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Nuclear magnetic relaxation in liquid 3He and 3He-4He mixtures
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The spin-lattice relaxation timeT1 of liquid 3He and 3He-4He mixtures is determined by two parallel
relaxation processes: intrinsic relaxation, which is caused by dipolar interaction between the3He nuclear spins,
and surface relaxation, due to interaction of the3He nuclear spins with the magnetic moments at the walls of
the experimental cell. Using a type of torque magnetometer, we have measuredT1 of liquid 3He containing
0.5% 4He and3He-4He mixtures with a3He concentration ranging from 6 to 95%, as a function of magnetic
field up to 22 T at temperatures between 40 mK and 1 K. Due to the difference in their magnetic-field
dependences, we have been able to separate the intrinsic and surface contributions toT1. Our measurements
reveal a surface relaxation mechanism for liquid3He, with a relaxation time proportional to the square of the
magnetic field, which can be described by the classical relaxation theory of Bloembergen, Purcell, and Pound.
We relate the observed classical relaxation mechanism to the dynamics of the3He atoms in the4He film at the
surface. The temperature dependence of the surface relaxation timeTs is consistent with the hypothesis that the
surface relaxation is caused by diffusive motion of3He atoms near the surface. This mechanism would
naturally explain the previously unexplained observations thatTs is inversely proportional to the diffusion
coefficient, whileTs is clearly larger than the diffusion time. We find the intrinsic relaxation timeTin of the
pure liquid 3He in good agreement with existing Fermi-liquid theory, and observe theTin of the 3He-4He
mixtures at 1 K to beproportional to the3He concentration, in agreement with theoretical predictions.
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I. INTRODUCTION

Liquid 3He is a thoroughly studied model system for co
related fermions and for nuclear magnetic relaxation p
nomena in a monoatomic liquid down to the lowest tempe
tures. Because of its simple atomic structure, intra-ato
relaxation processes are absent, and dipolar interactions
tween the3He nuclear spins determine the intrinsic rela
ation time Tin . Hence, measurement ofTin probes the dy-
namics in the liquid. However, like in all magnetic liquid
and gases, the spin-lattice relaxation in liquid3He and
3He-4He mixtures observed in an experiment is the co
bined result of intrinsic relaxation and surface relaxation
the unavoidable surfaces of the experimental cell. Theref
Tin as a function of temperature cannot be determined un
biguously fromT1, as both the surface relaxation timeTs and
Tin are a priori unknown and temperature dependent.1–4 In
the so-called diffusion limited regime, the surface relaxat
time is dominated by the time the3He atoms need to reac
the wall, and decreases approximately withT2 at low tem-
peratures. Therefore, surface relaxation can be fast, and
determination ofTin is difficult at very low temperatures
Consequently, althoughTin of liquid 3He is expected to in-
crease approximately asT22 in the Fermi-liquid regime5–7

~below 100 mK for liquid3He), this behavior has never bee
directly observed due to the presence of surface relaxati

We have been able to determineTin of liquid 3He and
3He-4He mixtures in an independent way, using a torq
PRB 580163-1829/98/58~2!/925~11!/$15.00
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magnetometer technique.8 In this paper we present an exte
sive experimental study onT1 of liquid 3He containing 0.5%
4He and 3He-4He mixtures with a3He concentration rang
ing from 6 to 95%, as a function of magnetic field up to 22
at temperatures between 40 mK and 1 K. Our data al
unambiguous determination ofTin of liquid 3He and
3He-4He mixtures as a function of temperature and3He con-
centration, and a detailed study of the surface relaxation t
Ts.

We have chosen to study3He containing4He, since in
this system the surface is covered with a thin layer of4He
~even if the 4He concentration is as low as 0.5%!, which
leads to much longer relaxation times than in the case of p
3He,3 where a solid3He layer is formed at the surface. For
solid layer coverage, a linear temperature and magnetic-fi
dependence ofT1 has been found.9 Furthermore, the depen
dence of the intrinsic relaxation timeTin on the 3He density
can be observed over a wide range by varying the3He con-
centration in the3He-4He mixtures. Therefore, intrinsic re
laxation of liquid 3He is best studied in3He systems con-
taining 4He. Moreover, relaxation of3He in 4He plays an
essential role in most of the experiments on highly sp
polarized 3He.10,11 A better understanding of the relaxatio
processes is necessary to improve the novel technique
the production of highly spin-polarized3He.11

In our experiments,T1 is determined from the exponentia
decay of the nuclear magnetization, measured with a
sional magnetometer, after a rapid change of the magn
925 © 1998 The American Physical Society
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926 PRB 58A. S. van STEENBERGENet al.
field. The advantage of this technique is that it can be use
arbitrary~nonzero! magnetic field. From the measuredT1 as
a function of the magnetic field, the intrinsic and surfa
contributions toT1 can be separated as a result of their d
ferent magnetic-field dependences.

The values and temperature dependences ofTin of liquid
3He determined from our experiments are in good agreem
with Fermi-liquid theory.5 Well above the Fermi temperatur
at 1 K, we findTin of the 3He-4He mixtures to be propor
tional to the 3He density, in agreement with theoretic
predictions.4

We have discovered that the surface relaxation time
3He in the presence of4He is proportional to the square o
the magnetic field,8 markedly different from the linea
magnetic-field dependence observed in pure3He.9 This be-
havior has not previously been observed in a Fermi liq
and can surprisingly be described by the theory of Bloe
bergen, Purcell, and Pound12 for nuclear magnetic relaxatio
in classical fluids, where the nuclear spin is subject to
randomly fluctuating perturbing magnetic field. We relate
observed relaxation to the dynamics of the3He atoms in the
4He film at the surfaces, where the3He spin relaxes due to
interaction with the inhomogeneous magnetic field of
surface. The exact nature of this interaction however, is
not completely elucidated.

This paper is organized as follows. First we will descri
the experimental setup and the procedure to determineT1 of
liquid 3He and3He-4He mixtures. In Sec. III we will presen
the experimental results, which will be discussed in Sec.
A model for the surface relaxation will be presented and
intrinsic relaxation time will be compared to existing Ferm
liquid theories. In Sec. V we will summarize the main co
clusions.

II. EXPERIMENTAL SETUP

The magnetometer, schematically shown in Fig. 1,
made of plastic~Hysol13! 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 (0.25 cm3)
are drilled in the wheel. One of them is closed and emp

FIG. 1. Schematic drawing of the torsional magnetometer
the measurement of the spin-lattice-relaxation timeT1 of liquid 3He
or 3He-4He mixtures. The magnetometer is located in the exp
mental cell, separated from the surrounding mixing cham
~dashed! by a Kapton foil.
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the other is open to the liquid~5.6 mm diameter!. A torsion
wire ~manganin, 100mm diameter!, glued in the axis of the
wheel and stretched between two supports, keeps the w
concentric in the housing. The rotation of the wheel is m
sured with capacitors which are formed by electrodes on
outside of the wheel and the inside of the housing~drawn as
black squares in Fig. 1!. A small coil is wound around the
wheel, which can be used for calibration of the signal
passing a current through the coil in a magnetic field.

The magnetometer is mounted in an experimental
filled with liquid 3He ~containing 0.5%4He) or 3He-4He
mixture. We have coated the surface with polystyrene,
dipping all parts of the magnetometer and the cell in
polystyrene/toluene solution, thus reducing the surface re
ation by smoothening the cell surface and reducing its eff
tive area. The cell is placed in the mixing chamber of
homemade plastic dilution refrigerator.15 The wall of the cell
is a 200 mm thick Kapton foil16 which acts as heat ex
changer between the cell and the surrounding mixing ch
ber.

The temperature was monitored by a 1 kV RuO2 chip
resistor,17 which was calibrated against a commercial G
thermometer18 and a CMN thermometer. As there were n
metal parts in the mixing chamber and the experimental c
apart from the silver electrodes and leads to the magneto
ter and thermometers, little eddy-current heating was
duced by sweeping the magnetic field, resulting in a to
accuracy and stability of the temperature to better than 1

By placing the magnetometer somewhat off the cente
the magnetic field in a field gradient, the magnetized3He in
the hole experiences a force, and the unbalanced to
causes a small rotation of the wheel. The rotation is cap
tively detected in an ac bridge circuit using a rat
transformer19 which allows us to measure the magnetizati
with a resolution of 5310212J/T at 10 T, corresponding to
1024 of the saturation magnetization of the liquid3He in the
hole of the wheel.T1 is determined from the exponentia
decay of the nuclear magnetization after a quick step~much
shorter thanT1) of the magnetic field. A typical relaxation
curve is shown in Fig. 2.

The main advantage of this nonresonant torque magn
meter is that it can be used at any magnetic field, temp
ture, and pressure, contrary to, for example, nuclear magn
resonance, which has to be tuned at every magnetic fi
Moreover, the signal of the magnetometer is proportiona
the change in magnetization times the field gradient. Beca
the magnetic-field gradient itself is proportional to the ma
netic field, the sensitivity of the magnetometer increases
early with the magnetic field.

As the magnetometer measures all magnetization,
nuclear magnetization which relaxes during the field swe
is masked by the diamagnetic signal of the3He and4He and
of the magnetometer itself~background!. Therefore, the
nuclear paramagnetic relaxation is measured at stable m
netic field, after a rapid sweep of the magnetic field when
diamagnetic contribution to the signal is constant. As it tak
at least 10 s for the magnetometer to stabilize from the d
magnetic signal, the magnetometer cannot measure re
ation times shorter than this stabilization time.
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III. RESULTS

The relaxation times of saturated vapor-pressure liq
3He containing 0.5%4He are presented in Fig. 3 as a fun
tion of the magnetic field at temperatures ranging from 40
750 mK.T1 shows a gradual change from a low-field regio
where it has a complex temperature dependence and
creases with magnetic field, to a high-field region, where
approaches a magnetic-field-independent saturation va
which increases with decreasing temperature. Because
3He nuclear polarization remains below 5% even for
largest fields studied, we do not expect any modification
the intrinsic~bulk! relaxation due to the magnetic field.20 The

FIG. 2. Relaxation of the nuclear magnetization of liquid3He
containing 0.5%4He ~at about 80 mK! after a field sweep from 9 to
13 T in 40 s in a Bitter magnet. The exponential fit~with T1

'1700 s! is hardly distinguishable from the experimental data. T
inset shows the logarithm of the magnetization.

FIG. 3. Nuclear magnetic relaxation timeT1 of liquid 3He con-
taining 0.5%4He as a function of the magnetic field for four di
ferent temperatures. The solid lines are fits to the data with Eq.~4!.
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magnetic-field dependence ofT1 is then due to the surfac
relaxation. However, since diffusion to the walls and intri
sic relaxation bound the observedT1, respectively, at smal
and large values, the field dependence of the surface re
ation cannot be directly deduced from Fig. 3. On the ot
hand, because in these experiments the surface is cov
with a saturated4He film, we can expect the surface rela
ation to be identical to that for a saturated mixture at
same temperature. This brings us to the possibility of stu
ing separately the latter phenomenon as a function of m
netic field, as, in a dilute mixture, diffusion to the walls
much faster and intrinsic relaxation is much slower than
pure 3He.

Figure 4 presentsT1 as a function of the magnetic fieldB
in three different cells, with different surface to volume r
tios. Cell 1, which is the one also used for the experime
on the liquid 3He, has a volume of 3 cm3, cell 2 has a
volume of 2cm3, and cell 3 also has a volume of 3 cm3 but
has not been coated with polystyrene. All cells have appro
mately 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 t
coated cells~cell 1 and 2! T1 is within experimental error
proportional to the volume, while coating of the cell leads
an increase ofT1 by a factor of almost 5. Both points show
that the measuredT1 is dominated by surface relaxation. Th
observation of theB2 dependence both in coated and in u
coated cells shows that this behavior does not depend on
details of the surface material.

In order to study the concentration dependence of the
face relaxation, we also performed experiments on3He-4He
mixtures at higher temperature so as to increase the sa
tion concentration.T1’s of 3He-4He mixtures at 300 mK
with four different 3He concentrations measured in cell
are plotted in Fig. 5 as a function of the magnetic field.
field-dependent relaxation time is also observed, with a s
ration effect at the largest fields, which we attribute to intr
sic relaxation. Finally, we have measured in the same celT1
for 3He concentrations ranging from 60 to 95% at a te

FIG. 4. Nuclear magnetic relaxation timeT1 of saturated
3He-4He mixtures at 100 mK as a function of the magnetic fie
and their quadratic fits for three different cells.
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928 PRB 58A. S. van STEENBERGENet al.
perature of 1 K, from which only the data of the3He-4He
mixture with 95%3He has been plotted in Fig. 5. Above 6 T
T1 is independent of the magnetic field, meaning that
intrinsic relaxation dominates and thatTin can be directly
determined.

IV. DISCUSSION

One of the main conclusions that can be drawn from
results presented above, is that surface relaxation is cle
suppressed by the magnetic field. In particular, for the
mixture at 100 mK, where no influence of intrinsic relaxati
is observed, the surface relaxation time increases with
square of the magnetic field. In the following, we first intr
duce a relaxation model accounting for this behavior~Secs.
IV A and IV B!. In this model, the field fluctuations exper
enced by the atoms close to the surface are characterize
a single correlation time. This correlation time sets the fi
scale beyond which the surface relaxation is suppressed
its variation with temperature depends on the relaxat
mechanism. We show that this model consistently accou
for the data for pure3He, and that the temperature depe
dence of the surface relaxation rate is qualitatively consis
with the relaxation mechanism being the diffusive motion
atoms close to the surface~Sec. IV C!. This model also ac-
counts for the field dependence of the relaxation time of
mixtures at 300 mK, but, here, quantitative analysis sugg
that the relaxation mechanism could differ from that at low
temperatures~Sec. IV D!. Section IV E discusses in greate
detail than Sec. IV C the quantitative implications on t
relaxation mechanism of the results on pure3He below 200
mK. Finally, our model allows us to extract from the fie
dependence ofT1 the intrinsic relaxation timeTin , of which
the temperature and concentration dependences are disc
in Sec. IV F.

FIG. 5. Nuclear magnetic relaxation timeT1 as a function of the
magnetic field of3He-4He mixtures with four different3He con-
centrationsx3 at 300 mK and 95%3He at 1 K. The solid lines are
fits to the data with Eq.~4!.
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A. Surface relaxation model

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

In the case of the liquid3He with 0.5% 4He, the 4He
forms a superfluid film on top of a solid layer of4He at the
surface.21,22 We assume that the surface relaxation tak
place inside this film~the thickness of the active layer i
smaller than the film thickness!, and that the3He concentra-
tion within the film is equal to the~temperature dependen!
bulk solubility of 3He in 4He in zero field. In other words
we assume that the surface relaxation process in liquid3He
which contains sufficient4He to cover the entire surface, i
essentially the same as that in a saturated3He-4He mixture at
the same temperature. Evidence for this hypothesis will
given in Sec. IV C.

Bulk and surface relaxation are parallel processes, t
the experimental relaxation rateT1 is given by

1

T1
5

1

Ts
1

1

Tin
, ~1!

with Tin being the intrinsic relaxation time andTs being the
surface relaxation time.

To describe the surface relaxation inside the active lay
we use the classical theory of Bloembergen, Purcell,
Pound12 ~BPP! for nuclear-spin relaxation in fluids. In thi
theory, the nuclear spin is subject to a randomly fluctuat
perturbing magnetic field with mean-square amplitude^dB2&
and correlation timetc , resulting in a relaxation rateT1,s

21 :

T1,s
215

g2^dB2&tc

11~vtc!
2

, ~2!

wherev is the Larmor frequency andg is the gyromagnetic
ratio (g5v/B). With g'23108 rd/sT for 3He,vtc'1 for
a tc of 5 ns at 1 T. In principle, we also have an intrins
relaxation process for the mixture inside the active layer, d
to dipole-dipole interactions. However, as shown by t
maximal T1 observed in Figs. 4 and 5, the relaxation tim
associated with this process is larger than 1000 s below
mK. This is much longer thanT1,s, as we will see, and we
will henceforth ignore this contribution.

To obtain the contribution of the surface relaxation pr
cess toT1 measured in our experiments,T1,s must be multi-
plied byNtot /Ns, the ratio of the total number of spins whic
will have to relax to the number of spins inside the acti
layer. This is true as long as the atoms can reach the sur
by diffusion fast enough, i.e., if the diffusion timetD across
the cell is much less thanT1,sNtot /Ns. If this is not the case,
we deal with diffusion-limited relaxation, in which case th
relaxation will be multiexponential. The rate of the slowe
diffusion mode, which is the measured quantity, correspo
to an effective surface relaxation timeTs, which is, within
5%, given by the sum ofT1,sNtot /Ns andtD ~see the Appen-
dix!:
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Ts5tD1
Ntot

Ns

1

g2^dB2&tc

1
Ntot

Ns

tc

^dB2&
B2. ~3!

For a slab of thickness 2L, tD5(2L)2/(p2D) whereD is
the diffusion coefficient for liquid3He, e.g., from Ref. 23. If
we take 5.6 mm for the characteristic length 2L ~correspond-
ing to the diameter of the hole in the wheel of the magne
meter!, then the calculatedtD increases with temperature a
shown in Fig. 6. The temperature dependence ofNs,^dB2&,
andtc area priori unknown. In classical liquids, where th
fluctuating fields are caused by translational motion of
atoms or molecules, the correlation timetc is inversely pro-
portional to the diffusion coefficientD.12 In our case,tc
contains information about the dynamics of the3He atoms
close to or at the surface.

Substituting the effective surface relaxation time@Eq. ~3!#
into Eq. ~1!, the measured relaxation timeT1 can be written
as

1

T1
5

1

a1bB2
1

1

Tin
, ~4!

with

a5tD1
Ntot

Nsg
2^dB2&tc

, b5
Ntottc

Nŝ dB2&
. ~5!

In a previous paper8 we have shown that Eq.~4! describes
the magnetic-field dependence of the relaxation time m
surements of saturated3He-4He mixtures and liquid3He
containing 0.5%4He.

In the following subsections we will analyze all our rela
ation time measurements in the framework of Eq.~4!, includ-
ing those on saturated3He-4He mixtures at 100 mK~Sec.
IV B !, liquid 3He containing 0.5%4He ~Sec. IV C!, and
liquid 3He-4He mixtures at 300 mK and at 1 K with various

FIG. 6. The fit parametersa (a5tD1Ntot /Nsg
2^dB2&tc), and

b (b5Ntottc /Nŝ dB2&) as a function of the temperature, dete
mined with Eq.~4! from T1 measurements of liquid3He containing
0.5% 4He. The solid line is the diffusion timetD in seconds, as
estimated in the text.
-

e

a-

3He concentrations~Sec. IV D!. Furthermore, we will dis-
cuss in more detail the intrinsic relaxation time as a funct
of temperature and3He concentration~Sec. IV F!, and the
relation between diffusion and the correlation time in t
surface relaxation process~Sec. IV E!.

B. Saturated 3He-4He mixture at 100 mK

Let us first discuss how the results for the saturated m
tures at 100 mK~Fig. 4! are interpreted in the framework o
Eq. ~4!. First, our BPP-like model obviously accounts for th
observedB2 behavior. The fact that we do not see any sa
ration at the largest fields shows thatTin is larger than 104 s.
On the other hand, there is no saturation at the lowest fie
either. From Eq.~2!, this implies that (vtc)

2'1, even at 3
T, the lowest field studied. This means that the correlat
time tc is at least 2 ns, which we will discuss below. Finall
the fact that we do not observe any saturation at the low
fields due to the finite diffusion timetD to the walls is per-
fectly understood, astD'2 s for a saturated3He-4He mix-
ture at 100 mK,24 much smaller than the measuredT1 ~100
s–2000 s!.

C. Liquid 3He with 0.5% 4He

Let us now turn to the case of liquid3He with 0.5%4He.
Since we assume the surface layer in this case to be iden
to that of a saturated mixture, we expect that the full Eq.~4!,
now with nonzero 1/Tin anda, should fit our data. As shown
by the solid lines in Fig. 3, this is indeed the case for
temperatures from 40 up to 750 mK, witha, b, andTin as
the only ~temperature dependent but field independent! fit
parameters. For the particular temperature 100 mK, the v
found for b, which is a measure of the surface relaxation,
approximately 200 s/T2, to be compared to 14 s/T2 in the
case of the saturated mixture in the same cell~Fig. 4!. The
ratio of b ’s is thus equal to ratio ofNtot , the total number of
spins, in both cases. This scaling is precisely that expecte
the surface contributionT1,s and the number of atoms in th
active surface layerNs are the same in both situations.
strongly supports our assumption that the surface relaxa
takes place within the saturated film and that the active la
is essentially the same in both cases.

The quadratic field dependence ofT1,s is in contrast with
the linear field dependence generally found in ultrapure3He
samples with solid3He at the surface.9 If we would fit our
data using such a linear behavior, we would need a nega
~unphysical! value for a. This implies at least that such
behavior could not extend below;1 T, unlike in the very
pure system. This illustrates the critical role of the3He solid
layer in determining the linear field dependence ofT1,s in
pure 3He experiments.9 On the other hand, the conclusio
that, for larger fields,T1,s behaves asB2 rather thanB could
not be drawn from Fig. 3 only. The experiment on the sa
rated mixture~Fig. 4! is essential in this respect. Due to the
results, we can safely extrapolate the intrinsic relaxation ti
Tin from the measuredT1, even thoughT1 does not saturate
in our field range at the lowest temperatures.

In order to obtain more information about the surface
laxation process, we will discuss in the rest of this subsec
the temperature dependence of the two fit parameters
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scribingTs, which are plotted as a function of the temper
ture in Fig. 6. In our analysis, we will focus ontc , as it is
this quantity which is determined by the spin dynamics. W
will also restrict ourselves toT,250 mK, since for larger
temperatures, all the liquid4He is likely to be dissolved into
the 3He, so that our picture of a saturated layer does
apply anymore. Figure 6 shows an increase ofb (b
5Ntottc /Nŝ dB2&) with temperature. If we assume th
^dB2& does not change at these low temperatures and
magnetic fields, the increase ofb must be attributed totc , as
Ntot remains constant whileNs only slightly increases with
temperature because of the increasing maximum solub
x3,s of 3He in the 4He film @x3,s increases from 6.6% at 4
mK to 7% at 100 mK and 9% at 200 mK~Ref. 25!#.

This increase of the correlation timetc is expected if the
motion responsible for relaxation is the diffusion of atom
close to the surface. In order to test more quantitatively
idea, we plotted in Fig. 7b(T)x3,s(T) as a function of
Ddil

21(T), whereDdil(T) is the diffusion constant of a satu
rated dilute mixture. Thex3,s(T) factor cancels out theNs
dependence ofb, so thatb(T)x3,s(T) is proportional totc .
We obtainedDdil(T) from the measured values24 for a
3He-4He mixture with a concentration of 5%3He by cor-
recting for the3He concentration (D;x3

2/3 in the degenerate
regime24!. The proportionality ofbx3,s to Ddil

21 means that
they have the same temperature dependence. This is in
consistent with the idea thattc;Ddil

21 , i.e., that relaxation
occurs through the diffusive motion of3He atoms inside the
saturated layer.

This behavior provides a natural explanation for the p
viously unexplained observations2 that Ts is inversely pro-
portional to the diffusion constantD of pure 3He in experi-
ments whereTs is clearly larger thantD , the diffusion time
across the sample. Indeed, in these conditions,Ts;b ~at

FIG. 7. bx3,s as a function of the reciprocal diffusion coefficie
Ddil

21 of a saturated3He-4He mixture.Ddil was taken from Ref. 24
for a 3He-4He mixture with 5%3He, and has been corrected for th
3He concentration. The temperature ranges from 40 mK wh
Ddil

21'20 s/cm2 to 200 mK whereDdil
21'150 s/cm2.
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e
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large enough field! ;D21, since the diffusion constant fo
pure and dilute3He are approximately proportional to on
another below 200 mK.

An absolute estimate oftc can be obtained from the com
bined values ofa andb. According to Eq.~5!

a5tD~T!1
b

~gtc!
2

5tD~T!1S Ntot

Nsg^dB2&
D 2

1

b
, ~6!

with tD5(2L)2/p2D(T), where 2L is of the order of cell
size. If we again assume thatNtot /Nŝ dB2& is independent of
temperature,a can reasonably be described as a linear fu
tion of 1/b, with L and Ntot /(Nsg^dB2&)2 as free param-
eters. This gives 2L 5 6 mm, a reasonable value since it is
between the diameter of the hole in the wheel and that of
cylindrical cell. With this value ofL, a is dominated by the
contribution oftD . This explains whya does not increase
~as 1/b does! at low temperature. OnceL is determined, we
gettc from (gtc)

25b/(a2tD). tc is found to increase from
4 ns up to 12 ns fromT540 to 100 mK. The relative in-
crease is less than forDdil

21 in the same temperature rang
but this could be due to the poor precision ona2tD , which
makes it difficult to determinetc to better than 2 ns.

Even if we do not make the previous assumption thaa
andb only depend on temperature throughtc , we can still
give a lower bound fortc since 2L'3 mm is certainly a
lower limit for evaluatingtD . At 100 mK, this givestc.5
ns. This estimate is consistent with that inferred from t
study of the saturated mixture at 100 mK. We defer the d
cussion of this order of magnitude to Sec. IV E.

D. 3He-4He mixtures at 300 mK and 1 K

We saw in the previous subsection that our relaxat
model, with a correlation time proportional to 1/Ddil , ac-
counted for measurements ofT1 in 3He with 0.5% 4He.
What should we expect, within the same model, for our d
on mixtures at 300 mK? If the temperature dependence oa
andb is only throughtc ~andtD) in Eq. ~5!, their values at
300 mK for the mixtures can be deduced from the measu
ments of the 6% mixture at 100 mK in the same cell~cell 2!
by scalingb as 1/tc and using Eq.~6! for a ~in our model of
an active layer of fixed thickness, the ratioNtot /Ns does not
depend on the dilute mixture concentration!. As Ddil'3.5
31023 cm2/s at 300 mK andDdil'1531023 cm2/s at 100
mK for a 5% mixture,24 we expecttc to be approximately
four times larger for the 6% mixture at 300 mK than at 1
mK, i.e.,tc.8 ns~see Sec. IV B!. For the 11.6% mixture,tc
should be increased by a further factor of 2, asDdil;1/x3 in
this temperature range,24 i.e., tc.16 ns. Asb'9 s/T2 at
100 mK in cell 2,b should correspondingly range from 40
80 s/T2 at 300 mK for mixtures of concentration 6–12 %
b/(gtc)

2 should then be smaller than 15 s. For the abo
Ddil values,tD is also less than 10 s~using 2L 5 6 mm as an
estimate of the distance between relaxing walls!, so thata
should be less than 25 s.

In our T1 range ~500–2000 s!, we finally expect
1/T151/Tint11/(bB2). Accordingly, we plot in Fig. 8 1/T1
as a function of 1/B2. These coordinates, unlike those of Fi
4, allow for the non-negligible bulk relaxation rate at the
temperature and concentrations. The data of the mixtu
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with (761)% 3He and those with (1261)% 3He have been
fitted as a linear function of 1/B2 for B larger than 8 T, and
the results are shown as straight lines in Fig. 8. The va
for b resulting from the slope of these straight lines ran
from 1261 s/T2 to 1761 s/T2, that is, do not show the
fourfold increase predicted from the expected change intc .
The 11.6% data, which extend to the lowest fields, clea
deviate from a straight line. Accordingly, these data can o
be fitted to Eq.~4! using a larger value ofa (a'100 s) than
expected.

The discrepancy between the observed and predicted
ues ofa andb cannot result from an extra temperature d
pendence, e.g., through^dB2&, of a andb from 100 to 300
mK, sincea is too large whereasb is too small with respec
to the predicted values. As an effect,tc estimated from
(gtc)

25b/(a2tD) is of order of 2 ns~independently of any
hypothesis on the constancy of^dB2& with temperature!, ten
times smaller than expected from the assumed scalingtc
;1/Ddil . This may mean that another relaxing mechani
becomes more efficient than the diffusive motion of atoms
300 mK. In the future, it would be desirable to study co
tinuously the evolution ofT1 for a 6% mixture from low
temperatures up to 300 mK.

Despite this problem, the data at large fields show a r
sonable linear behavior of 1/T1 as a function of 1/B2. This
allows to extractTin for the mixtures at 300 mK as a functio
of 3He concentration. The values found are shown in Fig.
and discussed in Sec. IV F.

E. tc and the mechanism of surface relaxation

In the following, we focus on our results below 200 m
for 3He with 0.5%4He, for which a scaling ofb with 1/Ddil
is observed. As discussed in Sec. IV C, this scaling is c
sistent with the hypothesis that relaxation occurs through

FIG. 8. Relaxation rate 1/T1 as a function of the square of th
reciprocal field 1/B2 of 3He-4He mixtures with four different3He
concentrationsx3 at 300 mK and 95%3He at 1 K, as denoted in the
legend. Lines are fits as described in the text.
s
e
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y

al-
-

t
-

a-

0

-
f-

fusive motion of the3He atoms within the4He film close to
the surface. Here, we analyze the significance of our qua
tative results on the correlation timetc , in the framework of
both the above hypothesis, and of alternate explanations
the observed scaling. A comparison to surface relaxation
other substrates is also presented.

In the case where3He spins relax due to diffusive motio
in the inhomogeneous magnetic field of the surface,tc

5 l 2/p2Ddil , with l being the correlation length of the inho
mogeneous field andDdil being the diffusion coefficient of
the 3He in the 3He-4He mixture film near the surface. In
Sec. IV C, we showed thattc.5 ns at 100 mK, indepen
dently of any hypothesis on the mechanism of surface re
ation. If we take forDdil the bulk value of a 5%3He-4He
mixture,24 this corresponds to a correlation length larger th
0.25 mm, which is about four times the reported4He film
thickness.21 As the results of Secs. IV B and IV C are con
sistent with the idea that the thickness of the active laye
itself smaller than that of the film~scaling ofb), we end up
with a correlation length larger than this thickness, i.e., lar
than the range of field fluctuations, perpendicular to the s
face. It is not clear to us whether this is possible or not.
any case, this value ofl is not large enough, taking into
account the possible uncertainty in the film thickness or
possible change of the diffusion constant close to the surf
to rule out spin diffusion as the relaxing mechanism.

An alternative hypothesis to explain the observed lo
correlation time might be that a3He atom sticks to the sur
face and relaxes due to the perturbing field of a paramagn
impurity at the surface of the cell, in a similar way to th
observed for3He gas, in hydrogen coated cells in the low
field limit.26 Ns would then correspond to the number of3He
atoms at the surface, andtc to the sticking time.

Measuring the temperature dependence oftc should allow
us to discriminate between the two mechanisms.tc should
increase with temperature in the first mechanism~relaxation
due to diffusion!, whereas it should stay constant, or ev
decrease with increasing temperature in the second me
nism ~relaxation due to sticking!. As discussed in Sec. IV C
the temperature variation oftc cannot be unambiguously de
termined in the case of almost pure3He, due to the large
uncertainty oftD in Eq. ~6!, so that both mechanisms are
fact possible. In the second mechanism, the experimen
measured increase ofb with temperature should then be a
tributed either to a decrease ofNs, or to a decrease of the
field fluctuations, with increasing temperature. Experime
studying the temperature dependence ofTs for a saturated
mixture could possibly discriminate between the two mec
nisms, by allowing us to measure directly the temperat
dependence oftc . Indeed, with respect to the case of almo
pure 3He, tD would be reduced by a factor of 50, where
a2tD would be only reduced by the ratio ofNtot , i.e., ap-
proximately 14, thereby increasing the relative precision
a2tD , and hencetc .

In this context of the relaxation mechanism, we rema
that Eq.~2! is a classical one, where no allowance is ma
for phase-space restrictions imposed by the Pauli princi
as is the case for bulk liquid3He. Such a restriction could
give an extra temperature dependence toT1,s, which could
makeb ~respectively,a) to vary differently fromtc ~respec-
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932 PRB 58A. S. van STEENBERGENet al.
tively, 1/tc). To our knowledge, this effect has not been co
sidered previously. However, even if it does exist, it cou
not explain alone the temperature dependence ofb, as it
should probably lead to an increase of relaxation as the t
perature increases.

Let us finally discuss the absolute strength of surface
laxation, independently of any hypothesis on its mechani
The surface relaxation time isT1,s5(Ts2tD)Ns/Ntot5(a
1bB22tD)Ns/Ntot . Depending on the thickness of the a
tive layer, which may range from one atomic layer up tol ,
Ns/Ntot ranges from;231028 to ;231025 for cell 1,
taking 6% as the concentration inside the saturated fi
Thus, a typicalTs of 1000 s in 3 T (b5100 s/T2) corre-
sponds toT1,s from 20 ms up to 20 ms. These numbers a
short with respect to those reported for pure3He on surfaces
of high specific area@typically 1 s in 3 T ~Refs. 9 and 27!#
where the relaxation is believed to occur through excha
between the first solid layer and the liquid, and where ad
tion of 4He considerably reduces the relaxation.9 This sug-
gests that the field fluctuations associated with a plastic
terial could be much larger than for these other substra
From b, tc , andNs/Ntot , we can estimatêdB2& from Eq.
~5!. Using b5100 s/T2, tc.5 ns at 100 mK, we find tha
(^dB2&)1/2 ranges from 1531024 T ~for a 0.25 mm thick
relaxing layer! up to 0.05 T ~for an atomic size relaxing
layer!. Such large values point to a high concentration
~electronic! paramagnetic impurities in the plastic walls
our cells.

F. Intrinsic relaxation

Figure 9 shows the intrinsic relaxation timeTin of pure
3He, as a function of temperature, as determined with Eq.~4!
from T1 measurements of liquid3He with 0.5% 4He. The
experimental data have been obtained fromT1 measurements

FIG. 9. Intrinsic relaxation timeTin of liquid 3He as a function
of temperature determined with Eq.~4!. The lines represent the
theory of Vollhardt and Wo¨lfle ~solid line, Ref. 5!, Bedell and
Melzer ~lower dashed line, Ref. 6!, and Havens-Sacco and Widom
~upper dashed line, Ref. 7!.
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as a function of magnetic field, with the only assumption th
Ts5a1bB2, which, as we have shown above, describes
whole set of data of the3He excellently. Moreover, above
100 mK, the applied field was high enough to reachTin

within experimental accuracy of about 10%.
The experimentally determinedTin has been compare

with theoretical predictions of Vollhardt and Wo¨lfle,5 Bedell
and Melzer,6 and Havens-Sacco and Widom.7 As the mea-
surements are performed at saturated vapor pressure, w
is about 0 bar at these low temperatures, the theories of
dell and Melzer, and Havens-Sacco and Widom, have b
plotted in Fig. 9 for a pressure of 0 bar, for which we ha
used the Fermi-liquid parameters of Ref. 28. The theory
Havens-Sacco and Widom is in clear disagreement with
experimental data. Although the theoretical prediction of B
dell and Melzer is quantitatively in good agreement with t
experiment around 100 mK, the predicted pureT22 depen-
dence is not observed at these temperatures.

Excellent agreement between the experimental data
the theory of Vollhardt and Wo¨lfle is observed in the Fermi
liquid regime~below 100 mK!. Although the qualitative tem-
perature dependence describes quite well the transition f
the Fermi-liquid regime to the Boltzmann regime above 1
in the high-temperature plateau, the experimentally de
minedTin is 1.5 times longer than the theoretical value. Th
is in agreement with theT1 measurements of Romer,29 which
were, although not corrected for wall relaxation, also high
than the theoretical prediction. In the theory of Vollhardt a
Wölfle, the total intrinsic relaxation rate is the sum of th
relaxation rates in the collisionless (TRPA

21 ) and in the hydro-
dynamic regime (Tdif

21). Its calculation involves a momentum
integral which contains a cutoff wave vectorq0 that sepa-
rates the collisionless from the diffusive regime, and det
mines the high-temperature value. Because the cutoff w
vector q0, which is proportional to the inverse mean fre
path, is determined only up to a factor of 2, at best,
observed difference between experiment and theory can
accounted for by the value ofq0 in the theory, and agreemen
between theory and experiment could be obtained by adj
ing the value ofq0.30

In Fig. 10 we have plotted theTin
21 of 3He-4He mixtures

at 1 K, as a function of the3He molar concentrationx3. For
these high densities and temperature, the magnetic field
high enough to reachTin within the experimental accuracy o
about 7%, while forTin for the 3He density of 100% we have
taken the extrapolated value from Fig. 9. The straight l
perfectly fits the data, showing clearly the proportionality
Tin

21 to the 3He concentration, and the expected behavior t
T1 goes to infinity asx3 goes to zero.

These measurements can be compared to the predictio
Lowe et al.,4 who have calculatedTin of 3He in 3He-4He
mixtures for temperatures much greater than the Fermi t
perature:Tin

215x3 /(11T1/2) whereTin has the units of hours
andx3 is the concentration of3He in percent. The theoretica
Tin

21 , which has been plotted forT51 K in Fig. 10, predicts
the correct 3He density dependence and deviates only
10% from the experimental results.

We also have plottedTin
21 determined with Eq.~4! from

T1 of the 3He-4He mixtures at 300 mK in Fig. 10. These da
also show an increase ofTin

21 with the 3He density, but
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cannot be compared with the theory of Loweet al., since the
temperature is too low (TF' 500 mK for a 10%3He-4He
mixture25!. The observed increase ofTin

21 with the 3He con-
centration in4He in this case is qualitatively similar to tha
of 3He gas, for which Mullin, Laloe¨, and Richards31 argue
that at low temperatures, but still in the Boltzmann regim
the thermal wavelengthl @l5\/(mkBT)1/2, with m the ef-
fective mass# becomes larger than the distance of clos
approacha, resulting inTin

21;nT1/2 wheren is the 3He gas
density. However, due to the proximity of the degener
regime, no quantitative agreement will be considered he

An interesting point which should be mentioned here
the prediction of a minimum forTin of 3He gas as a function
of the temperature.32 The change fromTin;T1/2 predicted
and observed by Chapman and Richards33,34at high tempera-
tures, toTin;T21/2 at low temperatures, results in a min
mum of Tin at intermediate temperature for whichl'a at
about 0.8 K.32 At these temperatures the3He gas density
becomes so low ('1025 m23) that Tin is very long. Due to
condensation and wall sticking, wall relaxation becomes
dominant relaxation process as the temperature is lowe
Therefore the minimum ofTin could not be observed in gas
eous 3He.35

In liquid 3He, the crossover would occur in the sam
temperature range as that from the classical to the degen
regime ~sincea is of the order of the interatomic distanc
n21/3), so that the minimum indeed observed around 1 K is
then due to the crossover from the high-temperature Bo
mann behavior to the degenerate regime, for which one
pectsTin;T22. On the other hand, observation of the pr
dicted minimum seems possible for dilute solutions of3He
in 4He,20 using our technique to determineTin . For a
3He-4He mixture with 10% 3He, the interatomic distanc
n21/3'8 Å. At the predicted minimum temperature of 1 K
l'a'2.5 Å, so thatnl3'0.04 for such a mixture. Hence

FIG. 10. Intrinsic relaxation rate 1/Tin of 3He-4He mixtures at 1
K ~dots! and 300 mK~squares! as a function of the3He concentra-
tion x3. The solid line is a fit to the 1 K data, the dashed lin
represents the theory of Loweet al., Ref. 4.
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for 3He concentrations lower than 10%, we indeed wou
havel,n21/3, while the system goes froml,a to l.a at
T'1 K, thereby avoiding degeneracy.

V. CONCLUSIONS

We have presented a comprehensive experimental s
on the nuclear magnetic relaxation timeT1 of almost pure
liquid 3He and3He-4He mixtures as a function of3He con-
centration, temperature, and magnetic field. All results c
be explained by a single model, in which the surface a
intrinsic contributions toT1 can be separated due to the
different magnetic-field dependences. We have shown
the surface relaxation time of liquid3He containing 4He,
unlike when there is a solid layer of3He at the surface, is
proportional to 11(gBtc)

2. The correlation timetc , deter-
mined from our experiments, is of the order of 5 ns at 1
mK. The temperature dependence of this surface term ag
with the idea that the relaxation arises from the diffusi
motion of the3He atoms in the4He film at the surface. The
intrinsic relaxation timeTin of 3He we have experimentally
determined with high precision, is in good agreement w
the theoretical predictions by Vollhardt and Wo¨lfle.5 We
have shown thatTin in 3He-4He mixtures at a temperature o
1 K, is proportional to the3He concentration, in agreemen
with theoretical predictions.4
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APPENDIX

In this appendix we calculate the total relaxation timeT1
due to intrinsic and surface relaxation. The atoms reach
surface by diffusion, of which the effect will be included i
the effective surface relaxation time. We consider a flu
with a diffusion coefficientD, and an intrinsic relaxation
time Tin . The liquid is confined between two infinitely lon
parallel plates at a distancex56L. We assume the surfac
relaxation to take place in an active layer of thicknessl a,
with a surface relaxation timeT1,s.

Inside the active layer, the change in magnetizationm is
due to the surface relaxation and a flux of magnetizat
diffusing into this layer:

]m

]t
5

meq2m

T1,s
1D

]2m

]x2
. ~A1!

At the boundary of the layer the magnetization flux shou
be continuous:
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D
]m2

]x
5D

]m1

]x
, ~A2!

where m25m(L2 l a2d) and m15m(L2 l a1d), while d
goes to zero. In our experimental conditions diffusion in t
layer is fast enough to maintain a homogeneous magne
tion m in the layer~which means thatl a

2/D!T1,s). Integra-
tion of Eq. ~A1! from L2 l a1d to L results in

2D
]m2

]x
5 l aS m

T1,s
1

]m

]t D , ~A3!

where we have used the continuity of flux@Eq. ~A2!#, and for
simplicity setmeq equal to zero. If we assume that the tim
scale for the change ofm in the active layer is much large
than T1,s due to the reservoir provided by the cell, the
]m/]t!m/T1,s and Eq.~A3! becomes

]m

]x
52

l am

DT1,s
at x56L. ~A4!

Now the magnetization in the cell obeys the diffusion eq
tion:

]m

]t
5

2m

Tin
1D

]2m

]x2
, ~A5!

with the boundary condition Eq.~A4!, while symmetry re-
quires that

]m

]x
50 at x50. ~A6!

We look for solutions of the form

mq~x,t !5~Aqcosqx!e2pt, ~A7!

where the coefficientsAq are determined by the conditio
that the initial magnetizationm(x,t50) is given by the sum
over all q. Substitution ofmq(x,t) in Eq. ~A5! yields

Dq25p2
1

Tin
. ~A8!

This equation couples to each modeq a relaxation ratep,
and it can directly be seen that the surface relaxation
~diffusion inclusive! is Dq2. This means that the relaxatio
rate in the whole cell due to relaxation at the surface isDq2,
which is hence called the effective surface relaxation ra
The relaxation time of a modeq decreases withq2. As m is
a sum over all modes, the early recovery ofm will be non-
exponential, but after the higher modes have decayed,m will
exponentially decay. Without intrinsic relaxation, (Tin→`),
there is only surface relaxation, andp in Eq. ~A7! then
equalsDq2.

From the boundary condition@Eq. ~A4!# we get the equa-
tion for mode selection

q tan qL5
l a

DT1,s
. ~A9!

There are two limiting cases. Ifl a/qT1,s!D, we are in the
surface-limited regime, and the magnetization is homo
neous throughout the sample. From Eq.~A9! we get

Dq25
l a

LT1,s
, ~A10!
e
a-

-

te

e.

-

which is, as expected, equal to the surface relaxation
times l a/L, the ratio of the volumes of the active layer an
the cell. We will henceforth denoteT1,sL/ l a the homoge-
neous relaxation timeThom. qL!1 is equivalent toDq2

51/Thom!D/L2, i.e., this regime applies if the diffusion
time across the cell is much smaller than homogeneous
laxation time.

In the opposite limit, we are in the diffusion-limited re
gime, and we get from Eq.~A9!

qL5
p

2
. ~A11!

Hence the diffusion-limited relaxation rate becomes

Dq25DS p

2L D 2

5
1

tD
, ~A12!

which is equal to the inverse of the diffusion timetD for the
lowest mode in a one-dimensional system of width 2L.

Let us defineTs as the sum of the diffusion timetD and
the homogeneous relaxation timeThom:

Ts[tD1Thom[tD1T1,s

L

l a
, ~A13!

and calculate theR, the ratio ofTs to the real surface relax
ation time 1/Dq2:

R5Dq2Ts5Dq2S tD1
T1,sL

l a
D . ~A14!

With Eqs.~A9! and ~A12!, this can be written as

R5S 2qL

p D 2

1
qL

tan qL
. ~A15!

R is drawn in Fig. 11 as a function ofqL, varying from
qL50, corresponding to surface-limited relaxation, toqL
5p/2, corresponding to the diffusion-limited relaxation.
can be seen that the effective surface relaxation time 1/Dq2

can within 5% be approximated byTs.

FIG. 11. RatioR of Ts @Ts5tD1T1,s(L/ l a)# to 1/Dq2, as a
function ofqL. The parameter varies fromqL50 ~corresponding to
surface-limited relaxation! to qL5p/2 ~corresponding to diffusion-
limited relaxation!.
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