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Chapter 1

INTRODUCTION

1.1 Motivation

In recent years it has been demonstrated that submonolayer coverage
films of rare gas atoms can be prepared which have properties describable
by two-dimensional models. Analogues of the three-dimensional gas,
liquid, and solid phases have been identified, and in addition, film
phases which have no three-dimensional counterpart have been discovered

and studied.(l’2-6)

Adsorbed films of 3He and 4He have been of particular interest
because they closely approximate two-dimensional Fermi-Dirac and Bose-
Einstein systems, respectively. They thus provide a test of theories
of interacting quantum systems in reduced dimensionality and offer the
possibility of studying phase transitions in two-dimensions.

The properties of submonolayer helium films have been studied on a

variety of surfaces, including unplated and plated copper Sponge,(7_12)

vycor glass,(l3’l4) (15)

(16)

the surface of liquid 4He,
(17)

graphitized carbon

black, and exfoliated graphite. A primary goal of these
studies has been to find an adsorbing surface which, although confining
the helium to a planar geometry, minimizes the influence of the sub-
strate on the ideal two-dimensional properties of the film. The only
successful surface in this regard has been exfoliated graphite,(ls)
in part because of its high degree of chemical purity and structural
pecrfection, but also because of the relatively small variation in

helium-substrate potential energy along its surface.(lg)'



Heat capacity and vapor pressure measurements(2’20’21) of 4He

adsorbed on graphite have revealed a number of thermodynamic phases.

The phase diagram which has been constructed from the heat capacity

Aata is shown in Fig. 1.1, where the circles indicate the positions of

peaks in constant coverage heat capacity data. Over the majority of

the areal density-temperature plane of the figure, the 4He film heat

capacity has the temperature and density dependence of a two-dimensional

gas of interacting Bose particles.(2’22’23)
As the gas 1s cooled, peaks are observed in the heat capacity and

these have been interpreted as signals of phase transitions to various

low temperature phases depending upon the density of the atoms of the

film. At densities near monolayer completion, which has been determined

to occur at an areal density n=0,114 2:2, the low temperature phase is

a "two-dimensional Debye solid" with heat capacity proportional to the

square of the temperature.(2’20’24)

Over a relatively narrow density

o
range near n=0.0636 A 2, the gas on cooling becomes registered with the
surface atomic structure of the graphite substrate in a structure with

(2,20,25-27) A few

one helium atoms for every six surface carbon atoms.
percent of vacancies or interstitials are allowed in the structure,
however, and this accounts for the range of areal densities for which
this phase occurs. The structure is shown in Fig. 1.2 with the helium
atoms shown as disks with diameter p=2.87 X. At densities intermediate
to the solid and registered phases, the nature of the low temperature
film has not been identified with certainty, although it is possibly a
(28)

two—phase mixture of solid and registered phases.
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Figure 1.1 Phase diagram for 4He/Gr.






5
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At densities n<0.060 Afz peaks are seen in specific heat
measurements below 4 degrees Kelvin(z’zg) (Fig. 1.3), and one interpreta-

tion has been that these peaks are the signal of a low temperature

(22,30) Theoretical

(31-34) or

region of coexisting gas and liquid phases.,
calculations of helium on an ideally two-dimensional surface

on the periodic graphite substrate(34)

predict a liquid phase at T=0,
although in the realistic substrate case the stability of the phase with
respect to a registered phase is not conclusive, Thus it is also
possible that the low temperature region for n<0,060 2-2 is a region

of coexisting gas and registered phases.

Although the properties of adsorbed submonolayer helium have been
studied using a variety of substrates, graphite is the only one which
has a well-characterized crystalline surface. The other substrates are
either liquid or amorphous in structure or have surfaces which are
inhomogeneous to helium adsorption.

In order to distinguish between those properties of helium films
which are a result of the two-dimensional character of the film and
those which are induced by the periodic nature of the substrate, it is
necessary to find well-characterized substrates.other than graphite.
Magnesium oxide powder (MgO) has been suggested as a possibility, and

(35) ,,

its adsorption properties are currently being investigated.
alternative approach is to plate graphite with one or more layers of a
noble gas and to use the plated graphite system as the new substrate.

This study was undertaken with this alternative approach in mind.

Argon and neon were chosen as preplating atoms because theoretical



Figure 1.3 The specific heat of three 4He/Gr runs from Refs. 2

and 29,
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7
results indicated that the properties of a helium film would be signi-
ficantly altered if the adsorbent were graphite plated with a monolayer
of either of these two rare gas atoms.(34) The experimental plan was
to plate a pre—existing graphite substrate with a monolayer of argon
and to measure the heat capacity of a series of submonolayer coverages
of He in the Femperature range 0.1<T<4.0 K. Evidence would be sought
for the existence of the various phases observed for the system He
on unplated graphite, with special attention given to coverages less
than one-half monolayer. The cell could then be warmed to room
temperature, the adsorbed gas removed, and the experiment repeated
using neon as the plating atom.

The remainder of this chapter details some of what is known about
the interaction of helium with the surfaces of interest: graphite,
argon-plated graphite, and neon-plated graphite. It also includes a
discussion of some of the superlattice structures possible on the
plated surfaces. Chapters 2 and 3 describe the experimental apparatus
and procedures, respectively, and Chapter 4 describes the methods of
data reduction. The data is presented in Chapter 5 which is followed

by a discussion in Chapter 6. Chapter 7 provides a conclusion.

1.2 Helium—Substrate Potential Energy

The interaction energy between two similar noble gas atoms is

commonly approximated by the Lennard-Jones potential:
gy 6 0y12
V(r) = -4e [(-17) - (;) ]
3

where r is the distance between the centers of the atoms, € is the



maximum depth of the potential, and ¢ is the distance at which the

potential energy changes sign.(36)

This potential has also been used
to describe the interaction between carbon atoms in different planes
of graphite. From knowledge of the Lennard-Jones parameters ¢ and €
for the helium-helium and carbon-carbon interactions, estimates of the

two body helium—carbon interaction have been made(37)

(o

using the interpo-

( );5 . The

lation formulas o o + oC)/Z and €

He-C = “°H He-C  ‘“He-He®c-C
interaction of a helium atom with a graphite substrate can then be
approximated by a lattice summation of interactions of Lennard-Jones

form using the values ¢ d

He-C 2% EHe-c**

This method has been used by Hagen, Milford, and Novaco(37)

to
calculate the potential energy as a function of the distance normal to
three fixed points in the plane of the graphite surface, and their
results are shown in Fig. l.4. The distance normal to the surface is
expressed in units of the distance between adjacent graphite hexagons,
a=2.45 Z . It can be determined from the figure that the energetically
most favorable position is approximately 2.9 X above the plane of the
carbon atoms and equidistant from the six nearest carbon atoms. The
figure also shows the binding energy (long horizontal lines) for the

two helium isotopes as well as the energies of vertically excited states.
The difference in energy between the minimum of the curves and the
binding energies is a measure of the zero-point kinetic energy of a
single atom on the surface. Thus, an isolated helium atom is expected
to have high mobility on a perfect graphite surfaée.

The calculated helium-substrate potential energy is qualitatively



Figure 1.4 Potential energy of an isolated helium atom as
a function of displacement normal to three fixed
points in the graphite surface plane, as given in
Ref. 37. The long horizontal lines show the binding
energy of isolated helium atoms in the ground state.
The shorter horizontal lines show the energy of
vertically excited states. The length scale a is
the distance between adjacent graphite hexagons:

o
a=2,45 A,
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10
changed if the substrate consists of graphite pre-plated with a mono-

(38) have shown that an argon

layer of argon. Neutron scattering studies
monolayer on graphite forms a triangular lattice with a nearest neighbor
distance of 3.9 2 at 4 K. Fig. 1.5(a) is a representation of the rela-
tive sizes of argon atoms adsorbed on the basal plane of graphite. It
can be seen that the argon overlayer has a greater areal density than
the registered configuration of Fig. 1.2, The unit cell of this argon-
plated substrate and the calculated helium-substrate potential energy
above three fixed points in the unit cell are shown in Fig. 1.6 as
reported by Novaco and Milford.(39)'
A comparison between this figure and Figs. 1.4 and 1.5(a) shows the

following differences between the systems of helium adsorbed on graphite
(He/Gr) and helium adsorbed on argon-plated graphite (He/Ar/Cr):

(1) The calculated minimum potential energy directly over an
adsorption sité is reduced from =254 K for He/Gr to -112 K for He/Ar/Gr.

(2) The maximum variation in the potential energy across the sub-
strate is increased from 21 K to 47 K. However, the variation in energy
from the equilibrium position directly above a site to a position
directly above a point halfway between substrate atoms is reduced from
18 K for He/Gr to 14 K for He/Ar/Gr.

(3) The lattice of the top layer of substrate atoms is changed
from honeycomb to close-packed,

(4) The lattice of sites is changed from triangular to honeycomb.

o
(5) The distance between sites is decreased from 2.46 A for

o
He/Gr to 2.3 A for He/Ar/Gr.



Figure 1.5 (a) Representation of the relative size of argon

atoms on a graphite surface plane. The nearest neigh-

o
bor distance is 3.9 A.

(b) Neon monolayer adsorbed on graphite., The nearest

o
neighbor distance is 3.1 A,
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Figure 1.6 Helium-substrate potential energy for the argon-plated

graphite system, as given in Ref. 39.
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These differences are reported in tabular form in Table 1.1 which

(40) The

includes the results of calculations for He/Ne/Gr as well.
potential energy curve for He/Ne/Gr calculated by Novaco(AO) is shown
in Fig. 1.7 and the geometry of the assumed close-packed structure of

the neon monolayer is shown in Fig. 1.5(b).

1.3 Superlattice Geometries

A common feature of systems of adsorbed atoms and molecules on
crystal surfaces is the occurrence of superlattice structures which are
in registry with adsorption sites of the adsorbate-surface interactionSAI)
In the case of helium adsorbed on graphite, a structure with one helium
atom localized in every three adsorption sites has been observed(2’25’26’42)
and is represented in Fig. 1.2. A possible superlattice structure

(43) corresponds to the

of the He/Gr which is thought not to occur
adsorption of one helium atom for every four adsorption sites. These
two structures are denoted (V3 x /5)R-30° and (2x2), respectively, using
the terminology for classifying superlattice structures(4l) and are
represented in Fig., 1.8 where a circle denotes an occupied site. There
are, of course, many other possible structures.

The notation (m x n) denotes a structure with unit cell vectors
whose magnitudes are in the ratio m and n to the magnitudes of the
substrate unit cell vectors. The additional notation R-0 indicates that
the superlattice unit cell is rotated an angle O from the substrate unit

(41) (44) ‘hat the notation be further

cell, It has been suggested
appended to distinguish phases with the same (m x n)R-0 denotation but

which have different average site occupation numbers Xg(Xg = Number of
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Figure 1.7 Potential energy of an isolated helium atém as a
function of displacement normal to the surface carbon
plane of the neon-plated graphite system, as given in
Ref. 40. The energy has been calculated for positions
normal to neon atoms (A), normal to the "sites"
equidistant from three neon atoms (S), and normal
to the "saddle points" midway between two neon atoms.
The dashed lines are the result of calculations
assuming that the neon atoms are fixed., When neon
oscillations normal to the surface are included,

the potential is shifted somewhat (solid lines).
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Figure 1.8 Some possible superlattice structures on a triangular
lattice of sites [(a) and (b)] and on a honeycomb
lattice of sites [(c) - (£f)].

(a) (/3 x V3)R-30°
(b) (2 x 2)
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sites occupied/Number of sites). The structures represented in
Figs. 1.8(d) and 1.8(f) are distinguished in this way.

Because the symmetry of sites is changed when graphite is plated
with a monolayer of argon or neon, the possible superlattice structures
are also changed. Four possible structures are represented in
Fig., 1.8(c)-(f) corresponding to values 1/6<Xg<1/2., The densities these
structures wouid have on various rare gas plated graphite substrates are
given in Table 1.2 using the nearest neighbor values of the plating

atoms from Table 1l.1.
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Chapter 2

EXPERIMENTAL APPARATUS

2,1 The Calorimeter

A schematic diagram of the calorimeter used for the heat capacity
measurements is shown in Fig, 2.1. The configuration is identical to

that used in previous experiments,(29’45)

except for minor modification
of the thermal link to the mixing chamber, the placement of resistance
thermometers, and an increase in the mass of CMN used for thermometry.
The primary adsorbent is a form of exfoliated graphite available
commercially with the tradename "Grafoil". Grafoil combines the
favorable properties of high specific surface area, exceptional uni-
formity to adsorption, good thermal conductivity, and purity from

surface contamination.(ls)

In different forms it has been used success-
fully in experimental situations including heat capacity, NMR, magnetic
susceptibility, neutron diffraction, and x-ray diffraction.

The Grafoil sample used in this study is referred to as "cell B"
in the literature.(z) Its surface area for helium adsorption is

approximately 268 m2.(46)

It is enclosed by a copper container to which
has been attached a 104.1 Q Evanohm wire heater, a 56 Q@ Allen-Bradley
%-watt carbon resistor, and a 110 Q Speer }-watt carbon resistor. 1In
addition, two crystals of CMN with a total mass of 13.6 mg are attached
with Apiezon N grease to a short copper tail of the cell. A magnetic

field of approximately 5 gauss is trapped inside a small niobium

shield around the tail of the cell. 1Inside the shield an Epibond
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100A epoxy mandrel holds two astatically wound niobium wire coils for

(47) Electrical leads to the cell heater and

SQUID thermometry.
resistance thermometers are made of Pb-coated manganin wire and are
thermally grounded to the mixing chamber.

The cell is connected to the mixing chamber of a dilution refriger-
ator by a nylon support of small cross-sectional area. In addition, the
entire cell is surrounded by a copper radiation shield which is greased
to the sides of the mixing chamber.

A filling line of 0.016" 0.D. x 0,004" wall stainless steel tubing
is connected to the cell and is thermally anchored at the mixing
chamber and the still of the dilution refrigerator. Above the still
the filling line is connected to a vacuum jacketed piece of 0.031" 0.D.

x 0.005" wall Cu-Ni tubing with a 1000 @ bifilar heater wound along its
length.

A dilution refrigerator with a two stage continuous heat exchanger
was used to cool the calorimeter. No heat switch was employed. Starting
from 1.2 K the cell could be cooled to 0.1 K in about 4 hours of con-
tinuous operation of the refrigerator. Cooling of the calorimeter to

0.5 K was possible in less than one hour by operating the refrigerator

as a 3He/4He evaporator.

2.2 Thermometry

Temperatures in the range 0,10<T<1.5 K were measured using a SQUID
system which measured the changing magnetic susceptibility of the two

CMN crystals attached to the tail of the cell. Output readings on a
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Hewlett-Packard Model 7100B strip chart fecorder allowed an experi-
mental resolution AT—1=10—4K—1. This resolution decreases somewhat
above 1.5 K because of noise in the SQUID/chart recorder electronics,
whereas 10-41(,_1 resolution was possible in the range 1.0<T<4.0 K from
resistance thermometry using a 56 Q carbon resistor and a standard

(48) with a PAR Model 120 lock-in amplifier.

3-wire AC Wheatstone Bridge
The 100 @ carbon resistor was used as a back-up thermometer for

temperatures below 1 K.

2.3 Thermometer Calibrations

(29) using

The two carbon resistors had been calibrated previously
a CryoCal germanium resistor as the primary thermometer. The 56 Q
Allen-Bradley carbon resistor had a history of stability. Its cali-
bration had been checked and found not to have changed four years after

45
*2) and as part of this study no temperature

the initial calibration,
shift was observed in a repetition of a heat capacity run made five
years earlier. The same calibration was therefore used for the present
study.

The output voltage of the CMN/SQUID thermometer system is inversely
proportional to the temperature. It can therefore be conveniently
calibrated against the 56 Q carbon resistor in the range 1.5<T<4.2 K
and a linear extrapolation made to greater values of T—l. This was done
after each series of heat capacity measurements using this thermometer.
The extrapolation introduces an uncertainty of less than 1% in the value

of T.

The temperature dependence of the resistance of the 100 © Speer
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carbon resistor has been observed to change upon thermal cycling to
room termperature(45) and was therefore used only as a back-up

thermometer.,

2.4 Power and Time Interval Measurement

The voltage across a precision 1000 Q resistor in series with the
calorimeter hééter allowed a measurement of the heater current.
Measurement of the voltage across the heater using the standard 4-wire
method then allowed an accurate determination of the power applied. 1In
practice the resistance of the heater was found to be constant so that
only the voltage across the precision resistor was measured for each
heating interval. A Dana Model 5500 voltmeter was used for the measure-
ment.

The heating time interval was measured with an accuracy of 0.005

sec(49)using a Monsanto Model 100c Counter-Timer,

2.5 Gases and Gas Dosing

The gases used for the plating were purchased from Air Reduction
Corporation and were guaranteed to have less than 0.004% impurities.
The 3He was obtained from Monsanto Research Corporation which specified
99.98% purity, and the 4He was repurified from the boiloff of the
cryostat by passage over a molecular sieve at 77 K to a nominal purity
of 99.9%.

The volume of gas admitted to the calorimeter was accurately measured
using a 114.1 cm3 calibrated volume, a Baratron type 77~1000 capacitance

pressure gauge, and a thermometer. A Thermo~Vac TM201 pressure gauge,
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. 50
manufactured by Leybold—Heraeus( ) and capable of operating in the

pressure range 0.001<P<10 torr was used to monitor the pressure in the

room temperature portion of the fill line.



Chapter 3

EXPERIMENTAL PROCEDURES

3.1 Preliminaries

As a preliminary, the heat capacity of a film previously measured
by Hickernell(zg) was re-measured and found to be identical to the
earlier result within experimental uncertainty. The film had an areal
density n=0.0281 X-Z. This provided a general check on the experimental
procedures and the method of data reduction.

After the preliminary run, the cell was warmed to room temperature,
pumped out for several days with a trapped diffusion pump, and then

cooled to liquid nitrogen temperature (77 K).

3.2 Argon Pre-plating

The Grafoil had an argon monolayer capacity at 77 K of 81-83 cm3 STP

as determined by a vapor pressure isotherm,(z) and in order to allow for
contraction of the argon film as it cooled, a shot of somewhat greater
quantity (84.84 cm3 STP) was used. The gas was admitted to the cell in
a series of doses, with the pressure of each dose kept well below the
vapor pressure (=200 torr) of bulk liquid argon at 77 K(SI).

The cell was then cooled slowly to 4.2 K with care taken that the
argon did not block the fill line. Added assurance of a clear fill line
was provided later when helium was successfully admitted to the cell. It
is assumed that the Grafoil was completely plated at 77 K, and that the
number of argon atoms in the first layer above the Grafoil increased as

the cell was cooled. The exact extent of such rearrangement is, however,
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unknown. Assuming that all the argon atoms were adsorbed on the first
*
layer, and using the area of the cell as determined from earlier studies,
o
the average areal density of the argon film was 0.0863 A:2. In the
assumed two-dimensional close-packed arrangement this corresponds to a
o]
nearest neighbor distance of 3.7 A, A recent neutron scattering study
of argon films .adsorbed on Grafoil confirms the assumption of close-
. ° (38)
packing and gives a nearest neighbor distance of 3.9 A.
The calorimeter with argon pre-plating was then cooled to 0.1 K and
a heat capacity run taken to 4.0 K. The heat capacity was a monotonic
function of T (Fig. 3.1) and was easily fitted above 0.1 K with a ninth
order polynomial of the form
9 n
C(T) = L AT. (3.1)
n=0
The heat capacity of the argon was determined by subtracting the heat

(45)

capacity of the empty cell as determined by Van Sciver and was

found to have the '1‘2 dependence characteristic of a two~dimensional

solid at low temperatures. In analogy to the procedure in three

(52)

dimensions, an effective two-dimensional Debye temperature can be

defined from the slope of the specific heat versus T2:
-1

2 _ d(C/Nk) .
6 28.85[ 3(12) (3.2)

This procedure gave a value OD = 7022 K at T = 4 K, close to the value

*The area of the cell used is that determined by assuming that the
tallest specific heat signal of the 4He/Gr registry-deregistry transi-
tion occurs when there is exactly gne 4He atom for every three graphite
hexagons available for adsorption. 2
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plating.
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7412 K extrapolated to 4 K from measurements of Chung( ) at higher
temperatures of an argon film with a coverage of 0.77 monolayers.

Despite the good agreement between the effective Debye temperature
of the earlier experiment and the value presented here, it is not known
with certainty that the entire Grafoil adsorption surface was coated
with argon at the lowest temperatures. At some point in the contraction
of the film as it is cooled.from 77 K the argon in the second layer
may lose its interlayer mobility, resulting in a partially filled first
layer. Adsorption of helium will then preferentially occur in the gaps
left by the shrinking argon film. The actual areal density of the
subsequently adsorbed helium film in the next layer will then be some-
what different from the stated value calculated from the relation
n = N/A, where N is the total number of helium atoms and A is the area
available for 4He adsorption on the first layer. It should be kept in
mind.that although the helium areal densities are reported with three
"significant figures", this is only a reflection of the accuracy to
which N and A can be determined. The actual areal density of the helium
film may be somewhat different because of possible adsorption in the
first layer, or because the area available for adsorption in the second
layer is not the same as A,

A helium film which was calculated to have an areal density
n = N/A = 0.0280 2-2 was prepared and admitted to the cell slowly so as
to keep the cell temperature below 7 K. The cell was then allowed to
cool back to 4-5 K over a period of several hours. In order to assure

uniform film density throughout the sample, the annealing procedure
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developed by Hering(as) was then followed. This involved raising the
temperature of the cell until the vapor pressure above the sample was
about 0.2 torr and holding the temperature constant for at least one
hour. The heaters were then turned off and the sample allowed to
drift slowly to 4.2 K.

The calorimeter was next cooled to 1.2 K and heat capacity data
taken to 4.0 K. The data was reduced and a helium film with higher
density prepared by admitting additional helium to the cell.

The annealing and cooling procedure outlined above was then repeated
for the new coverage. The heat capacity of helium films with five
different coverages werc measured on the first argon pre-plating. The
coverages were n=0.0280, 0.0327, 0.0374, 0.0846, and 0.0887 sz. The
results are discussed in Chapters 5 and 6.

Following a period of cryostat maintenance, the cell was again
pumped out and then a second argon plating prepared as before. The
heat capacity was measured for a few temperatures and was found to re-
Produce the earlier results (Fig. 3.1). Helium films with densities
n=0.0093, 0.0140, 0.0187, 0.0233, and 0.0515 272 were measured on this
second argon pre-plating.

The 4He was then removed by warming the cell to 36 K and successively
expanding the desorbed helium into the calibrated volume and pumping it
away. On the assumption that all the gas which was removed was 4He,
99.1% of the gas which was put into the cell was accounted for. The
cell was again cooled to the experimental range and a single heat capacity

point taken to confirm that the background heat capacity had not changed.
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The measured value was consistent with the earlier background measure-
ments and is included on Fig. 3.1.

Two 3He coverages were then prepared and their heat capacities
measured. The coverages were n=0.0233 2-2 and 0,0374 X—Z' Following
these two runs the cryostat was warmed to room temperature and the

protected fill line installed in preparation for the neon-plated study.

3.3 Neon Pre-plating

The areal density of a monolayer of neon adsorbed on Grafoil at

o~
(54) to be 0.122 A 2. This agrees

T=20 K has been determined by Huff
with the value 0.121 ng obtained by assuming that the neighboring neon
atoms are separated by the distance corresponding to the minimum of the
neon-neon interatomic potential, 3,09 X (Ref. 55). 1In order to plate
the Grafeil it was decided to admit to the cell the quantity of neon
which corresponds to an areal density 0.124 272, that is, about 27 more
than the estimate of the required amount. A shot of 122.3 STPcc was
Prepared and admitted to the cell at 77 K.

Because of its weaker attraction to graphite, the majority of the
neon was in the bulk vapor phase at 77 K and it was therefore necessary
to cool the sample cell very clowly in the temperature raﬁge 20<T<30 K
in order to avoid condensation of bulk neon in the filling line.

Figure 3.2 shows the temperature dependence of the vapor pressure of
bulk 1liquid and solid normal neon$56) the triple pointSSA) and the
equilibrium pressure above a Grafoil surface plated with 1.00 and 1.04
monolayers of neon as determined from the adsorption isotherms of

HuffS54)
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At 30 K the pressure above the cell is approximately 84 torr which
is the vapor pressure of bulk neon at approximately 22 K. Thus if any
section of the fill line is at a temperature less than 22 K, solid bulk
neon will block the tube. More generally, in the temperature range of
concern, bulk solid will condense in the £ill line if any part of the
line has an inverse temperature which differs from the cell's by more
than 0.13 K_l.

The cell and dilution refrigerator were cooled to approximately 10 K
by exchange gas in the vacuum can during the initial transfer of liquid
helium into the cryostat. During this procedure the protected f£ill
line heater was dissipating about 0.8 watts of power. This was sufficient
to keep the protected section of the fill line from plugging. However,
the unprotected bottom section of the fill line was thermally grounded
to the dilution refrigerator at both the still and mixing chamber, and
a plug formed in this section. The plug was removed by warming the
cell and dilution refrigerator to 30 K and then allowing the cell to
cool very slowly without exchange gas., The cooling was primarily by
thermal conduction between the helium evaporator ("4-pot") and the
vacuum can. The helium evaporator was thus the coldest part and the
cell the warmest part of the refrigerator/cell system.

The temperature profile of the dilution refrigerator and cell was
measured frequently and the evaporator's inverse temperature kept within

0.13 K1

of the cell's inverse temperature. The cell reached 11 K in
about one day using this procedure. The pressure of neon gas above the

cell was then sufficiently low (approximately 300 pm) that exchange gas
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could be admitted to the vacuum can and the cell cooled quickly to 4 K
without plugging the fill line. On the basis of the fill line volume
and cell dead volume, less than 0.1% of the neon was in the bulk gas
phase when the exchange gas was admitted.

A background heat capacity was then taken of the neon-plated Grafoil
cell and a seventh order polynomial fitted to the data (Fig. 3.3).

At 4K the two-dimensional Debye temperature of the neon film was

GD = 65+3 K, somewhat higher than the value 54 K obtained by linearly
extrapolating the submonolayer results of Huff(54) to monolayer
corpletion. It may be that the effective Debye temperature in the case
of neon is strongly dependent on areal density as monolayer completion
is neared, and that the disagreement is a result of the linear extrap-
olation from 0.84 to 1.00 monolayers. Because the heat capacity had the
T2 temperature dependence of a two-dimensional solid and was considerably
greater than the heat capacity of an equal quantity of bulk solid

neon, it was reasonable to assume that the neon had plated most of the
Grafoil. However, as in the argon-plating case, the neon heat capacity
did not provide an independent determination of the exact extent of
plating, and the uncertainty in this regard must be kept in mind.

A series of 4He coverages were then prepared and their heat
capacities measured in the temperature range 0.10<T<4.0 K. During
admission of the 4He the temperature of the cell never rose above 7.0 K.
Each coverage was annealed by the procedure discussed earlier. Coverages
with areal densities n=0.0140, 0.0236, 0.0329, 0.0422, 0.0562, and

o—
0.0702 A 2 were measured before the cryostat was accidentally allowed
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to warm to approximately 30 K. At this temperature a neon monolayer has
a vapor pressure of approximately 70 torr, and it was estimated that
about 157 of the neon was desorbed at this point. The cell was cooled
back to the experimental range following the procedure for neon plating
given above, except that in this case there was a substantial fil11l line
partial pressure due to the desorbed helium. A heat capacity run did
not reproduce fhe earlier result for the areal demsity 0.0702 sz, and
the entire cryostat was warmed to room temperature and the cell pumped
for two days with a trapped diffusion pump.

The cell was pre-plated with another neon monolayer using a shot of
122.1 STPcc and following the same procedure as before. The background
heat capacity was taken and was identical to the earlier background
(Fig. 3.3). Two 4He coverages with areal densities n=0.0329 Z-Z and
0.0702 2—2 were then prepared and their heat capacities measured as a
check on experimental reproducibility. The background and the 4He film
heat capacities agreed with the earlier measurements. Films with

o_
2 and 0.0888 A 2 were then measured. Following the

o.
densities n=0,.0841 A
o_
run with n=0.0888 A 2 it was decided to try to remove some 4He from the
cell in order to take more detailed data of the run with areal density

o-
0.0841 A 2. In order to do this the cell was warmed to approximately

7.2 K, the %

He allowed to desorb, and the appropriate quantity removed.
The second run with n=0,0841 sz agreed well with the first, and provided
another check on the reproducibility of the system. Following this run
the cell was again warmed to room temperature and pumped for a few days.

o
An effort was made to reproduce the n=0.0841 A 2 results and to

study films with areal densities close to this value. A third pre-plating
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using 122.6 STPcc of neon was introduced to the cell, cooled, and a heat
capacity run taken. Although the amount of neon admitted to the cell
for this plating differed from the two earlier platings by less than
0.5%, the heat capacity proved to be somewhat greater and a new seventh
order polynomial was fitted to the data and used as the background.
After subtractipg off the empty cell contribution, the neon film was
found to have a heat capacity about 20% greater than previously, and had
an effective Debye temperature OD = 59+3 K.

Nine 4He films were measured over a limited temperature range on
this pre-plating, but the results of the previous two n=0.0841 sz runs
were never reproduced, Several interesting features did emerge, however,
and will be discussed in Chapter 6. The coverages in chronological
order were n=0.0794, 0,0841, 0,0889, 0.0905, 0.0899, 0.0867, 0.0856,

0.0874, and 0.0813 42,

In addition to the 4He films, the heat capacity of two 3He films,

2 and 0.0840 X—Z were measured.after the cell

o—
with coverages n=0.0232 A
had been plated with neon a fourth time. A shot of 122.3 STPcc was
used, and the neon heat capacity and its effective Debye temperature were

the same as those of the third plating.



Chapter 4

DATA REDUCTION

4.1 Helium Heat Capacity

A typical heat capacity point is shown in Fig. 4.1. Following a
period of pre—heating drift, a current i was applied to the cell heater
for a time interval At. This was followed by a period of post-heating
drift. The temperature of the resistance thermometer showed considerable
overshoot due to the fact that the resistor was in better thermal contact
with the heater than with the film. A record was kept of the instrument
settings, specifically, the lock-in amplifier sensitivity and time
constant, the bridge sensitivity, and the chart recorder sensitivity and
speed.

The data was reduced by extrapolating the pre-heating and post-
heating drifts to the midpoint of the heating time interval and noting
the displacement of the chart recorder pen at these two points. The
displacement of the pen was then converted to a resistance by mimicking
the cell resistor with a decade resistance box and dialing the value of
resistance which produced the identical chart recorder displacement.

This substitution method had the advantage of allowing the bridge
to be operated off balance and avoided the need to calibrate the
sensitivity of the chart recorder displacement for each heat capacity
point. In addition, it bypassed the problem of non-constant sensitivity
across a chart page which arises when the resistance being measured

exceeds the value of the fixed arms of the bridge (10 KQ).



Figure 4.1 Typical heat capacity point., Note that the baseline

resistance was changed during the heating interval.
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i=0.6717 mA

At=5.610 sec
— je—
10 sec
R; =10.449 kQ
I Te = 1.8411 K
R, =10.977 kQ
Ti= 1.8181 K
1.025 kQ 10.575 kQ
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Using the calibration of the resistance thermometers, the two values
of resistance were converted to an initial and final temperature for the
heat capacity point. These temperatures were used to determine the
average temperature, T} and the temperature interval, AT. The heat

capacity was then calculated as
2

C(T) = ——=—

AT (4.1)

where R is the heater resistance which had been determined to be 104.1 Q.

4.2 Heat Capacity Errors

The largest poténtial source of systematic error in the determination
of the heat capacity came from the temperature calibration. The germanium
sensor was provided by the manufacturer with a calibration accuracy of
$0.2%, but the necessary calibration of the secondary carbon resistors
including polynomial fitting increased the error to #0.4%. The SQUID
calibration used for lower temperatures was based on an extrapolation
from the region of carbon resistance thermometry and had a potential
systematic error which increased from #0.4% at 1.5 K to approximately
*1.5% at 0.1 K, A detailed breakdown of the errors in the measurement
using the apparatus has been reported by McLean.(ag)

The substitution method mentioned earlier allowed an efficient
method of data acquisition and reduction, without increasing the random
error in the measurement of the heat capacity above that associated with
measurements made with the bridge operated in the balance condition.(49)

Generally the random error in the helium heat capacity was approximately

%1% for the data taken using the SQUID system, and *2% for the data
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taken with the resistance thermometer, although the scatter near T=4 K
was somewhat higher because of the increased difficulty of graphical
extrapolation of the post-heating drift as the thermal isolation of the
cell decreased,

Because the preheating drift was monitored in real time on a
chart recorder, it was sometimes possible to adjust the drifts for
successive poigts to be nearly identical. This then allowed a tradeoff
between random and systematic errors, with the result that the scatter in
the heat capacity using carbon thermometry could be detreased to approxi-

mately 0.57%.

4.3 Areal Density Errors

The stated areal densities for the various heat capacity runs are
calculated by dividing the number of helium atoms admitted to the cell,
N, by the area of the cell determined from earlier measurements, (cf.
footnote, Sec.3.2). The major sources of error in the value of N are a
1+0.5% uncertainty in the value of the calibrated volume used for the
measurements and a +0.27 uncertainty in the pressure measurement of a

typical helium "shot" using the Baratron systemf49)

In addition, a
random error of approximately *0.27 is introduced by the pressure and
temperature measurement of each shot, and because new coverages were
frequently prepared by admitting additional helium to the cell, the
error is somewhat greater for coverages at the end of a series of runs.
As noted earlier, the actual areal density of a helium film adsorbed

on a Grafoil surface may be somewhat different from the stated value, even

when the magnitude of the possible systematic and random errors in the
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measurement of N is taken into account. Both incomplete and more than
complete plating of the Grafoil are possibilities because of thermal
contraction of the plating layer, and these will affect the actual film
density. Although it is not possible to be very quantitative, the

error involved is probably of the order of a few percent, judging from
the fact that some of the 4He/Ne/Gr results seem to fit together if the
areal density of one of the series of runs is shifted by 3% (cf. Sec. 5.3

and Fig. 5.9).

4.4 Desorption Heat Capacity, 4He/Ar/Gr

Above 3 K the measured heat capacity of the two highest coverage
4He/Ar/Gr films must be corrected for desorption of helium from the
surface. To estimate this desorption contribution, the vapor pressure
meacurements and isosteric heat of adsorption calculations of Lerner and

G7) for 4He/Ar/Gr were used, Their vapor pressure isotherms were

Daunt
made using a capacitance pressure gauge operated at 4.2 K, thus avoiding
the difficult problem of correcting for thermomolecular pressure
differences in small tubes.

Lerner and Daunt's plot of the isosteric heat of adsorption at 10 K
was extrapolated to the two densities for which corrections were estimated
to be important for this study, namely n=0.0846 sz and 0.0887 K_Z. The
extrapolated values are qst/k = 53 K and 42 K respectively. However,
values of the isosteric heat at 4 K were desired, and this required an
assumption concerning the nature of the film, In the model of an ideal

mobile two-dimensional film, the temperature dependence of the isosteric

heat is given by
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Eii = - 43T, (4.2)
where €y is the binding energy of the film at T=0. For other models the
coefficient of the temperature dependent term is somewhat different.
For example, it is 5/2 for a highly localized film, 8

The coefficient 3/2 was assumed and gave the values qst/k =44 K
and 33 K for the two films. These values were then used along with
approximate values of the 4.2 K vapor pressure, P, taken from Lerner
and Daunt's isotherm. Using the fact that qst/k = (dlnP/dT-l)N,
equation 4.2, and P(4.2 K), it was possible to estimate P(T) in the

range 3.0<T<4,0 K. The approximate desorption heat capacity was cal-

culated from the equation given by Dash, Peierls, and Stewart,(sg)
_Pv 3. st 2
Cy =7 [2+(kT - 1)) ’ (4.3)

and the desorption contribution then subtracted from the total measured

heat capacity. For the highest density run, the correction was ~17% at
o_

4 K and v6% at 3 K. For the run with density n=0.0846 A 2 the correction

was Vv12% at 4 K and 2% at 3 K.

4.5 Desorption Heat Capacity, 4He/Ne/Gr

No vapor pressure isotherms were available in the literature for
the 4He/Ne/Gr system and therefore pressure measurements were necessary
in order to estimate the desorption heat capacity.

The vapor pressure measurements made on the Thermo-Vac gauge were
corrected for gas species according to calibration curves supplied by

the manufacturer. Thermomolecular pressure corrections were required to
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determine the actual pressure in the cell and the low temperature parts
of the f£ill line. As pointed out by McConville,(60) cleaned stainless
Steel tubes and tubes "as received" can require quite different pressure
corrections because of differences in the character of their inner
surfaces. The values for tubes "as received" were used.

The thermomolecular corrections were in some cases sizable. For
example, with fhe cell at 4.0 K and a 4He pressure of 0.62 torr at room
temperature, the pressure in the cell is estimated to be 0.43 torr.

It was then possible, using values for the room temperature and
cell temperature dead volumes (26.4 cm3 and 8.33 cm3, respectively), to
determine the quantity of unadsorbed helium, At T=4.0 K this amounted
to v1.0 7% for the n=0.0888 X-Z film and to less than 0.5% for all other
coverages. Knowledge of the unadsorbed fraction of the helium shot
allowed an estimate of what the vapor pressure in the cell would have

been under isosteric conditions. The isosteric pressure at various

temperatures was then used to calculate the isosteric heat of adsorption

0-
q at 4.0 K. Calculations for the films with areal densities n=0.0841 A

st

0-2
and 0.0888 A

fell in the range qst/k = 434 X, The desorption heat
capacity was then calculated using equation 4.3 with qst/k =
43 K + 3(T - 4.0 K)/2 and using P(T) calculated as before from the cell

pressure and the isosteric heat of adsorption.

2



Chapter 5
DATA PRESENTATION

5.1 4He/Ar[Gr

The heat capacity results for 4He adsorbed on argon plated
Grafoil (AHe/Ar/Gr) are shown in Fig. 5.1(a). The runs with areal
densities n=0.0093, 0.0233, 0.0846, and 0.0887 & > contain most of the
data taken at these coverages. A similar number of specific heat
points were taken for all other coverages, but for clarity only
smooth lines with a few experimental points are shown. The dominant
feature is a rounded specific heat peak that moves to higher tempera-
ture as the coverage is increased, the strongest peak (C/Nk = 3.5)
occurring for n=0.0233 Xﬁz and T=2.28 K (Fig. 5.2). The positions of
the peaks in the density versus temperature plane are shown in
Fig. 5.1 (b), where peak positions for 4He on unplated Grafoil (4He/Gr)
are shown by a dashed line.

The phase for 4He/Gr on the high temperature side of the boundary
defined by the dashed line in Fig. 5.1(b) is a two-dimensional (2D)

(2)

interacting Bose gas. On the low temperature side of the dashed

o-
line the film is believed to be a 2D solid above n=0.08 A 2, a sub-

strate registered lattice gas for n = Q.06 sz, and a coexisting gas

o-
and liquid or a coexisting gas and registered phase for n<0.05 A 2.

o—
The small region between n=0.07 and 0.08 A 2 could be a substrate

ordered phase or a region of coexisting substrate ordered and solid

(21)

phases. The peaks measured using the Ar-plated Grafoil fall on a

curve very different from those obtained using the unplated substrate,
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except for the highest two densities where the same melting line
appears to be followed. This agreement may be coincidental and will be

discussed in more detail in Chapter 6.

5.2 3He/Ar[Gr

Specific heat runs were also made for two 3He coverages on Ar-
plated Grafoii and the results are shown in Fig. 5.3. The lower
density run (n = 0.0233 sz) had the coverage value that had given the
highest peak for 4He. The other (n = 0.0374 2_2) had a substantially
larger coverage, but one still in the range measured by Hickernell,
McLean, and Vilches(sl) on unplated Grafoil. Their results show that
the heat capacity of 3He on bare Grafoil for T>0.5 K and lower
densities is like that of an interacting 2D Fermi gas. At lower
temperature, a rounded anomaly at T = 0.2 K shows the effect of strong
3He—?He interactions.

In the Ar-plated case, there is no evidence of the type of peaks
seen for 4He at temperatures in the range 1<T<4 K. For n = 0.0233 2—2
a peak was found at T = 0.74 K. This peak decreases in height and
almost disappears for the higher coverage. This last coverage, the
only Ar-plated run taken to 0.13 K also shows some evidence of the

behavior observed by Hickernell, McLean, and Vilches(61) below 0.3 K.

5.3 4He/Ne/Gr and 3He/Ne/Gr

The results of the specific heat measurements of 4He adsorbed on
Ne-plated Grafoil are remarkably different from either the bare Grafoil

o_
or the Ar-plated results. The low density (n<0.0702 A 2) specific



Figure 5.3 Specific heat, 3He/Ar/Gr
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heat curves corrected for desorption are shown in Fig. 5.4(a). A
peak is observed at approximately T=0.75 K for the lowest coverage
studied, n = 0.0140 2_2. As the film coverage increases, the peak
decreases in height and broadens but remains at approximately the same
temperature. The positions of the peaks in the density versus tempera-
ture plane are shown in Fig. 5.4(b) along with the unplated results
which are shown with a dashed line. For the five lowest coverages each
successive specific heat curve lies almost entirely below the preceding
one. The run with density 0.0702 272 departs from this trend at low
temperatures as can be seen in Fig, 5.5, which is a plot of the
specific heat at low temperatures. It was at the completion of thié
run that the cryostat warmed to 30 K because of an accident ( see
Sec. 3.3) and an estimated 10% of the neon preplating desorbed. The
cell was cooled again, and the specific heat was found to have changed,
and showed signs of a peak at approximately 0.90 K (Fig. 5.6).
However, after the cryostat was warmed to room temperature, pumped out,
and a new neon preplating prepared, new runs with areal densities
n=0.0329 and 0.0702 272 were found to reproduce the original results.
An interesting question is raised as a result of the accident:
Despite the reproducibility of the results using the standard annealing
procedure, is it possible that the procedure was inadequate for the film
with areal density 0.0702 272 and that warming the cell to 30 K would

have been a better technique? This question is not answered by this

study.



Figure 5.4 (a) Specific heat, 4He/Ne/Gr° (b) Corresponding

phase diagram.
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Figure 5.6 Low temperature specific heat of the 4He/Ne/Gr run

O
with areal density n=0.0702 A 2.
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At still higher densities a series of specific heat runs was

taken [Figs. 5.7(a), 5.8, and 5.9(a)]. The runs appear to show a
melting line and a series of peaks similar to those reported by Hering,

(21) for 3He/Gr and 4He/Gr. The estimated magni-

Van Sciver, and Vilches
tude of the desorption contribution to the specific heat is indicated
in Fig. 5.7(a). The data in this areal density and temperature range
were taken using two separate neon platings, and it is possible tﬂat
the area available for helium adsorption was somewhat different in the
two cases. If this possibility is allowed and the "third neon
preplating" data are shifted down in areal density by 3% as in

Fig. 5.9(b) then the four runs now with highest areal density all fall
on what appears to be a common melting line. Further, the relatively
sharp peak seen at areal density n=0.0841 sz then appears in the same
density range as the other peaks seen at densities below the melting
line. It is not clear why the "third neon preplating" runs did not
reproduce this sharp peak, but two additional pleces of information
should be pointed out., First, the specific heat of the sharp peak was
remeasured at the end of the "second neon preplating" runs after the
removﬁl of the appropriafe quantity of helium, and was found to be
reproducible. This repeat run provided the opportunity to explore the
Peak region in detail. Secondly, a peak of similar shape and with a
maximum at approximately the same temperature was found when a
3He/Ne/Gr run was made at the same coverage., Figure 5.7(b) shows the

specific heat for this run and Fig. 5.10 shows the only other

o_
3He/Ne/Gr run which was measured (n=0.0232 A 2).



Figure 5.7 High areal density specific heat
(a) 4He/Ne/Gr, second neon plating

(b) 3He/Ne/Gr, fourth neon plating
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Figure 5.8 High areal density specific heat, 4He/Ne/Gr
(a) and (b) Third neon plating.
(c) Third neon plating. The second neon plating
run with areal density n=0.0888 sz is shown

for comparison.
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Figure 5.9 High areal density phase diagram for 4He/Ne/Gr
(a) Unshifted.
(b) After a 3% shift in areal density of the third

neon plating results.,
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5.4 Heat Capacity Isotherms and 4 K Entropies.

The low temperature 4He/Ar/Gr and 4He/Ne/Gr results are shown
Plotted as isotherms of the heat capacity versus areal density in
Figs. 5.11 and 5.12. No points are shown on the 1.0 K 4I—Ie/Ar/Gr
isotherm for the three runs with areal densities between 0.02 and
0.04 X-Z because for these runs data was taken only in the range
1.1<T<4.0 K. The lines comnecting the points are intended as a guide
for the eye.

The entropies at 4,0 K calculated from smoothed heat capacity
curves extrapolated to T=0 are shown in Fig. 5.13 along with the 4.0 K
entropy of a 2D ideal gas of mass-4 particles.(62) The extrapolation
assumes a power law temperature dependence of the specific heat for
temperatures below the experimental range and accounts for less than
7% of the 4.0 K value of the 4He/Ar/Gr entropies and less than 0.8%
of the 4.0 K value of the 4He/Ne/Gr entropies. The smooth curve drawn
through the calculated entropy points for 4He/Ar/Gr shows an inflection
point at low density similar to that reported by Elgin and Goodstein

in the case of 4He/Gr.(20)
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Figure 5.13 Specific entropy vs. areal density isotherm at

T=4.00 K, 4He/Ar/Gr and 4He/Ne/Gr.
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Chapter 6

INTERPRETATION AND DISCUSSION

6.1 Introduction

.The data presented in the last chapter reveal both remarkable
similarities and differences in the thermal properties of submonolayer
helium films adsorbed on unplated, Ar-plated, and Ne-plated Grafoil.
A series of heat capacity peaks which move to higher temperatures as
the density is increased over a certain range is observed in each
case. However, the temperatures at which the peaks occur and the
details of the phase diagrams are all different,

This chapter will discuss the results and offer possible inter-
pretations for the observed similarities and differences. Sections
6.2-6.5 deal mainly with the lower areal density runs with particular
emphasis on the interpretation of the peaks as signaling two
dimensional liquefaction. Later sections deal with the two platings

separately and discuss other possible interpretations.

6.2 High Temperature, Low Density Region

The heat capacity signal of 4He/Ar/Gr for T>Tpeak and
ns0.0515 sz is markedly different from the signal of 4He/Gr in the
same range of areal density. Siddon and Schick(zz) have shown that
the trend of the 4He/Gr and 3He/Gr specific heats can be described by
a virial expansion to the equation of state of a two dimensional gas on

a structureless substrate. They calculated the quantum mechanical

second virial coefficient B(T) and its first two derivatives and
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determined the specific heat to first order in n:

C/Nk = 1 - nB2d2B/dp2 (6.1)

where B=(kT)_1 . When results are correctly described by Eq. 6.1, the
expression [(C/Nk)-l]n-.l is a function of T alone. Fig. 6.1 is a plot
of the three lowest density 4He/Gr runs shown in Fig. 1.3 using the
same cell as was employed in this study., The theoretically predicted
increase in specific heat with decreasing temperature at about 2 K is
seen for the two densities n=0,0279 and 0.0420 X—Z. The agreement is
not as good for the film with density n=0.0485 2—2’ perhaps because of
the importance of higher terms in the virial expansion, or perhaps
because this density is close enough to the registered demsity
(n=0.0637 X—Z, see Table 1.,2) that the periodic substrate structure

is beginning to play a significant role. On the other hand, the

@)

specific heat at this density was not reproducible and the
discrepancy may be due to some as yet undetermined experimental problem.
There is better agreement between experiment and the virial

calculation for 3He/Gr(22)

» in which case the deviation of the specific
heat is in the opposite sense, i.e., to lower values as T is de-
creased. This improved agreement may be coincidental or may be a
reflection of the change in statistics. The important feature of the

virial expansion theory is that it predicts the increase (decrease)

in specific heat for 4He/Gr (3He/Gr) at approximately the correct
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temperature.

The 4He/Ar/Gr results for n<0.0515 2-2 are shown in Fig. 6.2 along
with the calculation of Siddon and Schick for 4He/Gr. The points for
the four coverages in the density range 0.0233<n<0.0374 Xﬁz define a
single curve from which the points for each run deviate after reaching
their respective peaks as temperature is decreased. The value of the
ordinate at which the 0.0233 Zfz run turns over is approximately 108 22.
The three lowest density runs do not fall on the same curve, but
rather have specific heats in excess of that expected if the single
curve defined by the other runs were followed, The very low density
specific heats for 4He/Gr in the range n<0.010 2—2 show this same
behavior.

It is likely that the low density specific heats for both the
4He/Ar/Gr and the 4He/Gr systems are influenced by the presence of
inhomogeneities in the form of adsorption sites of stronger than
average binding energy. The 4.0 K entropy of the lowest density
4He/Ar/Gr film (Fig. 5.13) is lower than would be expected from a
smooth extrapolation from the higher density 4.0 K entropy values.
This trend is similar to that observed for 4He/Gr films at low density
(Fig. 7 of Ref. 20) and is attributed to substrate inhomogeneities.
Simple models of adsorption in which it is assumed that a fixed number
of the total number of atoms in the film are adsorbed on these
preferential sites, each contributing a certain heat capacity in-

dependent of the film density, give dependences on n of the form



Figure 6.2 symbols: 4He/Ar/Gr specific heat data
¢ Siddon and Schick theory for two-

dimensional helium.
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C/Nk = a(T)+B(T)n—1 + y(T)n-z. Although one can attempt to fit the

three low density taills of Fig. 6.2 by a suitable choice of the functions
a(T), B(T), and y(T), it is impossible for the dependence on n—l or

n--2 to abruptly halt in the density region where a single curve is
followed. A more sophisticated model of the low density adsorption is
needed.

The run at density n=0.0515 272 deviates from the single curve at
approximately 3.5 K, perhaps due to the importance of higher order
virial terms. The two highest density runs have markedly different
behavior and are not included in the figure.

The results of plotting the 4He/Ne/Gr data in the same manner is
shown in Fig. 6.3, again with the Siddon and Schick calculation for
4He/Gr included for comparison. The figure demonstrates that the
deviation of the specific heat from the classical value (C/Nk = 1) in
the high temperature tail (T>2 K) and for densities 0.0233<n<0.0560 272
is nearly linear in areal density. This is in agreement with the
virial expansion approximation. Deviations from the “single' curve
occur for temperatures considerably above the peak temperatures, in
contrast to the Ar-plated case.

Preplating the Grafoil substrate with a monolayer of Ar or Ne thus
significantly alters the high temperature specific heat of the helium
film. However, the data are qualitatively consistent with an in-
terpretation in which the helium is nonetheless two dimensional, its

high temperature specific heat being approximately unity and deviations

being accounted for by a virial correction to the specific heat. The
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effect of Ar-plating is to increase the temperature at which the
specific heat shows a marked (>10%) increase over the classical high

temperature value. Neon plating is seen to have the opposite effect.

6.3 Low Temperature Region

At temperatures below the peak in the 4He/Gr data shown in Fig.
the specific heat is monotonically increasing with temperature and
decreasing with density. The same trend is followed by the Ar- and
Ne-plated data for areal densities n<0.0515 X—Zo

Attempts to fit the data with exponential and localized oscillator
functions were not successful. As a convenient way of demonstrating
the differences in the low temperature behavior of 4He on the three
surfaces, log-log plots of C/Nk vs. T are shown in Figs. 6.4~6.6.
Graphical fits to the plots at different temperatures show that the
specific heat of individual runs cannot be described by a single power
law except in the case of those 4He/Ar/Gr runs for which the low
temperature data extend over less than one-half of a decade in tempera-
ture. Excluding these rumns, all curves show an increase with temperature
of the value of the exponent r in the fitting curve C/Nk=ATr. A few
values of the exponent are sthn in the figures. The 4He/Gr run with
n=0.0279 sz can be fit over 0.8 decades with r=2.2+0.2. This is the

largest temperature range with relatively constant r in all the data.

6.4 The Liquid Phase Argument, 4He/Gr

Bulk 3He and 4He are the only known laboratory substances which

do not solidify under their own vapor pressure as the temperature 1is



Figure 6.4 Log-log plot, 4He/Gr specific heat data of Refs. 2 and

26 and three values of the exponent r in the fitting

curve C/Nk = ATr.
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Figure 6.5 Log-log plot, 4He/Ar/Gr specific heat vs. temperature.
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Figure 6.6 Log-log plot, 4He/Ne/Gr specific heat vs. temperature
and four values of the exponent r in the fitting

curve C/Nk = ATr°
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lowered toward absolute zero. The fact that their ground states are

liquids is a result of their large zero-point kinetic energies and
their relatively small interatomic attractive potential energy.(63)
Several authors have reported calculations which indicate that

the situation is somewhat different in two dimensionsf3l-34) The

ground state of 4He is predicted to be a liquid with an areal density
o
of approximately n=0,036 A 2, whereas the ground state of 3He is

(64)

predicted to be a gas owing to its greater zero-point motion. A

realistic calculation must, however, take account of the periodic
variation for the helium-substrate potential energy. If the periodic
variation is strong enough, then it is expected that the low temperature
phase will be one in which the helium is in registry with the substrate.

(65) considered the competition between the liquid and superlattice

Novaco
phases for helium adsorbed on graphite and concluded that the ground
state would be a liquid. However, he pointed out that the calculation
was sensitive to any change in the He-He effective interaction such

as that produced by He-substrate phonon interactions and that his
conclusion that the ground state is liquid was only tentative.

34)

Novaco and Campbell calculated the equilibrium density and

binding energy of the AHe/Gr liquid and obtained the values 0.0365 2—2
and 0.62 K respectively. These values are in close agreement with
calculations for the two dimensional 4He liquid without periodic sub-
strate variations.(31-34)

Assuming the ground state of 4He/Gr is a liquid near density

o_ .
0.04 A 2, a region of two phase coexistence terminating in a critical
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point is expected, and the specific heat at constant areal density
should abruptly drop as the coexistence region is crossed. The 4He/Gr
specific heat signals of Fig.l.3 show a rounded peak in the specific
heat in the range of density where liquefaction is expected. These
peaks have been interpreted as the signature of liquefaction smeared

somewhat by inhomogeneities.( 2,30,66,67)

Further support for the
liquefaction interpretation and a discussion of unresolved difficulties
follows.

Siddon and Schick(ZZ)

have demonstrated that the calculated second
virial coefficient B(T) for 4He in two dimensions can be fitted to

the form of a van der Waals second virial coefficient
B(T) = b - a/kT (2)

to yield values of the critical temperature and density in the van der
Waals theory. They obtained Tc=l.4 K and nq=0.032 X-z*, approximately
the temperature and density of the specific heat peaks shown in Fig.1l.3.
Because the virial calculation deals with the effect of interactions and
statistics as the system is cooled from high temperatures, the
estimates of T, and n. are obtained in an essentially different manner
from the ground state calculations and give additional support for
the liquefaction interpretation.

Another piece of evidence supporting the liquefaction interpretation

is provided by a calculation of the low temperature specific heat of

o
* -
In Ref. 22 the value of n. was misprinted as 0.034 A 2.
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two-dimensional 4He carried out by Miller and Wooo(68) They found that
the major contribution to the specific heat of two-dimensional 4He is
from longitudinal surface phonons, and reported preliminary numerical
calculations which gave a linear dispersion relationship at low
frequency. Treating the phonons as elementary excitations obeying

Bose statistics the specific heat contribution is

®  gy/kT €_/kT -2
1 fee! eV -1) “vav (3)

c_ e
v
Nk 2'nnkT2 o

where €, is the energy of an excitation of wave vector v. With linear
dispersion this equation leads to a specific heat proportional to
T2/n.

The expected range of validity of this temperature and density
dependence depends upon the range of validity of the linear dispersion
approximation. This can be obtained from Miller and Woo(68) as being
0$ev24 K. Thus, within the assumptions of the approximation,‘one could
expect T2/n behavior for T<0.4 K. Approximately quadratic temperature
dependence is observed in this temperature range and in the vicinity

2

Oa
of n = 0,036 A" “ for 4He/Gr(See Sec. 6.3). Furthurmore, the magnitude

of the measured specific heat agrees reasonably well with the theoretical
*
calculations. However, it should be noted that the theoretically

predicted proportionality to n-1 is not observed experimentally.

*Miller(eg) mentions a factor of 4 error in the calculation of the
specific heats and this has been taken into account.
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There are three main difficulties with the interpretation that the
peaks in the 4He/Gr data signal liquefaction. The first is that the
data do not show a discontinuity in the specific heat as would be ex-
pected when crossing a liquid-~gas coexistence boundary. Dash(67) has
argued that substrate inhomogeneities will produce variations in the
local density of the two dimensional gas phase and that regions of
different density will phase condense at different temperatures, thus
producing a rounded specific heat peak. If n(T) describes the boundary
of the coexistence region, then a small spread in density An will pro-
duce a spread in condensation temperature AT=(dn/dT)-lAn. In addition,

Novaco(30)

has studied the effect of a distribution of adsorption
energies on the shape of a model liquefaction peak and has reported
similar rounding effects. While these mechanisms for rounding are
plausible and more detailed models may lead to an understanding of the
lack of a sharp drop in the specific heat, they do not explain the
apparent absence of a critical point. This is the second maiﬁ difficulty
with the liquefaction interpretation.

The third difficulty has to do with a discrepancy between experi-
mental results and theoretical predictions of the specific heat of
adsorbed 3He - 4He mixtures. Miller(69) argues that 1if at low densities
the ground state of 4He/Gr is a liquid and the ground state of 3He/Gr
is a gas, then there should be a phase separation peak in the specific
heat of 3He - 4He nixtures even for large 3He concentrations. The heat

capacity data of Hickernell, McLean, and Vilches(70) show no evidence

of a peak for 3He concentrations greater than 0.5,
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These problems and the tentative nature of Novaco's determination
that the ground state is a liquid thus preclude any unambiguous identi-
fication of the specific heat peaks as signaling evaporation from a

liquid.

6.5 The Liquid Phase Argument, 4He/Ar/Gr and 4He/Ne/Gr

The similarity between the series of specific heat peaks of
4He/Gr, 4He/Ar/Gr, and 4He/Ne/Gr for densities n<0.05 X—Z is strong
evidence that they all signal the same effect modified in each case by
the nature of the substrate. Further, because the peaks in the case of
4He/Gr may signal liquefaction, it is important to consider whether the
4He/Ar/Gr and 4He/Ne/Gr results can also be understood as liquefaction
peaks, and if so, to try to understand why the liquefaction temperature
and the phase boundary are so strongly substrate dependent.

As was discussed in Chapter 1, plating Grafoil with a layer of Ar
or Ne significantly increases the periodic component of the helium—
substrate potential energy (Table 1.1). This has the effect of in-
creasing the probability of finding a helium atom directly above a
lattice site and of increasing the overall variation in probability at
various locations on the unit cell. Perspective plots of the variations
in the probability function for an isolated 4He atom adsorbed on unplated
graphite and on Ar-plated surface at T=0 have been published by Novaco
and Milford and are shown in Fig. 6.7. The strong effect of Ar-plating
is clearly evident,

The binding energy of a single helium atom on the Ar-plated surface

is such that, if the system is treated classically, the atom is not



Figure 6.7 Comparison of perspective plots of the probability
function w*(x,y)w(x,y) for a single 4He atom adsorbed
on unplated graphite and on argon-plated copper.

(a) Over a unit cell of the graphite lattice the
probability function remains sizeable even directly
above the substrate carbon atoms. From Hagen, Novaco,
and Milford, Ref. 37.

(b) Calculation for 4He adsorbed on argon plated
copper which should be qualitatively the same as
4He/Ar/Gr(39). The probability function shows strong

variations over the unit cell. There are two adsorption

sites per unit cell, From Milford and Novaco, Ref. 71.
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restricted from free translation on energetic grounds (cf. Fig. 1.6 ).
There would, of course, be classical scattering of the atom which would
lead to a non-uniform probability function. In the temperature range
of interest, 4He has a thermal deBroglie wavelength A>4 K and therefore
quantum mechanical effects are important. In particular, the helium
diffracts from the non-uniform potential and this diffraction leads to
the probability functions of Fig. 6.7 and to single particle bands
which differ from those of a free particle.(37’39’40’71)

The strong variation of the probability function along the surface
can be viewed as a form of localization. But it is important to keep in
mind that the theoretical calculations of binding energies imply that
the helium is nonetheless highly mobile along the surface. The experi-
mentally observed viriai gas behavior is qualitatively consistent with
this picture.

At non-vanishingly small areal densities, correlations between
helium atoms will change the probability picture'of Fig, 6.7. On un-
Plated graphite the helium is predicted to condense into a liquid with
density n=0.036 sz. (This density does not correspond to any simple
superlattice structure,) It is expected that the increased localization
of the helium on a plated surface will tend to decrease the zero-point
repulsion of two neighboring atoms and allow them to take greater

advantage‘of their mutual atraction. (5,72,73)

Although the interatomic

potential remains the same, the zero-point repulsion is reduced. A

similar effect would be produced by increasing the mass of the helium.
It 1s interesting to consider whether the shift in the temperature

of the specific heat peak observed for 4He adsorbed on the plated
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surfaces can be understood as an effective mass phenomenon. One
approach to this question is offered by looking at the two dimensional
critical point temperatures for different adsorbed atoms and using these
to determine the importance of mass on critical point temperature. For
bulk atoms with Lennard-Jones interactions the classical law of corres-—
ponding states predicts that the critical temperature is proportional

to the value of the minimum of the Lennard-Jones potential.(74)
Agreement with experiment is within i0% for the heavier gas species

(Xe, Kr, Ar, 02, and NZ)*’ but less massive atomic species deviate

from the classical value owing to the quantum mechanical effects of
diffraction and Statistics.(75) Processes involving diffraction become
important when the thermal deBroglie wavelength A = h/(21rka)15 becomes
comparable to the size of the atom, whereas statistics become important
when A is comparable to the interatomic spacing. The quantum mechanical
law of corresponding states includes an additional dimensionless
parameter A* = h/o(me)% where ¢ and € are the parameters of the Lennard-
Jones potential. The theory predicts that ch/e should be a function
only of A* for all atomic species with interaction potentials of the
Lennard-Jones form and with the same statistics.(76) Fig. 6.8(a)

shows such a plot for several noble gas species and demonstrates the
dependence on the quantum parameter A*. The diatomic molecules oxygen,

nitrogen, and para~hydrogen are also included and follow roughly the

*For these atomic species and for Ne,H,, 4He, and 3He in the discussion
which follows, the Lennard-Jones parameters used are those given in
Ref.55. The critical temperatures of bulk Xe, Kr, and Ar are taken
from Ref. 77; those of 0, and N, are taken from Ref. 78,



Figure 6.8 (a) Law of corresponding states plot for several
bulk atomic species showing dependence of the reduced
critical temperature ch/e on the quantum parameter A*.
A:F is the maximum value of A* for which a system of

fermions will have a liquid ground state as determined

in Ref. 73.

(b) Two dimensional law of corresponding states using
the bulk Lennard~Jones parameters ¢ and €. The boson
branch is drawn through the 4He point and through

A:B’ the value of A* which separates liquid and gas
ground states. One possible fermion branch is also
shown. The critical temperatures T. are determined

either from vapor pressure (VP) or heat capacity (HC)

measurements, as follows:

Atom To (K) Method Ref.
Xe 117 \'4 4 77
Kr 97 \24 77
Ar 65 vp 77
N2 48 HC 89
Ne 16.5 HC 54
p-H, 11.5 HC 90
4

He 1.2 HC 2
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same trend. The dotted line is just a guide for the eye. Miller,
Nosanow, and Parish(79) have calculated the largest values of the

quantum parameter for which bosons and fermions are expected to liquefy.
*

CF = 3.58.

These values are A:B = 4,24 and A
An analogous plot for two dimensions can be constructed from
critical point temperatures inferred from vapor pressure and heat
capacity studies. In the heat capacity studies, the temperature used is
the temperature at which the specific heat is a maximum. The result is
shown in Fig. 6.8(b). Several features are of interest. First, it can
be seen that the critical temperature for an atomic species in two
dimensions is significantly less than in three dimensions. The ratio is
approximately 0.5 in the classical region, in agreement with simple
calculations based upon the range dependence of the attractive part of

(80)

*
the interatomic potential. The theoretical upper limits of A for

the occurrence of a critical point are shown.(73) The dotted line
through the experimentally observed critical points continues smoothly

to A;B = 3.26 and is labeled "Boson Branch". The branch for particles

%
CF

dotted line has been drawn to indicate a possible path of the branch.

with Fermi statistics is predicted to terminate at A = 2.74 and a
The value of A for 3He is 3.08 which is greater than A;F. The
figure then provides a way of visualizing the theoretical prediction
that 3He in two dimensions does not liquefy,
Fig. 6.9 shows an expanded version of the right half of the two
dimensional law of corresponding states plot. A mass scale based on

o)
the helium Lennard-Jones values 0=2.556 A and €=10.22 K(Ss) is



Figure 6.9 Expanded law of corresponding states plot for two
dimensions showing region of boson and fermion
branches. The temperatures of measured maxima in
the specific heat of 4He/Gr, 4He/Ar,Gr, 3He/Ar/Gr,
and 4He/Ne/Gr are used for Tc.. A separate non-
reduced temperature scale and a mass scale based on

the helium Lennard-Jones parameters are shown.
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included, along with a scale of non-reduced temperature for helium.
The plotted points corresponding to the values of A* and the temperatures
of the tallest specific heat peak for para—HZ/Gr and 4He/Gr happen to
be colinear with the point AZB on the abscissa and a straight line is
shown drawn through these points.

If the 4He/Ar/Gr results are viewed as due to the same effect as
the 4He/Gr results, then a comparison can be made between features
which the two sets of data have in common. The temperature of the
tallest specific heat peak is the most obvious choice. If this feature
occurs at approximately the critical point, then the law of corresponding
states plot can provide effective mass values for 4He on the plated
substrate. On the other hand, if the tallest specific heat peak is the
signal of some other effect, then the applicability of the law of
corresponding states picture is questionable, and at best can provide a
qualitative way of understanding the shifts in temperature of the

observed feature.

-t

The temperature at which the specific heat of 4He/Ar/Gr is greates
is 2.3 K. Fig. 6.9 shows this result plotted along the boson branch and
indicates that such a shift in temperature would be expected for a
helium atom of mass approximately 6 amu on a structureless substrate.
Thus the effect of Ar-plating may be understood, within the framework
of this picture, as enhancing the mass of the helium by a factor
m*/m=1,5 ,

A shift of effective mass by a factor 1.5 is enough to reduce the
quantum parameter of 3He below A:F.
3He/Ar/Gr may show evidence of liquefaction, or at least that the data

It is possible therefore that
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may display a feature similar to the peaks seen for 4He. This is
indeed the case. Whereas the 3He/Gr data show no evidence for lique-
faction, the 3He/Ar/Gr results of Fig. 5.3 show a specific heat peak
at 0.74 K. Plotted on the fermion branch of Fig. 6.9 a mass shift
of m*/m=1.4 is inferred, If the fermion branch is drawn differently,

this value will change somewhat, However, it must be at least

m*/m=[A*(3He)/A2F]2 = 1.26 for the peak to be placed on the fermion
branch. Furthermore, m*/m cannot be greater than 1.9 without violating
the reasonable requirement that the difference between the boson and
fermion branches increases monotonically with A*°

This picture, although only semi-quantitative, nonetheless argues
strongly that if the specific heat peaks seen at low areal density in
the aHe/Gr data are signals of liquefaction, then the 3He/Ar/Gr system
may also liquefy. If this interpretation is confirmed, then 3He/Ar/Gr
represents a new two dimensional liquid. The possibility exists,
however, that the specific heat feature which has been focused on
here is the signal of some other effect, such as the film atoms
becoming ordered with the substrate. In that case it still remains an
interesting observation that a law of corresponding states picture does
quite well in explaining the temperature shifts of the maximum in the
specific heat,

A similar analysis of the 4He/Ne/Gr results gives an effective mass
m*=0.85 m, where m is the mass of 4He. This shift in mass is in the
opposite sense from that expected on the qualitative grounds of in-
creased localization and indicates that within the law of corresponding

states picture the effect of Ne-plating is to increase the effective
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value of the quantum parameter A* for helium,

A possible explanation for the apparent increase in A* is offered
by considering the spread of the helium wavefunctions in the direction
normal to the surface. Using a model which allows for the z-wise
spread, Sander, Bretz, and Cole,(gl) and later Novaco(82) demonstrated
that the effect of the spread is to modify the effective He-He interac—
tion. The two dimensional interaction can be calculated as a function
of the lateral separation of two atoms and an assignment made of
effective Lennard-Jones parameters Oofs and Caff® For a given lateral
separation two helium atoms are on average further apart because of the
motion normal to the surface. 1In addition, there is no lateral distance
at which the averaged Lennard-Jones interaction energy can be equal to
the value ¢, the minimum of the unaveraged interaction. The result is
that Ot and €off have values less than their respective standard
values 0 and €. The effective values can then be used to calculate an

effective quentum parameter

A* = h
eff L . (4)

st @eare)

For 4He/Gr at low temperatures the root mean square deviation of
the normal distance of a helium atom from its average position has been
estimated to be 0.27 20(82) Using the analysis of Ref. 81, this leads
to an approximately 17 increase in A*. For 4He/Ar/Gr, the r.m.s.
deviation can be estimated from Fig. 3 of Ref. 39 to be 0.35 X, and
this produces a shift in A* of less than 2%. The effect is expected to

be more sizeable, however, in the case of the second layer of helium
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adsorbed on graphite (4He/4He/Gr) partly because the top layer of
4He atoms are less strongly bound to the 4He—plated surface
(Ebinding = 30 K)(83) and partly because of an added contribution from
the oscillations of the first layer solid helium atoms in the direction
normal to the surface. The combined effect is estimated to produce an
r.m.s. deviation of 0.73 X,(SZ) approximately half being due to the
oscillation of the solid underlayer. The result is that A:ff is in-
creased 87% over A*. The same increase in the quantum parameter would
be expected if ¢ and ¢ remained constant and the helium were viewed as
having an effective mass m*=0.85 m, Using the law of corresponding
states plot (Fig. 6.9) a shift of A* by this amount would shift the
expected critical temperature of 4He/4He/Gr to 0.75 K, approximately the
temperature of the tallest specific heat peak in the data of Polanco

and Bretz(sa)

for this system., It should be kept in mind, however,
that the calculation above does not take into consideration any change
in the effective quantum parameter due to lateral localization of the
helium wavefunctions or due to other possible effects such as exchange
of phonons between the surface atoms and the substrate.(85)

An estimate of the shift in A* for 4He/Ne/Gr can be made by
comparing the 4He-AHe bare interaction with the effective interaction
on Ne-plated graphite., Using the parameters for the Beck potential
calculated by Novaco,(40) the minimum in the potential is calculated to
shift from (rmin’E(rmin)/k) = (2.969 X, 10.35 K) to (2.934 X, 10.15 K).
This is a 1.27 decrease in lateral spacing at the minimum and a 1.9%

decrease in the minimum value of E(r)., A rough estimate of the effect

of these shifts on the value of A¥ can be made by assuming that the
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effective Lennard-Jones parameters are shifted proportionally. This
gives A:ff = 1,02 A*, which is equivalent to an effective mass shift
m*/m=0,96. This shift is considerably smaller than that estimated for
the second layer of 4He and is not enough to account for the approxi-
mately 407 shift in temperature of the specific heat peak of 4He on
Ne-plated as opposed to unplated Grafoil.

Although 3He/Ne/Gr does not display a peak in the specific heat,
the analysis can be extended to this case by focusing on a different
feature of the data. Any feature which depends on the quantum
parameter A* would then be expected to occur at lower temperatures in
the plated case. Fig. 6.10 shows a 3He/Gr specific heat run taken by
Hickernell, McLean, and Vilches(el) with areal density n=0.0279 2-2 and
one of slightly less density taken with Ne-preplating as part of this
study. In both runs the high temperature specific heat has an
approximately constant value, whereas af lower temperatures the specific
heat falls to lower values., It can be seen qualitatively that the
temperature at which significant deviations from the high temperature
value occur in the plated case is about one-half that observed in the
unplated case. Although it is not clear how this shift in temperature
can be related quantitatively to a change in effective mass, the shift
is consistent with the earlier observation that Ne-preplating reduces
the effective mass and lowers the temperature of the occurrence of the

maximum in the specific heat,

6.6 Other Interpretations, 4He/Ar/Gr

The preceding section presented a discussion of the possibility that



Figure 6.10 Comparison of specific heats, 3He/Gr (from Ref. 61)

and 3He/Ne/Gr.
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the dominant peaks in the specific heat of the 4He/Ar/Gr system are the
signal of liquefaction. This possibility was prompted primarily by
the similarity of the heat capacity signal with that of 4He/Gr, a
system for which liquefaction had been predicted on theoretical grounds.
However, because of the strong variation in the He-substrate potential
in the case of 4He/Ar/Gr, consideration must be given to the possibility
that the series of specific heat peaks signal the presence of registered
or solid phases. These two possibilities are discussed in this section.
Recently, Rehr and Tejwani(86) have calculated the second virial
coefficient correction to the heat capacity of helium adsorbed on rare
gas substrates., Their theory uses helium wavefunctions localized on a
triangular array of adsorption sites and assumes the interaction energy
to be equal to the value of the He-He Lennard-Jones 6-12 potential at the
site separation distance., The theory thus neglects.the spread of the
wavefunctions in both the lateral and normal directions and can be
expected to predict only qualitative trends of the specific heat.
Fig. 6.11 shows the calculated deviation of the specific heat from the
single particle value C° plotted versus a reduced temperature scale.
Curves are shown for five values of the ratio u/t, where u and t are
the two particle He-He interaction energy and the one-particle energy,
respectively. The single particle energy includes both kinetic and
helium-sﬁbstrate energies. The solid lines are the results when only
the lowest band in the theory is considered and the dotted lines
include corrections for higher bands. A few of the 4He/Ar/Gr experi-

mental points from Fig. 6.2 are shown plotted as (C-1)/nNk versus T.



Figure 6.11 Heat capacity calculated from the theory of Rehr and
Tejwani for five values of u/t. Solid lines are the
results when only the lowest band is included. The
dotted lines include contributions from higher bands.
The circles and squares show specific heat results
for the systems 4He/Ar/Gr (this study) and 4He/Gr
(Ref. 2) plotted as [(C/Nk)-l]n“1 vs. To A non-

reduced temperature scale is shown,
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Assuming that only every other adsorption site is available for
occupation, the theory gives u/t=5.8. The theory does very well at
qualitatively demonstrating the shift in the high temperature specific
heat of 4He/Ar/Gr, and suggests that the specific heat peaks may be
related to a registered phase in which there is one helium atom for
every two adsorption sites on the argon lattice. This would be expected
at a density of approximately 0.086 272.

The two runs taken in the vicinity of this density (n=0.0846 and
0.0887 Zfz) display small shoulders in the heat capacity between 2 and
3 degrees Kelvin. The shoulder for the lower density run appears to be
the last of the series of specific heat peaks which occur for all lower
density runs. The phase diagram (Fig. 5.1(b)) shows that the shoulder
for the run with density n=0.0887 X—Z does not follow the same trend,
but rather has moved to higher temperatures and appears to lie on
the helium melting line defined by the unplated Grafoil data. A plot
of C/Nk versus T2 for these two runs gives two dimensional Debye
temperatures of 41 K and 31 K respectively (Fig. 6.12). This decrease
in experimental Debye temperatures with increasing density is counter
to the expectation for solids and indicates that it is unlikely that
films for both densities are solids at temperatures below their
respective peaks. The value of 31 K for the Debye temperature of the
run with density 0,0887 272 is somewhat higher than the value of 24 K
obtained by interpolation to this density from the 4He/Gr data of
Hering.(as) This difference may be attributed to uncertainties in the

actual areal density of the film or to modifications of the solid

produced as a result of Ar-preplating.
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Thus it seems that the 4He/Ar/Gr solidifies rather than forming a
registered phase at areal density n=0,086 2-2. However, it should be
recognized that when the density is close to that of the possible
superlattice structure, the solid may be able to lower its energy
significantly by taking advantage of the variation in helium-substrate
potential energy and that this may in fact be a rather complex region.

Assuming that the specific heat shoulder for the highest density
run is the signal of melting, then the possibility exists that the line
of peaks in the 4He/Ar/Gr phase diagram (Fig. 5.1(b)) define a two
phase coexistence region between the solid and a lower density gas
Phase. The line of peaks would then be a sublimation line, and the
intersection of the sublimation and solid lines would be either a
tricritical point or a critical end point depending on whether the
intersection 1s the highest temperature point on the sublimation line

or not.(87)

A major problem with the two phase identification, however,
is that isotherms of the heat capacity when plotted versus density are
not linear (Fig. 5.11) as would be expected for a coexistence region

on thermodynamic grounds.(ss)

A model of the possible two phase
region which includes inhomogeneities and a distribution of areal
densities over individual Grafoil crystallites may be able to resolve
this difficulty.

Although the nature of the specific heat peaks is not clear at

the moment, the study points to many potentially interesting areas for

future research. Among these are a study of the interplay between the



Figure 6,12 C/Nk vs. T2 for the two highest density 4He/Ar/Gr runs
shown with Debye temperatures obtained from eyeball
fits to the data. A single 4He/Gr run from Ref. 46 is

shown for comparison.
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o-
presumed solid and the substrate near the density n=0.086 A 2 and an
exploration of the possibility of a tricritical point or critical

endpoint.

6.7 Other Interpretations,4He/Ne/Gr

The high density phase diagram for 4He/Ne/Gr (Fig. 5.9) is similar

(21) for 3He/Gr and 4He/Gr in that there is a

to the phase diagrams
series of peaks observed over a narrow temperature range for densities
Just below what appears to be a melting line. The tall peak observed

o-
at areal density n=0.0841 A 2 for both isotopes on the Ne-plated sub-

o~
strate and the other peaks in the density range 0.0841sn<0.0889 A 2
are thus probably signals of a transition similar to the one reported

(21) on unplated GCrafoil, the nature

by Hering, Van Sciver and Vilches
of which is not completely understood. The shape of the line of peaks
on the phase diagram for both surfaces is similar to that of the
registry-deregistry transitions observed for 3He/Gr and 4He/Gr at
approximately 0.064 X_Z and an important question is whether the
QHe/Ne/Gr peaks at approximately 0.084 X—Z could be the result of a
transition from a registered phase.

The only simple superlattice structure in this density range is
one with one helium atom for every three lattice sites (cf. Fig. 1.8(d)).
Assuming‘that the nearest neighbor distance of the plated neon is
3.08 Z and that the area available for helium adsorption is the same as
in the case of unplated Grafoil, this registered phase would occur at

o.
areal density n=0,083 A 2. Each helium atom would then have three

nearest neighbors at a distance of 3.08 2. This distance is less than
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the spacing between atoms for even the highest areal density helium
solid adsorbed on unplated Grafoil. A close-packed solid with nearest
neighbor distance 3,08 Z has an areal density 0.122 Z-Z. This fact
seems to indicate that the possibility of the open structure at density
n=0.083 2-2 can be eliminated on the grounds that the spacing between
helium atoms is too small. However, this spacing is still within the
attractive part of the He-He potential which has a minimum at 2.87 X,
and it is possible that the energetic advantage of sitting in the
adsorption sites provided by the underlying neon layer is enough to
overcome the energy price of localizing the helium wavefunctions in the
open structure,

It should be pointed out that the energy required for localization
may be less than that required for the close packed solid with the
same interatomic spacing for three reasons. First, in the open structure
the helium may be able to take advantage of the larger "rattle space"
per atom and the wavefunctions may be less localized than in the close
packed case. Also, the periodic nature of the helium-substrate potential
has already localized the helium wavefuncfions to some extent, thus
reducing the energy expense of localizing the atoms on sites. Thirdly,
because of the greater spread of the helium wavefunction normal to the
surface, the effective Lennard-Jones hard core diameter is less for
helium on Ne-plated graphite than for helium on unplated graphite.

If the registered phase exists, then it is possible that the part
of the phase diagram at temperatures below the series of peaks observed
for n<0.0702 Z-Z is a region of coexisting registered and gas phases.

the heat capacity versus density isotherms (Fig. 5.12) are
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not linear over this region as would be expected, and a definite
identification of the lowvtemperature phase(s) awaits further work
either in the form of a more detailed heat capacity study including a
model of heat capacity rounding effects or a neutron scattering study

which could give structural information.



Chapter 7

CONCLUSION

The heat capacity measurements of this study demonstrate that rare
gas plating of a graphite substrate is an effective means of producing
new crystalline substrates for the study of helium films. In both the
Ar-plated and Ne-plated cases, monolayer 4He films with areal densities
n<0.05 sz are seen to display a series of heat capacity peaks similar
in many respects to the series of peaks observed in earlier studies of
4He adsorbed on unplated graphite and interpreted as the signal of
liquefaction,

The effect of rare gas plating of the substrate is to modify the
effective interactions of the helium film in such a way as to produce
rather dramatic shifts in the condensation temperature of the film,
increasing the temperature by a factor of almost two in the Ar-plated
case and decreasing the temperature by a factor of about one-half in
the Ne-plated case. Within the law of corresponding states framework
these shifts are equivalent to changes in the effective mass-of the
helium, the shift being n*/m = 1.5 for the case 4He/Ar/Gr and m*/m = 0.85
for 4He/Ne/Gr. The shifts are understood as resulting in part from the
increased lateral localization of the helium wavefunctions which en-
hances m*, and in part from the competing effect of decreased localiza-
tion normal to the surface plane., Heat capacity data using 3He are
qualitatively consistent with the effective mass interpretation.

At temperatures above the peak temperatures, the heat capacity of

the helium films on Ar- and Ne-plated graphite have the temperature and
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dénsity dependence characteristic of a two-dimensional gas describable
by virial corrections to the equation of state of an ideal two-
dimensional gas. The measurements have stimulated theoretical in-
-vestigation of the role of the substrate in determining the properties
of the film in this phase, and in the case of Ar-plating a comparison
is possible between the experiment and theory.

The few runs taken with 4He adsorbed on Ar-plated graphite at
coverages above n=0,05 272 indicate that the film seems to form a solid
at roughly the same temperature and density as is found in the case of
4He adsorbed on unplated graphite. The most likely registered phase,
that of one helium atom for every two argon adsorption sites, is not
seen, alghough further work is required to identify the high areal
density features with certainty. The possibility exists that the entire
4He/Ar/Gr system is dominated by the presence of the solid and that the
heat capacity peaks at lower n are due to sublimation.

The higher areal density runs with Ne plating indicate a complex
region of features similar to those observed on unplated graphite,
including a series of peaks at densities slightly below the occurrence
of the solid line.

The results presented here suggest that the study of adsorption on
pPlated surfaces may be an interesting and fruitful avenue for future
research. There are many unanswered questions concerning the 4He/Gr,
4He/Ar/Gr, and 4He/Ne/Gr systems, as well as more general questions
concerning the role the substrate plays in determining the properties

of atoms at solid surfaces.
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As far as the 4He/Gr, 4He/Ar/Gr, and 4He/Ne/Gr systems are
concerned, an unambiguousAidentification of the low temperature phase
of the helium films at low to moderate areal densities is, of course,
the key to an understanding of these systems. A spectroscopic investi-
gation of the structure of the helium film for one or more of these
systems would be most useful. Another approach would be to perform
a more detailed heat capacity study using one of the new forms of high
areal density graphites with the hope of substantially reducing the
problems introduced by the small fraction of inhomogeneous adsorption
sites present in Grafoil.

If the low temperature moderate areal density phase of 4He/Ar/Gr
is a 1liquid, then considerable attention should be given the 3He/Ar/Gr
system, which will most likely have a liquid region as well, The
nature of both Bose and Fermi two-dimensional liquids could, in fact,
be studied on a succession of different rare gas plated substrates.
If, on the other hand, the 4He/Ar/Gr film is a registered or solid
phase, the physics of the strong isotopic dependence of the speéific
heat would be of considerable interest,

The high areal density regions deserve more attention than was
possible in this study. Of particular interest in the He/Ar/Gr case
would be the nature of the solid helium film, especially near the
density of the possible Xg=% superlattice phase., In the Ne-plated
case, the nature of the peaks at areal densities just below the solid
line are a possible area for investigation. For example, do they
siénal a region of two phase solid-registered equilibrium as is expected

in the He/Gr case?
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In addition to the possible monolayer platings with rare gas
atoms, investigations of ﬁlating with two or more solid layers of a
rare gas or of plating with partial rare gas layers are potentially
fruitful areas of research, Studies of the effects of reduced adsorption
domain area or of progressively weaker adsorbate-substrate potential
are possibilities,

In the broader view, questions of the influence of the substrate
on two-dimensional melting, transport properties, and atomic scattering
may be approachable using rare gas plated substrates. It is not
unlikely that plated substrates will play an increasingly important
role in future investigations of the interaction of atoms at solid

surfaces.
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APPENDIX A

o_
4He/Ar/Gr specific heat for runs with areal densities n<0.0515 A 2.

The values are interpolated from smoothed specific heat vs. temperature

curves.
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APPENDIX B

4He/Ne/Gr specific heat for several runs with areal densities
0.0140<n<0.0888 Zfz. The values are interpolated from smoothed specific
heat vs. temperature curves,

For the three highest density runs, the temperature at which the
desorption contribution is significant is indicated by a horizontal

line and the correction made for the specific heat values at higher

temperatures,
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