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Persistent Spin Precession in *He-B in the Regime of Vanishing Quasiparticle Density
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We describe the observation of an extremely long-lived induction decay signal of the precession of the
magnetization in superfluid *He-B. This is probably the first evidence of the formation of a coherent
quantum magnetic state with deflected magnetization. This state can be excited at a frequency of 1
MHz at temperatures of about 0.17, and has been observed to persist for periods up to 25 s. The prop-
erties are entirely distinct from those of the well-known long-lived induction decay signal arising from a

homogeneously precessing domain.

PACS numbers: 67.50.Fi

A characteristic feature of the coherent quantum states
of superfluid helium and of superconductors is the
phenomenon of persistent currents. In the case of super-
fluid He, where the particles are associated with a mag-
netic moment, one might expect to find the analogous
phenomena of the persistent transport and the persistent
precession of magnetization. However, in the cases of
mass superflow and electric supercurrent the superfluid
and normal components do not interact at low velocities.
Two-fluid hydrodynamics apply and the persistent flow of
the superfluid fraction is not dissipated by indirect damp-
ing through interaction with the normal component. In-
terestingly, this is not in general true for the magnetic
properties of superfluid *He, since there are very effective
collision mechanisms which tend to bring the magnetiza-
tion of the superfluid component into equilibrium with
that of the normal component. Since the normal com-
ponent magnetization relaxes in a time of order the quasi-
particle scattering time 7,4, any model based on two in-
dependent magnetic “fluids” can be valid only for time
scales shorter than 7,. To observe such noninteracting
magnetic two-fluid behavior we need to work at the
lowest temperatures, where the quasiparticle scattering
time becomes very long and the normal and superfluid
components become decoupled. In this paper we report
what we believe to be the first observation of such per-
sistent magnetic behavior in superfluid *He-B.

We observe the induction decay of the magnetization
after an NMR tipping pulse. In normal materials the
length of the induction decay signal is usually limited ei-
ther by the inhomogeneity of the magnetic field (inhomo-
geneous broadening) or by relaxation processes (homo-
geneous broadening). In superfluid *He-B the situation is
not so simple. Owing to the collective character of the
spin dynamics, magnetic relaxation processes can be very
complex. At the higher temperatures, one of the most
spectacular consequences of the collective behavior is the
homogeneously precessing domain (HPD) [1,2] and the
very long NMR induction decay signals [3,4] resulting
from it. The HPD is created by an rf pulse in the pres-
ence of a field gradient. After the rf pulse, spin super-
currents are set up which can rapidly redistribute the ini-
tial magnetization distortion. This leads to the creation
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of a domain, in the local field minimum, in which the gra-
dient in the Larmor frequency is precisely compensated
by the dipole-dipole frequency shift. As a result, the
whole domain precesses at a single frequency despite the
external field gradient. The domain is separated from the
rest of the liquid (with static magnetization) by a domain
boundary, and the magnetization within the domain
precesses at near the magic angle of 104° at a frequency
corresponding to the Larmor frequency at the boundary.
Relaxation processes reduce the precessing magnetiza-
tion. However, since this is a collective process, the relax-
ation simply leads to the slow shrinking of the domain. A
long-lived induction decay is seen over the period corre-
sponding to the lifetime of the domain, i.e., the HPD
mechanism gives rise to NMR induction decay signals
which can be several orders of magnitude longer than the
free induction decay seen in the normal fluid under the
same field gradient conditions. We shall refer to this sig-
nal as the HPD signal, to distinguish it from the much
longer-lived process we are concerned with here. Consid-
erable experimental and theoretical study of the HPD
phenomenon led to the concept of the spin supercurrent
[5,6]. The main processes of magnetic relaxation which
determine the lifetime of the HPD are well known [7].
These are the Leggett-Takagi internal relaxation [8] and
spin diffusion through the domain boundary [7]. These
two processes describe well the duration of the HPD sig-
nal in the temperature region above 0.57.

In this paper we report the discovery of a completely
new, but apparently related, spin-precession phenomenon
in *He-B which occurs only at the very lowest tempera-
tures. The new process is manifest as an exceptionally
long signal seen by pulsed NMR. The signal is 3 orders
of magnitude longer than the conventional long-lived
HPD induction decay signal at the same temperature,
and 5 orders of magnitude longer than what would be ex-
pected from the magnetic field homogeneity. We have
called this signal the persistent induction signal (PIS).

The experiment is made in a double nested nuclear
cooling cell described earlier [9]. The outer guard cell,
filled with liquid *He and copper flakes, has a high heat
capacity and after demagnetization remains at around |1
mK. The inner cell is filled with liquid *He and nuclear
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refrigerant of copper plates coated with sintered silver.
The lower part of the cell is furnished with a horizontal
fingerlike extension in which the NMR takes place. A
vertical partition divides off a region in which an HPD
can be formed. A horizontal coil placed around the
finger provides the rf excitation and is wound so as to
reduce the rf field outside the HPD chamber. Eddy
current heating in the refrigerant is further reduced by a
copper rf shield at mixing chamber temperature. The
temperature scale is derived from a vibrating wire resona-
tor in the cell [10]. The NMR signal is generated by a
purpose-built spectrometer [11]. The free induction de-
cay signal is mixed with the base frequency of the spec-
trometer, the difference-frequency signal is amplified,
monitored by a digital sampling oscilloscope, and the out-
put recorded by a desktop computer. The double nested-
cell design presents the problem that, in addition to the
response from the HPD chamber, the signal also includes
the response from the thin annulus of liquid *He in the
surrounding outer cell. Fortunately, since the liquid in
the outer cell is at a relatively high temperature and the
geometry does not allow HPD formation, any signal from
the annulus will have low amplitude and also a very fast
induction decay.

The experiment proceeds as follows. The cell is
demagnetized to a final field of 33 mT leaving the *He at
a temperature of around 0.127,. A 0.035-mT/cm verti-
cal field gradient is applied to the cell and pulsed NMR
initiated. As the cell slowly warms, the temperature is
monitored by the vibrating wire resonator and recorded
along with the free induction decay. The parameters of
the rf pulse are chosen to give the longest free induction
decay and are virtually identical to those of a 104° tip-
ping pulse in normal 3He. The duration of the signal is
extracted from the recordings as a function of tempera-
ture. Since the decay is nonexponential, the duration is
taken from the time of excitation to the disappearance of
the signal in the noise.

At the lowest temperatures, we observe the persistent
induction signal. The signal duration at 0 bar extends up
to 25 s, as shown by the typical output in Fig. 1(a). Asin
the case of the HPD signal, the frequency of the PIS sig-
nal changes slowly with time, as shown in the inset of the
figure. As a result, a wide band amplifier is needed
which, along with the limited 1024 channel recorder used,
makes the record over 25 s of slowly changing ~1 kHz
frequency appear very noisy. Figure 1(b) shows a record
of the initial section of a similar signal with 100 times
better time resolution. Systematic studies were made
only at O bar pressure, but similar signals were also seen
at 3.2 bars.

We presume that the excitation conditions in our ex-
periment are marginal for generating the PIS signal since
it is not fully generated by every exciting pulse. At 0 bar
the PIS signal appears only once in about five exciting
pulses at the lowest temperatures. For example, in Fig.
1(a) label I marks the position of a pulse which excites
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FIG. 1. Long-duration free induction decays measured at 0

bar and 0.127,.. (a) The PIS signal excited by an rf pulse at
time labeled II. Note that a similar earlier pulse at time I does
not excite a PIS signal. The signal appears very noisy since (i)
a very wide band amplifier is used and (ii) the mixed signal is
recorded on a 1024 channel recorder which cannot cope with 25
s of slowly changing —1 kHz frequency. Inset: The time
dependence of the frequency of a similar PIS signal. (b) The
initial section of the mixed difference frequency of a PIS signal
(excited at time zero).

only an HPD signal (practically invisible on this time
scale). Label II marks a second pulse which successfully
excited the PIS signal. As the temperature is increased
the probability of PIS formation decreases rapidly and
the duration of the signal also falls. We do not see any
PIS signal at temperatures higher than 0.137.

The signal has two distinct regions. The initial period
of about 30 ms is very reproducible and is virtually iden-
tical to the conventional HPD signal. At the end of this
time the PIS signal begins to appear. For our conditions,
the frequency of a typical conventional HPD decay grad-
ually falls over the duration of the signal by around 200
Hz, with the final frequency at around 1060 kHz (corre-
sponding to the passage of the domain boundary down
the field gradient as the domain shrinks). The PIS signal
then comes in at close to 1061 kHz. The frequency
difference of 1 kHz between the HPD and the PIS can be
clearly seen in Fig. 2, where we plot the instant spectro-
scopic frequency distribution as a function of time for a
typical signal, calculated by the method of Ref. [12].

The large peak at around 1061.2 kHz which appears
after about 30 ms is the PIS. The peak at around 1060.2
kHz from 0 to 15 ms is the conventional HPD signal. It
should be noted that immediately after the rf pulse both
HPD and PIS signals appear to be excited. The HPD
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FIG. 2. A nonstationary maximum entropy spectrum of the
first few tens of ms after pulsed NMR excitation. The instant
frequency spectrum of the decay as a function of time is shown.
The exciting pulse takes place at time zero. The top left peak at
around 1060.2 kHz represents the (relatively) short-lived HPD
signal. In the central frequency range of around 1061 kHz we
see the development of the PIS signal delayed by about 25 ms.
(The noise on the spectrum arises from the limited time resolu-
tion of the original data.)

wins, runs through its life cycle, and as it dies the PIS
reestablishes itself. The final frequency of the HPD sig-
nal should correspond to the Larmor frequency in the
magnetic field minimum at the top of the chamber as the
domain finally disappears. The fact that the PIS signal
has a frequency of order 1 kHz higher (i.e., higher than
the equivalent Larmor frequency anywhere in the cell)
means that some additional frequency shift is involved in
the PIS resonance. The amplitude of the PIS signal is
comparable to that of the preceding HPD signal indicat-
ing that the *He in a large part of the chamber takes
part.

To gain some insight into the mechanism we need to
look at the signal duration as a function of temperature,
plotted in Fig. 3 for 3He-B at zero pressure. In the figure
are plotted the seven longest PIS signals (the PIS often
being only partially excited with shorter duration).
Despite the limited temperature window over which the
PIS signals are visible, the duration seems to follow the
gap Boltzmann factor exp(A/kT) within the experimental
accuracy. Also plotted are the conventional HPD signals.
For temperatures above 0.37, the HPD signal duration
corresponds reasonably to the duration calculated on the
assumption of spin-diffusion relaxation [7] through the
domain boundary, indicated by the dashed curve in the
figure. (The anomalously short HPD signals at around
0.48T, arise from the cross-relaxation between the Lar-
mor frequency and the internal Landau mode as dis-
cussed in Ref. [9].)

Spin-diffusion boundary relaxation alone would lead to
an exponentially increasing HPD lifetime with decreasing
temperature. However, below 0.37, a further relaxation
process sets in, which we believe to be surface relaxation,
as proposed by Ohmi, Tsubota, and Tsuneto [13], arising
from the dephasing of the homogeneous precession
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FIG. 3. The duration of long-duration decays plotted as a
function of temperature for 0 bar. Open points represent the
PIS signals. For comparison we include the conventional HPD
signal duration (solid points). The solid curve represents a cal-
culation of the signal duration limited by surface relaxation
[13] and the dashed curve corresponds to the signal duration
limited by spin-diffusion relaxation [7]. Below the curve giving
the spin-diffusion limit is the temperature-time region where we
would expect magnetic two-fluid behavior.

caused by distortion of the order parameter at the walls
of the chamber. The decay time limited by this process
calculated with the experimental parameters is shown by
the solid curve in Fig. 3.

It is clear from Fig. 3 that, while the duration of the
HPD signal is well described by taking into account sur-
face relaxation, the PIS signals have a lifetime longer by
orders of magnitude and appear to follow the increasing
boundary relaxation calculation. The ideas behind the
surface relaxation calculation [13] were developed for hy-
drodynamic conditions, w7, <1, where the superfluid
and normal magnetization components precess virtually
in equilibrium. In this case, dephasing of the precession
arising from interaction with the walls leads to magnetic
relaxation because the distortion in the superfluid com-
ponent is immediately communicated to the dissipative
normal component.

At the lowest temperatures, where the normal fluid
fraction is virtually zero, the situation is completely
different. Here, any interaction with the walls is reactive
rather than dissipative, and although the magnetization
precessing in the x-y plane becomes incoherent, there is
no change in the value of M,. In other words, there is no
genuine magnetic relaxation, despite the disappearance of
the coherent signal.

This suggests a process of formation of the PIS at the
lowest temperatures: After the rf pulse, the homogeneous
domain is formed with the spins precessing at 104°. The
surface distortion process dephases the signal to shrink
the HPD at the expense of the creation of a new region
where the coherent precessing magnetization is zero but
the longitudinal value of the magnetization is still
depressed. The HPD shrinks at the surface “‘relaxation™
rate with a falling frequency which maps the movement
of the domain boundary through the field gradient. This
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must be accompanied by a very large spin supercurrent.
After about 30 ms the HPD finally vanishes. The large
spin superflow stops and the new PIS signal abruptly ap-
pears. This signal represents some coherent reorganiza-
tion of the dephased but unrelaxed liquid left after the
transit of the HPD boundary. The new coherent state
giving rise to the PIS lives for a much longer time
governed by genuine relaxation, which looks from the
data to be related in some way to the spin diffusion relax-
ation process, although any relaxation process depending
on quasiparticle number would show a similar tempera-
ture dependence.

To speculate about this new coherent state we need to
explain the fact that (a) it is not dissipated by surface re-
laxation, and that (b) the frequency is quite different
from any Larmor frequency in the liquid *He sampled.
The spin dynamics in *He-B are well described by the
Leggett-Takagi equations [8]. The coherent spin preces-
sion seen in the conventional HPD is formed in the
Brinkman-Smith mode. In this context there seems to be
no possibility of a further state such as we see here.
Given that the dipole-dipole effects are fully taken into
account, are we seeing something as fundamental as a
change in the g factor? To change the g factor we need a
source of extra angular momentum and really the only
possible source is that associated with the orbital mo-
ment. Since at higher temperatures the orbital motion is
extremely highly damped by the quasiparticle gas, all
previous experiments have been interpreted in terms of a
locked orbital motion. However, in this regime this is no
longer necessarily true and as a tentative hypothesis, we
propose that we are seeing a state in which the quasipar-
ticle density is so low that the orbital motion is free
enough to contribute to the g value. In other words, the
superfluid components of the orbital and spin momentum
may couple together to create a persistent precessing
state. From the calculation of the orbital susceptibility of
Leggett and Takagi [14] we can estimate that the orbital
contribution in the B phase should change the g factor by
about 0.1% to 1% which is of the order that we see. As
the state is excited by an rf pulse only the spin component
initially responds. We presume that the orbital motion is
slowly coupled in via the surface torque at the walls. This
is related to the mechanism which causes the surface re-
laxation in the HPD. The PIS is thus seen after a time
comparable to the surface relaxation time, but here the
surface effect is responsible for the coupling rather than
giving rise to dissipation. At present, this is supposition.
Nevertheless, we believe that theoretical investigations of
the new state will need to concentrate on mechanisms in-
volving coupled spin-orbit precession.

It is worth noting that the long duration of the PIS has
implications for the magnetic 7, relaxation process in
normal 3He generally believed to be associated with the
interaction of quasiparticles in the liquid with solid atoms
on the walls of the chamber. In *He-B at 0.12T this re-
laxation time must be longer than 25 s. This would seem

to confirm that the 7, relaxation mechanism operates via
single quasiparticle processes and not coherent excitations
such as spin waves, since it is the single particle excita-
tions whose density falls so rapidly in the superfluid.

To conclude, we have observed in superfluid 3He-B at
temperatures below 0.137, a persistent spin precession
with a lifetime of up to 25 s at a frequency of | MHz. A
large fraction of the *He inside the experimental region
takes part. This implies a very high level of coherence,
coupled with a very strong compensating factor which
maintains a constant frequency throughout the respond-
ing sample, despite a large field gradient. The fact that
the g factor is different from both normal *He and from
the orbital-locked superfluid leads us to propose that the
new state is connected with an additional freedom of
motion of the orbital momentum which becomes effective
as the quasiparticle density falls below some limiting
value.
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