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Multilayer adsorption of deuterium hydride on graphite
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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 pointT,=16.60 K). Layer condensation critical temperatures are
determined for layers two through nine. The sequence of critical temperatures indicates that the roughening
temperaturerl, of the close-packed facet of HD is certainly above 14.9 K and could be as high a¥ith
some assumptions, an estimatélpf 15.3 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 layef$0163-182¢08)00711-5

. INTRODUCTION while other authors''* have identified it with the prerough-
ening transition that occurs in solid-on-solid lattice models.
For certain combinations of adsorbate and substrate, filmArgon and nitrogen on boron nitride show similar behavior
many layers thick grow in equilibrium with vapor as the at least up to four-layer film¥ indicating that the phenom-
pressure is increased towards saturation. Hydrogen on grapbnon is not highly sensitive to the strength of the substrate
ite is one such combination. Thus it is a system in which onénteraction. Other systems including Ne,,Nand CO on
can hope to study phenomena relating to growth from araphité’ have some features that are similar.
guasi-two-dimensiongD) monolayer toward a 3D crystal. Other structural phenomena observed in different phys-
Several issues can be addressed in such a system. The fiisdrption systems might possibly occur in hydrogen films on
is to what extent complete wettirigniform equilibrium film  graphite: Neutron-diffraction study of three- and four-layer
growth to macroscopic thicknesis approached. Wetting is argon film$® and x-ray-diffraction study of xenon trilayérs
favored by an attractive substrate-adsorbate potential that iadicate that stacking faults are common. In solid hydrogens
stronger than the attractive potential between adsorbate mahe difference in free energy between hcp and fcc structures
ecules. If the film is solid, however, a strong substrate willis very smalf® and there are indications that surface inter-
induce strains in the film. At a sufficiently large thickness theactions can favor the metastable fcc structdré? Simula-
positive strain energy will exceed the negative potential entions for multilayer argon and methane on graphite suggest
ergy of interaction with the substrate, and the film will preferthat the bottom layer can become incommensurate with the
not to be attached to the substrate: Wetting then should besst of the film due to substrate-induced lateral compression,
incomplete’? and this is supported to some extent by neutron-scattering
At low temperatures a solid film should grow layer by experimentg®
layer, through a series of first-order layer condensation The adsorbates mentioned differ in interaction strength
transitions>* This means, for an ideal substrate, the coveragand the importance of quantum effects, but all are effectively
of the adsorbate in the film increases abruptly by about ongpherical molecules: the rare gases intrinsically, methane
molecular layer at particular values of pressure of the ambidue to rotation at the relevant temperatures, and hydrogen
ent vapor. If the temperature is raised, the first-order phaskbecause in equilibrium at low temperatures the molecules are
transition ofnth layer condensation may terminate at a layerpredominately in thd=0 rotational state, little perturbed by
critical temperaturd; ,,, beyond which the step in coverage the surface interactions.
no longer is vertical and rapidly broadens; film growth be- In recent years, films of molecular hydrogen,jHdeute-
comes continuous. As the layer number increasks, rium hydride(HD), and molecular deuterium (Pon graph-
should approach the roughening temperafligeof the cor- ite, MgO, or BN substrates have been studied by volumetric
responding facet of the 3D crystaf. The relation of Tz to  vapor pressure isotherrd$,% heat capacity®2%3! neutron
the bulk melting poinfT, is of interest’ diffraction** low-energy electron diffractiof?, nuclear mag-
More complicated behavior occurs in some cases. Argometic  resonanc® and elasti® and quasielastic
krypton, and xenon films on graphite show reentrant Iayerneutron—scatterir‘f’d'35 (QENS measurements. The volumet-
ing: In a temperature interval slightly above the apparentic isotherm study of Bl on MgO by Ma, Kingsbury, Liu,
layer critical temperatures, sharp condensation steps reappeard Vilche$® showed layer-by-layer growth up to six or
for the fourth and higher layers, shifted by about a half layerseven layers. Recently, Vilches and co-workéfhave re-
in coverage and chemical potentfal® This is associated ported volumetric, heat capacity, and QENS measurements
with disordering of the top layer and its interaction with the for bilayer HD on graphite, with the volumetric measure-
rest of the film*2~1* Phillips, Zhang, and LareSehave at- ments extending up to four layers.
tributed it to outer-layer melting driven by layer promotion, We have made ellipsometric isotherm measurements on
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all three isotopic combinations, and report here the results Cryostat
for HD. Compared to Hand D,, HD has the simplifying
characteristic that it does not have a metastable ortho or para
species, so possible effects #&1 molecules and uncer-
tainty in their concentration are not present. First we review
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briefly past work on multilayer HD. Vilches, Liu, Ebey, and Graphite Bralps
Liu?® made vapor pressure and heat-capacity measurements (HOPG) fieyzar
of bilayer HD on graphite. They found a conventional phase

diagram for the second layer with a two-dimensional triple Modulator [T
point (at 8.44 K and critical point(about 11.45 K from heat Polarizer

capacity, 11.8 K from vapor pressure isothermarrespond-

ing, respectively, to solid-liquid-vapor coexistence and the Diode laser []

limit of liquid-vapor coexistence. Litf extended the iso-
therm measurements to the third and fourth layers, finding FIG. 1. Schematic diagram of the cell and optical setup, which
T.3=12.3+0.2K and T;,=12.0-0.2 K. Vilches et al?® s configured as a phase-modulated reflectance ellipsometer.
also made volumetric measurements of HD on MgO up to
four-layer thickness; critical temperatures for the secondprovided the film is very thin compared to the wavelength of
third, and fourth layers were determined to be 10.5, 12.1, anghe light. Details of our ellipsometric technique have been
12.4 K, respectively, close to the values on graphite abov@escribed previousl§® Figure 1 shows the optical setup of
the second layer. The third and fourth layers did not showhe system. Lightat A =670 nm) from a diode laser, which
evidence of melting below the critical temperature or ajs linearly polarized at an angle of 45° to the plane of inci-
liquid-vapor coexistence region. This is also true on graphitegence, passes through a phase-delay modulator and reflects
but second-layer melting is much weaker on graptitso  from the sample. The modulator, which is a rectangular
melting of higher layers could have been difficult to see inprism of fused silica driven at its extensional resonance fre-
isotherms. MObI'Ity studies of multilayer HD on MgO by qguency, adds a 50-kHz ac phase de|ay to the Samp|e phase
QENS (Refs. 33 and 34show that a liquidlike submono- delay A. The reflected light passes through a quarter-wave
layer on the surface persists below 8 K. The thickness of thiplate and an analyzer oriented at 45° to the plane of inci-
quasiliquid layer grows to slightly less than 1 moleculardence, then to a photocell. The output of interds) {s the
layer (ML) at 12 K and at least 6 ML very nedl;. On  Fourier component of the photocurrent at the modulation fre-
graphite the mobile fraction in bilayer HD is very small be- quency. This is proportional to sk hence to the film thick-
low T, but there are no data for thicker filrfi3. ness on the graphite substrate, when the quarter-wave plate
has been rotated to nul] for the bare substraf€.This mea-
sure of coveragd,;, is monitored as the pressure of adsor-
bate gas in the cell is increased to the saturated vapor pres-
Our adsorption cell is located within a cryostat, so that thesurep, and then reducedusually until the second layer is
cold walls of the cell and connecting tubing protect thedesorbed. The process was repeated on many isotherms at
graphite substrate from contamination resulting from outgasapproximately 0.1 K temperature increments.
sing of room-temperature walls or condensible impurities in  In contrast to the volumetric technique, these measure-
the supply gas. The substrate, axI®x 0.3 mn? slab of ~ments do not use a large-area powder sample, and therefore
highly oriented pyrolytic graphit¢HOPG,%’ is clamped to a  are not limited by capillary condensation psapproaches
copper cold fingefthe “sample mount’} that is temperature po.
regulated using a silicon diode thermometer and Lake Shore
Cryotronics controller. A second copper cold finger is used . RESULTS
to regulate the adsorbate vapor pressure inside the cell. The '
cell, sample mount, and cold finger are cooled by a Joule- We conducted three experimental runs with HD, spanning
Thomson third stage of a closed-cycle helium refrigeratorthe temperature range 8.5-16.7 K. The first run consisted of
Manually adjusted heaters control the temperature of thd40 isotherms and the second 99 isotherms. Prior to these
body of the cell and the cold finger. The pressure in the celtiwo runs the substrate had extended exposure to air when we
is measured by three capacitance diaphragm gauges at rooeplaced the cell body and was cleaned by heaimgitu
temperature, with ranges of 10, 100, and 1000 Torr. Rawinder vacuum to 300 °C overnight. FiguréaRshows a se-
pressure data are corrected for the thermomolecular effet¢cted isotherm at=11.75 K in the second run. In addition
using the equation of Takaishi and Sen$ui. to sharp steps, we see some broad features between steps,
We monitor the coverage of adsorbate on the graphit@otably above the second and below the fourth step, which
substrate by an ellipsometric technique: A suitably polar-we attribute to adsorption on a contaminated fraction of the
ized light beam is reflected from the graphite sample at 45%bserved portion of the substrate surface. We then replaced
angle of incidence, and analysis of the reflected light giveshe HOPG sample and repeated the original preparation pro-
the ratiop of the reflection coefficients fqs- ands-polarized  cedure, cleaving in air with adhesive tape and baking in
light and the relative phase deldybetween the two polar- flowing argon at 500 °C. The sample was then installed in
izations. If a transparent film is deposited on the reflectinghe cell and was heated situ as before. The third run, in
surface, the principal effect is to increase the relative phasehich 57 isotherms were obtained, was conducted with this
delay A by an amount proportional to the film thickness, sample. Figure ) shows an isotherm also at=11.75 K

II. EXPERIMENTAL APPARATUS AND PROCEDURE
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FIG. 2. Adsorption isotherms for HD on graphite at 11.75 K, g|G. 3. Family of HD adsorption isotherms at selected tempera-
shown as ellipsometric coverage vs pressur@ from the second  yres, |abeled on the left, from the second run. A range of reduced
run (partially contaminated substratéb) from the third run(clean pressure including the fourth, fifth, and sixth steps is shown.
substratg

from this third run. It is similar to the earlier isotherm, but other isotherms of the third run, we conclude that in the first
the individual steps are about 1.5 times as Higbt apparent two runs part(about one-thirglof the substrate surface was
in the normalized figurésand the regions between steps arecovered by a tightly bound layer of an unknown contami-
flatter. A close comparison of the two isotherms in Fig. 2nant. The remaining part, though slightly degraded, perhaps
reveals that the risers, especially of the higher steps, on thgy point impurities or reduced patch size, was essentially
contaminated substrate are less steep than on the clean s@gan graphite. We therefore interpret the sharp features in
strate. For instance, the slopél(/dp) of the sixth step in these runs as characteristic of HD on grapltieé slightly
Fig. 2(a) is about half of the slope of the sixth step in Fig. reduced qualityand use them in the analysis which follows.
2(b). Even on a clean substrate in a first-order condensatiol Fig. 3 we show portions of selected isotherms for adsorp-
region isotherm steps are not perfectly vertical, due to retion from the second run, for the range of reduced pressures
sidual heterogeneity of the substrate and to finite size of sulf.5—0.95. This provides an overview of the fourth-layer criti-
strate grains. Another difference is that the maximum num<cal point and step splitting in the fifth and sixth layers
ber of layers observed at saturation on a contaminated We first analyze the layering behavior, measuring the
substrate is less than on a clean substrate: We see 8.5 lagressure at each step and the slope of the step riser at its
ers in Fig. 2a), compared to 10.5 layers in Fig(f. As is  inflection point. From these slopes we calculate step widths
discussed later in this paper, substrate heating by the lasétr chemical potential usingdu=TAp/p. The pressure
beam could affect the total film thickness, but in the presenwidth Ap is obtained by dividing a nominal step height,
case both isotherms were measured at nearly the same lagst the measured slopel [, /dp) at the inflection point. Fig-
power. In fact, we see two less layers in almost all isothermsire 4 shows the condensation step widths for steps two to
in the second run compared to the third run. A possible exfour. Below~12 K the transitions are apparently first order,
planation is given by the grain boundary model of D&&ti,  with widths determined by substrate heterogeneity or, at the
the substrate in the second run had uniform patches dbwest temperatures, by film growth kinetics. Each step
smaller average diameter. broadens at higher temperatures. This is interpreted as pas-
In the two isotherms of Fig. 2 there is nearly identical sage through a critical point into the hypercritical region.
splitting and hysteresis in the fourth and fifth steps. The splitFrom plots of step width against temperature we estimate the
ting of the fourth step was observed only on the descendintpyer critical temperatures to b&;,=11.4+0.2K, T.3
branch, which corresponds to layer evaporation from the=12.1+0.2 K, andT, ,=12.3=0.2 K. In this analysis, we
substrate. Splitting of the fifth step and also the sixth ste@ssume that the compressibility along the critical isochore
(not seen in Fig. 2, but in higher temperature isothgnvess  above the critical temperatufie, varies as T—T.) ™7, with
observed only on the ascending branch, which correspondg= %, the value for the 2D Ising model. These layer critical
to layer condensation on the substrate. temperatures are consistent with the values obtained by
From these observations and similar comparisons with th¥ilches and co-workeré&%® cited above.
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evaporation. One can see the evolution with temperature of
the splitting and hysteresis. We remark that there could be
apparent hysteresis due to a temperature shift between con-
densation and evaporation steps if the pressure were reduced
too rapidly from saturation, because the sample temperature
can be pulled down by evaporation of bulk adsorbate. But
here this is not the case, as the pressure scans were suffi-
ciently slow that the condensation and evaporation steps co-
incide for layers seven and eight. With increasing tempera-
ture, at 10.85 K we first see a small substep at the bottom of
the fifth step. Though this substep becomes more pro-

F nounced, its height does not change much until 11.75 K;
010" emeromanag™ above this temperature the low-pressure part becomes taller
and high-pressure part becomes correspondingly smaller as
4th step s temperature increases. The maximum pressure offset be-
tween the low and high components is about 4%. By 12.34 K
o there is no longer a distinct upper substep, leaving just the
low-pressure part. We label the bottom substep-pressure
parf) asL and the top part adl’. Figure 5 shows the evolu-
tion of step 5 from predominantly’ to predominantiyL on
increasing temperature. Concurrently, the hysteresis associ-
ated with the lower substep becomes smaller as temperature
FIG. 4. Widths of the second-, third-, and fourth-layer conden-increases from 10.85 to 12.34 K. The fourth step splits al-
sation steps as functions of temperature. Note that the fourth stgfl0ost antisymmetrically to the fifth step: Splitting starts

width above the critical temperature has an inflection point near 18rom the top of the desorption step instead of from the bot-
K and cannot be fit over more than a limited range by fimwer  tom of the condensation step, but maintains about the same

law that is expected in the critical region of an Ising transition. ~ fractional height. One possible interpretation would be that at
any fixed temperature there is a distinct portion of the sub-
In certain temperature ranges we see hysteresis accompstrate that is contributing the low substep of fifth-layer con-
nied by splitting in the fifth- and sixth-layer condensation densation and the high substep of fourth-layer evaporation,
steps and in the fourth-layer evaporation step, as discussée., this portion avoids the hysteresis that occurs on the rest
above. These occur in the range 9.45-12.34 K for the fourtlof the substrate. With increasing temperature the less-
step, 10.85-12.34 K for the fifth step, and again at 12.64-hysteretic behavior expands to the whole substrate.
14.84 K for both the fifth and sixth steps. Figure 5 shows Over the higher temperature range, 12.64—-14.84 K, we
portions, including the fourth and fifth steps, of selectedobserve splitting and hysteresis in the fifth and sixth steps.
complete isotherms near 12 K, in both condensation anéigure 6 shows portions of selected complete isotherms go-
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FIG. 5. Portions corresponding to the fourth and fifth steps from complete adsorption and desorption isotherms. Temperatures are given
at the top. The abscissa is logarithm of pressure, with arbitrary offsets; the bar indicates the scale. The ordinate is coverage, in arbitrary units.



6724

HONG WU AND G. B. HESS

T(K)= 1294 1324

Step 6

Coverage

13.64

13.94

147;{

+

i
i
i

st

e bt gon

log (p)

FIG. 6. Portions corresponding to the fifth and sixth steps from complete adsorption and desorption isotherms at several higher tem-

peratures.

ing both up and down. Below 12.64 K we see an unsplitpressure part. Step six undergoes only one transition, from
sixth step. The top part of the step is rounded at 12.84 K antbw-pressure to high-pressure part, with increasing tempera-
develops into a separate substep by 13.04 K. If we label thaure. Step five undergoes two transitions, from high-pressure

bottom part still ag. and the top part ad, Fig. 6 shows that

to low-pressure part near 12 K and from low pressure back to

the height of substepl increases whiled. decreases with high-pressure part near 13.5 K. There is no reason to believe

increasing temperature. From 13.84 K to 14.64 K, the height
of L is small and changes only slowly, and we still can see a
small low-pressure part until 14.84 K. Above this tempera-
ture, only the high-pressure part remains. Thus by the ap-
pearance and evolution of the substep, the sixth step evolves
from L to H character, and thus from less to more hysteretic.
The maximum pressure offset between the low and high sub-
steps is about 1%. We find very similar splitting and hyster-
esis in the fifth step over the same temperature range, as is
shown in the lower part of Fig. 6.

The fifth- and sixth-layer desorption steps are sharper than
the condensation steps for temperatures above 13.5 K. This
is shown more clearly in Fig. 7, where we plot the widths of
both the fifth-layer adsorptiofup) and desorptiondown)
steps, as well as the sixth-layer condensation step, against
temperature. We further observe that the sharpness of the
fifth- and sixth-layer condensation steps is history dependent,
i.e., depends on how low the pressure is taken in the course
of ramping down and then up. The sharpness of the fifth- and
sixth-layer evaporation steps is not affected by the history. If
we go below the second stégs is the case in Fig)6we see
broader fifth- and sixth-layer condensation steps compared to
their corresponding evaporation steps. If we do not desorb
the fourth layer before reversing, as is the case in Fig. 8, we
see sharp fifth- and sixth-layer condensation steps that have
almost the same slopes as the corresponding evaporation
steps, and the hysteresis loop is narrow. This suggests that
memory of the trilayer structure is responsible for most of

Step Width (K)

0.6

0.54
0.4
0.3
0.2
0.1

6th step s

4
-
u

>
I

a8
a

:J

Nee, L A- y
Mg 2

0.0
8

10 12 14 16

1.24
1.0
0.8
0.64
0.4
0.2

5th step (up) ol

a

X L]
*x onnd * A
3 X L ?QM*AA
.

X
X%x"
T

0.0
8

10 12 14 16

1.24
1.0
0.8
0.6
0.4
0.2

5th step (down)

~
3

L]
* *
320 ARANAN P

0.0
8

10 12 14 16
Temperature (K)

18

FIG. 7. Widths of the fifth-layer adsorptigmp) and desorption

the hysteresis seen in complete isotherms in steps five angown) step and width of the sixth-layer adsorption step as func-

SIX.

tions of temperature. For adsorption, squares represent low-pressure

In Fig. 7 the width of each substep is still defined in termspartL and triangles represent high-pressure pariCrosses repre-
of a nominalfull step height. We use different symbols, sent another high-pressure pHirt for the fifth step at low tempera-
squares for low-pressure part, triangles and crosses for higlures.
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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 adsorption
branch immediately followed reduction of the pressure from saturation, so that the film thickness did not go below four layers.

the two high-pressure parts correspond to the same structurgipute to the negative slopes at lower temperatures. In the
so we label onéd’, the otheH. From the data in Fig. 7 we first HD run, we first made isotherm measurements at tem-
have attempted to obtain the critical temperatures that bounglerature increments of 0.2 K with a laser power of 120,
(possibly first-order regions. For step six there are two suchthen we filled in the intervening temperatures at a laser
temperatures: 13.3 K terminating the first-order region, power of 260uW. We found that below 12 K, the chemical
and 14.7 K terminating théi first-order region. For fifth- potentials measured at higher laser power have larger nega-
layer condensation there are three such temperatures: 11ive slopes, while above 12 K the two sets of chemical po-
K terminating theH’ first-order region, 13.3 K terminating tentials fall on the same line. We made a more detailed study
the L first-order region, and 14.2 K terminating the¢  of laser heating in an earlier experiment with neon on
narrow-step regionDesorption isotherms giveT, s=14.7

+0.1 K andT.s=14.85:0.1 K. On the basis of our earlier 0.5
discussion, these should be characteristic of the equilibrium 0.4] 7th Step :
structure. The widths of layer condensation steps seven 0.3 . T
through nine are shown in Fig. 9. There is little hysteresis in 0.2 <
these steps. We find layer critical temperaturgs;=14.8 “ -
+0.1K, Tg=14.95-0.2 K, andT;¢=14.8+0.1 K. In ad- 0.14 Mw
dition, there is a systematic uncertainty in the temperature = 0.04
scale of= 0.2 K. It is expected that these critical points near X
15 K are related to roughening of the close-packed facet of £ 0.20 .
bulk HD; this is discussed below. 3 8th Step .
Thermodynamic information about the adsorbate can be % 0.15 -
presented as chemical potentials of layer coexistence. From @ 0.10 '-_-
the vapor pressurp, at condensation of thath layer, we » 0.05 N F. "
calculate the chemical potentigl, at the coexistence af ] * o
andn—1 layers, relative to that of bulk solid-vapor coexist- 0.00
ence, using the equation 0.12
0.10{ 9th Step . .'
Hn— o= T IN(Py/Po). (N 882 : . .._’-
(We setkg=1.) Chemical potentials for layer condensation 0.041 -\".-_'.',-_ - ’
steps two through eight are plotted in Fig. 10, using data 0.02. -
from the second HD run. Figure 11 is an expanded plot for 0.00 . ' , '
layers four to nine. For the fifth- and sixth-layer substeps we 8 10 12 14 16 18

use the same symbols as in the step-width plots. All layer
chemical potentials have negative slopes. There seem to be
two changes in slope in several of the higher layer conden- F|G. 9. widths of the seventh-, eighth-, and ninth-layer conden-
sation lines, one near 12 K and the other near 14 K. sation steps as functions of temperature. The background widths are

Heating of the graphite substrate by the laser b€HB0—  attributed to the effect of substrate heterogeneity or, at lower tem-
650 uW outside the cryostat entrance windowould con-  peratures, film growth kinetics.

Temperature (K)
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. . . . gram in the region of layers four through nine. The symbols are the
FIG. 10. Chemical potentiarelative to bulk solid-vapor coex- ame as in Fig. 10. The dashed line is a conjectured melting line of

istencg at condensation of layers two thrqugh eight, as.functions. O%he fourth layer, based in part on the changes in slope of the layer
temperature. Layers are labeled at the right. For the fifth and S'X”&ondensation lines. The arrows indicate layer critical points
steps, solid squares represent the low-pressure substep, open tri- '

angles represent the high-pressure subgibperved at higher tem- . . . . .
peraturel and crosses represent the high-pressure part of the fifth/Nit area. Applied to a coverage in the coexistence region of

step at low temperatures. Dashed lines indicate the melting line of @ahdn—1 layers, the right side of this equation is the nega-
the second layeffrom Ref. 36 and conjectured melting lines of the tive slope of the coexistence line in theT phase diagram
third and fourth layers. Labels of the forrmt./n’S” indicate the ~ and the left side is the partial entropy on adding to riie
approximate structure in terms of the numbers of liquid and solidayer. Above the layer critical temperature, the locus of
layers. The arrows indicate layer critical points. broadeneahth layer steps will still correspond approximately
to a line of constani. Since we ploju relative to the chemi-
graphité’ and found that laser heating had little effect whencal potential of bulk solid, the partial entropy is relative to
the pressure in the adsorption cell was above about 1 Torthe entropy of bulk solid. In the temperature range 12—-14 K,
From the observations in the first HD run and the neon exthe negative slopes of layer chemical potentials in Figs. 10
periment, we believe that the upward curvature of the layeand 11 decrease with layer number from 1.72 for the second
chemical potentials in Fig. 10 below 12 K, and especiallylayer to 0.93 for the third, 0.83 for the fourth, 0.18 for the
below 10 K, is very likely due to heating by the laser beam fifth, and approaching zero for the higher layers. This implies
Above 12 K, layers above the secofdith step pressures that the partial entropgin units ofkg) for each layer is larger
close to 1 Torr or highemprobably are not much affected by than the entropy of bulk solid by these amounts. For com-
laser heating. For the second layer, laser heating may persigarison, the entropy difference between bulk liquid and solid
to temperatures slightly higher than 12 K, since at 12.06 KHD is 1.15kg at the triple point. These entropies imply that
the second step pressure is still low, about 36 mTorr. Thusondensation of the second, third, and fourth layers is adding
we believe that the negative slopes above 12eKcept the disordered material to the film, which is consistent with the
second layer represent the intrinsic properties of the HD temperature range being above the critical temperatures of
film. The changes of slope above 14 K should be affectedhese layers, while condensation of the fifth and higher layers
even less by laser heating and reflect increased partial ers adding materialnearly) as ordered as solidThe added
tropy of the film, which we analyze next. solid layer may be under a disordered surface layer, which is
Information about entropy of added layers can be ob-displaced outwardsAlthough not seen in our experiment,
tained from theu-T phase diagram by use of the Maxwell there are presumably layer solidification lines sloping up-
relation ward between the layer condensation lines in Fig. 10. For
HD, the second-layer solidification line has been observed in
(9S1ON) = — (3l 9Ty, (2)  volumetric isotherm$® extending from a triple point at 8.44
K to a point still well below the third layer at 13.28 K. This
where N is the number of molecules of adsorbate per unittransition is indicated by a dashed line in Fig. 10. In the case
area of substrate and is the entropy of the adsorbate per of D,/graphite, layer melting transitions are seen in heat-
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’@‘ 18 IV. DISCUSSION

% 16 Ol Wetting Near 16 K we have observed thicker layered

= 144 o solid films than have been seen in other systémeyerthe-

§ 124 o less the thickness is apparently limited by stéaff*! The

S 104 (o200 increase in limiting thickness above 13 K may be due in part

£ 8 ooooo°°° to surface melting, which relieves strain in the quasiliquid

o8] °© portion of the film. Neutron diffraction data for Hand D,

L% 44 T, indicate that the completed monolayer has 9-14 % greater

o 2 ] density than the(111) plane of bulk solid Bilayer and

<§U o8 s o " s T trilayer D, films at low temperature have a mutually com-

mensurate oblique structure, considerably distorted from

Temperature (K) equilateral, presumably to accommodate the resulting

stress132 Similar structure is seen for H although it ap-
pears only at the beginning of the succeeding layer; it is
therefore probable that HD has the same structure. Trilayer
data for B, have been interpreted as indicatingBC
stacking?? If these conclusions are true for HD, then the
capacity scans up to the fourth lajeand originate at triple trilayer differs from the bulk hcp structure both in stacking
points less tha 1 K below the corresponding layer critical sequence and more important in distortion from threefold
temperatures. Conjectured melting lines for the top layer ofotational symmetry, and some sort of structural change must
three- and four-layer HD films are indicated by additionaloccur on growth beyond three layers. Although the entire
dashed lines in Figs. 10 and 11. The calorimetric molar enfilm could revert to the bulk hcp structure on further growth,
tropy change associated with the melting line in second-layethis would incur increased interfacial energy at the substrate
HD/graphite is only 0.07%g, indicating that disordering of boundary. Alternatively, at some thickness, loss of registry
the quasiliquid layer develops over an extended temperatuﬁé)md occur between different structures in the bofttom layer
range. (or _tV\zcg)) and .the rest_of the film, .tp partially relieve the
The limiting film thickness on approach to saturation is Strain-~ We discuss this more specifically below.
finite, for reasons that may be partly technical and partly I__ayer crmcgl temperaturesCrlnca[ temperatures, above
intrinsic to the interaction of HD with graphite. Isotherms which growth Is continuous, are estimated above for 'ay.eTS
show distinct(although not verticallayer steps up to satu- two through nine. For layers two, three, and four these criti-

: : . _cal temperatures are in the vicinity of 12 K, but from layer
ra.tlon at temperature; up to 16.04 K. The'maX|mum HD fIImfive on they move to just below 15 K and then increase very
thickness is shown in Fig. 12 as a function of temperatur

) . E‘slowly. It is apparent from the highest isotherm in Fig. 6, and
from 8.96 to 16.04 K, using data from the third HD rur 5154 i Fig. 8, that the fifth layer remains sharpisorption
best substrajeAt temperatures between 15 and 16 K, we Se&4ye the apparent critical temperature determined from the
about 16 or 17 layers. At lower temperatures the maximumygsorption data. As the desorption data presumably represent
thickness decreases, then reaches a plateau of 10 to 11 laygig thick-film structure, these are the appropriate data to use
between 13.44 and 11.15 K. At still lower temperatures |tin estimating the roughening temperature. The same is true
decreases to about 6 layers at 9 K. As discussed earlier, lasgf the sixth layer. This is confirmed by isotherms which
heating has observable effects at temperatures below 12 &ycled only between four complete layers and saturation, as
for HD on graphite. When we reduced the laser power fromn Fig. 8: Adsorption is then nearly identical to desorption.
630 to 120uW at 10.46 K, we saw one more higher step. A Therefore, we have used desorption data in determifijag
temperature difference between the sample mount and thgnd T 4; for higher layers there is little hysteresis, and ad-
graphite substrate might be caused also by heat flux througébrption data were used.
the vapor from the slightly warmer cell walls, although par-  The sequence of critical temperatures is expected to ap-

tially shunted by the copper cap. Thus, the decreasing maXproach the roughening temperature of the close-packed HD
mum thickness with decreasing temperature below 11 K iface asymptotically &

Fig. 11 could be due to laser heating and may not be intrin-
sic. Tr—Ten~A/[IN(n)— B, &)
Above 16.04 K growth is continuous instead of stepwise.
(Note that this is well above the critical temperatures of thewhereA is an unknown nonuniversal constant aads re-
eighth and ninth layers, although it still may be near or bedated to parameters that are imprecisely known. Due to the
low the roughening temperaturedowever, the maximum weak logarithmic dependence an the roughening tempera-
ellipsometric signal does not increase significantly up to théure may be significantly above the highest layer critical
triple point. At 16.74 K(0.14 K above the triple point, not point observed:® Even if layer five is assumed to be in the
shown in Fig. 12 the film has grown to a thickness equiva- asymptotic region, given the scatter of our experimental data,
lent to about 31 layers. This suggests triple-point wetting ofand with two unknown parameters in additionTg in Eq.
HD on graphite due to release of stress when the film be¢3), it is not possible to conclude more than thak
comes liquic®*®*1t is also further evidence that the limiting =14.9 K. Indeed, even if data were available extending to
thickness of the solid film at intermediate temperatures is nomuch thicker films with an order of magnitude less scatter,
due primarily to a temperature gradient. Tg still would not be closely constrained unless eithesr B

FIG. 12. Maximum HD film thickness which can be resolved as
layer by layer growth(i.e., steps in isothermsas a function of
temperature. These data are from the third run.
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were fixed independenthB can be estimated theoretically, tion represent equilibrium, metastable states would have to
using the universal value for the surface stiffness at thée involved on desorption, and it is unlikely that such a
roughening temperature, &~ —1.9+1In(g), whereg is a  model is the explanation for the present results.

constant of order unit§# A fit with the fixed valueB= Ordinarily the desorption step corresponds more nearly to
—1.9 givesTg=15.3+0.1+0.2, where the second error is the equilibrium layering transition than the adsorption $fep.
the systematic uncertainty in our thermometer calibrationThijs is because grain edges are nuclei for desorption, but
This interpretation may be oversimplified. It is apparent inadding a layer may require overcoming a nucleation barrier.
Fig. 9 that steps seven, eight, and nine do not continue tpjs is supported by the observation that the desorption steps
broaden rapidly above 15.3 K, and in fact steps eight throughye generally steeper. This may not be true if desorption is

eleven remain conspicuous in the isotherms up to about 16-§ccompanied by a change in the equilibrium structure of the

K. . , , remaining film, as is apparently the case here in desorption
Layer chemical potentialsThe measured layer chemical f the fourth layer below 12 K.

potentials can be compared quantitatively to a simple theo- | order to frame a conjecture on the origin of the split-
retlcgl model. The simplest assumption about the f_llm Structing, we start by reviewing the behavior at a slightly lower
ture |s4tg1e Frankel-Halsey-Hi(FHH) model, as described by temperature, 9 K. This is well below the layer critical tem-
Steele:> The basic assumption is that the film is equivalentyeratyres, so layer condensation steps should be vertical ex-
to a slab of pulk adsorbat_e placed. in the attractive ﬂeld of th%ept for kinetic effects. However, the vapor pressure is high
s_ubstrate wlth no rela>.<at|on. In this case the chemical porerbnough to allow considerable precisiont &K there is no
tials are given approximately B splitting. The second and third steps are sharp both in ad-
o 3, 1.3 sorption and desorptior(This is seen most clearly in iso-
to~ = Caldin=2)%, 4 therms of the third run.No hysteresis is resolve):j in the
whereC; is the difference between the van der Waals coefsecond step; the hysteregig/p is 5% in the third-layer step.
ficients of the substrate and the adsorbate @il the HD  The fourth step is unusual in being sharp in adsorption but
layer spacing. Of the available data, those for films of fivebroad in desorption, with hysteresis of about 6%. The fifth
and more layers in the neighborhood of 13 K may comeand sixth steps are broad in adsorption but sharp in desorp-
closest to satisfying the basic assumption: The layer trantion, with hysteresis of about 8%.
sition lines are nearly horizontal, implying that the partial  This suggests that structural changes involving a signifi-
entropies are close to the entropy of bulk solid HD. Equatiorcant nucleation barrier occur on adding the fifamd sixth
(4) gives a reasonable fit to these data with/d®*=310K  layer and on removing the fourth layer. As discussed above,
and an offset of 0.4 K. This coefficient is about 50% largerthere is reason to believe that the trilayer film has oblique
than expected usings from Vidali et al*” andd=3.03 A2°  structure considerably distorted from equilatéfale con-
The offset reflects the energy contributide.g., straip,  jecture that this structure is retained @he sharpadsorption
which is preventing complete wetting. The rather poor agreeef the fourth layer, but before or on adsorption of the fifth
ment onC5 may indicate that the FHH approximation is not layer, the film seeks a different way to accommodate the
adequate, at least for layers as low as the fifth or sixth.  stress at the graphite-HD interface. A likely possibility is a
Hysteresis and step splittinghe most unexpected feature close-packedhcp) structure for the outer part of the film,
of our results is the hysteresis and step splitting describethcommensurate with a more-dense monolayer or bilayer ad-
earlier. The occurrence of significant hysteresis only in cerjacent to the substrate. The broad sixth layer adsorption step
tain layering transitions and only over limited temperatureindicates that some fraction of the metastable structure re-
ranges is evidence that structural changes are occurring thatains, or else further relaxation in the structure is occurring.
are nucleated less easily than simple layer condensatioithe sharp sixth- and fifth-layer desorption steps suggest that
Splitting of steps at a temperature-dependent fraction of ghe thick-film structure remains stable or metastable down to
layer suggests that the underlying film is different on differ-the four-layer film, but reverts to the oblique structure on
ent patches of the surface, or at least the nucleation barri¢emoval of the fourth layer. We cannot say which is the
for the next layer is different. The sharpness of the substepstable structure for the four-layer film.
(at some temperaturesmplies that these patches are not Above about 10.6 K, splitting of the fifth-layer adsorption
microscopic. Stable and metastable underlayer film strucstep is observed, as apparently the fifth layer condenses at
tures may be present simultaneously on different graphitéower overpressure than before on a small but increasing
grains. One possibility for the process occurring at a splifraction of the substrate. This presumably reflects an increas-
step is that the final states of the substeps are the same, bog nucleation probability for the lower-free-energy struc-
there are different nucleation barriers from the different ini-ture, perhaps dependent on grain size. Above 11.7 K the
tial states. Another possibility is that one substep representsysteresis associated with this lower substep has decreased to
growth of the equilibrium structure, the other continued1%. By 12.3 K the lower substep has grown to encompass
growth of a metastable structure, and the difference persisthe entire layer. Consequently, in the neighborhood of 12.5
in the thicker film. The latter might account for the similar K, the fifth-layer adsorption and desorption are both sharp,
splitting of layers five and six over the range 13-14 K. with little hysteresis. The same is true of the fourth and sixth
A third possibility is that the steps are split in equilibrium. layers(see Figs. 5 and)6Thus equilibration of the structural
One explicit model in which this occurs is the “intermesh- change apparently occurs rapidly at this temperature on the
ing” phase diagram of Weichman and Pradédor which  whole substrate. An interesting possibility is that efficient
both flat and disordered-flat surfaces are stable over a finiteelaxation to the equilibrium four-layer structure occurs
temperature interval. However, if the split steps on adsorpwhen the fourth-layer solid grows from fourth-layer liquid
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instead of from the vapor. There is no heat capacity data imlown (more of the film becomes hysterétiwith increasing

this coverage range, but slopes in the chemical potential didemperature. This may be related to the first appearance of a
gram (Fig. 11) suggest that the top layer of the four-layer quasiliquid layer in the four-layer film near 13 K and its
film melts at about 12.0-12.3 Kin coexistence with layer increasing disorder with increasing temperature. This se-
three to about 13 K(in coexistence with layer fije As the  quence does not continue because films of five and more
melting lines are not visible in the ellipsometric experiment,layers have melting transitions only near their critical tem-
hysteresis there would not be observed. peratures, which are near 15 K.

What, then, accounts for the splitting of the fifth- and  Additional experimental results from cycling the pressure
sixth-layer adsorption steps in the temperature rangep and down through a single step, or a few steps, can be
13-14 K? We have suggested that the top layer of the conexamined in light of this picture. The general result is that
pressed four-layer film is melted above about 13.2 K. Thehysteresis is reduced if the film thickness does not cycle
chemical potentials of fifth- and sixth-layer condensation re-below four layers. In repeated cycling through just the
main quite flat over 13—14.2 K, suggesting that no additionafourth-layer step below 12.5 K, we still observed splitting on
melting (below the top layer occurs in this temperature the desorption side, but it occurred near the bottom of the
range. This is consistent with QENS data for HD on MgO,step; thus 80—90 % of the film was remaining in the thin-film
which indicate about one liquid layer on thick films at this structure. On repeated cycling through the fifth step alone at
temperaturé®3**>Melting of the top layer plausibly could temperatures near 10.4—12 K, we saw no splitting on ad-
cause reversion of the equilibrium four-layer filmow three  sorption but sometimes slight splitting on desorption, as in
solid layer$ to an oblique structure and also produce closethe fourth step. The former is consistent with remaining in
competition between structures in the five-layer filfour  the thick-film structure throughout the cycle, or making a
solid layer$. Thus the process occurring at lower tempera-rapid transition to it when the fifth layer is added.
tures could be repeated one layer higher. There are two dif-
ferences: The fourth-layer step at 11-12 K shows splitting
on desorption, whereas the fifth-layer step near 13 K shows
splitting on adsorption. This might be understood if the free We thank Professor O. E. Vilches for helpful discussions
energies are shifted to favor slightly more an oblique strucand for communicating experimental results prior to publica-
ture in the latter case. Second, in the lower temperature rang®n, and W. F. Saam and E. Kolomeisky for communica-
the level of splitting in adsorption movem (less of the film  tions relating to roughening. This work was supported by the
becomes hystereiavith increasing temperature, whereas in National Science Foundation under Grant No. DMR-
the higher temperature range the level of splitting move$320860.
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