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AC Microcalorimetry of Adsorbates on Evaporated Metal Films:
Orientational Ordering of Hydrogen Multilayers

by
Robert Bloss Phelps

Abstract

We have improved and extended a novel ac calorimetric technique for
measuring the heat capacity of adsorbates on evaporated metal films. Metallic
substrates are of particular interest in current studies of the thermodynamics
of adsorbed molecules. The method described in the present work is the only
calorimetric technique which allows measurements of molecules on simple
metallic surfaces. Among other improvements, we have achieved significant
progress in the preparation and characterization of the evaporated metal film.

We have applied this novel technique to a study of hydrogen
multilayers on gold and sapphire substrates. We have shown that samples of
normal-hydrogen with a nominal coverage n of approximately 25
monolayers (ML) undergo a bulk-like orientational ordering transition. The
transition is suppressed as the coverage is decreased, and no sign of the
transition remains above 1.6 K for n = 1 ML. For n § 8 ML, the peak in the
heat capacity exhibits signs of finite-size effects. At higher coverages, finite-
size effects are not observed, and the shape of the peak depends strongly on
the substrate. We conclude that the peak is inhomogeneously broadened for
nz 8 ML. This work represents the first measurements of the heat capacity
due to orientational ordering in adsorbed hydrogen.

The results of an earlier experiment involving vibrational spectroscopy
of adsorbed molecules are included in the Appendix. In this work, we have
used infrared emission spectroscopy to study the spectral region in the
vicinity of the C=O stretch vibration of bridge-bonded CO on Pt(111). Our
results, which have been confirmed by subsequent measurements, show a
single line only at 1849 cm~=1. These results are in qualitative disagreement
with those from an earlier study by Hayden and Bradshaw, who observed two
lines in this region. The results of the present work strongly suggest that the
double line observed by Hayden and Bradshaw was due to residual defects in
their substrate.
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1. Introduction and Survey

1.1 Introduction

Interest in the thermodynamics of physisorbed molecules has greatly
expanded in recent years. The growth of the field has been stimulated by
significant improvements in experimental techniques, and by wide-spread
interest in the properties of two-dimensional (2D) systems. Physisorbed
monolayers represent an important testing ground for recent theories of
ordering in 2D systems, while multilayers provide opportunities for
exploring the transition from 2D to 3D behavior. Finally, studies of
physisorbed systems complement “hose on chemisorbed systems. The
relatively simple van der Waals bonding in the former is somewhat easier to
model theoretically, while an understar‘\ding of the stronger, chemical bonds
of the latter forms the foundation of applied fields such as catalysis.

To present the motivation for the present work, we will begin with a
survey of previous measurements of the heat capacity of physisorbed systems.
The aim of the survey will be to introduce the reader to the traditional
techniques for making such measurements and to highlight important issues
in the field through the use of selected examples, rather than to provide a
comprehensive review. Following an introduction to the conventional
experimental methods, we will discuss previous measurements of
monolayers and multilayers adsorbed on graphite, the substrate for which the
greatest amount of data is available. Next, we will discuss the need for
alternative substrates. We will demonstrate that the present ac calorimetric
technique, which allows surface heat capacity measurements on evaporated
metal films for the first time, provides a means for separating out of the large
body of past results those which are specific to a particular substrate from
those which have a more universal character. Finally, to illustrate the power
of the new technique, we will discuss measurements of the heat capacity of
4He/ Ag.

1.2 Conventienal Methods for Measuring Heat Capacity of Adsorbates

The great majority of all measurements on physisorbed systems have
been performed on exfoliated graphite. The primary reason for the popularity
of graphite is its outstanding homogeneity.! An ideal (i.e., perfectly
homogeneous) substrate would have only one type of site to which adsorbates



could bind. On real substrates, some fraction of the total number of sites will
have special characteristics because of their proximity to various defects:
edges of crystallites, steps, vacancies, chemical impurities, etc. Often, the
binding energy of such sites will be higher than at other locations on the
surface. Heterogeneity is expected, therefore, to be particularly problematic at
low coverageé when adsorption at special sites may dominate the system. Yet,
it often has a profound impact at higher coverages as well; sharp phase
transitions are broadened when defects interfere with the interactions of
neighburing adsorbates, thereby breaking the adsorbed layer into a patchwork
of smaller, locally coherent regions.? It has even been suggested that the
growth of multilayers is influenced by heterogeneity of the substrate.?

The figure of merit used to characterize the homogeneity of the
substrate is the average, linear dimension of the domains within which
adsorption is observed to be uniform. Domains can be determined by steps as
small as a single atom in height. Hence, they tend to be smaller than the size
of a typical crystallite. Thermodynamic measurements, especially adsorption
isotherms,? are frequently used as qualitative, yet sensitive gauges of substrate
homogeneity.5 Early measurements demonstrated that a commercially
available, recompressed form of exfoliated graphite known as Grafoil
possessed homogeneity which was clearly superior to that of several other
types of substrates which had been investfgated. It was later discovered that
exfoliated graphite which was carefully prepared and not recompressed had
domains which were larger than those of Grafoil by an order of magnitude or
more. Direct measurements of domain size are made by means of x-ray or
neutron diffraction from an adsorbed monolayer. Typical values for various
types of exfoliated graphite range from 150 A for Grafoil to 2000 A for ZYX
graphite.® The availability of products with such superior homogeneity gave
rise to the current position of graphite as the standard substrate for
measurements of physisorbed systems. Phase diagrams for many adsorbates
on graphite, including all the noble gases, have been mapped in great detail.
Interesting new phases and phase transitions have been discovered, some of
which will be discussed in the following section. The first observation of an
ideul 2D classical gas (with a temperature-independent specific heat C/Nkp =
1) was in the system He/graphite. The observation of this phase was
attributed to the homogeneity of the physisorption potential of this system.”



Despite the many successes achieved with graphite, considerable effort
has been directed toward the development of alternative substrates. The
motivation for this effort is based on the observation that the strength and
unusually large corrugation of the adsorption potential on graphite have a
significant (and sometimes dominant) effect on the properties of the adsorbed
system. The term corrugation refers to the periodic variation of the
physisorption potential as a function of lateral displacement along the
surface. (It is the corrugation which gives rise to commensurate or registered
phases.) We will return to these issues in sections 1.3 and 1.5.

Before discussing the heat capacity results which have been obtained
with graphite substrates, we present a brief outline of the typical experimental
procedures used for these measurements.” Fig. 1.1 shows a schematic
diagram of the experimental apparatus. Grafoil sheets are first baked in
vacuum at temperatures near 750°C for several hours and purged with pure
helium gas to remove impurities. Disks cut from these sheets are coated with
a thin Cu film and stacked in a Cu container separated by fine Cu powder.
The total surface area of the graphite is ~200 m2. The cell is then heated to
~1000°C in vacuum to sinter the disks to each other and to the wall of the
container. This procedure is necessary to compensate for graphite's poor
thermal conductivity. The container is sealed, fitted with a filling line, and
mounted above a cryostat. The filling line leads to a gas handling system
equipped with calibrated volumes and a capacitance manometer for
measuring the pressure of the vapor above the adsorbed film.

The heat capacity of the empty cell is measured by adding a known
amount of heat in a cingle pulse and measuring the increase in the
temperature. Gas is then added incrementally, and the cell is left to
equilibrate overnight. After re-measurement and subtraction, the heat
capacity of the adsorbate is obtained. Coverages can be calculated from a
knowledge of the volume of gas admitted to the cell and the value of the
residual pressure of the vapor after adsorption is completed. Adsorption
isotherms are performed by measuring the quantity of gas adsorbed as a
function of the 3D vapor pressure. The pressure is measured at room
temperature after the cell has reached internal thermal equilibrium. For
further details of the procedure, we refer the reader to Ref. 7.
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Figure 1.1  Schematic diagram of a typical cell used in adiabatic
measurements of the heat capacity of adsorbed molecules. (From Bretz et al.”)



1.3 Monolayers Adsorbed on Graphite

In this section we discuss phenomena of particular interest in the
monolayer and submonolayer regimes, using previous data for noble gases
adsorbed on graphite to clarify the central concepts. We begin with the phase
diagram for 4He/graphite shown in Fig. 1.2a and the contour plot of specific
heat measurements for the same system shown in Fig. 1.2b.310 Similar phase
diagrams are observed for the other adsorbates for which quanttm
mechanical zero-point energy is important (Hy, Dy, etc.). The broad plateau
in Fig. 1.2b for which C/Nkp = 1 corresponds to the nearly ideal 2I) gas
mentioned in the previous secticn. For coverages between 0.025 and 0.048
A-2 and temperatures above 2 K, the upward deviations of the data from the
ideal gas result agree with predictions of a theory based on quantum virial

coefficient effects.!!

The agreement between theory and experiment breaks
down at lower temperatures. Near 1.5 K, the theory predicts a divergence in
the specific heat, but the 4He data exhibit rounded peaks. The peaks are due to
condensation of the gas into a commensurate phase which coexists with the
gas at low temperature.12 The data for 3He, which are otherwise similar to
those of 4He above 1 K, exhibit different behavior in this coverage range. The
quantum virial coefficient ccrrections for fermions cause the heat capacity to
deviate downwards from C = Nkp. The 3He data agree well with these
calculations at temperatures as low as 1 K.

Subsequent analysis showed that three other effects contribute to the
specific heat of the 2D gas: heterogeneity of the substrate, band structure in
the energy levels of the adsorbate, and excitation of vibrations perpendicular
to the surface.!®> The effects of heterogeneity w=re first removed from the data
by means of a model for the distribution of binding energies on the surface.
The data were then compared with a model for the band structure effects.

The latter arise from the motion of the adatom through the periodically
varying adsorption potential. Hence, they reflect the large corrugation of this
potential for 4He/graphite. The vibrations normal to the substrate contribute
to the specific heat at temperatures above ~5 K.?

The most dramatic consequence of the corrugation is the
commensurate (3 x V/3) phase observed at coverages from ~0.05 to ~0.07 A-2,
This phase, identified as a commensurate solid (CS) in Fig. 1.2a, is also known
as a lattice-gas or registered phase.l9 The 4He atoms are localized on top of
hexagons formed by the graphite lattice, as shown in Fig. 1.3. The CS phase
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Figure 1.2 a) Phase diagram of 4He/graphite for coverages up to one
monolayer. (From Campbell and Bretz.3) b) Contours of constant specific
heat for 4He/graphite in a comparable range of coverage and temperature.
(From Elgin and Goodstein.?)



The V3 x /3 structure of 4He/ graphite. (From Dash.!?)

Figure 1.3



undergoes an order-disorder transition near 3 K, yielding sharp, strong peaks
in the specific heat.2 The critical exponent o for these peaks is found to be in
good agi‘eement with the predictions of three-state Potts models.4 15

| At still higher coverages, the number of 4He atoms exceeds the number
of sites available in the 3 x \/3 structure, and an incommensurate solid (IC)
phase is formed. The melting line of this phase gives rise to the prominent
ridge running along the top of the contour plot in Fig. 1.2b. The formation of
this phase indicates that the dominant interactions in this coverage range are
- those between the atoms in the adsorbed layer, and this observation has
prompted comparisons of the specific heat data with recent novel predictions
for the melting of 2D solids.

Theories of 2D melting can be divided into two groups: those which
predict a first-order transition (as is seen in 3D melting), and those which are
based on the work of Kosterlitz, Thouless, Halperin, Nelson, and Young
(KTHNY).!® The latter predict a two-stage melting process consisting of two
continuous transitions with an intermediate, hexatic phase. At the first
transition (T = Tpy), positional order is lost but bond-orientational order is
maintained. In the hexatic phase, the system has six-fold symmetry and
behaves like an anisotropic liquid. At the second transition (T = T;), bond-
orientational order is also destroyed, and the liquid becomes isotropic. The
transitions are marked by abrupt changes in certain elastic constants, and by
changes in the positional and bond-orientational correlations of the adsorbed
molecules. The latter are observable with x-ray diffraction.

The specific heat is expected to be smooth at Ty, and Tj, but will have a
maximum above each of these transition temperatures. It was originally
thought that these maxima would be rounded, reflecting a gradual loss of
order. It has recently been shown that the width and height of the maxima
can vary considerably depending on the details of the model.!® For this
reason, it is believed to be difficult to distinguish between a first-order
transition and certain types of continuous transitions predicted by KTHNY on
the basis of specific heat data alone. The challenge becomes even greater if the
first-order transition is broadened by the effects of heterogeneity.

The case of 4He/graphite provides a clear example of the sort of
difficulty just described. Hurlbut and Dash!8 (HD) studied the melting
transition of 4He submonolayers in the IC phase through measurements of
the 2D pressure ¢. The 2D pressure, also known as the spreading pressure, is



defined as -(dF/0A)t,y. This definition is in analogy with that of the usual
3D pressure, P = -(0F/dV)T,A. In these definitions, F, T, V, and A represent
the free energy, temperature, volume, and area, respectively, of the adsorbed
film in equilibrium with its 3D vapor.!® The derivative (9¢/9T) at constant
density is equivalent to the specific heat,'® making it possible to draw |
comparisons between the work of HD and models of 2D melting.

Hurlbut and Dash found the transition to be broadened by effects due to
heterogeneity. Through deconvolution of these effects, the intrinsic width
AT/T was determined to be less than or equal to 0.04. The authors concluded
that this width was too narrow to be explained by theories of continuous
melting. Strandburg et al.20 argued, however, that simulationé of the
Laplacian roughening model of continuous melting"}?ield widths as narrow as
0.02. They concluded (and HD subsequently agreed?!) that the data of HD are
‘consistent with a continuous transition.

The melting of Xe monolayers has also attracted considerable attention.

2223 and several X-ray diffraction

Thermodynamic measurements
studies?4-2?

to continuous melting near a coverage of one monolayer. The x-ray

of Xe/graphite provided evidence of a crossover from first-order

diffraction measurements also detected six-fold symmetry in the uverlayer
above the melting temperature. The observation of six-fold symmetry was
consistent with the hexatic phase predicted by KTHNY, but it was also
consistent with the six-fold symmetry of the corrugation of the substrate.
Rosenbaum et al.?8 analyzed the diffraction data and determined that the
corrugation needed to explain the data is three orders of magnitude larger
than the accepted value. Hence, they concluded that the hexatic phase had
been observed.

Measurements by Greiser et al.3? confirmed the conclusions reached in
the previous studies. They repeated the x-ray diffraction measurements
using Ag(111) as the substrate. The corrugation for Xe/Ag(111) is predicted to
be ar: order of magnitude smaller than that of Xe/graphite. (See, however,
the discussion of corrugation in section 1.5.) Despite the difference in
corrugation, the diffraction results were essentially the same as those in the
earlier work. The similarity of the results on two very different substrates
was interpreted as providing strong evidence for the existence of an hexatic
phase in melted Xe monolayers.
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Recently, these contlusionré have been called into question by the
precise thermod}mam‘ic /ﬁeasurééménts of Jin et al3! These authors
measured the isothermal compi'gessibility KT, where K1 = (1/n2)(dn/ou). Both
the coverage n and the chemical potential | can be determined from the
known quantity of gas admitted to the cell and the resulting pressure of the
3D vapor in equilibrium,’ They found peaks in KT much sharper than those
measured previously, and they also observed very sharp peaks in the specific
heat (AT/T 5 0.01).” These results were found to be incompatible with the
predictions of KTHNY, and the authors concluded that the melting transition
is first-order at all Xe coverages. They also cited a series of computer
simulations which support their conclusions.

In summary, we have seen that the phases observed in adsorbed
monolayers are quite varied, including nearly ideal 2D gases, commensurate
solids, and incommensurate solids. The melting transition of the
incommensurate solids is still highly controversial, but the experimental
evidence against KTHNY seems to outweigh that in its favor.32 Finally, we
note that important information about the influence of corrugation can be

gained through the use of weakly corrugated, metallic substrates.

1.4 Multilayers

Adsorbed multilayers constitute the transition between monolayers
and bulk matter. We shall consider three topics of interest in the study of
physisorbed multilayers: wetting, surface melting, and surface roughening.

Wetting refers to the manner in which the multilayer covers the
substrate as it grows in thickness. If a uniform film covers the substrate,
coexisting with the bulk phase only at infinite thickness, the film is said to be
completely wet. This behavior is also known as "type-1," or Frank-van der
Merwe growth. If coexistence with the bulk occurs at a finite thickness of the
film, the wetting is said to be incomplete. This mode is known as "type~2,"
or Stranski-Krastanov growth.33 3% Wetting has been studied by several
experimental techniques, including electron diffraction,3> 36
ellipsometry,37' 38 and microbalance techniques.39' 40 Type-2 growth is
usually observed for solid multilayers.

The reason for the prevalence of type-2 growth is understood as
follows.?® If the adsorbate-substrate binding energy u is weak compared to

the cohesive energy of the bulk adsorbate hy, the growth of the bulk phase




11
will be favored. If uj/hg > 1, the first few monolayers adsorbed on the
calorimeter are compressed to densities which are higher than that of the
bulk. This compression causes structural mismatch between the first few
monolayers and succeeding ones, which again yields incomplete wetting.
Complete wetting occurs only for those few combinations of substrate and
adsorbate for which uj/hg = 1. The adsorbates known to wet graphite
completely are Xe, Kr, and Ar.

Many adsorbates for which uq/hg > 1 exhibit type-2 growth at low
temperature but undergo a wetting transition to type-1 growth at a wetting
temperature Ty, Frequently, this transition occurs at the triple point, and the
film is said to display "triple-point wetting." The usual interpretation of this
behavior is that the melting of the bulk phase at the triple point eliminates
the structural mismatch between bulk and film which limits wetting at lower
temperatures. Triple point wetting is observed for most adsorbates on Ay, a
relatively weak-binding substrate.3? It has also been suggested that
heterogeneity of the substrate may induce triple point wetting.® In this case,
the limit on wetting is imposed by polycrystalline growth of the adsorbate at
nucleation sites on the substrate. Energy costs associated with grain
boundaries rise as the film grows in thickness, ensuring a crossover to growth
of the bulk phase at some finite thickness.

The wetting properties of 4He and 3He are not in accord with the
simple picture described above.3¥ 40 Adsorbed He multilayers are always in
the limit u;/hg > 1, since the attractive interactions between He molecules
are extremely weak. At the same time, the coexisting bulk phases are liquid,
which excludes the possibility of structural mismatch. Thus, complete
wetting is expected, but measurements of normal He films show the opposite
behavior. Complete wetting is observed ohly for superfluid 4He. The origin
of this behavior has not been explained.

Surface melting and surface roughening are two distinct but related
mechanisms by which the surface of bulk solids in thermal equilibrium can
become disordered at temperatures below the bulk melting temperature
TM.37' 41 gurface melting involves the formation of a mobile "quasiliquid"
layer whose thickness increases with temperature, diverging as T approaches
Tm. Surface roughening occurs through a proliferation of vacancies and
adatoms on an otherwise smooth atomic plane. As the temperature
increases, clusters of defects form, increase in size, and acquire their own
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adatoms and vacancies. As T approaches the roughening temperature TR, the
characteristic size of the clusters diverges, and the surface of the crystal no
longer conforms to a particular crystalline plane.

Both of these processes are manifest in the behavior of uniform
multilayer films. Fig. 1.4 shows a set of measurements of the specific heat of
Ar/graphite.42 The curves (a) through (i) correspond to thicknesses from 10.4
to 3.6 monolayers (ML), respectively. The prominent peak in curve (a)
corresponds to the melting of the film as a whole, and its temperature
approaches the triple point temperature as the thickness increases. It is the
equivalent of the usual bulk melting peak at infinite thickness. This peak is
slightly asymmetric, with the approach from the low-temperature side being
somewhat more gradual. (The asymmetry becomes obvious for still greater
thicknesses.) This asymmetry is attributed to surface melting occurring at
temperatures just below that of the main peak. The anomalies located near
68 K represent order-disorder transitions in the thin films which evolve to a
roughening transition in the thick films. In films up to ~7 MI, the
disordering is restricted to steps which are only a single layer in height. If the
system is at the critical density for such a transition, a sharp, cusp-like
anomaly is observed, as seen in curves (i) and f). For thicker films, steps with
varying heights may form, the anomalies become weaker and more rounded,
and the transition tends toward the bulk roughening transition.

1.5 Metallic Substrates—-Motivation for Present Work

The influence of the substrate on the behavior of physisorbed systems
has been a persistent theme in the preceding sections. We have seen that
parameters such as corrugation, binding energy, and heterogeneity play a key
role in shaping the properties of the adsorbate. Effects due to the substrate
must always be considered, even in the case of incommensurate overlayers.

In view of the significant influence of the substrate, measurements on
different types of substrates are particularly valuable. Comparison of results
on a variety of substrates allows substrate-induced effects to be distinguished
from behavior intrinsic to the adsorbate. As discussed in section 1.3, a
comparison of this type provided important support for arguments favoring
KTHNY melting of Xe monolayers.30

Metallic substrates have been recognized by many workers as an
important alternative to graphite. One major difference between metals and
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Figure 1.4 The specific heat of Ar/graphite for coverages from 10.4 M. for
sample (a) to 3.6 ML for sample (i). The prominent peak near 83 K is due to
the melting of the entire film. The features labelled by numbers (n) arise
from the melting of the nth monolayer. The anomaly near 68 K is due to an
order-disorder transition, as discussed in the text. (From Zhu and Dash.4?)
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graphite is the strength of the bond to the adsorbate. The binding energy of
4He on transition metals is a factor 2-3 lower than that on graphite. On the
alkali metals, the reduction is a factor of 10-100.43 It has recently been
proposed that 4He may exhibit unusual properties on weak-binding
substrates. The first 1-2 monolayers of 4He are known to solidify on most
substrates.33 However, Cheng et al# have predicted condensation into a
liquid monolayer for adsorption on the alkali metals. Cheng and Cole*> have
also proposed a model in which weak binding energies result in
- delocalization of the 4He atoms in the direction normal to the substrate. This
delocalization weakens the 4He - 4He interactions. For very weak binding,
they propose that a weakly interacting Bos:: gas may be formed.

The corrugation of the adsorption potential is also expected to be
smaller on metals than on graphite. The corrugation for rare gases adsorbed
on close-packed metal surfaces is estimated to be one-tenth as large as that
on graphite on the basis of 4He diffraction data. Kern has questioned the
applicability of such estimates for heavier gases such as Xe46 He argues that
the diffraction studies nieasure the corrugation of the repulsive part of the
potential, not the corrugation of the bottom of the well, where the heavy
gases are bound. His estimate for the corrugation of Xe/Ag(111) is
considerably closer to that of Xe/graphite. The model he uses has been
criticized, however, for failing to accurately predict experimental observations
for Kr/graphite and Ny/ graphite 47 Despite the disagreements concerning the
heavy rare gases, there seems to be general agreement that the corrugation for
adsorbates such as 4He is much less on metals than on graphite.48

There have been several experimental studies on metallic substrates,
including x-ray diffraction,3% quartz-crystal microbalance

measurements,ss' 39

and a study using a surface plasmon resonance
technique.*? Uniformity of the adsorption potential comparable to that of
Grafoil has been achieved for evaporated metal films. Domains of uniform
adsorption have been shown to be as large as 200 A for polycrystalline Ag and
Au films with (111) oriented crystallites.33

Until the introduction of the present technique, however, surface heat
capacity measurements on simple metallic surfaces were not possible. One
obstacle to such measurements is the relatively large specific heat of metals at
low temperatures. The heat capacity of all crystalline solids possesses a

contribution Cph due to excitation of phonons.50 For temperatures T «< O,



where © is the Debye temperature, Cph = 234 Nkp (T/®)3. The value of © is
typically of the order of 102 K. For nonmetals, Cp, is often the dominant
contribution to the heat capacity, resulting in low heat capacities at LHe
temperatures. The heat capacity of metals, however, also possesses an
electronic contribution®! Cg) =~ (12/2) Nkg (T/TF), where Ty is the Fermi
temperature and is of order 104 K. Because of its linear dependence on T, Cg|
becomes the dominant contribution to the total heat capacity at sufficiently
low temperatures. For Ag, Ce| = Cph at 4 K. Thus, the sensitivity of surface
heat capacity measurements on metallic single crystals would be limited by
the large heat capacity of the substrate. A possible solution to this problem is
to use powdered metallic substrates with a large surface area-to-volume
ratio, in imitation of the traditional techniques for graphite. Such substrates
would very likely display considerable heterogeneity, however, due to the
multiplicity of crystallite orientations exposed and the difficulty of cleaning
the surface.

' Our approach is to evaporate a metallic film with a thickness of 500-
1000 A on a dielectric substrate with low heat capacity. The heat capacity of
such a structure is low enough that small fractions of a monolayer of 4He or
Hj can be measured, yet the adsorption surface can be made smooth and
relatively homogeneous. Any metal which can be evaporated in ultra-high
vacuum can be used to coat the substrate. This technique allows us to
measure the heat capacity of adsorbates on weak-binding, weakly corrugated
substrates for the first time. As we have discussed, measurements on such
substrates are likely to yield novel results, and to offer new perspectives on
previous results.

The first measurements made with this new technique do, in fact,
contrast sharply with previous results on graphite.’? Fig. 1.5 shows
measurements of the heat capacity of various exposures of 4He on Ag. The
heat capacity is independent of temperature for low exposures. This result is
consistent with the nearly ideal 2D gas which is observed on graphite over a
broad range of temperature and coverage. For higher exposures, however,
the data for 4He/Ag decrease at low temperature. As Fig. 1.2b shows, the
specific heat of 4He/graphite increases at low temperature for most
submonolayer coverages. The most prominent features of Fig. 1.2b, all of
which are associated with various solid phases, do not appear in the data for

15
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Figure 1.5

coverages shown at right. (From Kenny and Richards.52)

Heat capacity for several exposures of 4He adsorbed on Ag. The
solid lines show the heat capacity of a noninteracting 2D Bose gas for the



17
4He/Ag. This absence of these features makes this study the first to

demonstrate the absence of solidification for 4He monolayers.

| Furthermore, it was found that the 4He/Ag data could be fit by a simple
model of a non-interacting 2D Bose gas, as shown by the solid lines in Fig.
1.5. ;,The coverage was the only adjustable parameter in the model. The high
temperature limit of the solid curves is independent of temperature for all
coverages. In this limit, the Bose gas behaves as an ideal classical 2D gas with

- C/Nkp = 1. The success of this simple model confirms the expectation that
metallic substrates offer opportunities for exploring fundamentally new areas
“of research.

Hydrogen was chosen as the next system for study. Results for Hp form
the focus of Chapter 3. Both 4He and Hj are light molecules. Hence, both
exhibit large effects due to quantum mechanical zero point motion. There are
two forms of H which differ significantly in their thermodynamic behavior
at low temperatures. Para-Hj (p-Hj) is spherically symmetric and is more
similar to 4He. Ortho-Hj (0-Hj) is asymmetric and possesses an electric
quadrupole moment. The phase diagram for monolayers of p-H is similar
to that of 4He, but the phase boundaries are scaled upward in temperature by a
factor of four. It is clearly of significant interest to see whether the dramatic
differences between 4He/Ag and 4He/graphite hold for Hj as well.
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2. Apparatus and Procedures

2.1 Introduction :

This chapter describes the apparatus and techniques used to measure
the heat capacity of adsorbates on metal films with ac microcalorimetry. This
chapter represents an extension of the work of Kenny etall”® The description
of the electronics systen . is from Ref. 3. The principal change in procedures
documented in this work concerns the implementation of a bake-out
procedure, which is described here and discussed at greater length in
Chapter 4.

The first section discusses the calorimeter itself. It includes a
description of an ideal calorimeter, as well as details on the methods of
construction and characteristics of real calorimeters. The second section
discusses the cryostat and UHV system. The third section describes the
electronics system, and the final section discusses the constraints of the
method.

2.2 Calorimeter

Theory of Operation |

The design for the ac calorimeters used in this work was adapted from
that of the composite bolometer, the most sensitive detector of far-infrared
radiation available. In the bolometer, a small heat capacity C at temperature T
is coupled by a weak thermal link G to a cold stage at fixed temperature T, as
shown in Fig. 2.1. Incident radiation with power P is absorbed by the
bolometer, causing its temperature to increase, and the rise in temperature is
detected by a thermometer.

In the calorimeter, the thermal circuit is the same, but a resistive heater
replaces the infrared radiation as the source of the power input. The heat
capacity is then calculated from the power input and the change in
temperature. Both devices achieve high sensitivity by making C and G small,
and by utilizing sensitive thermometers.

A schematic diagram of the electrical circuit for the calorimeter is
shown in Fig. 2.2. The power input is supplied by an ac voltage Vycos(wt/2)
across a heater with resistance Ry. This ac bias adds a small oscillatory
component Taccos(wt) to the temperature of the calorimeter. The
thermometer has a calibrated resistance R(T) = Rt and is biased with a direct
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Figure 2.1  Schematic thermal circuit of the calorimeter. The labelled
quantities are defined in the text.
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Figure 2.2  Schematic electrical circuit of the calorimeter. The ac bias,

thermometer, and thermal regulation circuits are shown from left to right
and are discussed in the text.
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current I = Vpc/Rt. Because of the temperature dependence of R, the
voltage across the thermometer also develops an oscillatory component with
amplitude

VpcoaVy?2
2RH [(@C)2+G2]1/2

Vac=VpcaTac = 2.1

where o= (1/R) (dR/dT) . In the limit ®C/G > 1, the denominator in Eq. (2.1)
can be approximated by (2RywC). In this limit, the heat capacity of the
calorimeter is given by

VpcaVu?, (2.2)
20RHVAC
Kenny and Richards have analyzed the effects of noise due to energy
fluctuations in the thermal conductance G and Johnson noise in the
thermometer.? For an ideal calorimeter limited orily by these fundamental
sources of noise, the signal-to-noise ratio is given by

Vac G 1 T -1 ]1/2
_ + 23
VN { 4kpT (aZTACZATB (ATH)z) } 29

where AT = Vpc2/RTG and ATH = VH2/2RHG are the contributions to the
heating of the calorimeter due to the dc bias on the thermometer and the
time average of the ac bias on the heater, respectively.

Increases in any of the four quantities ATH, ATg, o, or G will improve
the signal-to-noise ratio; however, each of these quantities is constrained in

real calorimeters. The quantities ATH and AT limit the minimum operating

temperature of the system according to Tmin = To + (ATH + ATg). Extremely
sensitive thermometers (i.e., those with values of o, > 1 K-1) are difficult to
use over a broad temperature range. Lastly, Eq. (2.2) is valid only for «C/G >
1; hence, large values of G require either high frequencies or a more
complicated analysis. However, the maximum frequency is limited to 2 kHz
in the calorimeters presently used, because of an electrical time constant to be
discussed below. Thus, the values of G which can be used are also limited.



‘ 24
In addition to the above constraints, real calorimeters are limited by

drifts in the signal on long time scales. It takes at least fifteen minutes to
make a typical measurement of the heat capacity as a function of temperature.
To study an adsorbed film, two such measurements are needed, one before
and one after the adsorbate is deposited. For diagnostic purposes, two
successive measurements (without deposition of an adsorbate) can be
compared. Drifts are found to be approximately 0.2% of the heat capacity of
the calorimeter per hour. The amplifiers used to process the signals are a
likely sources of such drifts. We have measured the stability of two lock-in
amplifiers® 5 and a preamplifier® used in our measurements. We find drifts
in the gain of the lock-in amplifiers of approximately 0.2% per hour. Such
drifts are large enough to account for the drifts observed in the heat capacity.
The stability of the preamplifier was better by a factor of three. Despite these
limitations, the sensitivity of the calorimeter is more than adequate to
measure submonolayer coverages of 4He and Hj.

Construction

A schematic diagram of the calorimeter is shown in Fig. 2.3. It consists
of a 50 um sapphire substrate, to which a neutron-transmutation-doped
(NTD) resistive thermometer and two resistive heaters are attached with Ag-
filled epoxy. One heater is used to regulate the average temperature of the
calorimeter, and the other is ac biased to induce a small oscillation in the
temperature. A chromel-alumel thermocouple epoxied to the substrate
serves as a thermometer at temperatures above the useful range of the NTD
thermometer. The thermocouple wires and Cu leads, all of which are 25 pm
in diarﬁeter, provide the dominant thermal conductance to the cold stage, as
will be discussed below.

Sapphire is used for the substrate because of its low heat capacity, high
thermal conductivity, and high strength. Since the substrate provides the
dominant contribution to the heat capacity of the calorimeter, increases in
sensitivity can be achieved in two ways: 1) further reduction in the thickness,
which will make the calorimeter more fragile, or 2) switching from sapphire
to diamond, which has a higher Debye temperature. The heaters are
commercially available packages, consisting of 1000 Q NiCr films deposited on
Si wafers.” The Ag-filled epoxy8 is used for electrical and thermal contact as
well as mechanical support. Its ease of application makes it technically
convenient given the large number of contacts which must be made.
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Figure 2.3  Schematic diagram of the calorimeter, as seen from the rear.
The heaters and thermometer are attached to the substrate with conductive

epoxy. The epoxy is also used for the electrical contacts. The metal film is
evaporated on the opposite side.
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Soldering is, by contrast, much more difficult: all the contacts must be
soldered simultaneously due to the high thermal conductivity of the
substrate. However, the outgassing properties of the epoxy have not been
studied in UHV. We will present a discussion of the compatibility of the
epoxy with the requirements of UHV in‘Chapter 4.

The NTD thermometers are made from single crystal, ultra-pure Ge.
The Ge is doped with Ga acceptors and compensated with As and Se donors
by means of neutron transmutation. The net concentration of carriers, Ng -
Ny, ranges from 1.5 x 1015 to 8.4 x 1016 cm=3. Electrical contacts which
contribute no excess noise are made by B+ ion implantation and Au/Cr
metallization. These thermometers are useful because of their low heat
capacity and high sensitivity. Thermometers as small as (100 pm)3 have been
fabricated with resistances which are compatible with the requirements of
commercially available preamplifiers. Further details on the preparation of
these thermometers have been published elsewhere.’

The resistivity as a function of temperature of NTD thermometers has
been shown to agree with that predicted for systems with variable-range
hopping in the presence of a Coulomb energy gap. The form predicted for the
resistivity is?

p(E,T) = po expl(To/T)* exp(-eEL/kpT) (2.4)

where E is the electric field, and L is the characteristic length for the hopping
process. For temperatures small in comparison with the Coulomb gap, the
value expected for a. is 0.5. For fields E «< kgT/eL, the resistivity becomes
independent of the field. In these limits, Eq. (2.4) simplifies to

p(0,T) = po expl(To/T)1/2] . (2.5)
This behavior has been observed for NTD thermometers at temperatures
below ~2.8 K. At higher temperatures, a better fit to Eq. (2.4) is obtained for o
= 1. This temperature dependence is believed to be due to ionization of
bound carriers. The field below which the resistivity is independent of E has
been found to depend on the value of N, - Ng. For the thermometers used

in the presant work (NTD#5), N3 - Ngq = 1.5 x 1016 cm~3, The low field limit
for these thermometers is obtained for E € 1.3 V/cm. All measurements
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reported here were made with the bias across the thermometer in this low

field limit,

Typical plots of the resistance as a function of temperature for the
thermometers used in the present study are shown in Fig. 2.4, Similar
measurements are made for each assembled calorimeter before it is installed
in the UHV system. The calorimeter is submerged directly in a bath of liquid
4He, which is gradually cooled from 4.2 K to 1.4 K by pumping on the vapor
above the bath, The vapor pressure above the bath is monitored with a
capacitance manometer. The resistance of the thermometer and the vapor
pressure of the liquid 4He are recorded manually throughout the above
temperature range. The fit to R(T) = R, exp(A/«T ), the form expected from
Eq. (2.5), is shown in Fig. 2.4a. A fit to R(T) = R, exp(B/T) is shown in Fig. 2.4b
for comparison. The fit shown in a), compared to that in b), is better at low
temperatures but worse at high temperatures, as expected. The two fits differ
by 2% at 1.5 K. We have used the fit shcwn in a) in the present work.
Repeated calibrations of NTD thermometers have shown that the calibration
is unaffected by thermal cycling.1

We noted earlier that the simple relation between C and Vac given in
Eq. (2.2) holds for ®C/G > 1 in an ideal calorimeter. To determine the range
of acceptable frequencies, Vac is measured as a function of the frequency f =
w/2m, and the product (f x Vo) is plotted as a function of f. According to Eq
(2.1), we expect a linear increase at low frequency, and a frequency-
independent response at high frequency. Typical data for this measurement
are shown in Fig. 2.5. The behavior is that expected from Eq. (2.1) up to a
frequency of 2 kHz, where an additional time constant causes VAc to decrease
more rapidly than 1/f. The range of acceptable frequencies in this plot is 800
Hz to 2 kHz. The additional time constant is thought to be electrical in origin,
stemining from the capacitance of the heat sinks and the resistance of the
thermometer.3

Time constants in excess of 10-2's due to weak electron-phonon
coupling have been observed in variable-range hopping systems,10 11
Furthermore, measurements such as those shown in Fig. 2.5 have given
evidence for an internal time constant of ~4 ms in lightly-doped NTD
thermometers.> However, a more heavily-doped, NTD#4 thermometer
showed no sign of this additional time constant. The NTD#5 thermometers
used in the present study, which are still more heavily doped, show behavior
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Figure 2.4  a) Resistance of the thermometer as a function of T-1/2, The fit
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low temperatures,
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similar to that of the NTD#4 thermometer. Time constants due to the finite

thermal conductance between the various components of the calorimeter
(e.g., between the thermometer and the substrate) have been shown to be
much smaller than those we have just considered. Measurements using far
infrared picosecond pulses incident on bolometers similar to the calorimeters
discussed here have shown these time constants to be of order 1 ps.!

The calorimeter is mounted on a stainless steel frame which constrains
its motion with negligible thermal contact. Thin pieces of stainless steel serve
both to hold the calorimeter against the frame and to mask the edges of the
substrate during the evaporation of metallic films. This latter function is
important: continuous metallic paths allow the possibility of migration of
adsorbates off of or on to the calorimeter as it is heated and cooled during
measurements.

After being mounted in its frame, the calorimeter is submerged in
liquid 4He for calibration, as described above. The frame is then screwed to
posts on a Cu mount, as shown in Fig, 2.6. Transistor headers!? soldered to
the Cu mount and the stainless steel frame serve as UHV-compatible heat
sinks for the electrical leads running to the calorimeter. Finally, this mount
is attached to the end of a cold finger with stainless steel screws. To improve
the thermal contact, a 12 um Au foil is inserted between the mount and the
cold finger. Under compression, the foil deforms and increases the effective
area of contact between the mount and the cold finger. Indium foil, which is
also highly malleable, is frequently used for this purpose. However, its
thermal conductivity decreases rapidly below 3.4 K due to the onset of
superconductivity. Since the temperature of the cold finger reaches 1.3 K, Au
foil provides better thermal contact in this application.

2.3 UHV System and Cryostat

Fig. 2.7 shows a cross-sectional view of the cryostat and the upper part
of the UHV system. The cold finger, on which the calorimeter is directly
mounted, is filled from the reservoir above with liquid 4He (LHe) at a
temperature of 1.3 K. The cryogenic vacuum surrounding the LHe reservoir
is separated from the UHV system by the 4.5 inch (11.4 cm) Cu gasket-sealed
flange, and by the thin-walled tubing extending downward from the flange.
The cryogenic vacuum is maintained at the low 10-6 Torr level by
cryopumping on the reservoir walls and by a 40 1/s turbomolecular pump.
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Figure 2.6 Rear view of the calorimeter mounted in its stainless steel
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Figure 2.7 Cross-sectional view of the cryostat and the upper portion of the
UHV system. The calorimeter is mounted at the end of the LHe cold finger.
The system is equipped with an evaporation filament and a mass
Spectrometer, not shown in this view, at the same level as the effusion cell.
Evaporation of metal films and dosing of adsorbates take place through holes
in the radiation shields. The direct line-of-sight through these holes can be
blocked by a rotating shutter to reduce heating due to thermal radiation.
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The cryostat is made entirely of stainless steel. The LHe reservoir is wrapped

in several layers of aluminum foil and surrounded by liquid N3 (LNj)
shielding to reduce radiative heat flow into the bath. The hold time of the
pumped LHe bath is approximately eight hours.

The minimum temperature of the pumped LHe bath is 1.3 K. To
operate the calorimeter as close to this temperature as possible, the flow of
heat to the calorimeter must be minimized. There are two sources of heat
which are of concern: conduction down the electrical leads and thermal
radiation. To reduce thermal conduction, the electrical leads chosen for their
low thermal conductivity pass through three sets of heat sinks. The UHV
feedthroughs on the 4.5 inch flange shown in Fig. 2.7 are the first set. This
flange is cooled to approximately 100 K by the LN reservoir. The other two
sets employ the transistor headers located on the Cu mount, as shown in Fig.
2.6. The leads running between the 4.5 inch flange and the room are
commercial coaxial conductors made of stainless steel.13 Initially, this coaxial
product was also used to make the connection between the flange and the Cu
mount. However, the jacket of a coaxial cable creates virtual leaks by trapping
pockets of air. Thus, the coaxial conductors between the flange and the
mount were replaced by tightly twisted pairs of teflon-coated manganin wire,
125 um in diameter. The leads between the primary and secondary heat
sinks on the Cu mount are bare Cu with a diameter of 75 um.

Thermal radiation is reduced by two sets of shields, as shown in Fig.
2.7. There are holes in both shields to allow access to the calorimeter. The
direct line~of-sight through the shields is blocked by a cooled rotatable
shutter, except when access is needed to evaporate metal films or expose the
calorimeter to the adsorbate to be studied. The outer shield and shutter,
whose temperature is monitored by two chromel-alumel thermocouples, are
cooled to approximately 100 K by conduction to the LNj reservoir. Indium
foil is used to improve the thermal conductivity between the sections of the
shield, as described above. The inner shield, which is attached directly to the
cold finger, reaches temperatures in the LHe range.

The combined effects of the radiation shielding and the heat sinks
allow the calorimeter to be operated as low as 1.6 K. Further reduction in the
thermal loading of the calorimeter is possible and could conceivably reduce
the minimum temperature by another 0.1-0.2 K. To reach still lower
temperatures, a better refrigeration system (e.g., one using 3He) would be
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required. A system using 3He refrigeration has been constructed, and efforts

to make heat capacity measurements below 1 K are currently under way.

The lower half of the apparatus is a commercial, 200 1/s ion-pumped
UHV system. For most of the measurements presented here, the UHV
system was baked to 120°C with the cold finger and cryostat removed and a
blank 4.5 inch flange in the place of the cold finger. The system was
subsequently vented and purged with dry nitrogen while the blank flange was
removed and the cold finger quickly installed. This procedure was necessary
because an epoxy !4 which was incompatible with the bake-out had been used
in several places on the cold finger and radiation shields. This epoxy is
extremely useful in cryogenic applications because its thermal contraction
matches that of metals, but it is expected to outgas heavily at the temperature
required for the bake-out. It had been used to make heat sinks for electrical
leads, to heat sink ‘carbon resistors used for diagnostic thermometers on the
LN shields, and to attach charcoal to the LHe shields. Through suitable
substitutions, the use of this epoxy has been eliminated in the course of this
work. The epoxy-based heat sinks were replaced by transistor headers,? the
carbon resistors by thermocouples, and the epoxy attaching the charcoal to the
LHe shields by an UHV-compatible epoxy.15 Hence, bake-outs with the cold
finger installed are now feasible. The importance of the baking procedure
will be discussed in detail in Chapter 4.

After baking but before installing the cold finger, the pressure reaches 2
x 10-10 Torr, as measured by an ion gauge at the perimeter of the vacuum
chamber. Following installation of the cold finger, the vacuum system is
immediately pumped down, and the cryostat is also assembled and evacuated.
As soon as possible, the cryostat is cooled with LN3. Cooling the cold finger
serves both to greatly reduce the outgassing from its unbaked surface and,
eventually, to provide cryopumping. When the cryostat reaches its
minimum temperature, the pressure in the UHV system reaches 5 x 10-10
Torr (i.e, a factor of three higher than is obtained in the baked, room-
temperature system before venting).

The pressure near the calorimeter is not directly measurable, but it is
expected to be significantly lower than the pressure measured near the walls
of the chamber. The cold radiation shields which surround the calorimeter
function as a cryopump, trapping the molecules which collide against them.
Most gases except He and Hj can be pumped efficiéntly by cold metallic
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surfaces. The charcoal attached to the LHe shields provides pumping for the
light molecules.

The UHV system is also equipped with an evaporation filament for
depositing metal films on the calorimeter in situ. The filament is thoroughly
outgassed before the evaporation, and a water-cooled shroud helps reduce
heating and outgassing during the evaporation. The pressure in the chamber
rises to ~5 x 10-2 Torr during the evaporation. The thickness of the film is
monitored by a commercial quartz oscillator located near the filament.
Typical thicknesses are approximately 500 A. The structure of the films and
details on their growth will be discussed in Chapter 4. An effusion cell is used
to expose the calorimeter to the gas to be adsorbed. This cell is filled with gas
by opening a leak valve in a stainless steel gas line. The pressure in the cell is
typically of the order of 10-5 Torr and is measured by an ion gauge. The rate
of exposure is calculated from the dimensions of the cell's aperture, its
distance from the calorimeter, and the pressure.

The procedures for measuring the heat capacity of adsorbates on metal
films are as follows. First, the metal film is evaporated on the substrate.

After the system has cooled, the calorimeter is momentarily heated to
approximately room temperature to desorb molecules which have
accumulated on the surface during cooling. At this point, two standard types
of measurements are possible: fixed exposure and fixed temperature.

In a fixed exposure measurement, the heat capacity of the "bare"
calorimeter is measured as a function of temperature. After dosing the
calorimeter with the adsorbate to be studied, the combined heat capacity of the
calorimeter and the adsorbate is measured. Subtraction of the two
measurements yields the heat capacity of the adsorbate alone. This procedure
is useful for measuring the heat capacity of the adsorbate as function of
temperature for a fixed exposure.

In the other standard measurement, the temperature of the substrate is
held constant. The heat capacity of the substrate and adsorbate are measured
at roughly equal intervals of time as the calorimeter is exposed to the
molecular beam from the effusion cell. The heat capacity of the bare
calorimeter (recorded before the beginning of the dose) is subtracted from the
data. This subtraction yields the heat capacity of the adsorbate as a function of
exposure at a given temperature. These two standard measurements
complement one another since they follow roughly orthogonal
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thermodynamic paths in the coverage-temperature plane. Both types of

measurements can be affected by desorption. The effects of desorption
become more pronounced as the temperature and coverage are increased.

2.4 Measurement electronics

The electronic system used for this measurement can be described in
three sections: the ac heater bias, the thermometer bias and readout, and the
temperature regulation. A block diagram of the entire measurement circuit is
shown in Fig. 2.8. |

The ac heater bias voltage is generated by the reference output of a
lock-in amplifier.” This source was chosen for its excellent amplitude
stability and ease of frequency and amplitude adjustment. The amplitude of
this ac bias is measured by the same lock-in amplifier, allowing small
amplitude drifts to be removed from the data. This voltage is applied to one
of the heaters on the calorimeter and produces a temperature oscillation in
the calorimeter. |

The dc bias current for the thermometer is produced by two 9 V
mercury batteries which are connected in series across a 500 kQ 10-turn wire-
wound potentiometer. The center terminal of the potentiometer is attached
to a room temperature metal film load resistor in series with the cold
thermometer. The resistance of the load resistor is much greater than that of
the thermometer. When used to bias a resistance thermometer whose
temperature is oscillating, this current source produces a voltage with both dc
and ac components. The dc component is directly related to the average
temperature of the calorimeter, while the ac component is used to calculate
the heat capacity. The voltage from the thermometer is processed by both a dc
preamplifier,® which is low-pass filtered to remove the voltage oscillation,
and by a second lock-in amplifier,* which uses the ac heater bias as its
reference signal.

An LSI-11 computer with an ADC-DAC board!® is used to record the
measured voltages and to produce the thermal regulation voltage which is
applied to one of the commercial NiCr films on the calorimeter. The
resolution of the 12-bit DAC on this board is inadequate for the temperature
regulation. An effective resolution of 18 bits is obtained by dividing one of
the 12~-bit DAC channels by 100 and adding it to the other. The voltages are
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Figure 2.8  Schematic diagram of the electronics. The bias across the ac
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computer.
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generated by separate DAC channels with a common ground, and so neither

of the wires leading to this heater can be externally grounded.

The computer program regulates the temperature and collects the data
as follows. The total dc bias applied to the load resistor and thermometer is
monitored by one channel of the ADC. Another channel monitors the output
of the dc preamplifier. The computer program calculates the average
resistance of the thermometer from these two voltages, and then calculates
the temperature of the calorimeter. The regulation voltage is then adjusted
by the computer so as to reduce the difference between the measured
temperature and the specified temperature. Once the temperature of the
calorimeter has been within 0.02% of the specified temperature for 10 lock-in
time constants, the computer begins to record the outputs of the two lock-in
amplifiers. The heat capacity is computed from Eq. (2.2). When the signals
have been averaged for a specified length of time, a new temperature is
selected and the process begins again. This continues until the temperature
scan is completed. Typically, a 40~point scan takes less than 30 minutes to
complete. This is important, as the experiments are limited to 8 hours by the
hold-time of the cryostat.

2.5 Constraints of the Method

In contrast to conventional methods for measuring surface heat
capacities, which employ a closed cell, the technique reported here is
performed in UHV. An adsorbed film whose equilibrium vapor pressure is
greater than the partial pressure of the adsorbed species in the vicinity of the
calorimeter will desorb. For Hp multilayers, such desorption becomes rapid
on the time scale of the measurement near 3.7 K. Thus, desorption limits the
range of coverage and temperature which can be studied using the ac
calorimetric technique.

The absence of a gas phase in equilibrium with the film also makes the
adsorption isotherm,17 a standard measurement in closed-cell systems,
unsuitable for the present technique. | In adsorption isotherms, the co rerage
of the adsorbate is measured as a function of the equilibrium vapor pressure
P. The scale for P is set by the saturated vapor pressure P, which is typically
of the order of 10 Torr. In principle, the calorimeter could be contained
within a closed cell filled with vapor. However, the thermal conductance of
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the gas would become comparable to the ~10-6 W/K conductance of the

electrical leads of the calorimeter for vapor pressures greater than ~10-7 Torr.

At present, the temperature range of the calorimeter is limited to 1.6 -
4.2 K. The lower limit is discussed above. The upper limit is imposed by the
technique for calibrating the thermometers, which requires submersion in
LHe. Thermometers like those used in this study can be calibrated above 4.2
K if they are heat sunk to a stage which can be heated above the temperature
of the bath. Thermometers with significantly lower concentrations of
dopants must be used for measurements above ~10 K. Also, the heat capacity
of the substrate rises as T3 as the temperature is increased, making the
calorimeter less sensitive, Conversely, cooling the calorimeter to lower
temperatures decreases the heat capacity of the substrate and makes the
calorimeter more sensitive. Efforts to extend the lower limit of the
temperature range to 300 mK are in progress and will be described in
Chapter 5.
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3. Results for Hy Multilayers

3.1 Introduction

In this chapter, we discuss an application of the ac calorimetric
technique to a study of orientational ordering in Hy multilayers. The
properties of this ordering transition have been thoroughly studied in the
case of bulk Hy, but relatively little is known about this transition in Hp
adsorbed on surfaces. Our measurements show that a remnant of the bulk
transition persists in films of Hy as thin as 2-3 monolayers. The properties of
phase transitions with a small number of particles N, where N is of order 102
or less in the case of first-order transitions, have recently received
considerable attention. Such systems are said to exhibit finite-size effects.!
Measurements of Hy adsorbed on metallic surfaces are also of considerable
interest following a recent report of extremely rapid ortho-to-para
conversion on Ag(111).% In the present work, signs of finite-size effects are
evident at the lowest exposures measured, and the rate of ortho-to-para
conversion is comparable to that normally observed in bulk Hj.

We begin in section 3.2 by discussing previous work on the
orientational ordering transition in Hp. The experimental apparatus and
techniques were described in the previous chapter. Section 3.3 presents our
measurements of the heat capacity of Hy multilayers adsorbed on evaporated
Au films and on sapphire. We defer a detailed consideration of the
characterization of the Au films until Chapter 4, since an understanding of
the heat capacity measurements themselves is necessary to properly assess the
quality of the substrate. Section 3.5 presents the discussion of the data.
Conclusions are drawn in the final section.

3.2 Previous Work

Hydrogen is known to occur in two states, which are designated ortho
(0) and para (p).2 In o-Hjy, the nuclear spins are aligned, yielding a symmetric
nuclear wave function. Because the protons are indistinguishable fermions,
the total molecular wave function must be antisymmetric. Thus, the
rotational wave function is antisymmetric, and the rotational quantum
number J is odd. In p~Hp, the nuclear and rotational symmetries are
reversed, and J is even., For T s 20K, only the ] = 0 and J = 1 states are
thermally populated. With reference to this limit of low temperature, we
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designate the concentration of p-Hj (Including all states with even J) as ¢
and that of o-Hj (including all states with odd J) as c.

For Hj in equilibrium at room temperature, known as normal-Hj or
n-Hj, c1 exceeds cq by a ratio of 3 to 1. Because the J = 0 state is the ground
state, the equilibrium value of cp rises as the temperature falls, reaching 0.998
at T = 20 K. Conversion from the ortho to the para state requires interaction
with a magnetic fleld gradient and is normally quite slow. The intrinsic
conversion rate in solid Hp is 1.9% per hour. Samples with high
concentrations of p-Hj are prepared either by holding the sample at low
temperature for many days, or through the use of catalysts.?

The rotational state of the molecule affects its interactions with other
molecules. Ortho-Hj; molecules possess an electric quadrupole (EQ) moment
and exhibit anisotropic interactions. For p~Hj molecules, the EQ moment is
zero and interactions with other molecules are isotropic. For simplicity, we
may think of p~Hj molecules as spheres, and o-Hjy molecules as ellipsoids.4
The EQ moment of the o-Hp molecules drives an orientational ordering
transition in solid Hj at LHe temperatures.5 Fig. 3.1 shows a plot of the
specific heat as a function of temperature for various concentrations of o~Ha.
For ¢ = 0.005, there is no ordering, and the T3 dependence of a Debye solid is
observed. As cy is increased, Schottky anomalies due to the ordering of
isolated pairs of ] = 1 molecules become evident. Above a critical
concentration c1 = 0.56, the ordering becomes cocperative (i.e., there is a true
phase transition.) For ¢1 = 0.74, there is a first-order transition at To = 1.6 K.
The specific heat exhibits a sharp peak at T, and anomalous contributions at
higher temperatures. The properties of this fascinating transition have been
thoroughly studied and are reviewed by Silvera,3

Most studies of adsorbed Hj have focused on p-Hj because of its
similarity to 4He.58 The phase diagram for monolayers of p~Hj/graphite is
similar to that shown in Fig. 1.2 for 4He/graphite, except that the phase
boundaries are scaled to higher temperatures by a factor of 5-10.7/°
Measurements for monolayers and multilayers of p~-Hz/MgO locate the
phase boundaries for this system at 7-10 K.2 Thus, adsorbed Hp is expected to
solidify for all temperatures in the range of the present technique (1.6-4.2 K).

To our knowledge, there is dnly one set of measurements for adsorbed
o-Hj. Kubik et al. have studied monolayers of o-Hy/graphite using nuclear
magnetic resonance.!® They find an orientational ordering transition at 600
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mK for ¢1 = 090, For ¢ = 0.77, the transition temperature drops to 330 mK.
No heat capacity measurements of this transition have been made, and the
crossover between the monolayer and bulk transitions has not been studied.

The growth mode of Hy multilayers has also been investigated.
Migone et al. have shown that Hy/Ag exhibits triple-point wetting.!1 As
explained in Section 1.4, this term applies to systems which show complete
wetting above the triple point and incomplete wetting below it. The triple
point of Hy is 14 K. Thus, in the temperature range accessible to the present
technique, Hj is expected to form a very thin film of only one or two
monolayers before the onset of coexistence with bulk-like islands,1?

Finally, extremely rapid ortho-to-para conversion has been reported
by Avouris et al. for Hp adsorbed on Ag(111) and evaporated Ag films.?
Coverages of approximately four monolayers of n-Hy were found to be
essentially completely converted to p-Hjy within one to two minutes after the
exposure, This rate is much faster than that observed for bulk Hj. It is also
two orders of magnitude faster than the rate observed in similar
measurements for Hp/Cu(100).13 A recent theory attributes the rapid
conversion observed by Avouris et al. to a novel mechanism involving the
creation of electron-hole triplet pairs in the metal substrate.!> A special
electronic surface state is found to enhance the rate expected from this
mechanism by approximately two orders of magnitude. This special surface
state is present on the (111) faces of all the noble metals, but not on faces with
other orientations. Thus, the theory accounts for the large difference in rates
observed in the experiments on Ag(111) and Cu(100).

3.3 Results

We have measured the heat capacity of Hy adsorbed on evaporated Au
films and on sapphire at temperatures from 1.6 to 3.7 K. Results obtained on
both substrates were generally found to be similar. Most of our
measurements were made using n-Hp, but some measurements were also
made using Hj with ¢g = 0.95. The p-Hj was prepared -1sing techniques
similar to those described by Silvera, and the ortho/para ratio was determined
using Raman spectroscopy.’ |

Typical data for the heat capacity of Hy multilayers as a function of
temperature are shown in Fig. 3.2, The data in the figure are for Hy/Au;
similar data have been observed for Hy/sapphire. The two sets of data shown
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correspond ‘o 3.3 A-2 exposures of n-Hj and p-Hp. Both sets of data exhibit a
decrease in heat capacity near 3.6 K due to desorption of Hj from the
calorimeter. Apart from this decrease, the data for p~Hj are nearly
independent of temperature. However, the data for n-Hj show two other

 features: an increase from 1.8 K to the lowest temperature measured, and a
broad maximum at 3.5 K. The rise at 1.8 K is believed to be a portion of a peak
located just below our minimum temperature. This interpretation is
supported by the data shown in Fig. 3.3, in which the peak has evidently
shifted up into our temperature range. For simplicity, we will refer to this
feature as a "peak" throughout this work, even when the top of the peak is
not observed. The lower limit on the temperature range of the present
measurements is imposed by our method of refrigeration (i.e., pumping on
liquid 4He). Measurements at lower temperatures are clearly desirable and
are in progress.M

It is instructive to compare these data with previous measurements of
the specific heat of bulk Hy. The solid curves in Fig. 3.2 represent the data of
Hill and Ricketson® for Hp with ¢ = 0.74 and ¢; = 0.07, separately scaled to
match the multilayer data at a temperature of 2.2 K. We note that there is
qualitative agreement between the multilayer and bulk measurements. The
low temperature peak seen in multilayers of n-Hj appears to be a broadened
remnant of the sharp peak observed in the bulk due to orientational ordering
of the 0o-Hj molecules. There is no feature in the bulk data corresponding to
the maximum at 3.5 K in the multilayer data.

Resulis for n-Hp multilayers on some surfaces showed behavior which
was in considerably closer agreement with that of bulk Hy. Figs. 3.3 and 3.4
show results for Hp/sapphire and Hy/ Au, respectively. Each figure shows
data corresponding to four different exposures of Hy. The topmost curve in
each figure corresponds to the exposure of the data shown in Fig. 3.2. As
before, the solid curves show the data for bulk Hy with ¢ = 0.74, scaled to
match the multilayer data at 2.2 K. We see that the peak in Fig. 3.3 is sharper
than that of Fig. 3.2. As mentioned earlier, it has shifted up into our
temperature range. The high temperature peak is absent. In Fig. 3.4, the
increase near 1.9 K is the sharpest we have observed. The results on this Au
film were reproducible in a set of measurements lasting over a week.

In all measurements of n-Hjy multilayers, the low temperature peak
was suppressed as the exposure was decreased. This effect is shown in Figs.
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described in Fig. 3.3.
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3.3 and 3.4. The behavior of the peak for low exposures is shown in greater
detail in Fig. 3.5. For all exposures except the lowest, some sign of the peak is
still evident above 1.7 K.

The sticking coefficient for n-Hj incident on a 3 K Si bolometer has
been measured by Govers et al.13 Using their results, we can compute a
nominal coverage n. We report n in monolayers (ML), where 1 ML is defined
to be 0.1 A-2. The values of n for the measurements shown in Figs. 3.3 and
3.4 range from 1 to 25 ML, and the range for Fig. 3.5 is 1 to 2 ML. Thus,
anomalous contributions to the heat capacity are obtained for all values of n
greater than one. ‘

The heat capacity of Hy multilayers has also becn measured as a
function of exposure at fixed temperatures for exposures up to 0.8 A-2. As
can be seen in Fig. 3.6, the data exhibit two linear segments at low exposure,
with abrupt changes in slope or "kinks" at 0.05 and 0.21 A-2, At higher
exposures, the data measured at 2.1 K show a slight downward curvature.
The data measured at 2.4 K are unchanged up to the second kink, but beyond
this point the rise in the heat capacity is less rapid than at the lower
temperature.

For comparison, we have superimposed a plot of the binding energy as
a function of exposure from the work of Govers et al. The binding energy is
high initially, when Hj molecules stick directly to the substrate, but by an
exposure of ~0.3 A-2, it falls to a limiting value of 103 K, the energy of
sublimation of a H molecule bound to the surface of bulk Hy. We note that
the kinks in the heat capacity data coincide with similarly abrupt changes
observed in the binding energy. The arrow marked "1 ML" indicates the
exposure at which monolayer completion was thought to occur in the
sticking study.

We have also observed a decrease in the heat capacity of Hy multilayers
as a function of time. We attribute this decrease to desorption. For a n-Hp
multilayer with n = 14, the rate of decrease dC/dt was (-7.4 + 1.1) x 10-13
JK-1s-1, or 5.8% of the heat capacity of the multilayer per hour. To convert
dC/dt to a rate of desorption, we again make use of the sticking coefficient
results of Govers et al. Furthermore, we approximate dC/dn by AC/An,
where AC and An are the total heat capacity and coverage of the multilayer,
respectively. We find the desorption rate dn/dt to be (2.1 £ 0.3) x 104 s-1.
The temperature dependence of this rate is strong. At 3.6 K, the rate was
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observed to be approximately ~0.1 s=1. Since this rate is rapid on the time
scale of our measurements, it causes sharp, irreversible drops in the heat
capacity near 3.6 K. These drops are evident in Figs. 3.2-3.4. Repeated
measurements on the same Hp multilayer produce a family of curves which
are similar in appearance to those in Figs. 3.3 and 3.4, confirming that the
time dependence of the heat capacity is due to desorption.

Finally, we have made repeated measurements on one sample of n-Hp
to look for changes in the peak as a function of time. Fig. 3.7 shows two
successive measurements, each of which lasted ~20 minutes. The heat
capacity is slightly lower in the second measurement, which is probably due
to desorption. It is possible that there is a slight shift of the peak to lower
temperatures. If so, the shift is less than 25 mK.

3.4 Discussion

On the basis of the qualitative agreement between the present
measurements for Hy multilayers and previous measurements for bulk Hp,
we assign the peak observed in the heat capacity as a function of temperature
of n-Hjp multilayers to a bulk-like orientational ordering transition. The
observation of signs of this peak for n as low as two indicates that the growth
of the bulk phase begins after the completion of only one to two uniform
monolayers. These results are consistent with those of Migone et al., who
showed that Hy wets Ag incompletely below its triple point Tt, where T = 14
K11 They observe growth of as many as 23 ML just below Ty, but in the
~ temperature range of the present measurements, formation of only one or
two uniform monolayers is expected.!?

The data for the heat capacity as a function of exposure are also
consistent with the expected structure: the linear regions and kinks at low
exposure give evidence of the formation of a tightly bound monolayer, v/hile
the temperature dependence and the absence of kinks in the region beyond
0.21 A-2 are consistent with the growth of a less tightly bound, bulk-like
phase.

As was shown in Figs. 3.3 and 3.4, the orientational ordering peak is
suppressed as the exposure is decreased. We have replotted the data for
several exposures of n-Hj on sapphire in Fig. 3.8. A linear fit to the data
above the peak has been subtracted, and the sticking measurements of Govers
et al. have again been used to obtain the nominal coverages and to normalize
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the data to specific heats in kp per particle. The peak shifts to higher
temperature and grows in height with increasing exposure.

In view of this exposure dependence, we have analyzed our data for
evidence of finite-size effects. The orientational ordering transition is
known to be first-order in bulk Hy. The theory of finite-size effects in first-
order transitions has recently attracted considerable attention,!/ 16-20
Agreement with theory has been demonstrated in both simulations!® and
experiments.!8-20 However, there are few experimental studies in this area.

The qualitative behavior of a first-order transition broadened by
finite-size effects can be demonstrated through a simple calculation due to
Imry.! The temperature fluctuations in a small system are given by the well-
known resultl 2!

2
((AT)2) = 1;?2; (3.1)

where N is the number of particles and cy is the heat capacity per particle. We
assume that the latent heat per particle A is the same in the finite system as in
an infinite system. We denote the transition temperature by T, and the
broadened width of the transition by AT.. The order of magnitude of cy is
then given by A/AT.. We also assume that the temperature fluctuations
given by Eq. (3.1) correspond to the broadened width AT,. With these
substitutions, we obtain

AT  ksTe
T. ~ NA - 32)

The primary result is that the fractional width of the transition is inversely
proportional to N.

A detailed theory of these effects by Challa, Landau and Binder (CLB)!6
makes quantitative predictions for the peak in the specific heat in a form
which facilitates comparison with experimental data. They approximate the
distribution function for the energy of a finite system by a superposition of
weighted Gaussian functions corresponding to the ordered and disordered
phases. Their results are expressed as a function of the system size L in units
of the lattice constant. For a system in d dimensions, the width of the peak is
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found to be proportional to L-d, in agreement with the 1/N dependence of Eq,
(3.2). |

We have analyzed the data of Fig. 3.8 in terms of the model of CLB.
Several quantities derived from the experimental data are used as parameters
in the model: these include the specific heats C, and C., the latent heat E,. -
E_, and the transition temperature T, of the infinite system. The subscripts +
and - refer to the phases above and below the transition, respectively. Since
our temperature range does not extend to sufficlently low temperature to
allow measurement of all the relevant parameters, we assume for the sake of
the analysis that C, = C.. We denote the experimental value for the
transition temperature as T¢e%P, When TP falls within our temperature
range, we approximate E, - E_ by doubling the appropriate integral over the
half of the peak above T.¢xP. The value of E4 - E_ computed in this way
+ fluctuates by approximately 10% for the different exposures shown in Fig. 3.8.
Since the predictions of the theory are far more sensitive to L than to E, - E_,
we have used the average of the values for E; - E. calculated for the different
exposures. Lastly, in our model of the system, we consider the islands of Hj
to be three-dimensional, with equal size L in each dimension.

The results obtained for three values of L from the model of CLB are
shown by the curves in Fig. 3.8, Widths comparable to those observed in the
experimental data are obtained for values of L between 5 and 6. However, the
height and width of the peaks predicted by the model vary rapidly with L,
whereas the peaks observed in the experimental data exhibit a very weak
dependence on coverage for n > 3. This discrepancy is shown more clearly in
the plot of fractional width (FWHM/T,) as a function of coverage shown in
Fig. 3.9. The straight line in the figure shows the prediction of the model,
assuming L = n.

‘The theory of CLB also predicts shifts in the temperature of the specific
heat maximum as a function of L, denoted as T¢(L). Quantitative estimates of
these shifts requires the values of both C, and C.. Therefore, such estimates
are not possible for the present system without measurements at lower
temperatures. However, the order of magnitude expected for the fractional
shift is given by

0T T)-Te _
T, = T ~ 1-d, (3.3)
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Assuming L = 3, we find 8T/ T, ~ 0.04. In comparison, we observe that
8TexP/Te*P 2 0.04 for n = 3, in qualitative agreement with the expected shift.
The high coverage limit of T.exp for the data shown in Fig. 3.8 is 1.80 £.01 K.
The measured value for T¢ in bulk Hj is 1.60 K, hence the high coverage limit
of TceXP is 0.2 K higher than expected. We note, however, that TexP depended
on the substrate used and was below our temperature range (i.e., below 1.7 K)
for all coverages on most substrates. In summary, qualitative agreement with
a model of finite-size effects is observed in the present work for coverages n s
8. At higher coverages, finite-size effects are not observed.

We have noted that finite-size effects do not explain the behavior
observed at coverages n > 8, Furthermore, the width and position of the peak
are observed to vary on different substrates. Hence, we conclude that disorder
in the adsorbed Hj and/or heterogeneity of the substrate dominate the
behavior of the peak in the specific heat. Disorder in the adsorbed multilayers
is likely since they are grown by means of quench-condensation, a non-
equilibrium process.  Recent surface plasmon measurements by Albrecht et
al? provide evidence of considerable disorder in quench-condensed Hjp
films. Furthermore, these authors report that annealing for several minutes
at 2.5 K produces irreversible changes in the structure of their films. We have
also observed effects due to annealing in some of our thinnest films (n < 1).
We have attempted to anneal thick films (n ~ 25) by heating them to
temperatures near the desorption temperature for several seconds. However,
such annealing results in significant reduction in the measured heat capacity
without significant changes in the width or location of the peak. Finally,
annealing of thick Hj films is expected to be problematic on the basis of
measurements of thermal diffusion in bulk Hp. Diffusion becomes important
in the bulk at T ~ 10 K, but desorption of our Hj films occurs at ~3.7 K. Thus,
the quench-condensed Hj is likely to be disordered, and this disorder is a
potential source of broadening, ‘

Heterogeneity of the substrate is another potential source of
broadening. Heterogeneity usually arises from structural defects or chemical
contamination. The sapphire substrates employed in this study are
atomically rough and are exposed to air prior to installation in the vacuum
system, Hence, heterogeneity is expected for these substrates.



The homogeneity of the Au films is expected to be superior to that of
the sapphire substrates, but our measurements indicate that heterogeneity
still plays a significant role. The Au films are evaporated in situ. During
evaporation, the cryostat is at LHe temperature, but the sapphire is heated to
approximately room temperature. The rate of deposition is 1-2 A/s, and the
incidence of the Au flux is within 30° of normal. The thickness of the films
used in this work was ~100 A to ~500 A. We have also deposited Ag films
using similar parameters. These procedures are expected to produce a
relatively smooth poiycrystalline film with crystallites ~300 A in size.23-25
Scanning electron and scanning tunneling micrographs of our films are
consistent with the structure which is expected from the literature. Grain
boundaries and lesser defects such as steps are known to be sources of
heterogeneity, and it is likely that the structural defects in our Au films have
contributed to the broadening of the orientational ordering peak. It is possible
that variations in these defects from calorimeter to calorimeter contribute to
the differences in the peak evident in Figs. 3.2-3.4.

Krim?® and other workers?* have shown that the homogeneity of
evaporated Au films can be improved by using higher substrate temperatures
(100 - 200°C) during evaporation. Increasing the temperature of the substrate
produces crystallites which are larger and which exhibit a stronger preference
for (111) orientation. This observation may explain the sharp peaks shown in
Fig. 3.4. The film used for the measurements shown in that figure is believed
to have been heated to a temperature significantly greater than that of our
other Au films. Clearly, measurements on filias deposited on substrates
heated to higher temperatures are of interest and will be carried out.14

To protect against contamination, our Au films are evaporated in situ.
Prior to evaporation, the Au-covered filament is outgassed. During
evaporation, a shroud which surrounds the filament is water-cooled to
further reduce outgassing, and the pressure in the chamber rises to ~1x10-9
Torr. Furthermore, the calorimeter is surrounded by LHe-cooled radiation
shields which act as a cryopump. Despite these precautions, it is possible that
local outgassing occurs in the vicinity of the filament or the calorimeter
during deposition of the film. Hence, the Au film may exhibit heterogeneity
due either to its structure or to residual impurities. We will consider these
issues in greater detail in Chapter 4.
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It is of interest to relate the desorption results reported in Section 3.3 to
previous measurements. 'Benvenuti et al.?6 have measured the equilibrium
pressure P* as a function of coverage and temperature for H, adsorbed on
stainless steel and other surfaces. To facilitate comparison with their work, a
relationship between the desorption rate and P* is needed. Using simple
arguments from kinetic theory, it can be shown?” that | dn/dt | = (oP*/ No)
(2nkpTm)-1/2, where dn/dt is the rate of desorption from an adsorbed film in
s=1, o is the sticking coefficient, P* is the equilibrium pressure in the gas
phase, N is the number of molecules in one monolayer, and m is the mass of
the adsorbate. Using o = 0.8 and Ny = 1 x 1015 cm-2, we find P* = 3.56 x 10-8
(TM)1/2 | dn/dt |, where P*is in Torr, T is in K, and M is the molecular
weight. Thus, from the desorption rates reported in Section 3.3, we find
P*(2.5K) = (1.7 £ 0.2) x 101! Torr, and P*(3.6K) ~ 8 x 10-9 Torr. These values
are in good agreement with those reported by Benvenuti et al. for adsorbed Hp
at a coverage of 10 ML: P*2.5K) = 2.2 x 10-11 Torr and P*(3.6K) = 2.0 x 10-8
Torr.

Benvenuti et al. have shown that their data for thick Hy multilayers
are consistent with the predictions of the Clausius-Clapeyron equation at
temperatures 2 3 K. At lower temperatures, P* becomes independent of
temperature because of infrared-induced desorption (IRID). At 2.5 K, their
desorption rate is two orders of magnitude higher than that expected from the
extrapolation of the behavior above 3 K. Since our rates agree with theirs, it is
possible that IRID is relevant to the present work. Measurements with
control of the infrared flux and a more complete study of the temperature
dependence of dn/dt are needed to address this issue. Recent results for
hydrogen isotopes on graphite also show evidence of IRID.28 29

Finally, we consider the topic of ortho-to-para conversion. As can be
seen from Fig. 3.1, the position of the sharp peak in the specific heat in bulk
H> is sensitive to changes in the o-Hj concentration. By estimating limits on
the shift in the peak of our adsorbed H, multilayers, we can calculate an
approximate limit on the rate of ortho-to-para conversion. Based on the
data of Fig. 3.7, we estimate that the conversion rate for our highest coverages
of Hy/Au is < 2.8% per hour. The limit for Hy/ sapphire is comparable. At
low coverages, we have no information about the ortho/ para content due to
the suppression of the peak. This rate is comparable to that due to intrinsic
conversion in bulk Hy (1.9% per hour),? which implies that conversion at the



substrate is either not enhanced, or, if enhanced, is unable to propagate away
from the substrate. As mentioned earlier, classical diffusion is negligible in
our temperature range. A mechanism does exist which allows diffusion of
the quantum rotational state even when the molecules themselves are
immobile. However, this form of diffusion causes isolated o-Hy molecules
to cluster together.3 Rather than enhance the spreading of a layer near the
surface with an enhanced p-H> concentration, it would tend to confine it.

Thus, we have no evidence for enhanced ortho-to-para conversion,
but we cannot exclude the possibility of rapid conversion which is confined to
the first one or two monolayers. Comparison of our results with those of
Avouris et al. is complicated by the above considerations, as well as by
possible differences in the substrate. The rapid conversion rates in the latter
study are thought to depend sensitively on both the distance from the
substrate and the orientation of the crystallites.!® The presence of impurities
would dramatically reduce the conversion rate. A similar decrease in the
rate would occur if the fraction of the crystallites with (111) orientation and
the mobility of the Hy were both small.

3.5 Conclusions

In conclusion, we have observed orientational ordering in multilayers
of Hy adsorbed on sapphire and evaporated Au films. These results represent
the first heat capacity measurements of this transition in adsorbed Hp. At
high exposures, the heat capacity as a function of temperature is in qualitative
agreement with that of bulk Hp, but is broadened by disorder in the Hp and
heterogeneity of the substiate. Atlow exposure, the peak decreases in size
and shifts to lower temperature, in qualitative agreement with behavior
expected from models of finite-size effects. The estimated ortho-to-para
conversion rate appears to be comparable to the intrinsic rate of bulk Hj.
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4. Preparation and Characterization of Evaporated Metal Films

4.1 Introduction

In the measurements of Hj multilayers reported in the previous
chapter, it was found that the data were reproducible on a given calorimeter
but varied substantially from one calorimeter to the next. This lack of
reproducibility is illustrated in Fig. 4.1, which shows results for nominally
identical samples of Hy on three different Au films. We focus on the results
for Hy/ Au because characterization and control of the bare sapphire surface is
more difficult. We note, however, that a similar range of behavior has been
observed on sapphire, which suggests that the sources of the
nonreproducibility may be similar on these substrates.

Measurement a) in Fig. 4.1 is significantly different from
measurements b) and c) in two ways: the orientational ordering peak near 1.6
K is much sharper, and there is no sign of the rounded maximum observed
near 3.5 K in the other two measurements. These differences indicate that
parameters which are important in the preparation of the substrate have not
yet been adequately controlled. This chapter focuses on the methods for
preparing and characterizing evaporated metal films. The parameters which
are important in preparing such films are identified. The films used in the
present study are compared with those described in the literature. Finally, we
discuss methods for improving both the reproducibility and the quality of the
metal films used in ac calorimetry. We include a description of the limits to
the quality of optimized films. The discussion is divided into two sections:
structure and cleanliness.

4.2 Structure

An ideal substrate for studies of 2D phase transitions would be perfectly
flat and infinite in extent. Grain boundaries, steps, and other structural
defects are always present on real substrates to a greater or lesser degree. As
discussed in Chapter 1, these defects divide the surface into a patchwork of
domains such that the adsorbate is coherent within a domain but loses
coherence between domains. These domains cause sharp peaks in the heat
capacity to be broadened and shifted through finite-size effects, as can be seen
from comparisons of data from substrates with different domain sizes.!
Hence, changes in domain size due to variations in structure are a possible
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Figure 4.1  Heat capacity as a function of temperature for nominally
identical 3.3 A-2 exposures of n-Hj on three different Au films.
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‘explanation for the differences in the orientational ordering peak shown in
Fig. 4.1. The nature of the maximum at 3.5 K is unclear. Since its appearance
correlates with a broadening of the orientational ordering peak, it is possible
that it also arises from structural defects in the metal film.

Evaporated metal films display a wide variety of structures, depending
on the parameters of the evaporation. A key parameter for many metals is
the temperature of the substrate during deposition relative to the melting
temperature of the metal. Systematic studies have been conducted for copper,
silver, and gold.24 We will discuss the case of gold, the subject of an
excellent, recent study by Jach, Hembree, and Holdeman (JHH).3

The gold films of JHH were evaporated on float glass substrates in a
chamber with a base pressure of 5 x 10-9 Torr. They were deposited at a rate of
1-4 A/s to a thickness of 2000 A, and the gold flux at the substrate was close to
normal incidence. The films were examined with reflection electron
microscopy, which is performed at grazing incidence. This technique can
thus resolve features normal to the plane of the film which are difficult to
observe with normal incidence electron microscopy. Electron diffraction
measurements were also made. Two substrate temperatures were used:
room temperature and 420°C. The findings of JHH are as follows. Films
deposited on room temperature substrates consist of crystallites which are 300
A in diameter and 100 A high. The diffraction measurements show that the
crystallites show a slight preference for (111) orientation, but that the
orientation of neighboring crystal planes rotates by large aﬁgles about axes
normal to the substrate and parallel to it. Films deposited on substrates at
420°C consist of flat-topped columns of nearly equal heights. The columnar
crystals have strong (111) orientation and are 3000 A in diameter.

The development of larger, flatter crystallites on substrates at higher
temperatures is attributed to a difference in free energy which favors the (111)
surface relative to other orientations and to surface diffusion which is rapid
compared with the deposition rate. The temperature at which columnar
growth begins to dominate is approximately 320°C for gold. For other metals,
columnar growth is expected for temperatures above 0.3 Ty,, where Ty, is the
melting temperature in °C,

Parameters other than the rate of deposition and the temperature of
the substrate are thought to be of lesser importance. Results similar to those
described by JHH are reported for thicknesses as small as 300 A and pressures
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during the evaporation as high as 5 x 10-8 Torr, The structure of the
underlying substrate is believed to be unimportant.?

Using parameters similar to those of JHH, we have deposited gold and
silver films on sapphire at temperatures near room temperature and have
obtained films comparable to their room temperature films. Fig. 4.2 shows a
scanning tunneling microscopy (STM) image of one of our silver films. This
image was produced by workers under the direction of Professor Jacqueline
Krim of Northeastern University. The silver crystallites have a lateral size of
1000 A and are 200 A in height. Relative tilting of adjacent crystallites is
‘evident. Fig. 4.3 shows a scanning electron microscopy (SEM) image of a
different silver film which was similarly prepared. The image shows
crystallites which are 3000 A in diameter and is typical of our silver films,
These crystallites are comparable in diameter to the columnar crystals
observed by JHH, but the CTM image of Fig. 4.2 indicates that the structure is
otherwise similar to that reported by JHH for films deposited on room
temperature substrates.

No STM images are available for our gold films, and SEM images of
these films failed to resolve any structure on three out of four films
examined. The fourth film showed faint structures similar in appearance to
those of Fig. 4.3, but one-tenth as large in diameter. The failure of normal
incidence SEM to resolve structures on such films has been noted by JHH.
The reason for the greater prominence of structure in the images of the silver
films is unclear.

Since SEM was unable to resolve the structure of most of our gold
films, it is not possible to directly correlate differences in film structure with
the differences in the heat capacity measurements shown in Fig. 4.1.
However, the preparation of film A corresponding to measurement a) in the
figure is known to have been different from that of the other two films B and
Cin two ways: 1) it was significantly thinner (~100 A vs. ~500 A), and 2) it
was probably heated to significantly higher temperatures. The latter
statement is tentative because the use of a thermocouple for monitoring the
temperature of the substrate during evaporations had not yet been
implemented when film A was deposited. It is known, however, that the
power used to heat substrate of film A during the evaporation was a factor of
~1.6 greater than that used to heat substrate of film C. Films B and C were
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Figure 42 Scanning tunneling microscopy image of a silver film
evaporated on sapphire heated to room temperature.
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Figure 43  Scanning electron microscopy image of a typical silver film
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therefore, that the crystallites formed in A were larger and better oriented
than those of the other films, and that this improvement yielded a sharper
peak in the heat capacity, Further measurements on Au films deposited at
higher temperatures and better characterization of these films (e.g., with
STM) are clearly of interest.

In summary, differences in the structure of the Au films may be
responsible for the lack of reproducibility in the measurements on different
substrates, This observation emphasizes the need for better control of the
parameters of the evaporation, especially the temperature of the substrate.
Better control of these parameters is expected to yield greater reproducibility,
both in the structure of the evaporated film, and in the heat capacity data as
well.

It is also likely that the homogeneity of our metal films can be
substantially improved by heating the substrate to higher temperatures
during the evaporation. The current calorimeters can probably withstand
temperatures as high as 350°C, which is above the onset temperature for
columnar growth as reported by JHH. This temperature limit is imposed by
several components. The NTD thermometers have Au contact pads which
form a eutectic with Ge at 361°C.° The shear strength of the conductive epoxy
is uncertain beyond 340°C. Finally, the resistive heaters are stabilized at
approximately 325°C during manufacture, If used at higher temperatures, the
resistance of these heaters becomes unstable.” Opportunities also exist for
constructing calorimeters out of Si using microfabrication techniques. Such
structures can withstand temperatures as high as 450°C. We will discuss the
concept of Si calorimeters further in Chapter 5.

Finally, we note that the homogeneity of Au films has been studied by
means of adsorption isotherms. On an ideal substrate (i.e., one with infinite
domain size), the adsorption isotherm of an adsorbed film exhibiting layer-
by-layer growth would display a series of vertical steps. On real substrates,
nonvertical steps are observed. The slope of these steps can be used to
estimate the mean domain size for the substrate. The domain size for Au
films deposited at 200°C is 140-200 A.% 8 Because adsorption isotherms are
sensitive to the presence of steps and other defects, these domains are smaller
than the crystallites in these films by a factor of ~30. The homogeneity of
structures like the columnar crystallites described by JHH has not been
ineasured but is certainly of interest. Films of Au deposited on mica at
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approximately 350°C are believed to have domain sizes as large as 500 AP At
present, this is believed to be the best homogeneity available from evaporated
metal films.

4.3 Cleanliness

The other potential source of substrate heterogeneity is chemical
contamination. Like defects in the structure of the metal film, chemical
impurities present special binding sites which help create domains within the
adsorbate. Different levels of contamination on different substrates could be a
cause of the nonreproducibility shown in Fig. 4.1.

Direct measurements of surface cleanliness in UHV are often made
using Auger electron spectroscopy (AES). This technique is both element-
specific and surface-sensitive. It is well suited to studies of single crystals or
evaporated metal films. It is not useful for studies of porous substrates such
as graphite because it can probe only the outermost atomic layers of the
substrate. In situ measurements with AES are both difficult and unusual in
systems operated at LHe temperatures. The technique requires access to the
sample over a rather large solid angle, which conflicts with the need for
radiation shielding, We have therefore used the heat capacity measurements
themselves as a gauge of cleanliness, much as adsorption isotherms are used
to characterize graphite substrates.

Some information can be obtained by transferring substrates to a
separate UHV chamber equipped for AES.2 We have done so with one of our
Au films. The compdsition of the surface was found to be 25 at. % C and 75 at.
% Au. The exposure to air during the transfer itself is thought to induce
contamination of approximately this magnitude.? Thus, AES in a separate
chamber can only be used to check for gross contamination due to carbon or
lower levels of other contaminants.

The clearest evidence of contamination was observed in
measurements of the heat capacity of Ha/Ag prior to the implementation of
the bake-out procedure, Fig. 4.4 shows measurements for nominally
identical, 3.3 A-2 exposures of n-Hj on a single calorimeter. We will refer to
this exposure of n-Hj as a "standard" exposure. Fig. 4.5 shows similar
measurements for a different calorimeter. The first measurement in each
figure was made on a freshly evaporated Ag film. Successive measurements
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were made at various intervals, as shown in the figure. The gas line was
filled with fresh H; at the beginning of each day.

Before each measurement, the calorimeter was heated to a temperature
T4 to desorb desorb Hj from the previous dose, if any, and to remove
adsorbed gases accumulated through background dosing. For the
measurements shown in Fig. 4.5, Tq = 10-15 K, which is high enough to
desorb H; and 4He. For the measurements in Fig, 4.4, T4 was close to room
temperature. To determine which gases are likely to be desorbed at ~300 K,
we note that the simplest rate equation for thermal descrption is of the
form10 R4 = N ko exp(~-E/kgT), where Rq is the desorption rate, N is the
number of molecules, kO is the pre-exponential factor, and E is the activation
energy per atom. A typical value for kg is 1013 s-1 (i.e., the adsorbate-
substrate vibration frequency).10 If we set R4/N = 15-1 and T <300 K, we find
that molecules with E € 9000 K per atom (i.e., E S 18 kcal/mole) will be
desorbed. On a polycrystalline Au substrate, adsorbates likely to satisfy this
criterion include!! CO, COy, and N3 (in addition to Hj and the noble gases).
Molecular oxygen has a higher desorption energy and, on the basis of this
simple model, would not be expected to desorb below ~400°C.

The measurement on the fresh film in Fig. 4.4 resembles the results
obtained after bake-outs had been implemented, as shown in Figs. 3.2-3.4. It
also bears the greatest similarity to the data for bulk Hp. In both figures, the
data evolve monotonically over time toward larger heat capacity and a more
complex dependence on the temperature. Particularly noticeable is the
feature near 2.3 K which appears either as a small bump or as a prominent
shoulder on a larger feature near 1.6 K. Before the final (i.e., topmost)
measurement in Fig. 4.4, a second Ag film was evaporated on top of the
original one. The new film failed to restore the original behavior of the Hp
samples; in fact, it appears to have reinforced the trend which had been
previously established. |

These measurements strongly suggest that the calorimeters operated in
the unbaked UHV system became contaminated through exposure to residual
gases in the chamber on a scale of hours. The pressure in the UHV system, as
measured by an ion gauge located at the wall of the chamber, was 2 3 x 10-?
Torr. At this pressure, surfaces are exposed to a flux of molecules equivalent
to one monolayer every five minutes. The pressure near the calorimeter is

expected to be considerably lower due to the cryo
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temperature radiation shields. However, the data of Figs. 4.4 and 4.5 show
that the cryopumping was unable to adequately compensate for the relatively
high residual pressure in the system as a whole.

Replacement of several materials thought to be sources of excessive
outgassing and the implementation of bake-outs, as described in Chapter 2,
led to dramatic improvements in reproducibility. Fig. 4.6 shows a series of
measurements of standard samples on one Au film which lasted over a |
period of nine days. The shape of these data agrees well with that for bulk Hj,
as explained in Chapter 3. The reproducibility is excellent in comparison with
that of the data shown above. We note that the pressure of the UHV system
(as measured at the wall of the chamber) is ~5 x 10-10 Torr, a factor of six
lower than before the bake-outs. |

Despite the significant improvement in reproducibility described
above, measurements on different substrates are still not reproducible, as we
have already discussed. The structure of the Au film and the effects of
different structures on the behavior of the adsorbate were discussed in the
previous section. The remainder of this section focuses on possible sources of
contamination of the Au film. For each possible source, we discuss measures
taken to guard against contamination. We also indicate areas of potential
improvement in these safeguards.

The residual pressure during evaporation in the baked UHV system is
$ 5 x 10-9 Torr, which is low enough to make it an unlikely source of
contamination. However, any part of the system which is heated during the
evaporation may outgas and become a potential source of contamination.
The areas heated include the gold wire, the tungsten filament, the
surroundings of the filament, the surroundings of the calorimeter, and the
calorimeter itself. We will consider these sources one by one.

The gold wire and filament are handled only with gloves and clean
tweezers when being installed. After they have been installed in the UHV
system and the system has been baked, the wire, the filament, and their
surroundings are thoroughly outgassed. The current is gradually increased to
heat the gold just to the point where evaporation begins, as monitored by the
quartz-crystal oscillator. The pressure increases sharply at first, reaches a
maximum, and eventually begins to slowly decrease. Outgassing is continued
for at least one half hour to ensure that the surroundings are thoroughly
heated. If the chamber is vented, the outgassing must be repeated. Some
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additional outgassing occurs when the filament is heated for the actual
evaporation. For this reason, the shutter between the sample and the
filament is left closed until the evaporation rate reaches ~1 A/s, and it is
closed again at the end of the evaporation before the current to the filament is
turned off. The filament is equipped with a water-cooled shroud and water-
cooled electrodes. The water-cooling is used during the evaporation to
reduce the outgassing from surfaces near the filament. The shroud also
absorbs much of the thermal radiation emitted by the filament, thereby
reducing the heating of other near-by surfaces. ‘

The calorimeter is surrounded by radiation shields as shown in Fig. 2.7.
The shields and the charcoal epoxied to them are cooled by contact with the
LHe cold finger. The shields are warmed by radiation from the filament
during evaporation, The charcoal does not view the filament directly, but it
is also heated through its contact with the shields. The increase in
temperature is unknown but may be large énough to desorb some of the gases
which have been cryopumped. To determine the temperatures at which
desorption is expected to occur, we must consider the metal surfaces of the
shields and the charcoal as separate cases.

Desorption from the metallic surfaces of the shields is governed by the
equilibrium vapor pressures of the gases cryopumped on these surfaces. For
example, the vapor pressure of Hy would rise to 10-2 Torr at a temperature of
~3.5 K. The corresponding temperature for CO is ~25 K. Heavier molecules
would desorb at still higher temperatures. Because the vapor pressure of 4He
is high (~6 Torr) even at 1.6 K, it is nait effectively cryopumped by the metallic
surfaces. Hence, desorption of 4He from the metallic surfaces is expected to be
small.

Desorption from the charcoal depends not only on the temperature,
but also on the condition of the charcoal surface and the quantity of gas
adsorbed. Adsorption isotherms are used to measure the pressure in the gas
phase as a function of temperature and the quantity of gas adsorbed for a
given substrate-adsorbate combination. Using an estimate of the amount of
4He in the UHV system prior to the cooling of the cryostat and published
isotherms for 4He on activated charcoal,!? we find that a 4He pressure of 109
Torr is expected at ~17 K. The corresponding temperature for Hj is greater
than 40 K. However, the charcoal used in the present work is not baked and
is presumed to be covered with an unknown amount of adsorbed water.
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Therefore, it is possible that significant desorption from the charcoal occurs at
lower temperatures than those expected from isotherms for activated
charcoal. |

Finally, we consider the calorimeter itself. The sapphire substrate is
ultrasonically cleaned in organic solvents before construction of the
calorimeter. It is also wiped with methanol just before installation into the
UHYV system. Before the evaporation, the calorimeter is heated to
approximately room temperature, as determined by the thermocouple shown
in Fig. 2.3. It is held at this temperature during the evaporation, and for
several minutes afterward, and is then allowed to gradually cool. Heating the
calorimeter helps to produce smooth metal films, as described in the previous
section, and to drive off gases adsorbed on its surface. The vapor pressure of
common molecular adsorbates such as HyO, Nj, and co are large enough at
room temperature that thick layers of adsorbates are quickly pumped away.
Thin layers may remain, depending on the binding energy to the substrate.
The vapor pressure of the conductive epoxy on the back of the sapphire is
‘unknown. The calorimeter is baked in air at temperatures of 50-100°C to
cure the epoxy, and the smallest amounts of epoxy needed to make reliable
contacts are used.

Measures which could be employed to further decrease the possibility
of contamination from these sources are as follows. The gold wire and
filament should be thoroughly cleaned before installation in the vacuum
system. A recommended procedure is to use trichloroethylene, acetone, and
methanol in that order, for 15 minutes each, in an ultrasonic cleaner. Krim
has reported that tungsten evaporation baskets, even when cleaned, can be
significant sources of contamination.” 1 She reports that preliminary
outgassing of the bare basket results in films which are substantially cleaner,
as determined by AES. A feedthrough for dropping a gold pellet into the
evaporation basket is required for this preliminary outgassing. Such a
feedthrough would require a substantial modification of the existing
apparatus, and it should be pursued only after less complicated measures
lirected at other potential sources of contamination have been implemented.

The surroundings of the evaporation filament could be separately
baked following the system bake-out. To do so, it would be necessary only to
wrap the evaporation port with a heating tape. The water-cooling of the
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shroud could be changed to LN2-cooling, which provides a significant level
of cryopumping. ‘

The temperature of the LHe radiation shields should be measured
during an evaporation to determine whether or not desorption from these
surfaces is a significant problem. If so, improvement of the thermal contact to
the cold finger could be investigated.

Bake-outs with the cold finger installed could provide an important
improvement in the cleanliness of the system as a whole. Baking the system
in this manner would eliminate the need for venting the system. It would
also render the cryosorption of the charcoal considerably more effective.

The calorimeter could be heated to substantially higher temperature
during the evaporation. This would help to drive off molecules which are
adsorbed at room temperature, and produce higher quality Au films as well.
Construction of calorimeters without the use of conductive epoxy or
commercial heaters is possible and will be discussed in the following chapter.

In summary, significant progress has been made in improving the
cleanliness of the UHV system. The bake-out procedure we have
implemented provides good reproducibility for many days in measurements
on a given Au film. The reproducibility of measurements on different
calorimeters needs to be improved. We have identified two likely sources of
this nonreproducibility. The first is the structure of the Au film, which
depends sensitively on parameters such as the temperature of the substrate
during evaporation. The second is the cleanliness of the substrate, which can
be degraded by local outgassing near the calorimeter or the evaporation
filament. Straightforward solutions exist for these problems, making it very
likely that good calorimeter-to-calorimeter reproducibility can also be
achieved. Lastly, the homogeneity of the evaporated metal films can be
significantly improved by heating the calorimeter to higher temperatures
during the evaporation.
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5. Future Work

5.1 Introduction

The ac calorimetric technique which we are developing has
demonstrated its value as an alternative to traditional techniques for
measuring the heat capacity of adsorbates. Measurements of 4He/Ag indicate
an absence of solidification in sharp contrast with results for 4He/graphite.
This result emphasizes the importance of parameters such as the binding
ehergy and the corrugation of the substrate, which are known to be weaker on
metals than on graphite. In the study of n-Hj, the ~2 ms time constant of
the ac technique allowed measurements to be made on a time scale which is
rapid in comparison with the ortho-to-para conversion rate. This situation
contrasts with that for traditional, adiabatic techniques, which have time
constants of ~20 mins. The data for n-H)j illustrate the suppression of the
orientational ordering transition as the coverage is decreased.

In this chapter, we discuss avenues for further research. We first
consider additional measurements which can be made usitg the apparatus in
its current form. Secondly, we briefly describe current efforts to reduce the
minimum operating temperature of the technique from 1.6 K to ~300 mK.
We propose measurements of particular interest which can be made at these
lower temperatures. A second effort which is currently in progress is the
construction of a quartz-crystal microbalance. The microbalance will provide
measurements of the coverage of adsorbed films. Such measurements are
valuable in their own right, and they assist in the interpretation of heat
capacity measurements as well. Finally, we discuss methods which can be
used to build monolithic Si calorimeters which can withstand temperatures
as high as 450°C. Such calorimeters provide opportunities for further
improving the preparation and cieaning of metal films evaporated for use as
substrates.

5.2 Further Measurements Using the Existing Apparatus

The most promising application for the apparatus in its current form
lies in a return to measurements of 4He. As discussed in Chapter 1, the data
of Kenny and Richards (KR) for 4He/Ag show no sign of the increases in heat
capacity which accompany solidification on graphite.1 Moreover, the data are
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in good agreement with a model of a 2D noninteracting Bose gas, the first
such gas to be observed. The measurements of KR are shown in Fig. 5.1.

Interesting questions about these data have been raised by Taborek.?
Taborek argues that the relatively low binding energy of 4He/Ag should
result in rapid desorption of the 4He coverages reported by KR by a
temperature of 3 K. The argument consists of two parts. In the first, the
equilibrium vapor pressure for a given coverage of 4He is calculated by
equating the chemical potential of the film with that of a 3D classical vapor.
The second part predicts the desorption rate of a film adsorbed on a substrate
suspended in UHV by means of a macroscopic continuum model for the
dynamics of thin 4He films.> The model treats the adsorbed film as a slab of
the bulk liquid which exchanges particles and energy with the vapor above it.
This model has been shown to yield good agreement with results for
4He/graphite for coverages as low as 1.5 layers. Taborek finds that a binding
energy of over 90 K per atom is necessary to explain the stability of the films
observed by KR. Since the accepted value of the binding energy for
4He/Ag(111) is only 62.5 K, he concludes that the silver surface must have
been contaminated.

Taborek's arguments raise questions about the interpretation of the
data in KR. The special feature of this experiment is the use of a metal (Ag)
substrate with a small binding energy and a small corrugation. A substrate
with a stronger binding energy would be more likely to cause solidification of
the 4He film, as is observed on most substrates. However, the fit to the model
of the Bose gas is good, and the usual signs of solidification observed on
graphite are absent. For comparison, the binding energy of 4He/graphite is
143 K. It is possible that the 90 K value estimated by Taborek for the system of
KR is still low enough compared to the value on graphite to allow for the
dramatic differences in the heat capacity which were observed. Alternatively,
it is possible that the fit to the model of the 2D Bose gas is fortuitous.

In this context, it is relevant to note that Bretz et al.* have observed a
temperature dependence similar to that of the higher coverages in Fig. 5.1 in a
study of 4He/graphite. It can be seen from Fig. 1.2b that the heat capacity of
4He/graphite decreases monotonically with decreasing temperature for
coverages n < 0.01 A-2 and in a narrow window of coverage near n = 0.08
A-2. Data for low coverages of 4He/ graphite are shown in Fig. 5.2. The
coverage measured for the 4He/ graphite system has been used to convert
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specific heats to heat capacities per unit area. These values were then scaled
according to the area of the Ag film used for the measurements in Fig. 5.1.
The data for the upper curve are from Bretz et al.; those for the lower curve .
were taken from'Fig. 1.2b. |

The temperature dependence of the upper curve in Fig. 5.2 bears a
striking resemblance to the middle curves in Fig. 5.1. For temperatures
greater than 2 K, the data of Fig. 5.2 have been shown to agree with
calculations for a model which fits the van der Waals equation of state to the
high temperature virial coefficients.* The coverages for the 4He/graphite data
are an order of magnitude smaller than those shown in Fig. 5.1. We note,
however, that the coverages listed in Fig. 5.1 are derived from the ideal Bose
gas model--not from independent measurements.

Despite the similarity in the temperature dependence, it is clear that
there are two fundamental differences between Figs. 5.1 and 5.2 the scale on
the heat capacity axis and the coverage dependence. The heat capacity is an
order of magnitude smaller in Fig. 5.2, and it does not become independent of
temperature as the coverage is decreased. These differences imply that the
virial coefficient model is not appropriate for 4He/Ag.

In summary, the temperature dependence of the heat capacity observed
for high coverages of 4He/Ag bears a resemblance to that observed for
4He/graphite in two narrow ranges of coverage. However, the data shown in
Fig. 5.1 cannot be understood on the basis of the models formulated for
4He/graphite. These considerations strengthen the conclusion that the model
of the ideal Bose gas provides the best explanation for the data of Fig. 5.1.
Further measurements of 4He using ac calorimetry are therefore of great
interest, both to address the questions raised by Taborek, and to deepen
understanding of the similarities and differences between 4He/graphite and
4He on metals.

The issues of substrate characterization and possible sources of
contamiration were discussed in the previous chapter. We note here that the
nonreproducibility noted in the measurements of Hy was not evident in the
study of 4He/Ag, despite the fact that the UHV system was not baked in the
latter study. This indicates either that 4He is less sensitive to contamination
of the surface, or that contamination did not occur during the 4He
~ measurements. If the former is true, measurements of Hy may prove useful




as a test of surface cleanliness which can assist in the interpretation of future
data for 4He. | S

Measurements of thermal desorption are also possible with the existing
apparatus and are expected to be of significant interest. The UHV system is
equipped with a quadrupole mass spectrometer (QMS), and a direct line-of-
sight between this instrument and the calorimeter can be opened or closed by
means of the same rotating shutter used for dosing and evaporation. High
background pressures and a significant distance between the calorimeter and
the QMS can complicate the detection of molecules desorbed from the
calorimeter. Detection of 4He is particularly challenging since it is the gas
with the highest background pressure. However, the implementation of the
bake-out procedure has decreased the overall background pressure by a
significant amount. Furthermore, a preliminary measurement made prior to
the use of bake-outs succeeded in detecting the desorption of Hp multilayers
from the calorimeter. Thus, the prospects for making desorption
measurements are encouraging.

Thermal desorption can be used both to check for the presence of
contaminants and to measure the cover: ..: of the adsorbate under study. The
former requires ramping the temperature to hundreds of kelvins to look for
desorption of contaminants such as CO or H20. The latter involves ramping
the temperature to ~4 K for adsorbates such as 4He or Hj. It is straightforward
to measure relative coverages by integrating the total thermal desorption
signal. Measurement of absolute coverages requires calibration of the QMS
signal with respect to the signal for a known coverage. If the first layer has an
appreciably different binding energy from that of successive layers, as is often
the case, an approximate, absolute coverage can be obtained by separately
integrating the peak in the spectrum which corresponds to desorption of the
monclayer.

Finally, measurements using other adsorbates and substrates can be
made with the present apparatus. Most other potential adsorbates are heavier
than 4He and Hj and are not expected to exhibit phase transitions below 4 K.
The melting of Ne monolayers occurs at 13.5 K,? and the transitions for
heavier adsorbates are at still higher temperatures. For temperatures below 4
K, these adsorbates are expected to form solids. One effect which can be
studied is the crossover from 2D to 3D behavior as the coverage is increased
from one monolayer to many. For Debye solids, the temperature dependence
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of the heat capacity is expected to change from T2 to T3 at this crossover point.
The change from T2 to T3 behavior in CO multilayers has been observed by
Kenny using the present technique.®

Of the lighter adsorbates, 3He is of significant interest. As mentioned
in Chapter 1, the imperfect 2D gas phase of 3He/graphite exhibits distinct
differences from that of 4He/graphite due to the differences between Fermi
and Bose statistics. These differences arise through quantum virial coefficient
corrections to the behavior of an ideal gas.7 In contrast, the temperature
dependence of the heat capacity for noninteracting particles is the same,
independent of statistics.” This behavior is shown by the solid curves in Fig.
5.1. Thus, a comparison of measurements for 3He/ Ag with the earlier results
for 4He/ Ag is certainly of interest.

Other substrates are also of interest. As discussed in Chapter 1, the
extremely weak binding energy of 4He on the alkali metals is predicted to
yield unusual behavior. Absence of solidification and a possible Bose gas
phase have been proposed for these systems.® ® Special evaporation boats for
depositing films of these highly reactive metals in UHV are commercially
available.’’ Because they are highly reactive, it is possible that evaporated
films of these metals would be more susceptible to contamination than the
noble metals. Also, the extremely low binding energies for 4He on the alkalis
would make the desorption effects predicted by Taborek's analysis even more
pronounced.

Adsorption of 4He on frozen, "pre-plated" layers of Hy or the noble
gases is also of interest. This technique has been used in measurements of
heat capacity and third sound. The corrugation of such surfaces is comparable
to or greater than that of graphite, but the binding energy is weaker.? In the
case of ac calorimetry, heavy rare gases would be the best choice for the pre-
plated layer because their higher desorption temperature would make them
more stable

5.3 Extension to Lower Temperatures

The temperature range of the ac calorimeter technique is currently
being extended to temperatures as low as 300 mK with the aid of a 3He
refrigerator. The refrigerator is based on & design which was originally

devised for astrophysical observations from socunding r rockets.!! Hence, it is
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compact, self-contained, and requires only electrical connections for
operation from a 2 K cold stage.

The refrigerator is mounted on the cold plate of a conventional
cryostat. A hole in the wall of the dewar allows access to an evaporation
filament and an effusion cell. The hole can be covered by a LHe temperature
shutter to reduce the heat load due to thermal radiation. Preliminary
measurements indicate that heat capacities as low as 1 x 10-11 J/K can be
measured. At a temperature of 800 mK, this value represents approximately
0.25% of the heat capacity of the calorimeter as a whole. This extension of the
technique to lower temperatures offers opportunities for a number of exciting
measurements.

In the case of Hp, a straightforward extension of the multilayer
measurements reported in Chapter 3 is certainly of interest. As can be seen
from Figs. 3.2-3.5, the orientational ordering peak falls just below the present
temperature range in most of the measurements made to date. With 3He
refrigeration, the entire peak and the baseline on both sides will be accessible
for a wide range of Hj coverages. These measurements will make possible a
much more detailed comparison between the experimental data and the
predictions of finite-size effects. For example, a comparison of the measured
and predicted shifts in the temperature of the peak as a function of coverage
will be possible, |

A search for orientational ordering in Hy monolayers merits particular
attention. At present, the NMR study of ortho-Hjy/graphite by Kubik et al.
constitutes the only experimental observation of this transition.!? For o-Hp
concentrations of 90% and 77%, they found transitions at 600 mK and 330 mK,
respectively. The ortho concentration in n-Hj is 75%, and enrichment
processes for preparing Hy samples with higher ortho concentrations have
been described by Silvera.!3 Mean field theory calculations for o~Hp
monolayers predict four distinct ordered phases at low temperature,
depending on the ratio of the crystal field and the quadrupole-quadrupole
interactions,’® The crystal field experienced by a given Hy molecule is
composed of its van der Waals interactions with neighboring adsorbates and
with the substrate. This dependence on the substrate implies that the
transition temperature and the ordered phase itself may be different on
metallic substrate

thanm Ar suarmhitsa  TJacan sceanaccssmemn mombo oman
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substrates with ac calorimetry are of special interest.
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An extension of the results for 4He/Ag, which were discussed in the

h2
previous section, is also clearly of interest. For T « To, where Ty = (—angNkB)

(’I}) , the heat capacity of an ideal 2D Bose gas is given by7

C(T) = %2- (TT—) Nkg. (5.1)

0

In these expressions, N is the number of bosons, and A is the area. The
statistical factor gy = 25 + 1 enters when the nuclear spin s is nonzero. Thus,
at low temperature, the heat capacity is linear in T. For the highest finite
coverages in Fig. 5.1, the beginning of this linear region is evident near 1.5 K.
Observations of a linear temperature dependence for T < 1.5 K would provide
strong support for the earlier proposal, based on the fit shown in Fig. 5.1, that
4He/Ag forms an ideal Bose gas. ‘

It is also possible that the Bose gas interpretation of Fig. 5.1 is correct,
but that solidification occurs at lower temperatures, If so, peaks in the heat
capacity analogous to those seen on graphite may be observed. Each of the
phase boundaries shown in Fig. 1.2 yields a corresponding peak in the heat
capacity. None of these boundaries is observed in the data of Fig. 5.1, but it is
possible that they have simply shifted to lower temperatures due to the
weakening of the 4He-4He and 4He-substrate interactions. If so,
measurements using the new apparatus may discover peaks due to melting
or order-disorder transitions. Debye T2 behavior is observed on graphite for
densities in the range 0.08 to 0.12 A-2 and temperatures below 1.5 K.4

Measurernents of 3He at lower temperatures are also of interest. As
mentioned in Chapter 1, data for 3He on graphite are in good agreement with
a model of an imperfect gas with quantum virial coefficients appropriate for
fermions.* 15 The heat capacity calculated using the second virial coefficient
is in quantitative agreement with the data from 4 K to temperatures as low as
0.5 K. From 0.5 to 0.2 K, there is qualitative agreement, but contributions due
to higher virial coefficients become important. No effects due to spin-
ordering are observed above 0.2 K. A comparison of these data for 3He on
graphite with data for 3He on metals would be of interest. It has been
pr0posed9 that substrates with weak binding energies could allow
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delocalization of adsorbed 4He in the direction perpendicular to the surface,
thereby reducing the strength of the 4He-4He interaction. If 3He-3He
interactions could be reduced by similar means, it is possible that an ideal
Fermi gas could be observed. Thus, the extension of the ac calorimetric
technique through the use of 3He refrigeration opens up possibilities for
observing a wide variety of exciting phenomena.

The other extension of the technique which is currently in progress is
the development of a quartz-crystal microbalance for making measurements
of the coverage. The oscillator is formed by depositing then metallic films on
opposite faces of a thin, AT-cut quartz crystal. These films serve as electrodes
which couple the crystal to a resonant drive current in the conventional
manner. One of the films also functions as a substrate for measurements of
adsorption. The extra mass deposited on the surface of the oscillator causes a
proportional decrease in the resonant frequency of the circuit. Such
oscillators have been shown to be sensitive and versatile probes of
physisorbed films,16-18 |

The use of microbalances will provide information on the coverage of
an adsorbed film as 2 function of exposure and temperature. Such
information will greaiy assist in the interpretation of measurements of the
heat capacity. For example, the temperature independent data in Fig. 5.1 are
attributed to a classical 2D gas phase with C/N = kp. Measurements of the
coverage which show that C/N has the expected value would strengthen this
interpretation. Ratios far from kg would indicate that the interpretation
must be re-evaluated.

Finally, the addition of a microbalance will allow direct measurements
of sticking coefficients. The sticking coefficient is the probability that an
incident molecule will be adsorbed on the substrate. Since the flux of
molecules from the effusion cell i is known, the coverage information from a
microbalance determines the stxckmg coefficient. The study of the adsorp:ion
or sticking process is currently an active field of research.!® Hence,
measurements of sticking are of use in interpreting heat capacity data, but
they are also of considerable interest in their own right.

5.4 Monolithic Si Calorimeters
The calorimeters currently in use are composite in their construction.
That is, the finished calorimeter is assembled from a number of discrete
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components, including a substrate, a thermometer, heaters, and electrical
leads. Thin layers of silver-filled epoxy are used to attach the thermometer
and heaters to the substrate. The bond formed by the epoxy is thin encugh to
provide a large thermal conductance, yet strong enough to survive repeated
thermal cycling. The epoxy is also used to make electrical contacts.

There are two potential disadvantages of this method of construction.
One is that the outgassing properties of the epoxy are unknown. The other is
that the temperature which such structures are expected to withstand is
limited to ~350°C. This limit is imposed by several of the components. For
example, the shear strength of the epoxy decreases at high temperature, and
its reliability above 340°C is unknown.2? The resistance of the commercial
NiCr heaters becomes unstable above 325°C,21 and the Au contact pads on the
NTD thermometers form a eutectic with Ge at 361°C.%22

As discussed in the previous chapter, the nonreproducibility in results
obtained on different calorimeters is most likely due to differences in
structure or cleanliness of the different substrates. It was also noted that Au
films deposited on substrates heated to ~420°C produce extremely large, flat,
well-oriented crystallites. Therefore, it is important to eliminate potential
sources of outgassing, and to develop calorimeters which can be heated to
high temperatures.

One way of working toward these goals is to use composite
calorimeters with improved components. For example, the electrical contacts
to the heaters and thermometer can be made with wire-bonding rather than
with epoxy. The heaters and thermometer, with some minor modifications,
can be made to withstand temperatures as high as 425°C 23

A different approach is to utilize microfabrication techniques to make
monolithic calorimeters out of silicon. Calorimeters made in this way are
currently being used as detectors for x-ray astronomy.24 A diagram of a
monolithic Si calorimeter is shown in Fig. 5.3. The central, square section of
the calorimeter has dimensions 500 um x 500 pm x 10 um. It is suspended by
long, thin legs which provide the weak thermal link to the cold stage. The
detail of the central section shows resistive thermometers which have been
produced through jon implantation. Such techniques eliminate the need for
separate thermometers, heaters, and epoxy. Furthermore, structures such as
these are known to withstand temperatures as high as 450°C.2° Since both of
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Figure 5.3  Schematic diagram of a monolithic Si calorimeter. The central
section is 500 um x 500 um x 10 um thick, and the support legs are 20 um x 10
um x 3 mm long. The detail of the central section shows thermistors and

- conducting lines produced through ion implantation. After McCammon et
al.®4
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the goals stated above can be met using monolithic Si calorimeters, they offer
an attractive alternative for the next generation of ac calorimeters.
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6. Conclusions

We have further demonstrated the capabilities of the ac calorimetric
technique for measuring the heat capacity of adsorbates. This technique is the
only technique capable of measuring the heat capacity of adsorbates on
evaporated metal films. We have made measurements of para- and
normal-Hj adsorbed on sapphire and evaporated gold substrates. For n-H2
at a nominal coverage of 25 layers, a peak in the heat capacity is observed at
approximately 1.6 K. The peak is due to an orientational ordering transition
in a bulk-like phase of the adsorbed Hy. These are the first measurements of
the heat capacity due to the orientational ordering of adsorbed Hp.

As the exposure is decreased, the orientational ordering peak is reduced
in size and shifts below the minimum of our temperature range. At low
exposure, the width of the peak as well as its shift in temperature as a
function of exposure provide qualitative evidence for finite-size effects. At
higher exposures, the broadening of the peak is dominated by the
heterogeneity of the substrate.

Methods have been devised for baking the vacuum system in a
manner compatible with the operation of the cold finger at liquid helium
temperatures. As part of this effort, epoxy-based heat sinks and other
components thought to be sources of excessive outgassing were replaced with
new materials better suited to the requirements of ultra-high vacuum.
These changes resulted in a major improvement in the background pressure
in the chamber and a similarly dramatic improvement in reproducibility.
These improvements represent a significant refinement of the ac calorimetric
technique.

We have made a careful study of potential sources of heterogeneity in
the metallic substrates used in ac calorimeters. Factors likely to contribute to
heterogeneity have been identified. Methods for reducing and controlling
these sources have been proposed. Prospects for achieving greater control
over the preparation of the substrate and a higher level of homogeneity are
excellent. Finally, efforts to extend the measurements to lower temperatures
are currently in progress. These new measurements will provide a better
understanding of the measurements made thus far, and they are expected to
produce discoveries of new phenomena as well.
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Appendix: infrared Emission Spectroscopy of CO on Pt(111)

Abstract

We have studied the C=0 stretch vibration of bridge-bonded CO on
Pt(111) in the temperature range from 225 to 300 K. Our spectra are
qualitatively different from those previously reported by Hayden and
Bradshaw [Surface Sci. 125 (1983) 787] in that we do not observe the line near
1810 em-1 that fhéy attributed to three-fold bonded CO. We observe only a
single line at 1849 cm-1.. As the coverage is increased beyond 0.5 monolayer,
~ the linewidth decreases, reaching its minimum value near 8 = 0.54. Little
change in the frequency or integrated intensity of the line is seen. These
observations tend to support "fault line" models for the high coverage
structure of CO on Pt(111). The minimum linewidth of the line is 11.5 £ 0.6
cm-1 for temperatures below 275 K, rising rapidly to ~34 cm-1 at 300 K. This
temperature dependence cannot be explained by current models of
homogeneous broadening. We attribute it to inhomogeneous broadening
associated with an order-disorder transition in the overlayer.

A.1 Introduction

Carbon monoxide on Pt(111) is one of the most intensively studied
chemisorption systems. Virtually the full arsenal of experimental techniques
has been applied in order to understand its properties, including low energy
electron diffraction (LEED),Y 2 thermal desorption spectroscopy (TDS),!-°
ultraviolet photoelectron spectroscopy (UPS),® and work function
! The study of CO on Pt(111) with vibrational spectroscopies
has been particularly extensive. There have been several studies using
electron energy loss spectroscopy (EELS),% 47 as well as a large number of
infrared studies, both on recrystallized ribbons!%14 and on single
crystals.> 1517 Recently this system has also been investigated with inelastic
helium scattering.’® With such a broad experimental background, one might

measurements.

expect that this chemisorption system would hold few surprises. Our infrared
study of the C=0 stretch vibration of bridge-bonded CO, however,
demonstrates that qualitatively different results can be obtained in nominally
identical experiments with different samples, for reasons that are not
understood.
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Electron energy loss spectra of CO on Pt(111) at high coverage
consistently show two C=O stretch lines, at frequencies of ~1870 and 2110
cm-1. The two lines have comparable intensities. The 2110 cm-1 line
appears only for 8 > 0.33. At 6 = 0.5, a c(4x2) overlayer is formed, which is
believed to comprise equal numbers of bridge-bonded and terminally bonded
molecules.® 8 9,19

The IR measurements have been less consistent. The line near 2110

cm-1, attributed {o terminal CO, is always observed. The 1870 cm-1 line,
however, has been observed previously in only three studxes,5 14,15 and only
Hayden and Bradshaw® were able to examine it in detail, They studied the
line shape as a function of coverage and temperature between 85 and 300 K.
Essentially the same behavior was observed for all coverages between 0.45 and
0.55. We will briefly summarize their results for a coverage of 8 = 0.5.

At 95 K, a single, rather sharp (13 cm-1 FWHM) line was found at 1857
cm-1. As the temperature was increased, a second, broader line appeared,
centered near 1810 cm-1. By 300 K, the two features merged into a broad (>50
cm-1 FWHM) line, within which the doublet structure was barely observable.
Fig. 1a shows some representative spectra, from their paper. The 1857 cm-1
line was assigned to bridge-bonded (two-fold) CO. The 1810 cm~1 line was
assigned to three-fold coordinated CO, and it was postulated that the energy
barrier between the bridge and three-fold sites was low enough to permit
thermally activated motion between the two sites. The thermally induced
disorder observed with LEED between 25G and 300 K was attributed to the
occupation of these three-fold sites.

A similar, though less pronounced doublet structure has been observed
by Hayden et al., for CO on Cu(111).20 It has been pointed out that the
thermally activated motion between bridge and three-fold sites is equivalent
to a dephasing process.21- 22 Dephasing has been found?? 23 to account for tic:
temperature dependence of the linewidth for bridge-bonded CO on Ni(111)
which is expected to be a similar system.

We have reexamined the 1750-1950 cm-~1 spectral region, for CO on
Pt(111), using infrared emission spectroscopy. Our findings are radically
different from those of Hayden and Bradshaw. Throughout the temperature
range from 225 to 300 K, we observe only a single symmetric line at 1849
cm-1. We do not observe the line near 1810 cm-1 attributed by Hayden and
Bradshaw to three-fold coordinated CO. We find that the linewidth of the
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IR spectra of CO on Pt(111) at various temperatures, in the region
of the C=0 stretch vibration of bridge-bonded CO. (a) As measured by

Hayden and Bradshaw.” The line near 1810 cm-1 was attributed to CO bonded

in three-fold sites. (b) As measured in the present work. No line near 1810
cm-! is observed.
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1849 cm~1 line reaches its minimum value at a coverage significantly above 9
= 0.5, where the c(4x2) overlayer is complete. The behavior of the line for 6 >
0.5 tends to support the "fault line" models of the high coverage structure of
the overlayer. We have also examined the temperature dependence of the
linewidth, and we conclude that it is due primarily to inhomogeneous
broadening associated with increasing disorder in the overlayer at
temperatures above ~275 K. The observed temperature dependence is not
consistent with any proposed model of homogeneous line-broadening.

A.2 Experimental
The IR emission technique?® 25 and our methods of surface
preparation and characterization!” have been fully described elsewhere. We
refer the reader to these sources for details. The Pt(111) surface was oriented
within 0.5° and contained less than 0.01 monolayer carbon, with no other
impurities detectable with a commercial cylindrical mirror Auger
spectrometer.

~ The emission technique relies on thermal radiation from the sample as
the only IR source in the system. This method offers significant advantages
over reflection-absorption spectroscopy,?® 25 but it is not well suited for
measurements at low sample temperatures. At the frequencies and
temperatures of interest in the present work, the emitted power decreases
exponentially with decreasing temperature, according to the Planck law. For
this reason, we were able to measure spectra only at temperatures > 225 K.

A.3 Results and discussion

A.3.1 Adsorption sites

Fig. 1b shows IR emission spectra for coverages near 0 = 0.5, and
temperatures from 225 to 300 K. It is immediately apparent that our resuits
are in qualitative disagreement with those of Hayden and Bradshaw, in that
we do not observe the line near 1810 cm-1, attributed to three-fold
coordinated CO. Only a single, symmetric line at 1849 cm~1, attributable to
bridge-bonded CO, is detected. We have attempted to introduce surface
defects by sputtering and have contaminated the surface deliberately with a
few percent of a monolayer of carbon, without observing any signal near 1810
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cm-1. We have recently learned?® 27 that Bradshaw and co-workers have
reexamined this spectral region, using the same Pt(111) sample as Hayden and
Bradshaw, but a different spectrometer and cleaning procedure. They also
find no line near 1810 cm-1. Neither they, nor we, are able to offer an
explanation for the discrepancy between these recent observations and the
results reported by Hayden and Bradshaw. Evidently the adsorption behavior
of CO is so strongly dependent on surface conditions that experiments on
different, carefully prepared single crystal samples can show radically different
results. It is worth noting in this context that Tobin and Richards!? found
that the linewidth of the molecule~substrate vibration of terminal CO on
Pt(111) was very strongly dependent on fine details of the surface condition.

Note added subsequent to publication: Chabal?® has suggested that the
line near 1810 cm-1 observed by Hayden and Bradshaw may be due to CO
adsorbed in two-fold sites at or near steps. The absence of this line in the
present work would then be attributed to a lower density of steps on the
Pt(111) surface which we have used. Differences in step density can arise from
differences in the miscut or the preparation (e.g., sputtering) of the crystal. As
noted above, we have deliberately introduced defects through sputtering yet
have not observed an increase in signal near 1810 cm-1. The orientation of
the Pt(111) crystal was within 0.5° in both the present work and that of
Hayden and Bradshaw. This orientation corresponds to a surface with steps
one lattice constant in height separated by flat terraces 2 100 lattice constants
in width. If Chabal's proposal is correct, even this level of miscut can produce
qualitative changes in the behavior of the adsorbed CO. Clearly, sample
preparation and characterization of unusually high quality would be
necessary to test this proposal.

A.3.2 Coverage dependence

It is well known that adsorbate~adsorbate interactions can give rise to
coverage-dependent inhomogeneous broadening.2%32 1t is therefore
essential in a study of vibrational linewidths to control the coverage
sufficiently carefully that such effects are minimized. In this section we
present measurements of the linewidth of the 1849 cm-1 line as a function of
coverage. These measurements are necessary to an understanding of the
temperature dependence of the linewidth, which we will discuss in the next
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section. They also have implications for the structure of the CO overlayer at
high coverage. |

In Fig. 2 we show the measured linewidth as a function of coverage, for
adsorption in the temperature range between 235 and 250 K. The coverage
was determined from the CO exposure by means of a calibration curve, which
was based on integrated thermal desorption signals. The uncertainty in the
absolute coverage is ~10%. The calibration curve, and a detailed description
of its measurement, have been given elsewhere.!”

It is apparent from Fig. 2 that the minimum linewidth occurs at a
coverage of 6 = 0.54, which is above the 0.5 monolayer coverage at which the
best c(4x2) ordering occurs. This observation is not attributable to uncertainty
in the coverage determination. If the LEED pattern is observed at the
coverage corresponding to the minimum linewidth, significant elongation of

1 e e ies
the (0 3) spots is visible. Conversely, IR measurements at the coverage that

gives the best c(4x2) LEED pattcrn show a significantly larger linewidth. Since
it is usually assumed that inhomogeneous broadening will be minimal for a
well ordered overlayer, it is surprising that in this case the minimum
linewidth occurs at a higher coverage. This observation has implications for
the structure of the overlayer at high coverages.

At high coverage, the equilibrium structure will be determined by a
balance between interadsorbate repulsion, which favors a quasi-hexagonal
structure, and the adsorbate-substrate interaction, which tends to localize the
molecules on specific, high-symmetry sites. Two limiting cases have been
proposed for the CO overlayer at high coverage (8 > 0.5). The vibrational
spectrum in the C=0 stretching region can provide a means for
distinguishing between the competing models, although it should be kept in
mind that intermediate cases are possible. Several authors!’ % ? have
described the structure in terms of a continuous uniaxial compression of the
c(4x2) unit cell along the [110] direction. In such a structure, the molecules
occupy bridge sites, on-top sites, and many different sites along the line
connecting the bridge and on-top sites.” If there were no vibrational
coupling between the molecules, and if the vibrational frequency increases
monotonically in moving from bridge to on-top sites, one would expect a
very broad vibrational spectrum stretching from 1850 cm-1 (the vibrational
frequency of bridge-bonded CO) to 2100 cm~1 (the vibrational frequency of
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. Figure 2 The linewidth of the bridge-bonded CO vibration as a function
of coverage, for temperatures between 235 and 250 K. The minimum occurs

at 8 = 0.54, which is significantly above the coverage that gives the sharpest
c(4x2) LEED pattern.
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on-top CO). Vibrational coupling, for example by dipole—dipqle coupling,
will tend to transfer intensity to the high frequency end of the spectrum, so a
single strong line near 2100 cm~1, possibly with a low-intensity tail to lower
frequency, is expected. Such spectra are observed at high coverage for CO on
Pd(100)3 and for CO on Ru(001).3! In both of these systems, it is believed that
the CO molecules occupy the full range of possible adsorption sites, yet only a
single line is observed in the IR spectrum, with no dramatic changes
occurring at the onset of compression. In the case of CO on Pt(111), we would
then expect the 1850 cm-1 line attributed to bridge-bonded CO to broaden,
shift to higher frequency, and lose intensity as the coverage is increased, if the
continuous compression model is correct. We do not observe any such
dramatic changes in the coverage range studied (up to 6 = 0.56).

Avery’ and Biberian and Van Hove!? have proposed "fault line"
models, in which all of the molecules remain on high symmetry sites, with
high density antiphase boundaries separating locally c(4x2) ordered regions.
Such a model would predict well-defined lines near 1850 and 2100 cm-1,
possibly slightly broadened and/or shifted by dipole-dipole coupling in the
high density domain boundaries. This prediction corresponds with our
observation that the 1850 cm-1 line does not appreciably broaden, shift, or
change in intensity as the coverage is increased above 6 = 0.5. Hayden and
Bradshaw's measurements® of the coverage dependence of the integrated
intensities of the bridging and on-top vibrations also supnorted Avery's fault
line model, in which the domain boundaries contain only on-top CO.

It appears that our vibrational spectra rule out a continuous
distribution of adsorption sites, and are consistent with the predictions of
fault line models. They do not prove, however, that the CO molecules all
remain strictly localized on high symmetry sites. The possibility remains of a
compressed structure in which molecules are shifted from high symmetry
sites by interadsorbate repulsions, but excessive deviations from the preferred
sites are prevented by adsorbate-substrate interactions. The resulting broad
distribution of vibrational frequencies, with a gap separating "quasi~bridge-
bonded" and "quasi-on-top" species, might not be reflected in the
vibrational spectrum because of inte:sity transfer by dipole-dipole coupling,
as mentioned above. More detailed line shape studies including the 2100
cm-1 line due to on-top CO and extending to higher coverages might clarify
this issue.
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A.3.3 Temperature dependence

It is apparent from Fig. 1b that the width of the 1849 cm-1 line is
strongly temperature-dependent. Measurements of this temperature
dependence are of interest because they can provide important clues to the
nature of the line-broadening mechanism.? 33 In Fig. 3 we present the
linewidth of the 1849 cm-1 C=0 stretch vibration as a function of
temperature. In order to minimize the effects of inhomogeneous broadening,
we varied the exposure at each temperature until the linewidth was observed
to increase from its minimum value. The optimal exposure varied
somewhat with temperature, from 3.5 L at 250 K to 5.0 L at 300 K. The
difference is presumably due either to a lower sticking coefficient or to a
higher rate of desorption at higher temperatures. The linewidths in Fig. 3
have been corrected for the spectrometer resolution of 7.8 cm-1, which was
determined frem the angular width of the zero-order diffraction peak and
confirmed by measurements of water vapor spectra. |

The linewidth seems to be constant at 11.5 £ 0.6 em-1 at temperatures
below 275 K. This value may represent a homogeneous linewidth, caused, for
example, by energy relaxation by the excitations of electron-hole pairs.
However, it could also represent a residual, temperature-independent
inhomogeneous contribution. We have atterhpted to distinguish these two
mechanisms by analyzing the vibrational line shape. Fig. 4 shows the average
of four spectra measured at 250 K. The dashed and dotted lines represent
best-fit Gaussian and Lorentzian functions, respectively, convolved with the
measured instrumental response function. The observed line clearly fits the
Lorentzian line shape more closely. This fact suggests that the line is
homogeneously broadened. Flowever, there is substantial noise in the
spectrum, and the line shape expected for inhomogeneous broadening is not
known; there is no strong reason to expect a Gaussian shape.33 Any
conclusion regarding the broadening mechanism must therefore be regarded
as very tentative.

At temperatures above 275 K, the linewidth increases sharply, reaching
~34 cm~1 at 300 K. We will show below that this increase is largely reversible
and cannot be explained by any proposed model of homogeneous broadening.
We attribute it to inhomogeneous broadening associated with the reversible
order-disorder transition in the c(4x2) overlayer described by Ertl et al.! This
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Figure 3 The linewidth of the bridge~bonded CO vibration as a function
of temperature. The dotted line represents the best fit to a model of
dephasing by interaction with other vibrational modes. The dashed line
represents the best fit to a model of dephasing by interaction with electron-
hole pairs. Neither model adequately fits the data.
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. Figure 4 Line shape analysis of the bridge-bonded CO vibration at 250 K.
The solid line represents the average of four separate spectra. The dashed line
represents the best fit obtained with a Gaussian function convolved with the
measured instrumental response function. The dotted line represents the
best fit obtained with a Lorentzian function similarly convolved. The data fit
~ the Lorentzian function more closely.
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transition occurs in the temperature range between 275 and 300 K, and is
clearly observable with LEED. Our attempts to fit the high-temperature line
shapes with Gaussian and Lorentzian functions were inconclusive.

Because of the possibility of desorption, and the strong dependence of
the linewidth on coverage, it was necessary to investigate the possibility that
the apparent temperature dependence of the linewidth is actually due to
coverage variations. The experiment summarized in Fig. 5 rules out such an
effect, for temperatures < 281 K. The sample was dosed with 3.5 L CO at 241 K
to give a linewidth of 14.1 + 0.6 cm~1, as shown in curve a. It was then heated
to 281 K, and the spectrum shown as curve b was measured at that |
temperature, giving a linewidth of 20.2 + 1.5 cm~-1. Finally, the sample was
again cooled to 241 K, and the spectrum shown in curve ¢ was measured. The
linewidth was 13.2 £ 1.1 cm~1, essentially unchanged from its original value.
When a similar experiment was performed with sample temperatures of 250
and 300 K, effects due to desorption were observed in addition to reversible
temperature~dependent line-broadening. After the sample had been held at
300 K for 30 min, the linewidth at 250 K was 20.3 cm~-1 - smaller than the 35
cm-1 linewidths typically observed at 300 K, but significantly larger than the
14.2 cm-1 linewidth measured at 250 K before the sample was heated. After
the addition of another 1.0 L at 250 K, the linewidth narrowea again to 14.2
cm-1. It is clear from these measurements that most of the temperature-
dependent broadening shown in Fig. 2 is reversible, although desorption
becomes significant at the highest temperatures studied (~360 K).

Three homogeneous line-broadening mechanisms have been
proposed that are predicted to show a strong temperature dependence:21/ 33
energy relaxation by multiphonon excitation, dephasing by interaction with
molecular or lattice vibrations, and dephasing by interaction with electron-
hole pairs. None of the available models for these processes provides an
explanation for our data. The multiphonon process should be negligible for
the C=0 stretch mode, which has a frequency more than nine times the
maximum Pt phonon frequency.34 The dephasing process, however, might
be expected to be important. As we mentioned above, the linewidth of the
C=0 stretch vibration of bridge-bonded CO on Ni(111) has been attributed to
dephasing by interaction with another molecular vibration.?? 23 This process
is characterized by an approximately exponential temperature dependence. It
has also been suggested that dephasing by electron-hole pairs, which is
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 Figure 5 Spectra showing the reversibility of the temperature-dependent

line-broadening. (a) Spectrum of 3.5 L CO (8 = 0.54) at 241 K. (b) Spectrum
measured at 281 K after dosing at 241 K. (c) Spectrum measured after cooling
sample back to 241 K.
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characterized by a T4 dependence, could explain the data for CO on Ni(111).3?
The linewidth of the C=0O stretch mode of terminally bonded CO on Ru(100)
has also been attributed to vibrational dephasing.36

In the present case of bridge bonded CO on Pt(111), the observed

temperature dependence is inconsistent with the proposed dephasing models.

' The dephasing model of Persson and co-workers2% 36 predicts the variation

of both linewidth and the vibrational frequency with temperature. Within-
the experimental error of approximately + 1 cm-1, we observe no change in
the vibrational frequency over the temperature range studied. The dotted
line in Fig. 3 repfesents the best fit of this model to our linewidth data, subject
to our experimental limit on the frequency shift. The essentially exponential
dependence predicted by the model is clearly incapable of fitting the abrupt
change in the linewidth that we observe. The T4 dependence predicted
electron-hole pair dephasing?’ is equally unsuccessful in fitting the data; the
best fit is shown as the dashed line. A temperature-independent
contribution to the linewidth was included in both models, but in each case
the best fit was achieved when the value of that contribution was zero. It is
possible that more complicated dephasing models - including coupling to
more than one vibrational mode, for example, or incorporating a more
realistic model of the coupling to the metal electrons — could fit the observed
temperature dependence. In the absence of a well-justified basis for
assuming some such many-parameter model, however, and in view of the
observed order-disorder transition, it is more judicious to conclude that the
observed broadening is inhomogeneous.

A.4 Summary

In summary, we have studied the C=0 stretch vibration of bridge-
bonded CO on Pt(111) in the temperature range from 225 to 300 K. We find
that the minimum linewidth occurs for a coverage > 0.5 monolayer. The
behavior of the line at coverages > 0.5 tends to support "fault line" niodels of
the high coverage structure. Our spectra are qualitatively different from those
of Hayden and Bradshaw” in that we observe no line near 1810 cm-1. We
observe a single line at 1849 cm-1. The width of the line at the optimal
coverage is 11.5 £ 0.6 cm~1 for temperatures below 275 K, rising rapidly to ~34
cm-1 at 300 K. This temperature dependence cannot be explained by current
models of homogeneous broadening. We attribute it to inhomogeneous
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broadening associated with an order-disorder transition in the overlayer.
We are not able to determine conclusively whether the temperature-
independent linewidth at temperatures < 275 K is homogeneous or
inhomogeneous, although examination of the line shape tends to favor a
homogeneous broadening mechanism.
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