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Precise nuclear magnetic susceptibility results on He adsorbed on Grafoil are presented for sub-
monolayer coverages in the temperature range 5—600 mK. At low areal densities, the film is in a
two-dimensional homogeneous liquid state. Some He atoms, however, are localized by the substrate
heterogeneity; our quantitative measurements show that their amount increases from 2/0 to 4'Pp of
a monolayer thereby leading to significant corrections of the Quid. -phase density. The Fermi tem-
perature of the liquid has been determined as a function of coverage; it decreases continuously for
densities larger than 0.01 atoms/A. . At high Quid densities, the susceptibility is enhanced by one
order of magnitude with respect to the ideal-gas value. At p = 0.0449 atoms/A. , a two-phase coex-
istence region begins on a Grafoil sample; p = 0.0434 atoms/A. is estimated for a perfect graphite
surface. The coexistence is characterized by a linear increase (linear decrease) of the solid (liquid)
fraction and a constant Fermi temperature of the liquid phase. Finally, at p = 0.0646 atoms/A. , the
liquid phase disappears completely. Our results are compared to previous heat capacity and NMR
measurements at submonolayer coverages.

I. INTKODU CTION

Currently there is considerable interest in the struc-
tural and magnetic properties of He Alms adsorbed on
Grafoil, an exfoliated graphite characterized by a large
specific area. Recent work has shown that He films ad-
sorbed on graphite are simple experimental model sys-
tems particularly suited for theoretical calculations and
computer simulations, providing canonical examples of
two-dimensional (2D) Fermi liquids and quantum solids.
The phase diagrams of the 6rst and of the second layer
have been studied by NMR and heat capacity techniques,
leading to the observation of two-dimensional nuclear an-
tiferromagnetism and ferromagnetism. A review of this
subject is given in Refs. 2—5.

The first layer of He on Grafoil, which represents the
simplest of the systems mentioned above, displays a va-
riety of structural phases. At very low surface densities,
all adsorbed atoms are localized by substrate hetero-
geneities, building up immobile patches of high-density
solid. At higher surface densities, a 2D fIuid phase of
increasing density is observed until the system enters a
fIuid-solid coexistence region where the solid phase con-
sists of the commensurate y 3 phase. The density of the
pure commensurate phase is p = 0.06366 atoms/A. 2, as
calculated &om the graphite lattice paraxneter. By in-
creasing the density still further, the system evolves &om
the commensurate solid to several other phases, then
forms an incommensurate solid, and 6nally promotion
of atoms into the second layer occurs.

Although, at first sight, this phase diagram seems to be
rather well established, there rexnain several open ques-

tions, especially when analyzing data with high precision.
Several physical properties depend crucially on the accu-
racy of the measured densities: for instance, the density
dependence of the efFective mass, the existence of va-
cancy commensurate solids, commensurability efFects in
multilayer 6lms, etc. Unfortunately, since the existence
of localized atoms at low densities is not detected by heat
capacity measurements at low temperatures, the densi-
ties reported in heat capacity work are less accurate than
usually believed. Finally, there is a serious discrepancy
between heat capacity and previous NMR data on the
onset of the coexistence region mentioned above.

It is the aim of this work to clarify the questions related
to heterogeneity and to the transition to the commensu-
rate phase as well as to investigate in detail the properties
of submonolayer liquid He.

II. EXPERIMENTAL DETAILS

A general discussion of the surface physics techniques
developed in our laboratory to study adsorbed He
at millikelvin temperatures can be found in a recent
publication.

The dilution re&igerator used in the present experi-
ment reaches a minimum temperature of less than 3 mK
at a How rate of 140 pmol/s. With the whole experimen-
tal setup mounted, this minimum temperature increases
to about 3.3 mK. Contrarily to the experiment described
in Ref. 8, here the experimental cell is located outside the
mixing chamber as shown in Fig. 1. This construction
suppresses the background signal &om the He in the

0163-1829/95/51(1)/446(9)/$06. 00 1995 The American Physical Society



NMR MEASUREMENTS ON He ADSORBED ON ExRAFOIL AT. . .

CMN —Mixing chamber

Sintered silver

Weak link

Melting curve thermometer

Heater
Carbon resistance

——Copper base

Copper

Filling line

NMR coil
—Cell

6rafoil

FIG. 1. Experimental setup.

mixing chamber at the cost of a reduced thermal shield-
ing. The graphite sample consists of a stack of Grafoil
plates bonded on both sides to thin copper foils in order
to ensure a good thermal contact. Therefore 26 Grafoil
plates of length 2.3 cm and thickness 0.4 mm were bonded.
to 13 copper foils, each stack being separated &om the
next one by cigarette paper. The assembly is of cylin-
drical overall shape and Gts inside a 1.5 cm diameter
plastic cell. The copper foils are welded to a copper post
that passes through the cell's end cover, ensuring ther-
mal contact to a copper base by means of a copper wire.
The copper base is thermally coupled to a silver heat
exchanger located inside the mixing chamber through a
calibrated thermal resistance with Rqq = 400/T (K /W).
The copper base is mechanically attached to the body
of the plastic mixing chamber by three Vespel rods. A
1.2 mm inner diameter filling capillary is connected to
the cell through a 2.5 cm length, 1 mm inner diameter
Araldite tube. The diameter of the capillary increases at
the higher-temperature locations inside the cryostat, up
to 2.5 mm at room temperature, where it is connected to
the gas handling system. The NMR coil is wound on the
body of the plastic sample cell. It consists of 211 turns
of 0.04 mm diameter copper wire; its diameter is 1.95 cm
and its length 2.4 cm. Its inductance was measured to
be 0.46 mH. Electrical connections to the coaxial line are
made with Niomax 065CN superconducting wire.

The temperature was determined by a He melting-
curve thermometer located on the copper base (see Fig.
1). The design is similar to Greywall and Busch's, but
the performance was optimized to give a lower noise and
an improved stability against thermal cycling. Further
details will be given in a forthcoming publication. A
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FIG. 2. He adsorption isotherm at 4.2 K; open squares,
our data; solid squares, data of Bretz et al. (Ref. 10) scaled
to superpose our data.

carbon resistance (Speer 100 0), appropriately filtered
against electrical interference, was also used as ther-
mometer in the temperature range above 10 mK. It was
calibrated against the He melting-curve thermometer
at low temperatures and against a CMN thermometer
placed in the mixing chamber. The temperature reg-
ulation of the copper base was ensured by the tempera-
ture controller of the capacitance bridge associated to the
melting-curve thermometer, or by that of the resistance
bridge, depending on the temperature range.

At the lowest temperatures, we observed a tempera-
ture gradient between the copper base and. the experi-
mental cell. This was deduced &om a deviation of the
susceptibility &om a Curie law for an adsorbed He sam-
ple at a coverage p = 0.0908 atoms/A. where previous
data exclude any substantial departures &om a Curie
law. The measured susceptibility could be well described
by a model assuming a constant heat leak. All sam-
ple temperatures given in this work have been corrected
for this eKect. This correction is only important at low
temperatures; in particular, the minimum sample tem-
perature in this work was 4.8 mK. The source of the
heat leak could be attributed to a faulty thermal anchor-
ing of the coaxial line of the NMR coil onto the copper
base. This was verified by a complementary measure-
ment at the coverage po ——0.0908 atoms/A. 2; improving
the thermal ground caused a reduction of the heat leak
to a nonmeasurable level.

To determine the surface area of our Grafoil sam-
ple we made an adsorption isotherm at 4.2 K (Fig. 2).
Bretz et al. give the adsorbed volume at perfect reg-
istry (areal density po ——0.06366 atoms/A ) and an ad-
sorption isotherm at 4.2 K measured on the same Grafoil
sample. By scaling the two isotherms, we determine the
surface area of our cell to be A, = 46.87 m . This area
d.etermination based on the commensurate phase defines
the "commensurate coverage scale" for our sample.

The samples were prepared by introducing known
amounts of He gas into the experimental cell at 4.2 K.
The cell was then heated to 8 K for several hours (typi-
cally overnight) to anneal the sHe film. Great care was
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taken to lower the temperature sufBciently slowly in or-
der to ensure thermodynamic equilibrium.

The NMR signal was measured with a continuous wave
spectrometer operating at a frequency of 470.6 kHz corre-
sponding to a magnetic Geld of 14.5 mT. The maximum
voltages on the rf coil were limited by heating of the
Grafoil sample and typically ranged &om 2 to 10 mV.
The absorption signal on the coil was about 1 pV at cov-
erages below 0.4 layers and at 5 mK. The area under the
NMR absorption signal was determined by numerical in-
tegration of the NMR line. It is important to ensure that
the whole NMR line is covered by the field sweep. This is
done by determining the minimum field sweep leading to
less than 2%%up loss of area for each coverage. This sweep
amplitude was found to be around 8 G in all our cov-
erages and corresponds to about 30 times the linewidth.
The number of NMR lines taken for averaging ranged
&om 30 to 150 lines depending on temperature and was
limited by the systematic error becoming larger than the
statistical error at that number. It has to be stressed
that the susceptibility is determined by numerically inte-
grating the NMR signal and not by fitting a Lorentzian.
Theoretically, the statistical error bars could be reduced
by using the second method, but at the cost of possible
systematic errors in the case of the NMR line not follow-
ing a Lorentzian behavior.
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FIG. 3. Normalized susceptibility yT/Co as a function of
the inverse temperature; Co is the Curie constant of the
commensurate phase; crosses, 0.0055; dotted circles, 0.0107;
crossed squares, 0.0207; open triangles, 0.0307; solid triangles,
0.0358; open circles, 0.0411; solid circles, 0.0467; open dia-
monds, 0.0523; solid diamonds, 0.0571; open squares, 0.0625;
and solid scluares, 0.0646 atoms/A

III. EXPERIMENTAL RESULTS

The nuclear susceptibility of adsorbed He has been
measured at 12 coverages (p = 0.0055, 0.0107, 0.0207,
0.0307, 0.0358, 0.0411, 0.0467, 0.0523, 0.0571, 0.0625,
and 0.0646 atoms/A. z as well as p = 0.0908 atoms/A. 2 for
calibration purposes) at temperatures between 4.8 and
600 mK. The nuclear susceptibility y is proportional to
the area under the NMR absorption signal. The Curie
constant C~ is proportional to the number of spins, and
hence to the areal density p. In this coverage range, it is
convenient to use the Curie constant Cp at the commen-
surate phase density pp as a reference:

p
Cp ——Cp —,

po

where po ——0.06366 atoms/A. 2. We determine Co by a
calibration run at a coverage of 0.0908 atoms/A2 cor-
responding to a solid incommensurate phase where pre-
vious experiments showed that there are no substantial
departures &om a Curie law.

At the low coverages studied here, the system is ex-
pected to consist of both liquid and solid phases. Due to
the degeneracy of the liquid for temperatures below the
Fermi temperature (found to be at about 200 mK), the
measured total susceptibility is dominated by the large
Curie contribution of the solid. At temperatures larger
than the Fermi temperature, the spins of both phases fol-
low a Curie law. It is therefore convenient to show the
experimental results in a plot of yT/Co vs 1/T in order to
emphasize departures &om Curie behavior; this plot can
be seen in Fig. 3. The high-temperature limiting value

of yT/Co is proportional to the amount of adsorbed he-
lium. At temperatures below about 40 mK, a strongly
coverage dependent Curie contribution, corresponding to
the solid phase, is found. The liquid contribution is also
clearly seen in Fig. 3: It corresponds to the rapid de-
crease of yT/Co as a function of 1/T due to the onset of
degeneracy. The error bars correspond to the statistical
error determined &om the measurement of several NMR
lines. The 1 o error bars represent adequately the ex-
perimental uncertainty for small signals, as observed at
low coverages or high temperatures. On the other hand,
the uncertainty of large signals, corresponding to high
coverages and low temperatures, is clearly dominated by
systematic errors; in this case the dispersion of the data
(see Fig. 3) is mainly due to low-frequency instabilities
of the NMR base line. The magnitude of the systematic
errors is obviously deduced &om the scatter in the data.

The data for areal densities below 0.0625 atoms/A2
were fitted by the expression

XT liquid T—~sr)lid + ~ (1 & ),
0

where n, ~~;g = Nicotia/No and n»q«~ = Nhq ia/Nuo Nsol~ia,

¹~,q„;d, and Np are the number of atoms in the solid,
liquid, and the pure commensurate phases, respectively.
The expression given above corresponds to N, I;d atoms
following a Curie law and therefore being in a solid phase
and ¹~,q„,.d atoms in a liquid Phase with an eAective Fermi
temperature Tg,*. Since n, h~ + n~;q«g = N/No
p/po, there are only two adjustable parameters n, ~~;~ and
T+*. This very simple formula provides a good fit of the
experimental data in all the temperature and coverage
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range investigated here.
The coverage dependence of the solid part of the He

film, n, y;g, is shown in Fig. 4. At low densities, there
is a small amount of solid growing linearly from 2%%up of
a monolayer to about 4%%up at 0.04 atoms/A. 2. Between
0.0467 atoms/A. and 0.0571 atoms/A. 2, the amount of
solid increases linearly with coverage, indicating a two-
phase coexistence between solid and liquid. A linear ex-
trapolation to the diagonal line where n, hg = N/Np
(corresponding to all of the atoms being in the solid
phase) gives an areal density of 0.0641 atoms/A. 2, thereby
con6rming the assumption that the solid exists in the
commensurate phase. The onset of the coexistence re-
gion can be characterized, as will be discussed later on,
either by an extrapolation to n, i;& = 0 (point a at 0.0434
atoms/A. 2) or by the intercept of the two straight lines
shown in Fig. 4 (point b at 0.0449 atoms/A. 2). At a
density of 0.0646 atoms/A2, the film has completely so-
lidi6ed and n, ~~;d

——&.

The coverage dependence of the Fermi temperature of
the liquid fraction is shown in Fig. 5. The Fermi temper-
ature of an ideal 2D Fermi gas is given by the expression

vr h2N
~+ m3A

where N is the number of atoms and A is the total sur-
face area. Using the numerical values of the physical
constants, this gives

Ty [K] = 50.53p [atoms/A ].

This function is shown by the solid line in Fig. 5. Note
that this line has been shifted in coverage by 2%%up of a
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FIG. 5. Fermi temperature T&' as function of the areal
density; the solid line corresponds to ideal-gas behavior,
shifted to take into account the heterogeneity effects (see
text); the dotted line is a guide to the eye.

monolayer, thereby taking into account the He atoms
localized at surface heterogeneities. Due to the extremely
small susceptibility signal at the lowest coverage, it was
not possible to determine the Fermi temperature of the
61m at this coverage with precision; values between 50
and 400 mK are consistent with our data. For the lowest
two coverages, the experimental data are in reasonable
agreement with the Fermi gas expression. At higher cov-
erages, the Fermi temperature is found. to decrease sub-
stantially and then to reach a plateau for coverages in
the solid-liquid coexistence region.

In Fig. 6 a plot of the total susceptibility as a func-
tion of the inverse temperature is shown for p = 0.0523
atoms/A2, a selected coverage where the solid and liquid
&actions are comparable. Also shown is the susceptibil-
ity of the Fermi liquid only; the solid part of the signal
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FIG. 4. Density dependence of the solid fraction
n, ~;g = N, ~hs/Np where N, ~~;s is the number of atoms in solid
phases and No that at the commensurate phase; the diagonal
line corresponds to n, o~;q = p/pp where pp is the commensu-
rate phase density; the dotted lines are extrapolations of the
linear region at low densities and the linear coexistence region,
respectively; the solid diamond corresponds to the value ex-
pected for a solid containing 670 of vacancies as proposed by
Greywall and Busch (Ref. 6); points a and b denote the onset
of the commensurate phase formation for a perfect graphite
and a Grafoil sample, respectively.
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diamonds, susceptibility of the Fermi liquid (the solid contri-
bution has been subtracted); fits as explained in the text.
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has been subtracted. For high temperatures the signal of
the liquid decreases following a Curie law, whereas at low
temperatures the susceptibility reaches a limiting value.
The fit to the liquid susceptibility (corresponding to the
solid line in Fig. 6) was done with the equation

X (l —gg /Q)
Qp T~*

whereas the fit corresponding to the hatched line was
done with the expression proposed by Dyugaev:

The difFerence in the Fermi temperatures determined by
the fits with both formulas was inside the error bars for
all coverages. In both cases there was only one fit param-
eter T&'. It should be pointed out that the Fermi tem-
peratures obtained using only the d.ata in the degenerate
regime coincide with those using the full temperature de-
pendence. Within our present accuracy the values of the
Fermi temperatures deduced &om the low-temperature
limiting susceptibility are the same as the characteris-
tic degeneracy temperatures; note, however, that some
difFerence between these two characteristic temperatures
has been observed in second layer fIuids in preplated
systems;5 we also have evidence for the same behavior
in the second layer of pure He films. Clearly, this sub-
ject deserves further investigation.

IV. DISCUSSION

The small Curie-like signal at surface densities below
the solid-liquid coexistence region is due to atoms local-
ized by heterogeneities in the Grafoil substrate. We find
for the amount of this solid a value of n, bg

——0.0324
at the lowest density. This value increases linearly to
0.0628, at a density just below the onset of the coex-
istence region. Early heat capacity measurements on
low-density samples already showed the existence of
localjzed atoms, forming patches at large binding energy
sites. A theoretical approach is due to Elgin et al. ,

4

who proposed a model based on a distribution of bind-
ing energies associated to defects of the graphite surface
(corners where graphite platelets join). A characteris-
tic coverage of 0.0023 atoms/A2 was found. is This was
verified by pulsed NMR measurements, i deducing from
T2 data that 0.005 of a monolayer are strongly localized,
whereas 0.015 of a monolayer are immobile. Note that
this measurement is performed at the relatively high tem-
perature of 1.2 K. Measurements by cw NMR techniques
at lower temperatures indicate that the solid &action
corresponds to 0.0022 atoms/A. z. Our data agree with
the magnitude reported for this efFect; in addition they
clearly show an increase of the solid &action as a func-
tion of total coverage. This behavior is precisely that
expected for a distribution of binding energies, as pro-
posed by Elgin and Goodstein. ~4

It must be pointed out that a substantial &action of a

monolayer (about 4%) may be afFected by heterogeneity;
this figure is not negligible when analyzing adsorbed He
data

The beginning of the formation of commensurate solid
is determined by the present measurement to be at the
point 6 of Fig. 4 (0.0449 atoms/A. ). Note that the ef-
fect of heterogeneities is to overestimate the areal den-
sity at the onset. Its value for a perfect graphite sub-
strate can be estimated &om point a in Fig. 4 to 0.0434
atoms/A. 2. Our onset value at the point 6 is slightly
higher than that given by heat capacity measurements
where an onset value of 0.043 atoms/A2 is found. The
4%%uo discrepancy might be considered as being within the
combined error bars in the absolute coverage scale; see,
however, the discussion on this point given below. A
more serious discrepancy is found. when comparing these
figures to Chat found in previous low-temperature NMR
measurements, " where the liquid-commensurate phase
coexistence is reported to start at a density as low as
0.032 atoms/A. 2. Note that completion of the commen-
surate phase is found in all experiments at the expected
coverage (around 0.063 66 atoms/A. 2). Therefore, the dis-
crepancy can not be attributed to a proportional shift
of the coverage scales. The most likely explanation is
that proposed by Greywall and Busch, stating that in-
adequate annealing in the experiment reported in Ref. 7
could have caused an inhomogeneous distribution of the
adsorbed He atoms. Dramatic annealing efFects on the
heat capacity have been reported in the literature, '

but, to our knowledge, no systematic investigation has
been performed. The efFects of annealing of submono-
layer films is still a rather open problem.

The completion of the commensurate phase is a par-
ticularly interesting problem. It has been pointed out by
Greywall and Busch that total solidification may occur
at coverages slightly lower than that corresponding to
perfect registry. Heat capacity data suggest that an un-
usual solid containing as much as 6% of vacancies could
be formed, this amount being reduced as perfect registry
is approached. Our data do not support this contention.
As seen in Fig. 4, we observe that a total solidification of
the sHe film is achieved at a coverage 0.0646 atoms/A. 2,
practically coincident with the pure commensurate cov-
erage. In Fig. 4 the point where full solidification into a
vacancy solid was expected &om heat capacity data is in-
dicated. The discrepancy is obvious. It should be pointed
out, however, that an alternative explanation for the heat
capacity was already proposed by Greywall and Busch.
Assuming a difFerent coverage scale, consisting basically
in determining the commensurate phase coverage as that
where the amount of liquid extrapolates to zero (instead
of that corresponding to the actual minimum of the heat
capacity isotherms), Greywall and Busch conclude that
heterogeneity may explain the liquidlike signal now found
above perfect commensurability. Note that the hetero-
geneity in this case corresponds to regions of less at-
tractive potential. Under this assumption Greywall and
Busch's original coverage scale is inodified by about 4%%uo.

This corrected coverage scale is in agreement with the
one used in the present work: The onset of the coex-
istence is now found at exactly the same coverage, and
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excellent agreement is found for the total solidi6cation
coverage. In addition, in our work the commensurate
coverage is de6ned as that having the highest melting
temperature since our coverage scale is based on that ob-
tained by Bretz et al. We find therefore that complete
solidi6cation coincides with the highest melting temper-
ature. It would be surprising that a vacancy solid phase
would have a higher melting temperature than the com-
pleted commensurate phase. From this we deduce that
the most likely explanation for the anomalous behavior
observed by Greywall and Busch is a progressive solid-
i6cation of Quid at heterogeneous sites above the com-
mensurate phase coverage. The existence of a vacancy
solid seems therefore questionable. A measurement of
the heat capacity in a large temperature range (including
melting), and also of the magnetic susceptibility, should
be performed. on the same sample to solve this problem
unambiguously. Supporting the preceding conclusions is
the remarkable absence of any substantial deviations of
the susceptibility &om a Curie law for all the coverages
investigated here (Curie-Weiss temperatures are found
to be smaller than 0.2 mK). That is, we find no evi-
dence for the vacancy induced ferromagnetism predicted
by Guyer which could be expected if the solid contained
6%%up of vacancies.

The properties of two-dimensional liquid He films
have attracted some interest in recent years. Heat capac-
ity measurements ' allowed the observation of Fermi-
liquid behavior in submonolayer 3He 6lms. Fermi tem-
peratures on the order of 200 mK are obtained &om these
measurements. More accurate values were obtained by
recent NMR measurements, the first ones to investigate
the fully degenerate regime. Values of the Fermi temper-
ature in the range 150—300 mK were found. The precision
of our data, however, allows one to infer the coverage de-
pendence of the effective Fermi temperature T+' of sub-
monolayer sHe filins (see Fig. 5). For coverages larger
than 0.01 atoms/A. 2, Tg; decreases progressively, a be-
havior similar to that observed in bulk liquid He as the
pressure (and hence the density) is increased. A simi-
lar feature is observed qualitatively in the heat capacity
results. Our data display another feature compared to
previous NMR results. As seen in Fig. 5, T&' remains
constant in the liquid-solid coexistence regime, as could.
be expected &om a simple coexistence model with a com-
mensurate solid of constant density which is imposed by
the substrate.

The Fermi-liquid properties of submonolayer He can
be studied in a large density range, up to 0.0435
atoms/A. z. Therefore they are of particular interest from
the point of view of the theory of Fermi liquids. The
susceptibility enhancement, d.e6ned as the susceptibility
of an interacting Fermi liquid at zero temperature y(0)
divided by the ideal Fermi-gas value yp(0), is given by

X(0) TF
Xp (0) Tg,*

A plot of this enhancement factor as a function of the
density of the liquid is shown in Fig. 7 for total surface
densities below the onset of the coexistence region. Note
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The Landau parameter can be determined by taking ef-
fective mass values &om heat capacity measurements.
The e8'ective mass at submonolayer coverages has been
determined by McLean and more recently by Greywall
and Busch2i (Fig. 8) as a function of the total density.
According to our data, however, the density of the liquid
is significantly lower than the total density due to the
amount of localized He. Correcting for this eKect leads

that the contribution of the localized atoms has been sub-
tracted &om the total density to obtain the true liquid
density; the microscopic density of the solid was taken to
be 0.11 atoms/A. (that of a compressed monolayer), in
order to calculate the area available to the liquid. It is
interesting to compare these results to those obtained by
Lusher and co-workers on a related system: 9 Quid He
on top of a monolayer of He on a graphite substrate. In
this case, the adsorption potential is much weaker with a
binding energy of a few tens of Kelvin, compared to 136
K for bare graphite. In addition, the corrugation of the
substrate potential is strongly reduced. Comparing both
systems should, a priori, provide a test of the inQuence of
the delocalization along the direction normal to the ad-
sorption plane. A comparison of our submonolayer data
with those on the preplated system is given in Fig. 7. The
coverage range that can be explored on the preplated sys-
tem is larger than that available on bare graphite, since,
on the latter, the commensurate phase is more stable
than a high-density Quid. Nevertheless, at the maximum
Quid density investigated here, enhancement factors as
high as 10 were observed. It is remarkable that, within
error bars of similar magnitude, the enhancement factors
measured for both systems have the same dependence on
the liquid density.

The enhancement factor is related. to the Landau pa-
rameter Eo by the equation
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He before correction for the localized atoms (see text); solid
squares, first layer He after correction.
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to a substantial modification of the coverage dependence
of the effective mass of the submonolayer liquid as indi-
cated in Fig. 8.

The Landau parameter Eo deduced Rom the equation
above, where the effective mass is taken lrom Fig. 8 (us-
ing the corrected coverage scale), is shown in Fig. 9 plot-
ted as a function of the inverse of the effective mass. Also
shown in Fig. 9 are the values from He in the second

layering as well as bulk He data. Note that the second
layer data correspond to He on top of a He monolayer

1+F0 =
(1+ Ql —m/m')2

which is shown by the hatched line in Fig. 9.
The paramagnon model ' explains the susceptibility

enhancement as being due to spin fiuctuations and the
high-density system as being almost ferromagnetic. The
calculation in two dimensions leads to the expressions

y/p = (1 —I) and m*/m = 1+ 2I ln(1+ p2iI[12(1—
I)] ), where I is the normalized interaction potential
and pi ——pi/p~ is the momentum cutofF value which is
of order 1. Again taking p~

——1 and substituting for
the normalized interaction potential I, one obtains the
expression

that were analyzed using the values of the effective mass
reported by Greywall and Busch for a different system
(pure sHe films2s). In addition, the second layer density
is not known accurately for the latter system, since the
compression of the first layer as measured by neutron
scattering is not taken into account. In fact, this ef-
fect shouM shift the values of the effective mass to lower
densities except very close to second layer promotion. It
is dificult to evaluate precisely the systematic errors for
the case of the second layer data of Ref. 7. As seen on
Fig. 9, there is some systematic tendency for the second
layer data to stay below our first layer results.

It is interesting to study &om a theoretical point of
view these two-dimensional systems which exist as Fermi
fiuids in a much wider range of densities than the bulk
system. Presently there are several microscopic the-
ories trying to explain Fermi-liquid behavior in liquid
He. The allnost localized fermion model ' treats liq-

uid He as almost localized and explains the suscep-
tibility enhancement by an according enhancement of
the effective mass. This model leads to the expressions
m'/m = (1 —I ) and I"o ———p[1 —(1+I) ] where I
is the normalized on-site interaction potential I = U/U
and p is a quantity that depends mainly on the density
of states and can be taken to be approximately one for
a symmetric band. Taking p = 1 and substituting for
the normalized interaction potential I, one obtains the
expression

IV
0 ~ 2—

l s s s I s s s I s» I

0 0 ' 2 0 ' 4 0 ' 6 0 ' 8

m/m *

FIG. 9. Landau parameter 1 + I"0 as a function of m/m';
solid squares, first layer He [susceptibility data, this work;
heat capacity, Greywall and Busch (Ref. 21)]; open squares,
susceptibility data on second layer He with a first layer of He
[Lusher et al. (Ref. 19)] and heat capacity data on pure He
films (Ref. 21) (for the analysis a similar behavior for both sys-
tems has to be assumed); crosses, bulk He (Ref. 22); hatched
line, almost localized fermion theory (see text); point-hatched
line, paramagnon model (see text); solid circle, value from
"spin-glass" model by Castaing (Ref. 30).

&om which the dependence of the Landau parameter Eo
on the inverse of the efFective mass can be deduced eas-
ily. This dependence is shown by the point-hatched line
in Fig. 9. Note that we are considering here the crudest
approximation of both theories which, in addition, are
not supposed to apply to the whole density range. The
paramagnon model is only applicable for large efFective
masses, since only the most divergent terms in (1 —I)
have been considered in the calculation. 29 It is not known
presently whether the necessary corrections for smaller
interactions are important. A similar restriction holds
for the almost localized fermion theory which in addition
is only valid for a large number of next neighbor atoms. 2

Therefore, its predictions are to be taken with care when



NMR MEASUREMENTS ON 'He ADSORBED ON GRAFOIL AT. . . 453

comparing to 2D data. The theories are therefore valid
for roughly m'/m ) 3, whereas the range accessible to
experiment is m'/m & 5 and y/go & 20. It is therefore
rather surprising that both theories describe particularly
well the experimental data in a large density range. It
should be noted that the trend of our data is coherent
with the value 1+Fo ——0.25 given by the phenomeno-
logical "spin-glass" model by Castaing which is valid
in the limit of large effective masses. As seen in Fig. 9,
all data on 2D and 3D He correspond to a high-density
regime where the Landau parameter Fo is not strongly
dependent on the effective mass. In such a regime char-
acterized by strong correlations it is not obvious that
a Fermi-liquid theory does indeed apply. Recent micro-
scopic calculations by Bouchaud and Lhuillier suggest a
strong dimerization of the He atoms and the disappear-
ance of the Fermi surface. In order to investigate the
crossover (or eventually the transition?) from the cor-
related regime to the weakly interacting Fermi Quid, it
would be interesting to extend the measurements to lower
densities. This would require a substantial improvement
of the experimental techniques.

It has been implicitly assumed in this article that the
Quid phase is homogeneous. Although recent theoreti-
cal calculations suggest that the Quid may be unstable
at low temperatures, giving rise to a liquid-gas coexis-
tence, experimental evidence favors a homogeneous sys-
tem at submonolayer coverages; phase separation, how-
ever, is not ruled out by the experiments at multilayer
coverages.

V. CONCLUSION

Although the ground state of adsorbed He at low sub-
monolayer coverages is a liquid, heterogeneity leads to the
localization of a fraction of the adsorbed atoms, identified
by their large NMR susceptibility at low temperatures.
A linear coverage dependence of the localized fraction
has been experimentally determined; it agrees qualita-
tively with a model based on a distribution of binding
energies.

The onset of commensurate solid-liquid coexistence has
been observed at a coverage O.G449 atoms/A. 2. This bor-
der of the sHe/graphite phase diagram agrees well with

heat capacity data, but disagrees with previous NMR
measurements. Corrections for heterogeneity lead to es-
timate the liquid density at this coverage to be 0.0434
atoms/A. 2 which would be the onset value for a perfect
graphite substrate. This result should be helpful for es-
tablishing precise quantum Monte Carlo calculations. A
small shift of Greywall and Busch's coverage scale, in
fact already considered as an alternative in the analysis
of the heat capacity measurements, leads to a simple and
consistent picture of the submonolayer structural phase
diagram. The existence of a vacancy solid in a large den-
sity range is ruled out by our data.

The nuclear susceptibility of submonolayer liquid He
is rather well described by phenomenological expressions
for two-dimensional Fermi Quids. The effective Fermi
temperatures could be determined in a large density
range, including within the commensurate solid-liquid co-
existence regime. The susceptibility enhancement factor
is found to be very similar, at the same density, to that
determined for liquid He adsorbed on a He preplated
graphite sample, suggesting that substrate corrugation
and the strength of the adsorption potential do not affect
strongly the Fermi-liquid behavior. A similar conclusion
is reached when discussing the Landau parameter Fo de-
termined in both systems. The comparison requires the
effective mass values determined by heat capacity; we
found it necessary to correct their presently known cov-
erage dependence using our data for the submonolayer
films.

A comparison of our experimental results on the first
layer liquid to the almost localized fermion model shows
a good agreement as already found by Lusher et al.
for the second layer. However, we show that a similar
agreement can be claimed with the paramagnon model
and also with the spin-glass model. It is surprising that
theories with very different physical basis yield essentially
the same results. We hope that the present results will
motivate the extension to the low-density range of the
calculations performed a decade ago for bulk He.

From the experimental point of view, it would be desir-
able to perform measurements on liquid He systems at
lower densities. This would require higher sensitivity in
the NMR detection, but also a simultaneous determina-
tion of the heat capacity on the same sample, to suppress
coverage scale errors.
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