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The spin-lattice relaxation tim@&; of liquid 3He and *He-*He mixtures is determined by two parallel
relaxation processes: intrinsic relaxation, which is caused by dipolar interaction betweitethaclear spins,
and surface relaxation, due to interaction of fite nuclear spins with the magnetic moments at the walls of
the experimental cell. Using a type of torque magnetometer, we have medsucédiquid He containing
0.5% “He and®He-*He mixtures with a®He 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 contribufipn®uo measurements
reveal a surface relaxation mechanism for ligdide, 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®fetatoms in thé'He film at the
surface. The temperature dependence of the surface relaxatiomimeonsistent with the hypothesis that the
surface relaxation is caused by diffusive motion #ie atoms near the surface. This mechanism would
naturally explain the previously unexplained observations That inversely proportional to the diffusion
coefficient, whileTy is clearly larger than the diffusion time. We find the intrinsic relaxation tifpeof the
pure liquid ®He in good agreement with existing Fermi-liquid theory, and observeTihef the *He*He
mixtures & 1 K to be proportional to the*He concentration, in agreement with theoretical predictions.
[S0163-18298)07025-9

I. INTRODUCTION magnetometer technigdn this paper we present an exten-
sive experimental study ofy, of liquid *He containing 0.5%
Liquid ®He is a thoroughly studied model system for cor- “He and *He-*He mixtures with aHe concentration rang-
related fermions and for nuclear magnetic relaxation pheing from 6 to 95%, as a function of magnetic field up to 22 T
nomena in a monoatomic liquid down to the lowest temperaat temperatures between 40 mK and 1 K. Our data allow
tures. Because of its simple atomic structure, intra-atomicinambiguous determination oT;, of liquid 3He and
relaxation processes are absent, and dipolar interactions béHe-*He mixtures as a function of temperature attte con-
tween the®He nuclear spins determine the intrinsic relax- centration, and a detailed study of the surface relaxation time
ation time T;,. Hence, measurement @, probes the dy- Ts.
namics in the liquid. However, like in all magnetic liquids ~ We have chosen to studiHe containing*He, since in
and gases, the spin-lattice relaxation in liquithe and this system the surface is covered with a thin layerde
3He-*He mixtures observed in an experiment is the com<(even if the *He concentration is as low as 0.5%which
bined result of intrinsic relaxation and surface relaxation ateads to much longer relaxation times than in the case of pure
the unavoidable surfaces of the experimental cell. Therefore’He 2 where a solid®He layer is formed at the surface. For a
T, as a function of temperature cannot be determined unansolid layer coverage, a linear temperature and magnetic-field
biguously fromT,, as both the surface relaxation tifigand  dependence of; has been found Furthermore, the depen-
T, area priori unknown and temperature dependettin dence of the intrinsic relaxation tinE, on the 3He density
the so-called diffusion limited regime, the surface relaxationcan be observed over a wide range by varying iHe con-
time is dominated by the time thiHe atoms need to reach centration in the*He-*He mixtures. Therefore, intrinsic re-
the wall, and decreases approximately withat low tem-  laxation ofliquid 3He is best studied ifHe systems con-
peratures. Therefore, surface relaxation can be fast, and thaining *“He. Moreover, relaxation ofHe in “He plays an
determination ofT;, is difficult at very low temperatures. essential role in most of the experiments on highly spin-
Consequently, although, of liquid *He is expected to in- polarized *He 1>!! A better understanding of the relaxation
crease approximately a6 2 in the Fermi-liquid regim&’  processes is necessary to improve the novel techniques for
(below 100 mK for liquid®He), this behavior has never been the production of highly spin-polarizetHe 1
directly observed due to the presence of surface relaxation. In our experimentsT; is determined from the exponential
We have been able to determifig, of liquid 3He and decay of the nuclear magnetization, measured with a tor-
SHe*He mixtures in an independent way, using a torquesional magnetometer, after a rapid change of the magnetic
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the other is open to the liquib.6 mm diametgr A torsion
wire (manganin, 100um diametey, glued in the axis of the
wheel and stretched between two supports, keeps the wheel
concentric in the housing. The rotation of the wheel is mea-
sured with capacitors which are formed by electrodes on the
outside of the wheel and the inside of the houdidigawn as
black squares in Fig.)1A 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
«  EXPERIMENTAL CELL J filled with liquid 3He (containing 0.5%"*He) or *He-*He
\ / mixture. We have coated the surface with polystyrene, by
MIXING CHAMBER dipping all parts of the magnetometer and the cell in a
polystyrene/toluene solution, thus reducing the surface relax-
Tation by smoothening the cell surface and reducing its effec-

|_| MAGNETOMETER

FIG. 1. Schematic drawing of the torsional magnetometer fo

the3me"jsuremem of the spin-lattice relaxat.'on mﬂ@f“qu'd He .tive area. The cell is placed in the mixing chamber of a
or *He-*He mixtures. The magnetometer is located in the experi- de plastic diluti fri 5 Th Il of th I
mental cell, separated from the surrounding mixing chamber_homema € piastic diiution reinigerator.fhe wall of the ce

(dashedi by a Kapton foil, is a 200 um thick Kapton foit® which acts as heat ex-
changer between the cell and the surrounding mixing cham-

field. The advantage of this technique is that it can be used der. ] ]
arbitrary (nonzerg magnetic field. From the measur&g as The temperature was monitored by a 1) lRuG, chip
a function of the magnetic field, the intrinsic and surfaceresistor,” which was calibrated against a commercial Ge

contributions toT, can be separated as a result of their dif-thermometef® and a CMN thermometer. As there were no
ferent magnetic-field dependences. metal parts in the mixing chamber and the experimental cell,

The values and temperature dependenceg;pbf liquid ~ apart from the silver electrodes and leads to the magnetome-
3He determined from our experiments are in good agreemerier and thermometers, little eddy-current heating was in-
with Fermi-liquid theory’ Well above the Fermi temperature duced by sweeping the magnetic field, resulting in a total
at 1 K, we findT,, of the He-*He mixtures to be propor- accuracy and stability of the temperature to better than 10%.
tional to the ®He density, in agreement with theoretical By placing the magnetometer somewhat off the center of
predictions’ the magnetic field in a field gradient, the magnetiZéte in

We have discovered that the surface relaxation time othe hole experiences a force, and the unbalanced torque
®He in the presence dfHe is proportional to the square of causes a small rotation of the wheel. The rotation is capaci-
the magnetic field, markedly different from the linear tvely detected in an ac bridge circuit using a ratio
magnetic-field dependence observed in pdirte” This be-  transformet® which allows us to measure the magnetization
havior has not prewously bee.n observed in a Fermi liquidyith a resolution of 5 10~ 12)/T at 10 T, corresponding to
and can surprisingly be described by the theory of Bloem- o-4 4t the saturation magnetization of the liquithe in the
bergen, Purcell, and Poutfdor nuclear magnetic relaxation hole of the wheel.T; is determined from the exponential

in classical fluids, where the nuclear spin is subject to N :
! . S f th I k h
randomly fluctuating perturbing magnetic field. We relate th:decay of the nuclear magnetization after a quick $tapc

observed relaxation to the dynamics of tfiée atoms in the shorter thanf) of the magnetic field. A typical relaxation

“He film at the surfaces, where thiéle spin relaxes due to cur_;_/ﬁ IS showr:j n Ft'g' 2 f thi ‘1 .
interaction with the inhomogeneous magnetic field of the € main advantage of this nonresonant torqueé magneto-

is stijmeter is that it can be used at any magnetic field, tempera-
not completely elucidated. ture, and pressure, contrary to, for example, nuclear m'agr'1et|c
This paper is organized as follows. First we will describer€Sonance, which has to be tuned at every magnetic field.
the experimental setup and the procedure to deterifijref Moreover, the signal of the magnetometer is proportional to
liquid He and3He-*He mixtures. In Sec. 1ll we will present the change in magnetization times the field gradient. Because
the experimental results, which will be discussed in Sec. Ivthe magnetic-field gradient itself is proportional to the mag-
A model for the surface relaxation will be presented and thehetic field, the sensitivity of the magnetometer increases lin-
intrinsic relaxation time will be compared to existing Fermi- early with the magnetic field.
liquid theories. In Sec. V we will summarize the main con- As the magnetometer measures all magnetization, the
clusions. nuclear magnetization which relaxes during the field sweep
is masked by the diamagnetic signal of tfiée and*He and
Il. EXPERIMENTAL SETUP of the magnetometer itselfbackground Therefore, the
nuclear paramagnetic relaxation is measured at stable mag-
The magnetometer, schematically shown in Fig. 1, isnetic field, after a rapid sweep of the magnetic field when the
made of plastiqHysol"®) and consists of a whe¢15.5 mm  diamagnetic contribution to the signal is constant. As it takes
diameter, 10 mm thickin a cylindrical housing(16 mm  at least 10 s for the magnetometer to stabilize from the dia-
inner diameter'* Two holes of equal volume (0.25 én magnetic signal, the magnetometer cannot measure relax-
are drilled in the wheel. One of them is closed and emptyation times shorter than this stabilization time.
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FIG. 2. Relaxation of the nuclear magnetization of ligdide
containing 0.5%'He (at about 80 mK after a field sweep from 9 to
13 T in 40 s in a Bitter magnet. The exponential (fitith T,
~1700 3 is hardly distinguishable from the experimental data. The

FIG. 4. Nuclear magnetic relaxation tim&,; of saturated
3He-*He mixtures at 100 mK as a function of the magnetic field
and their quadratic fits for three different cells.

inset shows the logarithm of the magnetization. magnetic-field dependence @ is then due to the surface
relaxation. However, since diffusion to the walls and intrin-
IIl. RESULTS sic relaxation bound the observad, respectively, at small

The relaxation times of saturated vapor-pressure liquid"d large values, the field dependence of the surface relax-
3He containing 0.5%'He are presented in Fig. 3 as a func- ation cannot be directly deduced from Fig. 3. On the other

tion of the magnetic field at temperatures ranging from 40 td'and, because in these experiments the surface is covered
750 mK.T, shows a gradual change from a low-field region, With @ saturated’He film, we can expect the surface relax-
where it has a complex temperature dependence and igtion to be identical to that for a saturated mixture at the
creases with magnetic field, to a high-field region, where iS&Me temperature. This brings us to the possibility of study-
approaches a magnetic-field-independent saturation valul'd Separately the latter phenomenon as a function of mag-
which increases with decreasing temperature. Because tl‘i@t'chf]'celdt' as, :jn.at(.jllu.te ”}'Xt“;,e’ dllffusmr;]tol the vrﬁlls :CS

3 o : 0 much faster and intrinsic relaxation is much slower than for
He nuclear polarization remains below 5% even for the e

largest fields studied, we do not expect any modification of’U"®

the intrinsic(bulk) relaxation due to the magnetic fieliThe ~ Figure 4 presents, as a function of the magnetic fief
in three different cells, with different surface to volume ra-

tios. Cell 1, which is the one also used for the experiments

5000 50 mK on the liquid ®He, has a volume of 3 cincell 2 has a

volume of 2cn, and cell 3 also has a volume of 3 iout
has not been coated with polystyrene. All cells have approxi-
mately the same surface area of 40°cifhe striking result is
the quadratic field dependence of tlmurface 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; by a factor of almost 5. Both points show
that the measured, is dominated by surface relaxation. The
observation of thé? dependence both in coated and in un-
coated cells shows that this behavior does not depend on the
details of the surface material.

In order to study the concentration dependence of the sur-
face relaxation, we also performed experiments>bie-*He
mixtures at higher temperature so as to increase the satura-

2000 r
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100 G — tion concentrationT;’s of *He-*He mixtures at 300 mK
02 05 1 2 5 10 20 with four different 3He concentrations measured in cell 2,
B(T) are plotted in Fig. 5 as a function of the magnetic field. A

field-dependent relaxation time is also observed, with a satu-
FIG. 3. Nuclear magnetic relaxation tirfig of liquid *He con-  ration effect at the largest fields, which we attribute to intrin-
taining 0.5%*He as a function of the magnetic field for four dif- sic relaxation. Finally, we have measured in the sameTgell
ferent temperatures. The solid lines are fits to the data witi4ig. for 3He concentrations ranging from 60 to 95% at a tem-
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2500 A. Surface relaxation model

X, (1% . .
3 (£1%) In our relaxation model, we assume that the intrinsic re-

laxation is independent of the magnetic field, and that the
surface relaxation takes place inside a so-called active layer
11.6 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
95 to maintain a homogeneous magnetization within the layer.
In the case of the liquifHe with 0.5% “He, the *He
forms a superfluid film on top of a solid layer 6He at the
surface???> We assume that the surface relaxation takes
place inside this film(the thickness of the active layer is
smaller than the film thicknessand that the’He concentra-
500 | tion within the film is equal to thétemperature dependent
X X X XX bulk solubility of 3He in *He in zero field. In other words,
we assume that the surface relaxation process in lidtid
0 : : : : which contains sufficienfHe to cover the entire surface, is
0 4 8 12 16 essentially the same as that in a saturaited-*He mixture at
B(T) the same temperature. Evidence for this hypothesis will be
given in Sec. IV C.
FIG. 5. Nuclear magnetic relaxation tirfig as a function of the Bulk and surface relaxation are parallel processes, thus
magnetic field of*He-*He mixtures with four differenfHe con-  the experimental relaxation rafg is given by
centrations¢z at 300 mK and 95%He at 1 K. The solid lines are
fits to the data with Eq(4). 1 1 1
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perature of 1 K, from which only the data of thi¢le-*He _ _ o o _
mixture with 95%3He has been plotted in Fig. 5. Above 6 T, with T;, being the intrinsic relaxation time ari being the

T, is independent of the magnetic field, meaning that theSurface relaxation time. o ,
intrinsic relaxation dominates and that, can be directly To describe the surface relaxation inside the active layer,
determined. we use the classical theory of Bloembergen, Purcell, and

Pound? (BPP for nuclear-spin relaxation in fluids. In this
theory, the nuclear spin is subject to a randomly fluctuating
IV. DISCUSSION perturbing magnetic field with mean-square amplit(lde>

) ) and correlation timer., resulting in a relaxation raf€; 2 :
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% -|-1—1:
mixture at 100 mK, where no influence of intrinsic relaxation S
is observed, the surface relaxation time increases with the

square of the magnetic field. In the following, we first intro- Wherew is the Larmor frequency angl is the gyromagnetic
duce a relaxation model accounting for this beha¥®ecs. ratio (y= w/B). With y~2x 10 rd/sT for *He, w7~ 1 for

IV A and IV B). In this model, the field fluctuations experi- @ 7. of 5 ns at 1 T. In principle, we also have an intrinsic
enced by the atoms close to the surface are characterized bglaxation process for the mixture inside the active layer, due
a single correlation time. This correlation time sets the fieldto dipole-dipole interactions. However, as shown by the
scale beyond which the surface relaxation is suppressed, amgaximal T, observed in Figs. 4 and 5, the relaxation time
its variation with temperature depends on the relaxatiorassociated with this process is larger than 1000 s below 300
mechanism. We show that this model consistently account®K. This is much longer thait, i, as we will see, and we
for the data for pure’He, and that the temperature depen-will henceforth ignore this contribution.

dence of the surface relaxation rate is qualitatively consistent To obtain the contribution of the surface relaxation pro-
with the relaxation mechanism being the diffusive motion ofcess toT; measured in our experiments; s must be multi-
atoms close to the surfa¢€ec. IV Q. This model also ac- plied byN;/Ng, the ratio of the total number of spins which
counts for the field dependence of the relaxation time of thevill have to relax to the number of spins inside the active
mixtures at 300 mK, but, here, quantitative analysis suggestayer. This is true as long as the atoms can reach the surface
that the relaxation mechanism could differ from that at lowerby diffusion fast enough, i.e., if the diffusion time, across
temperaturegSec. IV D). Section IV E discusses in greater the cell is much less thafi; N /Ns. If this is not the case,
detail than Sec. IV C the quantitative implications on thewe deal with diffusion-limited relaxation, in which case the
relaxation mechanism of the results on pdtée below 200 relaxation will be multiexponential. The rate of the slowest
mK. Finally, our model allows us to extract from the field diffusion mode, which is the measured quantity, corresponds
dependence of; the intrinsic relaxation timd,,, of which  to an effective surface relaxation tinTg, which is, within

the temperature and concentration dependences are discus&8, given by the sum of ; N/Ng and 7 (see the Appen-

in Sec. IVF. dix):

72<5BZ>TC
1+ (am'c)2 '

@
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FIG. 6. The fit parametera (= 7p+ Noi/Ngy*(5B?) 7)), and

B (B=Ny7/NgB?)) as a function of the temperature, deter-

mined with Eq.(4) from T, measurements of liquidHe containing
0.5% “He. The solid line is the diffusion timep in seconds, as
estimated in the text.

N T Nt 7
Ns y%(6B?%)r, Ns (5B?)
For a slab of thickness|2 p=(2L)?%/(7?D) whereD is

the diffusion coefficient for liquid®He, e.g., from Ref. 23. If
we take 5.6 mm for the characteristic length @orrespond-

Te=7p+ BZ. ©)
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3He concentrationgSec. IV D). Furthermore, we will dis-
cuss in more detail the intrinsic relaxation time as a function
of temperature andHe concentratiorSec. IV B, and the
relation between diffusion and the correlation time in the
surface relaxation proce¢Sec. IV B.

B. Saturated He-*He mixture at 100 mK

Let us first discuss how the results for the saturated mix-
tures at 100 mKFig. 4) are interpreted in the framework of
Eq. (4). First, our BPP-like model obviously accounts for the
observedB? behavior. The fact that we do not see any satu-
ration at the largest fields shows iy is larger than 19s.

On the other hand, there is no saturation at the lowest fields
either. From Eq(2), this implies that 7)%~1, even at 3

T, the lowest field studied. This means that the correlation
time 7. 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 to the walls is per-
fectly understood, asp~2 s for a saturatedHe-*He mix-

ture at 100 mik2* much smaller than the measur&g (100
s—2000 &

C. Liquid 3He with 0.5% “He

Let us now turn to the case of liquitHe with 0.5%*He.
Since we assume the surface layer in this case to be identical
to that of a saturated mixture, we expect that the full @g,.
now with nonzero I¥;, and «, should fit our data. As shown
by the solid lines in Fig. 3, this is indeed the case for all
temperatures from 40 up to 750 mK, with B, andT;, as

ing to the diameter of the hole in the wheel of the magnetoy, only (temperature dependent but field indepenyidint

mete), then the calculated, increases with temperature as

shown in Fig. 6. The temperature dependenctlgf 5B2),

and 7. area priori unknown. In classical liquids, where the

parameters. For the particular temperature 100 mK, the value
found for B, which is a measure of the surface relaxation, is
approximately 200 sA to be compared to 14 s7Tin the

fluctuating fields are caused by translational motion of thg.oqa of the saturated mixture in the same (feily. 4). The

atoms or molecules, the correlation timgis inversely pro-
portional to the diffusion coefficienD.!? In our case,r,
contains information about the dynamics of thide atoms
close to or at the surface.

Substituting the effective surface relaxation tifi. (3)]
into Eqg. (1), the measured relaxation tinfg can be written
as

1 B 1 N 1 @
Ty a+BBZ Tin'
with
N N7,
A=t e B
Ngy“(6B<) 7¢ N 6B%)

In a previous papérwe have shown that Eq4) describes

ratio of B’s is thus equal to ratio dfi,,;, the total number of
spins, in both cases. This scaling is precisely that expected if
the surface contributiof; s and the number of atoms in the
active surface layeNg 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 Df s is in contrast with
the linear field dependence generally found in ultrapiiie
samples with solid®He at the surfac.If we would fit our
data using such a linear behavior, we would need a negative
(unphysical value for «. 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 thee solid
layer in determining the linear field dependenceTqf; in
pure 3He experimentS.On the other hand, the conclusion
that, for larger fieldsT, ; behaves aB? rather tharB could

the magnetic-field dependence of the relaxation time meanot be drawn from Fig. 3 only. The experiment on the satu-

surements of saturate8He-*He mixtures and liquid®He
containing 0.5%*He.

rated mixturg[Fig. 4) is essential in this respect. Due to these
results, we can safely extrapolate the intrinsic relaxation time

In the following subsections we will analyze all our relax- T;, from the measured, even thoughT,; does not saturate

ation time measurements in the framework of g, includ-
ing those on saturatedHe-*He mixtures at 100 mKSec.
IV B), liquid *He containing 0.5%*He (Sec. IV Q, and
liquid *He-*He mixtures at 300 mK andt 4 K with various

in our field range at the lowest temperatures.

In order to obtain more information about the surface re-
laxation process, we will discuss in the rest of this subsection
the temperature dependence of the two fit parameters de-
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40 large enough field~D 1, since the diffusion constant for
pure and dilute®He are approximately proportional to one
another below 200 mK.

An absolute estimate af, can be obtained from the com-
30 bined values ofx and 8. According to Eq.(5)

B Net |1
= 4+ — = 4+ — —
amrMr oy e (Nsy<682>) g ©
with 7p=(2L)?%/ w2D(T), where 2 is of the order of cell
size. If we again assume thist, /N 8B?) is independent of
temperatureq can reasonably be described as a linear func-
10 } tion of 1/8, with L and N /(Nsy(5B?))? as free param-
eters. This gives = 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 oL, « is dominated by the
- s contribution of rp . This explains whya does not increase
0 50 100 150 (as 1B does at low temperature. Onde is determined, we
o getr, from (yro)?=pBl(a— mp). 7. is found to increase from
1/D,, (s/em®) 4 ns up to 12 ns fronT =40 to 100 mK. The relative in-
crease is less than f@g"l in the same temperature range,
but this could be due to the poor precision @f m , which

20 r

BX, . (s/T%)

FIG. 7. Bx3sas a function of the reciprocal diffusion coefficient

D, of a saturatedHe-*He mixture.D; was taken from Ref. 24 makes it difficult to determine-. to better than 2 ns
for a *He-*He mixture with 5%°He, and has been corrected for the ¢ '

3 . Even if we do not make the previous assumption iwat
He concentration. The temperature ranges from 40 mK Wher%ndﬁ only depend on temperature througf, we can stil
Dgit=20 s/cn? to 200 mK whereD ;t~150 s/cn. , y dep b o .

give a lower bound forr, since 2~3 mm is certainly a

scribing T, which are plotted as a function of the tempera-!0Wer limit for evaluatingrp . At 100 mK, this givesrc>5
ture in Fig. 6. In our analysis, we will focus on, asitis NS This estimate is consistent with that inferred from the
this quantity which is determined by the spin dynamics. weStudy of the saturated mixture at 100 mK. We defer the dis-
will also restrict ourselves t@ <250 mK, since for larger Cussion of this order of magnitude to Sec. IV E.
temperatures, all the liquiiHe is likely to be dissolved into

the He, so that our picture of a saturated layer does not D. *He-*He mixtures at 300 mK and 1 K

apply anymore. Figure 6 shows an increase &f(B We saw in the previous subsection that our relaxation
=Nyoi7c/Ng6B?)) with temperature. If we assume that model, with a correlation time proportional toDi;, ac-
(8B?) does not change at these low temperatures and higkhunted for measurements % in 3He with 0.5% “He.
magnetic fields, the increase fmust be attributed ta;, as  \what should we expect, within the same model, for our data
Nt remains constant whil&lg only slightly increases with  gn mixtures at 300 mK? If the temperature dependence of
temperature because of the increasing maximum solubili%ndlg is only throughr, (and 7p) in Eq. (5), their values at
X5 Of °He in the *He film [x; increases from 6.6% at 40 300 mK for the mixtures can be deduced from the measure-
mK to 7% at 100 mK and 9% at 200 miRef. 25]. ments of the 6% mixture at 100 mK in the same ¢edll 2)

This increase of the correlation time is expected if the by scalingg as 1. and using Eq(6) for a (in our model of
motion responsible for relaxation is the diffusion of atomsgpn active layer of fixed thickness, the rabig,, /N does not
close to the surface. In order to test more quantitatively thi%iepend on the dilute mixture concentrajiods D 4~ 3.5
idea, we plotted in Fig. 78(T)x3{T) as a function of v 10-3 cr?/s at 300 mK and 4 ~15x10"% cm?/s at 100
Di'(T), whereD(T) is the diffusion constant of a satu- mk for a 5% mixture?* we expectr, to be approximately
rated dilute mixture. Thexs T) factor cancels out th&ls  four times larger for the 6% mixture at 300 mK than at 100
dependence 0B, so thatB(T)x3{T) is proportional tor;.  mK, i.e., 7.>8 ns(see Sec. IV R For the 11.6% mixturer,

We obtainedDy(T) from the measured valu&sfor a  should be increased by a further factor of 2,05~ 1/xs in
3He-4He mixture with a concentration of 5%"6 by Ccor- this temperature ranéé,i_e_, T 16 ns. ASﬁ%g S/T2 at
recting for the®He concentration~x3” in the degenerate 100 mK in cell 2,3 should correspondingly range from 40 to
regimé?). The proportionality of8xs¢ to D' means that 80 s/T at 300 mK for mixtures of concentration 6—12 %.
they have the same temperature dependence. This is indegd(yr.)? should then be smaller than 15 s. For the above
consistent with the idea thafc~D,;|l, i.e., that relaxation D values,rp is also less than 10(sising 2. = 6 mm as an
occurs through the diffusive motion dHe atoms inside the estimate of the distance between relaxing Wak® thata
saturated layer. should be less than 25 s.

This behavior provides a natural explanation for the pre- In our T, range (500-2000 § we finally expect
viously unexplained observatichthat T is inversely pro-  1/T;=1/T;+ 1/(8B?). Accordingly, we plot in Fig. 8 1/,
portional to the diffusion constam of pure ®He in experi-  as a function of B2. These coordinates, unlike those of Fig.
ments wherel ¢ is clearly larger tharmp, the diffusion time 4, allow for the non-negligible bulk relaxation rate at these
across the sample. Indeed, in these conditidns; 8 (at  temperature and concentrations. The data of the mixtures
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0.003

fusive motion of the*He atoms within the*He film close to
the surface. Here, we analyze the significance of our quanti-
tative results on the correlation timrg, 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 wheréHe spins relax due to diffusive motion
in the inhomogeneous magnetic field of the surfaeg,
=12/ 72Dy, with | being the correlation length of the inho-
mogeneous field an® g being the diffusion coefficient of
the He in the 3He-*He mixture film near the surface. In
Sec. IV C, we showed that.>5 ns at 100 mK, indepen-
dently of any hypothesis on the mechanism of surface relax-
ation. If we take forDy; the bulk value of a 5%°He-*He
mixture?* this corresponds to a correlation length larger than
0.25 um, which is about four times the reportétHe film

0.002

1T, (1/s)

0.001

0 N ! " i . ! N )

0 001 002 003 004 005 thickness™! As the results of Secs. IV B and IV C are con-
sistent with the idea that the thickness of the active layer is
1/8° (T2) itself smaller than that of the filntscaling of 8), we end up

. . with a correlation length larger than this thickness, i.e., larger
FIG. 8. Relaxation rate Tj as a function of the square of the than the range of field fluctuations, perpendicular to the sur-
reciprocal field 1B of *He-*He mixtures with four differenfHe  face |t is not clear to us whether this is possible or not. In
concentre}tlone‘(3 at ;300 mK and_ 950/8_He at 1 K, as denoted in the any case, this value df is not large enough, taking into
legend. Lines are fits as described in the text. account the possible uncertainty in the film thickness or the
possible change of the diffusion constant close to the surface,
with (7+1)% 3He and those with (121)% 3He have been to rule out spin diffusion as the relaxing mechanism.
fitted as a linear function of B for B larger than 8 T, and An alternative hypothesis to explain the observed long
the results are shown as straight lines in Fig. 8. The valuegorrelation time might be that @He atom sticks to the sur-
for B resulting from the slope of these straight lines rangeface and relaxes due to the perturbing field of a paramagnetic
from 12+1 s/T2 to 17+1 s/T2, that is, do not show the impurity at the surface of the cell, in a similar way to that
fourfold increase predicted from the expected change.in  observed for®He gas, in hydrogen coated cells in the low-
The 11.6% data, which extend to the lowest fields, clearlyfield limit.?® Ng would then correspond to the numberiie
deviate from a straight line. Accordingly, these data can onlyatoms at the surface, ang to the sticking time.
be fitted to Eq(4) using a larger value of (a~100 s) than Measuring the temperature dependence.athould allow
expected. us to discriminate between the two mechanismsshould
The discrepancy between the observed and predicted vaRcrease with temperature in the first mechanisetaxation
ues ofa and 8 cannot result from an extra temperature de-due to diffusion, whereas it should stay constant, or even
pendence, e.g., throudB?), of @ and 8 from 100 to 300 decrease with increasing temperature in the second mecha-
mK, sincea is too large whereag is too small with respect nism (relaxation due to sticking As discussed in Sec. IV C,
to the predicted values. As an effect, estimated from the temperature variation of cannot be unambiguously de-
(y710)%=Bl(a—1p) is of order of 2 ngindependently of any termined in the case of almost puféle, due to the large
hypothesis on the constancy @#B?) with temperaturg ten  uncertainty ofrp in Eq. (6), so that both mechanisms are in
times smaller than expected from the assumed scating fact possible. In the second mechanism, the experimentally
~1/Dg;. This may mean that another relaxing mechanismmeasured increase @ with temperature should then be at-
becomes more efficient than the diffusive motion of atoms atributed either to a decrease Nf, or to a decrease of the
300 mK. In the future, it would be desirable to study con-field fluctuations, with increasing temperature. Experiments
tinuously the evolution ofT; for a 6% mixture from low studying the temperature dependenceTgffor a saturated
temperatures up to 300 mK. mixture could possibly discriminate between the two mecha-
Despite this problem, the data at large fields show a reanisms, by allowing us to measure directly the temperature
sonable linear behavior of T as a function of B2. This  dependence of.. Indeed, with respect to the case of almost
allows to extract;, for the mixtures at 300 mK as a function pure *He, r, would be reduced by a factor of 50, whereas
of 3He concentration. The values found are shown in Fig. 10x— 7p would be only reduced by the ratio df,, i.e., ap-
and discussed in Sec. IV F. proximately 14, thereby increasing the relative precision on
a— 1, and hencer;.
In this context of the relaxation mechanism, we remark
that Eq.(2) is a classical one, where no allowance is made
In the following, we focus on our results below 200 mK for phase-space restrictions imposed by the Pauli principle,
for 3He with 0.5%“He, for which a scaling o8 with 1/Dgy;  as is the case for bulk liquidHe. Such a restriction could
is observed. As discussed in Sec. IV C, this scaling is congive an extra temperature dependencd {Q, which could
sistent with the hypothesis that relaxation occurs through difmakeg (respectively ) to vary differently fromr, (respec-

E. 7. and the mechanism of surface relaxation
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as a function of magnetic field, with the only assumption that
T<=a+ BB?, which, as we have shown above, describes the
whole set of data of théHe excellently. Moreover, above
100 mK, the applied field was high enough to redGh
within experimental accuracy of about 10%.

The experimentally determined;, has been compared
with theoretical predictions of Vollhardt and Wie,®> Bedell
and Melzef} and Havens-Sacco and WiddnAs the mea-
surements are performed at saturated vapor pressure, which
is about 0 bar at these low temperatures, the theories of Be-
dell and Melzer, and Havens-Sacco and Widom, have been
plotted in Fig. 9 for a pressure of 0 bar, for which we have
used the Fermi-liquid parameters of Ref. 28. The theory of
Havens-Sacco and Widom is in clear disagreement with the
experimental data. Although the theoretical prediction of Be-
dell and Melzer is quantitatively in good agreement with the

10 =5 01 o2 o5 1 experiment around 100 mK, the predicted piire? depen-
' dence is not observed at these temperatures.
T(K) Excellent agreement between the experimental data and

the theory of Vollhardt and Wile is observed in the Fermi-
FIG. 9. Intrinsic relaxation timd;, of liquid *He as a function liquid regime(below 100 mK. Although the qualitative tem-
of temperature determined with E¢4). The lines represent the perature dependence describes quite well the transition from
theory of Vollhardt and Wile (solid line, Ref. 3, Bedell and  the Fermi-liquid regime to the Boltzmann regime above 1 K,
Melzer (lower de_lshed line, Ref.)6and Havens-Sacco and Widom j, the high-temperature plateau, the experimentally deter-
(upper dashed line, Ref).7 minedT,, is 1.5 times longer than the theoretical value. This
is in agreement with th&, measurements of Rom&twhich
tively, 1/7). To our knowledge, this effect has not been con-were, although not corrected for wall relaxation, also higher
sidered previously. However, even if it does exist, it couldthan the theoretical prediction. In the theory of Vollhardt and
not explain alone the temperature dependencggofis it  Walfle, the total intrinsic relaxation rate is the sum of the
should pr_obably lead to an increase of relaxation as the tentelaxation rates in the collisionles¥{.,) and in the hydro-
perature increases. dynamic regime Tg). Its calculation involves a momentum
Le_t us_flnally discuss the absolute str_ength of surfacg "ehtegral which contains a cutoff wave vectgg that sepa-
laxation, independently of any hypothesis on its mechanismgeg the collisionless from the diffusive regime, and deter-
The gurface relaxation time i$; = (Ts— 7p)Ns/Ni=(@  mines the high-temperature value. Because the cutoff wave
+ BB~ 7p)Ns/Nyor. Depending on the thickness of the ac-yector g, which is proportional to the inverse mean free
tive layer, which may range from one atomic layer ud {0 y41h is determined only up to a factor of 2, at best, the
NS/'Ntot ranges from~2Xx 10*§ to '~2'>< 10> for cell 1, . observed difference between experiment and theory can be
taking 6% as the concentration inside the saturated filmg.-ounted for by the value of, in the theory, and agreement

Thus, a typicalTs of 1000 s in 3 T 3=100 s/F) corre-  petyeen theory and experiment could be obtained by adjust-
sponds torl'; s from 20 us up to 20 ms. These numbers areng the value ofgy.%°

short with respect to those reported for pdiée on surfaces In Fig. 10 we have plotted thE, * of 3He-*He mixtures
. P . . . n
of high specific aredtypically 1 s in 3 T(Refs. 9.and 21 5 1 i a5 a function of th8He molar concentratiors. For

\k/)vhere thehrelfaxatioT_Oilsl believegl tﬁ olt_:cu_rdthro:jjghhexcha:jn dg't:hese high densities and temperature, the magnetic field was
etween the nirst solid layer and the liquid, and where a I’nigh enough to reach;, within the experimental accuracy of

tion of “He considerably reduces the relaxatfonhis sug- about 7%, while fofT, for the 3He density of 100% we have
gests that the field fluctuations associated with a plastic Mazken the, extrapola{lzad value from Fig. 9. The straight line

'Ic:erial could be d”:\j“?E larger than for- thesgBozthtfr SUtl’EStrate?Jerfectly fits the data, showing clearly the proportionality of
rom B, 7c, aNdNg/Nyo;, we can estimaté¢sB°) rom £a. T.,} to the *He concentration, and the expected behavior that
(5). Using B=100 s/%, 7.>5 ns at 100 mK, we find that T. goes to infinity as; goes to zero.

2\\1/2 _ 4 .
(<5B.>) ranges from 1%10* T (for a 025 pm th'c.k These measurements can be compared to the prediction of
relaxing layey up to 0.05 T(for an atomic size relaxing Lowe et al,* who have calculated, of *He in *He-*He

l(iﬁ?t'rosnlijg h ;?gggﬁavﬁg[?csir?qOIS:itEgsainhlt%Z C?gscﬂegt\:va;:losno?fmixtures for temperatures much greater than the Fermi tem-
our cells. P g P P perature T, '=x5/(11TY?) whereT;, has the units of hours
andxg is the concentration ofHe in percent. The theoretical
T..}, which has been plotted far=1 K in Fig. 10, predicts
the correct®He density dependence and deviates only by
Figure 9 shows the intrinsic relaxation tinfg, of pure ~ 10% from the experimental results.
3He, as a function of temperature, as determined with(&q. We also have plotted;;* determined with Eq(4) from
from T, measurements of liquidHe with 0.5% *He. The T, of the 3He-*He mixtures at 300 mK in Fig. 10. These data
experimental data have been obtained fibpmeasurements also show an increase af,,' with the *He density, but

F. Intrinsic relaxation
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0.003 for *He concentrations lower than 10%, we indeed would
havex <n~ 3 while the system goes from<a to A >a at
T=~1 K, thereby avoiding degeneracy.

V. CONCLUSIONS
0.002 | _ ,
We have presented a comprehensive experimental study

on the nuclear magnetic relaxation tiriige of almost pure
liquid *He and®He-*He mixtures as a function ofHe con-
centration, temperature, and magnetic field. All results can
be explained by a single model, in which the surface and
intrinsic contributions toT; can be separated due to their
different magnetic-field dependences. We have shown that
the surface relaxation time of liquidHe containing“He,
unlike when there is a solid layer dHe at the surface, is
proportional to & (yB7y)?. The correlation timer,, deter-
0 - ' - - mined from our experiments, is of the order of 5 ns at 100
0 20 40 60 80 100 mK. The temperature dependence of this surface term agrees
x. (%) with the idea that the relaxation arises from the diffusive
3 \’° motion of the®He atoms in the*He film at the surface. The
intrinsic relaxation timeT;, of 3He we have experimentally
determined with high precision, is in good agreement with
the theoretical predictions by Vollhardt and We> We
have shown thaf;, in *He-*He mixtures at a temperature of
1 K, is proportional to the’He concentration, in agreement
with theoretical prediction$.

(1/s)

n

1/T

0.001

FIG. 10. Intrinsic relaxation rate T, of *He-*He mixtures at 1
K (dots and 300 mK(squaresas a function of theHe concentra-
tion x3. The solid line is a fit to ta 1 K data, the dashed line
represents the theory of Lowet al, Ref. 4.

cannot be compared with the theory of Loefeal,, since the
temperature is too lowT~ 500 mK for a 10%>He-*He
mixture”®). The observed increase f,* with the *He con- ACKNOWLEDGMENTS
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of the temperaturd The change fronil;,~T*? predicted
and observed by Chapman and Richatdgat high tempera-
tures, toT;,~ T~ 2 at low temperatures, results in a mini- APPENDIX

mum of T, 2; intermediate temperature for whiah=a at In this appendix we calculate the total relaxation tifie
about 0.8 K At thesse temperatures thtHe gas density gye to intrinsic and surface relaxation. The atoms reach the
becomes so low+10°° m™?) thatT;, is very long. Due to  gyrface by diffusion, of which the effect will be included in
condensation and wall sticking, wall relaxation becomes thene effective surface relaxation time. We consider a fluid
dominant relaxation process as the temperature is lowered,ith a diffusion coefficientD, and an intrinsic relaxation
Theregforessthe minimum of, could not be observed in gas- tjme Ti,. The liquid is confined between two infinitely long
eous~He: parallel plates at a distanoe= + L. We assume the surface

In liquid “He, the crossover would occur in the samee|axation to take place in an active layer of thickness
temperature range as that from the classical to the degeneraifin a surface relaxation time, ..

regime (sincea is of the order of the interatomic distance  |nside the active layer, the change in magnetizatiois

~1 ini i i : o
n~*9), so that the minimum indeed observed amunK is  que to the surface relaxation and a flux of magnetization
then due to the crossover from the high-temperature Boltzgjfysing into this layer:

mann behavior to the degenerate regime, for which one ex-

pectsT;,~T 2. On the other hand, observation of the pre- 5

dicted minimum seems possible for dilute solutions®bfe oM _ Meg—M D‘?_m (A1)

in “He? using our technique to determin®,. For a ot Tis ax%’

3He-*He mixture with 10%3He, the interatomic distance

n-3~g A. At the predicted minimum temperature of 1 K, At the boundary of the layer the magnetization flux should
A~a~2.5 A, so than\3~0.04 for such a mixture. Hence, be continuous:
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am~ +

am
ax X
wherem™=m(L—1,—8) and m™=m(L—1,+6), while &

(A2)

goes to zero. In our experimental conditions diffusion in the
layer is fast enough to maintain a homogeneous magnetiza-

tion m in the layer(which means that§ID<T1,5). Integra-
tion of Eq. (A1) from L—I,+ 4 to L results in
m

==+
Ia(TLS at

where we have used the continuity of flt&g. (A2)], and for
simplicity setm, equal to zero. If we assume that the time
scale for the change ah in the active layer is much larger
than T, ; due to the reservoir provided by the cell, then
om/ot<m/T, sand Eq.(A3) becomes

om- om

Pk

(A3)

am I,m
dx DTy

at x=+L. (Ad)

Now the magnetization in the cell obeys the diffusion equa-

tion:

®m

NG

with the boundary condition EqA4), while symmetry re-
quires that

om  —m
pu— +
at Ty

(A5)

&m—o t x=0 A6
vl at x=0. (AB)
We look for solutions of the form

mgy(x,1) = (Aqcosgx)e P!, (A7)

where the coefficient®\, are determined by the condition
that the initial magnetizatiom(x,t=0) is given by the sum
over allg. Substitution ofmy(x,t) in Eq. (A5) yields

Dg?=p— (AB)

Tin-
This equation couples to each modea relaxation ratep,
and it can directly be seen that the surface relaxation rat
(diffusion inclusive is Dg?. This means that the relaxation
rate in the whole cell due to relaxation at the surfacB g,
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FIG. 11. RatioR of T, [T&=7p+T;{L/I)] to 1Dg? as a
function ofgL. The parameter varies froglL= 0 (corresponding to
surface-limited relaxatiorto gL = 7/2 (corresponding to diffusion-
limited relaxation.

which is, as expected, equal to the surface relaxation rate
timesl,/L, the ratio of the volumes of the active layer and
the cell. We will henceforth denot&, d /I, the homoge-
neous relaxation timd .. qL<1 is equivalent toDg?
=1T,m<DI/L?, i.e., this regime applies if the diffusion
time across the cell is much smaller than homogeneous re-
laxation time.

In the opposite limit, we are in the diffusion-limited re-
gime, and we get from EqA9)

T
(A11)
Hence the diffusion-limited relaxation rate becomes

2 1

:_1
D

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

Let us defineT as the sum of the diffusion time, and
the homogeneous relaxation timgg,:

(Al12)

quzD(

which is hence called the effective surface relaxation rate.

The relaxation time of a modg decreases witk®>. As m is
a sum over all modes, the early recoverynofwill be non-
exponential, but after the higher modes have decayedill
exponentially decay. Without intrinsic relaxatior;;{— =),
there is only surface relaxation, am in Eq. (A7) then
equalsDg?.
From the boundary conditiofiEq. (A4)] we get the equa-

tion for mode selection

la
DTy

There are two limiting cases. I/qT; <D, we are in the
surface-limited regime, and the magnetization is homoge
neous throughout the sample. From E&9) we get

g tangL= (A9)

la

2:
DA™=

(A10)

TSE ) + ThomE i) + Tl,S|_ y (A13)
a

and calculate th&, the ratio of T to the real surface relax-
ation time 1Dg>:

T
R=Dqg?T=Dq? mp+ TJ') (A14)
a
With Egs.(A9) and(A12), this can be written as
2gqL\2 gL
R_(T) * tanqlL’ (AL5)

R is drawn in Fig. 11 as a function afL, varying from
gqL=0, corresponding to surface-limited relaxation, ga

= /2, corresponding to the diffusion-limited relaxation. It
can be seen that the effective surface relaxation tirbegd/
can within 5% be approximated biy.
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