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The superfluid glass phase of 3He-A
J. I. A. Li, J. Pollanen, A. M. Zimmerman, C. A. Collett, W. J. Gannon and W. P. Halperin*

It is established theoretically that an ordered state with
continuous symmetry is inherently unstable to arbitrarily small
amounts of disorder1,2. This principle is of central importance
in a wide variety of condensed systems including supercon-
ducting vortices3,4, Ising spin models5 and their dynamics6,
and liquid crystals in porous media7,8, where some degree
of disorder is ubiquitous, although its experimental observa-
tion has been elusive. On the basis of these ideas, it was
predicted9 that 3He in high-porosity aerogel would become
a superfluid glass. We report here our nuclear magnetic
resonance measurements on 3He in aerogel demonstrating
destruction of long-range orientational order of the intrin-
sic superfluid orbital angular momentum, confirming the ex-
istence of a superfluid glass. In contrast, 3He-A generated
by warming from superfluid 3He-B has perfect long-range
orientational order providing a mechanism for switching off
this effect.

Close to the absolute zero of temperature, liquid 3He condenses
into a p-wave superfluid of Cooper pairs resulting in two phases
with fundamentally different symmetry: the isotropic B-phase and
an anisotropic A-phase. In zero magnetic field, 3He-A appears in
a small corner of the pressure versus temperature phase diagram
shown in Fig. 1d. Its anisotropy, a paradigm for more recently
discovered unconventional superconductors10, is characterized by
the orientation of its order parameter defined by orbital angular
momentum and spin induced by magnetic field, l̂ and ŝ. The spin is
necessarily aligned with an applied magnetic field, H; however, the
orbital angular momentum has continuous rotational symmetry.
That symmetry can be broken, for example, at a wall or interface
to which l̂ must be perpendicular, thereby defining a preferred
direction on a macroscopic scale.

Volovik proposed9 that this long-range orientational coherence
of angular momentum would be destroyed by randommicroscopic
disorder that can be realized if the 3He is imbibed in highly
porous silica aerogel as shown in our simulation Fig. 1a,b. This
sensitivity to small amounts of disorder on a microscopic scale
was discussed by Larkin1 and Imry and Ma2 for a broad range of
physical phenomena3–8 and we refer to this as the LIM effect. If
this proposal is correct then in the LIM state the order parameter
structure of the superfluid will be completely hidden, a behaviour
of potential significance for understanding exotic superconductors
such as URu2Si2 (ref. 11).

We use nuclear magnetic resonance (NMR) to look for the LIM
state of superfluid 3He-A, directly interrogating the orientation of
l̂ by measuring the Leggett shift12 of the NMR spectrum, 1ωA.
In pure 3He this frequency shift is proportional to the nuclear
dipole energy, FD ∝ −(̂l · d̂)2, where d̂ is a spin-space vector
constrained to be perpendicular to ŝ while minimizing FD. This
shift is strongly temperature dependent, but for an orbital glass it
should be very small, or ideally zero (Supplementary Information)
as we report here.
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Leggett interpreted a shift in the NMR spectrum, cen-
tred at the frequency ωA(T ), equation (1), as evidence of ori-
entational order12,

ω2
A(T )=ω

2
L+Ω 2

A(T ) (1)

in the absence of any external influences on l̂. A global minimum
of dipole energy corresponds to (̂l||d̂) giving a maximal frequency
shift at large magnetic fields (H >30 G),

1ωA≡ωA−ωL≈Ω 2
A(T )/2ωL (2)

where ωL is the NMR frequency of the free atom. The longitudinal
resonance frequency, ΩA, is proportional to the amplitude of the
maximum energy gap, going to zero at the transition temperature,
Tc, as is the case for all superconductors. In the presence of external
fields such as aerogel-induced disorder, the dipole energy and the
frequency shift in equation (2) depend on the orientations of l̂, d̂
andH (Supplementary Information).

Previous NMR studies of superfluid 3He in aerogel have
resulted in a wide range of temperature-dependent frequency
shifts accompanied by significant broadening of the NMR line
suggestive of a distribution in 1ωA (refs 13–19). It is likely that
macroscopic inhomogeneity and anisotropy in the aerogel influence
the orientation of l̂ (Supplementary Information). To avoid this
problem, we have grown highly homogeneous isotropic aerogel
with a 98.2% porosity that we have shown to be free of strain
with an accuracy of 0.012% (refs 20,21) using optical birefringence
before and after the NMR experiments. The aerogel sample has
a cylindrical shape as shown in Fig. 1c, with magnetic field, H,
along the vertical z axis. Warming from our lowest temperatures
we identified two superfluid aerogel phases21, first the B (isotropic)-
phase and then the A (axial)-phase as shown in Fig. 1d, familiar
from pure 3He, but with a 25% suppression of the order parameter
amplitude at the pressure P = 26.1 bar. In the present work, we
perform NMR measurements comparing warming and cooling
following the horizontal black dashed line in Fig. 1d through all of
the superfluid transitions at P=26.3 bar.

The phase transitions from B to A on warming, and A to B
on cooling, are identified by a discontinuity in nuclear magnetic
susceptibility, χA(B), characteristic of a first order thermodynamic
transition (Fig. 2a). The transitions are very sharp on both warming
and cooling, with transition width ≈ 0.2%Tc, indicative of a
highly homogeneous sample21, with typical NMR spectra shown
in Fig. 2b. In Fig. 2c we provide an explicit demonstration that the
A-phase obtained on warming is indeed the axial superfluid state by
measuring its frequency shift as a function of the NMR tip angle, β
(Methods), and comparing with theory22.

The warming transitions shown in Fig. 3 have quadratic
field dependence, as expected from Ginzburg–Landau theory23,24,
precisely mimicked by cooling transitions that supercool by
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Figure 1 | Superfluid 3He in aerogel. a,b, Numerical simulation of a 98% aerogel29 using a diffusion-limited cluster aggregation algorithm. Red arrows
represent the orbital angular momentum distribution for a LIM state, uniform on a short length scale, ξLIM, called the LIM length, but disordered on a length
scale smaller than the dipole length, ξD∼8 µm. c, Geometry of the experimental set-up. The cylinder axis of the aerogel sample and the radiofrequency
field H1 are both along the y axis whereas the external magnetic field, H, is oriented along the vertical z axis. d, Pressure versus temperature phase diagram
for superfluid 3He for H= 196 mT imbibed in an isotropic aerogel21, the same as for the present work. The open squares are the superfluid phase
transitions and the open circles are the B- to A-phase transitions on warming. The solid red curves in the background correspond to Tc and TBA for pure
3He in zero magnetic field.
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Figure 2 | Identification of the superfluid state. a, Liquid susceptibility relative to the normal state on warming (open red circles) and cooling (filled blue
circles) versus reduced temperature in H= 196 mT. The data are spaced at≈ 2 µK intervals on warming and≈ 15 µK on cooling. The liquid susceptibility
was obtained after subtracting the contribution from the several layers of solid 3He adsorbed to the surface of aerogel, well known to have a Curie–Weiss
temperature dependence13,21,30. The jump in susceptibility on cooling or warming marks first-order transitions, TAB (TBA). The transition temperature Tc is
determined as the point of onset of NMR frequency shifts. b, NMR spectra for 3He in aerogel in the normal state (red dashed curve) and the A-phase
(black curve), obtained in H= 196 mT and P= 26.3 bar on warming from the B-phase at T/Tc=0.85. c, Frequency shift versus NMR tip angle β for the
A-phase nucleated from the B-phase in H= 196 mT (green circles). The dash–dot blue line is the bare Larmor frequency, ωL, and the dashed black curve is
the fit to the theory22 for the dipole ordered axial state.

∼300 µK, an interval that is independent of magnetic field.
Extrapolation of the warming transition, TBA(H ), to zero field
gives TBA(0)−Tc = 0.8± 16.3 µK, indicating that for H = 0, the
equilibrium state is the isotropic B-phase.

In Fig. 4a we show ourmeasurements of the temperature depen-
dence of the frequency shift of the A-phase, 1ωA (equation (2)),
on cooling from the normal state (blue circles) compared with
warming from the B-phase (red circles). This history dependence
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Figure 3 | Superfluid phase diagrams. Superfluid phase diagram T(H2) for
3He at a pressure of P= 26.3 bar, for warming from the B-phase (upper
panel) contrasted with cooling from the normal fluid (lower panel). The
solid black line is Tc= 2.213 mK, independent of the magnetic field. The red
circles are TBA corresponding to B- to A-phase transitions on warming; the
blue crosses are TAB, the A- to B-phase transition after supercooling
uniformly by≈ 300 µK. The precise parallel behaviour of TAB(H2) and
TBA(H2) indicates that the two phases, formed by warming from the
B-phase and by cooling from the normal fluid, are the same state.

is unprecedented. At first glance it might seem that our observation
of exactly zero shift on cooling corresponds to a strongly inhomoge-
neous distribution of frequency shifts that average to zero.However,
the NMR line shape is identical to the normal state, evident from
the linewidth in Fig. 4b, ruling out an inhomogeneous distribution
of shifts. Rather, we infer that cooling from the normal state
generates a disordered, but spatially homogeneous, superfluid order
parameter in the predicted LIM state25. In contrast, the A-phase
produced by warming from the B-phase (Fig. 2b) has a uniform
frequency shift corresponding to an axial state with the minimum
possible dipole energy21 shown by the black dashed curve in Fig. 4a.
As in the case of pure 3He, this behaviour is a manifestation of
long-range orientational order. A possible reason formaximal order
in the warming experiment can be associated with the presence of a
phase boundary at this first-order transition, orienting the angu-
lar momentum12,26 and breaking rotational symmetry during the
formation of the A-phase, thereby inhibiting a LIM state. Another
possibility is that the LIM state is disfavoured at low temperatures,
an explanation thatwill require theoretical justification. In addition,
it is worth noting that the superfluid transition from the normal
state in aerogel is a second-order thermodynamic transition and has
no known hysteresis on cooling comparedwithwarming27.

The direction of l̂ for 3He in the presence of aerogel should be
locally uniform at least over a sufficiently small length scale ξLIM
(Fig. 1a) that depends on the degree of disorder; Volovik estimated
this to be ∼1 µm (ref. 25 and Supplementary Information). The
direction of d̂must be uniformover a distance ξD∼8 µm(Fig. 1b)28,
called a dipole length determined by the balance between dipole
energy and gradient energy. In the limit that ξLIM < ξD, l̂ is
randomly oriented with respect to d̂. As a result, the frequency
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Figure 4 | Identification of the glass phase. Comparison of spectra for
cooling and warming in H= 196 mT with small NMR tip angle β=8◦ versus
reduced temperature. a, Frequency shift on cooling (blue circles) from the
normal state compared with warming (red circles) from the B-phase. The
black dashed line is the frequency shift of the dipole-ordered axial state
having an order parameter suppression of 25%. This suppression was
inferred from the frequency shift measurements in the B-phase21 and the
theoretically defined ratio of the shift of the isotropic state to the axial state
for a dipole-ordered configuration, l̂ || d̂, given by the Leggett relation12 and
equation (2), Ω2

B /Ω
2
A= (5/2)(χA∆2

B/χB∆
2
A). The red solid (green

dash–dot) curve corresponds to the average frequency shift of a random
2D-disordered (3D-disordered) state. b, The additional contribution to the
NMR linewidth beyond that of the normal state measured on cooling (blue
circles). The linewidth data for warming are the same (Fig. 2b) but are
omitted for clarity. The red solid (green dash–dot) curve is the linewidth of
a simulated random 2D-disordered (3D-disordered) state.

shift collapses to zero from its equilibrium value expressed by
equation (2) and the linewidth of the NMR spectrum will be
identical to that of the normal state25 (Supplementary Information).
In the other limit, ξLIM > ξD, d̂ can follow the projection of l̂ onto
the plane perpendicular to H. Then the NMR spectrum will be
inhomogeneously broadened and, in general, the average frequency
shift will be non-zero. It has been established17 that macroscopic
strain in aerogel orients l̂ over length scales larger than ξD, so that
inhomogeneity or anisotropy in partially strained samples18,19 might
obscure the LIM effect.

In the LIM state, the orbital angular momentum has no
preferred direction down to and below the 10 µm scale given
by the dipole length, ξD, that is, ξLIM < ξD. As such it is very
different from a macroscopically inhomogeneous state induced
by non-uniformity in density or anisotropy in the aerogel. To
illustrate the latter, we consider two models: the 2D-disordered
state where the orbital angular momentum is randomly disordered
in a plane, for example, the xz or yz-plane (Fig. 1c); and the 3D-
disordered state where the orbital angular momentum is random
in three dimensions.
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Figure 5 | Comparing the glass phase with macroscopic inhomogeneity.
Simulated NMR spectra for 2D-disordered and 3D-disordered distributions
of l̂ compared with measured spectra in the normal state (dashed curve)
and in the A-phase on cooling (blue curve) in H= 196 mT at a temperature
of T/Tc=0.85. A LIM state spectrum should have no frequency shift nor
linewidth broadening compared to the normal state spectrum, as is evident
in our measured spectra. However, the simulated 2D-disordered spectrum
(red solid curve) and the 3D-disordered spectrum (green dash–dot curve)
are significantly different, notably with an increase in linewidth in both
cases and an increase in shift for 3D disorder.

To compare our measurements with possible macroscopic
distributions of angular momentum we have simulated the NMR
spectra for these two models by calculating the convolution of
the normal-state spectrum with spectra corresponding to the
probability distribution for the orientation of the order parameter
in each model. The result in Fig. 5 for the 3D-disordered state is
the green dash–dot curve; the red solid curve is for 2D disorder. We
obtained the frequency shift from the first moment of the simulated
NMR spectrum and we calculated the linewidth from the second
moment (Supplementary Information). In both cases, we compared
results with our measurements in Fig. 4.

The 3D-disordered state has a positive shift that deviates from
the data for both warming and cooling experiments (green dash–
dot curve, Fig. 4). However, the 2D-disordered state (red solid
curve) has zero frequency shift, indistinguishable from our cooling
measurements and that of the LIM state. On the basis of frequency
shift alone it is impossible to identify a LIM superfluid glass as
distinct from a 2D macroscopically disordered distribution of the
angular momentum. On the other hand, the linewidths for both
the 2D-disordered and the 3D-disordered states have significant
increases according to our simulation as comparedwith a LIM state.
Our observations are inconsistent with models having significant
macroscopic inhomogeneity, supporting the conclusion that we
have observed the 3D-LIM effect for superfluid 3He-A when it is
cooled from the normal state.

In earlier NMR work on 3He in anisotropic aerogels, Elbs et al.18
and Dmitriev et al.19 report evidence for a 2D-LIM effect. The spec-
tra of ref. 19 for three different samples have some similarity to our
model calculation for a 3Dmacroscopically disordered state; that is,
they exhibit positive frequency shifts of various amounts for three
different samples and significant linewidth broadening compared
with the normal state. Nonetheless, Dmitriev et al. performedNMR
tip angle and magnetic field orientation experiments and reported
that these are consistent with a 2D-LIM state, indicating that there
is a LIM effect present, but superposed with effects of macroscopic
inhomogeneity in the aerogel.

Finally, we note that in the absence of our ability to switch off the
LIM effect, we would not have been able to detect the presence of a
superfluid until it appeared suddenly on cooling as a very unusual
first-order transition to the B-phase. For sufficiently large magnetic

fields such as to suppress the B-phase, evidence from NMR spectra
for superfluid 3Hewould be completely hidden.

Methods
The aerogel sample is the same as we used previously21, having a cylindrical shape
(Fig. 1c), 4.0mm in diameter and 5.1mm long, with a measured porosity of 98.2%.
It was grown using the one-step sol–gel method20 and characterized thoroughly
with both optical-birefringence, cross-polarization techniques and, on similarly
prepared samples, small-angle X-ray scattering20,21. We found the aerogel to be
uniformly isotropic with resolution better than 20 µm2. We performed pulsed
NMR experiments at a pressure P = 26.3 bar in a magnetic field range from
H = 49.9 to 196mT. The H1 field that generates the radiofrequency pulse was
oriented parallel to the cylindrical axis. The radiofrequency pulse tips the nuclear
magnetization by an angle β away from the external field. A Fourier transform
of the free induction decay signal of the magnetization in the time domain was
phase corrected to obtain the absorption spectrum. The magnetic susceptibility,
χ , was determined from the numerical integral of the phase-corrected absorption
spectrum. Linewidths were calculated from the square-root of the relative second
moment of the spectrum. The sample was cooled by adiabatic demagnetization
of PrNi5 to a minimum temperature of 650 µK and NMR measurements with a
constant small tip angle β were performed while the sample warmed or cooled
slowly through all of the superfluid transitions, at varying rates of ∼3–10 µKh−1.
Thermometry was based on 195Pt NMR calibrated relative to the known transition
temperatures of pure 3He.
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