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Properties of 2D3He on Very Thin 4He Films
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We report measurements of the3He spin diffusion, magnetization, and NMR relaxation times for
submonolayer,n3 ­ 0.0064 Å22 (,0.10 layer), 3He impurities on thin4He films on Nuclepore. We
find a mobility edge, a strong4He coverage dependence for the3He ground state energy, and the absence
of an excited state for the3He for very low 4He coverages. A,103 104 increase in the value of the
diffusion coefficient occurs over a narrow4He coverage range,0.15 # n4 # 0.23 Å22, and a large
Curie-like component is present in the magnetization forn4 # 0.20 Å22. [S0031-9007(96)01347-6]

PACS numbers: 67.70.+n, 67.60.–g, 76.60.–k
-
e

tiz
t
n
ta

ti

-

tr
b
d

fa
e

he
y
s
i

-
c
t
o
t

e
g

in
o
t

m

-

ic

h

sary
the

-

e-

-
erate
that
lo-
evi-
gly
ts
me
in-
n.
a

2.9

r
he
the
re.

R
ges

and
id
es
inal
At low temperature, submonolayer3He atoms on a su
perfluid 4He film occupy a surface state [1] at the fr
surface of the film and behave as a nearly ideal tw
dimensional Fermi gas, exhibiting degenerate magne
tion [2]. In the dimension perpendicular to the substra
the 3He constitute a system akin to particles in a box, a
the energy of the ground state and the first excited s
has been measured [3–5] as a function of4He coverage
and found to be in reasonable agreement with theore
predictions [6,7]. For such a system, the3He are relatively
free to move along the superfluid4He surface. On strong
binding surfaces, approximately two layers of solid4He
are found beneath the superfluid, adjacent to the subs
In this Letter we use NMR techniques to explore the
havior of the3He in the 4He coverage regime near an
below that necessary for superfluid behavior. As the4He
coverage is reduced, the potential which holds the sur
state is expected to change shape, altering the energ
of the 3He. For such a thin film, random disorder in t
potential experienced by the3He atoms is introduced b
the surface roughness of the substrate and the semi
4He film adjacent to it. The strength of this disorder
tunable by variation of the4He film coverage. If the dis
order is strong enough, localization is expected to oc
due to coherent backscattering from the random poten
This type of localization was first recognized by Anders
[8] in electronic systems, and it is expected to be presen
any wave phenomena [9]. For a Fermi system, asT ! 0
the localization of the fermion wave function is predict
to result in a diverging Curie-like component to the ma
netization due to the localized fermions no longer be
part of the degenerate liquid. This localization, and c
sequent hindered mobility, should give rise to a grea
reduced diffusion coefficient,D [10]. In the experiments
we report here, NMR measurements are used to deter
D, the magnetization,M, and the relaxation times,T1 and
T2, for the3He in the thin4He film environment, as a func
tion of temperature and4He coverage [11],D4. Each of
these quantities is found to demonstrate behavior wh
at low 4He coverages, is a strong function of the4He film
coverage, consistent with localization. We also find t
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for 4He coverages below the minimum coverage neces
for superfluidity, the ground state energy increases as
4He coverage is reduced, and the excited state for the3He
disappears.

Spragueet al. [4,12,13] reported results of NMR mea
surements for 0.1 layer3He on a thin4He film which ex-
plored the properties of the3He in the film and which give
some support to the physical picture of localization d
scribed above. Although the data were limited, for a4He
film of coverageD4 # 2.7 (bulk-density) layers their mag
netization measurements show evidence for nondegen
behavior at the lowest temperatures studied, indicating
the magnetization may contain a Curie component from
calized spins. Their measurements also showed some
dence that the spin-diffusion coefficient increases stron
over a narrow range of4He film coverage. Measuremen
of the 4He coverage dependence of the relaxation ti
T2 showed a maximum at low coverage, which was
terpreted as behavior consistent with a melting transitio

In the work we report here [14], which provides
much more thorough exploration of the low4He cov-
erage regime, we used pulsed NMR techniques at 6
MHz to measureD, M, T1, and T2 for thin mixture
films with 4He coverages 1.89 # D4 # 2.90 bulk-
density layers (0.15 # n4 # 0.23 Å22), with a fixed
3He coverage ofD3 ­ 0.10 layer (n3 ­ 0.0064 Å22)
and for temperatures40 # T # 500 mK. The relatively
strong-binding substrate which supports the4He is Nu-
clepore, a polycarbonate material threaded by,3 3 108,
200 nm diam poresycm2, which provides surface area fo
NMR signals of reasonable signal to noise levels. T
helium films we study here are thin enough to ensure
absence of capillary condensation [15] in the Nuclepo
The 4He surface underlying the3He ranges from solid to
fluid to superfluid over this4He coverage range. A third
sound resonator is present in the cell along with the NM
resonator, and this is used to confirm coverage chan
where appropriate when helium is added to the cell,
to determine the4He coverage at which the superflu
transition occurs. Magnetization and relaxation tim
are measured with Hahn spin echoes, and longitud
© 1996 The American Physical Society 2973
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spin diffusion is measured in a static field gradient w
stimulated echoes. During the evolution of this expe
ment, we began at the lowest4He coverage, and carrie
out our measurements at selected temperatures follow
incremental additions of4He for a fixed amount of3He.
This protocol was necessary since the removal of heli
from the sample chamber causes the concentration
change in an unknown manner.

For T . 300 mK, evaporation of3He from the NMR
coil occurs, and this provides for a determination
the ground state energy,e0, for the 3He using the
method described earlier by Spragueet al. [4]. Studies
of the temperature dependence ofT1, which has been
shown [4,5] to be of the form1yT1 ­ A 1 ByT1y2 1

C exps2DyTd, are used to measure the energy gap,D,
between the Fermi energy,eF , and the first excited state
e1, for the 3He in the film. Our measurements ofM
andT1 in the low coverage regime yield a determinatio
of e0, D, and eF , and thus we deducee1. We find
an absence of thermally activated behavior forT1 for
D4 , 2.49 layers­ DA, which implies that the excited
state ceases to exist in this coverage range. Our res
along with earlier data obtained at higher coverages
shown in Fig. 1. e0 and e1 increase with decreasing
coverage, withe1 apparently reaching zero forD4 ø DA.
This suggests that the surface state potential beco
more narrow as the film thins. Also shown on Fig. 1 a
the results of theoretical calculations for the lowest ene
states of the3He in the film, with the coverage scale
shifted so as to correspond to that of the experiment.
the density functional calculation [6], the theory assum
two solid layers (with coverage 0.108 and0.078 Å22)
which has been accounted for in affixing the theory
our coverage axis. In the microscopic calculation [7
which provides an upper limit to the energy values, t

FIG. 1. Ground state (squares) and first excited state (circ
energy values determined in this work (solid symbols) a
by Spragueet al. [4] (open symbols). No evidence for th
existence of the excited state is found forD4 , 2.49 bulk-
density layers. The dashed curve is a density functio
prediction due to Treiner [6], and the solid curve is
microscopic prediction due to Krotscheck [7].
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calculation starts at the interface between the solid and
fluid, and we have addedDi ­ 2.41 bulk-density layers to
this calculation to affix the theory to our axis. This val
of Di for the coverage of the solidlike layer comes fro
an examination of the4He coverage dependence of th
magnetization to be described shortly. It is also consis
with an examination of the coverage dependence of
relaxation time T1 made in a manner reminiscent o
the technique used by Swansonet al. [16] to identify
monolayer completion. ThisDi is a bit lower than the
value 2.66 used by Spragueet al. [12], presumably due
to the presence of a somewhat different protocol use
create the sample. There is general agreement with
theory for the coverage dependence ofe0 ande1, with the
predictions consistent with the data on the interpretat
that the first excited state disappears at low coverages

The longitudinal spin diffusionD is measured with
stimulated pulse-echo sequences, which allows one to
serve diffusion over a time scale ofT1 . 200T2. The
stimulated echo sequence ispy2-t2-py2-t1-py2 echo,
wheret2 , T2 and t1 , T1. To measureD we utilize
the time t1 and the magnetic field gradient,G, depen-
dence of the stimulated echo height,Est1, Gd, where

Est1, Gd ­
M0

2
exp

∑
2

t1

T1
2

g2G2Dt
3
2

3

µ
3t1

t2
1 1

∂∏
,

(1)

and whereg is the gyromagnetic ratio. The stimulate
echo is measured for at least four different values oft1
and G, and the slopes of thet1 dependence of lnsEd for
eachG are fit linearly byG2. The resulting slope allows a
determination ofD. These stimulated echo measureme
probe time scales long enough for the3He spins to move
among pores, hence the measured spin diffusionD is
expected to be related to the bare spin diffusionDbare

through the tortuosity factor for Nuclepore,a ­ 16 [17],
so thatDbare ­ aD. The 4He coverage dependence
D is shown for four temperatures along with earli
data [12,18] in Fig. 2. Between 2 and 3 layers
4He, D increases smoothly by103 104. The dramatic
increase in mobility over such a small coverage ran
is reminiscent of the mobility edge for electrons se
in thin metal films [19]. The temperature dependen
of D gets weaker with increasing coverage. In Fig
(inset) power law fits,D ­ ATb, which yield b ­ 0.7
and 0.5 forD4 ­ 2.19 and 2.39 layers, respectively, a
shown with the data. AtD4 ­ 2.91, D shows very weak
temperature dependence. This behavior is in contras
the temperature dependence seen at higher4He coverages,
D4 . 3 layers, where Spragueet al. [12,18] found that
power law fits for T # 150 mK resulted in exponents
21 & b & 21.5. Localization of the3He should result
in a disappearing diffusion constant at low temperatu
For our lowest 4He coverages, we findD decreases
with decreasingT , a result which is consistent with th
expectation thatD ! 0 if the 3He is completely localized
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FIG. 2. D as a function of4He coverage for various tempe
atures for this work (solid symbols), and from Ref. [3] (op
symbols). Inverted triangles, 30 mK; squares, 40 mK; d
monds, 100 mK; triangles, 150 mK; and circles, 200 mK. A
shown areNCyN values (asterisks) for this work. The s
perfluid transition occurs in the range2.6 , D4 # 2.7 layers.
The inset shows power law fits (solid lines) to the tempera
dependence of the diffusion constant for three represent
coverages, 2.19 (asterisk), 2.39 (cross), and 2.91 (plus) b
density layers.

Also noted in Fig. 2 is the coverage range,D4 $

2.70 layers where the superfluid density is nonzero
determined by the third sound measurements. T
sound was searched for atT ­ 100 mK for each cov-
erage,D4 $ 2.49 layers. It was first observed atD4 ­
2.70 layers, but not seen atD4 ­ 2.60 layers, which
indicates that atT ­ 100 mK the onset of superflui
dity occurred atDc, where 2.60 , Dc # 2.70 layers.
Kosterlitz–Thouless theory [20] (KT theory) predicts th
the ratio of the areal superfluid density to the te
perature is a universal constant at the superfluid t
sition, sssyTdc ­ s2kBypd sm4yh̄d2. For T # 500 mK,
rsyr . 1. The KT theory predicts the transition at
4He coverage given bysdsyTdc ­ 0.68 layeryK, where
ds is the superfluid coverage measured above the
4He layer closest to the substrate. We measured the
layer to be of coverageDi ­ 2.41 6 0.09 layers, where
Spragueet al. [12,18] found Di ­ 2.66 6 0.03 layers.
Thus, atT ­ 100 mK, for Di ­ 2.41 layers, we would
predict that the superfluid transition will occur at a4He
coverage ofDp

c ­ 2.48 6 0.11 layers, which is reason
ably consistent with our observations. As shown
Fig. 2, the superfluid transition has no noticeable effec
the 3He spin-diffusion coefficient. ForD4 # Dc, the4He
is a combination of solid and liquid, but not superflu
As the coverage is reduced belowDc the 3He atoms ap-
parently become increasingly exposed to irregularities
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posed by the solidlike4He and by the substrate, andD
decreases.

Magnetization vs inverse temperature is shown
Fig. 3 for D3 ­ 0.1 layer for the ten 4He coverage
values studied. At the lowest temperatures and high
4He coverages the magnetization is degenerate. A la
Curie component to the magnetization is present for
lowest 4He coverages. The magnetization data can
represented by the expression for Pauli paramagnet
augmented by an additional term,CyT , which represents
[12] a 4He coverage-dependent Curie contribution,

M ­
C0

Tpp
F

∑
1 2 exp

µ
2

Tpp
F

T

∂∏
1

C
T

, (2)

whereC0 is the Curie constant andTpp
F is the degeneracy

temperature.NCyN ­ CysC 1 C0d is the Curie fraction,
the fraction of spins which contribute to the Cur
component of the magnetization. The Curie fracti
determined from fits of the data by Eq. (1) is show
vs 4He coverage in Fig. 2. The Curie fraction is larg
at low coverage and decreases with increasing cover
with NCyN ­ 0 for D4 $ 2.49 layers. This behavior is
consistent with the ansatz that for low4He coverages
a fraction of the3He atoms is constrained due to th
roughness provided by the solidlike4He, and thus these
atoms are localized [12].

We confirm the behavior previously seen for the tra
verse and longitudinal relaxation times [5,12,18]. For
temperatures studied in the range40 , T , 200 mK, a
maximum is observed inT2 for D4 # 2.3 layers. The
maximum gets larger and moves to lower coverages as
temperature is increased. ForD4 , 2.4 layers,T1 rises
with decreasing film coverage and shows strong temp
ture dependence at low coverages. ForD4 $ 2.4 layers,

FIG. 3. Magnetization (arbitrary units) versus inverse temp
ature for variousD4 (bulk-density layers) with fixed3He cov-
erage,D3 ­ 0.1 layer. Dashed lines are fits to the Pauli pa
magnetism plus a Curie component, Eq. (2).
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much weaker temperature dependence forT1 is observed.
Since a new solid4He surface was created for this e
periment, detailed differences in the dynamics observe
low 4He coverage between our data and the earlier w
[12] are likely due to the differences in roughness a
randomness of the4He solid surface. At higher cover
ages, Alikacemet al. [3] found that the temperature de
pendence ofT1 is independent of4He coverage, thus the
concluded thatT1 is dominated by processes at the fi
surface. At lower coverages, the temperature depend
of T1 has a strong dependence on coverage, implying
processes such as relaxation with paramagnetic impur
in the substrate may dominate when the3He gets close
enough to the substrate. If relaxation is dominated
interactions with the substrate, then it is expected [
that the relaxation rate will depend on the diffusion c
efficient as1yT1 ~ D. This is not observed. We ob
serve a less than 1 order of magnitude increase inT1 for
2.4 $ D4 $ 1.89 layers. This behavior does not scale
1yT1 ~ D since we observe a 2 orders of magnitude
crease forD over the same coverage range. Since
proportionality should be dependent on geometry, and
expect the effective geometry of the film surface to
changing over this coverage range, this behavior is
haps understandable.

In summary, the magnetization, relaxation times, a
diffusion have been measured for a3He impurity on a
low coverage4He film. The Curie fraction goes to zer
for D4 , 2.4 layers, near the4He coverage at which th
peak is observed inT2. The decrease inT2 and the van-
ishing Curie fraction are consistent with a melting tra
sition in the 3He [12]. We observe a large decrease
mobility with decreasing4He coverage, and the tempe
ature dependence of the diffusion constant is consis
with D ! 0 at low temperatures. In addition, the grou
state energy is observed to become increasingly less
ative as the4He coverage is reduced, and the exci
state disappears, which suggests that the potential a
able to the3He becomes more narrow as the4He cover-
age is reduced. We conclude that the structure obse
in the magnetization, relaxation times, and diffusion c
stant is consistent with the localization of a fraction
the 3He by the inhomogeneities of the substrate and
mobile 4He surface forD4 # 2.39 layers. It is not clear
to us whether this should be interpreted as localiza
of the coherent backscattering type (with3He localized
in a surface state at the free surface of the film) or
localization with3He trapped as a part of the solid laye
Given the evolution of the binding energy with coverag
the former seems more likely.

We thank E. Krotscheck and J. Treiner for the use
unpublished theoretical predictions fore0 and e1, and
D.T. Sprague for helpful comments. This work w
supported by the NSF through DMR 91-22348 and DM
94-22208.
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