
 

Effect of Magnetic Boundary Conditions on Superfluid 3He in Nematic Aerogel

V. V. Dmitriev,1,* A. A. Soldatov,1,2 and A. N. Yudin1
1P.L. Kapitza Institute for Physical Problems of RAS, 119334 Moscow, Russia
2Moscow Institute of Physics and Technology, 141700 Dolgoprudny, Russia

(Received 27 September 2017; revised manuscript received 19 December 2017; published 13 February 2018)

We report results of experiments with superfluid 3He confined in aerogels with parallel strands which
lead to anisotropic scattering of 3He quasiparticles. We vary boundary conditions for the scattering by
covering the strands with different numbers of atomic 4He layers and observe that the superfluid phase
diagram and the nature of superfluid phases strongly depend on the coverage. We assume the main reason
for these phenomena is a magnetic channel of the scattering which becomes important at low coverages and
can be essential in other Fermi systems with triplet pairing.
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Introduction.—In many Fermi systems, e.g., in liquid
3He, in some cold atomic gases, and unconventional
superconductors, a triplet Cooper pairing occurs resulting
in superfluid (superconducting) states. An ideal object to
study the effect of impurities on such states is 3He: it has a
spherical Fermi surface, its superfluid phases (A, B, A1) in
the bulk are well understood, and its superfluid coherence
length can be varied by pressure in the range of 20–80 nm
[1]. Although superfluid 3He is originally pure, a well-
defined system with impurity scattering can be obtained by
immersing a high porosity aerogel in the fluid. In such
experiments silica aerogels are typically used. At temper-
atures T ∼ 1 mK, where 3He is superfluid, the scattering of
3He quasiparticles occurs only on aerogel strands. In pure
3He, the strands are covered with ∼2 atomic layers of
paramagnetic solid 3He [2–4] and the scattering is diffusive.
Boundary conditions for the scattering may be varied by a
small amount of 4He which covers the strands with a few
atomic layers and replaces solid 3He. In this case the
scattering is diffusive only if P ≥ 25 bar while at low
pressures it is specular or partly specular [5–9]. If the 4He
amount is enough to completely remove the solid 3He,
the spin is conserved during the scattering. In contrast, in
pure 3He the spin is not conserved due to a fast exchange
between atoms of liquid and solid 3He resulting in a spin-
exchange (magnetic) scattering channel. However, experi-
ments with silica aerogels show no clear evidence of the
magnetic channel. In particular, the observed A-like and
B-like phases correspond to A and B phases of bulk 3He,
regardless of the presence or absence of 4He [10–16].
Moreover, the superfluid transition temperature of 3He
in aerogel (Tca) is independent of the coverage at high
pressures [10,14] while a small increase of Tca in the
presence of 4He at lower pressures [17,18] is probably due
to the change in specularity. In most theoretical models of

3He in aerogel the magnetic channel is neglected (e.g.,
Refs. [19–23]), except in a few papers where its influence
on the A phase [24], on the A − A1 transition [25–27], and
on the heat transport in the normal phase [28] is considered.
Presumably, the magnetic scattering in 3He in silica

aerogels is masked due to their small global anisotropy.
In this case the scattering is nearly isotropic, regardless
whether it is diffusive or specular, and an additional
“randomization” due to the magnetic channel does not
change the picture. The situation might be different
for anisotropic scattering [23] but this has not been inves-
tigated. To obtain anisotropic scattering, a “nematic” aerogel
(N-aerogel) [29] can be used. Its strands are nearly parallel,
and at ultralow temperatures the effective mean free path of
3He quasiparticles along the strands (lk) is longer than in the
transverse direction (l⊥) [30,31]. Theoretically, this enhances
the appearance of new phases not existing in bulk 3He,
i.e., the polar, polar distorted A (denoted as DA), and polar
distorted B (DB) phases [22,23,32,33]. These phases were
recently observed in experiments with 3He in N-aerogels
[34–37]. We note that the aerogel strands in Refs. [34–36]
were covered by 4He to remove the paramagnetic 3He.
In thisworkwe describe experiments on 3He inN-aerogels

with pure 3He and with the strands covered by different
numbers of atomic 4He layers. We show that even a small
amount of paramagnetic 3He on the strands drastically
changes the superfluid phase diagram.
Samples and methods.—We used four samples of N-

aerogel with different porosities (see Table I). They have a
cuboid shape with sizes of ≈4 mm and were prepared from
a new material “nafen” (produced by ANF Technology)
which consists of Al2O3 strands with diameters ≈9 nm.
The necessary low temperatures were obtained with a

nuclear demagnetization cryostat and were determined
using a quartz tuning fork. Measurements were performed
using continuous wave (cw) NMR in magnetic fields
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2.4–27.8 mT (the corresponding NMR frequencies are
78–902 kHz) and at pressures 0.2–29.3 bar. An external
magnetic field H could be oriented at any angle μ with
respect to the direction of the nafen strands (ζ̂).
To obtain the 4He coverage we added 4He (1.35 or

1.55 mmole) into the empty experimental cell at T ≤
100 mK and then filled the cell with 3He. The area of
the experimental region is dominated by a sintered silver
powder heat exchanger to cool the 3He. The exchanger area
estimated from the powder grain size is ∼40 m2 [39] (the
area of the samples in the cell is ∼1 m2 [29]), and the used
4He amounts should correspond to 2.2 and 2.5 atomic 4He
layers (called below 2.2 coverage and 2.5 coverage). These
numbers are approximate because the area may be smaller
by 10%–30% due to sintering [40]. For the purpose of this
Letter it is more important that the 2.5 coverage corre-
sponds to the minimal 4He amount which results in the
absence of the paramagnetic NMR signal from 3He up to
P ¼ 29.3 bar. We note that the samples were not damaged
during the filling of the cell and had surfaces with equal
4He coverage (see the Supplemental Material [41]).
Identification of superfluid phases.—Depending on

conditions we observed the polar, DA, A, DB, or B
phase. The polar, DA, and A phases are equal spin
pairing (ESP) phases whose spin susceptibilities equal
the normal phase value. In the DB and B phases the
susceptibility is smaller. This makes it easy to distin-
guish between these two groups of phases. On cooling
from the normal phase, the transition occurred into the
ESP phases and then (if it took place)—into the DB or B
phases [low temperature (LT) phases]. The superfluid
phases were identified from their NMR properties which
depend on the order parameter, its spatial distribution,
and μ. In particular, we measured the dependencies of a
cw NMR frequency shift (Δω) from the Larmor fre-
quency (ωL ¼ γH) on T and μ. The LT phases were
identified by comparing Δω at μ ¼ 0 (where Δω is
maximal) with the maximal shift in bulk 3He-B and also
by measurements at μ ¼ 90° (see Ref. [35] for NMR
properties of the DB phase). In this Letter we focused on
measurements in the ESP phases. Below we consider
their properties in more detail.
The general form of the order parameter of these

phases is

Aνk ¼ Δ0eiφdνðamk þ ibnkÞ; ð1Þ

where Δ0 is the gap parameter, φ is the phase, a2 þ b2 ¼ 1,
d is the unit spin vector oriented normal to the magneti-
zation, m and n are mutually orthogonal unit orbital
vectors. The DA phase (a2 > b2 > 0) is an intermediate
state between the polar (a ¼ 1, b ¼ 0) and A phases
(a ¼ b). N-aerogel strands fix mkζ̂ [22] and destroy
long-range order in the DA and A phases, where n is
random at distances larger than ∼1 μm forming a static 2D
Larkin-Imry-Ma state [34,45,46]. The order parameter of
the polar phase does not contain n. It makes this phase
topologically different from the DA and A phases: it is not
chiral, and its gap is zero in the plane normal to m.
In the ESP phases a uniform spatial distribution of d is

favored (spin nematic, SN, state) and the dipole energy
UD ∝ ½a2ðdmÞ2 þ b2ðdnÞ2� results in the following cw
NMR shift:

2ωLΔω ¼ Ω2
k cos

2 μ; ð2Þ

where Ωk ¼ ΩkðP; TÞ is the longitudinal resonance fre-
quency (which is ∼100 kHz at T ¼ 0 and 0 at T ¼ Tca)
and can be expressed in terms of the Leggett frequency
of the A phase: Ω2

k ¼ KΩ2
A, where in the A phase K ¼ 1/2

while in the polar and DA phases in the weak-coupling
limit K should equal 4/3 and ð4–6b2Þ/ð3–4a2b2Þ corre-
spondingly. However, this limit is a good approximation
only at low pressures [1]. Experimentally it was found that
in the polar phase K ¼ KpðPÞ decreases from 4/3 to ≈1.15
while increasing pressure from 2.9 to 29.3 bar, independ-
ently of the nafen porosity [36]. Consequently, if ΩA is
known, measurements of Δω allow us to determine K and
identify the ESP phase. Fortunately, in most of our experi-
ments ΔTca ¼ Tc − Tca ≪ Tc, where Tc is the transition
temperature in bulk 3He. In this case ΩA can be found
by rescaling the Leggett frequency (ΩA0) of bulk
3He-A: ΩAðT/TcaÞ/ΩA0ðT/TcÞ ¼ Tca/Tc.
An additional property used for the identification is that

in the DA and A phases (but not in the polar phase), a
metastable spin glass (SG) state with random d may exist.
This state corresponds to a local energy minimum and
is stabilized by the random n field due to the dipole
interaction. It can be created by cooling through Tca in the
presence of high NMR excitation generating a random d
distribution [15]. A distinctive feature of the SG state is
that at μ ¼ 90° the NMR shift is negative while in the SN
state it equals 0 [36].
It follows from Eq. (2) that Δω is maximal at μ ¼ 0.

Therefore, we usually detected Tca at μ ¼ 0 from the
appearance of a nonzero NMR shift (Δω0). From mea-
surements of Δω0 ¼ Δω0ðTÞ we then determined K and
identified the phases assuming that in the polar phase
K ¼ Kp, in the DA phase 1/2 < K < Kp, and in the A

TABLE I. Characteristics of the samples: ρ is the overall
density, d is the mean distance between axes of adjacent strands.

Sample ρ (mg/cm3) Porosity (%) d (nm) lk (nm) l⊥ (nm)

nafen-72 72 98.2 64 � � � � � �
nafen-90 90 97.8 58 960 290
nafen-243 243 93.9 35 570 70
nafen-910a 910 78 18 � � � � � �
aPrepared from nafen with density 72 mg/cm3 (see Ref. [38]).
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phase K ¼ 1/2. Measurements of Δω at arbitrary μ were
also performed and agreed well with Eq. (2) (see insert
in Fig. 1).
We note that when solid 3He covers the aerogel strands

the NMR frequency is a weighted average of NMR
frequencies of liquid and solid 3He due to the fast exchange
mechanism [4,47]. The magnetization of paramagnetic 3He
follows the Curie-Weiss law, and at T ∼ Tc its total
magnetic moment (Ms) may exceed that of liquid 3He
(Ml). For example, for pure 3He in nafen-243 at 7.1 bar
Ms/Ml ≈ 2.7 at T ¼ Tc. Therefore, to compare the exper-
imental data with Eq. (2) the observed shift was corrected
using the measured temperature dependence of Ms/Ml.
Results with pure 3He and for 2.5 coverage.—In Fig. 1

we show the temperature dependencies of Δω0 for 3He in
nafen-72 (filled circles) and nafen-243 (triangles) for the
2.5 coverage. At 0.96Tc < T < Tca the shift for nafen-72
follows the curve with the same slope as for nafen-243
(K ¼ Kp ¼ 1.15) that corresponds to the polar phase.
Below 0.96Tc the data deviate from the curve due to the
second order transition into the DA phase, similar to that
observed earlier with nafen-90 [36]. In the same figure
the data for pure 3He in nafen-72 are plotted with squares.
They nearly follow the curve expected for the A phase (the
discrepancy is probably due to systematic errors in mea-
surements of Ms/Ml).
In nafen-90 and nafen-243 we observed similar

differences between the 2.5 coverage and pure 3He: for
the 2.5 coverage the superfluid transition occurred into the
polar phase while in pure 3He this phase was no longer
observed. In Fig. 2 we show the data for Δω0 in nafen-90

(squares) which are close to the curve for the A phase.
Additionally, with pure 3He in this sample (as well as in
nafen-72 and nafen-243) the SG state was easily created
(filled triangles in Fig. 2) confirming the absence of the
polar phase. In contrast, at 2.5 coverage all attempts to
create the SG state in these samples failed.
Based on the present measurements, the superfluid phase

diagrams of 3He in nafen-72 for 2.5 coverage and with pure
3He are shown in Fig. 3 (see the Supplemental Material [41]
for the diagrams in nafen-90 and nafen-243). With pure 3He
in all samples the polar phase no longer exists and ΔTca is
essentially greater than for the 2.5 coverage. This additional
suppression of Tca increases with decreasing nafen poros-
ity. It is especially clear in nafen-910: with pure 3He the
superfluid transition was not detected down to the lowest
attained temperatures (≈0.25Tc at 29.3 bar) but at the 2.5
coverage the transition was observed (Fig. 4). In this case
ΔTca is too large andΩA cannot be determined by rescaling
ΩA0. However, we believe that the transition occurs into
the polar phase. First, our attempts to create the SG state
failed. Second, we were able to create half-quantum
vortices in this phase. As shown in previous experiments
[48], such vortices can be created in the polar phase by a
fast cooling through Tca owing to the Kibble-Zurek
mechanism. They survive in nafen due to pinning and
result in a satellite NMR peak with a frequency shift
Δωsat ¼ Δω0ðcos2 μ − λ sin2 μÞ, where λ ≤ 1. The insert
in Fig. 4 shows the NMR spectrum with nafen-910 after
a rapid cool down. The satellite peak position corresponds
to λ ¼ 0.93 in agreement with Ref. [48].
These observations allow us to affirm that with pure 3He

the superfluid transition occurs into the A phase (or,
probably, into the DA phase in nafen-243) while at 2.5
coverage—into the polar phase. In nafen-72 and nafen-90
at low enough temperatures we observed a first order
transition into the LT phase whose properties at 2.5
coverage correspond to the DB phase. With pure 3He
the LT phase is close to the B phase but due to a very wide

FIG. 1. cw NMR frequency shifts versus temperature at P ¼
29.3 bar in SN states for μ ¼ 0. Filled circles: nafen-72 (2.5
coverage, Tca ¼ 0.993Tc). Triangles: nafen-243 (2.5 coverage,
Tca ¼ 0.981Tc). Open circles: nafen-72 (2.2 coverage, Tca ¼
0.977Tc). Squares: nafen-72 (pure 3He, Tca ¼ 0.974Tc). Solid
lines: theory for the polar phase (K ¼ 1.15). Dashed line:
theory for the A phase. (Insert) Δω/Δω0 versus μ in the SN state
measured at different temperatures and pressures. Dashed line
is Eq. (2).

FIG. 2. cw NMR frequency shifts versus temperature with pure
3He in nafen-90. Dashed line: theory for the A phase for μ ¼ 0.
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NMR line in this state its properties were not measured
with sufficient accuracy.
Results for 2.2 coverage.—With 3He in nafen-910 for the

2.2 coverage we detect no signal from the paramagnetic 3He
at any pressure except 29.3 bar, where it was small and
corresponded to ∼0.1 atomic layers of solid 3He. However,
the superfluid transition was not found down to the lowest
attained temperature (≈0.3Tc). At lower pressures the
transition was observed (open circles in Fig. 4) but Tca
was more suppressed than at the 2.5 coverage. We explain
such unusual pressure dependence of Tca by the following.
It is known that the 4He amount which is enough to remove
solid 3He from the surface decreases with decreasing
pressure [7]. Therefore, at low pressures the 2.2 coverage
is enough to completely remove the paramagnetic 3He.
Above ≈15 bar a small amount of solid 3He appears and
ΔTca increases. This amount grows with increasing pres-
sure [2–4], and at 29.3 bar, where the paramagnetic signal
is already detectable,ΔTca becomes so large that we cannot
even reach Tca.
With nafen-72, placed in the same chamber, the para-

magnetic signal was not detected even at 29.3 bar due to a

smaller surface area of the sample. However, the effect of
solid 3He was also clear: the temperature dependence of
Δω0 (open circles in Fig. 1) corresponds to the DA phase
even near Tca, where K ≈ 0.75. The influence of solid 3He
in nafen-72 is seen down to ≈15 bar but at lower
pressures no differences between 2.2 and 2.5 coverages
were found. It is worth mentioning that together with
these experiments we also investigated the behavior of
the quartz tuning fork. It was found that the resonance
properties of the fork are also sensitive to the presence of
solid 3He [49].
Conclusions.—We observe that even a very small

amount of paramagnetic 3He on nafen strands drastically
changes the superfluid phase diagram of 3He in nafen: on
cooling from the normal phase the superfluid transition
occurs into the DA or A phases while in absence of
paramagnetic 3He the transition occurs into the polar
phase. Solid 3He on the strands also essentially reduces
Tca, especially in low porosity nafen, where the scattering
anisotropy is greater. The observed phenomena cannot
be explained by a change of the scattering specularity
because they are observed also at high pressures where
the scattering should be diffusive regardless of the
presence or absence of solid 3He. The only explanation
we can suggest is the importance of a magnetic channel
in the presence of strong anisotropy in the 3He quasipar-
ticle scattering. We hope that our results will stimulate
further theoretical studies of this phenomenon on triplet
superfluidity.

We are grateful to I. M. Grodnensky for providing nafen
samples, V. P. Mineev, M. Krusius, J. A. Sauls, and G. E.

FIG. 4. Phase diagram of 3He in nafen-910. Filled circles mark
the superfluid transition of 3He for 2.5 coverage. Open circles
mark the transition for 2.2 coverage. Dashed line is a guide to the
eye, but it takes into account that at P ¼ 29.3 bar no transition
was observed for 2.2 coverage down to ≈0.3Tc. (Insert) cw NMR
absorption with the satellite peak from half-quantum vortices in
3He in nafen-910 for 2.5 coverage. Arrows mark the expected
position of the satellite peak for λ ¼ 0.93 (solid arrow) and λ ¼ 1
(dashed arrow).

(a)

(b)

FIG. 3. Phase diagrams of 3He in nafen-72 for 2.5 coverage (a)
and for pure 3He (b) obtained on cooling from the normal phase.
Filled circles mark Tca. Open circles mark the transition between
the polar and DA phases. Triangles mark the beginning of the
transition into the DB (or B) phase. The white area shows regions
with no experimental data. The x axis represents the temperature
normalized to the superfluid transition temperature of bulk 3He.
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