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ABSTRACT

Specific Heat of Submonolayer Helium Films Adsorbed on Argon

Coated Grafoil 

by

Christos N. Koutsogeorgis 

Advisor: Professor William Miller

Measurements have been made of the specific heat of 
3 4submonolayer He and He films, adsorbed on Grafoil pre-

4coated with a monolayer of Argon. The He measurements

were made in the temperature range of 0.4 to 4.2 K for

areal densities D equal to 0.008, 0.015, 0.022, 0.029, 0.035,
0 -2 30.040 and 0.043 A . The He measurements were made in the

temperature range of 0.8 to 6.0 K. The densities studied
°  _  2were 0.012, 0.024, 0.035, 0.045 and 0.056 A on an Argon

coating of 1% less than the Argon monolayer ( as determined
0 - 2at 77.3 K ), and 0.023, 0.045, 0.073 A on an Argon coating

4of 5% more than the monolayer. The resulting He curves,
0 -  2with the exception of D equal to 0.008 A , showed marked 

peaks, reaching values of reduced specific heat C/Nk of

2.5 to 3.6 in the temperature range of 1.95 to 2.55 K. The 

temperature of the peaks increased with density. At 

temperatures below those of the peaks, the data fitted an 

interpolation formula C/Nk=aTn , with n approximately 3.
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Above 3.5 K, C/Nk falls to approximately temperature in­

dependent values between 0.85 and 1.0, suggesting a 2D 

interacting gas behaviour, but not accounted for by the

Siddon and Schick model ( ref. 69 ). The resulting curves 
3for He showed maxima at about 3.5 K, with the maximum value

of C/Nk decreasing with density. Above 3.5 K, C/Nk seemed

to fall to temperature independent values for the low

density films. The results of the high density films, i.e:
0 -  2D=0.045 and 0.073 A , on the 1.05 layer Argon coating, were 

masked by desorption effects. A comparison with previous 

specific heat data of Helium on bare Grafoil and with 

theoretical models is given, together with a discussion.
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CHAPTER 1: INTRODUCTION

1.1. Two Dimensional Systems

Theoretical interest in the properties of the two

dimensional (2D) systems has been active for over 40 years.

As early as 1936 R.E. Peierls^^ tried to describe the

properties of a 2D magnet, based on an Ising model. Later,

important as well as peculiar results were found that can

be summarized as follows: no long range order exists, i.e:
(2)no superfluidity , superconductivity or ferromagnetism

should occur in 2D systems. However, experimental work
(3)revealed that Helium formed superfluid films . As further 

theoretical investigations were undertaken it was realized 

that the results of the calculations often drastically 

depended upon the initial assumptions, casting doubt on the 

established theories to the point where extensive experimental 

investigations were warranted.

Meaningful comparison of theoretical and experimental 

results required the realization of a 2D system. Adsorption 

is a phenomenon assumed to result in a nearly 2D system^^

It occurs whenever two phases are in contact and deals with 

the boundary of the common surface, i.e: with those molecules

1
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which have not penetrated the interatomic field of the other

phase. Of all the possible combinations, let us restrict

ourselves to the case of physisorption, where physical

forces characterized as weak Van der Waals forces are involved,

one phase being a solid ( the adsorbent ) and the other

phase a gas ( the adsorbate ). It should be made clear that

adsorption of a gas by a solid is energetically favourable.

It is accompanied by a decrease in the free energy of the
(4)gas-solid system and, therefore, it occurs spontaneously ,

In fact, due to the reduction of the number of degrees of 

freedom of the gas phase the entropy is also reduced, i.e: 

it is an exothermic process.

The conditions for weak physical interaction are 

satisfied for rare gases being the adsorbate. They are 

inert, monatomic and spherical, avoiding thus complications 

of chemisorption and molecular rotation. Particularly 

attractive seems to be the case of Helium. It gives the 

choice of two isotopes obeying different statistics. Its 

interaction is the weakest. One then hopes that the solid 

adsorbent will not interfere with the properties of the 

adsorbate which, in turn, will behave as a true 2D system 

governed by the adatom-adatom interaction.

The mobility and the phase diagram of such an
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adsorbate^-adsorbent system would then tell us under what 

conditions, if any, the adsorbate behaves as a solid. A 

physical quantity very sensitive to phase changes is the 

specific heat. Measurements of the specific heat of Helium 

films were made as early as 1949^^ but the phase diagram of 

a 2D system is far from being complete. There is a number of 

reasons for this incompleteness. The most important is the 

interaction of the adsorbate with the adsorbent. The latter 

does not necessarily play the role of an inert substrate.

The problems appear as one tries to measure the

properties of thinner and thinner films. In order to

distinguish the properties of the adsorbate from those of

the adsorbent it is necessary to use materials with high

surface to volume ratio. These have traditionally been

powders, sintered metals and glasses. Powders and glasses

have very poor thermal conductivity making almost impossible

any work at low temperatures. In any case, none provides a

smooth, uniform and homogeneous surface from the adsorption

point of view, and the results are often non reproducible.

Substrates that have been recently studied include Vycor

glass^^, Copper^®^ and Copper coated with a single layer 
( 9 )of an inert gas . The results and interpretations of those 

measurements can often be considered as contradictory if the 

interaction with the substrate is neglected, in other words



4

if the surface is assumed uniform and homogeneous. Actually, 

it is this hope of achieving a more uniform substrate which 

prompted the experiments with an intervening layer of an 

inert gas, i.e: to smooth out nonuniformities thus getting 

a true 2D substrate lattice.

Nevertheless, some agreement exists. For coverages 

( amounts of adsorbate ) close to one layer a specific heat 

proportional to the square of the temperature was seen. This 

was interpreted as an evidence of a 2D solid. But neither a 

gas phase was clearly seen nor a phase transition of any 

kind(10).

1.2. Grafoil

In the meantime interest in the properties of surfaces,

per se, has increased. New techniques were developed for

their studies. In 1967, one of them, the low energy electron

diffraction (LEED) revealed a multitude of phases for

different gases weakly chemisorbed on graphite single crystals,

and only near the monolayer coverage could Xenon, for

instance, be seen forming a solid, what is now commonly

referred to as lattice gas, with a characteristic long
(12)range order. In 1970 , for the first time traditional

adsorption work showed that exfoliated graphite as substrate
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could be identified as an adsorbent with very uniform and 

homogeneous surface. Rare gases as adsorbates clearly show 

phase transitions.

Graphite proved to be an excellent substrate. It is

unreactive under the usual conditions for adsorption work.

It has a relatively high surface to volume ratio. Its thermal

conductivity is much larger than that of glasses. It can be

cleaned easily by heating under vacuum and it could be

prepared easily. Soon exfoliated graphite became available
(13)commercially under the name Grafoil

Measurements of the specific heat followed using

Helium as the adsorbate. Transitions were clearly seen and

a phase diagram for both of the Helium isotopes was 
(14 )presented . The substrate, however, was still responsible 

for most of the s t r u c t u r e ^ ^  , It is only the behaviour of 

multilayer adsorbed films that suggests the possibility of 

every layer retaining its individuality, eventually in- 

depedent of the substrate and, therefore, with a 2D 

character ( before it starts behaving as a bulk liquid ).

1.3. Argon On Grafoil

Motivated by the work of the group at the University
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(14)of Washington ,and encouraged by the results of the group 

of this laboratory ( Cryogenics Center, Stevens Institute

of Technology ) we decided to measure the specific heat at 

constant coverage of both Helium isotopes, adsorbed on 

Grafoil precoated with one layer of Argon. Study of the 

adsorption properties of this system, specifically the 

analysis of the isosteric heat , revealed a more homogeneous 

surface compared to the surface of ( bare ) Grafoil. In 

adition the coating provides a different symmetry and a 

weaker binding for the Helium adatoms most likely due to

the short range of the Van der Waals forces, that is, the 

Helium atoms no longer see the underlying carbon lattice.

1.4. This Work

This dissertation is basically presented in three 

parts. Chapter 2 describes the equipment, method and 

procedures used in this study. Chapter 3 is a short review of 

the current theory closely related with our experiment.

Chapter 4 gives a detailed account of our results, comparisons 

and interpretations in accord with the theory developed in 

the previous chapter. Finally some suggestions for further 

work will be given that could provide more definitive 

answers to questions raised by this work.



7

CHAPTER 2: EXPERIMENTAL SET-UP

2.1. Introduction

The heat capacity C was calculated from the 

measurements of the heat Q dissipated in the sample heater 

and the resultant temperature change At :

C = q /At

The time t the heater power was on was directly measured 

together with the voltages across the heater and VgH

across a known resistance Rg^ in series with the heater. 

Then, assuming an infinite input impedance for the voltmeter 

the heat is given by:

0 ‘ VS H ' V t/RSH 
In the appendix A, a corrected formula is derived to take 

into account the finite input impedance of the voltmeter as 

well as other sources of systematic errors.

The heating periods were selectable over a range of

28 to 56 sec. and followed by drift periods of 210 sec.

Discrete temperature readings were taken every 7 sec. and

the 12 last ones were least square fitted to a straight line

( in time ). These temperature vs time fits were then
(18)extrapolated to the half integral point and the
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temperature increase was thus determined ( see figure 24 ).

2.2. Thermometry

There were three thermometers mounted on the sample 

holder. A 220 fl Carbon 1/2 W Speer resistor was used as a 

monitor. Its resistance was measured by a ( 2-lead ) A.C. 

Wheatstone bridge as shown in figure 1. A signal generator 

provided a standard frequency of 100 Hz with an accuracy of 

0.001%. To avoid self heating the output voltage of the 

generator was attenuated so thatbridge input voltages from 

90 UV to 2800 UV could be selected. The power dissipated in 

the thermometer was never more than 10 W. The off balance 

voltage was transformer coupled to a preamplifier followed 

by a two-phase lock-in amplifier, the output of which was 

recorded as a function of time. A typical output of the chart 

recorder is shown in figure 2. For completeness sake and 

comparison with the other thermometers figure 3 is included 

showing the resistance vs temperature of the Carbon thermo­

meter ( the monitor ), as calibrated by the other two 

thermometers.

Sample temperature was measured by Germanium thermo­

meters because of their excellent reproducibility after 

repeated cycling to 300 K. We found no thermometer with
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acceptable performance for the temperature range of 0.2 K 

up to 5.0 K. A set of two thermometers was therefore chosen. 

One was used for low temperatures ( below 1.5 K ) and the 

other for the higher temperature range ( up to 6.0 K ).

A (19)The He data was taken using Cryo-Cal thermometers.
3A CR250- He, hereafter called Ge2, covered the high tempe-

3ratures and a CR50- He, hereafter called Gel, covered the
3 Alow temperatures. Both were calibrated against He and He 

vapor pressure for temperatures above 0.70 K and Gel by the 

susceptibility of Cerium Magnesium Nitrate (CMN) for tempe­

ratures down to 0.1A K. Appendix B describes the calibration 

procedure in some detail. There an estimate of the ( random ) 

errors is also included whereas the systematic errors are 

discussed in Appendix A, being related to our electronic 

equipment. The effect of the latter error is obvious in the 

Gel resistance vs temperature curve, shown in figure A, 

together with the Ge2 curve.

3The low temperature He data was taken using a Solitron

thermometer^^, hereafter called Ge3 due to accidental

destruction of Gel. It was calibrated against CMN as
(21)described in Appendix B . In order to extend our

measurements beyond the limit of Ge2, i.e: A.20 K, the high
3temperature range for the He data was covered by a Cryo-Cal
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FIGURE 1 

A. C. Resistance Bridge

Frequency Standard: American Time Products, model 2002
Lock-in Amplifier : Princeton Applied Research, model JB-6
Chart Recorder : Varian, model G-14A-1
Preamplifier : Keithley, model 103R
Transformer : Thordarson Interstage, GEO-84
R ,R, = 2 Kfta ’ b
R = 270 K ft
R = 1 Kftc
C = 850 pF
L = 1500 pH
R = 0 - 111,111 0, a DB62 Dekabox ( ref. 57 )v
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FIGURE 2 

Chart Recorder Output

This is a typical chart recorder trace of the sample carbon 
thermometer ( the monitor ), during a heat capacity run. The 
value of the Dekabox setting ( 1022 Zl in this case ) is the 
resistance of the thermometer when the off-balance output is 
zero, which corresponds to division 50 on the paper.Smaller 
resistance values ( higher temperatures ) are to the right 
( divisions 50 to 100 ). The sensitivity, in divisions/mK 
was also recorded.





FIGURE 3

Resistance vs Temperature for the Monitor

. Total resistance, evanohm wiring included 
+ Total resistance minus room temperature value 
By subtracting the room temperature value of the carbon 
thermometers, which included the wiring resistance, we 
found that temperature reproducibility was better than 
0.2% during the course of this work, and indepedent of 
changes in the wiring.
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FIGURE 4

Resistance vs Temperature for Gel and Ge2

Least square fitted curves for Gel, Ge2. The anomaly seen 
at 0.3 K for Gel is due to a systematic error introduced 
by the thermometer current reversal. No heat capacity data 
were taken below 0.4 K.
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CR1000 thermometer calibrated by N.B.S. from 1.50 K up to 
(2 2 )100.0 K . Figure 5 shows the resistance vs temperature 

curve for Ge3 and Ge4 ( the CR1000 Germanium resistor ).

For Gel, Ge2 and Ge4 eigth order least square poly­

nomials, fitting the log of the resistance to the log of the 

temperature, were found to give the best agreement with the 

experimental calibration points, and were used for the 

temperature calculations in the heat capacity computations. 

For Ge3 a fourth order polynomial of the inverse temperature

as a function of the square root of the log of the resistance
(21)was used instead .

2.3. Calorimeter

The calorimeter was made of Oxygen Free High

Conductivity (OFHC) Copper in the form of a right circular

cylinder with a center post. It is shown in figure 6, as

part of the cryostat. The sample-substrate, in the form of

a tape, was wound around the center post as tight as

possible by hand. To improve thermal contact with the calori-
(23)meter body copper wires were silver epoxied to the

sample every 4” and connected to the top of the post. The 

latter also served as the housing of the heater.
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( 24)The heater consisted of 0.230 m of #40 AWG Evanohm
(25)wire wound bifilarly and varnished in a single layer

around a properly threaded OFHC Copper rod which fitted 

tightly inside the center post. Its room temperature 

resistance was 1110 ^

Thermometer holders were silver soldered to the top of 

the calorimeter. These were OFHC Copper cylinders with a cut 

so that they could be squeezed to assure good thermal 

contact with the thermometers. To minimize thermal contact
/ 2 A ̂resistance Cryo-Con grease was used inside these holders.

Cryo-Con grease was also used on all threaded connections.

We found that an excellent contact is achieved when both 

parts are covered by this low temperature high conductivity 

grease , and then screwed together tight enough to make the 

grease flow out the thread.

Finally a brass bushing was provided for connecting 

the fill tube, made of thin wall 0.050" O.D. cupro-nickel.

All wires from the three thermometers and the heater were 

thermally anchored to the calorimeter body to reduce stray 

thermal effects. They were soft soldered to approximately 3 m 

of #36 AWG Copper wire wrapped around the calorimeter in 

pairs and varnished on to it for mechanical support and 

electrical insulation.



FIGURE 5

Resistance vs Temperature for Ge3 and Ge4 

Least square fitted curves for Ge3, Ge4 as supplied to us.
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Table A shows the materials composing the calorimeter 

and their weights.

2.4. S ample

For the reasons mentioned in section 1.2, the adsorbent
(13)chosen for this work was Grafoil . This is made by ex­

foliation of natural Madagascar graphite particles in 

oxidizing medium. Then, after rapid heating they are com­

pressed to form sheets. These sheets have about half the

density of the original graphite with a large surface to
2volume ratio, of the order of 20 m /gm. Neutron rocking 

(27)curve measurements established that the graphite forms
O

crystallites of average size about 100 A and an average
O

thickness of 110 A. The crystallites are oriented in the

sheets with their c-axis distribution peaked normal to the

macroscopic sheet plane. The full width at half maximum of
0 (28)the c-axis distribution is about 30 .

Sheets of 0.010" thickness, iIt " wide and about 15"64
0 (29)long were cut and heated to 900 C in vacuum for eight

hours. Then Copper was vacuum d e p o s l t e d ^ ^  on one side to 

approximately 0.5 Mm. Before they were placed in the calori­

meter they were heated to 150°C for four hours in a Hydrogen 

atmosphere. Finally, 57.82 gm were selected, sealed in the



TABLE A

Materials Composing the Calorimeter

Material Use

OFHC copper 
OFHC copper 
copper 
copper
copper,germanium
grafoil
soft solder
silver epoxy
varnish
evanohm
cotton

heater rod
calorimeter body
thermal anchorage,sample
thermal anchorage,wiring
thermome ters
adsorbent ( substrate )
connect parts
connect thermal anchorage
insulation, support
heater wire
spacer

Weight

gm

5.4
213.4

1.00

1.0 
57. 82 
3.1 
1.25 
7
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Ocalorimeter where they stayed in vacuum for one week at 120 C 

before any measurements were taken.

The void volume of the calorimeter with the sample was 
352.50 cm . This volume is indicated in figure 8 as V , and

it will be referred as such from here on. It was found by

comparison to a geometrically known volume, the standard

volume Vg of figure 8, using Helium as the test gas. The

total volume V the sample gas could occupy in the cryostat

was, of course, larger as it included the volume of the fill
3tube. V was found to be 55.30 cm . The fill tube terminated cr

at a toggle valve ( TVS in figure 8 ) with an estimated
3volume of 1.0 cm . Therefore the fill tube had a volume of 

31.8 cm . The amount of the gas sample in this volume was 

always negligible compared to that in Vc* This was rather 

fortunate, as it eliminated the necessity for complicated 

formulas estimating the gas amount in the fill tube, i.e: 

the temperature gradient region, which is a requirement for 

precision adsorption work. We shall return to the subject of 

the errors related with the amount of the adsorbed phase in 

section 2.7, the gas handling system.

2.5. Heat Switch

Cooling and subsequent thermal isolation of the calori-
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meter was achieved through a superconducting heat switch. It
(31) (32)consisted of Lead wire soft soldered at threaded

Copper pieces ( see figure 6 ) placed in a solenoid capable

of producing a magnetic field strong enough to drive the

Lead normal.

For pure metals the ratio of the thermal conductivities

Kn /Kg , normal over superconducting state, has the following
(33)temperature dependence for low temperatures :

K /K = C/T2 n s

The switch performs the better the lower the temperature.

The critical temperature of lead is about 7 K. For both

states, however, conductivity increases for a while as
(34)temperature decreases, then it decreases rapidly . This 

makes the switch very effective at the temperature range 

below 1.5 K and moderate up to 3.0 K. For higher temperatures 

the sample is practically connected with the refrigerator, 

but data were taken because it was felt that if the 

conditions of the refrigerator were always identical the 

’background1 specific heat would be reproducible and, there­

fore, measurements of the specific heat of a sample meaning­

ful. This will be seen in chapter 4, where the data are 

presented and analyzed.

The solenoid was made of Nb-Zr alloy, commercially
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a v a i l a b l e . It was 2^" long, wound in 15 layers with a 

total of 1450 turns. At a current of 3.0 A it produced a 

field of about 1 KGauss. No persistent mode of operation was 

provided, since it would be energized for short periods of 

time only. A Kepco D.C. power supply , resistance

programmed, manually operated was used as the power source.

2.6. Refrigerator

The temperatures required for this work were produced
4by two methods of refrigeration: pumping on liquid He and 

3 4diluting a He- He mixture.

4
The He sub-bath consisted of a Copper cylinder of

3 5approximately 300 cm capacity, a cupro-nickel g" O.D.

pumping line and a fill needle valve communicating with the 
4main He bath. It would either precool and liquify the 

3 4He- He mixture or cool the sample down to 1.5 K to take the
(37)high temperature data. A Stokes mechanical pump, model

Microvac 149H-10, was used for pumping. According to the 

manufacturer it has a pumping speed of 500 lit/min at 0.1 

mmHg pressure. It was located in another room to avoid 

mechanical vibrations. A 470 1/2 W Speer carbon resistor

was used to monitor the temperature. All wires were thermally 

anchored to the sub-bath body, as described already in
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time only. A Kepco D.C. power supply , resistance 

programmed, manually operated was used as the power source.

2.6. Refrigerator

The temperatures required for this work were produced
4by two methods of refrigeration: pumping on liquid He and 

3 4diluting a He- He mixture.

The ^He sub-bath consisted of a Copper cylinder of
3 5approximately 300 cm capacity, a cupro-nickel O.D.

pumping line and a fill needle valve communicating with the

main ^He bath. It would either precool and liquify the 
3 AHe- He mixture or cool the sample down to 1.5 K to take the

( 37 )high temperature data. A Stokes mechanical pump, model

Microvac 149H-10, was used for pumping. According to the 

manufacturer it has a pumping speed of 500 lit/min at 0.1 

mmHg pressure. It was located in another room to avoid 

mechanical vibrations. A 470 ft 1/2 W Speer carbon resistor 

was used to monitor the temperature. All wires were thermally 

anchored to the sub-bath body, as described already in
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section 2.3, by connecting each to 3.0 m Copper wire #36 

AWG. The sample fill tube was also thermally anchored to the 

sub-bath by soldering it to a Copper piece threaded on to 

the sub-bath body.

A radiation shield, made of Copper, was also threaded

on the sub-bath. This covered the rest of the cryostat in
4the vacuum can. The schematic cross section of the He 

refrigerator is shown in figure 6. Cotton padding was used 

as a spacer between the shield and the calorimeter.

( 3 8 ̂The dilution refrigerator was designed to be
(39)similar to the one described in a paper by A.C.Anderson ,

and a detailed description of the construction and theory of

operation will not be given here as there are excellent

papers on the s u b j e c t ^ ^ .  We shall only give some dimensions

and comment on the performance. The still and mixing chamber

are identical, OFHC Copper lg" O.D., height. Half the

volume of the mixing chamber was filled with sintered Copper

to reduce the thermal resistance. A 340 fi and a 220 ft 1/2 W

Speer carbon resistors were used to monitor the temperature

of the still and the mixing chamber respectively. All carbon

thermometers were measured by the A.C. bridge. A continuous

heat excanger was employed consisting of concentric cupro-
3nickel tubes. The mixture was 0.4 gmol with 20% He.
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The refrigerator would cool down to 103— mî  with no load and 

about 250 mK with the calorimeter. Of course, turning the 

Lead switch off to isolate the calorimeter would create eddy 

currents that usually warmed the sample up to 450 mK. We 

feel that exchangegas in the vacuum can was the main reason 

for heat leaks although oscillations around the support rod 

( that actually houses the thermal switch ) might have 

contributed. In any case, no tests were made to identify 

heat leaks and estimate their contributions.

The schematic cross sectional diagram of the dilution 

refrigerator is shown in figure 6.

2.7. Gas Handling System

It should be clarified that two systems were actually

in use, because the operation of the dilution refrigerator
3 4required handling of a He- He mixture. Figure 7 is a 

schematic representation of the mixture handling system. It 

provided for the circulation, recovery and storage of the 

necessary amount to run the refrigerator as well as for 

making new mixture, in case of an accidental loss. The 

following procedure was adopted for running the dilution 

refrigerator:
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While the cryostat was at room temperature all the

lines of the handling system, and the cryostat, were

subjected to a high vacuum ( 10  ̂ Torr ) for at least 48

hours. Then the cryostat valves ( not shown in figure 7 )

were closed and precooling started. To help the diffusion

pump of the high vacuum system, and prevent any outgassing

in case the high vacuum was needed for other purposes, the

charcoal traps ( T^ and T2 in figure 7 ) were held at 77 K
4at all times. When the He sub-bath was cold, i.e: 2 K or 

less, the mixture was allowed to condense by opening valves 

TV14, NV1, cryostat valve to condenser. When enough mixture 

was liquified, about 350 mmHg of our 1000 cu. inch container 

( SM in figure 7 ), circulation would start by closing TV14 

and opening cryostat still valve, BV2, BV11, TV12 and TV6.

The diffusion pump DP was not turned on until input pressure 

was less than 1 mmHg.

To stop the refrigerator either exchangegas was allowed 

in the vacuum can or the still heater power was turned on at 

the maximum, 10 mW. The mixture was collected using the 

mechanical pump MP only ( NV1 closed, TV10 and TV14 open ).

The storage container SSM equipped with the pressure 

sensitive valve SV1 was employed as a protective device for 

the mechanical pump during recovery, in case trap T1 should
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FIGURE 6 

The Cryostat

Scale is approximately 1:1.6 
4A He sub-bath pumping line 

B Vacuum can pumping line 
C Still pumping line
D Tube connecting sub-bath with fill valve ( not shown )
E Vacuum can ( of stainless steel )
F ^He sub-bath
G The return line ( mixture condenser )
H Mixture flow impedance 
I Thermometer holder 
J The still 
K Heat exchanger 
L Support ( of nylon )
M Radiation shield ( of copper )
N The mixing chamber
0 Sample fill line ( of cupro-nickel )
P The solenoid
Q Thermal switch housing and calorimeter support ( of nylon ) 
R Thermal switch 
S The calorimeter 
T The heater
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FIGURE 7 

Mixture Handling System

BV Bellows valve
DP Diffusion pump, NRC Booster type 126B ( ref. 41 )
G 800 mmHg absolute pressure gauge ( ref. 42 )
KF Quick coupling connectors
MP Sealed mechanical pump, Edwards Speedivac ED660(ref. 43)
NV Needle valve
SM (Normal) mixture storage. 1000 cu. inch
SSM (Safety) mixture storage. 1000 cu. inch
SV1 Pressure sensitive valve, set to open at 1 Atm
3He 3Supply of pure He
T Traps. Cocoanut Charcoal, activated, mesh 6-14(ref. 44)
TC Thermocouples ( ref. 45 )
TV Toggle valve
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block and output pressure become too high. The extra KF4 

connection was included for leak testing or mixture ratio 

monitoring.

Figure 8 is a schematic represantation of the sample
3gas handling system. It was composed of three parts, a He

supply and recovery system, actually built on a separate

rack for easy transport and attachment to other experiments,
4an Argon and He supply and a precision pressure gauge.

3 4The He supply was tested for He impurities by
3 4 (46)measuring the He- He ratio using a Veeco leak detector ,

model MS-90, which gave an estimated purity of 99.85%. Both

Helium samples were assumed free of any other contaminants

as they were always cleaned by the charcoal trap T1 held at

77 K. Argon was not tested for purity. When Argon samples

were prepared, trap T1 was at dry ice temperature.

To make a sample the following procedure was adopted:

For a few days all the lines would be subjected to a high
(4 7)vacuum and the zero of the Ruska pressure counter was

set. Next with the counter in measuring configuration a 

quantity of sample gas was allowed in the standard volume Vg . 

Room temperature and pressure was recorded. Then the cryostat 

sample valve TVS was opened and enough time was allowed for



35

the sample to be adsorbed at the desired temperature, usually 

overnight. The Helium samples were annealed at about 10 K to 

assure uniform adsorption. Annealing was not necessary for 

Argon.

The cryostat valve TVS was normally open for pressure 

monitoring. An exception was made when cooling to 4.2 K, 

after a monolayer of Argon was deposited at 77.3 K. The 

amount of the Argon in the room temperature volume ( see 

figure 8 ) plus the amount in the void volume of the calori­

meter Vc was enough to block the sample fill tube. Instead 

it was decided to isolate the cryostat volume (V ) and 

transfer liquid Helium very slowly, in such a way as to cool 

the calorimeter together with the fill line. Obviously there 

was an uncertainty in our Argon coverage used as preplating. 

As it is shown in section 4.1 this was not more than 2%.

The uncertainty, however, of a typical incremental 

amount of gas entering the sample cell during either an 

adsorption isotherm or a plating for heat capacity 

measurements was less than 1%. This came mainly from the 

uncertainty of the standard volume Vg estimated to be about 

17, ( from its geometrical shape ). Pressure could be measured 

with a resolution of 3 microns of Hg which typically yielded
Oan error of 0.01%. Room temperature was read within 0.1 C,
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FIGURE 8 

Sample Handling System

C Compound gauge, 30-0-15
RUSKA GAUGE precision pressure counter, model XR-38(ref. 47) 
MP Sealed mechanical pump, Duo-seal, model 1402 ( ref. 48 ) 
The rest symbols are identical to those of figure 7
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i.e: within 0.03%. Therefore, the reproducibility of a 

certain coverage was better than 0 .1%, since repeating a 

coverage was indepedent of the value of Vg.

For reference purposes we give in Table B the values

of volumes we had to know for calculating the amount of the

sample adsorbed. They were all estimated compared to V , and

the recordeduncertainties do not include the Vg uncertainty.

Void volume corrections were made following the procedure
(49)adopted by Daunt and Rosen . Pressure corrections were 

made based on the Weber-Schmidt e q u a t i o n ^ ^  .

2.8. Data Acquisition System

Figure 9 is a block diagram of the electronics data 

collection system. The voltage across the Germanium thermo­

meters was amplified by a Keithley 140 nV DC amplifier and 

measured by a Hewlett-Packard 3460A digital voltmeter which 

also measured the thermometer current, heater voltage and 

heater current. The heating period was measured by the 

Hewlett— Packard 5223L electronic counter ( TIMER in the 

figure ). These voltages and timings were recorded on

magnetic tape via a D y m e c ^ ^  2546A magnetic tape coupler 
(52)and a Kennedy 1406 magnetic tape transport. Redundandly

(53)the digital information was printed on paper via a Digitem



TABLE B

Sample G as Handling Sys tem Volumes

Description Symbol Volume Error

(fig. 9) 3cm %

Standard volume Vs 1073. -

Room temperature lines V1 81. 3 0.8
Cryostat void volume V cr 55.3 0.9
Calorimeter void volume Vc 52.5 2.
Sample fill tube Vg 1.8 20.
TVS valve ( half ) Vw 1.0 10.
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FIGURE 9

Data Acquisition System. Block Diagram

Basically a 4-lead DC resistance measurement system. 
Arrows indicate the 'flow' of information
Programmer 
Contro H e r  
Power supply 
DC Amplifier 
Digital Voltmeter 
Timer 
Teletype
Teletype Coupler 
Magnetic Tape Deck 
Magnetic Coupler

see text ( ref. 55 ) 
see text ( ref. 55 )
5-40-170 VDC ( ref. 55 )
Keithley nV DC Amplifier, model 140
Hewle11 — Packard , model 3460A 
Hewlett — Packard Electronic Counter 5223L 
Teletype Corp., model 33( ref. 54 )
Digitem, model BAC ( ref. 53 )
Kennedy 1406 ( ref. 52 )
Dymec, model 2546A ( ref. 51 )
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( 54}BAC coupler and a model 33 Teletype . A FORTRAN program 

was written to read the magnetic tape and calculate the 

heat capacity. The teletype simply provided a hard copy of 

the data useful for on the spot preliminary calculations.

The programmer generated the command pulses for selecting 

and reading the right voltage whereas the controller carried 

out these commands.

Figure 10 is the logic diagram of the programmer. The 

design employed DTL and TTL compatible integrated circuits 

( IC's ). It was constructed^^ in a modular way. The idea 

was to automatically cycle and perform the necessary 

operations for measuring the heat capacity of a specimen. 

These operations were the following, in sequence:

Read thermometer current(i.e: voltage across Rgt> fig* 13) 

Read temperature (i.e: voltage across thermometer )

Turn on heater. Turn on timer

Read heater current (i.e: voltage across RgH » fig* 13)

Read heater voltage

Turn off heater. Stop timer. Read timer.

Repeat...

It was basically a ( binary ) counter. At certain 

configurations of the counter gates would activate flip- 

flops, which in turn energized the relays of the controller. 

The 5223L HP electronic counter provided the timing pulses
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we used as a base time. The period selected was 1.0 sec. 

accurate to 1 ppm. The base time pulses, after proper 

amplification and shaping, were fed into the clock input of 

the first counter, the waveform of which is shown in figure 

12. The cycling period of this counter was called the unit 

time and was normally set at 7 sec. There was one DVM 

reading per unit time. When thermometer current reversal 

was desired, the unit time was chosen as the period of the 

reversal. The output of the last flip-flop was the clock 

pulse of the next counter and so on. The second and third 

counter determined the length of the drift and heating 

periods. Figure 11 shows the second counter in more detail 

omited from figure 10 due to space limitations. The outputs 

of the binary-to-decimal (BCD) decoders drove the inputs of 

the AND and NOR gates. It was found necessary to use 

capacitors because these outputs had many undesired fast 

pulses, due to the fact that we used asynchronous counters. 

We also needed voltage dividers because the decoder outputs 

are usually high voltage outputs in order to drive N i x i e ^ ^  

tube displays. The dividers and relevant waveforms are 

shown in figure 12. The output of the gates controlled the 

state of the flip-flops and the reset of the counters. The 

output of the flip-flops did not provide enough power to 

activate the relays chosen ( see figure 13 ), and thus 

transistors were used as the final stage.
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FIGURE 10 

The Programmer

R = 2 Kft 
R1 = 100 Kfi 
R2 = 5 Kfi 
R3 « 20 Kfi 
R4 = 300KO 
R5 = 6 Kf2
All capacitors .001 pF
All transistors RCA 2N2270
NOR gates are TI SN7402N
AND gates are TI SN74H11N
Diode any general use diode
Reset switch is single throw, double pole
Rotary switch 1 is ten throw, double pole
Rotary switch 2 and 3 are ten throw, single pole
PJ1 is 8-prong Amphenol plug
The dividers (following the capacitors) are shown in fig. 12 
A typical counter of ten is shown in fig. 11
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FIGURE 11 

Decade Counters

Flip-flops are Fairchild DTML945
Binary to decimal decoders are TI SN7441N
Nixie is the numerical display, type 8421(B5092) ( ref. 56 )
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FIGURE 12 

BCD Output Waveform Shaping

Without the capacitors ( see figure 10 ) the negative going 
pulses at the collector, i.e: the output, could reach 0 Volts
and upset the subsequent logic, as they would be accepted as 
the logical r0 f level by the gates.
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FIGURE 13 

The Controller

CR1, CR4 Potter and Brumfield mercury relays, type JM2-106-21
CR2, CR3, CR5 Potter and Brumfield mercury relays, type JM3-110-31
El, E2 12.6 V mercury batteries, Mallory TR-169
N1 - N4 Neon voltage indicators
D1 - D5 Diodes, general use
Ml 1.0 mA milliammeter
SI Switch double throw, single pole
S2, S3 Rotary switches, ten throw, single pole
PJ1, PJ2 8-prong Amphenol plugs
Rl, R2, R4 600 ft, 2 W
R3 120 ft, 2 W
R5 1150 ft, the dummy heater
RT1 - RT9 1.5-2.2-3.3-3.0-5.6-6.8-5.6-22.0 Mft
R 100 kft standard resistor, General Radio, type 1440
Rcu 10 kft standard resistor, General Radio, type 1440b H
RH1 - RH8 3.6-1.2-1.5-2.2-2.6-7.5-44.0-270 kft

the RH8 could be bypassed by a jumper wire
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Figure 13 is the circuit diagram of the controller. 

Relays CR1, CR2 and CR5 connected the input of the digital 

voltmeter across the desired resistor or at the output of 

the DC nV amplifier. CR3 was reversing the thermometer 

current, selected by the switch S2. CR4 switched the heater 

power to a dummy heater when the sample heater was off, so 

that the battery would be continuously loaded. We found this 

improved the stability of the battery voltage, compared to 

a real switch on-off situation. Switch S3 selected the heater 

power. We also included a milliammeter (MA) for a gross 

reading and adjustment of the power. Switch SI was used for 

testing the relays CR1 and CR2 by activating them 

independently of the logic state of the programmer.
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CHAPTER 3: THEORY

3.1. Introduction

Before presenting our experimental results and 

attempting to interpret them, we feel it is appropriate to 

discuss the theory of adsorption and the thermodynamic 

properties of the adsorbate. No new theories will be 

presented here, but only a short account of well established 

concepts and ideas with their predictions, which we will 

find necessary as a background for the next chapter.

The basic references for this chapter are two books 

mentioned earlier^^ ’ and references to some original 

work which appears in great detail in these two books will 

not be repeated here.

3.2. Adsorption Isotherms. Monolayer

Experimental results of adsorption work are usually 

given in a form relating the amount V of the adsorbed phase, 

the temperature T of the system and the pressure P of the 

gas phase, under equilibrium conditions. Perhaps, because of 

the convenience of measuring V as a function of P, keeping



54

T constant the form

V = f(P)T
i.e: an adsorption isotherm, is the most usual form found 

in the literature. Besides the convenience, the adsorption 

isotherm is important in determining the amount of the 

first completed layer, the so called monolayer, which 

provides a measure of the adsorbent surface area. The 

definition of the monolayer is not truly independent of the 

geometry of the adsorbent surface, but, hopefully, the 

concept is a clear one.

Obviously an analytic expression for the isotherm 

containing as a parameter would be extremely useful, 

reducing the problem to a mathematical fit with experimental 

points. It turns out, however, that for certain systems, 

such as Argon on Grafoil, the shape of the isotherm can 

yield quantitative information about the monolayer.

According to the classification introduced by Brunauer
/  r  o  \

et al the systems under investigation yield a type II

isotherm, the typical shape of which is shown in figure 14. 

Brunauer and Emmett observed that this isotherm contains a 

linear portion and they argued that this must be due to the 

formation of the second layer. They considered several 

points associated with the straight line that could possibly
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indicate the monolayer coverage. We show these points in 

figure 14. Experience has shown that the point fB', the point 

where the straight line deviates from the isotherm, is the 

best choice yielding monolayers in agreement with other 

methods. In our analysis the point 'B1 method will be used.

This method has an advantage over methods which

estimate the monolayer based on a model. No assumptions

regarding the structure and geometry of the system are

necessary. In order to derive a simple and analytic isotherm

all models use very restrictive, almost unrealistic,

assumptions casting doubts on the validity of their
(5 9)predictions. The BET isotherm, very succesful in

estimating monolayers in the cases of physical multilayer 

adsorption ( type II isotherms ) fail for systems such as 

rare gases on graphite. These systems are known to excibit 

stepwise isotherms due to the uniformity of the substrate,^^ 

and the continuous BET equation is, in principle, inadequate. 

In the case of Helium no stepwise isotherms have been 

reported so far, but the BET monolayer is often as much as 

300% in error (92).

In appendix C, a discussion of the BET isotherm short­

comings together with another isotherm due to Langmuir is 

given.
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FIGURE 14

Type II Isotherm. Monolayer Determination

Brunauer and Emmett proposed the following points as 
possibilities for monolayer indication:

A: the intercept of the straight line with the vertical
axis

B: the point where the isotherm deviates from the straight
line at low pressures 

C: half way of the common part of the isotherm and the 
straight line

D: the point where the isotherm deviates from the straight 
line at high pressures 

E: the intercept of the straight line and an isobaric at 
the liquifaction ( or solidification ) pressure of the 
bulk gas, at the temperature of the isotherm
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3.3. Surface Area

Once the monolayer coverage Is known, the surface area 

of the adsorbent can be found if the size and packing of the 

adatoms are known. Following the procedure adopted by Daunt 

and L e r n e r ^ ^  it will be assumed that the Argon monolayer 

forms a close-packed array with a nearest-neighbour distance
° ( £ i \

d of 3.83 A, equal to that of solid Argon at 20 K . This

value is in excellent agreement with d values calculated or
(62)measured by others. Milford and Novaco calculated d by

minimizing a 2D sum of Lenard-Jones potentials, using
(63)appropriate parameters for the Argon-Argon interaction

They found d=3.84 A. From the density of the s o l i d ^ ^ ,  we
° (27)calculated a distance of 3.86 A at 77 K. Kjems et al

O
measured d to be 3.88 A at 5 K for almost monolayer coverage 

using ( elastic ) neutron diffraction.

Picturing the adatoms as hard spheres ( see figure 15 ) 

with diameter equal to d, one can see that their molecular

area O" will be that of a hard disc:

a  = TT ( d/ 2 ) 2 = 11.5 A 2

However, the area the adatoms occupy is larger than cr due to

the packing, which leaves some void space. As is schematically 

shown in figure 15, the hexagonal symmetry requires that
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every adatom actually occupies an hexagon with area a^, or

if we wish, the areal density of the monolayer will be

D = 1/a m m

With the symbols as shown in the figure, the area a^ is:

a = a (h/2) (d/2) = a( 4 c o s 30/tt ) = i.l03cr m
3 8 2Now, if V is the monolayer measured in cm (STP) and 0 in A , m

2the area E of the adsorbent, in m , will be given by:

£ =• N 4V a /V. = 0.296V crA m m A m

where is Avogadro’s number and the volume of one mole
3gas in cm (STP) .

3.4. Thermodynamics In Two Dimensions

The description of the macroscopic properties of bulk 

( 3D ) systems is precise and clear through careful 

definition of the ( familiar ) thermodynamic physical 

quantities. Certain assumptions are, of course, unavoidable. 

When dealing with 2D systems extra care must be exercised, 

if the same thermodynamic quantities are to be used, as some 

of the assumptions may no longer be valid.

Let us concentrate on the additivity of the (extensive) 

thermodynamic quantities. For a 3D closed system, say with 

energy E, which can be imagined to be separated in subsystems
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FIGURE 15 

Monolayer of Argon on Grafoil

The Argon atoms are represented by the circles with 
diameter equal to their nearest-neighbor distance. Th 
form a close-packed array. Due to the hexagonal symme 
the area occupied by an atom is that of the hexagon, 
shown.

ey
try
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with energies E^, E ^ ,  • ••» considered themselves macroscopic

but much smaller than the whole system, one usually assumes 

that

E = E^ + E2 + . . .

In other words, the energy of the interaction of the sub­

systems among themselves, is neglected, although this is 

the energy that holds the subsystems together. The reasoning 

is that the particles which take part in this interaction

are those near the surface ( of a subsystem ), of the order 
2/3of N if N is the number of the particles in the subsystem.

For N large, i.e: for macroscopic systems, the number of

particles at the surface is much smaller than the total 

number of particles and, concequently, the energy of the 

interaction with the surrounding subsystems is much smaller 

than its ( internal ) energy.

In the case of adsorption, the number of particles on 

a certain surface is no longer small compared to that of any 

subsystem, and the indiscriminate application of the 

additivity is not permissible. Nevertheless, we need the 

thermodynamic quantities to be additive, because then an 

equation valid for a subsystem, can be integrated over the 

whole system.

To preserve the additivity, Gibbs proposed the use of
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carefully taken dividing surfaces ( see figure 16 ), i.e: 

not intersecting the surface under investigation, but 

arbitrarily close to it so that all pfysical quantities 

of the system have the same value on both sides, and one 

can still write down

1 2 a
where a refers to the part contained between the two 

( imaginary ) surfaces, i.e: the adsorbed phase mainly,

and 1, 2 refer to the rest ( bulk ) phases. In this sense, 

the properties of the adsorbed phase, or otherwise called: 

the film, are 'excess' properties. That is, if one wants to 

find, say, the energy of the film, then one must subtract 

the energies of the bulk phases from the total energy of 

the system.

In view of the system of our study, we now restrict 

our discussion to systems with the two bulk phases being 

a solid ( usually called the adsorbent or substrate ) and 

a gas ( the adsorbate ). This system is assumed contained 

in a closed vessel, so that the volume of the gas phase is 

constant and the total number of the adsorbate atoms, i.e: 

those in the gas phase plus those in the adsorbed phase 

( the adatoms ), is also constant. From now on we shall 

use the letter V for the volume of the gas phase, and N 

for the number of atoms ( N in the gas phase, N in theO



FIGURE 16 

Gibbs1 Dividing Surfaces

// Phase 1 ( bulk )
\\ Phase 2 ( bulk )
FILM Adsorbed phase
One usually assumes the dividing surfaces can approach each 
other at zero distance and form one dividing surface, 
strictly 2D, with the properties of the adsorbed phase. Real 
configurations are, however, much more complicated, and the 
limit to zero distance is not always conceivable.
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adsorbed phase ). The solid provides a certain surface L 

for adsorption, assumed indepedent of any changes in the 

system. In short, the changes of our system are under 

constant N,V,£. Finally, due to the small pressures involved 

at the temperature range of interest, the gas will be 

assumed perfect.

In case of possible confusion, we shall use indices 

to distinguish between the phases as follows: s for the 

solid, g for the gas, a for the film. As an example we 

write down the entropy of the system:

S = S + S + S s g a

3.5. Isosteric Heat

The isosteric heat q is the energy required to 

remove an adatom from the adsorbed phase and return it 

to the gas phase, under constant temperature and pressure 

( which implies constant coverage ). In analogy with the 

evaporation, we could call the isosteric heat the 'latent 

heat' of desorption. Figure 17 shows the relation of the 

isosteric heat with other energies that one usually en­

counters in physical adsorption.

The isosteric heat depends on the gas-solid system,
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but for a certain system it depends on the coverage very 

drastically. There are two reasons for this dependence.

For a surface with adsorption sites characterized by 

different adatom-substrate potentials, i.e: for a 

heterogeneous surface, the isosteric heat decreases 

with coverage ( see curve a in figure 18 ). The larger 

binding energy adsorption sites will be occupied first, 

because an adatom trapped there, will stay there much longer 

than what at another site with smaller binding energy.

As more and more adatoms are adsorbed, the sites with 

larger energies will be exausted, and sites with smaller 

energies will start being occupied. All real surfaces 

show some heterogeneity and the isosteric heat always 

increases at smaller and smaller coverages. When all the 

sites are filled ( the monolayer is completed ) the 

isosteric heat will suddenly decrease, as the adatoms 

of the second layer are further away from the substrate 

and, therefore, their interaction with the substrate is 

much weaker.

Adatom-adatom interactions also cause the isosteric 

heat to depend on coverage. As coverage is increased, the 

number of neighbours is increased, and at the same time 

their interatomic distances are decreased, bringing the 

adatoms at distances where the attractive part of the inter-
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FIGURE 17 

Adsorbent-Adsorbate Potential

E Kinetic energy of gas phase K.
q _ Isosteric heat ns t
E^ Binding energy ( equal to -Eg )
E^ Energy level of first excited state of the adsorbate
Eg Energy of ground state of the adsorbate
E Minimum of the interaction potential m
At low temperatures one can safely assume that all adatoms 
are at the ground state. However, strictly speaking, at any 
non zero temperature other excited states will be occupied, 
hence the two lines indicating qgt*
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FIGURE 18 

Isosteric Heat vs Coverage

a Heterogeneous surface, adatom-adatom interaction negligible 
b Homogeneous surface, with adatom-adatom interaction 
c Heterogeneous surface with adatom-adatom interaction, or 

Homogeneous surface without adatom-adatom interaction 
Nm Monolayer coverage
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atomic potential becomes deeper and deeper. Therefore, the 

isosteric heat increases with coverage ( see curve b in 

figure 18 ). This effect obviously stops when the adatoms 

are at distances equal to the distance of the minimum 

of the potential. Any further adition of adatoms will 

start the second layer.

It is then conceivable that for a certain gas-solid 

system, the isosteric heat to be indepedent of coverage 

( see curve c in figure 18 ), for submonolayer films.

For a heterogeneous surface this would imply a strong 

adatom-adatom interaction, so that the result of summing 

curves a plus b ( figure 18 ) would yield curve c. However, 

if one can neglect the adatom-adatom interaction, either 

because the interatomic distances are large ( as in 

submonolayer films ), or the interaction is weak compared 

to the gas-solid interaction, the independence of the 

isosteric heat on the coverage indicates a homogeneous 

surface. This is very important, as one can have an 

indication of the quality of the surface.

The isosteric heat can be measured either directly, 

using an adiabatic calorimeter, or calculated from 

adsorption isosteres, i.e: from equations of the form

p - fd)Na
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using a Clausius-Clapeyron type equation

. 3lnP ■■ _ t
'  9 (1/T) N , E k

Si

where k is Boltzmann's constant. In section 4.4, the results 

of such measurements are shown and discussed.

3.6. Film Heat Capacity

The film heat capacity C is defined as
Si

3S
Ca ' T <-*!*->N ,Z  a ’

i.e: under constant coverage. Experimentally, however, 

the convenient quantity to measure is the ( total ) heat 

capacity C of the system with N,V,Z constant, i.e:

C = T(~ 5 T _)N,V,5: = Tf_3f"( Ss+Sg+Sa ^N,V,Z 

The first term T(3Sg/3T) is nothing else than the heat 

capacity Cg of the solid adsorbent, and can be easily 

separated from the rest of the terms. It can be measured 

directly, as it is the heat capacity of the system with 

no adsorbate ( N=0 ). Later, in section 4.5, this term is 

called the 'background' heat capacity, and includes the 

heat capacity of the calorimeter. The rest of the terms 

are not easy to recognize, and one has to compute the 

partial differentials in order to get an expression with 

the film contribution separated from all other contributions.
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The computation was done by Dash^^ and will not be 

repeated here in detail. Instead, it is felt it is more 

interesting to start from a relation, suggested by S t e e l e ^ ^  

and derived by following simple arguments.

As it was mentioned in section 2.1, the heat capacity 

C is usually determined experimentally by measuring the 

temperature change AT due to some energy Aq given into 

the system. Part of this energy Aq is spent to warm up 

( by At ) the solid adsorbent, the gas phase and the film. 

The rest of the energy Aq is absorbed by some adatoms, 

which are now energetic enough to return to the gas phase. 

However, since the number of atoms in the gas phase is 

increased, the pressure is increased ( isothermally ), and 

some energy V.Ap is given in the system. Therefore, if 

the work done by the film as it expands ( fewer adsorbed 

atoms on the same surface ), can be neglected, this holds: 

Aq = C .AT + C .AT + C .a T + q .AN - V.APS g S. S t g

Using the fact that the gas is perfect, i.e: V.AP=Tk.AN O
the last equation yields:

dN dN
C “ Cs = Cg + Ca + qst[dT^]N,V,Z " kTtdT£]N,V,2

where C is the heat capacity of the gas phase under S
constant volume, or in our notation:

3 S
C = T (— 5— ) g V 9 T ' N  ,V 8



was written down for the film contribution although

the coverage, i.e; N , does not remain strictly constant,
3

because the change of the N compared to N is very3  3

smal1:

For our system, at 4.2 K the equilibrium pressure

of Helium at monolayer coverage, was estimated to be less

than 0.070 mmHg, and the number of atoms in the gas phase
18( in the volume V , section 2.7, figure 8 ) about 8x10

2 1compared to 8.4x10 adatoms. Even if it is assumed that 

all the atoms are adsorbed at 0.5 K, the change in coverage 

from 0.5 to 4.2 K was 0.1%.

The derivative dN /dT is not hard to calculate along8
the film-gas conversion curve, and following Dash^^

we write down the final equation for the desorption term:

qst , X2T , . PV / 3lnP.
[a

r - H - f  111 i ^2 f i + PVrSlnP<> des T kT ' I kT L"Sn ;T,Z

C - C  = C + C + C,s g a des

To proceed one now needs a specific form of an 

adsorption isotherm. We do not have an isotherm for our 

particular system, so some approximations will be suggested 

Due to its simplicity and partial success for submonolayer
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coverages, it was decided to use the Langmuir isotherm 

equation to substitute for the pressure, in the term.

( For a discussion of the Langmuir isotherm, see Appendix 

C ). The adsorption isotherms of Helium on Argon coated 

G r a f o i l ^ ^ ’^ ^  ( see also section 4.2 ) indicate a 

small value for dP/dN , at submonolayer coverages. In fact, 

this derivative would be exactly zero if there were two 

film phases in equilibrium. It is, therefore, felt that 

the term with the partial derivative is very small compared 

to 1 , and can be neglected.

With x=N /N , where N is the number of adatoms a m ’ m
in the monolayer, E the binding energy, one gets:

Cdes m3/2 -E/kT x , qst , ,2 V
n k ~ ' = aT e ~ r ^ r ( kT~ " 1 } “ n ra a

where
\ 3/2. 5/ 2, -3 a = (2iTm) k h

and m is the mass of the adatoms, h Planck's constant.

Following Daunt and Lerner^^^ we assume

q „ = E + 5kT/2 Hst
in accord with the adsorption isotherm used, an(* finally

-isaa- - aI- W 2 e-E/kI _ i _ . _ V _ ( E/k + 3I/2 ,2
a m

which is almost identical to the desorption contribution

calculated by D a u n t ^ ^  , The difference being the gas

phase contribution, which is included in Daunt 's Cdes
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/  £  Q  \

derivation . In any case, was negligible for our 

system. For the amount estimated in the specific 

heat was never more than 0.1 mJ/K.

The complete desorption contribution can be written 

down as:

C k s  ’ cd..'t 1 - (Cdes/Nak)<<lS t /kT - V ' 2 1 

which clearly shows that the approximation suggested 

above is valid for

(qst/kT - l)2 »  1

Indeed, ( for our system ) the smallest value of <lst-/kT

was about 7.5 ( see figure 23, section 4.4 and 4.8 ) and,

therefore, our approximation is good within 2% or better,

for the temperature range covered.

Note that the decreases rapidly with temperature.

At sufficiently low temperatures the film heat capacity 

is simply given by

C = C - C a s
and this is the quantity calculated from the raw data 

in sections 4.6 and 4.8. In section 4.8, some of our 

results are also compared with C^gg*



3.7. Film Phases

The discussion of the isosteric heat, in section 

3.5, emphasized the dependence of the adsorbent-adsorbate 

potential, as a function of z, the distance of the adatom 

from the surface. In the case of a solid adsorbent, 

however, this potential also depends on the lateral 

position, due to the crystal structure of the adsorbent, 

i.e: the surface of a solid is not uniform. The shape

of the solid-gas potential, as a function of z, does

not change across the surface, but the minimum of 

the potential varies drastically, as shown schematically 

in figure 19, following the periodicity of the lattice 

of the adsorbent.

Depending on the kinetic energy, the total energy 

E can be such that an adatom will be either localized, 

i.e: trapped in a well ( E ̂ > E £ E 2 ), or tunnel from 

site to site ( E^ £ E > E2 ), or translate freely across 

the surface ( 0 > E > E^ ), or even desorb if E > 0.

The mobility of the adatoms is certainly different for

all these situations. In other words, if only because 

of substrate effects, the adatoms can be characterized 

by different phases. Like in bulk systems, however, the 

phase of the film will be governed by the adatom-adatom
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interaction as well.

(14)Work with the Helium-Grafoil system showed

that the experimental results could be understood in 

terms of the Helium-Helium interaction o n l y ^ ^ ’^ ^ .

The effect of the structure of the surface, showed up 

only for a narrow range of the coverage, where a lattice-
(14)gas phase was formed , in registry with the substrate. 

That is, the Grafoil could be assumed as a uniform substrate 

providing simply the surface to confine the Helium in 

two dimensions. Coating with a monolayer of Argon was 

consideredto produce a more uniform substrate. The symmetry 

of the Grafoil would be screened, as indicated in figure 

21, section 4.1. Furthermore, numerical m o d e l s ^ ^  showed 

that even the zero point energy was larger than the highest 

minimum of the Helium-substrate potential. Although 

preliminary calculations by Novaco and C a m p b e l l ^ ^  

suggest that the effect of the coating with a rare gas 

is rather complicated, for our purposes, it will suffice 

to describe the phases of the film when the substrate 

can be ignored.

The number of the indepedent thermodynamic variables 

necessary to describe an adsorption system, can tell us 

the number of the phases the system can have. Neglecting 

the solid substrate ( being always separable ) there
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FIGURE 19

Minimum of Solid-Gas Potential vs Lateral Translation

The distance z is assumed constant.
E^ :adatom above an atom of the solid 
E^ :adatom above an interstitial position
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are four variables required. For example: temperature,

pressure, number of atoms, surface area. There are, 

therefore, four phases which, as a matter of fact, can 

coexist. With the gas phase being one, there remain 

three phases for the film. One refers to them as 2D gases, 

2D liquids and 2D solids, in analogy with the bulk 

sys terns.

3.8. 2D Perfect Gases

If the adatom-adatom interaction can be neglected,

the adatoms will behave as atoms of a perfect gas with

their motion restricted in two dimensions.

At temperatures and areal densities D ( D=N / Z  )cl

where the thermal wavelength X ( X=h// 2 7rmkT ) of the

adatoms is much smaller than the average adatom-adatom
2distance, or equivalently X D «  1, one expects the 

Boltzmann statistics to be valid and the equipartition 

law to hold. Under these conditions, the film is called 

a classical 2D perfect gas, and the heat capacity Ccl

is given by

C = N k a a
which is usually written down in reduced form: C /N k=l.a  a
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At the temperature and density range where A D£1

the quantum effects become important, and Fermi or Bose

statistics will be obeyed instead. Despite the great

difference in their distribution functions, M a y ^ ^  showed

that non-interacting 2D Fermions and Bosons have the
(72)same heat capacity. Following Landau and Lifshitz we

shall calculate the heat capacity of 2D Fermions, with 

sp in s .

The volume element in the 4-dimensional phase space is

“o’dp dp dxdy 
h ”

with p ,p the components of the momentum along the x,y x y
axis of the surface. The energy £ of a single adatom is

£ = ( + Py )/2m = p2/2m

if the substrate effects are ignored. With y the chemical 

potential and g=2s+l, one can find the Fermi temperature Tr
from the expression giving the number of adatoms N at

ci

T=0

N =
3 h2

dpxdpydxdy_______ g ^ F
2?rEpdp

1+exp [ (e -H ) /kT ]

2TTmkT
N = g 5-E-z
a h

where the Fermi level quantities are related as known: 

£ F = Pp/2ln = kTF
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Solving for Ty we finally get

Tf = TD X 2/g

Now, the energy of the film E , at a temperature T>0,is
oo2 ffmg E [ £ d£

E
■ I-3 h2  ̂ 1+exp [ (£ - p)/kT ]

which for T<<T ( or equivalently D^2>>1 ) yields^22  ̂F
2TTmgE 1 2

E = --- 5 [ — (kT ) + ---- (kT) + ... ]
3 h Z 2 * 6

and a specific heat C :

Ca TT2. T
N k 2 Ta F

3.9. 2D Interacting Gases. 2D Liquids

The effect of the adatom-adatom interaction can 

be included in the description of the film properties 

with a variety of methods, all known from their application 

to 3D systems.

Particularly succesful, for low densities , was

shown to be the virial expansion of the thermodynamic 

functions, where one gets reasonable agreement with 

the experiment by keeping terms up to the second coefficient 

only. According to the statistics more appropriate for
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the system,, Siddon and S c h i c k ^ ^  show how the calculation 

proceeds. Here we merely state a result of interest to 

us, i.e: the expression of the specific heat

°a . , S 2_ d l y  B _ d L  
»ak dB2j-l 1+j 1

where 3=l/kT and the jth virial coefficient. This 

equation is very useful, for it indicates a method to 

determine how many coefficients are necessary to explain 

certain data, without computing the coefficients them­

selves. To see this we rewrite the above equation as 

follows:
C 9 d2B_ d2B„

[ - 1 ]/D = -3 --- ^ ------§-32--- 2̂ “  -
a d3 d3

If the second coefficient ( K ^ ) suffices, plotting 

the data in the form of the left-hand side vs temperature, 

should yield one curve for all densities. On the other 

hand, if the contributions of the third coefficient ( B^ ) 

are appreciable, plotting the data in the same form vs 

density ( at a certain temperature ), will result in 

a straight line. Siddon and S c h i c k ^ ^  calculated B ^ 

quantum-mechanically for the Helium-Helium interaction. 

They used Lenard-Jones and Beck potentials. Comparison 

of their results with our data is shown in figures 36 

( section 4.7 ) and 45 ( section 4.9 ).
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Very useful, in connecting the regimes of low and

high densities, is the description of the film as a

Van der Waals fluid^^. It is, perhaps, the earliest 
(7 3)method used , which attempts a realistic description,

and leads to analytical relations of the thermodynamic

quantities'^ . Knowledge of the attractive part of

the adatom-adatom interaction ( as a function of their

distance ) is necessary for one to derive relations between

the critical parameters ( temperature T^2^  and density

D ̂ 2*^ ) of the film with those of the bulk systemc
( T^3^  and D^30  ̂ respectively ). Nevertheless, all

reasonable potentials, for pair interactions, yield similar

results. De B o e r ^ ^  finds for the familiar inverse

sixth power law, that

T (2D) = t (3D)/2 
c c

and Dash^3  ̂ carries this a bit further to show that

D (2D> = [ 1.06xD (3D> j2/3 c c
4For example, a mobile He film should have a critical

0 - 2temperature of 2.6 K and a density of 0.05 A

All recent theoretical work on the 2D liquid phase, 

consists of numerical solutions to the equations of 

Quantum-Mechanics. For the 2D Helium, several approximations 

( ref. 70,76,77,78 and references therin ) show that
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a binding energy of about 0.62 K per atom should be expected
°  - 2at a density of about 0.035 A . However, these models 

also indicate how sensitive the results are on small 

variations of the adatom-adatom p o t e n t i a l ^ ^  or, on 

the modulation of this potential due to substrate e f f e c t s ^ ^

3.10. 2D Solids

At the density range where adatom-adatom distances 

become comparable to their diameter, the adatoms are 

forced to oscillate around an equilibrium position rather 

than translate freely. If they all oscillate independently 

of each other with the same frequency f, the film is

described as a 2D Einstein solid, and its specific heat
< , u (79)is given by

o 2 z
C /N k =  — --- =- z = hf/kT

Si Si / 2 .. ^ 2,(e -1)

the difference from the 3D expression being just the 

factor 2, i.e: 2 degrees of freedom for every oscillator.

If the adatoms interact with each other, one expects

a 2D Debye solid, i.e: collective, phonon-like excitations.
(79)Following a standard textbook , we write down for 

the 2D density of states W(f) per unit frequency range:

W(f) = ( £/v^ )f



where v is the velocity of sound, assumed constant. The 

expression of the number of adatoms N g defines the cut­

off ( Debye ) frequency f^:

■••I
f D
W (f)df = (Z/v2)(f2/2)

which yields fQ = v/2*D and a Debye temperature 0:

0 = hf^/k = hv /2D /k

The energy E is given by3

E = 2 a

fD 3 0/T 2
W(f)hf teZ-l]-1df = 4N k-T f  z dz

4 e Z-10

which, for low temperatures ( 0/T>;>l ), can be easily 

evaluated by replacing the upper limit of the integral

with °°, i.e:
00 00 00

2 , / 2 - z , / 9
z e_z(l+e"z-...)dz = 2 + 1 / 4/ z dz _ f z e zdz _ ( 

t ez-l I 1 - e_z I

Therefore, the reduced specific heat is

^a T 2
■ F T  = 27(- V }a

Note that Dash^^ finds the numerical coefficient to be 

28.85 instead.

Eventually, at high enough temperatures the 2D 

solid will 'melt'. Elgin and G o o d s t e i n ^ ^  showed that
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this melting can simply be promotion to the next layer,

which causes the specific heat to develop a sharp peak.
( 81)Besides this effect, Kosterlitz and Thouless showed

that melting of a 2D solid will occur, at any rate, at

temperatures where dislocations are able to move under

the influence of arbitrarily small stresses, and so

produce viscous flow. They predicted a phase transition

and derived an expression for the melting temperature
( 82)T . Elgin and Goodstein reviewed the melting theoriesM

of 2D solids, and rewrote the expression giving T^, 

so that its relation to the Debye temperature becomes 

clear:

T = mkD02/8h2 M
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CHAPTER 4: RESULTS

4.1. Argon Adsorption Isotherm

The surface area of our substrate was determined 

by measurement of an Argon adsorption isotherm at 77.3 K 

according to the procedure outlined in section 3.3. The 

isotherm is shown in figure 20, where the amount adsorbed
3expressed in cm (STP) is plotted against the pressure of 

the gas, in mmHg.

The point 'B* method, for which the straight line
3was drawn, showed a monolayer of 290.3 cm (STP), indicated 

by the arrow in the figure. When preparing the Argon coating 

for a heat capacity measurement of a Helium film, an 

amount 3-4% higher than this was allowed to be adsorbed 

by the Grafoil at 77.3 K, before cooling down to 4.2 K.

This was done to assure complete coverage of the available
(4)surface, as promotion to the second layer is known to 

occur before the first is completed, and some amount 

of the Argon could not be accounted. This was the amount 

of Argon in the gas phase at monolayer coverage and 77.3 K. 

At the adsorption temperature the pressure of the Argon 

monolayer is 22 mmHg, whereas at 4.2 K the Argon partial
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pressure is negligible. It is not known where this amount

of Argon was adsorbed. Using the equation of state of
(49)Argon, with parameters given by Daunt and Rosen , it

3was estimated that 5.60 cm (STP) of Argon was in the

calorimeter void volume ( V  ) and the fill tube ( upc
to the valve TV5 in figure 8 ). This is less than 2% 

of the monolayer and constituted our error in the Argon 

coating.

The surface area Z was ( section 3.3 ):

Z = 0. 296V„ffA1J = 988.0 m2 M AR
2

and hence the specific area of our sample of 17.09 m /g.

Values of the Grafoil specific area, reported in the

literature vary from 30 m 2/g^2^  to 15 m 2/ g ^ ^ .  This should

not be considered a disagreement but rather an indication of

how much area is left available for adsorption when the

substrate is finally placed in the calorimeter. We have 
(83)found that the treatment and handling ( cutting,

pressing, epoxying etc ) of Grafoil samples was responsible 

for blocking considerable area, resulting in specific areas 

varying a factor of 3.

The Argon isotherm was taken twice, at the begining of 

this work ( all our subsequent reduced data are based on this 

monolayer ), and after all the heat capacity data was taken,



FIGURE 20 
Argon Isotherm at 77.3K

+ Measurements made on March 1975
Measurements made on September 1976 

[Ty Two desorption points, March 1975 
[T1 Desorption points, September 1976 

The arrow indicates the monolayer suggested by th 
'B', i.e: the point where the isotherm deviates f 
straight line. Equilibrium pressure at monolayer: 
Notice the peculiar behaviour from 1 to 10 mmHg.

e point 
rom the 
22 mmHg.
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to check possible contamination of the surface. The values 

of the second run, marked September 1976, fell about 1% below 

those of March 1975, but since the error of the isotherm was 

1%, as explained in section 2.7, the two runs were considered 

in excellent agreement. In any case, contaminants tend to 

introduce heterogeneities and, hence, increase the monolayer.

Figure 21 shows the relative position of the Argon 

and Carbon atoms at monolayer coverage. The incompatibility 

of the two structures is obvious. Argon is shown as hard 

discs with diameter d equal to the nearest-neighbour
o 0 — 2distance of 3.84 A ( that is, at an areal density 0.079 A ).

The Carbon atoms are assumed to be at the corners of the
° ( g4 )( small ) hexagons with side equal to 1.42 A . The

monolayer forms an ordered triangular lattice, but not in 

registry with the substrate. If the registry observed for 

all the other rare gases ( H e l i u m ^ ^ ,  X e n o n ^ ^  , N e o n ^ ^  ,
/ Q C. \

Krypton ), i.e: one adatom every three hexagons, should

happen for Argon as well, it should occur at areal density
0 - 2equal to 0.0636 A ( x = 0.81 ). The area of three

O
graphite hexagons, with side h=1.42 A, is

3 2 ° 2<?3 = = 15.716 A z

and hence the density l/*^. The fractional coverage is now 

calculated as the ratio of this density and that of the 

monolayer, as determined from the size of the adatoms.
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No registry for Argon on Grafoil has been reported so far.
(88)Unfortunately, the work of the Brookhaven group on the

study of neutron scattering from adsorbed Argon on Grafoil 

was done only at monolayer coverages.

It should be pointed out that the anomalous ( i.e:

deviation from a typical BET isotherm ) structure of the
(83) ( 89 )Argon isotherm from 1 to 10 mmHg was seen by others * ,

The origin of this anomaly is not clear. However, 

measurements of the specific heat of Argon adsorbed by 

G r a p h o n ^ ^  and by graphitized carbon b l a c k ^ ^  clearly 

indicated some transition at submonolayer coverages.

4.2. Helium-4 Adsorption Isotherms

Figure 22 shows the 4.2K isotherms of 4He adsorbed on

Grafoil and on Grafoil coated with a monolayer of Argon, as

described in section 2.7. The amount adsorbed is now 
3 2expressed in cm (STP)/m , since the surface area is presumed 

to be known. The monolayer coverages are indicated by the 

arrows. The straight lines were drawn in search of the point 

'B' which actually coincided with the point 'A'. This did 

not come as a surprise, as it is well established that

adsorbed Helium forms a monolayer at very small
(92 ),(93 ) pressures ’ .
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FIGURE 21

Grafoil and Argon monolayer on Grafoil

O
Argon is represented by the circles ( of diameter 3.84 A )O
and the Grafoil by the net of hexagons with side 1.42 A. The 
Carbon atoms are at the corners of the hexagons. This 
arrangement of the adatoms was called 'incommensurate' by 
Ying ( ref. 8 7 ).
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FIGURE 22 
Helium Isotherms at 4.2K

+ On Argon coated Grafoil
On ( bare ) Grafoil

Straight lines were drawn in search of the point 'B'
fig. 14 ). Arrows indicate the monolayers. Notice the

3 2of the adsorbed amount: cm (STP)/m . The surface area 
calculated from the Argon monolayer was used.

see
units
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The monolayer of He on ( bare ) Grafoil was found to 
3 2be 0.432 cm (STP)/m . This implies a nearest-neighbour

O O _ 2
distance of 3.16 A and a density of 0.116 A , in excellent

(66)
agreement with other adsorption work , theoretical

(94) (14)calculations , study of the specific heat and study
(9 6 )of neutron scattering . Table C shows a comparison of 

the monolayers, as determined by various methods.

4The monolayer of He on Argon coated Grafoil was 
3 2estimated at 0.316 cm (STP)/m , considerably less than that 

on ( bare ) Grafoil. This yields a nearest-neighbour
O o 2

distance of 3.69 A and a density of 0.085 A , in excellent

agreement with other adsorption w o r k ^ ^  and fair agreement
(

with Milford and Novaco's model , which requires one
0 -2Helium atom for every Argon atom, i.e: a density of 0.079 A .

4.3. Helium-3 Adsorption Isotherms

3 3No He isotherm was taken. If the monolayer of He on

Argon coated Grafoil is needed, we shall use the one found

by Goellner et al(66), of 0.325 cm3(STP)/m2 (Dm=0.0873 A-2).

4.4. Isosteric Heat of Helium

As evidence of the improved uniformity of the Grafoil 

when coated with Argon, it was felt that isosteric heat
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TABLE C
4Monolayer Densities of He Adsorbed on ( bare ) Grafoil

Mono layer 

cm3 (STP)/m 2

Dens ity 
? - 2

Method Reference

0.432
0.426
0.428
0.421
O .431

0.1161 Adsorption isotherm This work
0.1145 Adsorption isotherm 66
0.1150 Sp. heat ordering peak 14
0.113 Neutron scattering 96
0.116 Theoretical model 62,94,95
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measurements should be included here. The Helium isotherms 

were measured only at 4.2K in order to determine the mono­

layer and did not suffice for calculating the isosteric heat

This was done, however, by Lerner and D a u n t ^ ^  for ^He and
(6 6) 3Goellner et al for He.

Figure 23 is reproduced from reference 6 7. It shows
4the isosteric heat of He on ( bare ) Grafoil and Grafoil

coated with Argon as a function of coverage. In the case of

the Argon coated Grafoil the isosteric heat seems to be

indepedent of coverage up to about a monolayer and less than

that on the ( bare ) Grafoil, i.e: the attraction from the
3substrate is weaker. In this figure data for He are also

included ( from reference 66 ). The results are similar

except for the magnitude of the isosteric heat, which is 
3smaller for He. Notice that isosteric heat increases below 

0.2 layers for both isotopes. A fact usually attributed to 

inhomogeneities of the substrate existing even after coating 

with a monolayer of Argon.

4.5. Data Collection. Method of Analysis

The heat capacity was usually measured with the sample 

warming up. We found it was easier to control the 

refrigerator this way. As soon as the sample was isolated
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from the refrigerator heat pulsing was started and the 

temperature drift followed, as described in section 2.1. The 

refrigerator was adjusted so that these drifts were always 

less than 0.4 mK/sec.

The reading of the magnetic tape, calculations and 

plotting of the results were done by executing a FORTRAN 

program on a DEC-PDP10 computer. Figure 24 is a typical 

plotter output showing the drift values, heat pulse, 

straight line fit of the drifts and the temperature change. 

All these plots were visually checked and if the drift was 

found unacceptable ( due to refrigerator instabilities ) the 

point was rejected. The accepted points were tabulated 

according to their temperature and kept in the memory of the 

computer for further calculations.

Figure 25 is a plot of the heat capacity against

temperature for the calorimeter without Helium and the
4calorimeter with 0.1 layers of He. This figure is shown 

for comparison and visual evaluation of the errors. Our 

estimates indicated that the error was never more than 3%.

The long thermal equilibrium times, seen in figures 

2 and 24, were responsible for the error. A small error in 

the slope of the afterdrift would result in a relatively
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FIGURE 23 

Isosteric Heat of Helium onGrafoil

4o He on bare Grafoil ( ref. 67 )
x ^He on Argon coated Grafoil " "

3  He on Argon coated Grafoil ( ref. 66 )
4N He monolayer on Argon coated Grafoil

N' He monolayer on bare Grafoil
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FIGURE 24
Computer Output of a Heat Capacity Run

The points show the temperature as read every 7 sec. The 12 
last points of the drift were used to calculate the straight 
lines, which were then assumed to be the drifts thermal 
equilibrium time were zero. The vertical line indicates the 
calculated AT. The assumed heat pulse and the temperature 
of the point are also shown. For this run rejected points 
were #1,#2 because of anomalous drift and #8 ,#9 because the 
foredrifts have different slopes from the after^rifts ( due 
to adjusting the mixing chamber heater )•
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FIGURE 25 
Total Heat Capacity vs Temperature

+ 0.1 layers ^He plus the calorimeter
No Helium
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large error in AT when extrapolated 140 sec back. Poor heat

sinking of the sample most likely caused the long equilibrium 

times. The distance of the Copper wires ( see section 2.3 ) 

was calculated so that equilibrium times of a few seconds 

were expected. The Grafoil thermal conductivity was taken 

from reference 16. We suspect, however, that the silver 

epoxy did not adhere to Grafoil as strongly as originally 

thought.

The heat capacity of a Helium film was calculated from

the total heat capacity of the calorimeter by subtracting 

the proper value of the background heat capacity, found by 

linear interpolation. The background was the heat capacity 

of the calorimeter with no Helium adsorbed.

Let us say C, (T.), C, (T..,) were two succesive values b i b  i+1
of the background heat capacity at temperatures T^< T^+  ̂

and Ct (T) the total heat capacity of the calorimeter with 

adsorbed Helium, where

T < T < T i 1 i+1
Then the heat capacity of the film is given by:

T T - TiC (T) = Cfc(T)
T i+i Tii
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It has been customary to report the specific heat not in 

absolute units, but compared to the specific heat of a 2D 

perfect gas. Thus the final quantity calculated is c(T)/Nk 

where N is the number of adatoms and k Boltzmann's constant.

44.6. He Specific Heat on Argon coated Grafoil

4Figures 26 through 32 show the specific heat of He

submonolayer films vs temperature. The areal densities
0 - 2studied ranged from 0.008 to 0.043 A ( 0.1$ x ̂ 0.5 ) and 

the temperature covered was 0.6 to 4.2K. With the exception 

of the lowest coverage,all curves showed peaks, reaching 

values of C/Nk from 2.5 to 3.2 at the temperature range of 

1.95 to 2.55K.

At temperatures below those of the peaks the specific 

heat seems to rise proportionally to some power of the 

temperature and be inversely proportional to coverage. This 

latter effect can be easily seen from a plot of the total 

heat capacity vs temperature for different areal densities, 

as the heat capacity will be the same for all. In figure 33 

we show such a plot for two films with densities 0.016 and 

0.029 A-2.

At temperatures above those of the peaks, the specific
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FIGURE 26
4He on Argon Coated Grafoll Reduced Specific Heat

X = 0.093 
D - 0.00792 A-2 
n = 1.300 mmol
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FIGURE 27

^He on Argon Coated Grafoll Reduced Specific Heat

X - 0.176 
D = 0.01492 A~2 
n = 2.447 mmol
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FIGURE 28

He on Argon Coated Grafoil Reduced Specific Heat

X = 0.257 o - 2

D = 0.02187 A 
n = 3.5 88 mmol
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FIGURE 29
4He on Argon Coated Grafoil Reduced Specific Heat

X = 0.340 
D = 0.02891 A-2 
n = 4.742 mmol
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FIGURE 30
4He on Argon Coated Grafoil Reduced Specific Heat

X = 0.408 for T>1.7K X = 0.425 for T<1.6K
D = 0.03466 A~2 " D = 0.03607 A-2 "
n = 5.685 mmol " n = 5.917 mmol "
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FIGURE 31
4He on Argon Coated Grafoll Reduced Specific Heat

X = 0.468 
D = 0.03978 A-2 
n = 6.525 mmo1
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FIGURE 32

^He on Argon Coated Grafoil Reduced Specific Heat

X = 0.506 
D = 0.04301 A-2 
n = 7.055 mmol
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FIGURE 33

Total Heat Capacity vs Temperature

0 - 2O X=0.176 D=0.015 A 
a X=0.340 D=0.029 A-2
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heat drops quickly to values of C/Nk slightly less than 1.

To the best of our knowledge no other substrate 
4causes the He to have such a specific heat, i.e: to

undergo a transition at these areal densities and temperatures.

To show this better figure 34 was made. There, we plot

the areal densities vs temperature of the peaks. It is

of interest to compare our phase diagram with the one
(14)obtained by Bretz et al for the same densities of

4He on ( bare ) Grafoil. Figure 34 shows the comparison.
4It can be seen that for He on Argon coated Grafoil,

the value of the temperature of the peak, for a given
4

areal density, is much higher than that for He on ( bare )

Grafoil. Incidentally, the absolute magnitude of the

specific heat peaks on Argon coated Grafoil are twice

as large as those on ( bare ) Grafoil.

44.7. He Specific Heat Analysis

To find out the dependence of the specific heat 

at temperatures below the peaks, logarithmic plots of 

our data were made. Figure 35 shows the results. Within 

the error of the measurements, the data fell on straight 

lines. The slope of these lines varied around the value 

3. The exact values of the slopes for each density
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together with the temperature of the peaks, are given 

in table D. For temperatures below the transition, we 

can, therefore, write down for the specific heat

C/Nk = aT3

provided this formulation is regarded as an interpolation 

formula only. Further interpretation must await detailed 

measurements of the specific heat below 0.7 K.

For the data above the transition temperatures, the 
( 6 9 ̂generally accepted interpretation for ( these ) low

densities, is that one is observing a 2D gas, which due to

adatom-adatom interactions shows a specific heat ( per 

atom ) deviating somewhat from the ideal 2D gas value of 1
(  £. Q \

(see section 3.9). Siddon and Schick calculated the

deviation for Helium as adatoms. Figure 36 shows the plot 

of (C/Nk-1)/D vs T for our data, the broken line being the 

calculated values . We do not seem to find a universal

curve, but we feel a fair test should include data for

temperatures 2 - 3  times above that of the transition.

34.8. He Specific Heat on Argon coated Grafoil

3Figures 37 - 44 show the C/Nk vs T of He submonolayer
°  - 2films. The densities studied ranged from 0.012 to 0.073 A 

(0.14^x<0 .84) and the temperature covered was 0.8 to 6.0 K.
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FIGURE 34
4He Low Density Phase Diagram

O Bretz et al : He on (bare) Grafoil
4

O This work : He on Argon coated Grafoil
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FIGURE 35
4He Reduced Specific Heat. Log-Log Plot

X=0. 176 D= 0. 015 A'2
+■ X=0. 257 D=0.022 "
D  X=0.340 D=0.029 "
Q  X=0. 425 D=0.036 "
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FIGURE 36 

4He [C/Nk-1]/D vs T

V  X=0.17 6 D=0.015 A
+* X=0. 257 D=0. 02 2 "
□  X=0.340 D=0.02 9 "
0  X=0.408 D=0.035 "

The broken line is Siddon and SchicK calculation. 
heavy continuous line was drawn as a guide to the eye

The
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TABLE D

^He on Argon Coated Grafoil phase Diagram Data

Coverage Fractional Areal Peak Slope
coverage x density temperature

0 - 2mmol A K

1. 300 0.093 0.00792 -
2.447 0.176 0.01492 1.95 2. 88
3. 588 0.257 0.02187 2.22 2.93
4. 742 0.340 0.02891 2.45 3.02
5. 685 0.408 0.03466 2.40 -
5.917 0.425 0.03607 - 2.97
6. 525 0. 468 0.03978 2.52
7.055 0.506 0.04301 2.54 3.37
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These measurements were done on two different amounts

of Argon coating. The purpose was to check how sensitive the

Helium film is on small changes of the amount of the under-
3lying Argon. Figures 37 to 41 show data for He on 288.0

3cm (STP) Argon ( adsorbed on Grafoil ), i.e: 0.8% less than

a monolayer. From here on, data taken on this substrate will

be referred to as data from the Argon under-coated Grafoil.
3 3Figures 42 to 44 show data for He on 304.0 cm (STP) Argon,

i.e: 4.8% more than the monolayer. This substrate shall be

referred to as ( usually ) Argon coated Grafoil. For
4comparison we note that the He data was taken on Argon

coating about 3% more than the monolayer ( see section 4.1 ).
3To facilitate identification of the He films studied in 

this work, table E is included with relevant information.

3The He data was taken using thermometers calibrated 

by others ( see section 2.2 ), who supplied us with tables 

of the (true) resistance vs temperature. Our method, there­

fore, of reversing the thermometer current to compensate 

for thermal EMF's at the various junctions along the evanohm 

wiring, could not be used due to the systematic errijr 

introduced, as explained in Appendix A. The current reversing 

program was therefore omitted then, instead the voltage 

across the thermometers with zero current was recorded 

every 1-2 hours, and the value subtracted from the thermo-
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3U He on

X (AR) 
X = 0 
D = 0 
n = 2

FIGURE 37

Argon Coated Grafoil Reduced Specific Heat

= 0.99 
14

0 _ 2 012 A
061 mmol
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FIGURE 38
3He on Argon Coated Grafoil Reduced Specific Heat

X (AR) = 0.99 
X = 0.27 
D = 0.024 A-2 
n = 3.876 mmol
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FIGURE 39
3He on Argon Coated Grafoil Reduced Specific Heat 

X(AR) = 0.99 

X = 0.40 

D = 0.035 A"2 

n = 5.688 mmol
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3U He on

X (AR) 
X = 0 
D = 0 
n - 7

FIGURE 40

Argon Coated Grafoil Reduced Specific Heat

= 0.99 
52

° - 2045 A
4 39 mmol
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3He on

X (AR) 
X = 0 
D = 0 
n = 9

FIGURE 41

Argon Coated Grafoil Reduced Specific Heat

= 0.99 
64

0 _ 2 056 A
176 mmol
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FIGURE 42
3He on Argon Coated Grafoil Reduced Specific Heat

X (AR) = 1.05 
+ f  X = 0.26 for T>3K

D * 0.023 A-2
I n  = 3.737 mmo1

. f  X = 0.27 for T^3K
1 D = 0.023 A-2
In = 3.837 mmol
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FIGURE 43
OHe on Argon Coated Grafoil Reduced Specific Heat

X (AR) = 1.05 
X - 0.52 
D = 0.045 A-2 
n = 7.441 mmol

The continuous line is the calculated desorption contribution 
(section 3.6), with E=61 K, plus a constant term equal to 0.6
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FIGURE 44

^He on Argon Coated Grafoil Reduced Specific Heat

X (AR) = 1.05 
X = 0.84 
D - 0.073 A-2 
n = 12.03 mmol

The continuous line is the calculated desorption contribution 
( sectiom 3.6 ),with E=61 K, plus a constant term equal to 0.4
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TABLE E
3Data He on Argon Coated Grafoil

Coverage Fractional Areal Argon Argon
coverage x density coating f rac t ii 

covera

mmo 1 I'2 cm3 (STP)

3.737 0.26 0.02278 304.0 1.05

3.837 0.27 0.02339 304.0 1.05

7. 441 0.52 0.04536 304.0 1.05

12.027 0. 84 0.07332 304. 0 1.05

2.061 0. 14 0.01256 288. 0 0.99

3. 876 0. 27 0.02363 288.0 0.99

5.688 0. 40 0.03467 288. 0 0.99

7.439 0.52 0.04535 288.0 0.99

9.176 0. 64 0.05594 288. 0 0.99
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meter readings with current on. This was considered 

sufficient because we assumed the cause of the EMF drift 

was the change of the liquid Helium level in the main 

bath, which would result in a monotonic drift of the 

EMF value. Nevertheless, oscillations of the EMF value 

were often observed. The result was an increased random 

error, as evidenced from figures 37-44.

3 ° -2The low density curves of He (D<0.035 A ) showed

maxima at about 3.5K with a maximum value of C/Nk 2.6 for
0 - 2the lowest density ( 0.012 A ). The maximum was just over

°  - 21 for the 0.035 A film. The maxima seemed to be more
3pronounced for the He on the Argon under-coated Grafoil. In

fact, comparison of the C/Nk for two common densities 
3indicated the He on Argon under-coated Grafoil values to be

3always larger than those of the He on Argon coated Grafoil.

“  -  2The higher density ( 0.045 and 0.073 A ) data for 

He on Argon coated Grafoil showed a rapid increase of C/Nk 

with temperature above 4.5 K, whereas in the case of the 

Argon under-coated Grafoil C/Nk reached a certain value
u - 2where it remained ( unfortunately the data for the 0.045 A 

film did not go beyond 3.5 K ).

No curves, except the one for the highest density,
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seemed to extrapolate back to the (0 ,0) point of the graphs. 

34.9. He Specific Heat Analysis

3To find out if He on Argon coated Grafoil behaves 

like a 2D virial gas, we plotted the (C/Nk-1)/D against

temperature for the three densities studied together with
( 6 9} 2 2 2Siddon and Schick’s calculated values for - 0  (d B / d0  ) .

The plot is shown in figure 45.

For temperatures larger than 3.75K the data for the
°  -  2lowest density ( 0.024 A ) agree with the calculated

values. They are not even close to the points from the other

two densities. On the contrary, these higher densities
°  -2( 0.045 and 0.073 A ) do not agree with the calculated

values at all, but seem to fall on one curve above 1.5K. The

sudden change above 5.OK is most likely due to desorption 

effects.

Figure 45 does not include data from the Argon under­

coated Grafoil for reasons of clarity. The resulting curves

do not exactly fall on the curves from the Argon coated

Grafoil, but follow the same trend, i.e: results from low 

density films look drastically different from the results
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3of the more dense He films. All curves cross each other 

at about 2.75 K.

4.10. Interpretations. Comparisons

(14)Following the suggestion given by Bretz et al

and Elgin and Goodstein^®^ we interpret the specific
°  - 2heat data of small areal densities ( 0.01 A and less ) 

for both isotopes as indicating localization of the adatoms 

on sites with unusually high binding energy. Surface 

heterogeneities can cause this behaviour. The adatoms are 

strongly bound to these adsorption sites, which exist on 

all real surfaces, as discussed in sections 4.4 and 3.5, 

and this does not allow lateral mobility, it was felt that 

by reducing the amount of the Argon coating the inhomo­

geneities of the Grafoil were not smoothed out as much and,

therefore, this localization persisted at higher densities,
°  - 2at least up to 0.035 A . In any case, this localization

3seemed to be unimportant at about 3.7 K according to the He 

data, the ^He measurements being inconclusive ( see fig. 26 ).

3At higher temperatures the He data suggests the 

formation of a 2D interacting gas.

As the density of the films increased, the behaviour
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FIGURE 45 
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of the two isotopes became quite different. At low
4temperatures the He seemed to form a 2D liquid. By 

this we mean a phase, which did not yield C/Nk values 

proportional to the square of the temperature, nor as 

expected for a 2D interacting gas. At high temperatures 

a transition to another phase was seen, most likely a 2D 

gas, but with specific heat not accounted for by the 

Siddon and S chi ck mo del. The transition temperature

increased with density reaching a maximum value of 2.55 K
0 _ 2 3at 0.040 A , as far as our data can suggest. The He

did not show such a transition at all.

The possibility of the difference in behaviour due to

the mass difference of the two isotopes has been discussed 
(97)by Novaco . He argued that the higher kinetic energy of 

3the lighter He adatom could be enough to overcome the 2D 

liquid weak binding. Using the results of theoretical^^^®^ 

calculations for the properties of the ground state of the 

adsorbed Helium ( with the substrate effects ignored ), 

N o v a c o ^ ^  calculated the specific heat of adsorbed ^He at 

x=0 .5 , including the effect of small surface heterogeneity. 

His calculated C/Nk values as a function of the temperature 

have the same dependence as our results, but the transition 

temperature is much less, about 0.8 K. This is so because the 

predicted stable phase was a 2D liquid with lateral binding
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°  -  2energy per atom about 0.61K and an areal density of 0.037 A 

( see reference 7 7 for example ). Our results do not disagree 

with the density, but suggest a binding energy at least three 

times as large.

It should be pointed out though, that the arguments 

just presented are by no means a complete and exhaustive 

comparison with the available literature of the properties 

of the 2D Helium. In fact, they are speculations rather than 

interpretations, as we know of no model calculations for 

Helium adsorbed on Grafoil coated with a monolayer of Argon.

( 89) (98)Hegde and Daunt studied the magnetic suscepti-
3bility of He films on Argon coated Grafoil by measuring the

nuclear magnetic resonance linewidth. His results for

coverages below x=0.40 indicated a 2D gas with the measured

susceptibility in fair agreement with the one calculated
(69)from Siddon and Schick model , although a small but 

systematic deviation was observed at low temperatures. The 

linewidths for x=0.60 and 0.80 were found to be indepedent 

of temperature suggesting either a liquid or a solid.

Crary and V i l c h e s ^ ^  measured the specific heat of 

Helium on Argon coated Grafoil. Their results are in good 

agreement with ours. The position of the specific heat peaks
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in the density vs temperature diagram is in excellent

agreement with our diagram. They calculated an exponent of

3.3 for the specific heat power law dependence for temperatures

below those of the peaks. However, the least dense film they
0 - 2studied, with an areal density of 0.009 A , also showed a

peak at 1.92K with C/Nk reaching a maximum value of 2.7
° - 2( compared to our smallest density film, 0.008 A , which
3did not show any peaks ). They only studied two He films 

with small densities and seemed to find a small peak at 

about 0.75K with C/Nk values reaching about 1.
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CHAPTER 5: SUGGESTIONS FOR FURTHER WORK

4In view of the He data it is felt it should be of 

interest to extend the specific heat measurements at lower 

temperatures as well as higher densities. Measurements at 

low temperatures will greatly help in deciding if the 

specific heat obeys a power or an exponential law, while 

measurements at higher densities will help to complete the 

phase diagram.

3In view of the He data it is also considered of 

interest to extend the specific heat measurements. At low 

temperatures the question of the possibility of a peak may 

give a more definitive answer. At even lower temperatures 

( below 0.3K ) the spin ordering may be seen.

In view of the difference of the specific heat of 

Helium on ( bare ) Grafoil and on Argon coated Grafoil it is 

considered of interest to investigate the effect of the 

Argon coating in greater detail,i.e: study the properties of 

the Helium as a function of the amount of the Argon coating 

in search of an even more uniform substrate.

In fact, detailed study of the Argon film per se should
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promote our understanding of the adsorption of the rare 

gases by Grafoil. Search for an Argon registered phase, 

the so called lattice gas phase, should be very rewarding.
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APPENDIX A

Figure 46 is the equivalent circuit diagram of 

the system measuring the resistance of the Germanium 

thermometers. The measured current IM was found by measuring 

the voltage Vg across the known resistor Rg , with the 

Digital Voltmeter ( DVM ):

R R„ R (2R+R )
IM = E/[ R +R + 2R + RL + R +2R+R 1s H x K

vs ■ V rsrh/(rs+rh>
Substituting the values of the resistances used ( see 

figure 46 ), one can see that the expression giving IM 

can be simplified, i.e:

a) 2R is negligible compared to the other terms, 

2R/Rk »2x 10"6, 2R/Rl =5*10-5 - 10"6

b) *A«VV ' V (1 + W  ' V a ' ex/rk + ••• >
-4This correction to R is less than 10 correctionx

to the whole denominator, and therefore, negligible.

c) R R„/(R +RU ) = R /(I + R„/Ru ) - R /1.01s H s H  S S H  s
The voltage Vg is then given by

ER /l.01
V =s R /l.01 + R + RS L  X

The voltage across the thermometer was also
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measured with the DVM, after it was amplified by the 

D.C. nV amplifier. That is, the DVM was disconnected from 

Rg and, therefore, the thermometer current 1 was slightly 

dif ferent:

R (2R+R )
I = E/[ Rs + 2R + Rl + ' 1 " E'<RE+Rs+Rx>

x K

V - E Rx (2R+ V  . E RA
x Rt+R +R * R + 2R+R., Rt+R +R R + R„.L s x  x K L x s  x K

The expressions for the voltages Vg and yield the

following equation, correct to better than 0 .01%

V R + R /1.01 . .. R R„ s L s .1.01 x K  ^
V RT + R R R +R„x L s s x K

from which R can be calculated. If one writes V ,, x s+
Vs , Vx+, Vx for the measured voltages as the current

alternates, the final equation is

V . - V RT+R /l.01 , ni .-1 s+ s- . L s .1.01 1__Rx V . - V RT + R R Rx+ x- L s s K

or, within 0.1%

R V , - VR s x+ x-
x 1.01 V . - Vs+ s —

The error of the heat capacity was a few per cent ( see 

section 4.5 ), and the last formula was found adequate.

The measured voltage Vx was not always the voltage 

across the thermometer. Depending on thermometer, temperature
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and thermometer current, It would take as much as 15 sec 

for the Keithley nV amplifier to read the correct voltage. 

But, the unit time was set at 7 sec ( see section 2.8 ).

The effect of this 'clipping' became very obvious at 

temperatures below 0.4 K ( see figure 4 ). By varying the 

unit time from 3 to 40 sec, it was found that the error 

in temperature due to the 'cliiping' was about 0 .1% at

0.5 K and less than 0.01% at 4.2 K. In any case, this was a 

systematic error and thermometers calibrated with this 

system were not affected by the clipping at all, as it 

was reproducible better than 0.01%.

Figure 47 is the equivalent circuit diagram of the

system measuring the power dissipated in the sample heater

R^. The heating period was varying from 4 to 8 unit times,

i.e: 27 to 56 sec. During the first two unit times, the

DVM measured V , the voltage across the heater, then it

was connected across the standard resistor R to measures

Vs, the heater 'current':W 2R)
R +R..+2R R (1-r. )v „ F_______x__H_________  „ x 1

x R (R +2R) a Rt +2R+R +R
R +2R+R Ib X .?|.b  L S XL s R +2R+R,,x H

where r,=R /R =l.lx10 The 1-r, factor was not included 1 x H 1
in the denominator being a negligible correction.



FIGURE 46 

Temperature Measurement Circuit
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E

|  In Crvos tftt  __     I

R = 10 Mfl, DVM Input Impedance ( figure 9, section 2.8 )H
R = 30 M J2, D.C. nV amp. input impedance ( figure 9 )K
R =0.1 M ft, standard resistor ( R in figure 13 ) s st
R = 1.5 - 50 Mft, current limiter ( RT1-RT9 in figure 13 )
E = 12.6 V ( El in figure 13 )
R = 0.10 - 5.0 Kft, thermometer resistance ( fig. 4 and 5 ) x
R = 25 £2, evanohm wiring resistance
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Sample Heater

FIGURE 47 

Power Measurement Circuit
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------1I------

E

In Cryostat

Ry = 10 Mft, DVM input impedance ( figure 9, section 2.8 )
Rg = 10 Kft, standard resistor ( RSH in figure 13 )
R = 10 - 300 Kft, current limiter ( RH1 - RH8 in figure 13 )

L i

E = 12.6 V ( E2 in figure 13 )
R = 2 5  S2, evanohm wiring resistance
Rx = 1100 £2, heater resistance ( evanohm )
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E Rt + 2R+R (l-r„)+R L s 2 x

During measurement of the the power dissipated 
2in the heater was ^ x ^ x » while during measurements of

2 2the V the power was V R / [R (l-r9)] . The energy, therefore,S S X S £m

given into the sample was

O' ■ ViX + t2VsVt*s(1-r2>>2
with t^, the time the DVM was connected across the 

heater and the standard resistor, respectively. However, 

the calculated energy was:

Q ' (tl+t2 > V x /[ Rs(1-r2> 1
The difference of Q 1 and Q was estimated to be about

0.05% for the maximum heater current ( R^=10 Kfi ), and 

the formula used was, therefore, considered adequate.

R Ru s H
R +R 

v 3 Hs R R„
R +2R+R + SL x R +R„s H

where r2=Rs/RH®10
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APPENDIX B

To calibrate the thermometers, a platform was mounted

at the Mixing Chamber instead of the calorimeter. It

was made of Oxygen Free High Conductivity Copper. It

consisted of three parts. The platform body, where three
3thermometer holders and a 0.2 cm vapour pressure bulb 

were silver soldered. An OFHC Copper cylinder, where the 

thermometer leads were thermally anchored ( the same way 

they were anchored on the calorimeter body, section 2.3 ).

And a magnetic thermometer, as described by Harley et al^^*^

In the temperature range of 2.3 to 4.2 K, the thermo­

meters were calibrated against the vapour pressure of

^ H e ^ ^ ^  . In the range of 0.7 to 3.0 K, against the vapour 
3 (102)pressure of He . To verify the presence of liquid

in the pressure bulb at high pressures, some amount of

the test gas was occasionally pumped. The pressure was
(47)measured with a Ruska pressure counter, model XR-38,

and corrected for thermomolecular effects according to 

the Weber-Schmidt equation . The combined ( random ) 

errors of the pressure and resistance measurements, were 

estimated to result in a temperature error of ± 0 .2% at 

the limits of the calibration range, and less than 0 .1%
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in the range 1.0 - 1.5 K.

Cerium Magnesium Nitrate ( CMN ) has been extensively 

used as the material for magnetic thermometers designed 

to be sensitive in the temperature range of 0.1 to 1.0 K.

It is a paramagnetic salt obeying Curie's law down to the 

mK region. Betts et al^^"^ showed that if the inductance 

of a tuned circuit encloses a paramagnetic salt, the change 

of the susceptibility due to a temperature change, will 

cause a frequency shift:

f - f o____ a
f To

where f is the high temperature ( T-*50 ) frequency and a 

is a constant. Thus, one converts a temperature measurement 

to frequency measurement. Oscillations can be set up and 

maintained by a properly biased tunnel diode. The theory 

of such an oscillator has been given by Boghosian et a l ^ ^ ^

The magnetic thermometer used was designed to be 

similar to the one described in a paper by Harley et a l ^ ^ ^  

except that the oscillator section was mounted in the 

4.2 K bath, instead the 1.0 K pot. The operating frequency

was 1.0 MHz. The signal was amplified by a Hewlett-Packard

461A amplifier and the frequency measured by a Hewlett- 

Packard 50 MHz Universal Counter, model 5302A. The constant
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a was 0.55 mK. This means a sensitivity of 0.5 Hz/mK at

1.0 K, and 5 Hz/mK at 0.1 K. Given that the frequency 

stability was about 2-3 Hz the error in Af=fQ-f was about

0.1%. The temperature error in the range of 0.3 to 0.7 K 

was estimated to be about 0 .2%.
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APPENDIX C

I. Langmuir^^ derived an adsorption isotherm 

for the solid-gas system using arguments of the kinetic 

theory of gases, i.e.* treating the adsorption as a dynamic 

process. The solid was assumed to provide identical sites 

able to accomodate only one adatom, and the adatoms were 

assumed localized with their energies independent of the 

occupancy of the neighbouring sites. The form of the 

isotherm is the following:

m a
where P is the pressure of the gas phase, N the numberd
of the adsorbed atoms, N the number of the availablem
sites, x=N /N and b a constant, function of the temperature a m
only:

f (Tl
b = ]3/2.kT- fS^T) • exp ( -q/kT )

h a

with m the mass of the adatoms, k Boltzmann's constant,

h Planck's constant, T the temperature, f ,f the internalg a
partition functions of the atoms in the gas and adsorbed 

phase respectively, and q the energy difference of the 

ground states of the gas and adsorbed phases (i.e: qst).

The value of b was found when statistical mechanics
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was used to derive the Langmuir equation. Furthemore, 

these derivations made clear that the condition for the 

Langmuir equation to be obeyed, is b to be a c o n s t a n t ^ ^ ^

( independent of coverage ), and the original assumptions 

of surface uniformity and absence of adatom-adatom 

interaction were very restrictive. For b to be constant, 

which implies q constant, on a real surface, all one needs 

is compensating effects ( see section 3.5 ).

The assumption of a single layer adsorption remains 

unrealistic for physisorbed systems, which tend to form 

multilayer films. However, at low pressures, i.e: at 

submonolayer coverages, the Langmuir equation is considered 

a good approximation Plots of our adsorption data

according to this equation ( i.e: P/N vs P ), did not 

yield straight lines, but the limit of the slope, at low 

pressures, indicated monolayers in fair agreement (within 

15%) with the values found by using the point ’B' method 

( see section 3.2 ).

( 59)The BET equation is essentially an extension

of the Langmuir equation, allowing for multilayer adsorption. 

With the assumption that adatoms are adsorbed at the top 

of other adatoms, and that the isosteric heat of the 

second layer and above, is equal to the heat of lique­
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faction ( or solidification ), one can derive the following 

form for the isotherm:

CNmP
Na = (PQ-P)f 1 - (C-l)P/PQ ]

with Pq the condensation pressure of the gas phase at

the temperature of the isotherm, and C a constant that
u (105) is given by :

F -F
C = exp [ ---- -----  ]

where Fq the free energy of the first layer ( per adatom ), 

and F the energy of condensation.Li

The assumptions of the BET model are many and 

unrealistic, and much criticism has been r a i s e d ^ ^ ^  .

The BET theory, however, has very succesfully explained 

almost all isotherms of physisorption, ard yielded 

reasonable values for the physical quantities involved, 

specially the monolayer coverage. It's success lies in 

the fact that all original assumptions are not necessary.

As in the case of the Langmuir equation, The BET equation 

should be obeyed if C is independent of coverage, i.e: 

the effect of surface non-uniformity is compensated 

for by adatom-adatom interaction. So, it will fail 

for adsorption on a uniform surface ( unless the adatom 

interaction is negligible ). Furthermore, it can not
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explain isotherms with breaks corresponding to 2D phase 

changes(105) .
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