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Multilayer adsorption of deuterium hydride on graphite

Hong Wu* and G. B. Hess
Department of Physics, University of Virginia, Charlottesville, Virginia 22901

~Received 16 September 1997!

We report ellipsometric-coverage vapor-pressure isotherm measurements for HD on graphite over the tem-
perature range 8.5–16.7 K. As many as 17 discrete layer adsorption steps are resolved at temperatures near
16.0 K, slightly below the bulk triple point (Tt516.60 K). Layer condensation critical temperatures are
determined for layers two through nine. The sequence of critical temperatures indicates that the roughening
temperatureTr of the close-packed facet of HD is certainly above 14.9 K and could be as high asTt . With
some assumptions, an estimate ofTr515.3 K is obtained. A conspicuous feature of the isotherms is occurrence
of hysteresis and splitting over limited temperature ranges in the fourth, fifth, and sixth layer adsorption/
desorption steps. This apparently indicates a change in structure of the underlying film when the thickness
equals or exceeds four layers.@S0163-1829~98!00711-5#
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I. INTRODUCTION

For certain combinations of adsorbate and substrate, fi
many layers thick grow in equilibrium with vapor as th
pressure is increased towards saturation. Hydrogen on gr
ite is one such combination. Thus it is a system in which o
can hope to study phenomena relating to growth from
quasi-two-dimensional~2D! monolayer toward a 3D crysta

Several issues can be addressed in such a system. Th
is to what extent complete wetting~uniform equilibrium film
growth to macroscopic thickness! is approached. Wetting is
favored by an attractive substrate-adsorbate potential th
stronger than the attractive potential between adsorbate
ecules. If the film is solid, however, a strong substrate w
induce strains in the film. At a sufficiently large thickness t
positive strain energy will exceed the negative potential
ergy of interaction with the substrate, and the film will pref
not to be attached to the substrate: Wetting then should
incomplete.1,2

At low temperatures a solid film should grow layer b
layer, through a series of first-order layer condensat
transitions.3,4 This means, for an ideal substrate, the cover
of the adsorbate in the film increases abruptly by about
molecular layer at particular values of pressure of the am
ent vapor. If the temperature is raised, the first-order ph
transition ofnth layer condensation may terminate at a lay
critical temperatureTc,n , beyond which the step in coverag
no longer is vertical and rapidly broadens; film growth b
comes continuous. As the layer number increases,Tc,n
should approach the roughening temperatureTR of the cor-
responding facet of the 3D crystal.5,6 The relation ofTR to
the bulk melting pointTt is of interest.7

More complicated behavior occurs in some cases. Arg
krypton, and xenon films on graphite show reentrant lay
ing: In a temperature interval slightly above the appar
layer critical temperatures, sharp condensation steps reap
for the fourth and higher layers, shifted by about a half la
in coverage and chemical potential.7–11 This is associated
with disordering of the top layer and its interaction with t
rest of the film.12–14 Phillips, Zhang, and Larese12 have at-
tributed it to outer-layer melting driven by layer promotio
570163-1829/98/57~11!/6720~11!/$15.00
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while other authors13,14 have identified it with the prerough
ening transition that occurs in solid-on-solid lattice models15

Argon and nitrogen on boron nitride show similar behav
at least up to four-layer films,16 indicating that the phenom
enon is not highly sensitive to the strength of the substr
interaction. Other systems including Ne, N2, and CO on
graphite17 have some features that are similar.

Other structural phenomena observed in different ph
isorption systems might possibly occur in hydrogen films
graphite: Neutron-diffraction study of three- and four-lay
argon films18 and x-ray-diffraction study of xenon trilayers19

indicate that stacking faults are common. In solid hydroge
the difference in free energy between hcp and fcc structu
is very small,20 and there are indications that surface inte
actions can favor the metastable fcc structure.21–24 Simula-
tions for multilayer argon and methane on graphite sugg
that the bottom layer can become incommensurate with
rest of the film due to substrate-induced lateral compress
and this is supported to some extent by neutron-scatte
experiments.25

The adsorbates mentioned differ in interaction stren
and the importance of quantum effects, but all are effectiv
spherical molecules: the rare gases intrinsically, meth
due to rotation at the relevant temperatures, and hydro
because in equilibrium at low temperatures the molecules
predominately in theJ50 rotational state, little perturbed b
the surface interactions.

In recent years, films of molecular hydrogen (H2), deute-
rium hydride~HD!, and molecular deuterium (D2) on graph-
ite, MgO, or BN substrates have been studied by volume
vapor pressure isotherms,26–30 heat capacity,26,29,31 neutron
diffraction,31 low-energy electron diffraction,32 nuclear mag-
netic resonance,33 and elastic28 and quasielastic
neutron-scattering34,35 ~QENS! measurements. The volume
ric isotherm study of H2 on MgO by Ma, Kingsbury, Liu,
and Vilches26 showed layer-by-layer growth up to six o
seven layers. Recently, Vilches and co-workers29,36 have re-
ported volumetric, heat capacity, and QENS measurem
for bilayer HD on graphite, with the volumetric measur
ments extending up to four layers.

We have made ellipsometric isotherm measurements
6720 © 1998 The American Physical Society
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57 6721MULTILAYER ADSORPTION OF DEUTERIUM HYDRIDE . . .
all three isotopic combinations, and report here the res
for HD. Compared to H2 and D2, HD has the simplifying
characteristic that it does not have a metastable ortho or
species, so possible effects ofJ51 molecules and uncer
tainty in their concentration are not present. First we revi
briefly past work on multilayer HD. Vilches, Liu, Ebey, an
Liu29 made vapor pressure and heat-capacity measurem
of bilayer HD on graphite. They found a conventional pha
diagram for the second layer with a two-dimensional trip
point ~at 8.44 K! and critical point~about 11.45 K from hea
capacity, 11.8 K from vapor pressure isotherms! correspond-
ing, respectively, to solid-liquid-vapor coexistence and
limit of liquid-vapor coexistence. Liu36 extended the iso-
therm measurements to the third and fourth layers, find
Tc,3512.360.2 K and Tc,4512.060.2 K. Vilches et al.28

also made volumetric measurements of HD on MgO up
four-layer thickness; critical temperatures for the seco
third, and fourth layers were determined to be 10.5, 12.1,
12.4 K, respectively, close to the values on graphite ab
the second layer. The third and fourth layers did not sh
evidence of melting below the critical temperature or
liquid-vapor coexistence region. This is also true on graph
but second-layer melting is much weaker on graphite,36 so
melting of higher layers could have been difficult to see
isotherms. Mobility studies of multilayer HD on MgO b
QENS ~Refs. 33 and 34! show that a liquidlike submono
layer on the surface persists below 8 K. The thickness of
quasiliquid layer grows to slightly less than 1 molecu
layer ~ML ! at 12 K and at least 6 ML very nearTt . On
graphite the mobile fraction in bilayer HD is very small b
low Tc,2 but there are no data for thicker films.36

II. EXPERIMENTAL APPARATUS AND PROCEDURE

Our adsorption cell is located within a cryostat, so that
cold walls of the cell and connecting tubing protect t
graphite substrate from contamination resulting from outg
sing of room-temperature walls or condensible impurities
the supply gas. The substrate, a 103530.3 mm3 slab of
highly oriented pyrolytic graphite~HOPG!,37 is clamped to a
copper cold finger~the ‘‘sample mount’’! that is temperature
regulated using a silicon diode thermometer and Lake Sh
Cryotronics controller. A second copper cold finger is us
to regulate the adsorbate vapor pressure inside the cell.
cell, sample mount, and cold finger are cooled by a Jo
Thomson third stage of a closed-cycle helium refrigera
Manually adjusted heaters control the temperature of
body of the cell and the cold finger. The pressure in the
is measured by three capacitance diaphragm gauges at
temperature, with ranges of 10, 100, and 1000 Torr. R
pressure data are corrected for the thermomolecular e
using the equation of Takaishi and Sensui.38

We monitor the coverage of adsorbate on the grap
substrate by an ellipsometric technique: A suitably pol
ized light beam is reflected from the graphite sample at
angle of incidence, and analysis of the reflected light gi
the ratior of the reflection coefficients forp- ands-polarized
light and the relative phase delayD between the two polar
izations. If a transparent film is deposited on the reflect
surface, the principal effect is to increase the relative ph
delay D by an amount proportional to the film thicknes
ts
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provided the film is very thin compared to the wavelength
the light. Details of our ellipsometric technique have be
described previously.39 Figure 1 shows the optical setup o
the system. Light~at l5670 nm! from a diode laser, which
is linearly polarized at an angle of 45° to the plane of in
dence, passes through a phase-delay modulator and re
from the sample. The modulator, which is a rectangu
prism of fused silica driven at its extensional resonance
quency, adds a 50-kHz ac phase delay to the sample p
delay D. The reflected light passes through a quarter-wa
plate and an analyzer oriented at 45° to the plane of in
dence, then to a photocell. The output of interest (I 1) is the
Fourier component of the photocurrent at the modulation
quency. This is proportional to sinD, hence to the film thick-
ness on the graphite substrate, when the quarter-wave
has been rotated to nullI 1 for the bare substrate.39 This mea-
sure of coverage,I 1 , is monitored as the pressure of adso
bate gas in the cell is increased to the saturated vapor p
surep0 and then reduced~usually! until the second layer is
desorbed. The process was repeated on many isotherm
approximately 0.1 K temperature increments.

In contrast to the volumetric technique, these measu
ments do not use a large-area powder sample, and there
are not limited by capillary condensation asp approaches
p0 .

III. RESULTS

We conducted three experimental runs with HD, spann
the temperature range 8.5–16.7 K. The first run consiste
140 isotherms and the second 99 isotherms. Prior to th
two runs the substrate had extended exposure to air whe
replaced the cell body and was cleaned by heatingin situ
under vacuum to 300 °C overnight. Figure 2~a! shows a se-
lected isotherm atT511.75 K in the second run. In additio
to sharp steps, we see some broad features between s
notably above the second and below the fourth step, wh
we attribute to adsorption on a contaminated fraction of
observed portion of the substrate surface. We then repla
the HOPG sample and repeated the original preparation
cedure, cleaving in air with adhesive tape and baking
flowing argon at 500 °C. The sample was then installed
the cell and was heatedin situ as before. The third run, in
which 57 isotherms were obtained, was conducted with
sample. Figure 2~b! shows an isotherm also atT511.75 K

FIG. 1. Schematic diagram of the cell and optical setup, wh
is configured as a phase-modulated reflectance ellipsometer.
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6722 57HONG WU AND G. B. HESS
from this third run. It is similar to the earlier isotherm, b
the individual steps are about 1.5 times as high~not apparent
in the normalized figures! and the regions between steps a
flatter. A close comparison of the two isotherms in Fig.
reveals that the risers, especially of the higher steps, on
contaminated substrate are less steep than on the clean
strate. For instance, the slope (dI1 /dp) of the sixth step in
Fig. 2~a! is about half of the slope of the sixth step in Fi
2~b!. Even on a clean substrate in a first-order condensa
region isotherm steps are not perfectly vertical, due to
sidual heterogeneity of the substrate and to finite size of s
strate grains. Another difference is that the maximum nu
ber of layers observed at saturation on a contamina
substrate is less than on a clean substrate: We see 8.5
ers in Fig. 2~a!, compared to 10.5 layers in Fig. 2~b!. As is
discussed later in this paper, substrate heating by the l
beam could affect the total film thickness, but in the pres
case both isotherms were measured at nearly the same
power. In fact, we see two less layers in almost all isothe
in the second run compared to the third run. A possible
planation is given by the grain boundary model of Dash,40 if
the substrate in the second run had uniform patches
smaller average diameter.

In the two isotherms of Fig. 2 there is nearly identic
splitting and hysteresis in the fourth and fifth steps. The sp
ting of the fourth step was observed only on the descend
branch, which corresponds to layer evaporation from
substrate. Splitting of the fifth step and also the sixth s
~not seen in Fig. 2, but in higher temperature isotherms! was
observed only on the ascending branch, which correspo
to layer condensation on the substrate.

From these observations and similar comparisons with

FIG. 2. Adsorption isotherms for HD on graphite at 11.75
shown as ellipsometric coverage vs pressure:~a! from the second
run ~partially contaminated substrate!; ~b! from the third run~clean
substrate!.
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other isotherms of the third run, we conclude that in the fi
two runs part~about one-third! of the substrate surface wa
covered by a tightly bound layer of an unknown contam
nant. The remaining part, though slightly degraded, perh
by point impurities or reduced patch size, was essenti
clean graphite. We therefore interpret the sharp feature
these runs as characteristic of HD on graphite~of slightly
reduced quality! and use them in the analysis which follow
In Fig. 3 we show portions of selected isotherms for adso
tion from the second run, for the range of reduced pressu
0.5–0.95. This provides an overview of the fourth-layer cr
cal point and step splitting in the fifth and sixth layers

We first analyze the layering behavior, measuring
pressure at each step and the slope of the step riser a
inflection point. From these slopes we calculate step wid
in chemical potential usingDm5TDp/p. The pressure
width Dp is obtained by dividing a nominal step heightDI 1
by the measured slope (dI1 /dp) at the inflection point. Fig-
ure 4 shows the condensation step widths for steps two
four. Below;12 K the transitions are apparently first orde
with widths determined by substrate heterogeneity or, at
lowest temperatures, by film growth kinetics. Each s
broadens at higher temperatures. This is interpreted as
sage through a critical point into the hypercritical regio
From plots of step width against temperature we estimate
layer critical temperatures to beTc,2511.460.2 K, Tc,3
512.160.2 K, andTc,4512.360.2 K. In this analysis, we
assume that the compressibility along the critical isoch
above the critical temperatureTc varies as (T2Tc)

2g, with
g5 7

4 , the value for the 2D Ising model. These layer critic
temperatures are consistent with the values obtained
Vilches and co-workers,28,36 cited above.

FIG. 3. Family of HD adsorption isotherms at selected tempe
tures, labeled on the left, from the second run. A range of redu
pressure including the fourth, fifth, and sixth steps is shown.
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57 6723MULTILAYER ADSORPTION OF DEUTERIUM HYDRIDE . . .
In certain temperature ranges we see hysteresis acco
nied by splitting in the fifth- and sixth-layer condensati
steps and in the fourth-layer evaporation step, as discu
above. These occur in the range 9.45–12.34 K for the fou
step, 10.85–12.34 K for the fifth step, and again at 12.6
14.84 K for both the fifth and sixth steps. Figure 5 sho
portions, including the fourth and fifth steps, of select
complete isotherms near 12 K, in both condensation

FIG. 4. Widths of the second-, third-, and fourth-layer conde
sation steps as functions of temperature. Note that the fourth
width above the critical temperature has an inflection point nea
K and cannot be fit over more than a limited range by the7

4 power
law that is expected in the critical region of an Ising transition.
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evaporation. One can see the evolution with temperatur
the splitting and hysteresis. We remark that there could
apparent hysteresis due to a temperature shift between
densation and evaporation steps if the pressure were red
too rapidly from saturation, because the sample tempera
can be pulled down by evaporation of bulk adsorbate. B
here this is not the case, as the pressure scans were
ciently slow that the condensation and evaporation steps
incide for layers seven and eight. With increasing tempe
ture, at 10.85 K we first see a small substep at the bottom
the fifth step. Though this substep becomes more p
nounced, its height does not change much until 11.75
above this temperature the low-pressure part becomes t
and high-pressure part becomes correspondingly smalle
temperature increases. The maximum pressure offset
tween the low and high components is about 4%. By 12.3
there is no longer a distinct upper substep, leaving just
low-pressure part. We label the bottom substep~low-pressure
part! asL and the top part asH8. Figure 5 shows the evolu
tion of step 5 from predominantlyH8 to predominantlyL on
increasing temperature. Concurrently, the hysteresis ass
ated with the lower substep becomes smaller as tempera
increases from 10.85 to 12.34 K. The fourth step splits
most antisymmetrically to the fifth step: Splitting star
from the top of the desorption step instead of from the b
tom of the condensation step, but maintains about the s
fractional height. One possible interpretation would be tha
any fixed temperature there is a distinct portion of the s
strate that is contributing the low substep of fifth-layer co
densation and the high substep of fourth-layer evaporat
i.e., this portion avoids the hysteresis that occurs on the
of the substrate. With increasing temperature the le
hysteretic behavior expands to the whole substrate.

Over the higher temperature range, 12.64–14.84 K,
observe splitting and hysteresis in the fifth and sixth ste
Figure 6 shows portions of selected complete isotherms

-
ep
3

are given
trary units.
FIG. 5. Portions corresponding to the fourth and fifth steps from complete adsorption and desorption isotherms. Temperatures
at the top. The abscissa is logarithm of pressure, with arbitrary offsets; the bar indicates the scale. The ordinate is coverage, in arbi
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FIG. 6. Portions corresponding to the fifth and sixth steps from complete adsorption and desorption isotherms at several hig
peratures.
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ing both up and down. Below 12.64 K we see an uns
sixth step. The top part of the step is rounded at 12.84 K
develops into a separate substep by 13.04 K. If we label
bottom part still asL and the top part asH, Fig. 6 shows that
the height of substepH increases whileL decreases with
increasing temperature. From 13.84 K to 14.64 K, the he
of L is small and changes only slowly, and we still can se
small low-pressure part until 14.84 K. Above this tempe
ture, only the high-pressure part remains. Thus by the
pearance and evolution of the substep, the sixth step evo
from L to H character, and thus from less to more hystere
The maximum pressure offset between the low and high s
steps is about 1%. We find very similar splitting and hyst
esis in the fifth step over the same temperature range,
shown in the lower part of Fig. 6.

The fifth- and sixth-layer desorption steps are sharper t
the condensation steps for temperatures above 13.5 K.
is shown more clearly in Fig. 7, where we plot the widths
both the fifth-layer adsorption~up! and desorption~down!
steps, as well as the sixth-layer condensation step, ag
temperature. We further observe that the sharpness of
fifth- and sixth-layer condensation steps is history depend
i.e., depends on how low the pressure is taken in the co
of ramping down and then up. The sharpness of the fifth-
sixth-layer evaporation steps is not affected by the history
we go below the second step~as is the case in Fig. 6!, we see
broader fifth- and sixth-layer condensation steps compare
their corresponding evaporation steps. If we do not des
the fourth layer before reversing, as is the case in Fig. 8,
see sharp fifth- and sixth-layer condensation steps that h
almost the same slopes as the corresponding evapor
steps, and the hysteresis loop is narrow. This suggests
memory of the trilayer structure is responsible for most
the hysteresis seen in complete isotherms in steps five
six.

In Fig. 7 the width of each substep is still defined in term
of a nominal full step height. We use different symbol
squares for low-pressure part, triangles and crosses for h
it
d
e

t
a
-
p-
es
.
b-
-
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n
his
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to
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pressure part. Step six undergoes only one transition, f
low-pressure to high-pressure part, with increasing temp
ture. Step five undergoes two transitions, from high-press
to low-pressure part near 12 K and from low pressure bac
high-pressure part near 13.5 K. There is no reason to bel

FIG. 7. Widths of the fifth-layer adsorption~up! and desorption
~down! step and width of the sixth-layer adsorption step as fu
tions of temperature. For adsorption, squares represent low-pre
part L and triangles represent high-pressure partH. Crosses repre-
sent another high-pressure partH8 for the fifth step at low tempera
tures.
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FIG. 8. Portion corresponding to the fifth and sixth steps of an adsorption and desorption isotherm at 14.76 K. In this case, the a
branch immediately followed reduction of the pressure from saturation, so that the film thickness did not go below four layers.
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the two high-pressure parts correspond to the same struc
so we label oneH8, the otherH. From the data in Fig. 7 we
have attempted to obtain the critical temperatures that bo
~possibly! first-order regions. For step six there are two su
temperatures: 13.3 K terminating theL first-order region,
and 14.7 K terminating theH first-order region. For fifth-
layer condensation there are three such temperatures:
K terminating theH8 first-order region, 13.3 K terminating
the L first-order region, and 14.2 K terminating theH
narrow-step region.Desorption isotherms giveTc,5514.7
60.1 K andTc,6514.8560.1 K. On the basis of our earlie
discussion, these should be characteristic of the equilibr
structure. The widths of layer condensation steps se
through nine are shown in Fig. 9. There is little hysteresis
these steps. We find layer critical temperatures:Tc,7514.8
60.1 K, Tc,8514.9560.2 K, andTc,9514.860.1 K. In ad-
dition, there is a systematic uncertainty in the temperat
scale of60.2 K. It is expected that these critical points ne
15 K are related to roughening of the close-packed face
bulk HD; this is discussed below.

Thermodynamic information about the adsorbate can
presented as chemical potentials of layer coexistence. F
the vapor pressurepn at condensation of thenth layer, we
calculate the chemical potentialmn at the coexistence ofn
andn21 layers, relative to that of bulk solid-vapor coexis
ence, using the equation

mn2m05T ln~pn /p0!. ~1!

~We setkB51.! Chemical potentials for layer condensatio
steps two through eight are plotted in Fig. 10, using d
from the second HD run. Figure 11 is an expanded plot
layers four to nine. For the fifth- and sixth-layer substeps
use the same symbols as in the step-width plots. All la
chemical potentials have negative slopes. There seem t
two changes in slope in several of the higher layer cond
sation lines, one near 12 K and the other near 14 K.

Heating of the graphite substrate by the laser beam~150–
650 mW outside the cryostat entrance window! could con-
re,

nd
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tribute to the negative slopes at lower temperatures. In
first HD run, we first made isotherm measurements at te
perature increments of 0.2 K with a laser power of 120mW,
then we filled in the intervening temperatures at a la
power of 260mW. We found that below 12 K, the chemica
potentials measured at higher laser power have larger n
tive slopes, while above 12 K the two sets of chemical p
tentials fall on the same line. We made a more detailed st
of laser heating in an earlier experiment with neon

FIG. 9. Widths of the seventh-, eighth-, and ninth-layer cond
sation steps as functions of temperature. The background width
attributed to the effect of substrate heterogeneity or, at lower t
peratures, film growth kinetics.
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6726 57HONG WU AND G. B. HESS
graphite17 and found that laser heating had little effect wh
the pressure in the adsorption cell was above about 1 T
From the observations in the first HD run and the neon
periment, we believe that the upward curvature of the la
chemical potentials in Fig. 10 below 12 K, and especia
below 10 K, is very likely due to heating by the laser bea
Above 12 K, layers above the second~with step pressures
close to 1 Torr or higher! probably are not much affected b
laser heating. For the second layer, laser heating may pe
to temperatures slightly higher than 12 K, since at 12.06
the second step pressure is still low, about 36 mTorr. T
we believe that the negative slopes above 12 K~except the
second layer! represent the intrinsic properties of the H
film. The changes of slope above 14 K should be affec
even less by laser heating and reflect increased partial
tropy of the film, which we analyze next.

Information about entropy of added layers can be
tained from them-T phase diagram by use of the Maxwe
relation

~]S/]N!T52~]m/]T!N , ~2!

whereN is the number of molecules of adsorbate per u
area of substrate andS is the entropy of the adsorbate p

FIG. 10. Chemical potential~relative to bulk solid-vapor coex
istence! at condensation of layers two through eight, as functions
temperature. Layers are labeled at the right. For the fifth and s
steps, solid squares represent the low-pressure substep, ope
angles represent the high-pressure substep~observed at higher tem
peratures!, and crosses represent the high-pressure part of the
step at low temperatures. Dashed lines indicate the melting lin
the second layer~from Ref. 36! and conjectured melting lines of th
third and fourth layers. Labels of the form ‘‘nL/n8S’’ indicate the
approximate structure in terms of the numbers of liquid and s
layers. The arrows indicate layer critical points.
rr.
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r
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it

unit area. Applied to a coverage in the coexistence region
n andn21 layers, the right side of this equation is the neg
tive slope of the coexistence line in them-T phase diagram
and the left side is the partial entropy on adding to thenth
layer. Above the layer critical temperature, the locus
broadenednth layer steps will still correspond approximate
to a line of constantN. Since we plotm relative to the chemi-
cal potential of bulk solid, the partial entropy is relative
the entropy of bulk solid. In the temperature range 12–14
the negative slopes of layer chemical potentials in Figs.
and 11 decrease with layer number from 1.72 for the sec
layer to 0.93 for the third, 0.83 for the fourth, 0.18 for th
fifth, and approaching zero for the higher layers. This impl
that the partial entropy~in units ofkB! for each layer is larger
than the entropy of bulk solid by these amounts. For co
parison, the entropy difference between bulk liquid and so
HD is 1.15kB at the triple point. These entropies imply th
condensation of the second, third, and fourth layers is add
disordered material to the film, which is consistent with t
temperature range being above the critical temperature
these layers, while condensation of the fifth and higher lay
is adding material~nearly! as ordered as solid.~The added
solid layer may be under a disordered surface layer, whic
displaced outwards.! Although not seen in our experimen
there are presumably layer solidification lines sloping u
ward between the layer condensation lines in Fig. 10.
HD, the second-layer solidification line has been observe
volumetric isotherms,36 extending from a triple point at 8.44
K to a point still well below the third layer at 13.28 K. Thi
transition is indicated by a dashed line in Fig. 10. In the c
of D2/graphite, layer melting transitions are seen in he

f
th
tri-

th
of

d

FIG. 11. Expansion of the chemical-potential temperature d
gram in the region of layers four through nine. The symbols are
same as in Fig. 10. The dashed line is a conjectured melting lin
the fourth layer, based in part on the changes in slope of the la
condensation lines. The arrows indicate layer critical points.
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capacity scans up to the fourth layer31 and originate at triple
points less than 1 K below the corresponding layer critica
temperatures. Conjectured melting lines for the top laye
three- and four-layer HD films are indicated by addition
dashed lines in Figs. 10 and 11. The calorimetric molar
tropy change associated with the melting line in second-la
HD/graphite is only 0.073kB , indicating that disordering o
the quasiliquid layer develops over an extended tempera
range.

The limiting film thickness on approach to saturation
finite, for reasons that may be partly technical and pa
intrinsic to the interaction of HD with graphite. Isotherm
show distinct~although not vertical! layer steps up to satu
ration at temperatures up to 16.04 K. The maximum HD fi
thickness is shown in Fig. 12 as a function of temperat
from 8.96 to 16.04 K, using data from the third HD run~our
best substrate!. At temperatures between 15 and 16 K, we s
about 16 or 17 layers. At lower temperatures the maxim
thickness decreases, then reaches a plateau of 10 to 11 l
between 13.44 and 11.15 K. At still lower temperatures
decreases to about 6 layers at 9 K. As discussed earlier,
heating has observable effects at temperatures below 1
for HD on graphite. When we reduced the laser power fr
630 to 120mW at 10.46 K, we saw one more higher step.
temperature difference between the sample mount and
graphite substrate might be caused also by heat flux thro
the vapor from the slightly warmer cell walls, although pa
tially shunted by the copper cap. Thus, the decreasing m
mum thickness with decreasing temperature below 11 K
Fig. 11 could be due to laser heating and may not be int
sic.

Above 16.04 K growth is continuous instead of stepwi
~Note that this is well above the critical temperatures of
eighth and ninth layers, although it still may be near or b
low the roughening temperature.! However, the maximum
ellipsometric signal does not increase significantly up to
triple point. At 16.74 K~0.14 K above the triple point, no
shown in Fig. 12! the film has grown to a thickness equiv
lent to about 31 layers. This suggests triple-point wetting
HD on graphite due to release of stress when the film
comes liquid.2,40,41It is also further evidence that the limitin
thickness of the solid film at intermediate temperatures is
due primarily to a temperature gradient.

FIG. 12. Maximum HD film thickness which can be resolved
layer by layer growth~i.e., steps in isotherms!, as a function of
temperature. These data are from the third run.
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IV. DISCUSSION

Wetting. Near 16 K we have observed thicker layer
solid films than have been seen in other systems;7 neverthe-
less the thickness is apparently limited by strain.2,40,41 The
increase in limiting thickness above 13 K may be due in p
to surface melting, which relieves strain in the quasiliqu
portion of the film. Neutron diffraction data for H2 and D2
indicate that the completed monolayer has 9–14 % gre
density than the~111! plane of bulk solid.31 Bilayer and
trilayer D2 films at low temperature have a mutually com
mensurate oblique structure, considerably distorted fr
equilateral, presumably to accommodate the result
stress.31,32 Similar structure is seen for H2, although it ap-
pears only at the beginning of the succeeding layer; it
therefore probable that HD has the same structure. Trila
data for D2 have been interpreted as indicatingABC
stacking.42 If these conclusions are true for HD, then th
trilayer differs from the bulk hcp structure both in stackin
sequence and more important in distortion from threef
rotational symmetry, and some sort of structural change m
occur on growth beyond three layers. Although the en
film could revert to the bulk hcp structure on further growt
this would incur increased interfacial energy at the subst
boundary. Alternatively, at some thickness, loss of regis
could occur between different structures in the bottom la
~or two! and the rest of the film, to partially relieve th
strain.43 We discuss this more specifically below.

Layer critical temperatures. Critical temperatures, abov
which growth is continuous, are estimated above for lay
two through nine. For layers two, three, and four these cr
cal temperatures are in the vicinity of 12 K, but from lay
five on they move to just below 15 K and then increase v
slowly. It is apparent from the highest isotherm in Fig. 6, a
also in Fig. 8, that the fifth layer remains sharp indesorption
above the apparent critical temperature determined from
adsorption data. As the desorption data presumably repre
the thick-film structure, these are the appropriate data to
in estimating the roughening temperature. The same is
of the sixth layer. This is confirmed by isotherms whic
cycled only between four complete layers and saturation
in Fig. 8: Adsorption is then nearly identical to desorptio
Therefore, we have used desorption data in determiningTc5
and Tc6 ; for higher layers there is little hysteresis, and a
sorption data were used.

The sequence of critical temperatures is expected to
proach the roughening temperature of the close-packed
face asymptotically as5,6

TR2Tc,n;A/@ ln~n!2B#2, ~3!

whereA is an unknown nonuniversal constant andB is re-
lated to parameters that are imprecisely known. Due to
weak logarithmic dependence onn, the roughening tempera
ture may be significantly above the highest layer critic
point observed.5,6 Even if layer five is assumed to be in th
asymptotic region, given the scatter of our experimental d
and with two unknown parameters in addition toTR in Eq.
~3!, it is not possible to conclude more than thatTR
>14.9 K. Indeed, even if data were available extending
much thicker films with an order of magnitude less scatt
TR still would not be closely constrained unless eitherA or B
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were fixed independently.B can be estimated theoretically
using the universal value for the surface stiffness at
roughening temperature, asB'21.91 ln(g), where g is a
constant of order unity.44 A fit with the fixed valueB5
21.9 givesTR515.360.160.2, where the second error
the systematic uncertainty in our thermometer calibrati
This interpretation may be oversimplified. It is apparent
Fig. 9 that steps seven, eight, and nine do not continu
broaden rapidly above 15.3 K, and in fact steps eight thro
eleven remain conspicuous in the isotherms up to about
K.

Layer chemical potentials. The measured layer chemic
potentials can be compared quantitatively to a simple th
retical model. The simplest assumption about the film str
ture is the Frankel-Halsey-Hill~FHH! model, as described b
Steele:45 The basic assumption is that the film is equivale
to a slab of bulk adsorbate placed in the attractive field of
substrate with no relaxation. In this case the chemical po
tials are given approximately by46

m02mn2C3 /d3~n2 1
2 !3, ~4!

whereC3 is the difference between the van der Waals co
ficients of the substrate and the adsorbate andd is the HD
layer spacing. Of the available data, those for films of fi
and more layers in the neighborhood of 13 K may co
closest to satisfying the basic assumption: The layer tr
sition lines are nearly horizontal, implying that the part
entropies are close to the entropy of bulk solid HD. Equat
~4! gives a reasonable fit to these data withC3 /d35310 K
and an offset of 0.4 K. This coefficient is about 50% larg
than expected usingC3 from Vidali et al.47 andd53.03 Å.20

The offset reflects the energy contribution~e.g., strain!,
which is preventing complete wetting. The rather poor agr
ment onC3 may indicate that the FHH approximation is n
adequate, at least for layers as low as the fifth or sixth.

Hysteresis and step splitting.The most unexpected featur
of our results is the hysteresis and step splitting descri
earlier. The occurrence of significant hysteresis only in c
tain layering transitions and only over limited temperatu
ranges is evidence that structural changes are occurring
are nucleated less easily than simple layer condensa
Splitting of steps at a temperature-dependent fraction o
layer suggests that the underlying film is different on diffe
ent patches of the surface, or at least the nucleation ba
for the next layer is different. The sharpness of the subs
~at some temperatures! implies that these patches are n
microscopic. Stable and metastable underlayer film str
tures may be present simultaneously on different grap
grains. One possibility for the process occurring at a s
step is that the final states of the substeps are the same
there are different nucleation barriers from the different i
tial states. Another possibility is that one substep repres
growth of the equilibrium structure, the other continu
growth of a metastable structure, and the difference pers
in the thicker film. The latter might account for the simil
splitting of layers five and six over the range 13–14 K.

A third possibility is that the steps are split in equilibrium
One explicit model in which this occurs is the ‘‘intermes
ing’’ phase diagram of Weichman and Prasad,48 for which
both flat and disordered-flat surfaces are stable over a fi
temperature interval. However, if the split steps on adso
e
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tion represent equilibrium, metastable states would have
be involved on desorption, and it is unlikely that such
model is the explanation for the present results.

Ordinarily the desorption step corresponds more nearl
the equilibrium layering transition than the adsorption step49

This is because grain edges are nuclei for desorption,
adding a layer may require overcoming a nucleation barr
This is supported by the observation that the desorption s
are generally steeper. This may not be true if desorption
accompanied by a change in the equilibrium structure of
remaining film, as is apparently the case here in desorp
of the fourth layer below 12 K.

In order to frame a conjecture on the origin of the sp
ting, we start by reviewing the behavior at a slightly low
temperature, 9 K. This is well below the layer critical tem
peratures, so layer condensation steps should be vertica
cept for kinetic effects. However, the vapor pressure is h
enough to allow considerable precision. At 9 K there is no
splitting. The second and third steps are sharp both in
sorption and desorption.~This is seen most clearly in iso
therms of the third run.! No hysteresis is resolved in th
second step; the hysteresisdp/p is 5% in the third-layer step
The fourth step is unusual in being sharp in adsorption
broad in desorption, with hysteresis of about 6%. The fi
and sixth steps are broad in adsorption but sharp in des
tion, with hysteresis of about 8%.

This suggests that structural changes involving a sign
cant nucleation barrier occur on adding the fifth~and sixth!
layer and on removing the fourth layer. As discussed abo
there is reason to believe that the trilayer film has obliq
structure considerably distorted from equilateral.31 We con-
jecture that this structure is retained on~the sharp! adsorption
of the fourth layer, but before or on adsorption of the fif
layer, the film seeks a different way to accommodate
stress at the graphite-HD interface. A likely possibility is
close-packed~hcp! structure for the outer part of the film
incommensurate with a more-dense monolayer or bilayer
jacent to the substrate. The broad sixth layer adsorption
indicates that some fraction of the metastable structure
mains, or else further relaxation in the structure is occurri
The sharp sixth- and fifth-layer desorption steps suggest
the thick-film structure remains stable or metastable down
the four-layer film, but reverts to the oblique structure
removal of the fourth layer. We cannot say which is t
stable structure for the four-layer film.

Above about 10.6 K, splitting of the fifth-layer adsorptio
step is observed, as apparently the fifth layer condense
lower overpressure than before on a small but increas
fraction of the substrate. This presumably reflects an incre
ing nucleation probability for the lower-free-energy stru
ture, perhaps dependent on grain size. Above 11.7 K
hysteresis associated with this lower substep has decreas
1%. By 12.3 K the lower substep has grown to encomp
the entire layer. Consequently, in the neighborhood of 1
K, the fifth-layer adsorption and desorption are both sha
with little hysteresis. The same is true of the fourth and si
layers~see Figs. 5 and 6!. Thus equilibration of the structura
change apparently occurs rapidly at this temperature on
whole substrate. An interesting possibility is that efficie
relaxation to the equilibrium four-layer structure occu
when the fourth-layer solid grows from fourth-layer liqu
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instead of from the vapor. There is no heat capacity data
this coverage range, but slopes in the chemical potential
gram ~Fig. 11! suggest that the top layer of the four-lay
film melts at about 12.0–12.3 K~in coexistence with layer
three! to about 13 K~in coexistence with layer five!. As the
melting lines are not visible in the ellipsometric experime
hysteresis there would not be observed.

What, then, accounts for the splitting of the fifth- an
sixth-layer adsorption steps in the temperature ran
13– 14 K? We have suggested that the top layer of the c
pressed four-layer film is melted above about 13.2 K. T
chemical potentials of fifth- and sixth-layer condensation
main quite flat over 13– 14.2 K, suggesting that no additio
melting ~below the top layer! occurs in this temperature
range. This is consistent with QENS data for HD on Mg
which indicate about one liquid layer on thick films at th
temperature.28,34,35Melting of the top layer plausibly could
cause reversion of the equilibrium four-layer film~now three
solid layers! to an oblique structure and also produce clo
competition between structures in the five-layer film~four
solid layers!. Thus the process occurring at lower tempe
tures could be repeated one layer higher. There are two
ferences: The fourth-layer step at 11– 12 K shows splitt
on desorption, whereas the fifth-layer step near 13 K sho
splitting on adsorption. This might be understood if the fr
energies are shifted to favor slightly more an oblique str
ture in the latter case. Second, in the lower temperature ra
the level of splitting in adsorption movesup ~less of the film
becomes hysteretic! with increasing temperature, whereas
the higher temperature range the level of splitting mov
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down ~more of the film becomes hysteretic! with increasing
temperature. This may be related to the first appearance
quasiliquid layer in the four-layer film near 13 K and it
increasing disorder with increasing temperature. This
quence does not continue because films of five and m
layers have melting transitions only near their critical tem
peratures, which are near 15 K.

Additional experimental results from cycling the pressu
up and down through a single step, or a few steps, can
examined in light of this picture. The general result is th
hysteresis is reduced if the film thickness does not cy
below four layers. In repeated cycling through just th
fourth-layer step below 12.5 K, we still observed splitting o
the desorption side, but it occurred near the bottom of
step; thus 80–90 % of the film was remaining in the thin-fil
structure. On repeated cycling through the fifth step alone
temperatures near 10.4– 12 K, we saw no splitting on
sorption but sometimes slight splitting on desorption, as
the fourth step. The former is consistent with remaining
the thick-film structure throughout the cycle, or making
rapid transition to it when the fifth layer is added.
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