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Bilayer films of deuterium hydride~HD! adsorbed on exfoliated graphites have been studied using heat
capacity, adsorption isotherms, and quasielastic neutron scattering~QENS! measurements. The second layer of
HD shows solid (S), liquid (L), and gaseous (G) @vapor (V)# phases, with two-dimensional~2D! character-
istics. We determined theS-L-V triple line at Tt~2D!58.44 K, and theL-V critical temperature at
Tc~2D!511.45 K. QENS identified theL phase and measured its translation diffusion coefficientDT('1025

cm2 s21 at 9.25 K!. Isosteric heats, latent heat, and entropy change at melting, and solid Debye temperatures
are calculated. The results are used to construct a general graph of critical and triple points of adsorbed gases
as a function of their quantum parameter.@S0163-1829~96!00233-0#

I. INTRODUCTION

The three nonradioactive hydrogen isotopic molecules,
hydrogen ~H2), deuterium hydride~HD!, and deuterium
~D2) are the substances with the lowest solid-liquid-vapor
(S-L-V) triple points in three dimensions~3D!. The small
molecule-molecule attraction@the Lennard-Jones depth («)
of the hydrogen-hydrogen potential is 37 K# and the small
molecular masses~large zero-point kinetic energy! are re-
sponsible for their very low triple-point temperatures, re-
spectively,Tt~3D!, of 13.8, 16.8, and 18.7 K.

The isotopic molecule HD has special properties which
make it unique. It is a fermion@TF~2D!51.3 K for a gas of
surface density 0.025 Å22#, while H2 and D2 are bosons.
Because it is an asymmetric rotor it has no orthopara variet-
ies ~and the associated conversion of one to the other as the
temperature changes!. It also has a large incoherent neutron-
scattering cross section which makes it ideal for the study of
diffusion by quasielastic neutron scattering~QENS!.

Single monolayers of H2, HD, and D2 adsorbed on
graphite have been studied extensively by a variety of tech-
niques. A review of the known phases and phase transitions
for each molecular isotope has been written by Wiechert.1

Bilayer films of H2 and D2 on graphite have also been stud-
ied by Wiechert,2 while bilayer films formed by plating one
layer of D2 or HD on the same substrate, then depositing
H2 on the plated system have been studied by Liuet al.3,4

The interest in the bilayer systems comes from the observa-
tion that the second layer on top of a solid first layer shows
phase transitions which delineate density-temperature phase
diagrams similar to their respective 3D counterparts but with
much lower critical and triple-point temperatures, as ex-
pected from quantum effects and dimensionality for purely
two-dimensional ~2D! systems. For example,S-L-V 2D

triple points measured in Ref. 2 using heat capacity are at
5.96 K for H2 and 11.04 K for D2. From Ref. 3, also using
heat capacity, the mixed system of H2/D2/gr has the second-
layer triple point at 5.74 K, while the other mixed system,
H2/HD/gr has it at an average temperature of 6.3 K. If the
nature of the liquid phase was confirmed, these would be, so
far, the lowestS-L-V coexistence points found in 2D.

The only other systems where somewhat similar phases
are observed are bilayers of H2 and HD adsorbed on MgO,
with critical and triple temperatures higher than on graphite
~see Sec. IV and Fig. 12!. For H2/H2/MgO, heat-capacity
measurements foundTt~2D!57.2 K.5 For HD/HD/MgO ad-
sorption isotherms estimateTt~2D!'9.9 K.6

QENS measurements on HD thick films adsorbed on
graphite7 and on two to five layers adsorbed on MgO~Ref. 8!
have determined mobilities of the order of magnitude ex-
pected for liquids, as well as mobile fractions in reasonable
agreement with the thermodynamic phase diagrams. In par-
ticular, a liquid second layer is seen above the estimated
Tt~2D!.8 Complementary evidence for a mobile second layer
of HD on MgO has been obtained using nuclear magnetic
resonance.9

Additional interest in HD comes from evidence that as a
first layer plating for the adsorption of H2, or as an overlayer
on D2, it shows interlayer mixing as the temperature
increases.4 Recent studies of both4He and3He adsorbed on
hydrogen-plated graphite have actually used two layers of
HD as the plating substrate,10 a choice appropriate to elimi-
nating orthopara conversion~and heating! for very low tem-
perature studies of the helium isotopes. Further understand-
ing of the role of the substrate can be achieved by carefully
mapping the possible phases of HD/HD/gr.

In this paper we present results from combined heat-
capacity, adsorption isotherms, and QENS measurements on
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bilayer HD physisorbed on graphite. With the thermody-
namic measurements we determined the outline of the
second-layer phase diagram and foundTt~2D!'8.44 K and
Tc~2D!'11.45 K. The QENS measurements identified that
the second-layer HD is indeed a liquid above 8.44 K and
determined its mobility . The adsorption isotherms were ex-
tended onto the third and fourth layers to find layering criti-
cal points and heats of adsorption. An analysis of the data
and a placement of the findings in the context of correspond-
ing states ends the paper.

II. EXPERIMENT

The experiments were conducted on three different set-
ups, with exfoliated graphite cells adapted to each technique,
and in the case of the QENS, with different cells on different
experiments. The various exfoliated graphites were obtained
from either Union Carbide Co., Carbon Products Division
~graphite foam and exfoliated uncompressed crystallites! or
Carbon Lorraine~Papyex!. Papyex is commercially avail-
able, while the uncompressed exfoliated crystallites and
foam ~sheets about 5 mm thick! were kindly given to us a
long time ago by the Union Carbide Corp.

The adiabatic heat-capacity measurements were per-
formed using a graphite foam substrate of 4761 m2 area as
determined from a N2 adsorption isotherm at liquid-N2
temperature.11 The calorimeter cell was designed to acquire
data in a relatively short time, sacrificing high accuracy at
each point. The design and operation of this system has been
described.4,12 Heat capacities and coverages (NkB) are re-
ported in units of mJ/K, whereN is the total number of
molecules at a particular coverage andkB is Boltzmann’s
constant. For conversation to more conventional units,
4.160.1 mJ/K in this cell corresponds tor51, the
(A33A3)R30° commensurate density for first layer hydro-
gens, Kr, N2, and heliums on graphite.

The adsorption isotherms were performed in a computer-
controlled isotherm station using the uncompressed exfoli-
ated graphite as the substrate. This substrate is highly homo-
geneous~not crushed by compression! and above all, has a
much smaller impedance to gas flow than any of the exfoli-
ated graphites available in sheet form. The trade off is that it
has a very small area-volume ratio unless one compresses the
crystallites into containers, which it some extent degrades
their homogeneity and increases their flow impedance. We
slightly compressed them into a copper cell welded to a
stainless steel fill line which could be baked to 400 °C. Two
series of measurements were performed. In the first series,
the initial test of the isotherm cryostat, one second layer and
the third and fourth layer sets of isotherms were measured.
After improvements in the operation of the cryostat, the ad-
sorption cell was rebaked, a new N2 isotherm was measured,
and the second layer of HD isotherms were measured in
great detail exploiting the resolution of the station. An iden-
tical difference in the cell area was detected by both N2 and
HD isotherms between the two sets. For calculating isosteric
heats, Sec. IV, the coverages of the first set of isotherms have
been adjusted by the ratio of the areas to the same area as the
second set. The isotherms coverage is reported in cm3 STP.
A coverage of 9.63 cm3 STP in the isotherm cell corre-
sponds to 12.2 mJ/K in the heat-capacity cell.

The computerized adsorption system uses two Baratron
capacitance manometers, one for the cell side volume and
one for the dosing volume, with a computer-controlled valve
(V3) in between them. This makes the cell side volume out-
side the cryostat to be essentially the volume of the Baratron
head rather than the usually large and tortuous shot volume
when a single manometer is used, and helps achieve pressure
equilibration in relatively short times.

The QENS experiments were performed on the time-of-
flight spectrometer MIBEMOL at the Laboratoire Le´on Bril-
louin in Saclay~France!, using three short-time allocations
over a 1-yr period. The incident wavelength was 8 Å~1.28
meV! with a triangular-shaped resolution of 40meV. The
scattered beam was measured by 12 detector banks located at
various scattering vectorsQ ranging from 0.4 to 1.4 Å21.
The film’s scattering spectra were obtained by subtracting
the background due to the cell plus the bare graphite sub-
strate from the spectra taken with different dosings. The area
of each one of the three cells used was determined by either
a CH4, a N2, or an HD isotherm, and for one of the cells by
N2 and HD isotherms. The Papyex used to obtain the data
reported in Sec. III has a coherence length of approximately
300 Å. QENS measurements from mobile, partial monolayer
HD films are time consuming due to resolution, lack of scat-
terers, and neutron flux limitations, thus only one coverage
corresponding tor'2.63 ~about 1.7 layers! was measured.

III. RESULTS

~a! Heat capacity of HD/HD/Gr. The background heat ca-
pacity of the empty calorimeter was measured in the tem-
perature range 2.8,T,13.2 K, and fitted by a seventh-order
polynomial.

HD gas was introduced into the sample cell at 20 K, and
the HD film was then annealed at 16 K for'5 h before the
cell was gradually cooled down to'3.4 K. We measured a
total of 14 heat-capacity scans for coverages from about 0.95
monolayer up to about 2 monolayers, and for 3.5,T,13 K.
One of such scans for a film withNkB510.06 mJ/K is
shown in Fig. 1 along with the background heat capacity and
its seventh-order fit.

The background-substracted film heat capacities of a few

FIG. 1. Background heat capacity of the empty cell and its
seventh-order polynomial fit, and total heat capacity of the cell plus
an HD film with coverageNkB510.06 mJ/K.
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selected HD coverages are shown in Fig. 2. The heat capac-
ity from desorption at the high-T end has not been sub-
stracted.

From the heat-capacity data, we propose the coverage-
temperature phase diagram for the second-layer HD on
graphite shown in Fig. 3. The sharp peaks in Fig. 2 at an
almost constant temperature@Tt~2D!58.44 K# occur at the
S-L-V second-layer triple point~see the QENS section be-
low!. The broader peaks in Fig. 2 at temperatures higher than
the triple line map out the boundary of theL-V coexistence
region, which ends at the critical pointTc~2D!'11.45 K.

The total heat capacity at constantT within a two-phase
coexistence region should be linear with coverage.13 The
ending points of the linear regions in the heat-capacity iso-
therms trace out the two-phase boundaries, shown in Fig. 3
by square symbols. The boundary determinations by the
heat-capacity peaks and heat-capacity isotherms complement
each other and show reasonable agreement. Due to the lim-
ited number of coverages measured at the beginning of the
second layer, the lower boundaries of theS-V andL-V re-
gions cannot be determined very accurately.

The 11.98 and 12.22 mJ/K runs identify the second-layer
melting line at coverages above triple-point coexistence. The
S-L coexistence region was mapped more carefully by the
adsorption isotherms described below.

~b! Adsorption isotherms. Vapor-pressure isotherms
complement heat-capacity measurements. When desorption
into the dead volume of the calorimeter is insignificant, a
heat-capacity measurement traces a constant coverage path,
i.e., a line parallel to theT axis in a coverage-temperature
phase diagram like Fig. 3. Heat-capacity features clearly
identify triple lines andL-V coexistence. Adsorption iso-
therms follow, in Fig. 3, a path perpendicular to the heat
capacity. They are useful in identifying layer-by-layer
growth and two-phase coexistence regions, to characterize
surface quality and to measure adsorption energies.14

Seven second-layer isotherms were measured between
10.15 to 13.28 K, see Fig. 4. Pressures have been corrected
for the thermomolecular effect. The main vertical step corre-
sponds~for the three lowest temperatures! to theL-V coex-
istence region~see QENS section below!. Between the sec-
ond and third layers we found very small ‘‘almost vertical’’
steps corresponding toS-L coexistence. Figure 5 shows a
blowup of Fig. 4 around these steps. They move to higher
coverage and further away from the main isotherm step as
the temperature increases. The dashed lines map out theS-
L coexistence region in the temperature range measured. In
earlier vapor-pressure isotherm studies on bilayer H2 and
HD on MgO,5,6,15 the S-L coexistence regions were clearly
identified by sizable steps in the isotherms, rather different
than for the HD/HD/gr system.

FIG. 2. Heat-capacity scans for a few HD coverages, with the
empty cell background subtracted. Note the heat-capacity vertical
shift between heat-capacity scans, introduced for graph clarity.

FIG. 3. Proposed phase diagram for~second layer! HD/HD/gr.
Phase boundaries determined bys, heat capacity features~horizon-
tal error bars!; j, heat-capacity isotherms~vertical error bars!; 1,
adsorption isotherms.NkB is the total HD coverage.d, location of
QENS measurements.

FIG. 4. Second-, and beginning of third-, layer volumetric
vapor-pressure isotherms of HD on graphite from the second run.
The temperatures are shown for each isotherm. Lines are guides to
the eye.
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We have incorporated this determination of the melting
line into Fig. 3 by scaling coverages using the scaling of Sec.
II ~the melting peak atNkB512.22 mJ/K and 11.0 K from
the heat-capacity measurements and the middle point of the
substep in the 11.11 K isotherm atVads59.63 cc-STP, ne-
glecting the small temperature difference!. TheS-L coexist-
ence region from the isotherms is shown by the solid lines. It
should be pointed out that there is a 3% discrepancy between
this scaling and one using N2 isotherms at 77.6 K which
perhaps could be caused by different substrate heterogene-
ities. Details are reported in Liu’s dissertation.16

From the adsorption isotherms shown, and the third and
fourth layer ones~not shown but available from PSE or
OEV! it is also possible to obtain the critical points of the
second, third, and fourth layers by calculating their slopes
aboveTc as a function ofT at fixed surface~critical! density.
The inverse slope~inverse compressibility! should go to zero
at Tc . Estimates ofTc obtained this way have larger uncer-
tainties than when obtained with heat capacity because in-
verse slopes decrease with an~Ising! power law, and sub-
strate heterogeneities make the final inverse slope finite.17

This method gives critical temperatures of 11.8~higher than
the 11.45 K obtained from heat capacity!, 12.3, and 12.0 K
(60.2 K!, respectively, for the second, third, and fourth lay-
ers. The third- and fourth-layerTc’s are in fairly good agree-
ment with values determined by Wu and Hess using ellipso-
metric adsorption isotherms on graphite~12.2 and 12.5 K,
respectively!.18 One may also obtainTt~2D! of the second
layer by extrapolating to lowP andT the loci of the two-
phase coexistence pairs (P,1/T) from the vertical steps of
the isotherms. We obtainTt~2D!'8.4260.10 K, in excellent
agreement with the heat-capacity results.

~c! QENS. The HD dose studied corresponds to about 1.7
layers, close to the top of theL-V coexistence region~see
Fig. 3, solid symbols!. Data were taken at selected tempera-
tures between 2 and 10 K.

A spectrum~minus background! is shown in Fig. 6 for
Q50.627 Å21 at 9.25 K, aboveTt~2D!. The central trian-
gular peak is due to the resolution-limited solid HD scatter-
ing. The wings at the foot of the triangular peak come from

the mobile fraction of HD,x. Spectra at 9, 9.25, and 10 K,
i.e., aboveTt~2D!, all show the broad component. At 8.1 K,
i.e., somewhat belowTt~2D!, very small wings are observed.
One complete MIBEMOL time allocation~6 days! was dedi-
cated to taking a background and spectrum at 2 K, see below.

The QENS spectra~minus background! are analyzed as a
sum of ad function originating in the solid HD monolayer
~s! and a Lorentzian function which comes from the incoher-
ent scattering of a mobile phase, this sum convoluted with
the triangular instrument resolution. We assume that at the
temperature of the measurements the HD molecule is effec-
tively a free rotator. The scattering law,S(Q,v), consists of
two terms. The first one is proportional to the solid fraction
(12x) of the film, and the second one to the mobile fraction,
x, such that

S~Q,v!5 j 0
2~Qr !e2Q2^u2&@~12x!d~v!1xL~Q,v!#, ~1!

where\v5E2E0 is the gain or loss of energy of the neu-
tron with respect to the incident energyE0. The j 0 spherical
Bessel function describes the isotropic rotational motion of
the HD molecule with a gyration radiusr50.37 Å. The ex-
ponential term is the Debye-Waller factor. It is set here to
unity because the data reduction was done only at smallQ
~less than 1 Å21), i.e., in theQ range where the neutron
statistics is fairly good. The Lorentzian functionL(Q,v) is
given by

L~Q,v!5p21f ~Q!/~ f 2~Q!1v2! ~2!

with f (Q) depending on the model, i.e.,

f ~Q!5DTQ
2sin2t ~3!

for a two-dimensional Brownian liquid.DT is the translation
diffusion coefficient of the fluid,t is the angle between the
normal to the~0001! individual graphite surface and the scat-
tering vectorQ. Equation~1! has to be averaged over the
orientation distribution of the graphite crystallites and con-
voluted with the instrumental resolution before fitting to the
recorded spectra. It has only two adjustable parameters,x,
the film mobile fraction, andDT , the translational diffusion
coefficient of the mobile phase. A more complete description
of the procedure used has been written by Coulombet al.19

FIG. 5. Isotherm substeps and theS-L coexistence region~be-
tween dashed lines! in the second layer HD on graphite.a, 10.15 K;
b, 10.63 K;c, 11.11 K;d, 11.59 K;e, 12.07 K; f , 12.57 K;g, 13.28
K.

FIG. 6. QENS spectrum~minus background! for a bilayer HD
film at 1.7 layers coverage,Q50.627 Å21 at T59.25 K, and best
fit using the model described in text.
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The most important outcome of the QENS measurements
is that they confirm the existence of the second-layer 2D
liquid on top of a first layer solid. Using Eq.~1! we have
calculatedx and DT from best fits to the QENS spectra.
Results are shown in Figs. 7 and 8. The mobile fraction is
approximately constant in theL-V coexistence region and
corresponds to about half a monolayer, as expected. At 8.1 K
and below there are very small wings on the QENS spectra,
which, when analyzed with the same model of Eq.~1!, give
x'0.0260.01 below the triple-point temperature.

The measured translational diffusion coefficients in Fig. 8
at 9–10 K are smaller but of comparable magnitude to those
for 3D liquid HD at slightly above its triple point
('531025 cm2 s21, see Zeppenfeldet al.7!. They are also
comparable to those measured for multilayer HD on MgO at
about the same temperature. In Fig. 8 we show with an open
circle and the dash-dotted line the results of Maruyamaet
al.8 for 1.6 layers of HD/MgO. The dash-dotted line corre-
sponds to a fitting of the formDT'D0exp(216 K/T!
through the MgO data. A similar exponential fit through the
three HD/HD/gr points~dashed line! gives an activation en-
ergy of 55 K. We do not have precise enough data to decide
if the activation energy is actually this high. An extension of
the HD/MgO line to lowerT would also go through the error
estimates of the three HD/HD/gr points.

We do not have a simple explanation for the very small
wings at the foot of the resolution limited QENS central peak

below the triple point, which persist down to 2 K. If the
decrease ofDT with temperature shown in Fig. 8 is exponen-
tial, the wings in the QENS spectra at 2 K from a liquid
fraction would be much narrower in energy than the resolu-
tion of the spectrometer for activation energies between 16
and 55 K. A small amount of 2D vapor~in equilibrium with
the 2D solid! could have the right mobility at 2 K to give
transit times in the range of 10211 s. We have measured a
few H2 ~not HD! heat-capacity runs around 2 K at H2 mono-
layer completion and beginning of the second layer, which
show that theS-V second-layer coexistence does not start
until a few hundredths of the second layer are deposited, but
the data are sparse and not conclusive.

IV. FURTHER ANALYSIS AND DISCUSSION

The proposed phase diagram, Fig. 3, is similar in form to
those of 3D van der Waals systems, and to those of H2/
H2/gr, D2/D2/gr,

2 and H2/H2/MgO.
5 The triple-point

Tt58.44 K is in between 5.96 K for H2/H2/gr and 11.0 K
for D2/D2/gr, and is about 1.5 K lower than the 9.9 K for
HD/HD/MgO.6 This is consistent with the graphite vs MgO
substrate trend mentioned in the Introduction.

A thermal property which may be calculated directly from
the isotherms is the isosteric heat of adsorption, defined as13

qst[kBT
2~] lnP/]T!Nf ,A

, ~4!

whereNf andA denote the film coverage and adsorption area
of the substrate. At very low coverages where the lateral
interaction between adatoms can be neglected, the isosteric
heat is simply related to the binding energy («0) and kinetic
energy by

qst5«01a~kBT! ~5!

with a53/2 for a 2D ideal gas on a flat surface and
a51/2 for a gas molecule harmonically bound to an adsorp-
tion site. In theL-V coexistence region,qst includes the la-
tent heat of 2D evaporation which is independent of the cov-
erage.

Figure 9 showsqst vs Vads for the two sets of isotherms,
obtained by using Eq.~4!. We averaged over all the iso-
therms of Fig. 4~10.15–13.28 K!, and over a comparable

FIG. 7. The mobile fraction of a monolayer,x, as determined
from QENS measurements.d, HD/HD/gr, this experiment;s, HD/
HD/MgO, 1.6 layers; andh, HD/HD/MgO, 1.9 layers, from Ref. 8.

FIG. 8. Translational diffusion coefficient for the liquid HD
monolayer, determined from the QENS measurements, see text.
d, HD/HD/gr, this experiment.s, HD/HD/MgO, 1.6 layers, from
Ref. 8.

FIG. 9. Isosteric heat of adsorption vs HD coverage at

T̄512.25 K from first set of isotherms, andT̄511.70 K from the
second set of isotherms.
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range of temperatures from the third, fourth, and partial fifth
layers to reduce the scatter. The average temperatures are
T̄511.70 K for the first set, andT̄512.25 K for the second
set. There are dips inqst at layer completions, which give
q st'177, 152, 143, and 141.5 K (62 K! at the beginning of
the second, third, fourth, and fifth layers, indicating the de-
crease of the total effective potential and growth towards the
3D heat of sublimation of HD.20 The first plateau inqst in the
second layer is due to the three lowest temperature isotherms
used in the calculation being in theL-V region, and the rise
which follows is due to freezing andL-S coexistence. The
third layer seems to go through a similar pattern. The fourth
and fifth layers are not well resolved, but they also show
rises towards monolayer completion.

In Ref. 4, Liuet al. discussed the procedures to calculate
the entropy (S), solid fraction in theS-V coexistence region
(N2s), and heat of fusion (q) from heat-capacity measure-
ments. We use here the same procedure. Entropies are cal-
culated numerically by extrapolating the heat-capacity data
to T50 K using a quadratic fit to the lowest measured
points, then integratingC/T from T50 K to the desired
temperature. Calculated entropies of a few selected cover-
ages are shown in Fig. 10. Curve (a) is for the coverage
NkB56.57 mJ/K, approximately a complete HD monolayer.
The rapid rise atTt~2D! of the bilayer, and the slight inflex-
ion at the end of the bilayerL-V coexistence are clearly
visible.

To estimate the heat of fusion,q, at the triple point we
draw a smooth line under the triple-point heat-capacity peaks
and integrate numerically the area under those peaks. The
number of HD molecules in the second layer which melt at
the triple point is given by the lever rule

N2s5@~Ns
02N1!/~Ns

02Nv
0!#~N2Nv

0!, ~6!

whereNs
0kB512.0 mJ/K andNv

0kB'7.0 mJ/K are the upper
and lower boundaries of theS-V region,NkB the total cov-
erage, andN1kB56.57 mJ/K the coverage of the complete
first layer. As mentioned earlier, the lower boundaryNv

0kB is
not as well defined. We obtainq55.2 J/mol, and a molar

entropy changeDs50.61 J/mol K. Using a similar procedure
it has been calculated2 that Ds at the triple point for H2/
H2/gr is 0.65 J/K mol, and for D2/D2/gr is 0.61 J/K mol,
about the same as for HD/HD/gr.2 We note also that the
entropy change in H2/H2/MgO, measured by Maet al., is
2.0 J/mol K, three times larger than for the three systems so
far studied on graphite,6 and the entropy change for 3D HD
at its triple point is 9.58 J/K mol, much larger than for the 2D
systems.

The comparison between bilayer films on graphite and
MgO is particularly interesting. Not only isTt~2D! about 1.5
K lower on graphite than on MgO, but bothDs and q on
graphite are considerably less than those on MgO. This can
be seen from the strikingly different specific heats on the two
substrates. Three second-layer specific heats~with the first-
layer heat capacity subtracted! for films of about equal cov-
erages~0.4 of a second monolayer!, all measured in our cry-
ostat, are plotted in Fig. 11. The two specific heats on
graphite are similar in form, with small triple-point peaks
~small entropy changes! and large transition peaks at theL-
V phase boundaries, but the one on MgO has a very large
triple-point peak and very smallL-V signal. This indicates
that there is not a great deal of difference between the liquid
and the solid bilayer on the graphite, and this is confirmed by
the narrow solid-liquid coexistence region in the isotherms
of HD/HD/gr, see Fig. 5, where there is a change in density
of about 1.6% of a monolayer between the liquid and the
solid. By contrast, there is a 4% of a monolayer density
change between the 2D liquid and the 2D solid for a compa-
rable adsorption isotherm of HD/HD/MgO. From the in-
creased ordering of the liquid on graphite, we expected that
the mobility in the liquid phase of the second layer of HD/
HD/gr would be considerably smaller than on
HD/HD/MgO,8 but this did not turn out to be the case, see
Fig. 8. Both fluids appear to be equally mobile around 10 K
within the sensitivity of the QENS measurements.

In the phase diagram of Fig. 3 we interpret the high cov-
erage region,NkB.12 mJ/K, as a single solid phase. We
explore the solid with the 2D Debye model. The low-
temperature specific heat varies as13

FIG. 10. Calculated entropies of a few selected HD coverages.
The coverages shown are the total HD coverages. The inflection
points are due to triple-point melting~8.44 K! or evaporation at the
L-V boundary.

FIG. 11. Second-layer specific heats of three hydrogen bilayers
on graphite or MgO, each with about 0.4 monolayer in the second
layer, see text.
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C/N2kB;28.85~T/Q2D!2, ~7!

whereQ2D is the Debye temperature,C andN2kB are the
heat capacity and coverage of the second layer.

Using the 12.22 mJ/K run, entirely within the solid phase,
the second-layer heat capacity can be roughly obtained by
subtracting the heat capacity of the first layer (N1kb56.57
mJ/K!. We force Eq.~7! through each point of the second-
layer specific heat. Results are displayed in Fig. 12. The
Debye temperature is not constant, decreasing with increas-
ing temperature. TheT54 K value of'10064 K is some-
what smaller than the 3D value of 110 K at the same tem-
perature, but the temperature dependence ofQ2D is similar
to, albeit more pronounced than, the one in 3D for H2, see
Fig. 51 of Silvera’s review.21 The likely formation of an HD
common oblique structure as proposed by Wiechert2 for bi-
layer H2 and D2, the second layer not being a 2D solid
‘‘freely floating’’ on the solid first layer, will have to be
considered in theoretical treatments of the solid.

Finally, Fig. 13 shows a summary of our current knowl-
edge of 2DS-L-V triple, andL-V critical point temperatures.
The figure has been drawn as a dimensionlessTc~2D!/e or
Tt~2D!/e vs the quantum parameterh5\2/ms2e, a corre-
sponding states picture at the quantum limit. In this equation,
m is the HD mass, ands52.92 Å ande537 K are the
Lennard-Jones values for the parameters reported by
Nosanow.22 We believe that the large fractional difference
between the values of the phase-transition temperatures for
the same isotopic molecule on the different substrates is a

consequence of variations in the effective interaction be-
tween the molecules induced by each substrate, and possibly,
differences in effective mass caused by the substrate corru-
gation. We note that in this very quantum regime solidifica-
tion of the hydrogen molecules under their own 2D vapor
pressure occurs near the end of the allowedTt* ~2D! vs h
value for Bosons are calculated by Ni and Bruch.23
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