A Realistic Model of Spin-Transport in dilute *He in *He in a Finite
Geometry
Robert Nyman !, Olivier Buu, David Clubb, John Owers-Bradley, Roger Bowley

School of Physics and Astronomy, University of Nottingham, Nottingham NG7 2RD, United Kingdom

Abstract

We have investigated the spin-motion of spin-polarised solutions of Fermi-liquid ®He in *He below 100mK. The
linearised version of the equation of motion is solved for a finite cylindrical geometry with fully spin-reflecting
boundary conditions, and is used to model an actual NMR spin-echo experiment. We include non-linear gradients
as well as the applied, linear gradient and we have also incorporated the effect of finite-amplitude NMR, excitation
pulses. We find that the presence of boundaries causes marked deviation from the analytical expressions previously
used for data analysis. The non-uniform gradient causes spin-echoes to be delayed and it is noted that the finite
amplitude pulses also have a significant effect on the appearance and timing of spin-echoes. Previous values for the
‘anisotropy temperature’ in the spin-polarised Fermi-liquid, derived experimentally from spin-echoes, are shown to

be overestimates.
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1. Introduction

Two types of experiment have been used to deter-
mine whether or not the transverse-relaxation time in
spin-polarized *He systems saturates at low tempera-
ture. The saturation is characterised by an ‘anisotropy
temperature’, T,, which is expected to be magnetic
field dependent. Spin echoes have yielded values for
T, in the range 10 and 25mK[1] when normalised to
12 Tesla, in contrast to spin-wave experiments, which
show no saturation|[2].

Here, we show that the analysis used for spin-echo ex-
periments in mixtures must take account of restricted
diffusion. A numerical simulation is developed, includ-
ing a non-linear field variation and NMR pulses of finite
duration and amplitude. For pure *He experiments the
boundaries are less important, but the demagnetising
field cannot be neglected.
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2. Restricted Diffusion

The equation of motion, for components of magneti-
sation transverse to the applied magnetic field, is linear
for small tipping-angles[4].

om_ . D, 2
5 iyB(r)m_ + (l—l—i,uMO)v m (1)
Here, m— = mgy + im, is a combination of the trans-

verse components of magnetisation; yB(r) is the local
Larmor frequency relative to the Larmor frequency at
the centre of coordinates; Deg = (H_iDW is the effec-
tive diffusion coefficient, including the effect of spin-
rotation. Note that the magnetic field is assumed to
have components along the z-axis only.

The boundary condition, at the surface of the exper-
imental cell, is fully reflecting for spin-transport, i.e.
(0.V)m_ = 0, with fi being the unit vector perpen-
dicular to the wall. We have solved this equation of
motion in a cylinder, numerically.

Leggett and Rice[4] showed how spin-echo experi-
ments can be analysed to obtain the spin-rotation pa-
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Fig. 1. (a)Slope of spin-echo phase as function of logarithm
of amplitude, versus puMy in simulation, for three differ-
ent dimensionless field variations.(b)The saturation value of
puMqy varies with field gradient. A typical experiment has
by, = yGL3uMy/Dy ~ 10000, where L is half the length of
the cell, and G is the linear field gradient.

rameter, uMy. A graph is plotted according to the for-
mula

6 = —uMoln|h| (2)

where ¢ and h are respectively the phase and ampli-
tude of the echo. The slope of this graph gives us a
measure of puMy. This analysis assumes an unbounded
sample volume with a purely linear field gradient. Our
simulation shows that this leads to underestimation of
wMy at low temperatures (large uMp), as seen in figure
1(a), which shows the slope against the spin-rotation
parameter used in the simulation. The limiting graph
slope is shown as a function of the gradient parame-
ter, bz, in figure 1(b), so the bigger the gradient, the
stronger the effect. This effect mimics low-temperature
saturation of the transverse-spin relaxation time.

Furthermore, non-uniform gradients change not only
the amplitude and phase of spin-echoes, but also their
timing and shape, an effect which is seen in simulation.
In 6.2% >He in *He we find experimentally that the
echoes are delayed, agreeing with the prediction of the
simulation for this sign of pMy (negative).

3. Finite Duration mw-pulses

A realistic simulation must include the effect of NMR
pulses of finite duration and amplitude. These are mod-
elled as rotations about the local field direction[6]. This
contrasts with the assumption commonly used - that a
tipping pulse is results in a uniform m_, and a perfect
m-pulse causes reversal of the sign of uMp and complex-
conjugation of m_. When 7-pulses are much shorter
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Fig. 2. Simulations of spin-echo experiment. The timescale in
the simulation is 'yL;G = 43us. The pulse durations for the
lower and upper curves are 1 and 30us respectively, the latter
of which is normal for a real experiment. Note the distortion
of the echo.

than the inverse of the frequency variation across the
cell, the assumption is accurate, but this is not the case
for real experiments (see figure 2).

4. Conclusions

To analyse data from real experiments on spin-
transport correctly, one needs a detailed model of the
spin-dynamics. There are several important effects -
e.g. restricted diffusion, non-uniform gradients, finite
NMR pulse durations - which make analytical formu-
lae invalid. We have used this model to fit experimen-
tal data to find the real, bulk transport coefficients,
to detect any real saturation of D, or uMo at low
temperature[3]. We conclude that the anisotropy can
be characterised with a temperature 7;, = 6mK, in an
12T field.
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