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Coverage dependence of the Landau Fermi-liquid parameters Fy and F}
for *He on thin *He films
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We present the results from our heat capacity experiments on two-dimensional liquid 3He on thin superfluid
*He films adsorbed to Nuclepore. Measurement of the specific heat at low temperatures (40<<7<220 mK)
over a “He coverage range 0.02-0.93 atomic layers on 3.14 and 4.33 bulk-density atomic layer “*He films
enables the determination of the *He quasiparticle effective mass m". Combining these results with previous
*He NMR magnetic susceptibility measurements for the same substrate and “He coverages permits the deter-
mination of the two-dimensional Landau Fermi-liquid parameters Fé and F ‘f
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A bulk *He-*He mixture can phase separate into a
SHe-rich phase and a >He-poor phase, with the *He-rich
phase floating on top of the *He-poor phase.! When the tem-
perature is low enough and the *He concentration is ex-
tremely low, instead of this phase separation the *He atoms
occupy a bound state? on the free surface of essentially pure
“He. The bound *He atoms on the bulk superfluid “He be-
have as a two-dimensional (2D) Fermi gas. Interaction ef-
fects dress the bare *He mass, ms, and it is customary to refer
to the interacting *He atom as a quasiparticle with an effec-
tive mass’ m" >ms.

For the case of small amounts of *He on a thin *He film,
the *He will occupy a surface state similar to that of the bulk
case.*~% However, the close proximity of the underlying sub-
strate modifies the potential felt by the *He and creates a
discrete set of 2D states with the excited states believed to be
located in’ the film.®® The promotion from the surface state
to the first excited state has been experimentally
observed'®!" and can be explained in terms of a set of Fermi
disks, analogous to the three-dimensional Fermi sphere.
These disks are a result of the proximity of the surface which
creates an energy spectrum that is continuous in two degrees
of freedom, but discrete in the third (i.e., perpendicular to the
substrate). Thus, the more typical three-dimensional Fermi
sphere is reduced to a set of Fermi disks. Once the *He
coverage is such that the first Fermi disk is full, a second
disk appears and the *He occupies the second Fermi disk
consistent with the requirements of the Pauli exclusion
principle.* For the presentation here, the *He will be at rela-
tively low coverage and typically only a single disk will be
occupied.

The Fermi temperature, T, is proportional to the areal
density of fermions N/A, where A is the area covered by the
fermions, and for a 2D system of N3 *He atoms

h*N,
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where m” is the effective mass of the *He quasiparticle. In
the experiments that we report here A is fixed, but 7 can be
changed by adjusting the number of *He atoms. This allows
data to be taken with different values of 7. Landau’s Fermi-
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liquid theory is used to explain the interactions among these
quasiparticles. The theory starts with the free Fermi gas
model and uses a perturbation method to introduce the inter-
actions among the atoms.!> The effective mass can be de-
scribed in terms of the hydrodynamic mass my which arises
due to the *He-*He interactions at the free surface of the *He
film, and Ff, the Fermi parameter that characterizes He
p-wave interactions:

m"=my(l + F}/2). (2)

When considering the heat capacity of a 2D Fermi sys-
tem, there are two temperature regimes that are relevant.
One, the degenerate regime, occurs for temperatures much
less than the Fermi temperature 7<<Ty. For this case, the
heat capacity is given by

c Wk%m*A T
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We note here that for the degenerate case the heat capacity is
linear in temperature but is independent of the number of
*He atoms. The other case is the Boltzmann, or classical,
regime and this occurs for 7> T. Fermi statistics do not
play a factor at these higher temperatures and the heat capac-
ity is given by

C = Nskg. 4)

In the classical case, as opposed the the degenerate one, the
heat capacity is proportional to the number of 3He atoms and
independent of temperature.

In this work, we present measurements from our heat ca-
pacity experiments on *He-*He mixture films.'*'7 These re-
sults allow a determination of the effective mass m" as a
function of *He coverage. In the work we report here we
extend our previous results'* to lower temperatures and re-
port results for a second *He film thickness. Combination of
these results with the data of Higley et al.'' allows the de-
termination and comparison of the first two Fermi liquid pa-
rameters Fg and F; for the *He in the first Fermi disk as a
function of *He coverage for two different *He film thickness
values.
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FIG. 1. (Color online) A schematic diagram of the calorimeter
used in this work.

The calorimeter used for our measurements is shown
schematically in Fig. 1. It consists of a high conductivity
copper cell that is filled with 1416 Nuclepore'® filter disks
giving a effective surface area of 23.96 m?. Each 10 um
disk, with pores of diameter 200 nm at a density of 3
X 10% pores/cm?, is center punched and gently pressed onto
a central copper post to increase the thermal contact.'*
Nuclepore is used as the substrate because of its large surface
area and its ability to support films of up to several atomic
layers without capillary condensation.'® To apply heat to the
calorimeter, an electric current is applied to a Pt-W wire
heater that is wound in a non-magnetic fashion around the
cell. The sample cell is connected to the mixing chamber of
a dilution refrigerator via an indium heat switch,2’ which
allows either thermal contact with, or isolation from, the
mixing chamber. The temperature is measured using an
AVS-47 resistance bridge and a carbon resistor that has been
calibrated against an in situ melting curve pressure gauge
thermometer.

The heat capacity was obtained by applying dc heat
pulses to the calorimeter and measuring the resulting tem-
perature changes. Figure 2 shows the heat capacity of *He, as
a function of the temperature for 0.02 layers <N;<0.93 lay-
ers at a fixed “He coverage of 3.14 bulk-density atomic
layers.”! The background heat capacity, due to the the sample
cell and the *He coverage, was fit to a polynomial curve and
subtracted from all data. As an indication of the size of the
background, the background for 3.14 layers of “He was
0.06154 mJ/K at 60 mK and 0.0798 mJ/K at 100 mK. The
effect that changes in N; have on the Fermi temperature is
seen in Fig. 2.

The lowest-coverage heat capacity data (0.02 *He layers)
is nondegenerate, and the temperature independence of the
classical region is observed. At substantially higher cover-
ages, for example, at 0.45 layers, there is data for which T
<Tp and the linear dependence?’ of C on temperature is
observed (Fig. 3). Lines have been drawn through some of
the data in the degenerate regime to help guide the eye and
emphasize the presence of linearity when 7<<Tj. For the
higher *He coverages, as the temperature increases and the
Fermi temperature is approached, the data departs from the
linear trend and approaches a constant as expected for the

PHYSICAL REVIEW B 73, 012507 (2006)

L T x T 2. T ® T T T T T T > T ¥
169 093 ao 038 .
‘v 087 m 030 .
149 081 ® 025 A
v 076 ® 0.20 * CRAYS

= 12ra 070 m 014 05:"*.‘“ 1

N4 | [ 02 v < n

5 ® 064 v 0.10 &M.."-‘

E 10w 058 v 0.06 o {.ur{.o =

> e 053 A 002 Neoahe Py’

'c 08} G A AV

e v 045 g

g b byl s

O B 9

— 0.6 = -«

g *°
04} =l -
aa R
' v v
ool o Adilgmumas auuaasasannas

0 20 40 60 80 100 120 140 160 180 200 220
Temperature ( MK )

FIG. 2. (Color online) The heat capacity 3He, as a function of
the temperature for 0.02 layers <N3;=<0.93 layers at a fixed “He
coverage of 3.14 layers.

classical regime. Recent heat capacity data for the case of
4.33 layers of “He, which shows the same general features as
the data for 3.14 layers of 4He, is consistent with our earlier
work,'* but extends to lower temperatures.

At selected fixed values of the temperature, one can ob-
tain C/T as a function of *He coverage from the data. C/T is
shown in Fig. 4 for three values of the temperature for the
case of 4.33 layers of *He. Evident in the data is the step in
the heat capacity that signals the occupation of the first ex-
cited state for the °He first seen in the magnetization
experiments.'! The effective mass m” is proportional to C/T
[Eqg. (3)] and is shown, scaled by the bare *He mass, on the
right axis. A plot of m"/m versus He coverage, where the
data is restricted to the degenerate region of the first Fermi
disk, is shown in Fig. 5. In the ideal noninteracting case the
effective mass of the *He quasiparticle would be independent
of *He coverage. This is clearly not the case, as has been
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FIG. 3. (Color online) Expanded view of the data shown in Fig.
2. Lines have been added to more clearly show the linear behavior
seen in the degenerate and Boltzmann regimes.
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FIG. 4. (Color online) C/T for *He, as a function of the *He
coverage for 0.02 layers <N3;= 1 layers at a fixed “He coverage of
4.33 layers for three values of the temperature. The effective mass
is shown on the right axis.

seen previously. The hydrodynamic mass is found by ex-
trapolating m” to zero *He coverage. We find that an increase
in the “He coverage results in a decrease in the hydrodynam-
ics mass. This is expected and is due to the fact that the
environment of the free surface is more constrained for a
thinner film and the behavior is consistent with theoretical
expectations. In particular, Clements et al.>>** have calcu-
lated the hydrodynamic mass for a He atom on thin “He
films adsorbed to a graphite substrate. Their calculation as-
sumes that the substrate is covered by two inert layers of
solid *He and, as their standard approach, their coverage
values refer to only the liquid portion of the film. The thick-
ness of the solid layer for “*He adsorbed to Nuclepore will be
different due to the different strength of the potential pro-
vided by the substrate. Sprague et al.”> have determined the
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FIG. 5. (Color online) Effective mass vs He coverage, where
the data is restricted to the degenerate region of the first Fermi disk,
is shown for 3.14 and 4.33 layers *He for 7=100 mK.
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FIG. 6. (Color online) The Fermi liquid parameters F; and Fi
versus “He coverage for 3.14 and 4.33 layers *He. Also shown are
the Ff values of Dann ef al. (Ref. 22) obtained for a “He coverage
of 4.34 layers on a graphite substrate.

solid layer thickness of “He on Nuclepore to be 2.66 bulk-
density layers. This value, when combined with the fact that
one bulk-density layer is equal to 0.0772 atoms/AZ, allows
us to make a reasonable comparison with the theoretical pre-
dictions. Our 3.14 and 4.33 layer coverages should corre-
spond with the Clements et al. values of 0.034 and
0.129 atoms/A2, respectively. The predicted values for
myl/my are 1.68 for 3.14 layers and 1.36 for 4.33 layers. The
experimental values at 100 mK found by linear extrapolation
are 1.39 for 4.33 layers and 1.56 for 3.14 layers. Including
the m" data for 60 mK along with that at 100 mK at 3.14
layers yields my/m;=1.69.

As mentioned, the Fermi liquid parameter F‘f represents
the p-wave scattering among He atoms and is plotted as a
function of *He coverage in Fig. 6. The p-wave scattering is
clearly suppressed by increasing the “He coverage.

The magnetic susceptibility can also be described in terms
of the Fermi Liquid parameters. In this case,

x_m 1

)(O_m31+F0’

(5)

where y, is the susceptibility of the noninteracting ideal 2D
Fermi system and Fg‘ represents the s-wave scattering be-
tween the *He quasiparticles. Combining the magnetic sus-
ceptibility data of Higley et al.'' with the measurements of
m" (Fig. 5) enables the calculation of F‘g. The values are
shown in Fig. 6. Negative values of Fj reflect the enhanced
susceptibility caused by interactions. At these temperatures
and coverages, the p-wave scattering dominates the s-wave
scattering.

In conclusion, we have presented heat capacity measure-
ments for a range of *He coverages for two values of the “He
coverage, which allows the data to span 7. We report the
measurement of m" and the Fermi liquid parameter F f When
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combined with previous magnetic susceptibility data, these
data allow the calculation of F; as a function of *He cover-
age at two different coverages of *He. Increasing the “He
coverage, decreases the hydrodynamic mass and suppresses
the p-wave scattering among the *He quasiparticles. p-wave
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scattering dominates the interaction over s-wave scattering.
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