Properties of two-dimensional *He in *He - *He mixture films
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Abstract

3He atoms on a superfluid *He film provide a unique example of an interacting two-dimensional Fermi system.
NMR and specific heat experiments on this system reveal a number of its detailed properties. For low>He coverages
changes in the *He substrate coverage allow the energetics of the *He to be determined and a localization transition
is seen as a function of the *He coverage. As the 3He coverage is increased, the two-dimensional >He system evolves
from a very dilute Fermi gas to an interacting two-dimensional Fermi liquid. A combination of NMR and specific
heat measurements results in a determination of the *He coverage dependence of the two lowest order Landau Fermi
liquid parameters, F§ and F}. Further increases in the coverage result in a discrete step in the magnetization and
the specific heat due to the occupation of a second quantum state. The subject is surveyed here very briefly.
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1. Introduction

The addition of small numbers of *He atoms to *He
at low temperatures results in the occupation of a sur-
face state at the free surface of the bulk liquid. This
surface state was first identified by Andreev[l] and
arises because of the larger zero point motion for the
3He relative to the “He and a resulting potential well
at the free surface. David Edwards and his colleagues
explored many of the properties of the ®He in this sys-
tem[2] on the bulk free surface. For the case of small
amounts of *He in thin *He films at low temperature
the atoms occupy a surface state much like that on the
bulk free surface and constitute a very nearly ideal two-
dimensional Fermi gas[3,4]. In this case the presence
of the substrate makes the potential more complicated
and quite distinct particle-in-a-box excited states can
exist if the “He film thickness is in the right range[5].
Krotscheck[6] and and Treiner[7] and their colleagues
studied this theoretically and predicted the quantum
state energies as a function of “He coverage for the *He
low-coverage limit. Here we will review[8,9] a number
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of the interesting properties of these two-dimensional
3He with an emphasis on recent work, draw together
some recent results from several investigators to com-
ment on the Fermi liquid parameters, and speculate
about possible future directions.

For the ideal two-dimensional Fermi gas in the ab-
sence of interactions, the >He atoms on a *He film
can be described by their bare mass, ms. In this ide-
alized picture, the Fermi degeneracy temperature is
given by Tr = h®N3/4rkpmsA where N3 is the num-
ber of 3He atoms and A is the area occupied by the
3He atoms. For T' < Tr the specific heat is given by
C = nk%zmsAT/3h? and the magnetic susceptibility
at T = 0 is given by xo = (m3Ap®/7h?), where u
is the magnetic moment of a ®*He atom. In the two-
dimensional degenerate limit, the specific heat and the
magnetic susceptibility are independent of the num-
ber of ®He particles in the system, a result that is per-
haps somewhat counter-intuitive. Of course, any such
real system suffers from interactions and these must be
properly taken into account. The ®He atoms can inter-
act with the “He atoms at the surface of the film and
also with each other. The effect of interactions with the
“He is taken into account by the introduction of the hy-

19 June 2002



drodynamic mass, ms > ms, and the *He - 3He inter-
actions are included to low order by the introduction
of Landau Fermi liquid parameters Fg' and FY°. With
these changes, the specific heat can be written as C' =
(1 4 F7/2)T where v = nk%im3A/3k? and at finite
temperature the magnetic susceptibility x, normalized
to that for an ideal two-dimensional Fermi gas, xo, can
be written as x/xo = (mn/ms)[1 — exp(—Tr/T)][(1 +
PP /2)/(1+ F).

2. NMR Experiments

Measurements of the magnetic susceptibility have
documented the increasing strength of the *He - 3He
interactions with increasing *He coverage (Fig. 1), and
also revealed a striking step structure[10]. Above about
0.1 layer of ®He there is a nearly linear increase in the
susceptibility. Extrapolation to zero coverage allows an
estimate of my and we see that (Fig. 1, inset b) this
is dependent on the “He coverage. This dependence is
understandable because as the *He film thins, the He
atoms find themselves in an increasingly structured en-
vironment and this enhances my,. Behavior of this sort
is evident in the theoretical work of Krotscheck and his
colleagues. The step structure is a result of the popu-
lation of the first excited state for the *He in the po-
tential provided by the substrate and the underlying
4He. The addition of atoms to this state populates a
second two dimensional world. This second state pro-
vides its own separate contribution to the magnetiza-
tion and this is the origin of the step. One can also
think in terms of a Fermi sphere that in two dimensions
is reduced to a populated disk. Addition of *He atoms
ultimately introduces a second disk, the population of
which contributes separately to the magnetization[9].

For 3He coverages of 0.1 atomic layers, where the
interactions are small, it is possible to determine the
explicit energy of the ground and first excited states by
measurements[11] of the NMR relaxation times, and
to do so as a function of “*He coverage. In Fig. 2 we
show the measured energy of the He in the ground
state and in the first excited state as a function of the
4He coverage. Structure is evident. Comparison to the
theoretical predictions[6,7] of Krotscheck and Treiner
is shown by the solid and dashed lines. As the potential
available for the ®He in the excited state grows more
narrow with decreasing *He coverage, the energy rises
and the state eventually is no longer bound.

It is also interesting to ask about the behavior of the
3He laterally along the film surface. When the *He film
is relatively thick, the *He is rather free to move along
the “He film. A conceptual question is, if the *He film
is reduced in thickness, might not the ®*He atoms begin
to feel the semi-solid “He underlayer and find their lat-
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Fig. 1. The normalized magnetic susceptibility of *He atoms
on a *He film as a function of the *He coverage for T = 40
mK shows a clear step structure. The insets show (a) the step
at D4 = 3.47 (bulk density) atomic layers for T = 40 mk, 100
mK, and 250 mK, and (b) the step at 7' = 40 mK for three
dif
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Fig. 2. The energy of the *He in the ground and first excited
states as a function of the “He film thickness. Theoretical
predictions dure to Krotscheck (solid lines) and Treiner (dashed
liines) are also shown.

eral mobility restricted. This can be determined with
NMR by measurements of the spin diffusion coefficient,
Ds. An example of such a measurement[12] is shown
in Fig. 3 where we show the measured NMR spin diffu-
sion coefficient. The spin diffusion coefficient falls dra-
matically over a very narrow range of decreasing ‘He
film thickness. This is reminiscent of a mobility edge in
the case of a conducting system. We interpret this to
mean that with decreasing *He coverage the *He atoms
feel increasing interaction with the semi-solid substrate
and tend to become localized. Evidence for this inter-
pretation also comes from the temperature dependence
of the susceptibility[12]. Also shown on the figure is the
“He coverage above which the “He film is superfluid
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Fig. 3. The spin diffusion coefficient for 0.1 layer of *He as
a function of “He coverage. Due to the tortuosity ¢ of the
substrate (in our case Nuclepore for which ¢ ~ 14) the bare
spin diffusion coefficient D is expected to be D = ¢Dg. The
Curie fraction, N¢ /N is also shown[12]. The inset shows Dg
as a function of *He coverage[13]. The peak in the inset data
has been explained by recent theoretical calculations[15].

(o5 > 0) at 100 mK as determined by a simultaneous
third sound measurement in the same sample cell on
an adjacent Nucleore substrate. The NMR spin diffu-
sion coefficient appears unaffected by the presence of
the superfluid transition. Since the diffusion is influ-
enced by scattering and the superfluid transition is a
vortex unbinding transition, this is not surprising.

Diffusion measurements have also been carried out
as function of the *He converage in an effort to docu-
ment the effect of increasing interactions on the diffu-
sion. The result of such a study[13] is shown in the inset
to Fig. 3. The unexpected presence of a peak in the dif-
fusion coefficient as a function of *He coverage, not pre-
dicted by earlier theoretical work[14], has recently been
shown to be consistent with Fermi liquid theory[15],
possibly signaling the presence of a spin-viscous damp-
ing mechanism in the two-dimensional system.

3. Specific Heat and Landau Parameters

Recently new specific heat experiments[16,17] have
added to our understanding of this system. Above a
%He coverage of 0.5 layers C'/T isotherms show a step-
like increase that comes from the population of the first
excited state of the Andreev quantum surface states.
This step structure is consistent with the step previ-
ously seen in data for the ®He magnetization.

Our new work[17,18] on the heat capacity of mix-
ture films allows us to determine the two most impor-
tant Landau Fermi liquid parameters, F* and ;. The
heat capacity gives us m* = mpg (1 + F{/2) and the
magnetization M, normalized to that for an ideal two-

dimensional Fermi gas, Mo, can be written as M /My =
(mar /m)[1—eap(~Tr /T)][(1+FF /2)/ (1+Fgh)]. Thus
we can extract the two Landau Fermi liquid parameters
FP and F3' for the *He from data for C/T and Moy /M
on the same substrate. Fig. 4 shows the resulting values
of F{* and F7 versus *He coverage from our measure-
ments[10,17,18]. Theoretical predictions by Krostcheck
are in accord with the results. New experimental work
has begun at much lower temperatures and is expected
toc
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Fig. 4. The Landau Fermi liquid parameters Fj (triangles)
and F; (circles) as a function of *He coverage for the case of
a *He substrate of 4.33 bulk-density layers. Also shown are
theoretical predictions for F} (square) and the results for F}
(inverted triangles) from Saunders and collaborators[16].

4. Future Work

In the area of mixture films there are predictions
of a transition to superfluid behavior in the two-
dimensional *He that resides on the *He film at low
temperature. Estimates of the transition tempera-
ture for superfluidity were first made in the 3He in
bulk ®He-*He mixtures and have been pessimistic,
ranging from 107° - 107*K for s-wave pairing at low
concentrations[19-21] to 107'° - 107*K for p-wave
pairing at higher concentrations. Application of a
magnetic field does not improve the s-wave case, but
brings the p-wave estimate[21,22] to 107° - 10™*K.
Experiments have found no evidence for a transition.
For the attractive case, T, is predicted[23,24] to be ~ 1
mK for 0.01 monolayer “He; for higher concentrations
the prediction[25] yields 107*K for 0.3 monolayer.
Baskin[26] and colleagues[20] suggest *He dimers[27]
may form and result in a KT transition in the 1 - 5
mK range. Pobell’s group found[28] no evidence for
superfluidity in 2D solutions for T > 0.9 mK in zero
magnetic field with ®*He coverages in the range 0.1
to 1.0 monolayer, and in unpublished work Saunders



group has found no evidence for dimers[29] at higher
temperatures. The most optimistic predictions[22] are
for the case of finite field, where for low coverages in
a field of 15T a transition is expected in the range 1
- 10 mK. Other coverages are predicted to produce
T. values that may be accessible. One must take all
such predictions with some care since not all the the
parameters relevant to the predictions of 1, can be
calculated theoretically[30].

—F3* is proportional to the *He -®He interaction en-
ergy in the 1 = 0 state and —F% to that in 1 = 1 state.
Based on this work (Fig. 4) we can conclude that for
our coverages, any potential superfluid state for the
3He will be p-wave, in accord with recent theoretical
predictions[30].

Somje rather exotic speculations exist. For the case
of a dilute mixture film on a cesium substrate it is pos-
sible that for appropriate coverages of He one might
be able to populate both the film surface state and the
“substrate state” between the *He film and the cesium.
In such a case one might have two two-dimensional *He
films adjacent to each other. By tuning the *He film
thickness one might be able to tune the excitations and
interactions between the two two-dimensional sets of
3He atoms. No theoretical investigation of this as a pos-
sible candidate for superfluidity has been carried out.

Unusual behavior of *He - *He mixture films on
hydrogen substrates has also been observed. Chen et
al.[31] have reported the presence of two Kosterlitz-
Thouless-like transitions. More recently, in addition
to a Kosterlitz-Thouless transition, a non-Kosterlitz-
Thouless-like decoupling feature has been seen[32] in
quartz crystal microbalance experiments in mixture
films on hydrogen. Other interesting behavior has also
recently been seen[33] on hydrogen.
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