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The ’Fast Exchange’ model visualized with 3He confined in aerogel:

a Fermi liquid in contact with a Ferromagnetic solid

E. Collin, S. Triqueneaux, Yu.M. Bunkov and H. Godfrin
Institut Néel

CNRS et Université Joseph Fourier,

BP 166, 38042 Grenoble Cedex 9, France

(Dated: December 16, 2013)

3He confined in aerogel in the millikelvin temperature domain exemplifies a Fermi liquid in the
presence of disorder. In confined 3He systems, a solid layer of 3He atoms forms on the confining
medium. This system can then be viewed as a model system for the study of the (strongly inter-
acting) Fermi liquid in contact with a (ferromagnetic) ”2D-like” adsorbed solid. This interaction,
studied experimentally through NMR T2 experiments, is described in the framework of the ”fast ex-
change” model. A complete analytical descripion of the model is given, explaining our measurements
as well as related normal-state confined 3He NMR literature.

PACS numbers: 67.30.-n, 67.30.er, 67.30.hp, 67.30.hr, 68.08.-p, 05.30.Fk

I. INTRODUCTION

The nuclear magnetic properties of solid and liquid 3He
are studied extensively since the 70’s, and demonstrate
an amazingly rich panel of phenomena: from the ideal
(neutral) Fermi liquid, the BCS p-pairing superfluid, to
the magnetic orders U2D2 and CNAF in the solid, asso-
ciated to their peculiar excitations (a non exhaustive list
being particle-hole, spin waves, Homogeneously Precess-
ing Domain, etc) [1, 2].

Two-dimensional low temperature physics of quantum
solids originates in adsorption experiments [3–5]. The
study of the magnetic properties of confined 3He have fol-
lowed very rapidly the first results on the bulk liquid [6–
10]. It became soon obvious that a few layers of 3He were
adsorbed on the immersed surfaces, and formed a ”2D-
like” solid. Especially, with graphite substrates (which
present very large surface areas to the adsorbate) ideal
2D magnetic behaviour has been reported: for instance
in the Heisenberg ferromagnetic 2D solid, in accordance
with the Mermin-Wagner theorem, no phase transition is
detected at finite temperature and finite field [11, 12].

With the advent of a new type of porous substrates,
namely the silica aerogels, a renewal of the confined 3He
studies occured in the middle of the 90’s [13, 14]. An
aerogel is a net of strands formed of roughly 3 nm diam-
eter silica spheres. The average distance between strands
lies in the range 30-170 nm, which corresponds to samples
having porosities lying between 95 % and 99 %. More-
over, the structure of the net is fractal over typically two
orders of magnitude in lengths.
The typical 70 nm size of the aerogel pores makes these
samples particularly interesting for 3He physics. Indeed,
this lengthscale is of the same order as the superfluid co-
herence length, which enables to strongly suppress the
superfluid transition [13]. Thus, one can study the effect
of a controlled (fractal, with no lattice) disorder intro-

duced in a perfect BCS superfluid. On the other hand,
the Fermi liquid properties are not affected [15, 16], since
their relevant lengthscale is atomic, k−1

F ≈ 1 Å. However,
the transport properties are strongly modified, since the
network of strands limits the mean free path of thermal
excitations [17, 18].

In these confined experiments, the behaviour of the liq-
uid and the adsorbed solid at the level of the boundary
layer is an intriguing and important question. Indeed, the
features observed in Nuclear Magnetic Resonance (NMR,
the lineshape in continuous wave, and the T1 and T2 re-
laxation times in pulsed experiments) are directly linked
to the fluid-solid interaction [10, 19, 20]. Even the state
of the matter at the level of the boundary has been ques-
tioned [21]: first of all, is it a liquid or a solid? If it is
a liquid, is it a ”ferromagnetic liquid”? Or are the two
spin baths unchanged, with simply a weak liquid/solid
exchange due to the overlap of their wave functions?
Moreover, the boundary effects between ferromagnetic
and paramagnetic domains is of ubiquitous interests in
physics: they appear here in 3He NMR experiments, but
can be exploited with ESR (electron spin resonance) [22]
for metallic micro/nano layered structures.

The model of ”fast exchange” was rapidly pro-
posed to explain the results obtained on confined 3He
[19, 20, 23, 24]. Based on ideas developed by M.T. Béal-
Monod and coworkers [21], it explained the distorsion
of the superfluid NMR lineshapes [19], the linear in
temperature relaxation time T1 [20], and the anomalous
1/T dependence of the thermal resistance between the
fluid and the cold source (instead of the 1/T 3 Kapitza
resistance) [23]. In this model the atoms (carrying a
spin) can jump very quickly from one spin bath to the
other (i.e. the solid-like and the liquid ensemble). This
generates in turn a spin current at the interface which
carries information from one ensemble to the other,
producing the signatures described above.
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In the present experimental work we visualize the
fast exchange effect through the T2 (spin-spin relaxation
time) measured with cw-NMR on 3He confined in aerogel.
These original results are corollary to the T1,T2 measure-
ments done on other substrates, but their importance lies
in the quality of the data. We present in the first part the
experimental facts. In the second part, the 3He normal
state fast exchange model is given through a complete
desciption of the formalism, which is missing in the lit-
erature up to now.
The aim of the paper is to shed light on the magnetic
properties of confined 3He, in particular by giving the
exact conditions of ”fast exchange” (what is meant by
very quickly) and the related parameters. We point out
in this article that the fast exchange mechanism can then
be used to probe other magnetic properties of the com-
bined liquid/solid system.

II. EXPERIMENT

In the present paper we report on continuous wave Nu-
clear Magnetic Resonance experiments (cw-NMR) per-
formed on 3He confined in aerogel, for pressures ranging
from 0 to 30 bars. We have used a standard cylindrical
98% aerogel [25]. The aerogel was inserted in a 5 mm di-
ameter cylindrical cell. The gap between the wall of the
cell and the aerogel was made to be about 0.1 mm. The
pick-up NMR saddle-coils were mounted slightly higher
than the closed bottom of the cell. The upper end of the
aerogel sample was about 10 mm above the coils sensi-
tivity region. An important issue in our experiments is
the homogeneity of the static magnetic field B0 applied
vertically, parallel to the aerogel sample (37mT). The
field distribution gets convoluted to the actual NMR res-
onance line, giving rise to an ”inhomogeneous linewidth”
∆Binh and an ”inhomogeneous lineshape”. We achieved
a 4.5µT ∆Binh (full width measured at half height of the
absorption, equivalently 145Hz in the frequency domain,
see Fig. 1 and discussion below).

Two vibrating wire resonators especially calibrated,
mounted above the aerogel sample, were used to de-
termine accurately the 3He temperature between about
1mK and a 120mK [26].

A. Magnetic properties

3He gets adsorbed on the silica strands and forms
a disordered ”2D-like” solid. When necessary, it can
be removed by adding controlled amounts of 4He (non-
magnetic) to the system: due to its larger mass, it ad-
sorbs preferentially and replaces the solid 3He.
The characteristics of the cw-NMR absorption reso-

nance line were studied as a function of pressure and
temperature, in small radio-frequency drives: namely its
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FIG. 1: (Color online) 3He cw-NMR (absoption) resonance
lines (small crosses) measured at 12.3 bar, at high (100mK,
top) and low (4.1mK, bottom) temperatures. The zero on the
x axis is the B0 applied field (37mT). The dashed lines (blue)
are Lorentzian fits, while the full lines (red) are Gaussian fits.
Typically, the low temperature line is Lorentzian, and broader
than the high temperature one. The high temperature line,
which reflects the field inhomogeneity, looks Gaussian with
an inhomogeneous broadening of the order of 4.5µT. In the
bottom graph the lineshape of the pure liquid, obtained when
4He is added, is displayed for comparison (dots, 17 bars at
same temperature, green online).

area (corresponding to the magnetization), its position
(corresponding to the local magnetic field) and its width.
The width is a function of both the field inhomogeneity
∆Binh, and the intrinsic spin-spin relaxation rate of the
system 1/T2.
In Fig. 2 we plot the magnetization M extracted from

the NMR absorption line and its position (inset). At low
temperature, the magnetization grows almost as 1/T ,
which is characteristic of the adsorbed solid. At high
temperature, the magnetization flattens out: the solid
magnetization is negligible and we recover the Fermi liq-
uid (Pauli) magnetization. It can be fitted to a coexis-
tence of a solid plus a liquid in weak interaction:

M = Ml +Ms

Ml = C0
nliq(P )

T ∗∗

F (P )

Ms = C0
nsol(P )

T −Θ(P )
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FIG. 2: (Color online) Magnetization (area) of the NMR ab-
sorption line as a function of temperature, at 12.3 bar and
37mT. The flat high temperature end is characteristic of the
Fermi liquid, while the low temperature growth is character-
istic of the adsorbed solid. The line is a fit (see text). Inset:
peak position of the line as a function of the temperature; the
horizontal dashed lines represent the full-width at half height
while the full line is the average resonance field retained. Note
the field resolution on the y scale. On both graphs the vertical
dashes represent the bulk 3He superfluid Tc.

where Θ is the Curie-Weiss temperature of the solid (re-
lated to the exchange interactions J in the 2D solid and
the liquid-solid exchange coupling I), T ∗∗

F the Fermi tem-
perature of the liquid (i.e. interactions in the liquid), nsol

and nliq the solid and liquid quantities respectively. C0

is the Curie constant per spin. The pressure dependence
has been explicitly mentioned. The resulting fitting pa-
rameters nsol(P )/nliq(P = 0) (in %) and Θ are presented
in Fig. 3, as a function of pressure.

The magnetization of the liquid is an important physi-
cal parameter of the system. Its magnitude (and thus the
strength of the magnetic interactions) is directly given
through the effective Fermi temperature T ∗∗

F . In prin-
ciple, it could be reinforced by exchange with the solid
layer [21]. We have made detailed measurements of the
liquid magnetization, both confined in aerogel and in an
open geometry. We find that the T ∗∗

F is neither sensitive
to the presence of the 100 nanometer-sized disorder, nor
to the solid layers (for details, see [16]). This experimen-
tal result is given in Fig. 4.
The quantity of solid grows linearly with P while the
Curie-Weiss temperature decreases, which is characteris-
tic of the densification of a disordered solid [27].
The inset of Fig. 2 shows that at the same time the res-
onance line position is almost fixed, with a slight drift at
high temperatures. This effect is pressure-independent,
is also present when the aerogel sample is coated with
(non-magnetic) 4He, removing the adsorbed 3He. It is
thus a spurious effect (note the scale in Fig. 2) due to
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FIG. 3: (Color online) Amount of solid adsorbed (normalized
to the liquid quantity at 0 bar) and Curie-Weiss temperature
(inset). The monotonous increase of the solid fraction and the
decrease of the interaction (seen through Θ) is characteristic
of the growth and densification of the disordered solid.
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FIG. 4: (Color online) Inset: magnetization measurement up
to high temperatures realized on liquid 3He confined in aerogel
(at 17 bar, 25 mT) [16]. The low temperature growth is the
solid contribution already discussed, while the high temper-
ature decrease marks the liquid Fermi temperature T ∗∗

F (the
line is a guide). The main graph shows the values extracted as
a function of pressure (empty squares), in agreement with our
results for bulk liquid (full squares, the full line is a guide).

a slightly temperature-dependent magnetic environment.
As far as our understanding of the system is concerned,
the resonance line position is a constant (the horizontal
line of the inset in Fig. 2).
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FIG. 5: (Color online) Full-width at half height of the NMR
absorption line as a function of temperature, at 12.3 bar and
37mT (crosses). The horizontal dashed line represents the in-
homogeneous linewidth, while the arrow at low temperatures
represents the linewidth extracted for the solid. The vertical
dashed line is the superfluid 3He Tc. The full line is the fit
explained in the text, based on expression (1). The dashed
line is the exact convolution procedure.

B. ”Fast exchange” on cw-NMR lines

In Fig. 1 we show two typical NMR absorption lines.
Due to the ”fast exchange” of 3He atoms, only one com-
mon NMR line is seen for the solid plus the liquid com-
ponents. At low temperatures the solid dominates, the
line looks Lorentzian (a feature of 2D layers [28, 30]),
and is broader than the high temperature one. At high
temperatures, we see the inhomogeneous field distribu-
tion, which happens to be close to Gaussian. In between,
the lineshape changes smoothly, and we can extract the
full-width at half height ∆B as a function of temper-
ature (Fig. 5). The solid linewidth dominates at low
temperatures, while its contribution disappears at high
temperatures. The field inhomogeneity is understood as
a convolution to the liquid-solid NMR line, visualized di-
rectly when the aerogel is coated with (non-magnetic)
4He (removing thus the solid 3He, see Fig. 1). This
inhomogeneous linewidth ∆Binh is much larger than the
intrinsic liquid linewidth 1/T l

2 (see the T
l
2 reported in the

litterature [29]), and is of the order of the intrinsic solid
linewidth 1/T s

2 . The fit on Fig. 5 is simply a weighted av-
erage of the solid and liquid linewidths ∆Bsol and ∆Bliq

(including for each the inhomogeneous contribution):

∆B =
Ml∆Bliq +Ms∆Bsol

Ml +Ms
(1)

While this procedure neglects the shape difference be-
tween Lorentzian and Gaussian lines, the fit is rather
good; the exact convolution calculation produces the
dashed line. Note that on the contrary it is impossible to
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FIG. 6: (Color online) Solid and liquid linewidths extracted
for all pressures (normal fluid, 37mT). The liquid con-
tribution directly reflects the inhomogeneous contribution
(4.5µT), while the solid term contains the dipolar linewidth
narrowed down by exchange couplings, convoluted to the field
inhomogeneity. The open symbol is the 4He-coated experi-
ment, were no solid contribution could be detected.

fit the data by simply adding up two (one for the solid
and one for the liquid) resonance lines.

C. Resolving the solid

From (1) it is possible to extract ∆Bsol and ∆Bliq

for various pressures. Both contain the inhomogeneous
contribution. The resulting solid and liquid linewidths
are produced in Fig. 6.
The liquid contribution is directly the inhomogeneous

contribution ∆Bliq ≈ ∆Binh. However, the solid term
contains both the true intrinsic solid linewidth and the
field inhomogeneity. The intrinsic solid contribution is of
order ∆Bsol ≈ 4 µT, which corresponds to a dense solid
[28, 30]. When adding 4He, one removes this solid. The
pure liquid NMR line reflects then the inhomogeneous
field (open symbol, Fig. 6, dots Fig. 1). Moreover, when
20 % of the solid only is left, the lineshape is already
the inhomogeneous one, which proves that most of the
solid linewidth comes from the first very dense layer [15].
It explains why the measured solid width seems to be
pressure-independent: the first very dense layer is not
affected very much by pressurization.
In the following the fast exchange model will be de-

scribed (within a simplified geometry) in order to explain
these linewidth ∆B (i.e. T2) measurements, together
with other NMR confined normal-fluid 3He results. The
point is that our ability to resolve the solid contribution
through the fast exchange formalism makes it a useful
tool to study the magnetic properties of the combined
system.
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FIG. 7: (Color online) Schematic of the two idealized coupled
spin baths (not to scale). The global shape is taken to be
isotropic for simplicity. The relevant parameters are intro-
duced on the figure, and explained in the text.

III. FAST EXCHANGE MODEL

Nuclear Magnetic Resonance (NMR) is the natural
tool used to experimentally access the magnetization of
3He systems. It is indeed the technique we used here,
and our results have been presented in the previous part.
We will therefore expose the following theoretical as-
pects in the well-known NMR language [32, 33]. The
local magnetization will be denoted ~m(~r, t) while the to-
tal magnetic moment (the parameter measured in NMR)

is ~M(t) =
∫∫∫

~m(~r, t)d3r.
The model system we consider is a spherical cavity of

radiusR containing the liquid (in practice about 100 nm),
in contact at the periphery with a layer of solid of thick-
ness ǫ (in practice, from one to three ”atomic layers”,
i.e. 1 nm). This is schematically represented in Fig.
7. The two spin baths have well defined magnetic re-

laxation parameters T s,l
1 (spin-lattice), T s,l

2 (spin-spin)
and magnetic transport properties, expressed through
a spin diffusion coefficient Ds,l

σ generating a bulk cur-

rent ~js,lλ = −Ds,l
σ

~∇ms,l
λ (λ = x, y, z for each magneti-

zation component). The magnetic susceptibility of each

spin component is χs,l
0 . A static homogeneous magnetic

field B0 is imposed along ~z. The two spin baths acquire
thus a static (homogeneous) thermodynamical magne-

tization ms,l
0 = χs,l

0 B0 along ~z. The radio-frequency
(magnetic) excitation at angular frequency ω is denoted

2B1 (and points along ~x). The total field is thus ~B =
B0~z + 2B1 cos(ωt)~x. The properties of both the solid
and the liquid are homogeneous. Moreover, the liquid
and the solid are supposed to be perfectly isotropic. The
superscripts s, l evidently refer to the relevant spin bath.
In this idealized view, they are two main simplifications

which should not be impacting too much the description
of the effect we are analysing. First, we wrote ”atomic
layer” in quotation marks because in practice it certainy
is not a well defined crystalline solid. Moreover, in a 2D

solid the intra-”layer” and inter-”layer” spin transports
are usually quite different. Nevertheless, we rely on the
disordered nature of the solid formed on the porous sub-
strates to somehow ”smooth out” these difficulties, by
producing an average set of parameters roughly homo-
geneous and isotropic. The second restriction is that we
limit the discussion to one spherical cavity. Again, its
properties can be viewed as average parameters obtained
over the distribution of pores in the material (aerogel,
sinter, powder). What this treatment neglects is any co-
herent phenomenon coming from the coupling between
neigboring cavities (this is seen for instance in one lim-
iting model of a confined superfluid weakly linked from
one cavity to the other through a Josephson coupling).
In our (normal state) discussion, coherent effects should
be negligible.
The two spin baths are linked by a boundary magnetic
current ~jSλ (λ = x, y, z). The following paragraphs will
describe the modeling of the liquid spin bath, of the solid
component, and then of this coupling term.
In the last part we will solve these equations in simple
limiting cases in order to find out the very simple laws
the solid+liquid total system follows in an NMR exper-
iment, making the link with the first experimental part
of the paper.

A. Liquid component

In NMR theory, the lineshape of the absoprtion reso-
nance line of a one family spin system in a homogeneous
field is due to the dipolar coupling between the spins.
In the paramagnetic solid this linewidth has a Gaussian-
like shape and can be quite broad. In the liquid phase
however, due to the fast motion of the neighboring par-
ticles, the dipolar fields average out and the local field
seen by one 3He atom reduces almost to the static field
B0: the NMR resonance line is very sharp, and this effect
is known as motional narrowing [32]. Moreover, the line-
shape is almost Lorentzian, which means that the simple
Bloch equations will be a very good description of the
NMR dynamics. Including the spin diffusion term (due

to a bulk current ~jlλ appearing through Dl
σ), they write:

∂ ~ml(~r, t)

∂t
= γ ~ml(~r, t)× ~B −

ml
x(~r, t) ~x+ml

y(~r, t) ~y

T l
2

−
ml

z(~r, t)−ml
z0 ~z

T l
1

+Dl
σ
~∇2 ~ml(~r, t)

By definition, at the boundary between liquid and solid
we have:

−Dl
σ
~∇ml

λ(|~r | = R, t) = ~jSλ (|~r | = R−)

with the notation R− meaning ”on the internal side of
the boundary spherical surface”. This surface current
will be discussed explicitly below.
One important result due to motional narrowing is

that (for low enough fields) one simply has T l
1 = T l

2
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[32, 34]. In the degenerate Fermi liquid, only one pa-
rameter governs both the relaxation times and the spin
diffusion coefficient Dl

σ: the quasi-particle scattering
time τ . This single particle lifetime scales as 1/T 2

typically below 50 mK [1, 2]. One has simply T l
1 ∝ Dl

σ.
The relaxation time gets much longer than a 100 s at
low temperatures [1, 29], and the diffusion coefficient
has values far above 10−5 cm2/s [1, 31] (this minimum
occuring for both around 0.5 K). These values depend
on pressure, and are the smallest at the melting curve.
This means that on the scale of the solid linewidth, the
liquid resonance line is almost a delta function, and the
high value of the spin diffusion coefficient will ensure
that magnetization is easily transported over the liquid
sphere.

Due to the high-symmetry of the problem, each λ =
x, y, z component of the magnetization depends only on
r = |~r |. Thus the derivation operators written above

reduce to simple expressions, and ~jSλ ∝ r̂ is constant over
the boundary surface.
The above equations describe a trivial precession at ω of
the magnetization about the field axis ~z, plus the motion
induced by the excitation B1. It is convenient to trans-
pose them in a rotating frame, rotating at the precession
velocity, in order to deal only with the slow dynamics
induced by the NMR protocol:

∂m̃l
x(r, t)

∂t
= −

m̃l
x(r, t)

T l
2

+∆ω m̃l
y(r, t)

+ Dl
σ∇

2m̃l
x(r, t)

∂m̃l
y(r, t)

∂t
= −

m̃l
y(r, t)

T l
2

−∆ω m̃l
x(r, t)

+ Dl
σ∇

2m̃l
y(r, t)− ω1m̃l

z(r, t)

∂ ˜δml
z(r, t)

∂t
= −

˜δml
z(r, t)

T l
1

+ Dl
σ∇

2 ˜δml
z(r, t) + ω1m̃l

y(r, t)

where the tilded parameters are rotating frame trans-
formed parameters. We have introduced ∆ω = ω − ω0

with ω0

2π = −γB0 and ω1

2π = −γB1. The quantity

δml
z(r, t) = ml

z(r, t) − ml
z0 is the deviation of the z

component from the thermodynamic equilibrium. Note
that the z−component is not affected by the rotating
frame transformation, and the tilde notation can be
equivalently used or omitted.

If the NMR drive B1 remains small, linear response
theory can be applied. The signal measured by the NMR
pick-up coil is then M̃ l

te
iωt with M̃ l

t = M̃ l
x + iM̃ l

y (writ-
ten in complex form, M being the total magnetic moment
present inside the coil). The real part of M̃ l

t is thus pro-
portional to the dispersion χ′ of the AC susceptibility,
while the imaginary part is the absorption χ′′. Without
spin diffusion (and in an homogeneous field), the width at

half height of the Lorentzian absorption resonance curve
is given by ∆Bliq = 1/(πT l

2 γ) in magnetic field units (γ
is the gyromagnetic ratio, in Hz/T).
To compute the actual NMR lineshapes, one thus needs
to resolve the set of coupled equations:

∂m̃l
t(r, t)

∂t
= −(

1

T l
2

+ i∆ω) m̃l
t(r, t)

+ Dl
σ∇

2m̃l
t(r, t)− i ω1m̃l

z(r, t)

∂ ˜δml
z(r, t)

∂t
= −

˜δml
z(r, t)

T l
1

+ Dl
σ∇

2 ˜δml
z(r, t) + ω1m̃l

y(r, t) (2)

with boundary condition:

−Dl
σ
~∇m̃l

λ(r = R, t) = ~̃jSλ (r = R−) (3)

the spherical symmetry bringing ~∇ = ∂/∂r r̂ and ∇2 =
1/r ∂2/∂r2 r. The detected liquid signal is obtained by
integrating on the cavity volume 4/3πR3.

B. Solid component

For a paramagnetic solid, NMR theory predicts a
resonance lineshape close to a Gaussian, with a width
due to the dipolar coupling ∆Bpara ∝ µ0µ3He/d

3

(µ0 = 4π.10−7 S.I. and µ3He the 3He nuclear magnetic
moment, d being the lattice parameter of the solid).
Taking the tabulated values and d ≈ 0.5 nm, one
gets ∆Bpara of the order of 100 µT. However, if some
exchange is allowed in the solid, say a ferromagnetic
coupling J between spins (given in Kelvin), then the
line is narrowed down essentially for the same reasons as
those exposed above for the liquid motion. This is called
exchange narrowing. If this effect is large, the lineshape
approaches a Lorentz resonance line, with a linewidth
given by ∆Bsol ∝ µ2

0µ
3
3He/(d

6 JkB). With an exchange
J of 10 µK, the linewidth narrows down to about 1 µT.
The exact values of ∆Bpara and ∆Bsol depend on the
exact shape of the solid; see the discussion of [32] and
the original work by Van Vleck [35]. In the case of a 2D
solid, these facts are clearly confirmed experimentally in
[30]. For our purpose, it means a set of Bloch equations
will again be a good description of the magnetization
dynamics in NMR experiments.
The dipolar field generated by the solid on itself shifts
its NMR resonance line [37]. This shift depends on
the orientation of the adsorption surface with respect
to the magnetic field B0. As a result, due to the
distribution of such orientations in the sample, the NMR
solid lineshape broadens and becomes assymetric as the
solid polarization increases. In our case, the spherical
symmetry minimizes this effect, and the polarization in
our range of temperatures is always smaller than 5 %.
We can thus safely neglect any solid dipolar broadening
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or resonance shift, and consider only the case of a
perfeclty zero-polarized solid, with a unique (symmetric
and Lorentzian) resonance line [15].

The same equations as those for the liquid (2) are valid,
replacing the superscript l → s. The boundary condition
replacing (3) writes:

−Ds
σ
~∇m̃s

λ(r = R, t) = ~̃jSλ (r = R+) (4)

with similar notations to the above ones.
In the solid, the quantum exchange J is the cause of

the spin relaxation T s
1 , spin dephasing T s

2 and spin dif-
fusion Ds

σ.
The T s

1 and T s
2 are related to the spectral density of field

fluctuations [38] (in the absence of disorder, generated
only by the dipolar term, i.e. see the discussion above
for the linewidth ∆Bsol giving the inverse of T s

2 ). Con-
trary to the liquid case, T s

1 6= T s
2 . For a 2D solid, a

careful look at the lineshape (or the free induction de-
cay in pulsed NMR) reveals departures from the simple
Lorentzian description [36]. It arises from the couplings
involved (dipolar and exchange) and the reduced dimen-
tionality. These refinements are outside of the scope of
this paper, and average T s

1 and T s
2 will be sufficient to

describe the effect discussed here.
The spin diffusion coefficient Ds

σ can be written in a very
general way Ds

σ ∝ Jd2 [38]. A true (pulsed NMR) spin
diffusion experiment is difficult for adsorbed 3He, because
of the underlying substrate. However, estimates can be
obtained from T s

1,2 measurements [39]. Typically, values

ranging from 10−4 cm2/s (low density) to 10−8 cm2/s
(high density) are expected. From the literature [39–41]
one obtains values on the order of 10 ms for the T s

1 , T
s
2

of adsorbed solids in low magnetic fields.

C. Magnetization current at interface

In the problem investigated here, there is no net cre-
ation of magnetization at the interface, so the currents
on each side of it should be equal:

~jSλ (r = R−) = ~jSλ (r = R+) = jSλ r̂

with λ = x, y, z for each magnetization component. Due
to the symmetry, ~jSλ has to be oriented along r̂, and uni-
form. Moreover, at r = 0 and r = R + ǫ, the magnetiza-
tion currents should vanish.
From a microscopic point of view, the current at the

interface can be written:

jSλ = jl→s
λ + js→l

λ

with:

jl→s
λ =

1

δS

∑

i liquid ∈δS

+Γl→s µ3He

〈

σi
λ

〉

js→l
λ =

1

δS

∑

i solid∈δS

−Γs→l µ3He

〈

σi
λ

〉

In the above equations, δS represents an infinitesimal
element of the boundary surface. On both sides of this
surface element (in the liquid and the solid) we have a
large amount of atoms i denoted by i ∈ δS. These atoms
contribute to the interface current through the exchange
rates Γl→s,Γs→l, with µ3He

〈

σi
λ

〉

the thermodynamical
average of their magnetization (σλ are Pauli operators).
Due to the isotropy of the problem, the rates are the
same for all directions λ = x, y, z. The sign arises from
the orientation along r̂.
Introducing JS

λ =
∫∫

jSλ dS = 4πR2 jSλ , the total surface
current can be written:

JS
λ = +Cliq M

l
λ − Csol M

s
λ (5)

with Csol and Cliq two (positive) parameters which
are pressure and temperature-dependent (i.e. Csol =
Γs→l nsol 4πR

2 with nsol the solid contact layer surface
density, in at/m2). From the Fermi Golden rule, the
exchange rate between a localized spin and the liquid
can be written Γs→l = 4π/~ (kBI)

2 N2(EF ) kBT [23].
N(EF ) is the density of states at the Fermi level in the
3He fluid, and I is the solid-liquid exchange energy (given
in Kelvin).
Using the same notations as for the magnetizations, we
define jSt = jSx + i jSy and a tilde denotes rotating-frame
transformed currents.
The thermodynamical equilibrium of the system imposes
JS
z = 0 when no drive is present (ω1 = 0) such that:

Cliq = Csol
M s

z0

M l
z0

(6)

Note that in this limit, the magnetizations ~m should be
homogeneous on each spin bath, and the transverse mag-
netic current is also necessarily zero JS

t = 0.
By inspecting the above equations, one realizes that the
only interaction parameter which fixes the strength of the
exchange is I. It is believed that this term is of the order
of 100 mK [23, 42], which produces Γs→l ≈ 1 MHz at mil-
likelvin temperatures. Furthermore, the impact of even
a large I on the solid exchange J is weak, because one
needs to involve at least 3 particles (one in the liquid, two
in the solid) to modify the solid intra-layer interactions.
Typically, contributions to J of the order of 100 µK are
expected [43, 44].

IV. SOLVING THE EQUATIONS

We present below the solution of the above equations

in the steady-state case (∂m̃t
l,s/∂t = ∂m̃z

l,s/∂t = 0).
In a first part we will give the exact analytical spatial
solution of the problem, for low radio-frequency drives

ω1 << 1/T l,s
2 , 1/T l,s

1 (the power broadening effects are
not discussed). In the second part, we will integrate the
equations over the model volume and give the macro-
scopic NMR properties of the total system.
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A. Spatial distribution

The fluid components write:

m̃l
t(r, t) = −

i ω1T
l
2

1 + i∆ωT l
2

ml
z0

−
(j̃St R/Dl

σ)

(κl
tR)2

sinh(κl
tR

r
R )

cosh(κl

t
R)

κl

t
R

−
sinh(κl

t
R)

(κl

t
R)2

R

r

and:

m̃l
z(r, t) = ml

z0

−
(j̃Sz R/Dl

σ)

(κl
zR)2

sinh(κl
zR

r
R )

cosh(κl
z
R)

κl
z
R

−
sinh(κl

z
R)

(κl
z
R)2

R

r

The solid components are:

m̃s
t (r, t) = −

i ω1T
s
2

1 + i∆ωT s
2

ms
z0

−
(j̃St R/Ds

σ)

(κs
tR+ 1) exp(−κs

tR)
(

1+κs

t
ǫ/(κs

t
R+1)

1+κs

t
ǫ/(κs

t
R−1) exp(−2κs

tǫ)− 1
) ×

(

exp(−2κs
t(R + ǫ))

(

κs
t (R + ǫ) + 1

κs
t (R + ǫ)− 1

)

exp(+κs
tr) + exp(−κs

tr)

)

×
R

r

and:

m̃s
z(r, t) = ms

z0

−
(j̃Sz R/Ds

σ)

(κs
zR+ 1) exp(−κs

zR)
(

1+κs
z
ǫ/(κs

z
R+1)

1+κs
z
ǫ/(κs

z
R−1) exp(−2κs

zǫ)− 1
) ×

(

exp(−2κs
z(R+ ǫ))

(

κs
z(R+ ǫ) + 1

κs
z(R+ ǫ)− 1

)

exp(+κs
zr) + exp(−κs

zr)

)

×
R

r

all at first order in ω1, and first order in j̃St , j̃
S
z . We intro-

duced the (complex lengths) quantities κl
t =

√

1+i∆ωT l

2

Dl
σ
T l

2

,

κl
z =

√

1
Dl

σ
T l

1

and κs
t =

√

1+i∆ωT s

2

Ds
σ
T s

2

, κs
z =

√

1
Ds

σ
T s

1

. The

liquid and solid terms are coupled through the (out-of-

equilibrium) currents j̃St and j̃Sz which are functions of
the drive ω1. Of course, the above equations reduce to

the usual Bloch solutions when j̃St = j̃Sz = 0. They are
illustrated in Fig. 8 with exagerated parameters.

The magnetization currents should now be defined self-
consistently. Integrating the above expressions over the
sphere for the liquid, and the shell for the solid gives the
simple result:

M̃ l
t = −

i ω1T
l
2

1 + i∆ωT l
2

M l
z0 −

J̃S
t T l

2

1 + i∆ωT l
2

M̃ l
z = M l

z0 − J̃S
z T l

1

0.2 0.4 0.6 0.8 1 1.2 1.4
r�R

�0.002

�0.0019

�0.0018

�0.0017
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FIG. 8: (Color online) Illustration of the t-component (imagi-
nary part) of the magnetizations along r̂. The left (red curve)
stands for the liquid and the right (blue curve) for the solid;
the dashed vertical is the boundary. The parameters cho-
sen for the graph are: ∆ω = 0, T l

2 ω1 = 0.1, T s

2 ω1 = 0.001,
ǫ = 0.5R, Csol = 1012 s−1, ml

z0 = 1 a.u., ms

z0 = 1 a.u.,
κl

tR = 0.1 and κs

tR = 1.5.

and:

M̃ s
t = −

i ω1T
s
2

1 + i∆ωT s
2

M s
z0 +

J̃S
t T s

2

1 + i∆ωT s
2

M̃ s
z = M s

z0 + J̃S
z T s

1

Replacing in (5) gives finally the expressions for J̃S
t , J̃

S
z :

J̃S
t = −i

Cliq
ω1T

l

2

1+i∆ωT l

2

M l
z0 − Csol

ω1T
s

2

1+i∆ωT s

2

M s
z0

1 + Cliq
T l

2

1+i∆ωT l

2

+ Csol
T s

2

1+i∆ωT s

2

J̃S
z = o(ω1)

The transverse current J̃S
t is first order in ω1 while J̃S

z

is a second order. Thus, rigorously speaking, there is
no spatial dependence of ml,s

z in the first order approach

presented in this paragraph (and T l,s
1 has dropped out).

From the numerical values quoted in III A and III B

for the spin diffusion Dl,s
σ and the T l,s

2 times, we realize
that

∣

∣κl
tR
∣

∣ << 1 and |κs
tR| ≤ 1. A first order expan-

sion in κl,s
t R of the above expressions is certainly enough

to have a good understanding of the phenomena. After
simplifications, the final expressions are:

m̃l
t = −

i ω1T
l
2

1 + i∆ωT l
2

ml
z0 − 3

(

j̃St
R

)

T l
2

1 + i∆ωT l
2

+

(

j̃St R

Dl
σ

)

(

3

10
−

1

2

( r

R

)2
)

ml
z ≈ ml

z0
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and:

m̃s
t = −

i ω1T
s
2

1 + i∆ωT s
2

ms
z0 +

(

j̃St
ǫ

)

T s
2

1 + i∆ωT s
2

−

(

j̃St R

Ds
σ

)

(

1

2
−

2

3

R

r
+

1

6

( r

R

)2

+
R

ǫ

(

1

2
−

1

3

R

r
−

1

6

( r

R

)2
))

ms
z ≈ ms

z0

with:

j̃St = −i
(43πR

3 ml
z0)ω1

4πR2

j̃Sz ≈ 0

where we also took into account ǫ << R, T s
2 << T l

2 and
CsolT

l
2 >> 1. This last condition is part of the ”fast ex-

change” limit discussed below. Note that Cliq and Csol

have disappeared in these last expressions.
These results together with Fig. 8 represent our micro-
scopic understanding of the solid-liquid coupled system.
What is expressed by the model is that the magnetiza-
tion current carries the r.f. excitation from the liquid to
the solid, were relaxation occurs (i.e. replace the current

expression j̃St in m̃l
t, m̃

s
t above). Moreover, if the spin dif-

fusion coefficients are large, the magnetization over each
spin bath will be practically homogeneous, with a step
at r = R. In the fast exchange limit, the magnetization
current JS

t is proportional to the drive and to the liquid

magnetization.

V. NMR PROPERTIES OF TOTAL SYSTEM

The above section gives an exact view of the magne-
tization distribution, and the magnetization currents at
first order in the driving power ω1. This explicit analyt-
ical description is very useful in order to understand the
magnetic response of the sample.
However, the NMR coil integrates the signal over the cell
volume, and in the following we shall deal only with a
macroscopic view of the problem. Taking equations (2)
for the liquid and the solid, integrating over the sphere
and the shell volumes respectively, and using Stoke’s the-
orem for the magnetization current:

dM̃ l
z

dt
= −

1

T l
1

δM̃ l
z − J̃S

z + ω1M̃ l
y

dM̃ s
z

dt
= −

1

T s
1

δM̃ s
z + J̃S

z + ω1M̃ s
y (7)

and:

dM̃ l
t

dt
= −

(

1

T l
2

+ i∆ω

)

M̃ l
t − J̃S

t − iω1M̃ l
z

dM̃ s
t

dt
= −

(

1

T s
2

+ i∆ω

)

M̃ s
t + J̃S

t − iω1M̃ s
z (8)

the notations have already been introduced. The bound-
ary conditions (3) and (4) reduce to (5):

JS
λ = +Cliq M

l
λ − Csol M

s
λ

with the equilibrium condition (6):

Cliq = Csol
M s

z0

M l
z0

In the above equations, the spin diffusion parameters
have been integrated out. These equations are fairly gen-
eral, in particular they hold for any drive ω1 and any dif-
fusion constants. The only parameter defining the mag-
netization current is Csol. The other terms are thermo-
dynamical parameters of the system T l,s

1,2 and M l,s
z0 .

In the following we will solve the above equations in
two simple cases encountered in NMR experiments,
within the so-called ”fast exchange” limit, that is

Cliq,sol T
l,s
1,2 >> 1.

A. T1 measurement

In a T1 experiment, the magnetization of the system
under study is deflected by an r.f. excitation, which is
then switched off. During the free induction decay (ω1 =
0), the longitudinal component of the magnetizationM l,s

z

relaxes towards the thermodynamical equilibrium value

M l,s
z0 with an exponential decrease at T l,s

1 .
Here we calculate the spin-lattice relaxation rate of the
common NMR resonance line 1/T avg

1 . Equations (7) can
be recast, written in a matrix form:

d

dt





δM̃l
z

Ml

z0

−
δM̃s

z

Ms

z0

δM̃l
z

Ml

z0

+
δM̃s

z

Ms

z0



 =





−
(

1
2

(

1
T l

1

+ 1
T s

1

)

+ (Cliq + Csol)
)

− 1
2

(

1
T l

1

− 1
T s

1

)

− 1
2

(

1
T l

1

− 1
T s

1

)

−
(

1
2

(

1
T l

1

+ 1
T s

1

)

+ (Cliq − Csol)
)





×





δM̃l
z

Ml

z0

−
δM̃s

z

Ms

z0

δM̃l
z

Ml

z0

+
δM̃s

z

Ms

z0





Inspecting the above equations, one realizes that when
the conditions CliqT

l
1 >> 1, CsolT

s
1 >> 1 are fullfilled, the

difference of the normalized z−component magnetization
deflections relaxes quickly to zero. On timescales of the

order of T l,s
1 one thus has:

δM̃ l
z(t)

M l
z0

=
δM̃ s

z (t)

M s
z0

=
δ
(

M̃ l
z(t) + M̃ s

z (t)
)

M l
z0 +M s

z0

Adding up equations (7) and injecting this result, one
obtains:

d
(

M̃ l
z + M̃ s

z

)

dt
= −

1

T avg
1

δ
(

M̃ l
z + M̃ s

z

)
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The average relaxation rate 1/T avg
1 is found to be:

1

T avg
1

=

Ml

z0

T l

1

+
Ms

z0

T s

1

M l
z0 +M s

z0

The magnetization of the total system (M l
z+M s

z ) relaxes
thus with an average rate which is simply the average of

the relaxation rates, weighted by the magnetizations. We
recover, as we should, the results of [20].

One implication of the fast exchange magnetic cou-
pling, linked to the T s

1 , is that it enhances the thermal
coupling between the liquid and the thermalized solids
above the standard Kapitza resistance (1/T 3 at low tem-
peratures) [23]. In this paper, the authors obtain a very
good agreement between the theory of [45] and experi-
ments on normal liquid 3He. However, we wish to make
here a minor comment on this article, which does not af-
fect the results: the authors use the exchange rate Γs→l

as a measure of the Lorentzian width of the spectral line
of the localized spins. This width is in fact not given by
Γs→l, but rather by T s

2 as shown in III B.

B. T2 measurement

A true T2 measurement can be performed with NMR
spin-echo techniques [32, 33]. However, within the field
inhomogeneous contribution ∆Binh, an estimate can be
obtained through the pulsed NMR free induction decay
of the transverse component M̃t, or equivalently the full
width at half height of the continuous wave NMR absorp-
tion line.
Here we caluclate the spin-spin relaxation rate, which
is inversely proportional to the intrinsic linewidth of
the common NMR resonance line. The above equations
(8) can be treated as (7), in the case of zero detuning
(∆ω = 0) and zero r.f. drive (ω1 = 0). One obtains
symmetrically:

M̃ l
t(t)

M l
z0

=
M̃ s

t (t)

M s
z0

=

(

M̃ l
t(t) + M̃ s

t (t)
)

M l
z0 +M s

z0

within the conditions CliqT
l
2 >> 1, CsolT

s
2 >> 1. Adding

up (8) and injecting this result brings:

d
(

M̃ l
t + M̃ s

t

)

dt
= −

1

T avg
2

(

M̃ l
t + M̃ s

t

)

with an average relaxation rate for the transverse com-
ponent:

1

T avg
2

=

Ml

z0

T l

2

+
Ms

z0

T s

2

M l
z0 +M s

z0

This rate is again simply the average of the two baths

relaxation rates, weighted by the magnetizations. This

was observed by [37] for 3He confined within Grafoil
sheets.

The continuous wave NMR experiments are corollary
to the above results. Take equations (8) in the steady
state, with small ω1 drives. One obtains for the total

transverse component M̃ l
t + M̃ s

t :

M̃ l
t+M̃ s

t = iω1
αsM

l
z0 + αlM

s
z0 + (Cliq + Csol)(M

l
z0 +M s

z0)

−(αl + Cliq)(αs + Csol) + CliqCsol

where we introduced αl = 1/T l
2 + i∆ω and αs = 1/T s

2 +
i∆ω.
When the conditions CliqT

l
2 >> 1, CsolT

s
2 >> 1 are ful-

filled, the above result can be simplified in:

M̃ l
t + M̃ s

t = −iω1
M l

z0 +M s
z0

(T avg
2 )−1 + i∆ω

with T avg
2 already introduced. We recover the result that

the linewidth in a continuous wave experiment is related
to the free induction decay time through 1/πT avg

2 (in
the frequency domain). This result is presented in the
first experimental part for 3He confined in aerogel, Fig.
5 and Eq. (1). Note also that the area of the line is
proportional to the total static magnetization M l

z0+M s
z0

as it should. In practice, the above results should be
convoluted to the field inhomogeneity to quantitatively
fit the data (dashed line in Fig. 5).

VI. CONCLUSION

In the present article we publish experimental NMR
(nuclear magnetic resonance) results on normal liquid
3He in contact with a ferromagnetic 3He solid at very
low temperatures. These studies were conducted by
immersing a silica aerogel in the fluid. The Fermi
liquid properties remain unchanged, while the transport
coefficients are limited and a ”2D-like” solid forms on
the aerogel strands. The importance of our results lies
in the quality of the data, enabling a fine study of the
liquid/solid coupling, known as ”fast exchange”. An
analytical description of the fast exchange model is
given, explaining our data and the related normal fluid
literature.
The solid and the fluid are in common precession,
giving a single continuous wave NMR resonance line, or
equivalently a single free induction decay signal. The
linear response properties are those of Bloch equations
(i.e. Lorentzian resonance) with average parameters
T avg
1,2 obtained from a wheighted average of the two spin

baths rates, weighted by the static magnetizations M l,s
z0 .

What is clearly stated in the theoretical part is that the

fast exchange limit corresponds to Cliq,sol T
l,s
1,2 >> 1,

with Cliq,sol the jumping rates from the liquid to the
solid, and vice-versa.
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The authors want to point out that a thorough under-
standing of the fast exchange coupling between the solid
and the liquid enables to use the effect to probe the
magnetic properties of the combined system, especially
below the bulk superfluid transition temperature Tc.

We acknowledge valuable discussions with W. Halperin
and A. Andreev. The authors also thank T. Mizusaki and
A. Matsubara for their interest in these studies.
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