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The properties of liquid *He in a low-density aerogel preliminarily covered with a few monolayers of “He were
studied by pulsed and nonlinear continuous NMR techniques. It was found that a NMR frequency shift from
the Larmor value exhibits a sharp increase at a magnetization rotation angle exceeding 104°. Nonlinear contin-
uous NMR signals related to the formation of a macroscopic region featuring homogeneous precession of the
magnetization (homogeneous precession domain) were observed. The experimental results confirm that the
low-temperature superfluid *He phase in the aerogel is analogous to the B-phase in bulk *He and indicate that
the superfluid spin currents play an important role in the spin dynamics of superfluid *He in aerogel. © 2002

MAIK “Nauka/Interperiodica”.
PACS numbers: 67.57.Lm; 76.60.-k

1. INTRODUCTION

The theory of superfluid *He phases is well devel-
oped and in most cases shows a quantitative agreement
with experiment. For this reason, superfluid *He is an
ideal object for verification of the theoretical models of
systems with nontrivial Cooper spin pairing. Presently,
an important problem is to study the influence of impu-
rities on such objects. Such a possibility was offered by
development of the technology of low- density aero-
gels. An aerogel represents a “mop” consisting of SiO,
fibers with a diameter on the order of 30 A, while a
characteristic distance between fibers amounts to 500
1000 A (we imply the so-called 98% acrogel, in which
98% of the volume is free, employed in most experi-
ments with *He). Since the coherence length of super-
fluid *He (amounting to several hundreds of Ang-
stroms) significantly exceeds the diameter of fibers, the
fibers play the role of impurities in *He.

The superfluidity of *He in acrogel was discovered
several years ago [1, 2]. At present, it is known that the
presence of fibers leads to a small (20-30%) depression
of the superfluid transition temperature in *He and that
two superfluid >He phases, analogous to the superfluid
A and B phases in bulk *He, may exist in the aerogel [3,
4]. However, the phase diagram of superfluid *He in
acrogel exhibits qualitative differences from that of
bulk *He. In particular, the region of existence of the
equilibrium A-like phase is much smaller (even at large
pressures and in strong magnetic fields) as compared (0
that of bulk *He; however, the A-like phase remains sta-
ble in a sufficiently wide temperature interval in a
supercooled state.

Experiments in aerogel can be performed both with
pure *He and in the presence of a small admixture of
“He. In the former case, the NMR spectrum is signifi-
cantly influenced by the paramagnetic solid *He pos-
sessing a high magnetic susceptibility at low tempera-
tures, two monolayers of which cover the surface of
fibers. Upon the introduction of “He, solid *He is
replaced by nonmagnetic *He and the NMR response is
fully determined by the liquid *He.

2. NMR in bulk 3He-B. In the superfluid B phase of
bulk 3He, the frequency of lincar (at small excitation
amplitudes) continuous NMR is determined by the
angle y between the direction of external magnetic
field H and the order parameter vector n: ® = ; +
Qp
20
gitudinal resonance frequency (Leggett frequency) for
*He-B and o, = YH is the Larmor frequency. Far from
the cell walls, n || H and ® = ;). Near the wall, y = 63°
for H parallel to the wall plane, which leads to a shift of
the frequency. As a result, the absorption line in the lin-
car continuous NMR spectrum become asymmetric,
comprising a peak at the Larmor frequency and a long
“tail” extended toward high frequencies and deter-
mined by a spatial distribution (texture) of the order
parameter.

sin?y, where g is the temperature-dependent lon-

In the case of a pulsed NMR measured for suffi-
ciently large magnetization rotation angles P, the sys-
tem exhibits a texture transition and the M and n vec-
tors exhibit precession as if the walls were absent (the
Brinkman—Smith mode) [5]. The frequency of preces-
sion is ®; if the P value does not exceed ®, =
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arccos(—1/4) = 104°. For B > ©,, the precession fre-
quency varies by the law

2

Q
2(1+4cosP)
L

o = (DL—S(D

The presence of spatial inhomogeneities of the precess-
ing magnetization (e.g., due to a gradient of the field H)
leads to the appearance of superfluid spin currents (spin
supercurrents) carrying the longitudinal magnetization
component. As a result, a homogeneously precessing
two-domain  structure  (homogeneous precession
domain, HPD [6]) may form in a closed *He-B volume.
One of these domains represents a region of virtually
equilibrium magnetization; in the other, the magnetiza-
tion vector is rotated by an angle close to ®, and exhib-
its in-phase precession at a Larmor frequency at the
interdomain boundary, a characteristic thickness of
which usually amounts to 0.2-0.3 mm. The spin super-
currents also play an important role in determining the
stability of an HPD: spatial inhomogeneities give rise to
currents which tend (o restore homogeneous preces-
sion.

Under continuous NMR conditions, when a homo-
geneous magnetic field gradient (parallel to H and
directed in the z axis) is applied to a sample and the RF
field frequency ®, is fixed, an HPD is formed in the
course of a gradual decrease of the homogeneous com-
ponent of the external magnetic field H, (the RF field
amplitude must be sufficiently large) [7]. The HPD
begins to form when the coordinate z (determined by
the condition ®,,= YH(z) reaches the cell boundary (z.).
Owing to the spin supercurrents, the magnetization
rotation angle in this region may reach and even exceed
the ®, value. When the field H, decreases, this region
of the cell keeps in resonance with the RF field (due to
the fact that B slightly exceeds ®,), which leads to a
positive frequency shift. As a result, the HPD size
increases and the spatial distribution of B is determined
by the condition that the frequency of precession is
equal to that of the RF field; the domain wall coordinate
is determined by the resonance condition ®,, = YH(z,).
The absorbed RF power is determined by a phase dif-
ference between the precessing magnetization and the
RF field. This difference is established on a level such
that the absorbed power equals the power dissipated
within the HPD via the magnetic relaxation processes.
The dissipation increases with the HPD size. As the H,
keeps decreasing, the HPD breaks (and does not restore
when H,, is scanned in the reverse direction). If the RF
field is switched off in the presence of an HPD, the
domain will retain its homogeneity and the magnetic
relaxation will only reduce the HPD size: the domain
boundary keeps moving and the frequency of a long-
lived induction signal (the duration of which is signifi-
cantly greater than the characteristic time of dephasing
in an inhomogeneous magnetic field: © = (yVHL)™!,
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where L is the cell length) gradually decreases from o,
to YH(z,).

If the order parameter of a low-temperature super-
fluid *He phase in aerogel corresponds to that of the B
phase in bulk *He, the NMR behavior in this system
must be similar to those observed in bulk *He-B.
Accordingly, it natural to expect that the dependence of
® on P for nonlinear NMR would exhibit a feature at
B = 104°. It can be also suggested that the spin super-
currents in *He B-like phase in aerogel are qualitatively
similar to those in bulk *He-B and can lead to the HPD
formation. However, until now the NMR investigations
of 3He in aerogel were mostly restricted to linear con-
tinuous NMR response. These experiments showed that
the NMR behavior of *He B-like phase in acrogel is in
fact like that of bulk *He-B: the NMR line exhibits
broadening toward high frequencies (while a quantity
analogous to the Leggett frequency is several times
smaller in acrogel than in bulk *He-B) and the decay of
magnetic susceptibility with decreasing temperature is
similar to that observed in bulk *He-B.

To the present, the pulsed NMR measurements were
performed either for the pure *He in aerogel (whereat
no features in dependence of the NMR frequency on 3
were found near B = ®,) or at small magnetization rota-
tion angles [2, 8]. Recently, a study of the nonlinear
continuous NMR in superfluid *He B-like phase in
acrogel was reported by the Grenoble group [[9]. The
NMR signal characteristics (dependence on the scan
direction and the field gradient) reported in [9] corre-
sponded to the behavior typical of the HPD. However,
the region of existence and the amplitude of the signal
observed in [9] were smaller than one may expect from
an HPD with the length significantly exceeding the
domain wall thickness. Thus, the question concerning
the possible HPD formation in the B-like phase of *He
in aerogel did not receive unambiguous answer.

The aim of our experiments was to study the nonlin-
car NMR (in both pulsed and continuous modes) in
superfluid B-like phase of *He in aerogel. The experi-
ments were conducted in an aerogel with the surface
covered with two monolayers (calculated estimate) of
“He.

3. Experimental. The experiments were performed
at a pressure of 25.5 bar in a magnetic field varied from
284 to 1082 Oe (which corresponded to the NMR fre-
quencies from 922 kHz to 3.51 MHz). The experimen-
tal chamber (Fig.1), mounted on a nuclear demagneti-
zation stage, comprised two like cells of the same cylin-
drical shape (diameter, 5.3 mm; height, 5.6 mm) made
of a Stycast-1266 epoxy resin. Each cell was sur-
rounded by NMR coils (thermally insulated from the
cell body). The first cell (cell 1) was almost completely
filled with a 98% aerogel (except for 0.15 mm gaps
between aerogel and internal wall surface). The second
cell (cell 2) contained aerogel in the form of a disk with
a thickness of ~2.4 mm, which was situated in the mid-
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Fig. 1. Schematic diagram of the experimental chamber
(see the text for explanations).
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Fig. 2. Plots of the induction signal onset frequency versus
magnetization rotation angle for *He B-like phase in aero-

gel measured at (/) H=1.01 kOe, T = (.83 TZ and (2) H =

285 0e, T=0.78T .

dle part of the sample volume. The required tempera-
ture was provided by a nuclear demagnetization cry-
ostat and monitored by a platinum NMR thermometer
gauge located in a special volume below the experi-
mental cells.

4. Pulsed NMR of 3He-B in aerogel. The pulsed
NMR measurements were conducted only with cell 1.
The sample was exposed (0 magnetization-rotating RF
pulses at the NMR probe frequency. The free preces-
sion (induction) response signals were recorded in a
computer memory and processed (o determine their
dependence on the frequency and the time variation of
the signal amplitude.

The phase transitions in *He in aerogel were mani-
fested by changes in the frequency, amplitude, and
duration of the free induction signal in response to
application of the small RF signals (corresponding to
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the angles of magnetization rotation below~20°). Upon
cooling below the superfluid transition temperature of

3He in acrogel (T = 0.767,, where T, = 2.37 mK is the

superfluid transition temperature for bulk *He under the
given conditions), the system exhibited two sequential
transitions. First, there appeared and increased a nega-
tive shift of the NMR frequency relative to the Larmor
value, which was related to the (ransition to a super-
cooled *He A-like phase in aerogel. Then, at a certain

temperature about =0.85 Tf , the sample converted into

a B-like phase whereby the frequency shift became
positive and increased with further decrease in the tem-
perature [10]. On heating from the B-like phase, the

shift decrease in proportion to (1 — 7/, ) and vanished

(being always positive) at T = T’ . These results agree

with the recent experiments [4] where a similar behav-
ior was observed by a continuous NMR technique.

It was established that the free induction signal at
large magnetization rotation angles significantly varies
with time. For determining the dependence of ® on B,
the time variation of the induction signal was extrapo-
lated to the initial time instant (it should be noted that
the results remain qualitatively the same for any reason-
able method of determining the characteristic fre-
quency at a given B, for example, by taking the average
frequency of the Fourier transform of the induction sig-
nal). Figure 2 shows a plot of the induction signal fre-
quency versus initial magnetization rotation angle for
*He B-like phase in aerogel. As can be seen, the exper-
imental curves exhibit a feature at B = 104° whereby the
signal frequency begins to grow sharply with B, as it
should be expected for the B- phase. At the same time,
we observed no signs of a texture transition to the
Brinkman—Smith precession mode. As can be seen, the
precession frequency at any magnetization rotation
angle below 104° is significantly shifted from the Lar-
mor value, while still varies depending on B. This result
indicates that texture of the order parameter is deter-
mined by the aerogel volume (and, probably, by the
acrogel density inhomogeneities over distances much
shorter than the characteristic cell size), rather than by
walls of the experimental cell.

5. HPD of 3He-B in aerogel. Experiments devoted
to determining the possibility of the HPD formation in
acrogel were performed with both cells. Figure 3 shows
the continuous NMR signal profiles measured in cell 1
on decreasing H, for various RF field amplitudes. The
abscissa axis in Fig. 3 (and in the other plots of contin-
uous NMR signals) shows the homogeneous compo-
nent of the applied magnetic field recalculated into a
coordinate by the formula z = (YH — ,5)/YV H. The point
z =0 corresponds to validity of the resonance condition
for bulk *He at the cell top, and z = 5.6, at the cell bot-
tom. When the domain wall occurs inside the cell, the
resonance condition is obeyed at the middle of the wall
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(this is true for bulk *He-B and will be shown below (o
hold for an HPD in acrogel as well), and the abscissa in
fact indicates the domain wall position.

As can be seen, the signal observed for a pumping
field amplitude of ~0.02 Oe (Fig. 3b) is significantly
higher than the signals measured at smaller amplitudes
of pumping, which corresponds to the HPD formation,
growth (whereby the HPD occupies the entire cell), and
breakage (for z = 9.4 mm). Upon breakage, no HPD is
formed during the reverse scan. Our calibration of the
NMR spectrometer showed that the NMR signal ampli-
tude (Fig. 3b) corresponds to within 10% to an ampli-
tude of the NMR signal anticipated from the HPD.

Figure 4 shows variation of the induction signal
amplitude and frequency with time after the HPD was
“grown” as described above and the RF field was
switched off. As can be seen, the signal amplitude
exhibits oscillations (rather than smoothly decays to
zero as in the case of bulk *He [7]), although the char-
acteristic signal duration is large and the frequency
kinetics on the average well agrees with that expected
for a slow relaxation of the HPD. A complete change of
the induction signal frequency amounts to ~1590 Hz,
which coincides to a good accuracy with the frequency
change calculated by the formula d® = YyVHL, (where
L, is the HPD length immediately before switching off
the RF field), as it has to be in the case of the HPD for-
mation. Oscillations of the induction signal amplitude
may be caused bu spatial inhomogeneities (or anisot-
ropy) of the aerogel density. These would result in inho-
mogeneities within the HPD and in a nonuniform mag-
netic dissipation over the HPD volume. This would lead
to inhomogeneous P distribution over the sample and to
dephasing of the precession in various parts of the aero-
gel. Spin supercurrents will tend to restore the homoge-
neous precession, thus giving rise oscillations in the
precession phase distribution, analogous to the tor-
sional HPD oscillations observed in bulk *He-B [11].

It should be noted that the magnetic dissipation may
give rise, due to a low thermal conductivity of *He in
acrogel, to significant temperature nonuniformities and
the resulting HPD inhomogeneities. In our experiments
with continuous NMR, the HPD formation in cell 1 as
accompanied by an increase in the temperature of >He
in acrogel because of the magnetic relaxation leading to
the energy dissipation. When the H, variation was
stopped (i.e., the HPD length was fixed), the sample
temperature continued (0 grow at a time constant on the
order of one minute (estimates obtained from the data
[12] on the thermal conductivity of 3He in aerogel show

that overheating may reach up to 0.1-0.27 at a char-

acteristic power of several nanowatts dissipated in aero-
gel). The magnetic relaxation rate increases with the
temperature and the HPD breaks within several min-
utes, since the dissipated power exceeds a maximum
possible value of the absorbed power at a given RF field
amplitude.
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Fig. 3. Transverse magnetization amplitude profiles (M is
the square root of the sum of squared absorption and disper-
sion signal intensities) measured at VH = 284 Oe, H = 1

Oe/cm, T ~ 0.67 TZ and various RF field amplitudes: (a)

0.002, 0.005, and 0.01 Oe, in the order or increasing average
signal intensity; (b) 0.02 Oe.

[\
(=]
T

Amplitude (arb. units)
=
T

() 1 1 1
0 [
s Y
= 500 1‘[\ kf\
5 L
= 1000 | WA
3 = 1
| L NN
-1500 ’ "
é = I | I |
0 0.05 0.1
t (sec)

Fig. 4. Time variation of the amplitude and frequency of a
long- lived NMR induction signal after switching off the RF
field at an HPD length of ~4.9 mm in cell 1. The experimen-
tal conditions are the same as indicated for Fig. 3b.

The overheating effects were virtually not mani-
fested in cell 2, where a maximum distance from the
aerogel center to bulk *He was several times smaller
than in cell 1. In cell 2, the HPD initially formed, as a
rule, in the volume free of aerogel. As the HPD length
increased, it penetrated into aerogel and eventually
filled the entire cell. Figure 5 shows the absorption and
dispersion profiles measured during the HPD formation
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Fig. 5. Profiles of the (/) NMR absorption and (2) disper-
sion signals during the HPD formation in cell 2 for H = 284

Oe, VH = 0.94 Oe/cm, T ~ 0.67 TZ , an RF field amplitude
of ~0.01 Oe.
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Fig. 6. Time variation of the amplitude and frequency of a
long- lived NMR induction signal after switching off the RF
field at an HPD length of ~4.7 mm in cell 3. The experimen-
tal conditions are the same as indicated for Fig. 5.

in cell 2. Here (as well as in Fig. 3) the value z =0 on
the abscissa axis corresponds to validity of the reso-
nance condition for bulk *He at the cell top, the value of
z =-5.6 implies the same at the cell bottom, while z =
-1.5 and -3.9 mm correspond to the acrogel-bulk *He
boundaries.

As can be seen from Fig. 5, the NMR absorption
both in bulk *He and in acrogel monotonically
increases with the HPD length (a faster signal buildup
in the initial HPD growth stage is related to the domain
wall formation). Note that no sharp features are
observed when the domain wall crosses the aerogel-
bulk *He interface. Previously, we repeatedly observed
the growth of the HPD absorption by a nearly linear law

DMITRIEV et al.

(over the HPD length) for bulk *He (unpublished data
of many experiments performed in the past years). A
mechanism of this absorption still remains unclear and
requires further investigation. Here, we will only note
that this mechanism is effective in aerogel as well. It
was found (in this study, as well as in the preceding
experiments with bulk °He) that the absorption
increases with the temperature and is virtually indepen-
dent of the external magnetic field gradient.

In contrast to the results of experiments in cell 1, the
amplitude and frequency of the induction signal from
the HPD, measured after switching off the RF field,
varied in a smooth manner, which was indicative of a
homogeneity of the HPD retained in the course of the
relaxation process (Fig. 6). No distinguishable features
were observed at a frequency of the induction signal
corresponding to a moment of the domain wall crossing
the aerogel-bulk *He boundary (for a current coordi-
nate determined by the signal frequency).

Using the sample in cell 2, we have also studied the
temperature dependence of the HPD formation process.
It was established that the HPD did not penetrate into

aerogel at a temperature slightly below T (usually, on

the order of 0.9T), although an HPD in the upper

aerogel-free volume part of the cell forms even at tem-
peratures up to that corresponding to the transition of

bulk *He into the A phase (Tz = 1.2T ). On the other

hand, an inverse pattern was observed at a sufficiently
low temperature: the HPD formation in the volume
(aerogel-free) part of cell 2 took place at a greater RF
field amplitudes as compared to those in acrogel. As a
result, there was a certain interval of the RF field ampli-
tudes in which it was possible to form an HPD only in
aerogel in the absence of HPD in bulk 3He.

Figure 7 shows two NMR signal profiles measured

at T = 0.65T; for different amplitudes of the RF field

(curve 2 corresponds to the case of the HPD formation
in aerogel only). The fact that the abscissa correspond-
ing to the signal growth onset (curve 2) is close to the
coordinate of the aerogel-bulk *He interface shows that
the NMR frequency in the domain wall is close to the
Larmor value; this is probably indicative of a texture
transition of the Brinkman-Smith type in the case of the
HPD formation in aerogel under the continuous NMR
conditions. In contrast to the pulsed NMR data (Fig. 2),
this results in an almost zero shift of the precession fre-
quency from the Larmor value at the magnetization
rotation angles close to ®, (otherwise, the HPD signal
growth onset would be shifted to the left by a value cor-
responding to the frequency shift from the Larmor
value, which amounts to not less than 1 mm in the £
scale).

6. Conclusion. The results of our investigation leave
no doubts that a low-temperature superfluid *He phase
in aerogel is analogous to the B phase of bulk 3He. It
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Fig. 7. Transverse magnetization amplitude profiles (M is
the square root of the sum of squared absorption and disper-
sion signal intensities) measured at H = 284 Oe, VH = 0.94

Oe/cm, T < 0.65 TZ and an RF field amplitude of (7) 0.02
Oe and (2) 0.040e.

was demonstrated that an important role in the spin
dynamics of *He B-like phase in aerogel, as well as in
bulk 3He-B, belongs to the spin supercurrents which
can lead to the formation of a homogeneous precession
domain. Similar to the case of bulk 3He-B, the HPD for-
mation can be used as a probe for studying the super-
fluid *He-B phase in aerogel. In particular, it would be
very interesting to elucidate questions concerning the
observation and study of the “catastrophic” relaxation
of 3He in aerogel, by analogy with the phenomenon tak-
ing place in bulk *He-B at temperatures on the order of
0.4T, [13], the nature of which is still unclear.
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