of 3He-B
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We have measured the flow-induced shift in the NM R spectrum of 'He-B. Above a
temperature-independent critical velocity, the absorption line is observed to shift to higher frequen-
cies as the flow is increased, in qualitative agreement with the theory of textural deformation in the
presence of flow due to Fetter.

PACS numbers: 67.50.Fi

In previously reported work' 5 we investigated both
the ac and dc flow properties of superfluid He through
a parallel-plate superleak of plate separation 48 p, m. In
those experiments we used a gold-plated flexible plas-
tic diaphragm to drive and detect superflow electrical-
ly. We have now constructed a new flow cell in order
to extend these measurements to persistent current
and NMR experiments. The results of our persistent-
current experiments will be published elsewhere. In
this paper we will concentrate on low-pressure (5-bar)
measurements of the transverse NMR adsorption in
the presence of superflow.

NMR on flow can be used to determine the orienta-
tional effect of superflow on the B-phase n texture. It
also yields information on the relative magnitudes of
the competing terms in the Ginsburg-Landau free en-
ergy expansion, as discussed below, and the flow-
induced shift can be related to the longitudinal reso-
nance frequency.

The cell consists of a copper vessel with two separate
volumes, each containing copper sinter and having a
number of access ports. The diaphragm assembly
bolts onto the top of this cell, the two sides of the
diaphragm connecting through copper tubes to the two
different volumes. Hydrodynamic flow can hence be
generated in any geometry connecting the two sinter
volumes via ports beneath the heat exchanger. In the
present work we have as this geometry two superleaks
in parallel connecting the two volumes. The super-
leaks are both parallel plates separated by 100 p, m, but
they differ in their lengths by a factor of 20 (1 and 20

mm). The diaphragm assembly consists as before2 of a
gold-plated Mylar diaphragm with two capacitor plates
positioned on either side of it. The voltage between
one side of the diaphragm and the electrode facing it is
then ramped in such a way as to produce a steady dc
flow in the superleaks. 5 This mass flow is then mea-
sured by monitoring the capacitance between the other
side of the diaphragm and the other electrode. The
NMR coil used in the experiments reported in this pa-
per is wound around one of the connecting channels,
of internal diameter 2 mm, between the two super-
leaks. The static NMR field of 278 G is applied per-
pendicular to the axis of the coil and hence is also per-

pendicular to the superflow. The transverse absorp-
tion is observed by modulation of the static NMR field
and detected by a standard Q-meter spectrometer.
The field sweep is calibrated by our changing the rf
drive frequency in the normal Fermi liquid and
measuring the corresponding shift in the absorption
line. For thermometry, we measure the frequency of
superfluid oscillations generated in the superleaks, '
which we calibrate against a pulsed platinum NMR
thermometer. This means that we are not constrained
by the platinum thermometer to work at any particular
magnetic field, although all the data presented in this
paper were obtained at 278 G. The sample is cooled
into the superfluid phases by a standard copper nuclear
refrigerator.

A given voltage ramp, V ~ time, generates a certain
superfluid mass current J, = p, v„rather than a certain
superfluid velocity v, . Hence we normally adopt the
method of keeping J, constant on a given experimental
run. The transverse absorption is then measured both
in the absence and in the presence of a superflow dur-
ing slow warming in the B phase. These two NMR ab-
sorption lines are then compared in order to determine
the flow-induced shift.

In the absence of superflow the equilibrium texture
is determined by the competition between four orien-
tational energies, namely, the two surface anisotropy
energies, the bulk bending energy, and the bulk field
energy (see, for example, Brinkman and Cross6). The
characteristic length6 R, = (20 cm G) (1 —T/T, )H
defines the distance over which the n vector adopts its
bulk equilibrium configuration in the field, H, after
being perturbed by the surface. For H = 278 G, the
surface anisotropy energy dominates over the surface
dipole energy and therefore determines the orientation
of n at the surface. For distances greater than R, from
the surface, the bulk field energy orients n parallel to
H. Whenever n makes a finite angle, 0, with H, the
transverse absorption shifts to higher frequencies ac-
cording to the equation

g2 2 2 ~ 2

where coL and Qz are the Larmor and longitudinal fre-
quencies, respectively.
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FIG. 1. Transverse NMR absorption lines in the absence
of flow. The superfluid absorption line shows a well-
developed high-frequency tail.

Just below T, the transverse absorption is essentially
identical to that observed in the normal Fermi liquid.
The magnetic healing length, R„ is small in compar-
ison to the NMR tube diameter, and the n texture is
almost uniformly aligned parallel to the static field in
the bulk of the sample. As the temperature is re-
duced, 8, grows and a high-frequency (low-field) tail
is observed corresponding to regions where 0&0. This
is shown in Fig. 1, which is a graph of the signal-
averaged transverse absorption observed in the ab-
sence of a flow in the normal Fermi liquid and at
T/T, =0.785. The orientation that n adopts at the sur-
face depends on the direction of H relative to the sur-
face. In fact, if the angle that H makes with the sur-
face is sufficiently large, there are two minima in the
free energy, probably corresponding to the double-
peaked structure observed in Fig. 1.

Typical sets of flow-shifted data are shown in Fig. 2.
At low temperatures (T/T, & 0.82), the absorption
line is virtually identical to that in the absence of a
flow. As the temperature is increased, the NMR line
shifts to higher frequencies and shows substantial
broadening at the highest mass currents. Figure 3
shows the temperature dependence of this hydro-
dynamic frequency shift at a number of mass currents.
The origin of the temperature dependence and line
shape in the presence of flow can be understood within
the framework of a theory of NMR of He-8 in the
presence of superflow due to Fetter.

Using a Ginzburg-Landau free-energy expansion
and weak-coupling theory, Fetter derives the effect of
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FIG. 2. Transverse absorption in the presence of super-
flows of (a) J, = 1.66x10 g/cm2 and (b) J, = 1.03x 10 4

g/cm sec. The line shapes are explained in the text.

superflow on the equilibrium configuration of He-8.
Leggett's equations are then solved in order to deter-
mine the effect on the NMR spectrum. Fetter's solu-
tion for the transverse resonance in the strong-field
limit, G,H » Kq and » G~ (where G„K, and Gd
are the coupling constants for the magnetic field, flow,
and nuclear-dipole terms in the 'free-energy expansion,
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FIG. 3. Flow-induced frequency shifts as a function of
(1—T/T, ) at various mass currents. Squares, 6.45 x 10
g/cm'. sec; lozenges, 1.03 x 10 g/cm' sec; triangles,
1.40x10 g/cm . sec. The solid curves are calculations
from Fetter's theory. The lettered regions are explained in
the text.
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andh'q/2m = v, ) is

=cdL+ 5 Qg(1 cos@),

where @ is the solution of

0, 2kq/GD &1,

,arccos(GD/2Kq ), 2Kq /Gd & 1.

w1. 2

The velocity dependence of the shift is then carried
in @. Fetter's theory predicts that for 2Kq2/GD & 1 no
flow-induced shifts occur. For 2Kq /GD & 1, the
transverse absorption shifts to high frequencies, rapid-
ly saturating at ~, = o)L+ —, Bg as v, is increased.

Brinkrnan and Cross have adopted a different (but
equivalent) approach to the same problem. They treat
the various orientational forces on n as perturbations
on the B-phase order parameter. This perturbative ap-
proach leads to an orientational energy of the form

n + — RH 2 &s

C 5 v,

r

H vs+ n.
C

where at H =H, and v, = v„2Lq = G,H = Gd in
Fetter's notation, and R is the usual rotation matrix of
the spin variables relative to the orbital variables.

The general features of Fig. 3 can now be under-
stood. In region 2 the superfluid density is sufficiently
large that v, is below its critical value of u, = (t/
2m)(Gd/k), and no flow-induced shifts occur. At
point B, the superfluid density was decreased with in-
creasing temperature, v, has reached its critical value,
v„and the transverse absorption rapidly shifts to
higher frequencies. At point C, v, has increased suffi-
ciently that the shift has saturated at co, =cuz+ —', Az.
In region D the shift is decreasing since
~ (1 —T/T, ).

With our experimental dimensions, we would expect
substantial deviations from the uniform textures of
Fetter due to the orientational effect of boundaries.
This is observed in the flow-shifted line shapes depict-
ed in Fig. 2, which shows two sets of NMR data. At
the comparatively high mass current of J, = 1.66
X 10 g/cm sec, the critical velocity is reached at
T/T, = 0.83, when the temperature-dependent healing
length is comparatively long, R, = 0.3 mm. A propor-
tion of the absorption line shifts to higher frequencies
corresponding to the contribution from the central re-
gion of the NMR tube, while the absorption remains
peaked at eoL. As the reduced temperature increases,
R, decreases, and a high-frequency peak develops
which we associate with the textural configuration
determined by Fetter's bulk model. Figure 2 also
shows a set of flow-shifted data taken at a lower mass
current of J, = 1.032 & 10 g/cm sec. Here v, is
reached at T/T, = 0.9 when R, = 0.2 mm, and no sub-
stantial broadening is observed.

~0. 4

~0. 0
cn 0. 00 0. 04 O, OS 0. 12

suC et- f lund density
0. 16 0. 20

FIG. 4. The critical velocity for transverse frequency
shifts at 278 G. The solid curve is a least squares fit to the
data and gives v, = 0.1 mm/sec.

Fetter's theory predicts a critical velocity of 0.32
mm/sec at 5 bars, independent of temperature. We
have used Archie's' superfluid-density data to deter-
mine the superfluid densities at which the frequency
shift occurs and plotted this against mass current in
Fig. 4. The data clearly show that v, is temperature in-
dependent at v, = 0.10 mm/sec, if we assume no dissi-
pation in the superflow. Figure 4 is also consistent
with this assumption since no significant deviations
from linearity are observed at the highest mass
currents. Within the framework of Fetter's theory,
these results show that, at 5 bars, the relative magni-
tudes of the coupling constants K and GD are
2Kq /GD=1 at v, =10 cm/sec and at 278 G. This
should be compared to the weak-coupling prediction of
2Kq2/GD = 1 at 3.5 x 10 2 cm/sec.

Fetter's theory also predicts a maximum frequency
shift determined by 0z. Ahonen, Krusius, and
Paalanen" have measured the temperature depen-
dence of the longitudinal resonance at 18.7 bars. They
find Q&2 ——3.95 X 10'2(1 —T/T, ) Hz . Weak coupling
predicts a decrease in the longitudinal resonance fre-
quency by a factor of 0.35 between 18.7 and 5 bars.
The curves in Fig. 3 are calculated from Fetter's
theory with u, = 0.10 mm/sec and the Helsinki longi-
tudinal frequency determination scaled by the above
weak-coupling factor. The good agreement obtained
with our experimental results indicates that strong-
coupling corrections to Oz are insignificant over this
wide pressure range.

Flint, Muller, and Adams' have also investigated
NMR in flowing superfluid He using a double
Pomeranchuk cell arrangement. While various flow-
induced effects were seen in the 3 phase, no flow-
induced shifts were observed in the B phase for v, & 1

mm/sec. On the melting curve Fetter's theory
predicts v, = 1.05 mm/sec. The likely presence of
solid in the flow channel, however, makes the deter-
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mination of flow velocities open to uncertainty.
Preliminary data taken at 18.7 bars are also in broad

agreement with Fetter's theory in that the transverse
frequency shift is substantially larger (t0,2 —co2L= 10"
Hz at T/T, =0.96 and I, =9X10 g/cm sec) than
that observed in the 5-bar data. This is due to the
pressure-dependent increase in Az. The analysis of
these high-pressure data is complicated by the pres-
ence of asymmetries in the NMR shift with respect to
the flow direction. This may be due to persistent
currents or it may be textural in origin. Experimental
work is continuing in order to elucidate these and oth-
er phenomena.

In conclusion, we have made experimental measure-
ments of the predicted hydrodynamic NMR frequency
shift in He-8 at low pressure. We have found broad
agreement with the theory of Fetter, in that the
transverse absorption is observed to shift to higher fre-
quencies above a temperature-independent critical
velocity. The shift rapidly saturates at a frequency
determined by the longitudinal frequency as the super-
fluid velocity is increased. The magnitude of the criti-
cal velocity determines the relative magnitude of the
coupling constants K and GD as 2Kq /GD ——1 at
v, = 10 cm/sec and at 278 G. This value of v, is a
factor 3.5 smaller than the theoretical value assuming
weak coupling.
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