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Chapter 1 

Introduction 

1.1 General introduction 

Liquid 3He has proven to be a very rich physical system, fascinating both theoreticians 
and experimentalists for over 40 years. 3He remains liquid from its boiling point of 3 
К down to the lowest temperatures, where a pressure of 34 bar is necessary to solidify 
it. With a nuclear spin of one half, 3He is a fermion, and below Τ « 100 mK it is a 
degenerate Fermi liquid, while above 1 K, liquid 3He behaves like a dense classical 
gas. Below 3 mK, 3He becomes superfluid (which is beyond the scope of this thesis), 
a discovery made in the early seventies [1] which was awarded the 1996 Nobel prize 
in physics. 

Liquid 3He and mixtures of 3He in liquid 4He are generally accepted as model sys
tems for correlated fermions. The most important reasons for this are that liquid 3He 
can be obtained very pure, and that it is electrically uncharged, which means that there 
is no complicating long range Coulomb interaction. Moreover, the interaction strength 
can be varied by changing the 3He density by applying pressure to pure 3He, or by 
changing the 3He concentration in a 3He-4He mixture, with a maximum of 6.6% 3He 
at the lowest temperatures. 

At low temperatures (below ~ 100 mK) and zero magnetic field, liquid 3He is well 
described by the phenomenological Landau theory. At a pressure of 30 bar, the specific 
heat and the nuclear magnetic susceptibility are enhanced by a factor of 5 and 20 respec
tively, compared to the values of an ideal Fermi gas with the same density. These prop
erties suggest that liquid 3He is nearly solid or nearly ferromagnetic, which is a starting 
point for various microscopic theories describing this Fermi liquid [2]. Because these 
theories predict very different polarization dependences of physical properties like e.g. 
susceptibility and viscosity, experiments on polarized 3He supply crucial information 
about the nature of this quantum liquid. 



Introduction 

Due to the Pauli exclusion principle, the atomic interactions are modified upon po
larization of the nuclear spins, and fully polarized 3He is expected to be a new quan
tum system, with a diverging mean free path and a completely different behavior of the 
transport and equilibrium properties [3]. Because of the small nuclear magnetic suscep
tibility, the equilibrium polarization of liquid 3He is limited to about 10 % at a pressure 
of 30 bar at experimentally accessible static magnetic fields of 30 T. This polarization 
is too low to observe these drastic changes. 

Large (non-equilibrium) polarizations in liquid 3He and 3He-4He mixtures have 
been reached using transient techniques, like rapid melting of highly polarized solid 
3He [4, 5], and fast condensation of optically polarized gas [3]. A drawback of these 
methods is that the polarization and temperature are not constant during the experiment 
due to the relaxation of the nuclear magnetization. Recently, two new methods have 
been shown to produce stationary enhanced polarizations: circulation of optically po
larized 3He through a 3He-4He mixture [6], and distillation of magnetization of 3He in 
a saturated 3He-4He mixture in an applied magnetic field [7]. In this thesis we describe 
the use of the latter technique with experiments performed in very high magnetic fields. 

1.2 Distillation of magnetization 

Distillation is a physical process for separating volatile liquids from mixtures, and is 
well known for its application to mixtures of alcohol and water. In the distillation pro
cess, the liquid is evaporated by heating, and the vapor, which contains mainly the most 
volatile compound, is condensed upon cooling and finally collected. When the con
densed vapor is not collected, but flows back to the mixture, the process is called re-
fluxing. This process is schematically drawn in Fig. 1.1.(a). 

Now we apply the method of refluxing to liquid 3He in a magnetic field. In this 
case 3He is not a mixture of different chemical compounds, but a mixture of nuclear 
magnetic moments (spins); the nuclear spin of an atom can be either parallel (up) or 
anti-parallel (down) to the applied magnetic field. Because transformation from up-
spins to down-spins or vice-versa, takes a long time (of the order of the relaxation time 
71), the up-spins and down-spins can be considered as different compounds. In this 
system the vapor is formed by 3He atoms dissolved in liquid 4He, which is the satu
rated 3He-4He mixture or dilute phase. The dilute phase is heavier than the liquid 3He 
(concentrated phase). Hence the liquid 3He floats on top of the mixture in the upper part 
of the apparatus, which is called the boiler. When heat is applied to the concentrated 
phase, 3He is dissolved into the mixture. Upon cooling the mixture at the lower part of 
the apparatus, which is called the condenser, the 3He is condensed, and flows back in 
droplets to the boiler by its buoyancy. In this way a 3He circulation is realized of dilute 
phase going downwards and concentrated phase going upwards. This is schematically 
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Figure 1.1: Schematic of refluxing systems. The arrows with Q show whether the heat 
flow Q is added to or extracted from the system, (a) Refluxing a mixture: the liquid 
is heated, evaporates, and falls back after condensation, (b) Refluxing 3He: the liquid 
3He, which floats on top of the 3He-4He mixture, is heated and dissolves into the 3He-
4He mixture. At the condenser, heat is extracted and 3He is condensed, which flows 
back to the boiler. 

shown in Fig. 1.1.(b). 
The molar nuclear magnetic susceptibility of 3He in the dilute phase is larger than 

that in the concentrated phase. This means that if we assume that the magnetizations 
of the dilute phase and of the concentrated phase in the boiler are in equilibrium with 
the applied magnetic field, the magnetization of the outgoing dilute phase is larger than 
that of the incoming concentrated phase. Hence a net flux of magnetization leaves the 
boiler, resulting in an over-polarization of the 3He in the condenser. In fact, up-spins are 
distilled from a mixture of up-spins and down-spins, and therefore this process is called 
distillation of magnetization [7]. We will use both the words refluxing and distillation 
for the same process. 

When magnetization is out of equilibrium with the applied magnetic field, relax -
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ation will try to restore equilibrium. The characteristic time for this relaxation is the so 
called relaxation time T\. Because in the stationary state the gain of magnetization in 
the condenser due to the circulation is compensated by the loss due to magnetic relax
ation, the enhancement of the magnetization in the distillation process is proportional 
to the relaxation time. It is experimentally found that the relaxation time increases with 
increasing magnetic field, and hence the gain of the distillation process also increases 
with the magnetic field. Moreover, the equilibrium polarization to start with also in
creases with magnetic field. Therefore, a distillation set-up has been built for use in 
very high magnetic fields (up to 25 T) and low temperatures (100 mK) to obtain a very 
large stationary polarization in 3He-4He mixtures. These experiments will be presented 
in chapter 4. 

1.3 Magnetization and relaxation 

For the measurement of the magnetization in the distillation experiments, we have de
veloped a torque magnetometer which measures the force on the magnetized liquid 3He 
resulting from the magnetic field gradient. The device can be used at arbitrary value of 
the magnetic field, and measures the relaxation of the nuclear magnetization after a step 
in the applied magnetic field, from which both the amplitude of the magnetization and 
the spin lattice relaxation time T\ can be determined. Besides the fundamental interest 
in the relaxation process itself, a better understanding of nuclear magnetic relaxation 
in liquid 3He and 3He-4He mixtures is relevant for all experiments involving spin po
larized 3He. 

In liquids, T] is determined by intrinsic relaxation and surface relaxation due to in
teractions of the nuclear spins with magnetic moments at the unavoidable surfaces of 
the experimental cell. Due to the simple atomic structure of 3He, (and hence the ab
sence of intra-molecular relaxation processes), the intrinsic relaxation time Tin is de
termined by the interactions between the nuclear spins, and hence 7jn is a probe of the 
dynamics of the Fermi liquid. 

In chapter 3 of this thesis it is shown that, due to the difference in magnetic field 
dependences of the intrinsic and the surface relaxation time, measurement of T\ of liq
uid 3He as a function of the magnetic field allows unambiguous determination of both 
the absolute value and temperature dependence of Tm as well as a detailed study of the 
surface relaxation time. One of the main results presented in this thesis is that the sur
face relaxation time of liquid 3He containing a small amount of 4He and of 3He-4He 
mixtures increases with the square of the magnetic field [8], and can be described by 
a classical theory. We ascribe the observed behavior to the formation of a 4He film at 
the surface of the cell in which the 3He atoms dissolve, resulting in a classical gas-like 
behavior. This observation is in sharp contrast to the linear В dependence generally 
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observed in pure liquid 3He: this is ascribed to relaxation in a solid-like 3He surface 
layer, and requires a quantum mechanical description [9]. 

Due to its high resolution, the magnetometer is an excellent device to measure ac
curately the magnetization of liquid 3He as a function of the magnetic field. If this mag
netization is linear with the applied magnetic field, then the susceptibility, which is the 
ratio of the magnetization to the magnetic field, is constant. However, both increase 
and decrease of the susceptibility with magnetic field are predicted by the various mi
croscopic theories. Therefore, precise measurements of the susceptibility as a function 
of the magnetic field will be a test for the theories describing liquid 3He. In chapter 5 
we will discuss the measurements of the susceptibility of liquid 3He at a pressure of 24 
bar as a function of the magnetic field up to 25 T. 
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Chapter 2 

Experimental set-up and 
measuring technique 

Tell me, does the magnetic virtue of the needles of the compasses of all those ships 
attract them thither ? Herman Melville (Moby Dick) 

In this chapter we describe the experimental set-up and measuring tech
nique which are used for the measurements of the magnetization and the 
relaxation time T\ of liquid 3He and 3He-4He mixtures at low temperatures 
and high magnetic fields. The torque magnetometer, the dilution refriger
ator and experimental cell, necessary for the realization of these measure
ments at low temperatures and high magnetic fields, will be discussed. 

2.1 Introduction 

All experiments described in this thesis, are based on the measurement of the nuclear 
magnetization of liquid 3He or 3He-4He mixtures at low temperatures (below 100 mK) 
and high magnetic fields (up to 25 T). Nowadays, these temperatures can be realized 
by using commercial dilution refrigerators. However, in high magnetic fields, one must 
avoid eddy current heating induced in conducting parts by time-varying magnetic fields 
or by vibrations in non-homogeneous magnetic fields, and for our measurements we 
have used a home built plastic dilution refrigerator which is described in section 2.2. 

The experiments are performed on liquid 3He and 3He-4He mixtures in a cell which 
is thermally connected to the dilution refrigerator. The design of this plastic experimen
tal cell will be described in section 2.3. For the measurement of the magnetization and 
its relaxation time, we have developed a torque magnetometer, which can measure the 
time evolution of the nuclear magnetization of the liquid 3He at arbitrary value of the 



Experimental set-up and measuring technique 

magnetic field and temperature. The design of the magnetometer and the procedure 
for the determination of the magnetization and the spin-lattice relaxation time T\ are 
discussed in section 2.4. 

2.2 Dilution refrigerator 

The dilution refrigerator used for the experiments is schematically shown in Fig. 2.1 
[1]. The circulating 3He gas enters from the gas handling system into the condenser 
line, which is thermally anchored to the the 1 К plate, a pumped 4He pot which takes 
liquid 4He from the bath. A flow impedance in the condenser line just below the 1 К 
plate assures that condensation will take place at the 1 К plate. The condenser line is 
thermally anchored to the still before it enters the heat exchanger. The heat exchanger 
consists of three rectangular channels, on top of each other, and separated by a Kapton 
foil (80 and 15 μπι thick [2]). The channels are machined in a 40 cm long Hysol [3] rod, 
and are typically 1 mm deep and several mm wide. A Kapton foil is tightly wrapped 
around the rod and glued with Stycast 1266 [4] at the ends of the rod. The condensed 
3He flows through the middle channel of the heat exchanger in between the two chan
nels of the diluted phase, and enters the mixing chamber where it floats on top the sat
urated 3He-4He mixture (dilute phase). Dilution of 3He into the 3He-4He mixture pro
vides the cooling power, resulting in a base temperature of 25 mK in the mixing cham
ber. Experiments can be performed inside the mixing chamber (2 cm inner diameter, 
5 cm height), or in a cell mounted below the mixing chamber and thermally anchored 
to it with a heat exchanger. The 3He is pumped away from the 3He-4He mixture in the 
still by a turbo molecular pump [5] backed by a rotary pump [6], and enters the con
denser line again via the gas-handling system outside the cryostat. By heating the still 
and using a so called film burner, which prevents the formation of a superfluid 4He film 
in the still tube, we have achieved a circulation rate of 100 μπΊθΙ/s, containing mainly 
3He and only a few percent of 4He. 

The dilution refrigerator is surrounded by the inner vacuum can (33 mm innerdiam-
eter below the still), where Vespel [7] spacers prevent vibrations of the tail and direct 
touches to the can. The refrigerator is immersed in liquid 4He in a cryostat, and can 
be inserted in the 53 mm room temperature bore of a 17 Τ resistive magnet or a 25 Τ 
hybrid magnet. Another possibility is that the dilution refrigerator is put in a cryostat 
containing a 14 Τ superconducting magnet. Care must be taken to avoid transmission to 
the dilution refrigerator of vibrations, caused by the rotation pumps in the gas handling 
system and by the high pressure water cooling of the resistive magnets. 
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Figure 2.1: Schematic drawing of the dilution refrigerator and experimental cell in a 

cryostat and magnet. 
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Figure 2.2: Schematic drawing of the experimental set-up for the measurement of the 
magnetization and relaxation time of liquid 3He or 3He-4He mixtures. The mixing 
chamber has been designed concentrically around the experimental cell. 
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2 3 Experimental cell 

2.3 Experimental cell 

The experimental cell has been designed to contain the liquid 3He or 3He-4He mixtures 
during the experiment, at the lowest possible temperature The temperature in the ex
periments is measured with 1 kfì RuC>2 chip resistors [8], which have been calibrated in 
the mixing chamber against a commercial Ge thermometer [9] and a CMN thermome
ter [10,11 ] down to 14 mK, where the lowest temperatures have been reached in single 
shot operation The magnetoresistance of the R11O2 resistors was typically 10% at 10 Τ 
The cell is mounted below the mixing chamber, because it is too large to put it inside 
the mixing chamber itself To keep the heat input as low as possible, the fill line for 
the helium in the cell is thermally anchored to the 1 К plate and to the still of the di
lution refrigerator The bottleneck for the realization of low temperatures in the cell 
is the Kapitza thermal boundary resistance, and good thermal contact between the cell 
and the mixing chamber of the dilution refrigerator is usually realized by sinters with a 
very large surface area However, because nuclear magnetic relaxation can take place 
at surfaces, (so called surface relaxation) in our experiments large surface areas are not 
wanted, as they shorten the relaxation time 

The cell is schematically shown in Fig 2 2 The old mixing chamber has partly 
been blocked in order to lead the incoming 3He to the new mixing chamber which has 
been built directly around the experimental cell The heat exchanger is a 200 μιτι thick 
Kapton wall between the cell and the mixing chamber, which has the main advantage 
that it has a low Kapitza thermal boundary resistance, and that there is no eddy current 
heating in this plastic material 

2.4 Torque magnetometer for liquid 3He and 3He-4He mix
tures. 

For the measurement of the magnetization at the high magnetic fields used in our ex
periment, we have developed a torque magnetometer [12], schematically shown in 
Fig 2 3 The device is made of plastic (Hysol [3]), and consists of a 9 5 mm thick 
wheel (15 5 mm outer diameter) in a cylindrical housing (16 mm inner diameter) To 
measure the nuclear magnetism accurately, the design of the magnetometer should be 
very symmetric with respect to the rotation axis In order to center the torque wire, a 
0 4 mm hole is drilled in the center of the wheel, in which a 5 mm long Cu-Ni capillary 
(0 1 mm inner diameter, 0 4 mm outer diameter) is glued with Stycast 2850 [13] The 
torque wire (manganin, 100 μιτι diameter), glued with Stycast 2850 in the Cu-Ni cap
illary and stretched between two supports, keeps the wheel concentric in the housing 
Two holes of equal volume (0 17 cm3) have been drilled in the wheel at either side of 
the axis One of them is closed and empty, the other (4 8 mm diameter) is open to the 
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liquid. 
Rotation of the wheel can be measured with capacitors which are formed by silver 

electrodes [14]. The electrodes are connected to twisted manganin wires, which are 
soldered outside the cell to 1 mmdiameterstainlesssteelcoaxials[15]. On the inside of 
the house there are 32 electrodes of sequence AGBGAG... (where electrodes denoted 
by the same letter are connected to each other, and G is ground). On the wheel there 
are 8 С electrodes, forming a capacitance with the Α-electrodes as well as with the B-
electrodes. Upon rotation of the wheel, these capacitances will change by equal amount 
but with opposite sign, leaving the total capacitance between the C-electrodes and the 
A- and B-electrodes constant. When the ratio of the capacitances is measured, to first 
order the signal is insensitive to translational vibrations of the wheel. 

By placing the magnetometer somewhat off the center of the magnetic field in a 
field gradient, the magnetized 3He in the hole experiences a force, resulting in a torque 

Lm=rxV{m-B) (2.1) 

where r is the vector from the rotation axis (torque wire) to the center of the hole in 
the wheel, and m the magnetic moment of the helium in the hole. Because both nu
clear paramagnetism and electronic diamagnetism are isotropic, that is parallel to the 
magnetic field (which is along the ζ direction), the torque is parallel to the torque wire: 

dB 
Lm= mr sin θ— (2.2) 

dz 

with θ the angle between В and r. The torque causes a small rotation of the wheel, 
typically 0.1 °. This rotation is capacitively detected in an AC bridge circuit, schemati
cally shown in Fig. 2.4, using a ratio-transformer [16]. The signal is proportional to the 
torque, which allows one to measure the magnetization with a resolution of 5 χ I O - 1 2 

J/T at 10 Τ, corresponding to 10~4 of the saturation magnetization of the liquid 3He 
in the hole of the wheel. Because the eigenfrequency of the magnetometer is about 
10 Hz, the shortest integration time of the lock-in amplifier used in experiments is 1 
s. A small coil is wound around the wheel, which can be used for calibration of the 
signal by passing a current i through the coil in a magnetic field. The resulting torque 
is: Lc = i A Äsinö with Asino the component of the surface area of the calibration coil 
parallel to the magnetic field (r is perpendicular to the surface of the calibration coil). 
The magnetic moment m of the 3He in the wheel is calculated from the ratio of the 
measured signal to the calibration signal: 

iABLm 
т=~ЖГ (2-3) 
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2.4 Torque magnetometer for liquid He and He- He mixtures. 

Figure 2.3: Schematic drawing of the torsional magnetometer for the measurement of 
the magnetization and spin lattice relaxation time T\ of liquid 3He or 3He-4He mixtures. 
The vertical wire on the wheel is part of the calibration coil. The dashed circle repre
sents the closed hole. The magnetometer is located in the experimental cell (20 mm 
diameter and 18 mm height), separated from the surrounding mixing chamber (outer 
diameter 30 mm) by a Kapton foil. 

The main advantage of our non-resonant magnetization measurement technique is 
that it can be used at arbitrary magnetic field, temperature and pressure, contrary to for 
example nuclear magnetic resonance, which has to be tuned at every magnetic field. 
Moreover, because the signal of the magnetometer is proportional to the field gradi
ent (Eq. (2.2)), which itself is proportional to the magnetic field, the sensitivity of the 
magnetometer increases linearly with the magnetic field. 

The nuclear magnetization and relaxation time are measured in the following way. 
The magnetic field is rapidly changed from the initial field B\ to the final field Вг. As 
the magnetometer measures all magnetization, the nuclear magnetization, which re-
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Figure 2 4 Bridge circuit for the measurement of the change in the ratio of the capaci
tances of the magnetometer The A and В electrodes inside the house are separated by 
electrodes connected to the ground For a large signal to noise ratio, the magnetometer 
has been supplied with 8 sets of ABC electrodes in parallel 

laxes during the field sweep, is masked by the diamagnetic signal of the magnetometer 
itself (background) and by the ^He diamagnetism, as can be seen in Fig 2 5, which 
shows a typical magnetometer signal When the magnetic field is stable (at Bj), the 
diamagnetic contribution is constant, and the signal only changes due to the relaxation 
of the nuclear magnetization of the 3He This is the exponential decay clearly seen in 
Fig 2 5 The change in nuclear magnetization Am = яі(Вг) — m(B\ ) and the relax
ation time T] are determined from this exponential decay It is obvious that for this 
technique the change in magnetic field must be fast compared to the relaxation time 
7| To determine the correct value of Δ/л, the relaxation curve should be extrapolated 
in order to correct for the relaxed magnetization during the sweep The extrapolation 
time Δί, which is determined by the sweep time and by the magnetic field dependent 
relaxation time T\, is calculated in appendix A 

If the net diamagnetic moment of the wheel is not located on the rotation axis, ac
cording to Eq (2 2) it induces a torque when the field В is changed, which we call the 
background signal This background signal can be separated from the nuclear mag
netic signal by the method described above, if the magnetic field gradient stays con
stant during the measurement However, changes of the field gradient due to tempera
ture changes in the magnet, or small changes of the position of the magnetometer during 
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Figure 2.5: Relaxation of the nuclear magnetization of liquid 3He at a temperature of 
60 mK and a pressure of 3 bar. From t = 0 to t = 11 s the magnetic field is swept 
from 1 to 6 T, resulting in the diamagnetic signal. After t = 11 s the magnetic field is 
kept constant at 6 Τ for the rest of the measurement (up to 104 s) and the relaxation 
of the nuclear magnetization is observed. The exponential fit (with T\ « 2000 s) is 
hardly distinguishable from the experimental data. The inset shows the logarithm of 
the relaxation of the magnetization after the field sweep. 

the measurements resulting in a change of the field gradient experienced by the magne
tometer, lead to contributions which cannot be separated from the nuclear magnetic sig
nal. Therefore the design of the magnetometer should be very symmetric with respect 
to the rotation axis, which is an advantage of this magnetometer compared to the one 
with so called "wing electrodes", which has rectangular electrodes vertically mounted 
on the wheel [17]. Horizontal and vertical vibrations do in first order not contribute to 
the signal because the electrodes are symmetric with respect to the rotation axis. How
ever, if the center of mass is not on the rotation axis, horizontal and vertical vibrations, 
may induce rotational modes, resulting in mechanical noise. These rotational modes 
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Experimental set-up and measuring technique 

are damped by the viscosity of the liquid He and by eddy currents in the electrodes 
parallel to the field. 
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Chapter 3 

Nuclear Magnetic Relaxation in 
Liquid 3He and 3He-4He Mixtures 

The spin-lattice relaxation time T\ of liquid 3He and 3He-4He mixtures, 
is determined by two parallel relaxation processes intrinsic relaxation, 
which is caused by dipolar interaction between the 3He nuclear spins, and 
surface relaxation, due to interaction of the 3He nuclear spins with the 
magnetic moments at the walls of the experimental cell Using a new type 
of torque magnetometer, we have measured T\ of liquid 3He containing 
0 5% 4He and 3He-4He mixtures with a 3He concentration ranging from 
6% to 95%, as a function of magnetic field up to 22 Τ at temperatures be
tween 40 mK and 1 К Due to the difference in their magnetic field de
pendence, we have been able to separate the intrinsic and surface contri
butions to T\ Our measurements reveal a new surface relaxation mech
anism for liquid 3He, with a relaxation time proportional to the square of 
the magnetic field, which can be described by the classical relaxation the
ory of Bloembergen, Purcell, and Pound We relate the observed classical 
relaxation mechanism to the dynamics of the 3He atoms in the 4He film at 
the surface We find the intrinsic relaxation time 7in of the pure liquid 3He 
in good agreement with existing Fermi liquid theory, and observe the 7jn 

of the 3He-4He mixtures at 1 К to be proportional to the 3He concentration, 
in agreement with theoretical predictions 

3.1 Introduction 

Liquid 3He is a thoroughly studied model system for correlated Fermions and for nu
clear magnetic relaxation phenomena in a mono-atomic liquid down to the lowest tern-
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peratures Because of its simple atomic structure, intra-atomic relaxation processs are 
absent, and dipolar interactions between the 3He nuclear spins determine the intrin
sic relaxation time Tm Hence, measurement of Tm probes the dynamics in the liquid 
However, like in all magnetic liquids and gases, the spin-lattice relaxation in liquid 3He 
and 3He-4He mixtures observed in an experiment is the combined result of intrinsic 
relaxation and surface relaxation at the unavoidable surfaces of the experimental cell 
Therefore, Tm as a function of temperature cannot be determined unambiguously from 
T\, as both the surface relaxation time Ts and Tm are a prion unknown and temperature 
dependent [1-4] In the so called diffusion limited regime, the surface relaxation time 
is dominated by the time the 3He atoms need to reach the wall, and decreases approxi
mately with T2 at low temperatures Therefore, surface relaxation can be fast, and the 
determination of 7jn is difficult at very low temperatures Consequently, although 7jn 

of liquid 3He is expected [5-7] to increase approximately as T~2 in the Fermi liquid 
regime (below 100 mK for liquid 3He), this behavior has never been directly observed 
due to the presence of surface relaxation 

We have been able to determine Tin of liquid 3He and 3He-4He mixtures in an in
dependent way, using a new torque magnetometer technique [8] In this chapter we 
present an extensive experimental study on T\ of liquid 3He containing 0 5% 4He and 
3He-4He mixtures with a 3He concentration ranging from 6% to 95%, as a function of 
magnetic field up to 22 Τ at temperatures between 40 mK and 1 К Our data allow un
ambiguous determination of Tin of liquid 3He and 3He-4He mixtures as a function of 
temperature and 3He concentration, and a detailed study of the surface relaxation time 
Ά 

We have chosen to study 3He containing 4He, since in this system the surface is 
covered with a thin layer of 4He (even if the 4He concentration is as low as 0 5%), which 
leads to much longer relaxation times than m the case of pure 3He [3], where a solid 
3He layer is formed at the surface For a solid layer coverage, a linear temperature and 
magnetic field dependence of T\ has been found [9] Furthermore, the dependence of 
the intrinsic relaxation time Tm on the 3He density can be observed over a wide range by 
varying the 3He concentration in the 3He-4He mixtures Therefore, intrinsic relaxation 
of liquid 3He is best studied in 3He systems containing 4He Moreover, relaxation of 
3He in 4He plays an essential role in most of the experiments on highly spin-polanzed 
3He [ 10,11 ] A better understanding of the relaxation processes is necessary to improve 
the novel techniques for the production of highly spin-polanzed 3He [11] 

In our experiments, T\ is determined from the exponential decay of the nuclear 
magnetization, measured with a torsional magnetometer, after a rapid change of the 
magnetic field The advantage of this technique is that it can be used at arbitrary 
(nonzero) magnetic field From the measured T\ as a function of the magnetic field, 
the intrinsic and surface contributions to T\ can be separated as a result of their differ-
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ent magnetic field dependences. 
The values and temperature dependences of Tyn of liquid 3He determined from our 

experiments are in good agreement with Fermi liquid theory [5]. Well above the Fermi 
temperature at 1 K, we find Tm of the 3He-4He mixtures to be proportional to the 3He 
density, in agreement with theoretical predictions [4]. 

We have discovered that the surface relaxation time of 3He in the presence of 4He is 
proportional to the square of the magnetic field, markedly different from the linear mag
netic field dependence observed in pure 3He [9]. This behavior has not previously been 
observed in a Fermi liquid and can surprisingly be described by the theory of Bloember-
gen, Purcell and Pound [12] for nuclear magnetic relaxation in classical fluids, where 
the nuclear spin is subject to a randomly fluctuating perturbing magnetic field. We re
late the observed relaxation to the dynamics of the 3He atoms in the 4He film at the sur
faces, where the 3He spin relaxes due to interaction with the inhomogeneous magnetic 
field of the surface. The exact nature of this interaction however, is still not completely 
elucidated. 

This chapter is organized as follows. First we will describe the experimental setup 
and the procedure to determine T\ of liquid 3He and 3He-4He mixtures. In section 3.3 
we will present the experimental results, which will be discussed in section 3.4. A 
model for the surface relaxation will be presented and the intrinsic relaxation time will 
be compared to existing Fermi liquid theories. In section 3.5 we will summarize the 
main conclusions. 

3.2 Experimental Setup 

The magnetometer, which has been described in chapter 2, is made of plastic (Hysol 
[13]) and consists of a wheel (15.5 mm diameter, 10 mm thick) in a cylindrical housing 
(16 mm inner diameter) [14]. Two holes of equal volume (5.6 mm diameter) are drilled 
in the wheel. One of them is closed and empty, the other is open to the liquid. A tor
sion wire (manganin, 100 μιτι diameter), glued in the axis of the wheel and stretched 
between two supports, keeps the wheel centered in the housing. The rotation of the 
wheel is capacitively measured. A small coil is wound around the wheel, which can 
be used for calibration of the signal by passing a current through the coil in a magnetic 
field. 

The magnetometer is mounted in an experimental cell filled with liquid 3He (con
taining 0.5% 4He) or 3He-4He mixture, as is schematically shown in Fig. 2.3. We 
have coated the surface with polystyrene, by dipping all parts of the magnetometer 
and the cell in a polystyrene/toluene solution, thus reducing the surface relaxation by 
smoothening the cell surface and reducing its effective area. The cell is placed in the 
mixing chamber of ahorne made plastic dilution refrigerator [15]. The wall of the cell 
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is a 200 μιτι thick Kapton foil which acts as heat exchanger between the cell and the 
surrounding mixing chamber. 

The temperature was monitored by a 1 \£l Ru02 chip resistor, which was cali
brated against a commercial Ge thermometer and a CMN thermometer. As there were 
no metal parts in the mixing chamber and the experimental cell, apart from the silver 
electrodes and leads to the magnetometer and thermometer, little eddy-current heating 
was induced by sweeping the magnetic field, resulting in a total accuracy and stability 
of the temperature to better than 10%. 

By placing the magnetometer somewhat off the center of the magnetic field in a 
field gradient, the magnetized 3He in the hole experiences a force, and the unbalanced 
torque causes a small rotation of the wheel. The rotation is capacitively detected in an 
AC bridge circuit using a ratio-transformer [16] which allows us to measure the magne
tization with a resolution of 5 χ 10~12J/T at 10 T, corresponding to 10~4 of the satura
tion magnetization of the liquid 3He in the hole of the wheel. T\ is determined from the 
exponential decay of the nuclear magnetization after a quick step (much shorter than 
7"] ) of the magnetic field. A typical relaxation curve is shown in Fig. 2.5. 

The main advantage of this non-resonant torque magnetometer is that it can be used 
at arbitrary magnetic field, temperature and pressure, contrary to, for example, nuclear 
magnetic resonance, which has to be tuned at every magnetic field. Moreover, the sig
nal of the magnetometer is proportional to the change in magnetization times the field 
gradient. Because the magnetic field gradient itself is proportional to the magnetic field, 
the sensitivity of the magnetometer increases linearly with the magnetic field. 

As the magnetometer measures all magnetization, the nuclear magnetization which 
relaxes during the field sweep is masked by the diamagnetic signal of the magnetometer 
(background) and by the diamagnetism of the 3He and 4He. Hence the nuclear param
agnetic relaxation is measured at stable magnetic field, after a rapid sweep of the mag
netic field when the diamagnetism is constant. As it takes at least 10 seconds for the 
magnetometer to stabilize from the diamagnetic signal, the magnetometer can not mea
sure relaxation times shorter than this stabilization time. 

3.3 Results 

The relaxation times of saturated vapor pressure liquid 3He containing 0.5% 4He are 
presented in Fig. 3.1 as a function of the magnetic field at temperatures ranging from 
40 mK to 750 mK. T\ shows a gradual change from a low field region, where it has 
a complex temperature dependence and increases with magnetic field, to a high field 
region, where it approaches a magnetic field independent saturation value, which in
creases with decreasing temperature. Because the 3He nuclear polarization remains 
below 5% even for the largest fields studied, we do not expect any modification of the 
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Figure 3.1 : Nuclear magnetic relaxation time T\ of liquid 3He containing 0.5% 4He as 
a function of the magnetic field for four different temperatures. The solid lines are fits 
to the data with Eq. (3.4). 

intrinsic (bulk) relaxation due to the magnetic field [17]. The magnetic field depen
dence of T\ is then controlled by the surface relaxation. However, since diffusion to 
the walls and intrinsic relaxation bound the observed T\ respectively at small and large 
values, the field dependence of the surface relaxation cannot be directly deduced from 
Fig. 3.1. On the other hand, because in these experiments the surface is covered with 
a saturated 4He film, we can expect the surface relaxation to be identical to that for a 
saturated mixture at the same temperature. This brings the possibility to study sepa
rately the latter phenomenon as a function of field, as, in a dilute mixture, diffusion to 
the walls is much faster and intrinsic relaxation is much slower than for pure 3He. 

Fig. 3.2 presents T\ as a function of the magnetic field В in three different cells, with 
different surface to volume ratios. Cell 1, which is the one used for the experiments on 
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Figure 3.2: Nuclear magnetic relaxation time T\ of saturated 3He-4He mixtures at 100 
mK as a function of the magnetic field and their quadratic fits for three different cells. 

the liquid 3He, has a volume of 3 cm3, cell 2 has a volume of 2 cm3, and cell 3 also has a 
volume of 3 cm3 but has not been coated with polystyrene. All cells have approximately 
the same surface area of 40 cm2. The striking result is the quadratic field dependence 
of the (surface) relaxation time for all cells studied, up to the highest fields. For the two 
coated cells (cell 1 and 2) T\ is within experimental error proportional to the volume, 
while coating of the cell leads to an increase of T\ by a factor of almost 5. Both points 
show that the measured T\ is dominated by surface relaxation. The observation of the 
ß2-dependence both in coated and in uncoated cells shows that this behavior does not 
depend on the details of the surface material. 

In order to study the concentration dependence of the surface relaxation, we also 
performed experiments on 3He-4He mixtures at higher temperature so as to increase 
the saturation concentration. Γι 's of 3He-4He mixtures at 300 mK with 4 different 3He 
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Figure 3.3: Nuclear magnetic relaxation time T\ as a function of the magnetic field of 
3He-4He mixtures with four different 3He concentrations дез at 300 mK and 95% 3He 
at 1 K. The solid lines are fits to the data with Eq. (3.4). 

concentrations measured in cell 2, are plotted in Fig. 3.3 as a function of the magnetic 
field. A field dependent relaxation time is also observed, with a saturation effect at the 
largest fields, which we attribute to intrinsic relaxation. Finally, we have measured in 
the same cell T\ for 3He concentrations ranging from 60% to 95% at a temperature of 
1 K, from which only the data of the 3He-4He mixture with 95% 3He has been plotted in 
Fig. 3.3. Above 6 T, T\ is independent of the magnetic field, meaning that the intrinsic 
relaxation dominates and that Tm can be directly determined. 
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3.4 Discussion 

One of the main conclusions that can be drawn from the results presented above, is that 
surface relaxation is clearly suppressed by the magnetic field. In particular, for the 6% 
mixture at 100 mK, where no influence of intrinsic relaxation is observed, the surface 
relaxation time increases with the square of the magnetic field. In the following, we 
first introduce a relaxation model accounting for this behavior (3.4.1 and 3.4.2). In this 
model, the field fluctuations experienced by the atoms close to the surface are charac
terized by a single correlation time. This correlation time sets the field scale beyond 
which the surface relaxation is suppressed, and its variation with temperature depends 
on the relaxation mechanism. We show that this model consistently accounts for the 
data for pure 3He, and that the temperature dependence of the surface relaxation rate 
is qualitatively consistent with the relaxation mechanism being the diffusive motion of 
atoms close to the surface (3.4.3). This model also accounts for the field dependence of 
the relaxation time of the mixtures at 300 mK, but, here, quantitative analysis suggests 
that the relaxation mechanism could differ from that at lower temperatures (3.4.4). Part 
3.4.5 discusses in greater detail than 3.4.3 the quantitative implications on the relax
ation mechanism of the results on pure 3He below 200 mK. Finally, our model allows 
to extract from the field dependence of T\ the intrinsic relaxation time Tm, of which the 
temperature and concentration dependences are discussed in part 3.4.6. 

3.4.1 Surface relaxation model 

In our relaxation model, we assume that the intrinsic relaxation is independent of the 
magnetic field, and that the surface relaxation takes place inside a so called active layer 
and is caused by magnetic field fluctuations near the surface. The thickness of this layer 
depends on the range of the field fluctuations, and is so small, that the diffusion is fast 
enough to maintain a homogeneous magnetization within the layer. 

In the case of the liquid 3He with 0.5% 4He, the 4He forms a superfluid film on top 
of a solid layer of 4He at the surface [18, 19]. We assume that the surface relaxation 
takes place inside this film (the thickness of the active layer is smaller than the film 
thickness), and that the 3He concentration within the film is equal to the (temperature 
dependent) bulk solubility of 3He in 4He in zero field. In other words, we assume that 
the surface relaxation process in liquid 3He which contains sufficient 4He to cover the 
entire surface, is essentially the same as that in a saturated 3He-4He mixture at the same 
temperature. Evidence for this hypothesis will be given in 3.4.3. 

Bulk and surface relaxation are parallel processes, thus the experimental relaxation 
rate T\ is given by: 

l\ h An 
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with 7ìn the intrinsic relaxation time and Ts the surface relaxation time. 
To describe the surface relaxation inside the active layer, we use the classical theory 

of Bloembergen, Purcell, and Pound (BPP) [12] for nuclear spin relaxation in fluids. 
In this theory, the nuclear spin is subject to a randomly fluctuating perturbing magnetic 
field with mean square amplitude (aß2) and correlation time rc, resulting in a relaxation 
rate T^ : 

, = ̂ щ 
l s 1 + ( ω τ ς ) 2 ' 

where ω is the Larmor frequency and γ the gyromagnetic ratio (γ = ω/Β). With y % 
2 χ IO8 rd/sT for 3He, ωτς « 1 for a rc of 5 ns at 1 T. In principle, we also have an 
intrinsic relaxation process for the mixture inside the active layer, due to dipole-dipole 
interactions. However, as shown by the maximal T\ observed in Figs. 3.2 and 3.3, the 
relaxation time associated to this process is larger than 1000 s below 300 mK. This is 
much longer than 7"iiS, as we will see, and we will henceforth ignore this contribution. 

To obtain the contribution of the surface relaxation process to T\ measured in our 
experiments, T\ s must be multiplied by Nlol/Nit the ratio of the total number of spins 
which will have to relax to the number of spins inside the active layer. This is true as 
long as the atoms can reach the surface by diffusion fast enough, i.e. if the diffusion 
time το across the cell is much less than T\.sNtol/Ns. If this is not the case, we deal 
with diffusion limited relaxation, in which case the relaxation will be multi exponential. 
The rate of the slowest diffusion mode, which is the measured quantity, corresponds 
to an effective surface relaxation time Ts, which is , within 5%, given by the sum of 
Ti.s^tot/Mi and το (see appendix B): 

Ъ = τη Η т ζ τ-Β . (3.3) 
Ns Y2(SB2)TC Ns (aß2) 

For a slab of thickness 2L, τρ = {2L)2/(n2 D) where D is the diffusion coefficient for 
liquid 3He, e.g. from [20]. If we take 5.6 mm for the characteristic length 2L, (corre
sponding to the diameter of the hole in the wheel of the magnetometer), then the calcu
lated TD increases with temperature as shown in Fig. 3.4. The temperature dependence 
of Ns, {SB2), and rc are a priori unknown. In classical liquids, where the fluctuating 
fields are caused by translational motion of the atoms or molecules, the correlation time 
тс is inversely proportional to the diffusion coefficient D [ 12]. In our case, rc contains 
information about the dynamics of the 3He atoms close to or at the surface. 

Substituting of the effective surface relaxation time (Eq. (3.3)) into Eq. (3.1), the 
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measured relaxation time T\ can be written as: 

with 

Mol a Nl0(Tc 

a = TD+ 2 / I D 2 . • P= . , / t D 2 , (3·5) 

Nsy
2{SB2)Tc NS(SB2) 

In a previous paper [8] we have shown that Eq. (3.4) describes the relaxation time mea
surements of saturated 3He-4He mixtures and liquid 3He containing 0.5% 4He. 

In the following subsections we will analyze all our relaxation time measurements 
in the framework of Eq. (3.4), including those on saturated 3He-4He mixtures at 100 
mK (section 3.4.2), liquid 3He containing 0.5% 4He (section 3.4.3), and liquid 3He-
4He mixtures at 300 mK and at 1 К with various 3He concentrations (section 3.4.4). 
Furthermore, we will discuss in more detail the intrinsic relaxation time as a function of 
temperature and 3He concentration (section 3.4.6), and the relation between diffusion 
and the correlation time in the surface relaxation process (section 3.4.5). 

3.4.2 Saturated He-4 He mixture at 100 mK 

Let us first discuss how the results for the saturated mixtures at 100 mK (Fig. 3.2) are 
interpreted in the framework of Eq. (3.4). First, ourBPP-like model obviously accounts 
for the observed B2 behavior. The fact that we do not see any saturation at the largest 
fields shows that 7̂ n is larger than 104 s. On the other hand, there is no saturation at 
the lowest fields either. From Eq. (3.2), this implies that (ωτ ς)

2 ^ 1, even at 3 T, the 
lowest field studied. This means that the correlation time тс is at least 2 ns, which we 
will discuss below. Finally, the fact that we do not observe any saturation at the lowest 
fields due to the finite diffusion time Try to the walls is perfectly understood, as τρ % 2 
s for a saturated 3He-4He mixture at 100 mK [21], much smaller than the measured T\ 
(100 s-2000 s). 

3.4.3 Liquid 3He with 0.5 % 4 He 

Let us now turn to the case of liquid 3He with 0.5% 4He. Since we assume the surface 
layer in this case to be identical to that of a saturated mixture, we expect that the full 

Eq. (3.4), now with nonzero \ITm anda, should fit our data. As shown by the solid lines 
in Fig. 3.1, this is indeed the case for all temperatures from 40 mK up to 750 mK, with 
α, β, and 7jn as the only (temperature dependent but field independent) fit parameters. 
For the particular temperature 100 mK, the value found for β, which is a measure of the 
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surface relaxation, is approximately 200 s/T2, to be compared to 14 s/T2 in the case of 
the saturated mixture in the same cell (Fig. 3.2). The ratio of /Ts is thus equal to ratio 
of /Vtot, the total number of spins, in both cases. This scaling is precisely that expected 
if the surface contribution Tis and the number Ns of atoms in the active surface layer 
are the same in both situations. It strongly supports our assumption that the surface 
relaxation takes place within the saturated film and that the active layer is essentially 
the same in both cases. 

The quadratic field dependence of T\ s is in contrast with the linear field dependence 
generally found in ultra pure 3He samples with solid 3He at the surface [9]. If we would 
fit our data using such a linear behavior, we would need a negative (unphysical) value 
for a. This implies at least that such a behavior could not extend below ~ 1 T, unlike 
in the very pure system. This illustrates the critical role of the 3He solid layer in deter
mining the linear field dependence of T\ s in pure 3He experiments [9]. On the other 
hand, the conclusion that, for larger fields, T\ s behaves as B2 rather than В could not be 
drawn from Fig. 3.1 only. The experiment on the saturated mixture (Fig. 3.2) is essen
tial in this respect. Due to this results, we can safely extrapolate the intrinsic relaxation 
time 7jn from the measured T\, even though 7Ί does not saturate in our field range at 
the lowest temperatures. 

In order to obtain more information about the surface relaxation process, we will 
discuss in the rest of this subsection the temperature dependence of the two fit parame
ters describing Ts, which are plotted as a function of the temperature in Fig. 3.4. In our 
analysis, we will focus on rc, as it is this quantity which is determined by the spin dy
namics. We will also restrict ourselves to Τ < 250 mK , since for larger temperatures, 
all the liquid 4He is likely to be dissolved into the 3He, so that our picture of a saturated 
layer does not apply any more. Fig. 3.4 shows an increase of β (β = N(otvc/Ns (SB2)) 
with temperature. If we assume that (SB2) does not change at our low temperatures and 
high magnetic fields, the increase of β must be attributed to rc, as Ntol remains constant 
while Ns only slightly increases with temperature because of the increasing maximum 
solubility л3 s of 3He in the 4He film (JC3 s increases from 6.6% at 40 mK to 7% at 100 
mK and 9% at 200 mK [22]). 

This increase of the correlation time rc is expected if the motion responsible for 
relaxation is the diffusion of atoms close to the surface. In order to test more quanti
tatively this idea, we plotted in Fig. 3.5 β(Τ)χ$ S(T) as a function of D¿¿(T), where 
Aiii(T) is the diffusion constant of a saturated dilute mixture. The д:з,5(Г) factor can
cels out the /Vs dependence of ß, so that ß(T)x^s(T) is proportional to rc. We ob
tained DM(T) from the measured values [21] for a 3He-4He mixture with a concen
tration of 5 % 3He by correcting for the 3He concentration (D ~ x3' in the degenerate 
regime [21]). The proportionality of ßx$ s to D¿t¡ means that they have the same tem
perature dependence. This is indeed consistent with the idea that rc ~ D^,1, i.e. that 

35 



Nuclear Magnetic Relaxation in Liquid 3He and 3He-4He Mixtures 

0.05 0.10 0.15 0.20 

7(K) 

Figure 3.4: The fit parameters a (or = τρ + Ntot/Л^у2{8B2)zc), and β (β = 
Ntottc/Ns(6B2)) as a function of the temperature, determined with Eq. (3.4) from T\ 
measurements of liquid 3He containing 0.5% 4He. The solid line is the diffusion time 
T£» in seconds, as estimated in the text. 

relaxation occurs through the diffusive motion of 3He atoms inside the saturated layer. 

This behavior provides a natural explanation for the previously unexplained obser
vations [2] that Ts is inversely proportional to the diffusion constant D of pure 3He in 
experiments where Ts is clearly larger than то, the diffusion time across the sample. 
Indeed, in these conditions, 7S ~ β (at large enough field) ~ D~\ since the diffusion 
constant for pure and dilute 3He are approximately proportional to one another below 
200 mK. 

An absolute estimate of rc can be obtained from the combined values of a and β. 
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Figure 3.5: ßx-$tS as a function of the reciprocal diffusion coefficient D^\ of a saturated 
3He-4He mixture. D^ was taken from Ref.[22] for a 3He-4He mixture with 5% 3He, 
and has been corrected for the 3He concentration. The temperature ranges from 40 mK 
where 1/D % 20 s/cm2 to 200 mK where DT¡ % 150 s/cm2. 

According to Eq. (3.5) 

a = TD{T) + ß 
(YTcy 

= TD(T) + ( (3.6) 

with To = (2Ι_,)2/(π2 D(T)), where 2L is of the order of cell size. If we again assume 
that NtQi/Ns(8B2) is independent of temperature, a can reasonably be described as a 
linear function of 1 /β, with L and Ntoi/(Ns y(SB2 ) )2 as free parameters. This gives 2L 
= 6 mm, a reasonable value since it is in between the diameter of the hole in the wheel 
and that of the cylindrical cell. With this value of L, a is dominated by the contribution 
of тр. This explains why a does not increase (as \/β does) at low temperature. Once 
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Figure 3.6: Relaxation rate 1 / T\ as a function of the square of the reciprocal field 1 /B1 

of 3He-4He mixtures with four different 3He concentrations x3 at 300 mK and 95% 3He 
at 1 K, as denoted in the legend. Lines are fits as described in the text. 

L is determined, we get rc from (γτ0 ) 2 = β/(a — ro ). rc is found to increase from 4 ns 
up to 12 ns from Τ = 40 to 100 mK. The relative increase is less than for D ĵ,1 in the 
same temperature range, but this could be due to the poor precision on a — το, which 
makes it difficult to determine rc to better than 2 ns. 

Even if we do not make the previous assumption that a and β only depend on tem
perature through rc, we can still give a lower bound for тс since 2L^3 mm is certainly 
a lower limit for evaluating iß. At lOOmK, this gives тс > 5 ns. This estimate is con
sistent with that inferred from the study of the saturated mixture at 100 mK. We defer 
the discussion of this order of magnitude to section 3.4.5. 

3.4.4 3He-4He mixtures at 300 mK and IK 

We saw in 3.4.3 that our relaxation model, with a correlation time proportional to 1/Ddii > 
accounted for measurements of T\ in 3He with 0.5% 4He. What should we expect, 
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within the same model, for our data on mixtures at 300 mK? If the temperature de
pendence of α and β is only through тс (and το) in Eq. (3.5), their values at 300 mK 
for the mixtures can be deduced from the measurements of the 6% mixture at 100 mK 
in the same cell (cell 2) by scaling β as l/rc and using Eq. (3.6) for a (in our model 
of an active layer of fixed thickness, the ratio Ntot/Ns does not depend on the dilute 
mixture concentration). As D^i « 3.5 χ 10~3 cm2/s at 300 mK and Ц ^ « 15 χ IO - 3 

cm2/s at 100 mK for a 5% mixture [21], we expect rc to be approximately four times 
larger for the 6% mixture at 300 mK than at 100 mK, i.e. тс > 8 ns (see 3.4.2). For the 
11.6% mixture, rc should be increased by a further factor of two, as D^\ ~ 1 /дез in this 
temperature range [21], i.e. rc > 16 ns. As β % 9 s/T2 at 100 mK in cell 2, β should 
correspondingly range from 40 to 80 s/T2 at 300 mK for mixtures of concentration 6% 
to 12%. β/(γτΐ)

2 should then be smaller than 15 s. For the above D¿¡\ values, r/> is 
also less than 10 s (using 2L = 6 mm as an estimate of the distance between relaxing 
walls), so that a should be less than 25 s. 

In our T[ range (500 s-2000 s), we finally expect \/T\ = l/7]„, + \/(βΒ2). Ac
cordingly, we plot in Fig. 3.6 \/T\ as a function of 1/ß2. These coordinates, unlike 
those of Fig. 3.2 allow for the non negligible bulk relaxation rate at these temperature 
and concentrations. The data of the mixtures with 7 ± 1 % 3He and those with 12 ± 
1 % 3He have been fitted as a linear function of 1 /B2 for В larger than 8 T, and the re
sults are shown as straight lines in Fig. 3.6. The values for β resulting from the slope of 
these straight lines range from 12 ± 1 to 17 ± 1 s/T2, that is, do not show the four fold 
increase predicted from the expected change in тс. The 11.6% data, which extend to 
the lowest fields, clearly deviate from a straight line. Accordingly, these data can only 
be fitted to Eq. (3.4) using a larger value of α (a % Ю0 s) than expected. 

The discrepancy between the observed and predicted values of or and β cannot re
sult from an extra temperature dependence of a and β, e.g. through (SB2), since a is 
too large whereas β is too small with respect to the predicted values. As an effect, rc es
timated from (γτ0)

2 = β/(α — το) is of order of 2 ns (independently of any hypothesis 
on the constancy of (SB2)), ten times smaller than expected from the assumed scaling 
τς ~ 1/Дііі· This may mean that another relaxing mechanism becomes more efficient 
than the diffusive motion of atoms at 300 mK. In the future, it would be desirable to 
study continuously the evolution of T\ for a 6% mixture from low temperatures up to 
300 mK. 

Despite this problem, the data at large fields show a reasonable linear behavior of 
1/7] as a function of 1/ß2. This allows to extract Tm for the mixtures at 300 mK as a 
function of 3He concentration. The values found are shown in Fig. 3.8 and discussed 
in section 3.4.6. 
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3.4.5 rc and the mechanism of surface relaxation 

In the following, we focus on our results below 200 mK for 3He with 0.5% 4He, for 
which a scaling of β with 1/Odii is observed. As discussed in part 3.4.3, this scaling 
is consistent with the hypothesis that relaxation occurs through diffusive motion of the 
3He atoms within the 4He film close to the surface. Here, we analyze the significance of 
our quantitative results on the correlation time rc, in the framework of both the above 
hypothesis, and of alternate explanations for the observed scaling. A comparison to 
surface relaxation on other substrates is also presented. 

In the case where 3He spins relax due to diffusive motion in the inhomogeneous 
magnetic field of the surface, rc = l2/n2Ddl\, with / the correlation length of the inho
mogeneous field and D¿¡\ the diffusion coefficient of the 3He in the 3He-4He mixture 
film near the surface. In section 3.4.3, we showed that тс > 5 ns at 100 mK, indepen
dently of any hypothesis on the mechanism of surface relaxation. If we take for D¿t\ 
the bulk value of a 5% 3He-4He mixture [21], this corresponds to a correlation length 
larger 0.25 μτη, which is about 4 times the reported 4He film thickness [18]. As the re
sults of part 3.4.2 and 3.4.3 are consistent with the idea that the thickness of the active 
layer is itself smaller than that of the film (scaling of β), we end up with a correlation 
length larger than this thickness, i.e. larger than the range of field fluctuations, perpen
dicular to the surface. It is not clear to us whether this is possible or not. In any case, 
this value of / is not large enough, taking into account the possible uncertainty in the 
film thickness or the possible change of the diffusion constant close to the surface, to 
rule out spin diffusion as the relaxing mechanism. 

An alternative hypothesis to explain the observed long correlation time might be 
that a 3He atom sticks to the surface and relaxes due to the perturbing field of a para
magnetic impurity at the surface of the cell, in a similar way to that observed for 3He 
gas, in hydrogen coated cells in the low field limit [23]. Ns would then correspond to 
the number of 3He atoms at the surface, and rc to the sticking time. 

Measuring the temperature dependence of rc should allow to discriminate between 
the two mechanisms. тс should increase with temperature in the first mechanism (relax
ation due to diffusion), whereas it should stay constant, or even decrease with increas
ing temperature in the second mechanism (relaxation due to sticking). As discussed in 
3.4.3, the temperature variation of rc cannot be unambiguously determined in the case 
of "pure" 3He, due to the large uncertainty on тд in Eq. (3.6), so that both mechanisms 
are in fact possible. In the second mechanism, the experimentally measured increase of 
β with temperature should then be attributed either to a decrease of /Vs, or to a decrease 
of the field fluctuations, with increasing temperature. Experiments studying the tem
perature dependence of 7S for a saturated mixture could possibly discriminate between 
the two mechanisms, by allowing to measure directly the temperature dependence of 
rc. Indeed, with respect to the case of "pure" 3He, τ β would be reduced by a factor of 
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50, whereas a — το would be only reduced by the ratio of У (0(, i.e. approximately 14, 
thereby increasing the relative precision on a — το, and hence rc. 

In this context of the relaxation mechanism, we remark that Eq. (3.2) is a classical 
one, where no allowance is made for phase space restrictions imposed by the Pauli prin
ciple, as is the case for bulk liquid 3He. Such a restriction could give an extra tempera
ture dependence to T\ s, which could make β (respectively a) to vary differently from тс 

(respectively 1/ rc). To our knowledge, this effect has not been considered previously. 
However, even if it does exist, it could not explain alone the temperature dependence of 
β, as it should probably lead to an increase of relaxation as the temperature increases. 

Let us finally discuss the absolute strength of surface relaxation, independently 
of any hypothesis on its mechanism. The intrinsic surface relaxation time is T\ s = 
Ns/Mot (Ts — το) = NS/N{01 (a + βΒ2 — το). Depending on the thickness of the active 
layer, which may range from one atomic layer up to /, Ns/NXot ranges from ~ 2 χ IO - 8 

t o ~ 2 χ IO - 5 for cell 1, taking 6% as the concentration inside the saturated film. Thus, 
atypical 7S of 1000 sin 3 Τ (β = 100 s/T2) corresponds to T\ s from 20 ¿ÍS up to 20 ms. 
These numbers are short with respect to those reported for pure 3He on surfaces of high 
specific area (typically 1 s in 3 Τ [9, 24]) where the relaxation is believed to occur 
through exchange between the first solid layer and the liquid, and where addition of 
4He considerably reduces the relaxation [9]. This suggests that the field fluctuations 
associated with a plastic material could be much larger than for these other substrates. 
From β, τς, and Ns/Nlot, we can estimate (SB2) from Eq. (3.5). Using β = 100 s/T2, 
тс > 5 ns at 100 mK, we find that ((aß2))1/2 ranges from 15xl0" 4T (for a 0.25 д т 
thick relaxing layer) up to 0.05 Τ (for an atomic size relaxing layer). Such large val
ues point to a high concentration of (electronic) paramagnetic impurities in the plastic 
walls of our cells. 

3.4.6 Intrinsic relaxation 

Fig. 3.7 shows the intrinsic relaxation time 7jn of pure3He, as a function of temperature, 
as determined with Eq. (3.4) from T\ measurements of liquid 3He with 0.5 % 4He. The 
experimental data have been obtained from T\ measurements as a function of magnetic 
field, with the only assumption that Ts = a + βΒ2 , which, as we have shown above, 
describes the whole set of data of the 3He excellently. Moreover, above 100 mK , the 
applied field was high enough to reach 7jn within experimental accuracy of about 10%. 

The experimentally determined 7in has been compared with theoretical predictions 
of Vollhardt and Wölfte [5], Bedell and Melzer [6], and Havens-Sacco and Widom [7]. 
As the measurements are performed at saturated vapor pressure, which is about 0 bar 
at these low temperatures, the theories of Bedell and Melzer, and Havens-Sacco and 
Widom, have been plotted in Fig. 3.7 for a pressure of 0 bar, for which we have used 
the Fermi liquid parameters of Ref. [25]. The theory of Havens-Sacco and Widom is 
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Figure3.7: Intrinsic relaxation time 7in of liquid 3He as a function of temperature deter
mined with Eq. (3.4). The error bars are smaller than the symbol size. The lines repre
sent the theory of Vollhardt and Wölfle (solid line, Ref.[5]), Bedell and Meltzer (lower 
dashed line, Ref.[6]), and Havens-Sacco and Widom (upper dashed line, Ref.[7]). 

in clear disagreement with the experimental data. Although the theoretical prediction 
of Bedell and Melzer is quantitatively in good agreement with the experiment around 
100 mK, the predicted pure T~2 dependence is not observed at these temperatures. 

Excellent agreement between the experimental data and the theory of Vollhardt and 
Wölfle is observed in the Fermi liquid regime (below 100 mK). Although the qualita
tive temperature dependence describes quite well the transition from the Fermi liquid 
regime to the Boltzmann regime above 1 K, in the high temperature plateau, the exper
imentally determined 7"in is 1.5 times longer than the theoretical value. This is in agree
ment with the 7*i measurements of Romer [26], which were, although not corrected for 
wall relaxation, also higher than the theoretical prediction. In the theory of Vollhardt 
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Figure 3.8: Intrinsic relaxation rate 1 /7¡n of 3He-4He mixtures at 1 К (full circles) and 
300 mK (full squares) as a function of the 3He concentration x-$. The solid line is a fit 
to the 1 К data, the dashed line represents the theory of Lowe et al. of Ref.[4]. 

and Wölfle, the total intrinsic relaxation rate is the sum of the relaxation rates in the 
collisionless (7^Рд) and in the hydrodynamic regime (T^f1)· * t s calculation involves 
a momentum-integral which contains a cut-off wave vector q§ that separates the col
lisionless from the diffusive regime, and determines the high-temperature value. Be
cause the cut-off wave vector q§, which is proportional to the inverse mean free path, 
is determined only up to a factor of 2, at best, the observed difference between exper
iment and theory can be accounted for by the value of q§ in the theory, and agreement 
between theory and experiment could be obtained by adjusting the value of qo [27]. 

In Fig. 3.8 we have plotted the 7̂ ~' of 3He-4He mixtures at 1 K, as a function of 
the 3He molar concentration x^. For these high densities and temperature, the magnetic 
field was high enough to reach Tm within the experimental accuracy of about 7%, while 
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for Tm for the He density of 100% we have taken the extrapolated value from Fig. 3.7. 
The straight line perfectly fits the data, showing clearly the proportionality of T~] to 
the 3He concentration, and the expected behavior that T\ goes to infinity as jtj goes to 
zero. 

These measurements can be compared to the prediction of Lowe et al. [4], who 
have calculated Tm of 3He in 3He-4He mixtures for temperatures much greater than the 
Fermi temperature: 7̂ ~' = лгз/1 IT1/2 where Tm has the units of hours and χ?, is the 
concentration of 3He in percent. The theoretical T~l, which has been plotted for Τ = 
1 К in Fig. 3.8, predicts the correct 3He density dependence and deviates only by 10% 
from the experimental results. 

We also have plotted 7̂ ~' determined with Eq. (3.4) from T\ of the 3He-4He mix
tures at 300 mK in Fig. 3.8. These data also show an increase of T~l with the 3He 
density, but cannot be compared with the theory of Lowe et al., since the temperature 
is too low (7/r « 500 mK for a 10% 3He-4He mixture [22]). The observed increase 
of 7¡~' with the 3He concentration in 4He in this case is qualitatively similar to that 
of 3He gas, for which Mullin, Laloë and Richards [28] argue that at low temperatures, 
but still in the Boltzmann regime, the thermal wavelength λ (λ = Ті/(тквТ){^2, with 
m the effective mass) becomes larger than the distance of closest approach a, resulting 
in 7̂ ~' ~ nT[/2 where η is the 3He gas density. However, due to the proximity of the 
degenerate regime, no quantitative agreement will be considered here. 

An interesting point which should be mentioned here is the prediction of a mini
mum for 7in of 3He gas as a function of the temperature [29]. The change from 7̂ n ~ 
Γ1/2 predicted and observed by by Chapman and Richards [30, 31] at high tempera
tures, to 7in ~ Τ~χΙ2 at low temperatures, results in a minimum of 7̂ n at intermediate 
temperature for which λ « a at about 0.8 К [29]. At these temperatures the 3He gas 
density becomes very low (« IO25 m~3), and hence 7jn is very long . Due to conden
sation and wall sticking, wall relaxation becomes the dominant relaxation process as 
the temperature is lowered. Therefore the minimum of Tm could not be observed in 
gaseous 3He [32]. 

In liquid 3He, the crossover would occur in the same temperature range as that 
from the classical to the degenerate regime (since a is of order the inter atomic distance 
n - 1 / 3 ) , so that the minimum indeed observed around IK is then due to the crossover 
from the high temperature Boltzmann behavior to the degenerate regime, for which one 
expects Tm ~ T~2. On the other hand, observation of the predicted minimum seems 
possible for dilute solutions of 3He in 4He [17], using our technique to determine 7jn. 
For a 3He-4He mixture with 10% 3He, the inter atomic distance n~ ' / 3 ~ 8 Â. At the pre
dicted minimum temperature of 1 Κ, λ % a « 2.5 Â, so that ηλ3 % 0.04 for such a mix
ture. Hence, for3 He concentrations lower than 10%, we indeed would have λ <и~ 1 / ' 3 

while the system goes from λ < a to λ > a at Τ « 1 К, thereby avoiding degeneracy. 
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3.5 Conclusions 

We have presented a comprehensive experimental study on the nuclear magnetic re
laxation time T\ of almost pure liquid 3He and 3He-4He mixtures as a function of 3He 
concentration, temperature and magnetic field. All results can be explained by a sin
gle model, in which the surface and intrinsic contributions to T\ can be separated due 
to their different magnetic field dependences. We have shown that the surface relax
ation time of liquid 3He containing 4He, unlike when there is a solid layer of 3He at 
the surface, is proportional to 1 + (yßrc)2 . The correlation time тс, determined from 
our experiments, is of the order of 5 ns at 100 mK. The temperature dependence of this 
surface term agrees with the idea that the relaxation arises from the diffusive motion of 
the 3He atoms in the 4He film at the surface. The intrinsic relaxation time 7jn of 3He 
we have experimentally determined with high precision, is in good agreement with the 
theoretical predictions by Vollhardt and Wölfle [5]. We have shown that 7jn in

 3He-4He 
mixtures at a temperature of 1 K, is proportional to the 3He concentration, in agreement 
with theoretical predictions [4]. 
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Chapter 4 

Distillation of Nuclear Polarization 
of 3He-4He mixtures in Very High 
Magnetic Fields 

We have used the method of refluxing 3He in a 3He-4He mixture, in litera
ture better known as fractional distillation, to produce an enhanced nuclear 
polan/ation of a saturated 3He-4He mixture For the experimental study 
reported in this chapter, we have developed an all plastic distillation set-up, 
which allows high 3He circulation rates at low temperatures ( 18 μιτιοΙ/s at 
150 mK) up to the highest magnetic fields (22 5 T) The magnetization has 
been measured with a torque magnetometer as described in chapter 2 The 
nuclear magnetic relaxation time T\ of the 3He-4He mixture was found to 
increase with the square of the magnetic field, indicating that T\ is dom
inated by surface relaxation As a consequence, the enhancement of the 
magnetization, which is amongst others proportional to T\, increased also 
with the square of the magnetic field At the highest field at 140 mK, a po
larization of 8% of the 3He-4He mixture has been obtained, 1 6 times the 
equilibrium value Various ways to improve the set-up are discussed 

4.1 Introduction 

Liquid 3He at low temperatures, pure or dissolved in 4He, is a model system of corre
lated fermions, and experiments on polarized 3He are a test for different theories de
scribing this Fermi liquid [1] Due to the Pauli exclusion principle, the atomic inter
actions are modified upon polarization of the nuclear spins, and fully polarized 3He 
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is expected to be a new quantum system, with a diverging mean free path and a com
pletely different behavior of the transport properties [2]. However, because of the small 
nuclear magnetic susceptibility, the equilibrium polarization of liquid 3He is limited to 
about 10% at an experimentally accessible static magnetic field of 30 Τ and a pressure 
of 30 bar. This polarization is too low to observe these drastic changes. 

Large (non-equilibrium) polarizations in liquid 3He and 3He-4He mixtures have 
been reached using transient techniques, like rapid melting of highly polarized solid 
3He [3], as proposed by Castaing and Nozières [4], and fast condensation of optically 
polarized gas [2,5]. However, a drawback of these methods is that due to the relaxation 
of the nuclear magnetization the polarization and temperature is not constant during 
the experiment. Recently, three new methods have been shown to produce stationary 
enhanced polarization: circulation of optically polarized 3He through a 3He-4He mix
ture [6], dilution of 4He in 3He [7], and fractional distillation of a 3He-4He mixture [8]. 
Essentially, the loss of magnetization due to relaxation in these experiments is compen
sated by a circulation of polarized 3He. 

To obtain a very large stationary polarization in 3He-4He mixtures, we have used 
the method of fractional distillation in very high magnetic fields (up to 22.5 T). This 
is a very promising technique, because, as we will show, in addition to the increase of 
the equilibrium polarization with magnetic field, the enhancement also increases with 
magnetic field. Enhancement of the nuclear polarization by fractional distillation of a 
3He-4He mixture, which is based on the differences in nuclear susceptibility of 3He in 
the concentrated and diluted phase, has been demonstrated by Nacher et al. [8]. In their 
experiment, they used a magnetic field of 5 T, and a nuclear magnetization of about 5% 
was obtained, corresponding to 3.5 times the equilibrium value. 

For the experimental study reported in this chapter, we have developed a distilla
tion set-up, entirely made out of plastic, which allows high 3He circulation rates at low 
temperatures (18 μιηοΐ/s at 150 mK) and at the highest fields. The magnetization has 
been measured with a torsional magnetometer, as described in chapter 2. One of the 
main results is that the enhancement of the polarization in the distillation process in
creases with the square of the magnetic field. Because the polarization enhancement is 
amongst others proportional to the relaxation time, this observation is a direct conse
quence of the ß2-dependence of the surface relaxation of 3He in 4He [10] discussed in 
chapter 3, and is corroborated by relaxation time measurements in the condenser of the 
distillation set-up. 

In the next section we will describe the principles of thq distillation process, and 
we will discuss the relationship between the temperature in the distillation set-up and 
the 3He circulation rate. In section 4.3 we describe the experimental set-up, where we 
will focus on the heat exchanger between the condenser and the mixing-chamber of the 
dilution refrigerator, and the measurement of the nuclear magnetization at very high 
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magnetic fields with a torque magnetometer. In section 4.4 we will present and discuss 
the results on the performance of the distillation set-up, including the measurements of 
the Kapitza resistivity of the heat exchanger, the condenser temperature as a function 
of the 3He circulation rate, the relaxation T\ as a function of the magnetic field, and the 
magnetization measurements as a function of the magnetic field and 3He circulation 
rate. Finally we will summarize the main results. 

4.2 Principles of the distillation process 

The distillation apparatus essentially consists of two volumes, the boiler and the con
denser, connected by a tube, schematically shown in Fig. 4.1. The tube can be vertical, 
but in practice it is coiled, to allow a longer tube in a limited space. The apparatus is 
filled with a 3He-4He mixture and cooled down to about 100 mK by a heat exchanger in 
the condenser which is connected to the mixing chamber of a dilution refrigerator. The 
composition of the 3He-4He mixture is such that the phase separation will be located in 
the boiler, where the concentrated phase floats on top of the dilute phase. A circulation 
of 3He atoms (dilute phase going down, concentrated phase going up) in the distillation 
set-up is created as follows. When heat is applied to the boiler, 3He atoms from the con
centrated phase dissolve in the dilute phase (mixing). The temperature of the boiler is 
higher than that of the condenser, resulting in a pressure difference between the boiler 
and the condenser which is equal to the osmotic pressure difference. The pressure dif
ference drives the 3He atoms to the condenser. The dilute phase is transformed to con
centrated phase (condensation) in the condenser at the surface of the heat exchanger, 
where the latent heat released due to condensation is cooled away to the mixing cham
ber. The concentrated phase, which is formed as a mist of small droplets [12], flows 
back to the boiler by its buoyancy. 

To create an enhancement of the nuclear polarization, the above described 3He cir
culation takes place in an applied magnetic field. The ratio of the 3He molar suscepti
bilities of the dilute phase to that of the concentrated phase is 

£ = Xd/Xc (4.1) 

This ratio is larger than 1 for temperatures below 250 mK [11] and at pressures below 
2.6 bar [7]. Therefore, when 3He is transformed from the dilute to the concentrated 
phase, and if there is conservation of magnetization during this transformation (which 
means that the relaxation time 7] is much longer than this transformation process), the 
magnetization of the concentrated phase is larger than its thermodynamic equilibrium 
value (which would be χ€ В). If we assume that there is perfect magnetization exchange 
at the interface between the up-going concentrated and down-going dilute phase in the 
distillation column, and that the polarizations of the dilute and concentrated phases in 
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line 
heater 

condenser 

kapton wall 

magnetometer 

mixing chamber 
Figure 4.1 : Schematic drawing of the experimental cell for the distillation of nuclear 
magnetization of 3He in a 3He-4He mixture. The magnetometer is located in the con
denser, which is separated from the surrounding mixing chamber by a Kapton foil, and 
connected with a tube to the boiler. The concentrated phase (dark grey) in the boiler 
and mixing chamber floats on top of the 3He-4He mixture (dilute phase, light grey), and 
the condensed 3He droplets move upwards from the condenser to the boiler through the 
connecting tube. 
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the boiler are in equilibrium with the applied magnetic field B, a net flux of magneti
zation m leaves the boiler: 

m = ni(Xd-xc)B (4.2) 

with из the 3He circulation rate. This flux of magnetization creates an over-polarization 
in the condenser and the connecting tube. Two processes, resulting in a total relaxation 
time T\, try to restore equilibrium polarization simultaneously: 3He-3He dipolar inter
action (intrinsic, bulk relaxation) and interaction of 3He atoms with the surface of the 
experimental cell (surface relaxation). The loss of magnetization due to relaxation in 
the condenser is: 

m = ΛΝ (4.3) 
Ά 

with T\ the (magnetic field dependent) relaxation time, N the number of 3He atoms 
in the condenser and tube, and meq = XdB the thermodynamic equilibrium value of 
the dilute phase. In an ideal distillation set-up, i.e. no relaxation or diffusion of 
magnetization in the connecting tube and perfect magnetization exchange between 
the two phases, in steady-state operation the net flux of magnetization leaving the 
boiler (Eq. (4.2)) equals the loss of magnetization due to relaxation in the condenser 
(Eq. (4.3)), resulting in the gain of the distillation process [8]: 

J?L = 1+<Lzl>!*b·, (4.4) 
meq ξ N 

with N/ñj the circulation time of the 3He load. Because the creation of the magneti
zation m in Eq. (4.2) does not depend on m, the magnetization in the distillation pro
cess will exponentially reach the value given by Eq. (4.4), with the same relaxation 
time 7| as without distillation. Substituting typical values for operation at 100 mK 
((ξ- i)/£ = 0.18 [11],/ІЗ = ΙΟμιηοΙ/s, Tx = 103 s, N = 2.5 mmol for a volume of 
1 cm3), we get m/meq = 1.7. For an ideal distillation set-up, we expect from Eq. (4.4) 
that the change in magnetization Am = m(B2) — m{B\ ) due to a change in magnetic 
field from B\ to B2 is: 

Am = 1 + ( * - 1 ) п э 
Агпщ ξ Ν 

B2Tì(B2)-BlTl(Bì) 

Вг — В\ 
(4.5) 

where Ameq = meq(B2) -meq(B\) = Xd(B2 - B{). 
The enhancement due to the distillation process, given by Eq. (4.4), is proportional 

to the relaxation time T\, the 3He circulation rate /13, and (ξ — 1 )/£, which is a function 
of the temperature in the condenser Tc. In the following we will determine the relation
ship between Tc and /13. 
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The heat input Q in the boiler that drives dissolution (mixing) of 3He in the 3He-
4He mixture and that causes the 3He circulation rate «3, is released in the condenser 
due to condensation of 3He. The 3He circulation rate «3 is calculated from the enthalpy 
balance in the boiler: 

Q 
»3 = -72 (4.6) 

with Q the heating power in the boiler, Тъ the temperature in the boiler and γ the en
thalpy difference of the 3He in the concentrated and diluted phase, tabulated in Ref. 
[ 13], (к slightly decreases from 79 J/mol K2 at 50 mK to 60 J/mol K2 at 150 mK). 

It should be noted that according to Eq. (4.6) applied to the condenser, a small dif
ference in temperature between the boiler and the condenser implies that the heat re
leased by condensation is smaller than the heat input Q used for dissolution in the boiler. 
The difference is released through viscous heating by the 3He flow. The power gener
ated by the viscous flow ¿vise is [14]: 

0™с = гЛ ІыпІ = тоіп3АП (4.7) 

with Ζ the impedance of the tube, η the viscosity of the 3He-4He mixture, Vmoi the mo
lar volume of the 3He in the 3He-4He mixture, «3 the 3He circulation , and Δ Π the 
change of the osmotic pressure between the the boiler and the condenser. With typical 
values for our distillation set-up ( Ζ » 4 χ IO12 m~3, η ~ 0.5 χ 10~5 Nsm - 2 at 100 
mK , V = 430 χ ΙΟ"6 nrVmol, and ñ3 «* Ю - 5 mol/s) ßvlsc < 1 nW and ΔΠ < 0.1 
Pa. For saturated 3He-4He mixtures, Π has been tabulated in Ref. [13]. Below 140 
mK, Π «a 2200 + ΙΟ5 Τ2 (Pa), which means that the temperature difference between 
the boiler and condenser needed to supply the osmotic pressure is about 0.01 mK. Be
cause the viscosity increases as T~2 in the degenerate regime, while the osmotic pres
sure goes to a constant value, temperature differences of the order of mK between the 
boiler and condenser are predicted to occur below 50 mK. Hence, in our experiments, 
the temperature in the boiler and condenser practically are the same, and all Q is used 
to overcome the enthalpy difference between the 3He in the concentrated and diluted 
phase. 

The heat released upon condensation is cooled away through heat exchange with 
the mixing chamber. If we neglect the temperature gradient in the heat exchanger, the 
temperature difference AT = Tc — Tmc between the condenser (7C) and the mixing 
chamber (7*mc) is determined by the Kapitza thermal boundary resistivity R^T* (which 
is a constant at low temperatures and henceforth we define /?κ^3 Ξ Π<) between the 
3He-4He mixture and the Kapton: 
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• _А{Т?-Т^)_А(Т?-Т^С) 

4/?кГ
3 4/-К 

with A the surface of the heat exchanger, and Tc the temperature in the condenser. 
Because in practice T\, % Tc and for high enough 3He circulation T^c <3C T4, we 

can, in order to obtain an expression for Й3 as a function of Tc, combine Eq. (4.6) and 
Eq. (4.8) into: 

* = ^ - ^ > « *& (4.9) 
4угкЦ 4)/гк 

predicting a quadratic increase of Л3 with the temperature in the distillation set-up. 
In chapter 3 we have seen that if the relaxation time is dominated by surface re

laxation, then T\ is proportional to the volume to surface ratio: Γι ~ V/A [10]. The 
number of 3He atoms in the condenser is proportional to the condenser volume Ν ~ V 
and из ~ Д/гк (Eq. (4.9)). Therefore, in the case of surface dominated relaxation and 
if all surface is used as heat exchanger, the gain of the distillation process is propor
tional to ñ$T\/N ~ 1/гк, which is independent of the dimensions of the condenser, 
and inversely proportional to the Kapitza resistivity, which is a property of the material 
of the heat exchanger. 

4.3 Experimental realization 

The experimental set-up, which has been made of Kapton [15], Hysol [16] and Stycast 
1266 [ 17], is schematically shown in Fig. 4.1. The distillation apparatus consists of the 
boiler and the condenser, connected by a tube. Magnetization exchange between the 
concentrated and dilute phase and prevention of diffusion of magnetization from the 
condenser to the boiler asks for a long tube, whereas relaxation of magnetization in the 
tube and a small 3He circulation time ask for a short tube. The total length of the ap
paratus must be smaller than 15 cm in order to fit inside the inner vacuum can of the 
dilution refrigerator. As the behavior of magnetization exchange and relaxation in the 
tube is not a priori known, we have chosen to build a modular set-up, in which in princi
ple the tube can be changed. However, until now we have only tried one tube, which is 
coiled to accommodate a longer tube in a shorter length. The tube is machined into the 
Hysol rod (shaded in Fig. 4.1 ), and has a slope of 10°, a square internal cross-section of 
1 mm2 and a total length of 30 cm. From visual observation in a 4He circulating refrig
erator it is known that concentrated phase is formed in droplets smaller than 0.1 mm 
and that the velocity of these ascending droplets is 2 cm/s in a vertical tube [12]. This 
would mean for our distillation set-up that it takes about 90 s for a droplet to travel from 
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the condenser to the boiler, and that for a typical 3He circulation of 10 μιτιοΐ/s there are 
about 60 χ 103 droplets (with a total volume of 0.3 χ 10~3 cm3) in the condenser and 
the tube. However, formation of larger droplets or a film in the tube cannot be excluded, 
as Nacher et al. observed that back-flow of concentrated 3He in a Teflon tube with a 
slope of 10° was possible for a tube with an inner diameter of 0.8 mm, but not for one 
with an inner diameter of 0.32 mm [8]. With the magnetometer in the condenser, the 
volume in the condenser available for the 3He-4He mixture is about 3.5 cm3, including 
the connecting tube. 

The condenser is surrounded by the mixing chamber, which is part of a home built 
plastic dilution refrigerator [18]. The heat exchanger between the condenser and the 
mixing-chamber is a 200 μηι thick Kapton foil with a surface area of 13 cm2. We have 
chosen to build the mixing chamber directly around the condenser with a Kapton heat 
exchanger in between. This design has several advantages above the normally used 
metal heat exchangers. Firstly, there is no additional surface introduced into the con
denser, which would shorten the relaxation time. Secondly, because there is no metal 
used, there is no eddy-current heating due to magnetic field changes, which is of partic
ular importance for use in resistive magnets. Thirdly, the short distance (small thick
ness) between the cell and the mixing chamber keeps the contribution of the thermal 
conductivity (of the Kapton) to the temperature difference between the cell and the mix
ing chamber small. The fourth advantage is the relatively low Kapitza resistivity of the 
Kapton heat exchanger. The value for the Kapitza resistivity, гк, of Kapton found in the 
literature varies from 7 χ IO - 4 m2K4AV [19] to 4x 10~3 m2K4/W [20], and the high
est value is still about 10 times smaller than e.g. that for silver, which is often used 
for heat exchangers because of its good thermal conductivity [21 ]. This means that the 
surface area of a Kapton heat exchanger can be ten times smaller than that of a metal 
heat exchanger having the same cooling power. We estimate the temperature difference 
AT in the heat exchanger due to thermal conductivity, (AT % Qd/Ακ(Τ)), with d/A 
the thickness to surface ratio of the foil, and κ(Τ) the thermal conductivity, typically 
3 χ 10 - 3 T2 W/mK for insulators [21 ]) to be about 1 m ^ W , which is, as we shall see 
in the next section, nearly a factor of 10 smaller than the temperature difference due to 
the Kapitza resistivity. 

With this experimental cell, a 3He circulation rate of 18 μπιοΐ/s at a temperature of 
150 mK in the condenser has been realized in a superconducting magnet with a max
imum field of 11.6 T, and 16 μιηοΐ/s at 140 mK in a hybrid magnet, in this case a 8 
Τ superconducting magnet plus a 14.5 Τ resistive coil. Because the middle of the dis
tillation set-up is located at the center of the magnetic field, the magnetic field at the 
boiler and at the condenser is about 10% lower than that at the center of the field. This 
way, the equilibrium polarizations in the boiler and condenser are the same, and the 
field gradient in the condenser, needed for the torque magnetometer (see chapter 2), is 
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Figure 4.2: Relaxation of the nuclear magnetization of 3He in a 3He-4He mixture in 
the condenser of a distillation set-up with a 3He circulation of 18 μιτιοΐ/s at a temper
ature of 150 mK after a field sweep from 5.8 to 11.6 Τ in 140 s in a superconducting 
magnet. The signal due to diamagnetism during the sweep is partly shown. The dashed 
line is the exponential fit of the nuclear magnetic relaxation after the field-sweep with 
extrapolation time Δί. 

provided automatically. 

The temperature was measured in the condenser, boiler, and mixing chamber with 
three 1 kQ Ru0 2 chip resistors [22], which were calibrated against a commercial Ge 
thermometer [23] and a CMN thermometer. The magnetoresistance of the ЯиОг resis
tors was typically 10 % at 10 T. As there were no metal parts in the experimental cell, 
apart from the silver electrodes and the leads to the magnetometer and thermometers, 
little eddy-current heating was induced by sweeping the magnetic field, resulting in a 
total accuracy and stabilization of the temperature to better than 10%. 
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For the measurement of the magnetization, we have used a torque magnetome
ter as described in chapter 2. The magnetometer is mounted in the condenser of 
the distillation set-up, schematically shown in Fig. 4.1. We have coated the sur
face with polystyrene, by dipping all parts of the magnetometer and the cell in a 
polystyrene/toluene solution, in order to reduce surface relaxation by smoothening the 
cell surface and reducing its effective area. As the magnetometer measures all mag
netization, the nuclear magnetization which relaxes during the field sweep is masked 
by the diamagnetic signal of the magnetometer (background) and by the diamagnetism 
of the 3He and the 4He, as is clearly seen in Fig. 4.2, which shows a typical relaxation 
curve. The change in nuclear magnetization Δ/η = m(B2) — m{B\ ) and T\ are deter
mined from the exponential decay of the nuclear magnetization at stable magnetic field, 
after a quick step (much shorter than T\ ) of the magnetic field from B\ to B2. To obtain 
the correct value of Am, the relaxation curve should be extrapolated in order to correct 
for the lost magnetization during the sweep, as is shown in Fig. 4.2. The extrapolation 
time Δί, which is determined by the magnetic field dependent relaxation time T\ (B) 
during the magnetic field sweep, has been calculated in appendix A. 

4.4 Results and discussion 

First we discuss the experimental relationship between Tc and из, and the measured 
Kapitza resistivity of the Kapton heat exchanger between the condenser and the mixing-
chamber. In section 4.4.2, the measurements of the relaxation time T\ as a function 
of the magnetic field will be presented, and the consequences for the magnetization 
enhancement and the determination of the magnetization from the relaxation curve will 
be discussed. In section 4.4.3 we will present the measurements of the magnetization 
enhancement as a function of «з up to 18 μπιοΐ/s, and as a function of the magnetic 
field up to 22.5 T. 

4.4.1 3He circulation rate 

We have measured the temperatures in the boiler (7ь), condenser (7C), and mixing 
chamber (Tmc), as functions of the heat applied to the boiler. From the slope of Q versus 
Τ? ~ ^mc which has been plotted in Fig. 4.3, the Kapitza resistivity r& of the Kapton 
heat exchanger is determined with Eq. (4.8) to be 6 χ 10~3 m2K4/W This value is com
parable to 4x 10~3 m2K4/W for Ίμπι thick Kapton foil reported by Frossati [20], but 
an order of magnitude larger than 0.7 χ 10~3 m2K4/W reported by Nacher et al. for 8 
μιτι and 12 д т Kapton foil [19]. 

In Fig. 4.4 the 3He circulation rate ñ-¡, calculated from the applied heat and the tem
perature in the boiler with Eq. (4.6), has been plotted as a function of the square of the 
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Figure 4.3: Heating power in the boiler (β) versus the difference of the fourth powers 
of the temperature in the condenser Tc and in the mixing chamber Tmc. 

temperature in the condenser Гс

2. The calculated values are compared with Eq. (4.9), 
which is the drawn line in Fig. 4.4, for which we have taken the mean value of γ over the 
temperature interval from 50 to 150mK [13], and the Kapitzaresistivity гк = 6xl0~ 3 

m2K4/W, as determined above. The good agreement between the calculated values and 
Eq. (4.9) shows that indeed 7ь » Tc and 7^c «; if, which has been used to derive 
Eq. (4.9). 

In Fig. 4.4 it is shown that hj, increases quadratically with 7C. The ratio {ξ — 1 )/ξ 
decreases rather linearly with increasing temperature from 0.24 at 50 mK to 0.12 at 150 
mK [11]. If we assume that T] is independent of temperature, then we predict the en
hancement factor to increase with increasing temperature, contrary to the experiments 
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Figure 4.4 Calculated 3He circulation rate (rt3),(using Eq (4 6) and the heating power 
Q dissipated in the boiler), versus the square of temperature in the condenser Tc The 
drawn line is nj, calculated with Eq (4 9) from the temperature in the condenser 

of Nacher et al, who measured the largest enhancement at the lowest temperatures [8] 

4.4.2 Relaxation time T\ 

The relaxation of the magnetization of the 3He-4He mixture in the condenser has been 
measured as a function of the magnetic field with a maximum of 22 5 Τ for various 3He 
circulation rates («3 up to 18 μπιοΐ/s) and various temperatures (7C between 70 mK and 
150 mK) The relaxation time T\, determined from these measurements and plotted in 
Figs 4 5 and 4 6, is proportional the square of the magnetic field We attribute the ob-
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Figure 4.5: Nuclear magnetic relaxation time T\ of a saturated 3He-4He mixture in the 
condenser of the experimental cell as a function of the square of the magnetic field. The 
measurements have been performed in a superconducting magnet (full circles, 7*c=150 
mK, «3 = 18 μΐΓΐοΙ/s), and hybrid magnet (full squares, 7*c=140 mk, /13= 16 дтоі/s). 

served relaxation to surface relaxation, which is, as discussed in chapter 3, proportional 
to B2 for 3He in 3He-4He mixtures, while the intrinsic relaxation time is independent 
of the magnetic field [10]. From Fig. 4.6 it can be seen that T\ measured in the con
denser decreased with increasing 3He circulation and with increasing temperature. At 
a temperature of 150 mK and a magnetic field of 11.6 T, T\ for a 3He circulation rate 
of 18^mol/s was about 10% lower than without circulation, indicating that T\ slightly 
decreases with increasing 3He circulation. The temperature and 3He circulation de
pendences of 7i are not completely understood, but they seem to be related to surface 
relaxation, as the measured T\ is in all cases proportional to B2. 
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Figure 4.6: Nuclear magnetic relaxation time T\ of a saturated 3He-4He mixture in the 
condenser of the experimental cell for various temperatures and 3He circulation rates 
nj as a function of the square of the magnetic field 

Relaxation takes place at all the surfaces, that is the surface of the condenser, of the 
magnetometer and of the tube. An estimation for the diffusion time is tß = L2/(n2 D), 
where L is the typical length and D the diffusion coefficient of the 3He-4He mixture 
[24]. For the condenser L is about 1 cm and το is 10 s at 150 mK, while for the tube L 
is 30 cm, resulting in a diffusion time of 9000 s. Hence on the time scale of the relax
ation time, the magnetization in the condenser is homogeneous, while along the tube a 
magnetization gradient can be built up. 

Although the enhancement of the distillation process is proportional to the relax
ation time, from a practical point of view very long relaxation times are not wanted. The 
time one can do an experiment at the maximum magnetic field of a resistive magnet at 

Τ (mK) n3 (μητιοΙ/s) 
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the Nijmegen High Field Magnet Laboratory is limited by cooling capacity to 3 hours 
a day. This means that the distillation set-up should be designed to have a relaxation 
time of about 1 hour at the highest fields. 

The observed proportionality of T[ to B2, implies that the enhancement of the mag
netization in the distillation process also increases with B2. With T\ = aB2, (a = 
13.7 ± 0.5 s/T2 for our experimental cell), Eq. (4.4) becomes: 

m _(k-\)ah^ ( 4 Л 0 ) 

which can be written as 

тец ξ Ν 

= l + e ß 2 , (4.11) 

with e = (ξ — 1)(айэ)/(£Л0. From Eq. (4.5) we find for Am/Ameq fora step of the 
magnetic field from B\ to B2'. 

A m =\+с(В2 + ВіВ2 + В2

2) (4.12) 
Ameq 

The second consequence of the proportionality of 7j to B2 is, that the extrapolation 
time At to obtain the magnetization difference Am from the relaxation curve, is given 
by: 

Δ ' = ' » ( ^ ) 2 ( ' " < , + 1 7 , + Τ Τ Μ - ' ) · < 4 , 3 ) 

as has been calculated in appendix A. 

4.4.3 Magnetization enhancement 

The magnetization enhancement has been determined as a function of the 3He circula
tion й3 up to 18 μπιοΐ/s at a temperature of 150 mK in the condenser, by measuring the 
change in magnetization due to the change of the magnetic field from 5.8 Τ to 11.6 T. 
The change in magnetization Am has been obtained from the relaxation curves using 
Eq. (4.13) for the extrapolation time. The results are plotted in Fig. 4.7 and have been 
normalized, so that Am/ Amtq equals 1 at nj = 0. The ratio Am/Ameq shows a linear 
increase with ДІ3. The measured enhancement is 0.7 times the enhancement, expected 
from Eq. (4.4) for an ideal working distillation setup with T\ of 1600 s, and (ξ — 1 )/£ 
of0.12atl50mK[ll] . 

The magnetization enhancement in the condenser has been determined as a function 
of the magnetic field up to 11.6 Τ with Tc = 150 mK and /13 = 18 μπιοΐ/s, and up to 

63 



Distillation of Nuclear Polarization of He- He mixtures 

1 
< 

Π (μΙΤΙθΙ/s) 

Figure 4.7: Nuclear magnetization in the condenser Am/ Атщ as a function of the 3He 
circulation П3 at a magnetic field of 11.6 Τ and at a temperature of 150 mK. The data 
have been normalized so that Am/ Ameq =1 at Й3 =0. 

22.5 Τ , with Tc = 140 mK and /J3 = 16 μπιοΐ/s. The change in magnetization Am = 
w(ß2 ) — m(B\ ) has been determined from the relaxation curve after a rapid change of 
the magnetic field from B\ to #2. using Eq. (4.13) for the extrapolation time. The step 
in the magnetic field Bi — B\ was typically 5 Τ for all data. In Fig. 4.8 we have plotted 
Am/Атщ determined from the measurements as a function of (B2

X -\-B\B2 + B\). The 
data have been obtained by dividing the amplitude of the magnetometer signal by the 
gradient of the magnetic field and the magnetic field step (B2 — B\). The result has 
been normalized so that Am/Ameq equals 1 at (B^ + B\ Bj + B\) = 0. 

The results in Fig. 4.8 clearly establish the linear dependence of Am/Ameq with 

64 

file://-/-B/B2


4.4 Results and discussion 

2.5 

2.0 

σ 

< 

< 

1.5 

1.0 
0 200 400 600 800 1000 

εή+Β^Β2+Εζ (Τ2) 

Figure 4.8: Nuclear magnetization in the condenser Am/Ameq as a function (Ä2 + 
B\ #2 + B\), normalized so that Am/ Ameq =1 at (B\ + B\ B2 + B\)=Q. The measure
ments have been performed in a superconducting magnet (dots , Tc=150 mK, /13 = 18 
μπιοΐ/s), and hybrid magnet (squares, Гс=140 mK, «з = 16 дтоі/з). 

(В\ + В\В2 + В^), expected from Eq. (4.12). Because Am/Ameq only measures 
the enhancement of the magnetization for a step of the magnetic field, the total mag
netization m must be determined by integration of these steps. This is done by de
termining the slope of Am/Атщ versus {B2

{ + B1B2 + B\) from Fig. 4.8, which is 
e = 1.5 χ 10"3T~2 for the 140 mK data. For an ideal distillation set-up, according 
to Eq. (4.11), for a circulation rate of 16 μπιοΐ/s at a temperature of 140 mK 6 is 
2.8xl0 - vT~ 2. Hence, the measured enhancement is half the ideal value. When the 
applied field is 22.5 T, the magnetic field at the condenser is 20.5 Τ Substitution of the 
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measured value of 1.5 χ 10 3 T 2 for e in Eq. (4.11 ), yields a magnetization m of 1.6 
times the equilibrium value at 20.5 T, corresponding to a polarization of about 8%. 

Summarizing the magnetization measurements as a function of 3He circulation and 
magnetic field, we can conclude that the average of the enhancements is about 0.6 of 
that of an ideal distillation set-up. We attribute this to fast relaxation of magnetization in 
the tube connecting the boiler and the condenser. As we have seen in chapter 3, surface 
relaxation is proportional to the surface to volume ratio. Relaxation in the tube, which 
has been machined out of Hysol and has not been coated with polystyrene, is expected 
to be fast as the tube has a high surface to volume ratio. This surface to volume ratio 
could be decreased by using a tube with a circular instead of a square cross-section, 
or by a polystyrene coating which smoothens the surface. Another solution would be 
to use a different material for the the tube, like e.g. Teflon, which has a very smooth 
surface, or to coat the entire cell with molecular hydrogen H2, which enlarges the re
laxation time T\ [8]. Also a shorter tube would reduce relaxation in the tube, 

In section 4.2 it was stressed that the gain of the distillation process is independent 
of the dimensions of the condenser, if all surface area in the condenser was used as 
heat exchanger. Because in our set-up the surface area of the magnetometer is about 
twice that of the heat exchanger, considerable improvement could be obtained by using 
a smaller magnetometer and adding a Teflon tube heat exchanger, through which the 
3He-4He mixture of the mixing-chamber flows. Teflon is known for its low Kapitza 
resistivity [21] and smooth surface. In this way, T\nï/N could be increased by a factor 
of 3, and with a Teflon connecting tube between the condenser and the boiler, a better 
performance is expected. Realizing that the enhancement increases with the square of 
the magnetic field, it should be possible to create a polarization of more than ten times 
the equilibrium value in a 30 Τ magnet, corresponding to a polarization of more than 
70%. 

The increase of polarization enhancement with B2 is not restricted to the distilla
tion process discussed above, but applies in principle to all processes which are based 
on recovery of the magnetization which is lost due to surface relaxation in 3He-4He 
mixtures, like e.g. in circulation of optically polarized 3He through a 3He-4He mixture. 
Because the intrinsic relaxation time of concentrated 3He is much shorter than that of 
3He-4He mixtures, T\ of liquid 3He at high magnetic fields will not anymore be domi
nated by surface relaxation, but will approach its intrinsic value in high magnetic fields 
as we have seen in chapter 3. Therefore, although surface relaxation in concentrated 
3He is also proportional to B2, the polarization enhancement of concentrated 3He, in 
experiments like e.g. dilution of 4He in 3He [7], or distillation of a 3He-4He mixture at 
high pressure [25], is expected to increase less than quadratically with B. 
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4.5 Conclusions 

The magnetization of a 3He-4He mixture has been measured with a torque magnetome
ter in the condenser of a distillation set-up as a function of the magnetic field up to 
22.5 T. We have shown that the enhancement of the nuclear magnetization of3 He-4 He 
mixtures in a distillation experiment is proportional to the square of the magnetic field, 
a consequence of the B2 dependence of the surface relaxation time of 3He in 3He-4He 
mixtures. This observation makes distillation of a 3He-4He mixture a very promising 
technique for the production of highly polarized 3He-4He mixtures in very high mag
netic fields. With a 3He circulation rate of 16 μπιοΐ/s in this distillation setup and at 
a temperature of 140 mK and a magnetic field of 22.5 T, we have reached a polariza
tion of 8% in the dilute phase, 1.6 times the the equilibrium value. The measured en
hancement is about half that expected for an ideal distillation set-up. The reduction in 
enhancement is probably due to fast relaxation of magnetization in the tube connecting 
the condenser and boiler. The performance of the distillation set-up may be improved 
by using a Teflon tube instead of Hysol, and by adding a Teflon heat exchanger to the 
condenser. 
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Chapter 5 

Magnetization measurements of 
liquid 3He up to 25 Τ 

Precision measurements of the magnetization curve of liquid He will be 
a test for various theories describing this Fermi liquid In this chapter we 
report the measurement of the susceptibility of liquid 3He up to 25 T, per
formed with a torque magnetometer described in chapter 2. Although the 
magnetization is determined with an accuracy of 1%, the scatter in the val
ues as a function of the magnetic field is 5 times larger Various possibili
ties to improve the measurements are discussed 

5.1 Introduction 

At low enough temperatures and zero magnetic field, liquid 3He is well described by 
the phenomenological Landau theory [ 1 ] Ata pressure of 30 bar, the nuclear magnetic 
susceptibility χ and the specific heat are enhanced by a factor of 20 and 5 respectively, 
compared to the values of an ideal Fermi gas with the same density The enhancement 
of the specific heat is caused by interactions leading to an increased density of states at 
the Fermi level, reflected by the effective mass, while the enhancement of the suscep
tibility is a combined effect of both this effective mass and magnetic (spin-dependent) 
interactions A fundamental question is whether these physical properties of liquid 3He 
are due to the proximity of a phase transition, like e g a ferromagnetic or localization 
(Mott) transition, which are a starting point for various microscopic theories describing 
this Fermi liquid [2] Because these theories predict a different behavior of the phys
ical properties like e g susceptibility and viscosity as a function of the polarization, 
measurement of the polarization dependences of these quantities will be a test for the 
various theories describing this Fermi liquid [3] This chapter deals with the measure-
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ment of the susceptibility as a function of the magnetic field After a brief summary of 
the various theories and their predictions for the susceptibility, we describe the exper
imental set-up for the measurement of the magnetization as a function of the magnetic 
field and present the results 

5.1.1 Theoretical predictions 

In the nearly ferromagnetic model, liquid 3He is assumed to be in the proximity of a 
ferromagnetic instability This gives rise to strong spin fluctuations, the so called para-
magnons, whose thermal excitation accounts for the specific heat enhancement with 
respect to an ideal gas [7], and for the temperature dependence of magnetic suscepti
bility [8, 9] In contrast, in the nearly localized model [10], the pressure dependences 
of these quantities results from the increase of the effective mass, due to the proximity 
of a localization transition, as pressure is increased In the nearly ferromagnetic case, 
the magnetization curve should show a pronounced downwards bending upon polar
ization, markedly different from that predicted by Vollhardt [4] in the framework of the 
nearly localized model Here, polarization reduces the exchange between neighboring 
atoms, bringing the system closer to the localization transition The susceptibility is 
then predicted to increase with field, up to a field at which a metamagnetic transition 
to a localized, fully polarized, state occurs 

Although metamagnetic behavior of liquid 3He was clearly ruled out by measure
ments of m(B) up to fields of order 200 Τ [5], which showed that the susceptibility 
decreases at large polarization, increase of χ at low fields can still not be excluded In 
the theory of Bedell and Sanchez-Castro [11], who generalized the Landau theory to 
arbitrary polarization, the predicted metamagnetic behavior at high pressure and low 
temperature is suppressed at elevated temperatures (100 mK) Moreover, in the recent 
theory of Georges and Laloux [12], liquid 3He is proposed to be close to both a lo
calization transition and a ferromagnetic instability, a so called "Mott-Stoner liquid", 
allowing a suppression of the metamagnetic behavior by adding a small concentration 
of vacancies in the fictitious 3He lattice 

Since the nuclear susceptibility of liquid 3He is very small, it is difficult to obtain 
experimental information about the polarized state in the presently available static mag
netic fields Even so, it may be possible to measure deviations from essentially zero 
field behavior at accessible magnetic fields (30 T) The measurement of the m(B) curve 
will be a test for the different microscopic theories predicting deviations from linearity 
For a magnetic field of 30 T, zero temperature and a pressure of 34 bar, the paramagnon 
model [8] predicts a decrease of the susceptibility of 3% with respect to the zero field 
value while the "nearly localized model" [4] predicts an increase of 10% We have de
veloped a sensitive torsional magnetometer to accurately measure deviations of the 3He 
magnetization curve from linearity The magnetometer has already been described in 
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chapter 2, and will briefly memorized in section 5 2, where the experimental cell and 

measuring procedure are described 

5.2 Experimental technique 

5.2.1 Experimental cell 

Because the predicted deviation from linearity of the tn(B) curve increases with pres
sure, these experiments are performed at high pressure, just below the solidification 
pressure of ^He of 34 bar The high pressure cell is schematically shown in Fig 5 1 
The wall of the cell consists of several layers of a single piece of 80 μπι thick Kapton 
foil The foil is glued together with Stycast 1266, and coiled tightly around a Teflon 
cylinder with the same diameter as the Hysol top and bottom of the experimental cell 
After curing in the oven, the Kapton is removed from the Teflon cylinder and glued onto 
the Hysol top and bottom of the cell The thickness of the wall of the cell is quite crit
ical A cell with 5 layers of Kapton exploded at a pressure of 19 bar, because the wall 
was not strong enough to resist the pressure and was torn in two parts, while cells with 
14 layers exploded in a test set-up at pressures between 20 and 30 bar Thick Kapton 
walls are too rigid, and the radial forces on the wall are transmitted to the joints con
necting the Hysol and the Kapton Experimentally we have determined that cells with 
9 layers of Kapton (with a total thickness of 0 7 mm) resist a pressure of at least 32 bar 
In order to be able to deform slightly at high pressure, at the ends of the Kapton and 
the Hysol of these cells, an angle of about 10 ° is machined over a length of 5 mm, as 
is schematically shown in Fig 5 1 

Thermal contact between the liquid 3He and the dilution refrigerator is provided by 
32 silver foils with a total area of 100 cm2 in the cell and are connected to silver sinters 
in the mixing chamber The foils [13] have been annealed at 800 °C for 8 hours to 
increase the thermal conductivity The foils are glued with Stycast 2850 [15] in a plug, 
and are connected to silver sinters in the mixing chamber (see Fig 5 1 ) The sinters are 
made by compressing silver powder [14] to a density of about half of that of silver, and 
sintering it 20 minutes in the oven at 220 °C Although the foils are parallel to the field, 
there always is some eddy current heating, leading to a base temperature of about 70 
mK at 25 Τ 

5.2.2 Measuring procedure 

The deviation of m(B) from linearity at 25 Τ is expected to be of order 1 % Because 
the polarization is about 10% at 25 T, we need to measure magnetization with an ab
solute accuracy of order 10_ 1 at different fields This requirement led us to use a 
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Figure 5.1: Schematic drawing of the experimental cell for the measurement of the 
magnetization of liquid 3He at high pressures. The silver foils in the cell are connected 
to the sinter in the mixing chamber. 
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torque magnetometer rather than NMR. Details concerning the construction and per
formances of the device are found in chapter 2, and we briefly recall its main features. 
As shown schematically in Fig. 5.1, the magnetometer consists of a cylindrical wheel 
with a torque wire through its axis which is stressed between two supports. Two cylin
drical holes, each of volume 0.17 cm3, are drilled on either side of the rotation axis. 
One hole is sealed and empty, and the other is open to 3He. The advantages of this 
symmetrical design are a low sensitivity to vibrations, and reduced background contri
bution from the plastic material of the wheel. The magnetometer is mounted in the high 
pressure cell which can be filled with liquid 3He. The cell is connected to the dilution 
refrigerator which is inserted in a high field resistive or hybrid magnet, in such a way 
that the cell is located several centimeters above or below the field center, providing a 
field gradient ^ . As the 3He is magnetized, a torque is exerted on the wheel. Capaci
tive detection of the resulting rotation allows measurement of m. With this device, we 
achieve a resolution better than 4 χ IO - 5 in terms of nuclear polarization, i.e. 2 χ 10~3 

of the nuclear polarization in 5 T. 

In order to measure the differential susceptibility /(m), the field is swept from an 
initial field B\ to a final field B2 in a short time (~ 10 s per Tesla). The 3He nuclear 
magnetization then relaxes to its final value over thousands of seconds, due to the long 
nuclear relaxation time. We thus measure the relaxation time T\ (B2) and the polar
ization change Am. The field dependence of T\, and the information it gives on the 
mechanism of surface relaxation, have been discussed in chapter 3. As has been ex
plained in chapter 2, the full magnetization change Am due to the field step cannot 
directly be measured. First, some part of it relaxes during the sweep itself and is hid
den by the background contribution. Secondly, after completion of the field sweep, В 
and Щ- may reach their stationary values after tens of seconds only, due to relaxation 
processes in the field coil itself. We therefore have to infer Am from an extrapolation 
of the exponential relaxation at longer times. This so called extrapolation time depends 
on the relaxation time T\ during the field sweep, and has been calculated in appendix 
A. 

At the end of each relaxation, the signal is calibrated by passing a current /' through 
the calibration coil, resulting in a torque Lc = i А В sin Θ, with В the magnetic field, and 
A sin θ the surface area of the coil parallel to the magnetic field (Θ is the angle between 
the normal to the plane of the calibration coil and B. The torque caused by the change 
in nuclear magnetization Am is Lm = Amrsinö^, with rsinö the component of the 
vector from the rotation axis to the center of the hole perpendicular to ~. The magne
tization change per mole Ammoi is determined from the ratio of the measured signal to 
the calibration signal: 

Vmol iABLmVmo\ 
Ammo, = A m — = ^ y (5.1) 
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The local susceptibility χ(Β) is the ratio of Ammo | and the magnetic field step AB 

= Δ ^ ο . 
AB 

with AB = B2 - B\ 
The distance between the magnetometer and the center of the magnetic field is typ

ically 5 cm The center of the magnetic field with respect to the magnetometer is de
termined by probing the magnetic field profile with the calibration coil of the magne
tometer as a function of the height of the cryostat with respect to a reference point on 
the magnet This way the distance from the magnetometer to the field center can be 
determined with an accuracy of 2 mm At 5 cm from the field center the gradient of the 
magnetic field is approximately 5 x ß c T/m, with Bc the value of the magnetic field in 
the field center The relative increase of the field gradient with the distance from the 
center at 5 cm from the center is 2% per mm 

5.3 Results and discussion 

The magnetization of liquid 3He has been measured with the torque magnetometer at 
a pressure of 0 and 24 bar as a function of the magnetic field Increasing the pressure 
has two important effects on the magnetic properties of liquid 3He The first one is that 
the susceptibility χ increases due to increasing interactions at higher density, as was 
mentioned in the introduction The second effect is that the intrinsic relaxation time 
decreases Both effects are clearly shown in Figs 5 2 and 5 3, m which the magnetiza
tion, measured with the torque magnetometer after change of the magnetic field from 
13 to 17 T, is plotted as a function of time Both magnetizations have been normalized 
to the 0 bar value, which has been determined by fitting the relaxation curve with an 
exponential 

The magnetization of the liquid 3He at 24 bar is almost 2 5 times the 0 bar value 
This increase is partly due to the direct increase of the number of 3He atoms due to the 
higher density, the molar volume decreases from 37 cm3 at 0 bar to 27 cm3 at 24 bar, but 
also (nearly a factor of 1 75) due to the increased susceptibility The measured increase 
of 1 75 is only 10% larger than the value measured by Ramm et al for liquid 3He at 80 
mK due to an increase from 1 bar to 24 bar From Fig 5 3, where we have plotted the 
logarithm of the magnetizations, normalized to their amplitude, it can be seen that the 
magnetization relaxes exponentially at both pressures The relaxation time T¡ of the 
liquid 3He at 24 bar is about 3 times shorter than at 0 bar at the same temperature, in 
qualitative good agreement with the theory of Vollhardt and Wolfle [6], who calculated 
T] at 80 mK to be about 2000 s and 500 s at 0 bar and 27 bar respectively 

In Fig 5 4 we have plotted the relaxation time T\ of liquid 3He at 0 and 24 bar and at 
60 mK and 80 mK as a function of the magnetic field We observe that T\ increases with 
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Figure 5 2 Relaxation of the nuclear magnetization of liquid ^He at 0 and 24 bar at a 
temperatures of 80 mK, after a change of magnetic field from 13 Τ to 17 Τ in 40 s The 
data have been normalized to the amplitude of the 0 bar magnetization 

magnetic field, and approaches a field independent value at high magnetic field. This 
behavior has been treated in detail in chapter 3, where it was ascribed to the combined 
effect of surface relaxation, whose relaxation rate decreased with increasing magnetic 
field, and a magnetic field independent intrinsic relaxation rate The intrinsic relaxation 
time 7]n of the ^He at 24 bar and 80 mK is about 450 s and is already reached at 5 T, 
while decreasing the temperature or pressure increases this value Because Tin strongly 
depends on temperature, the variation in T\ at 0 bar at high fields is due to variation in 
the temperature 

The change in magnetization Δ/и for liquid λΗε at 24 bar and at 80 mK, has been 
determined as a function of the magnetic field by measuring the relaxation curves after 
a change in the magnetic field of about 4 Τ between 8 Τ and 25 Τ Because for mag-
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Figure 5.3: Logarithm of the nuclear magnetization of liquid 3He 0 and 24 bar at a 
temperature of 80 mK, after a change of magnetic field from 13 Τ to 17 Τ in 40 s. The 
amplitudes have been normalized to 1. 

netic fields larger than 5 T, T\ does not change anymore with increasing field, as can be 
seen from Fig. 5.4, for these measurements Am is determined by extrapolation of the 
relaxation curve back to half the sweep time, as has been calculated in appendix A for 
the case where T\ is independent of B. This is a correct procedure because the diffu
sion time towards the relaxing walls is fast enough for the relaxation signal to be sin
gle rather than multi-exponential, as is shown in Fig. 5.3. The susceptibility, obtained 
by dividing the magnetization by the change in magnetic field, and normalized by its 
known low field value [9] at 80 mK and 24 bars, is presented in Fig. 5.5. The data were 
measured in two runs. The systematic error between the average value (~ 1.2) and 1 is 
consistent with the uncertainties in the field gradient, the pressure, the hole volume and 
the area of the calibration coil, which all enter into the calculation of the susceptibility. 
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Figure 5.4: Relaxation time T\ of the nuclear magnetization of liquid 3He at 0 bar and 
80 mK (full squares), 24 bar and 80 mK (full circles), and 24 bar and 60 mK (full tri
angles). 

The increase of χ with increasing magnetic field observed for one run, is not observed 
for the other run. Although the error in each point is less than 1 %, the observed dis
persion is larger. This cannot be explained by temperature changes, which remained 
smaller than 2 mK throughout this experiment. 

An accurate measurement of Am requires both the cell temperature and the field 
(and field gradient) to be stable during the whole relaxation. Because the nuclear mag
netization is temperature dependent (дт/дТ ~ —0.2%/mK at 80 mK [9]), a small tem
perature change during relaxation affects the total nuclear magnetization, which is pro
portional to β2· A 1 % accuracy for Am, at e.g. 80 mK, requires a temperature stability 
of 5(AB/B2) mK. Variations in В or Vß affect not only the 3He magnetization, but 
also the otherwise stable background signal. For a background to 3He signal ratio of 
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Figure 5 5 Susceptibility χ as a function of field (< В > = (ß | + вг)/2) at 25 bars 
and 80 mK The vertical scale is normalized by the known low field susceptibility [9] 
Squares and circles refer to two senes of experiments 

10, a 1% accuracy of Am needs a stability of better than 10 (Β2/ΔΒ) times 1 % for В 
and η^ during the measurement, 1 e 2 χ IO - 4 for a step from 20 Τ to 25 Τ For a typi
cal distance of 5 cm between the field center and the wheel center, this corresponds to 
a 10 μΐϋ stability of the vertical position of the cell' Hence the dispersion in the data 
of Fig 5 5 may results from some change in the relative position of the cell and of field 
coil from sweep to sweep 

The experiments could be improved by using Hall probes to control the stability 
of both В and ^ during the 3He relaxation With these Hall probes, the reproducibil
ity of the magnetization measurements should be checked Also the background signal 
should be reduced by using a material which is more homogeneous than Hysol, and 
by evaporation of gold electrodes instead of painting them with silver-paint Another 
possibility to reduce the background is to use less material for the wheel of the mag-
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Figure 5.6: Improved design for the wheel of a magnetometer for measurement of the 
magnetization of liquid 3He. The center of mass is located at the torque wire in the 
center of the wheel. 

netometer, like the design shown in Fig. 5.6. The second advantage of this new design 
is that the hole for the liquid helium has been optimized. If the background would be 
an order of magnitude smaller, the calibration coil could be used as feed-back coil, and 
relaxation of the magnetization could be measured at different fields without rotating 
the wheel. 

5.4 Conclusions 

With the developed torque magnetometer, the magnetization of liquid 3He can be de
termined with a precision of 1 % at arbitrary magnetic field. Despite this high accuracy, 
the dispersion in the measurements of the susceptibility as a function of the magnetic 
field is about 5%, which we attribute to small changes in the magnetic field and mag
netic field gradient, or to a change in the vertical position of the magnetometer with 
respect to the magnetic field, or to a combination of both. The experiments could be 
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improved by using Hall probes to control the stability of both В and ^ during the He 
relaxation, in parallel with a reduction of the background. With these improvements, 
the reproducibility needed to test the temperature dependent non linearity predicted by 
the theories may be reached. 
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Appendix A 

Extrapolation time 

After a sweep of the magnetic field (that is at / = fsw), only the nuclear magnetic relax
ation is measured by the magnetometer However, the nuclear magnetization relaxed 
during the field sweep, is masked by the diamagnetic signal This relaxed magnetiza
tion can be accounted for by extrapolation of the relaxation curve back to fbW — At, with 
Δί the extrapolation time, as is shown in Fig A 1 It should be noted that relaxation 
time generally depends on the magnetic field As a consequence, the extrapolation time 
is also magnetic field dependent In this section we calculate the extrapolation time Δί 
for three cases Tj is constant, T\ is proportional to B, and finally the case where T\ is 
proportional to B2 

The magnetic field is assumed to increase linearly in a time /sw from B\ to B2 

(B2 - Bi) 
B = B[-(--i-i Li, 0 < í < r s w (Al) 

'sw 

The equilibrium magnetization is meq (Β) = χΒ, where χ is the susceptibility We will 
assume that the sweep-time rsw is much smaller than the relaxation time T\, so that 
we can approximate the magnetization after the field-sweep to first order by m(/ sw) «s 
m(0) = χΒ[ After the field-sweep m will relax to its equilibrium value χΒ2 with the 
relaxation time T\ (B2) = T\ 

dm mea — m 
— = - ^ t > rsw (A 2) 
at l\ 

so that the time derivative of m after the sweep is 

dm Am 

Έ = ΎΓ ' = 'sw ( A 3 ) 

with Am = χ(Β2 - Bx) 



Extrapolation time 

I 

f (s) 

Figure A.l : Relaxation of the nuclear magnetization of 3He in a 3He-4He mixture (at 
150 mK) after a field sweep from 5.8 to 11.6 Τ in 140 s in a superconducting magnet. 
The signal due to diamagnetism during the sweep is partly shown. The dashed line is 
the exponential fit of the nuclear magnetic relaxation after the field-sweep with extrap
olation time Δί. 

For the case where T\ is constant, the time derivative of m during the field-sweep 

is: 

dm meq - m χ(Β — B\) 

~dt= T\ ~ Τι 

Substitution of Eq. (A. 1 ) into Eq. (A.4) leads to 

dm ίΔ/η 

0 < t < t, J: » ^: »sw (A.4) 

dt /sw7i 
0 < t < ÍC (A.5) 
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which leads after integration from t = 0 to r = rsw to the relaxed magnetization during 
the field-sweep: 

m ( r s w ) - m ( 0 ) = ^ ^ . (A.6) 

So, to correct for the relaxed magnetization during the field-sweep to first order, it can 
be seen by comparing Eq. (A.3) to Eq. (A.6) that m in Eq. (A.2) should be integrated 
from fsw/2 instead of rsw. Hence, the extrapolation-time Δί is half the sweep-time 
r s w/2, and Am is determined by integrating Eq. (A.2) from t = r s w — Δ/ = i s w/2 to 
infinity. 

For the case with T\ = aB the time derivative of m during the field-sweep is: 

dm X^t 
Ί Γ = n лв 0 < f < fsw (A.7) 
3ί aß , + àÂt 

'sw 

which leads after integration from t = 0 to t = tsw to: 
и ч ,m AmtswB2 Í Bx AB 

« < * · ) - « « » = — -ДД- 1 - д д ln(l + — ) 
(A.8) 

In this case the extrapolation-time is 

B2 Í Bi AB 1 
Д Г = Г - Х І { 1 - А І 1 П ( 1 + І ( A 9 ) 

which can in first order be approximated by (rsw/2)(fi2/#i ) if AB/B\ <3C 1. 
For the case with T\ = aB2 the time derivative of m during the field-sweep is: 

dm xf*t 
τ- = л п , 0 < r < r s w (A.10) 

dt α(Βχ + ^-ΐΫ - - sw 

which leads after integration from t = 0 to t = /sw to: 

Am tsv/B
2 [ AB 1 

w ( , i w ) _ w ( 0 ) = ^ - ! „ ( ! + ) + - 1 . (A.11) 
In this case the extrapolation-time is 

A ' = ' » ( w ( l n ( l + ^ ) + TTM-') ( A I 2 ) 

which can be approximated to first order by (tsw/2)(B2¡B[ )2 if AB/B\ <C 1. 
Summarizing, for T\ ~ Bn, with n=l,2 or 3, for Arsw <<C T\ At has been calculated 

analytically, and can be approximated (provided AB/B\ <ζ 1 ), to first order by: 

fsw / M " " ' 
Α ' = Τ 7 Γ (A.13) 
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Appendix В 

Intrinsic and surface relaxation 

In this section we calculate the total relaxation time T\ due to intrinsic and surface re
laxation. The atoms reach the surface by diffusion, of which the effect will be included 
in the effective surface relaxation time. We consider a fluid with a diffusion coefficient 
D, and an intrinsic relaxation time Гш. The liquid is confined between two infinitely 
long parallel plates at a distance χ = ±L. We assume the surface relaxation to take 
place in an active layer of thickness a, with a surface relaxation time T\ s. 

Inside the active layer, the change in magnetization m is due to the surface relax
ation and a flux of magnetization diffusing into this layer: 

dm mea — m д2т 

!Г = -?гг + г ' < Β · ' > 
At the boundary of the layer the magnetization flux should be continuous: 

D— = D—, (B.2) 
OX ox 

where m~ = m(L — a — δ) and m+ = m(L — a + S) while δ goes to zero. In our ex
perimental conditions diffusion in the layer is fast enough to maintain a homogeneous 
magnetization m in the layer (which means that a2/D <£ T\_s). Integration of Eq. (B.l) 
from L — a + δ to L results in: 

dm~ ( m дт\ 

-D^T=°fe+W' <B3) 

where we have used the continuity of flux (Eq. (B.2)), and for simplicity put weq equal 
to zero. If we assume that the time scale for the change of m in the active layer is much 



Intrinsic and surface relaxation 

larger than T\ s due to the reservoir provided by the cell, then dm/dt <iC m/T\ s and 
Eq. (B.3) becomes: 

dm am , „ ,„ _4 

•S- = — ^ = r - at x = ±L, (B.4) 
3JC D 7 [ . S 

N o w the magnetizat ion in the cell obeys the diffusion equation: 

dm —m „θ 2//? „ „ 
— = + D^r, (B.5) 
dt Tin dx2 

with the boundary condit ion Eq. (B.4), while symmetry requires that: 

— = 0 at x = 0. (B.6) 
dx 

We look for solutions of the form: 

mq (JC, t) = ( A , cos qx)e-p', (B.7) 

where the coefficients A q are determined by the condit ion that the initial magnetization 
m(x,t = 0) is given by the sum over all q. Substitution of mq (x, t) in Eq. (B.5) yields: 

Dq2 = p-^r. (B.8) 

This equation couples to each m o d e q a relaxation rate p , and it can directly be seen that 
the surface relaxation rate (diffusion inclusive) is Dq2. This means that the relaxation 
rate in the whole cell d u e to relaxation at the surface is Dq2, which is hence called the 
effective surface relaxation rate. T h e relaxation t ime of a m o d e q decreases with q2. As 
m is a sum over all modes, the early recovery of m will be non-exponential, but after the 
higher modes have decayed, m will exponential ly decay. Without intrinsic relaxation, 
(Tm -> oo), there is only surface relaxation, and ρ in Eq. (B.7) then equals Dq2. 

From the boundary condition (Eq. (B.4)) we get the equation for mode-selection: 

qtanqL=-^. (B.9) 
DI\.s 

There are two limiting cases. If a/qT\s <<C D, we are in the surface limited regime, and 
the magnetization is homogeneous throughout the sample. From Eq. (B.9) we get: 

Dq2 = - £ - , (B.10) 

which is, as expected, equal to the surface relaxation rate t imes a/L, the ratio of the 
volumes of the active layer and the cell. We will henceforth denote T\ %L/a the homo
geneous relaxation t ime 7 ¡ , o m . qL <C 1 is equivalent to Dq2 = 1/7},от <íí D/L2, i.e. 
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Figure В. 1: Ratio R of the effective surface relaxation times Ts (Ts = тд + T\s{L/a)) 
to Ï/Dq2, as a function of qL. The parameter varies from qL = 0 (corresponding to 
surface limited relaxation) to qL = π/2 (corresponding to diffusion limited relaxation). 

this regime applies if the diffusion time across the cell is much smaller than homoge
neous relaxation time. 

In the opposite limit, we are in diffusion limited regime, and we get from Eq. (B.9): 

4 2 

Hence the diffusion limited relaxation rate becomes: 

*-"(έ)4· 

(B.ll) 

(B.12) 

which is equal to the inverse of the diffusion time гд for the lowest mode in a one di
mensional system of width 2L. 
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Intrinsic and surface relaxation 

Let us define Ts as the sum of the diffusion time τρ and the homogeneous relaxation 
time Thom: 

L 
Ά = το + Thom = TD + 7"I. S -, (B.13) 

a 

and calculate the R, the ratio of Ts to the real surface relaxation time \/Dq2: 

R = Dq2Ts = Dq2ÍTD + ^ - Y (B.14) 

With Eqs. (B.9) and (B.12), this can be written as 

-(¥ / tan^L· 

R is drawn in Fig. B.l as a function of qL, varying from qL = 0, corresponding to sur
face limited relaxation, to qL = π/2, corresponding to the diffusion limited relaxation. 
It can be seen that the effective surface relaxation time \/Dq2 can within 5% be ap
proximated by Ts. 
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Summary 

Liquid 3He at low temperatures, pure or dissolved in 4He, is a model system of corre
lated fermions, and experiments on polarized 3He are a test for different theories de
scribing this Fermi liquid. Due to the Pauli exclusion principle, the atomic interactions 
are modified upon polarization of the nuclear spins, and fully polarized 3He is expected 
to be a new quantum system, with a diverging large mean free path and a completely 
different behavior of the physical (transport- and thermodynamic) properties. 

This thesis deals with an experimental study on the nuclear magnetic properties of 
liquid 3He and 3He-4He mixtures at low temperatures and high magnetic field. For the 
measurement of the magnetization, we have developed a torque magnetometer which 
measures the force on the magnetized liquid 3He induced by a magnetic field gradient. 
The device can be used at any magnetic field, and measures the relaxation of the nuclear 
magnetization after a step in the applied magnetic field, from which both the amplitude 
of the magnetization and the spin lattice relaxation time T\ can be determined. 

Due to the simple atomic structure of 3He, (and hence the absence of intra
molecular relaxation processes), the intrinsic relaxation time Tm is determined by the 
interactions between the nuclear spins, and hence a study of Tm is a probe of the dy
namics of the Fermi liquid. However, T\ measured in liquids is always determined by 
intrinsic relaxation and surface relaxation due to interactions of the nuclear spins with 
magnetic moments at the unavoidable surfaces of the experimental cell. In chapter 3 
of this thesis it is shown that, due to the difference in magnetic field dependences of 
the intrinsic and surface relaxation time, measurement of 7Ί of liquid 3He as a func
tion of the magnetic field allows unambiguous determination of the absolute value and 
temperature dependence of Tm and a detailed study of the surface relaxation time. One 
of the main discoveries is that the surface relaxation time of liquid 3He containing a 
small amount of 4He and of 3He-4He mixtures increases with the square of the mag
netic field, which can be described by a classical theory, in sharp contrast to the linear 
В dependence generally seen in pure liquid 3He, which requires a quantum mechanical 
description. The observed behavior is ascribed to the dynamics of the 3He atoms in the 
3He-4He mixture film at the surface. 



Summary 

Because of the small nuclear magnetic susceptibility, the equilibrium polarization 
of liquid 3He is limited to about 10% at an experimentally accessible magnetic field of 
30 Τ and a pressure of 30 bar, which is too low to observe the predicted drastic changes 
of the physical properties. In order to create an enhanced nuclear polarization of a satu
rated 3He-4He mixture with respect to the equilibrium value, we have used the method 
of fractional distillation. This method is based on the differences in nuclear magnetic 
susceptibility of 3He in the concentrated and diluted phase. The experimental cell, ba
sically two volumes connected by a tube, contains a saturated 3He-4He mixture with 
concentrated 3He floating on top of it in the upper volume (the boiler). By applying 
heat to the boiler, 3He is dissolved into the mixture. Upon cooling the condenser, the 
3He is condensed, and flows back to the boiler. This circulation of 3He is realized in 
an applied magnetic field, and a polarization is built up in the condenser, because the 
magnetization of the incoming dilute phase is larger than that of the outgoing concen
trated phase. In stationary state, the gain of magnetization in the condenser due to the 
circulation is compensated by magnetic relaxation. 

For the experimental study reported in chapter 4, we have developed an all plas
tic distillation set-up, which allows high 3He circulation rates at low temperatures (18 
μπιοΐ/s at 150 mK) up to the highest fields (22.5 T). The nuclear magnetic relaxation 
time T\ of the 3He-4He mixture was found to increase with the square of the magnetic 
field, indicating that T\ is dominated by surface relaxation. As a consequence, the en
hancement of the magnetization in the distillation process, which is amongst others pro
portional to T\, increased also with the square of the magnetic field. At the highest field 
at a temperature of 140 mK, a polarization of 8% of the 3He-4He mixture has been ob
tained, corresponding to 1.6 times the thermodynamic equilibrium value. 

Due to its high resolution, the magnetometer is an excellent device to measure the 
susceptibility of liquid 3He as a function of the magnetic field, which is a test for various 
microscopic theories describing this Fermi liquid. In chapter 5 the measurements of 
the susceptibility of liquid 3He at a pressure of 24 bar as a function of the magnetic 
field up to 25 Τ have been presented. Although the accuracy of the determination of 
the magnetization at each magnetic field is 1 %, the dispersion in the measurements of 
the susceptibility as a function of the magnetic field is about 5%, which is too large 
to discriminate between different theories. The large dispersion is attributed to small 
changes in the magnetic field gradient or to small changes in the vertical position of the 
magnetometer. 
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Samenvatting 

Vloeibaar 3He bij lage temperaturen, puur of opgelost in 4He, is een model systeem van 
gecorreleerde fermionen, en experimenten aan gepolariseerd 3He zijn een test voor ver
scheidene theoretische modellen die deze Fermi vloeistof beschrijven. Ten gevolge van 
het Pauli principe worden door het polariseren van de kemspins de atomaire interacties 
veranderd, en het wordt verondersteld dat volledig gepolariseerd 3He een nieuw quan
tum systeem is, met een divergerende vrije weglengte en een compleet anders gedrag 
van de fysische (transport en thermodynamische) eigenschappen. 

Dit proefschrift beschrijft een experimenteel onderzoek naar de eigenschappen van 
de kernspinmagnetisatie van vloeibaar 3He en 3He-4He mengsels bij zeer lage tempe
raturen (100 mK) en hoge magneetvelden (25 T). Hiervoor is een torsie magnetometer 
ontworpen die de kracht op het gemagnetiseerde 3He meet. Het instrument kan bij elk 
magneetveld gebruikt worden, en meet de relaxatie van de kernspinmagnetisatie na een 
stap in het magneetveld. Uit het signaal kan zowel de grootte van de magnetisatie als 
de spin-rooster relaxatietijd T\ bepaald worden. 

Ten gevolge van de eenvoudige atomaire structuur van 3He, (en daardoor de afwe
zigheid van intra-moleculaire relaxatie processen), wordt de intrinsieke relaxatietijd Гш 

bepaald door interacties tussen de kemspins onderling, waardoor een studie van 7jn in
formatie verschaft over de dynamica in deze Fermi vloeistof. Echter, in vloeistoffen 
wordt de gemeten T\ altijd bepaald door intrinsieke- én oppervlakte relaxatie, ten ge
volge van interacties van de kemspins met de magnetische momenten aan het onver
mijdelijke oppervlak van de cel. In hoofdstuk 3 van dit proefschrift laten we zien dat 
ten gevolge van het verschil in magneetveldafhankelijkheid van de intrinsieke- en de 
oppervlakte relaxatietijd, het mogelijk is door het meten van T\ van vloeibaar 3He als 
functie van het magneetveld om eenduidig de absolute waarde en de temperatuurafhan
kelijkheid van Tm te bepalen en de oppervlakte relaxatie gedetaileerd te onderzoeken. 
Een van de belangrijkste ontdekkingen is dal de oppervlakte relaxatietijd van vloeibaar 
3He met een kleine hoeveelheid 4He en die van 3He-4He mengsels toeneemt met het 
kwadraat van het magneetveld, hetgeen beschreven kan worden met een klassieke the
orie. Dit is in scherp contrast met de lineaire veldafhankelijkheid die in het algemeen 



Samenvatting 

gemeten wordt in puur 3He, en die een quantum mechanische beschrijving vereist Het 
waargenomen gedrag wordt toegeschreven aan de dynamica van de 3He atomen in een 
3He-4He film aan het oppervlak van de cel 

Ten gevolge van de kleine waarde van de susceptibihteit van de kemspmmagneti-
satie is de evenwichtspolansatie van vloeibaar 3He maximaal 10% bij experimenteel 
toegankelijke magneetvelden van 30 Τ en een druk van 30 bar, hetgeen te laag is om 
de voorspelde drastische veranderingen van de fysische eigenschappen waar te nemen 
Om de kernspinpolansatie te verhogen ten opzichte van de evenwichtswaarde, maken 
we gebruik van fractionele destillatie De destillatie-cel, in principe twee volumes die 
door een buis verbonden zijn, bevat een 3He-4He mengsel met in het bovenste volume 
(de boiler) geconcentreerd 3He dat op het mengsel dnjft Door warmte aan de boiler 
toe te voeren, lost er 3He in het mengsel op Door warmte aan het onderste volume 
(de condensor) te onttrekken, condenseert het 3He en stroomt het terug naar de boiler 
Deze 3He circulatie vindt plaats in een aangelegd magneetveld Als we aannemen dat 
de magnetisatie in de boiler in evenwicht is met het magneetveld, dan is de magnetisa
tie van de verdunde fase die de boiler verlaat groter dan die van van de terugkomende 
geconcentreerde fase en wordt er een over-polansatie opgebouwd in de condensor en 
in de buis In stationaire toestand is de toename van magnetisatie door circulatie gelijk 
aan de relaxatie 

Voor het onderzoek beschreven in hoofdstuk 4, hebben we een destillatie opstelling 
ontworpen die geheel van kunststof is, en die een hoge 3He circulatie bij lage tempe
raturen kan realiseren (18 μπιοΐ/s bij 150 mK) bij de hoogste magneetvelden (22 5 T) 
De relaxatietijd 7Ί van de 3He kemspinmagnetisatie in het 3He-4He mengsel nam kwa
dratisch toe met het magneetveld, hetgeen erop duidt dat T\ gedomineerd wordt door 
oppervlakte relaxatie Ten gevolge hiervan neemt de verhoging van de magnetisatie 
door het destillatieproces, die onder andere evenredig is met Γι, ook kwadratisch toe 
met het magneetveld Bij het hoogste magneetveld en een temperatuur van 140 mK is 
een polarisatie van 8% in het 3He-4He mengsel bereikt, hetgeen overeenkomt met 1 6 
maal de thermodynamische evenwichtswaarde 

Ten gevolge van zijn hoge resolutie, is de magnetometer zeer geschikt om de sus
ceptibihteit van vloeibaar 3He te meten als functie van het magneetveld, hetgeen een 
test is voor de verscheidene theoretische modellen die deze Fermi vloeistof beschrij
ven In hoofdstuk 5 worden metingen aan vloeibaar 3He bij een druk van 24 bar als 
een functie van het magneetveld tot 25 Τ beschreven Hoewel de onnauwkeurigheid in 
de metingen bij ieder veld 1% is, is de spreiding in susceptibihteit als functie van het 
magneetveld ongeveer 5%, hetgeen te groot is om te kunnen oordelen over de verschil
lende theoretische modellen De spreiding in de data wordt toegeschreven aan kleine 
veranderingen in de gradient van het magneetveld of in de verticale positie van de mag
netometer 
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