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Effect of magnetic scattering on the superfluid transition of *He in nematic aerogel
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We present the results of high magnetic field experiments in pure *He (in the absence of *He coverage) in
nematic aerogel. In this case the aerogel strands are covered with few atomic layers of solid paramagnetic >He,

which enables the spin-exchange mechanism for *He quasiparticles scattering. Our earlier NMR experiments
showed that in low fields, instead of the polar phase, the A phase is expected to emerge in nematic acrogel. We
use a vibrating wire resonator with the sample of aerogel attached to it and measure temperature dependencies
of resonance properties of the resonator at different magnetic fields. A superfluid transition temperature of *He
in aerogel, obtained from the experiments, increases nonlinearly in applied magnetic field. And this increase
is suppressed compared with that for the bulk A; phase, which we attribute to an influence of the magnetic
scattering channel, previously considered theoretically for the case of *He confined in isotropic silica aerogel.
However, we observe the essential quantitative mismatch with theoretical expectations.

DOLI: 10.1103/PhysRevB.107.024507

I. INTRODUCTION

The superfluidity of *He is due to p-wave Cooper pairing
with spin and orbital angular momentum equal to 1. This
allows the existence of many superfluid phases with differ-
ent wave functions [1,2], but only phases with the lowest
Ginzburg-Landau free energy are realized. In particular, de-
pending on temperature and pressure, in bulk superfluid *He
only two superfluid phases (A and B) exist in zero magnetic
field. Magnetic field changes the energy and the A; phase
becomes favorable in a narrow region near the superfluid
transition temperature 7. Therefore, instead of the second-
order superfluid transition at zero field at T = T, there are
two second-order transitions: The “upper” transition to the
A; phase at T = T4 > T and the “lower” transition to the
A, phase (also called the A phase in magnetic field) at T =
Ty, < T, [3-8]. The A phase is an equal spin pairing (ESP)
phase, that is, it contains Cooper pairs with only +1 spin
projections on a specific direction (equal fractions of 11
and || pairs, where the arrows denote the direction of the
magnetic moment). The A; phase contains only 11 pairs but
the A, phase contains also || pairs, which fraction grows
on cooling below T4,. In bulk *He, owing to particle-hole
asymmetry, the splitting of 7, is proportional to H: Ty =
T. + na1H and Ty, = T, — napH, where depending on pres-
sure, 141 = 0.64 uK/kOe and 14, = 0.6-2 uK/kOe [3,6,7].
The temperature region of existence of the A| phase is AT =
(na1 +na2)H = naH.

The similar splitting of the superfluid transition temper-
ature was expected to occur in *He in silica aerogel where
the observed A-like phase has the same order parameter as
the A phase of bulk *He [9—11]. However, experiments with
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pure *He in silica aerogel show no evidence of the splitting
in fields up to 8 kOe [12], but in very high magnetic fields
(> 70 kOe) the splitting linear on H was observed with nearly
the same values of 741, 7142, and 14 as in bulk 3He [13,14]. In
theoretical works [15,16] it was suggested that the observed
behavior is due to a magnetic scattering of *He quasiparticles
on the aerogel strands. The point is that in pure *He in aerogel
the strands of aerogel are covered with approximately two
atomic layers of paramagnetic solid *He [17-19]. Therefore,
during the scattering the spin is not conserved due to a fast
exchange between atoms of liquid and solid *He. According
to Refs. [15,16], in the presence of the spin exchange the split-
ting of the superfluid transition temperature in high magnetic
fields is suppressed and in paramagnetic model

tanh(h) )H,
h

AT = (770 -C ey
where ng ~ naT.,/T. is the splitting parameter in the ab-
sence of the spin exchange, T, is the superfluid transition
temperature of *He in aerogel in zero magnetic field, # =
yhH/(2kT,,), v is the gyromagnetic ratio, k is the Boltzmann
constant, and the spin-exchange parameter C ~ 1 uK/kOe
depends on the superfluid coherence length, on the mean free
path of *He quasiparticles in aerogel, and on impurity scatter-
ing parameters. The “upper” transition temperature (7.,;) is
then given by

T.. tanh(h) > " )

Tt = Tea + <77A1 T G h
where in the weak-coupling limit C; = C/2.

The contribution of the spin-exchange part decreases with
the increase of H, and for & 2 2.5 the derivatives dT,,/dH
and d(AT)/dH should be nearly equal to n4;7,/7. and 7o,
respectively, as it was observed in experiments described in
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Refs. [13,14]. In lower fields a nonlinear dependence of the
splitting on H is expected. For example, if & < 0.7 (for T, =
2 mK it corresponds to H < 20 kOe), then from Eq. (1) it
follows that

AT = (no — O)H + Ch*H/3 = kiH + ko H>.  (3)

In experiments described in Ref. [12] no splitting was ob-
served presumably due to 1y being nearly equal to C, while
the second term in Eq. (3) at H < 8 kOe was still very small.

The effect of magnetic scattering on the splitting should
disappear when a small amount of *He is added which re-
places the solid layers of *He on the strands. In this case
AT should be equal to noH at any field. Such experiments in
3He in silica aerogel have not been carried out, but they have
been done in *He confined in another type of aerogel, that is,
in so-called nematic aerogel [20]. In contrast to silica aerogel,
in which global anisotropy is small, strands of nematic aerogel
are aligned on average along the same direction, resulting in a
strong anisotropy in the orbital space. In low magnetic fields
in the presence of the “He coverage such anisotropy makes
favorable a new superfluid phase near T;,, the polar phase
[21,22]. The polar phase, like the A phase, is the ESP phase
and in high magnetic fields the superfluid transition in *He in
nematic aerogel is also split [23,24]: On cooling, the transition
occurs into the so-called 8 phase which has the same orbital
part of the order parameter as the polar phase, but contains
only 11 pairs. On further cooling, the transition to the dis-
torted B8 phase, which contains also | | pairs, is observed. As
was expected, the temperature region of existence of the 8
phase was found to be proportional to H [20].

Remarkably, the magnetic scattering essentially influences
the superfluid phase diagram of *He in nematic aerogel even
at very low magnetic fields: In pure *He (i.e., in the absence of
“He coverage), instead of the transition into the polar phase,
the transition to the A phase with substantial suppression of
T, takes place [25]. Here we describe the experiments in
pure 3He in nematic aerogel in high magnetic fields. The aim
of the experiments was to measure the dependence of the
superfluid transition splitting on H and to observe the sup-
pression of the splitting in low fields. We note that theoretical
models [15,16] are developed for globally isotropic aerogel
and are not applicable directly to *He in nematic aerogel,
where the scattering is strongly anisotropic. Nevertheless, the
spin-exchange mechanism remains and should suppress the
splitting in a similar way as it follows from Egs. (2) and (3)
with corrected values of C and C;. In particular, in very high
magnetic fields we expected that dT.,; /dH ~ na1T.q/T..

II. SAMPLES AND METHODS

Experiments were performed at a pressure of 15.4 bars in
magnetic fields 2.22-19.36 kOe using a vibrating wire (VW)
resonator with the aerogel sample attached to it. We used the
same setup and the same sample of nematic aerogel as in ex-
periments described in Ref. [20]. The necessary temperature
was obtained by a nuclear demagnetization cryostat and mea-
sured using a quartz tuning fork, the resonance linewidth of
which in *He depends on temperature. The fork was calibrated
as described in Ref. [20].
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FIG. 1. Temperature dependencies of FWHM of the main reso-
nance of the VW resonator measured in the presence of “He coverage
[20] (filled circles, H = 4.1 kOe) and in pure ‘He (open circles, H =
4.4 kOe). Arrows indicate the features we associate with different
superfluid transitions at temperatures Tp,, Tp1, Ta2, Ta1, and T, (see
text for details). The x axis represents the temperature normalized
to the superfluid transition temperature in bulk *He T, = 2.083 mK.
Inset: Signal measurement circuit of a VW immersed in liquid *He in
magnetic field H. The strands of nematic aerogel are oriented along
the oscillations.

The sample of mullite nematic aerogel has a form of the
rectangular parallelepiped with sizes ~ 2 x 3 mm transverse
to the strands and 2.6 mm along the strands. Its porosity is
95.2%, and a characteristic separation between the strands is
60 nm. The diameter of the strands is < 14 nm. The sample
was glued using a small amount of epoxy resin to 240-um
NbTi wire, bent into a shape of an arch with height of 10 mm
and distance between legs of 4 mm. Strands of the aerogel
were oriented along the oscillatory motion (see inset in Fig. 1).
The wire is mounted in a cylindrical experimental cell sur-
rounded by a superconducting solenoid, so that the sample is
located at the maximum of the magnetic field (with homo-
geneity of 0.1% at distances =3 mm). A sketch of the cell is
shown in Ref. [20]. A measurement procedure for the aerogel
VW resonator is the same as in the case of a conventional
VW resonator [26]. The mechanical flapping resonance of
the wire is excited by the Lorentz force on an alternating
current with amplitude Iy (from 0.2 to 2 mA depending on
H and being set to keep the amplitude of oscillations field
independent), passing through the wire. Motions of the wire
generate a Faraday voltage which is amplified by a room-
temperature step-up transformer 1:30 and measured with a
lock-in amplifier by sweeping the frequency. In-phase (dis-
persion) and quadrature (absorption) signals are joint fitted to
Lorentz curves. At T ~ 1 K the resonance frequency and the
full width at half-maximum (FWHM) of our VW resonator
in vacuum are 621 and 0.3 Hz, respectively. In liquid *He the
maximum velocity of our VW in the used temperature range
was always less than 0.2 mm/s. In a given field additional
experiments with a few times smaller excitation currents were
also done and showed the same results.
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In experiments with the same aerogel VW resonator in the
presence of “*He coverage it was found that in low magnetic
fields at 15.4 bars T, ~ 0.981T, [20], where T, = 2.083 mK.
This transition occurs into the polar phase as it follows from
NMR experiments with a similar aerogel sample cut from
the same original piece of aerogel [27]. Our previous NMR
experiments with pure *He in various samples of nematic
aerogel pointed out that in the absence of “He coverage the
superfluid transition of *He in the present sample in low
magnetic fields should occur to the A phase [25]. Moreover,
T., is expected to be equal to approximately 0.957, like in
pure *He in the sample of nafen-90, because with complete
“He coverage the present sample and nafen-90 have basically
the same superfluid phase diagrams of *He [25,27].

We note that in previous experiments with nematic aerogel
VW resonators, performed in the presence of “He coverage,
an additional (the second) VW resonance mode was observed,
existing only below T, [20,28]. On cooling from T' = T,, the
resonant frequency of this additional mode was very rapidly
increasing from O up to ~1.6 kHz, and in a narrow tem-
perature range below (but very close to) T, was reaching
the resonance frequency of the main mechanical VW reso-
nance. An interaction of these modes resulted in a peaklike
increase of the FWHM of the main mechanical resonance of
the VW. Presumably, the second mode is an analog of the
second-sound-like mode observed in silica aerogel in super-
fluid helium [29,30] and corresponds to shear oscillations of
the superfluid component inside the aerogel and the normal
component (together with the aerogel strands) [31]. In the
present experiments we focused on measurements of the main
resonance, of which intensity is significantly greater.

III. RESULTS AND DISCUSSION

In Fig. 1 by open circles we show the temperature de-
pendence of the FWHM of the main resonance of the VW
obtained in pure *He in a magnetic field of 4.4 kOe. For
comparison, we also show by filled circles a similar depen-
dence obtained in experiments described in Ref. [20] in the
presence of “He coverage at the same pressure and in nearly
the same field (4.1 kOe).

First, let us consider the dependence obtained in the pres-
ence of “He coverage. At T > Ty; both bulk 3He and *He
in aerogel are in the normal state. The superfluid transition
to the A; phase in bulk 3He occurs at T = Ty;. Below Ty
the FWHM decreases, and at T = Ty, the transition to the A,
phase takes place. On further cooling, the FWHM decreases
more rapidly but below T = Tp; =~ 0.9867, it starts to in-
crease, which can be due to only the superfluid transition of
3He in aerogel. In the given magnetic field it is the transition
to the B phase. At T = Tp, ~ 0.9767; a “step”” on the FWHM
plot is observed, which has been referred to as the transition
between the B phase and the distorted S phase existing at
T < Tp [20]. The peaklike change of the FWHM is due to
an interaction with the second resonance mode and occurs at
0.98T, < T < 0.986T..

In the case of pure 3He we observe bulk A; and A, features
nearly at the same temperatures T4; and Ty, but the super-
fluid transition of *He inside aerogel occurs at a significantly
lower temperature than the transition temperature 7p; in the
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FIG. 2. The frequency of the main resonance of the VW res-
onator versus the FWHM measured on warming in a magnetic field
of 19.4 kOe. Dashed arrows show the direction of the temperature
change. Double-sided arrow indicates the FWHM range which is
used to determine T, (see text for details).

presence of “He coverage since the peaklike change of the
FWHM occurs at significantly lower temperatures. In fact, at
T = T, the wire resonance characteristics on cooling should
start to deviate from the characteristics when *He inside aero-
gel remains normal. Unfortunately, in pure *He the local min-
imum of the temperature dependence of the FWHM (marked
as T* in Fig. 1) is not sharp enough. The deviation from the
dependence, expected for the case when *He inside aerogel
remains in the normal state, should start at a slightly higher
temperature than 7*. Therefore, in order to determine T,,; in
pure *He we use the fact that if *He inside aerogel remains
normal, then the wire resonance frequency should depend lin-
early on the FWHM in the used temperature range [28]. Cor-
respondingly, we determine T, as the temperature when on
cooling a deviation from such linear dependence starts. It is il-
lustrated by Fig. 2 where an onset of the deviation corresponds
to the FWHM of 114.1 &+ 1.0 Hz. The measured temperature
dependence of the FWHM allows one then to find 7.

In Fig. 3 we show temperature dependencies of the FWHM
of the main VW resonance obtained in different magnetic
fields. Arrows in this figure mark 7;,; determined as described
above. It is seen that T, is increased with the increase of H,
but we are not able to detect specific field-dependent features
which can be ascribed to transitions at T = T,,,. We note that
the peaklike change of the FWHM due to the interaction with
the second resonance mode in pure *He occurs in a rather wide
range of temperatures, and presumably the “lower” transition
temperature T, is hard to detect because it is inside this
range.

In Fig. 4 we summarize the results of our experiments and
show the measured dependence of T;,; on H. In the same
figure we show the best-fit lines for transition temperatures
into the A phase (T4 /T.) of bulk 3He [6] and into the B phase
(Tp1/T.) of *He confined in the present sample of aerogel,
but in the presence of “He coverage [20]. The solid line is
the best fit of our data by Eq. (2) using n4; and C; as fitting
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FIG. 3. Temperature dependencies of the FWHM of the main
resonance of the VW resonator measured in magnetic fields of 2.2
kOe (squares), 8.2 kOe (circles), 12.6 kOe (triangles), and 19.4 kOe
(diamonds) at corresponding excitation currents of 1.9, 0.5, 0.33, and
0.21 mA. Arrows indicate T = T,,; determined as described in the
text.

parameters. Although the fit looks reasonable, it contradicts
our expectations. The point is that the value of 14; obtained
by the fitting is 2.5 times greater than 7, in bulk *He. It is
also seen that if H 2 15 kOe, then the derivative dT.,; /dH ex-
ceeds the value of the derivative d Ty, /dH while it should only
reach this value in magnetic fields of H = 70 kOe (h 2 2.5).

Further theoretical investigations, as well as experiments
in very high magnetic fields, are necessary to understand the
observed discrepancy with theoretical expectations. Here we
can suggest only one naive explanation of this discrepancy. In
the absence of the magnetic scattering (i.e., in the presence
of “*He coverage) the superfluid transition in *He in nematic
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FIG. 4. The “upper” superfluid transition temperature of *He in
nematic aerogel in the absence of “*He coverage versus H (circles,
left and right axes). The solid line is the best fit of our data by Eq. (2)
using 14, and C) as fitting parameters. Right axis: The best-fit lines
for transition temperatures into the bulk A; phase [6] (dashed line)
and into the B phase in *He in the present aerogel sample with “He
coverage [20] (dotted line).

aerogel in low magnetic fields occurs into the polar phase
with a rather small suppression of T,, with respect to T,
[22]. In high magnetic fields the transition occurs into the
phase [20]. Both polar and 8 phases become more favorable,
rather than A and A; phases, due to a strong anisotropy of
*He quasiparticles scattering within nematic aerogel. How-
ever, the magnetic scattering, which is enabled in pure 3He,
changes the Ginzburg-Landau free energy and makes favor-
able A and A, phases with a substantial suppression of T,.
For *He in nematic aerogel, the free energy should contain,
firstly, a field-dependent contribution including an interfer-
ence term between the spin-independent and spin-exchange
parts of quasiparticle scattering from spin-polarized *He on
the aerogel strands (as was considered in the case of isotropic
silica aerogel in Refs. [15,16]); and secondly, terms account-
ing for strongly anisotropic impurities. So, in the presence of
a magnetic field not only a superfluid transition temperature,
but also an order parameter itself is subject to change if it
leads to a minimum of the free energy. Therefore, it is possible
that in pure *He in high magnetic fields the polar-distorted
A phase (or even 8 phase) may become more favorable than
the A; phase. The order parameter of the polar-distorted A
phase is A,; = A(d, + iey)(am; + ibn;), where A is the gap
parameter, d and e are mutually orthogonal unit vectors in spin
space, m and n are mutually orthogonal unit vectors in orbital
space, and a® + b* = 1. In the pure A; phase a = b, in the
pure 8 phase a = 1, b = 0, and in the polar-distorted A; phase
a > b. Thus, we make an assumption that in our experiments
the magnetic field indirectly changes the orbital part of the
order parameter of the observed superfluid phase of *He in
nematic aerogel: In very low fields the superfluid transition
occurs to the A; phase with a = b, but in higher magnetic
fields the transition occurs to the polar-distorted A; phase (the
ratio a/b is increased with H) that should be accompanied by
a corresponding increase in T, [32,33]. As a result, we obtain
an additional increase of T,,;.

We note that in a recent theoretical paper [34] it is shown
that in *He in nematic aerogel a superfluid transition directly
to the polar-distorted A phase (instead of A or polar phases) is
possible in low magnetic fields. It is natural to assume that in
high magnetic field the direct transition to the polar-distorted
A phase may be also possible.

IV. CONCLUSIONS

Using the VW techniques in magnetic fields up to 20 kOe,
we have performed experiments in *He confined in nematic
aerogel in the absence of *He coverage and have measured the
field dependence of the superfluid transition temperature of
3He in aerogel. It was found that this dependence is nonlinear
and that the increase of the transition temperature with the
increase of H is suppressed in comparison with the depen-
dence for the bulk A; phase. We ascribe this suppression to an
influence of the magnetic scattering on the splitting of the su-
perfluid transition temperature as was proposed in theoretical
works [15,16]. We observe an essential quantitative mismatch
with theoretical expectations. This mismatch can be explained
by an assumption that the superfluid order parameter depends
on H due to a possible field dependence of the influence of the
magnetic scattering on the Ginzburg-Landau free energy.
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