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Isotopic ordering in adsorbed hydrogen monolayers
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Quantum ordering, mixing, and mobility of isotopic hydrogen mixtures adsorbed on graphite~0001! is
studied in the monolayer range by diffraction, small angle~SANS!, and quasielastic neutron scattering
~QENS!. Solid mixtures of H2-D2 commensurate with the graphite substrate remain random isotopic mixtures
from 18 K down to 3 K. Incommensurate solid mixtures of H2-D2 at monolayer completion with and without
a partial second layer adsorbed on top show a tendency towards phase separation and clustering as the
temperature is reduced below 20 K. This tendency is monitored both by the change of the diffraction peak
intensity with temperature and by features of the SANS measurements discussed in the text. Clustering slows
down or stops at'8 K without reaching the full isotopic phase separation predicted on quantum-mechanical
grounds. The QENS measurements measured the mobility of pure HD and HD-D2 mixtures for two coverages.
The mobility in the mixture is enhanced over the one of pure HD at the same coverage and temperature, an
effect which can be related to a bond softening of the heavier D2 molecule due to quantum motion.
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I. INTRODUCTION

The mass difference between the molecular isotopes
drogen (H2), deuterium hydride~HD!, and deuterium (D2)
leads to very different liquid-vapor (L-V) critical and liquid-
vapor-solid (L-V-S) triple points in both three1 and two
dimensions.2,3 This effect is due to the importance of th
zero-point kinetic energy in these quantum systems
makes the hydrogen isotopic molecules have the low
S-L-V triple points in nature. The zero-point kinetic ener
also manifests itself in the freezing of binary isotopic m
tures by the observation of bulk quantum fractionation, i
the separation at freezing of a liquid enriched with the low
mass isotopic molecule, and a solid rich in the larger m
isotope.4

The same quantum mass effect should also induce an
topic ordering at low temperature in the bulk solid pha
Isotopic phase separation5–7 was predicted a long time ago.
was observed for3He-4He mixtures8 but never for isotopic
hydrogen solid solutions,9 although it has been predicted
occur at temperatures as high as.4K.6,7

Isotopic phase separation should be expected also in
adsorbed single layer of an isotopic hydrogen mixture. T
PRB 600163-1829/99/60~16!/11773~10!/$15.00
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reduced dimensionality and coordination number in a mo
layer with respect to its three-dimensional counterpart ma
the relative contribution of the zero-point kinetic energy
the total energy larger than in bulk. This is responsib
among other things, for a substantial difference in the mo
areas of H2 and D2 at solidification and at monolaye
completion.2,3 The difference in molar areas lifts the chem
cal equivalence of the isotopes and may lead to phase s
ration, estimated to occur at about 2 K.10 Other forms of
ordering have been predicted by theory for monolayer co
mensurate mixtures formed on graphite.11

Kinetic effects ~low translational mobility in the solid
phase!, which may be responsible for the nonobservation
phase separation at low temperature in the bulk solid ph
may be overcome by the existence of non-negligible surf
hydrogen mobility on thick films down to 3 K asobserved by
Mangele, Albrecht, and Leiderer.12 and between 2 and 4 K as
measured by Sukhatme, Rutledge, and Taborek.13 Other
observations14,15 and calculations16,17 show that a fraction of
hydrogen adsorbed on top of a complete solid monolaye
mobile and favors the interlayer exchange and equilibri
between the first and second layers.

Progress in the last 5 years on the understanding of mo
11 773 ©1999 The American Physical Society
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11 774 PRB 60M. BIENFAIT et al.
layers of the hydrogen molecular isotopes has been sig
cant. Wiechert and co-workers2,3 have compiled an extensiv
review of the currently accepted phases and phase diag
within the first monolayer for the three species H2, HD, and
D2 adsorbed on graphite. In the first monolayer, all th
molecules form commensurate~CS! and incommensurate
~IS! solid structures, as well as fluid phases at low densi
and high temperatures. The formation of a CS phase
empts condensation intoL-V coexistence, aL-V critical
point, and aL-V-S triple point, in favor of a CS-V coexist-
ence region that may extend down toT50 K.

Double layers of hydrogen isotopic mixtures adsorbed
graphite were also studied by heat-capacity measuremen14

It was shown that the first layer close to the substrate
strongly enriched in the heavier isotope.

The experiments reported in this paper were carried
by neutron scattering because it can distinguish betwee
three isotopic binary molecules H2, HD, and D2 and to char-
acterize disordered mixtures, separated phases, and sup
tice structures. The experiments take advantage of the l
difference in the coherent and incoherent cross section
the various hydrogen isotopes. Indeed, the contribution to
diffraction signal from all three isotopic molecules is signi
cant since the coherent scattering length of both H~23.742
fm! and D (16.674 fm) are large, yet it is of opposite sig
On the other hand, the large incoherent scattering length
~especially in the HD molecule, which does not under
ortho-para conversion at low temperatures! can be used to
measure the liquid fraction in a liquid-solid coexisten
regime18 and to determine the diffusion coefficient in th
liquid.

The work reported here was intended to study binary m
tures of the hydrogen isotopic molecules adsorbed on gra
ite searching for the possible fractionation at solidificati
and for the expected isotopic phase separation in the s
phase at low temperature. We performed three kinds
neutron-scattering experiments at various CS and IS sur
densities (r), molar concentrations (x), and temperatures
(T).

~i! Diffraction experiments were performed on H2-D2
mixtures to identify long-range ordering in the solid pha
and its possible evolution with temperature.

~ii ! Small-angle neutron-scattering~SANS! investigations
were carried out on monolayer H2-D2 mixtures. SANS is
sensitive to the temperature dependence of the short-
medium-range structural and compositional order within
mixture.19–21 We were thus looking for the formation o
small clusters of D2 and H2.

~iii ! Quasielastic neutron-scattering~QENS! experiments
were performed on HD-D2 mixtures to measure the incohe
ent scattering function of the HD molecules at high tempe
ture (15, . . . ,30 K). These measurements yield the se
correlation function of the HD molecules in the fluid pha
and hence the corresponding diffusion coefficient.15,18,22

The diffraction measurements mapped portions of ther,
T, x5n(H2)/@n(H2)1n(D2)# parameter space and we
complemented by the SANS and QENS experiments. C
tering, a first step towards phase separation, was investig
further with the SANS measurements. With the QENS
looked for— but did not find—any indication of fraction
ation during the L-S transition. Instead, a rather unexpec
fi-
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effect was observed: by substituting one half of HD by t
heavier molecule D2 in an adsorbed monolayer, we measur
an enhancement of the hydrogen mobility with respect to
pure HD layer in the fluid phase just above the melting te
perature.

After describing the experimental details, we report on
diffraction and SANS experiments, then on the QENS m
surements, and finally, we conclude with a discussion on
interpretation of our results. Preliminary reports on some
our findings have been published recently.10,23

II. EXPERIMENT

The small-angle neutron-scattering and the neutr
diffraction experiments were performed on the G6.1 diffra
tometer at the Laboratoire Le´on Brillouin ~LLB ! ~Saclay!
using a wavelengthl54.74 Å and a scattering vector rang
0.13 Å21,Q,2.54 Å21. They were complemented b
SANS measurements and diffraction experiments carried
on the D16 (l54.51 Å; 0.13 Å21,Q,0.6 Å21) and
D1B (l52.52 Å; 1.7 Å21,Q,4.3 Å21) spectrom-
eters at the Institute Lave Langevin~ILL ! ~Grenoble!. All
experiments gave consistent and reproducible results wi
the experimental uncertainty.

The gases used where H2 ~purity 99.999%! and D2 ~purity
99.8%!. Mixtures with variousx were prepared in a cali
brated volume, and the gas was slowly introduced in
sample cell held at 25 K. The cell was then cooled down
20 K. After allowing the H2 ortho-para conversion to reduc
the incoherent background, the temperature was decre
step by step down to the lowest value that could be reac
with the cryostat~2.8 K at the LLB and 1.5 K at the ILL!. In
this temperature range, the neutron scattering from para H2 is
essentially coherent. As for the other isotope, D2 is known to
be a good coherent scatterer at all temperatures.

The QENS experiments were performed on the time-
flight spectrometer MIBEMOL at the LLB~Saclay!. The in-
cident wavelength was 8 Å~1.28 meV! with a triangular-
shaped resolution function of 40meV full width at half
maximum ~FWHM!. The scattered beam was measured
10 detector banks located at scattering vectorsQ ranging
from 0.35 to 1.46 Å21.

The gas mixture used for the QENS measurements
composed of HD and D2. Deuterium hydride HD~purity
97.7%! has a temperature-independent large incoherent s
tering cross section (sHD

inc 560 b) well suited for measuring
the self-correlation scattering function and studying the s
face mobility of the HD molecules in adsorbed layers.14,18,22

Deuterium has a much smaller incoherent scattering c
section (sD

inc52.0 b!, which can be neglected in the QEN
analysis. The HD-D2 mixtures were adsorbed as describ
above, annealed at 30 K for 2 h and cooled down to the
temperature of the neutron-scattering recording (15 K,T
,30 K).

For all diffraction and QENS experiments, the final sc
tering spectra were obtained after subtracting the backgro
due to the cell and the bare graphite substrate. We not
that the background signal is essentially temperature in
pendent.

For the substrate, we used a recompressed exfoli
graphite known as Papyex.24 Two samples were used; the
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consisted of stacks of disks, 22 mm in diameter and sev
cm high, having masses of 33.5 g and 28.5 g, respectiv
placed in cylindrical thin-wall aluminum cells. The macr
scopic Papyex surfaces were parallel to the scattering pl

The total surface area of the two samples was determ
by measuring a CH4 adsorption isotherm at 77.3 K prior t
the neutron-scattering experiment.10,23 We assumed that th
inflexion point located at the middle of the plateau conne
ing the first and second steps~reflecting the condensation o
the first and second layer! would correspond to the comple
tion of the (A33A3)R30 ° commensurate CH4 monolayer
(r51). As a matter of fact, this assumption led to an und
estimation of the coverage by about 20%~Refs. 25 and 26!
as we realized by measuring N2 adsorption isotherms at 77.
K. All the coverages quoted in Refs. 10 and 23 have b
recalibrated here. Hence, the formerr51.6 corresponds to
r51.92, the formerr51 to r51.2, and the formerr50.9
to r51.08. This coverage recalibration does not change
qualitative conclusions about the trend towards phase s
ration at large coverages drawn from our prelimina
reports.10,23 The absolute dosing is known within a few pe
cent.

On dealing with the different isotopic molecules and th
mixtures, the first layer completion densities are different
each one of them. We give dosings in units of the comm
surate coverage since it corresponds to a given numbe
molecules per unit area, independent of the type of hydro
isotopic molecule and for any sample cell. In these un
monolayer completion~incommensurate solid! for the three
isotopic molecules are:r51.46 for H2 , r'1.49 for HD,
andr51.55 for D2.

III. RESULTS

A. Neutron-diffraction and SANS measurements

1. Diffraction measurements

Monolayer mixtures at coveragesr51, 1.08, 1.2, 1.54,
and 1.92 have been studied as a function of temperature
H2 molar fractionx. In the commensurate regime, we s
lected x51/2 for r51 and x51/3 ~i.e., a composition
1/3H2 :2/3D2) for r51.08.

In the incommensurate regime, diffraction measureme
have been performed forx50.5 for several coverages ne
r51.2 and at the pure D2 monolayer completion (r51.54).
For r51.92, i.e., for the fully compressed incommensur
structure with an excess of aboutr50.4 in the second layer
neutron-diffraction spectra have been recorded forx50.2,
0.33, 0.5, 0.8, and 0.9. We also measured the diffrac
lines of pure D2 and pure H2 at r51.92 as a reference for th
peak intensity and position measurements.

At r51 and 1.08, we observed the expected commen
rate ~10! lines at 1.70 Å21 for 2 K,T,18 K. Higher-
order ~11! and ~20! peaks were also observed, but no sup
structure lines were detected. The intensities of the~10! lines
correspond to the calculated intensities of a commensu
compositionally disordered mixed crystal~see below!. The
(A33A3)R30 ° CS remains a H2-D2 random mixture down
to ;2 K.

At r51.2, the layer is slightly compressed with respect
the commensurate structure; we found a~10! line at
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1.77 Å21, and in addition, we could discern at low temper
ture a small superstructure peak at 1.48 Å21 ~see Fig. 1!.
Such a feature could be due to a structure similar to thg
solid observed by Wiechert and co-workers2 for D2 at this
coverage and at low temperature. In this phase, the adl
exhibits a periodic, static strain modulation. This kind
structural ordering observed at low temperature may be
sponsible for the concomitant decrease of the SANS sig
~see Sec. III A 2!.

For r51.54 and r51.92, the diffraction results look
qualitatively the same; since we performed many more
periments atr51.92, we will focus our report on the pa
terns recorded for this coverage. A typical example is p
sented in Fig. 2 forr51.92, x50.5, and five different
temperatures~20, 16, 12, 8, and 3 K!. Another set of runs can
be found in Ref. 10. A single~10! line is observed, which is
located in the range betweenQ52.07 Å21 and Q
52.12 Å21, corresponding to the position of the diffractio
lines for pure H2 and D2, respectively.2 No additional dif-
fraction peaks were observed, except the higher-order~11!

FIG. 1. Diffraction spectra for a 0.5 H2 :0.5 D2 mixture for r
51.2 adsorbed on graphite~0001! at 18.9 K and 2.9 K~graphite
background subtracted!. In the upper curve~18.9 K! a small bump
at Q51.77 Å21 corresponding to a fluid phase is visible, where
two peaks at 1.48 Å21 and 1.77 Å21 are observed in the lowe
curve (T52.9 K).

FIG. 2. ~10! diffraction lines for a 0.5 H2 :0.5 D2 mixture at
r51.92 adsorbed on graphite~0001! for five different temperatures
~graphite background subtracted!. The solid lines are guides to th
eye.
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11 776 PRB 60M. BIENFAIT et al.
and ~20! lines. The ~1,0! peak shifts towards the positio
characteristic of pure H2 with increasing hydrogen contentx.
A slight shift of about 0.01 Å21 towards largerQ for a
givenx is observed upon decreasing the temperature from
to 12 K. The~10! peak FWHM is almost independent of bo
x and T, and its value of about 0.06 Å21 is similar to the
one measured previously on H2 or D2 diffraction patterns on
Papyex.2,10 Hence, in the studied temperature range, the
topic mixing does not strongly affect the overall long-ran
order in this two-dimensional~2D! crystal, at least within the
instrumental resolution. This suggests that the disorde
mainly substitutional~stoichiometric! rather than positiona
~crystallographic!.

The most striking change with decreasing temperatur
the large increase of the intensity of the diffraction peak.
shown below~and supported by the SANS results presen
in the next section!, this intensity decrease can be attribut
to H2 , D2 cluster formation within the 2D mixture. In fac
the clustering could also explain the small shift of the d
fraction line towards the position of pure D2—the compo-
nent with the larger scattering cross section.27

If the layer wascompletelyphase separated, the expect
ratio between the intensity of the H2-pure and D2-pure dif-
fraction peaks would be roughly (bH /bD)2.1/3, and we
should observe the two peaks at the locations indicated
the arrows in Fig. 2. Unfortunately, the experimental lin
width (0.06 Å21) is close to the peak separation. On t
other hand, anincompletelyphase-separated system is e
pected to be composed of domains~clusters or islands! of the
pure constituents, which would not extend over a size e
close to the transfer width, thus giving rise to a peak loca
at an intermediate position corresponding to the ‘‘averag
lattice.27 Hence, the absence of a peak splitting isnot a proof
against clustering, i.e., a trend towards phase separatio
low temperatures.

The analysis of the temperature dependence of the diff
tion intensities can help to clarify this point. The variation
the peak intensity with temperature for the mixture is mu
larger than for pure D2 and H2 as is evident by comparing
Fig. 2 for the mixture and Fig. 3 for pure D2. For the pure D2
the change in intensity between 18 and 8 K is only 5%, and
then it remains almost constant at lower temperature. T
small variation can be accounted for by the Debye-Wa

FIG. 3. Same as Fig. 2, but for a pure D2 film with r51.92.
Note that although the excess D2 in the second layer solidifies a
about 11 K there is no substantial contribution to the scattered
tensity.
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factor. Conversely, for the mixture~Fig. 2!, the variation of
the peak intensity with temperature is much stronger. T
intensity increases by 40% between 20 and 8 K and by an-
other 6% between 8 and 3 K. This point will be examin
further below.

The peak intensity varies strongly with the molar fracti
x, as well. This variation is expected from the different re
tive contributionsbH andbD to the structure factor. Figure 4
presents the relative intensity of the peak maximum at l
temperature as a function ofx for different total coverages
normalized to the expected intensity for pure D2. Two lines
are also shown. The solid line is the calculated intensity fo
compositionally disordered adlayer~random mixture!, ac-
cording to

I

I D2

5
@xbH1~12x!bD#2

bD
2

, ~1!

whereas the dotted line describes the intensity for a fu
phase-separated system, as given by

I

I D2

5
xbH

21~12x!bD
2

bD
2

. ~2!

The calculated intensity for the random mixture reaches z
for x50.64 as a result of the opposite signs ofbH andbD ,
respectively.

The measured intensities~peak maxima! at low tempera-
ture in the commensurate regime (r51.08, x51/3, andr
51, x51/2) as well as at monolayer completion (r
51.92, x50.8, and 0.9! are in fair agreement with the
mixed-crystal model. However, the measured intensities
r51.92 andx50.2, 1/3, and 0.5 are much larger than tho
predicted by Eq.~1!. In fact, they are intermediate betwee
the values calculated for the randomly mixed and the fu
phase-separated system. This observation, together with
strong increase of the intensity forx50.2, 1/3, and 0.5 with

n-
FIG. 4. Peak maxima of the~10! diffraction lines for different

coverages at low temperature as a function of the molar fractio
H2. The intensities are normalized to the intensity of a pure2
phase with the same total coverage. Circles, commensurate s
squares, incommensurate solid atr51.92. The solid and dotted
lines are the calculated intensities for a perfectly~random! mixed
crystal @Eq. ~1!# and for a fully phase-separated system@Eq. ~2!#,
respectively.



t
D

em

is
nc

m

le-

tion
ar

an
ters
t
f the

wait
tant.
1

in

the
n of
on
c-
NS

nce,

the
rge

an
d.
.
for
iso-
se

hes

tio

K

-

u-
hi

w,
ith
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decreasing temperature~see Figs. 2 and 5!, suggests tha
strong H2-H2 and D2-D2 correlations are present in the 2
mixed phase. In other words, the H2-D2 two-dimensional
mixture shows a trend towards phase separation at low t
perature for these physical conditions (r51.92; x50.2, 1/3,
and 0.5!.

We have used a well-known formalism28 to analyze the
sawtoothlike shape of our diffraction spectra. A typical fit
shown in Fig. 6. The fits allow us to determine the cohere
lengthL of the 2D crystal (L.300 Å) and the ‘‘true’’ peak
positionQ0 of the diffraction lines~which is always located
at slightly lowerQ than the position of the peak maximu
due to the asymmetry of the sawtooth profile!. The values
obtained forx50 ~pure D2) and 1~pure H2) agree perfectly

FIG. 5. Same as Fig. 4, but including the temperature varia
of the diffraction peak intensities forr51.92.

FIG. 6. Fit of the sawtoothlike diffraction peak recorded at 3
for r51.92 and a molar fractionx50.5 using the model of
Stephenset al. ~Ref. 28!. The results of the fit yield the exact po
sition Q052.098 Å21 and the coherence lengthL.300 Å. The
experimental resolution isDQ50.035 Å21 as measured from the
width of the ~0002! graphite substrate diffraction peak. The calc
lation takes into account the preferential orientation of the grap
surfaces in the Papyex sample.
-

e

with those quoted in Refs. 2 and 3 for monolayer comp
tion, being 2.124 and 2.070 Å21, respectively. The lattice
parameter is calculated from the peak positionQ0 of the~10!
diffraction line througha054p/(A3Q0). The results for the
pure and mixed phases are presented in Fig. 7 as a func
of x. The values show, within experimental error, a line
dependence onx ~Vegard’s law!.

2. SANS results

As described in the Introduction, the SANS technique c
be used, for instance, to determine the size of small clus
or inclusions in a matrix19–21 and its evolution upon hea
treatment. In our case, we have measured the variation o
SANS intensity from 20 to about 3 K by decreasing the
temperature step by step. After each step, we had to
several hours before the scattering signal remained cons
We selected five coverages:r51.92, 1.54, 1.2, 1.08, and
for a molar concentrationx50.5 ~i.e., a composition
0.5 H2 :0.5 D2). At 20 K, the adlayer is condensed either
a dense fluid ~r51,1.08,1.2! or in a solid phase (r
51.54,1.92). We noticed a nonnegligible attenuation of
graphite background signal at small angle upon adsorptio
the hydrogen mixture. In order to eliminate the contributi
of beam absorption without tedious self-shielding corre
tions, we chose to represent the difference between SA
spectra recorded at different temperatures, as, for insta
I (3 K)-I (20 K), shown in Fig. 8.

Figure 8 reveals that the influence of temperature on
SANS intensities depends strongly on coverage. For la
coverage, i.e., at monolayer completion (r51.54) or above
(r51.92), the SANS signal is larger at low temperature th
at 20 K. Atr51.2, the temperature variation is just reverse
We find adecreaseof the SANS signal at low temperature

The increase of the SANS signal at low temperature
r51.92 and 1.54 can be interpreted as being due to an
topic clustering in the mixture. This trend towards pha
separation was observed fromT58 K downwards; the in-
crease of the small-angle scattering intensity almost reac

n

te

FIG. 7. Lattice parametera0 calculated from the positionQ0 of
the ~10! diffraction line as a function of the H2 molar fraction at
.3 K for r51.92. The straight line corresponds to Vegard’s la
an expected linear relationship for mixtures of components w
very similar lattice parameters in the pure state.



3
tin
ep

r-
be
n
io

re
d
th
la

re

at
tio

2
e

lo
o

d
o

a
n-

bed

ing

-
e

tive
ge
at

n-
hat
the

ily
the

al
ce

ture
ift
ed

ed
x-
r

if-

ro-
els

rom
o-
.
the
ne.
ite
ons.

dif-
no-
en-

or
ation
or
er-
for

w-

he
g

at
re

11 778 PRB 60M. BIENFAIT et al.
its maximum at 8 K; any further temperature decrease to
only increases the signal by a few percent, even after wai
for two days. This indicates that the process of phase s
ration, initiated by the formation of small H2 and D2 clusters,
slows down at low temperature.

The interpretation of thedecreaseof the SANS intensity
observed forr51.2 at low temperature is not as straightfo
ward. It suggests that ordering is improved in the adsor
layer at lower temperature. This reorganization does
seem to be related, e.g., to the fluid domain-wall transit
occurring between 20 and 16 K~Ref. 2! because the SANS
intensity did not change significantly in this temperatu
range. We also emphasize that desorption between 3 an
K is negligible because both the equilibrium pressure and
dead volume of the sample cell are small. A possible exp
nation of the behavior could be the formation of an orde
superstructure similar to theg phase observed for pure D2 in
the same temperature and coverage range. This explan
is supported by the appearance of an additional diffrac
peak at 1.48 Å21 ~see Fig. 1!.

In the vicinity of the commensurate solid (r51 and
1.08!, the SANS intensity is essentially constant between
and 3 K. No change in the ordering is detected between th
temperatures although there is a fluid-solid transition be
20 K. This means that the adsorbed layer remains comp
tionally disordered even if it solidifies in a (A33A3)R30 °
structure.

3. Discussion

A trend towards phase separation was clearly observe
large coverage and low temperature for several physical c
ditions (r51.54, x50.5 andr51.92, x50.2, 1/3, and 0.5!
as predicted by Prigogine a long time ago for bulk H2-D2
mixtures.5 This effect is even more pronounced forr51.92
than for r51.54 ~see Fig. 8!, indicating that the non-
negligible fraction promoted to the second layer plays
important role in facilitating clustering by the process of i

FIG. 8. Difference of small-angle neutron-scattering~SANS!
spectra obtained from hydrogen isotopic H2-D2 mixtures ~molar
fraction x50.5) adsorbed on graphite at.3 K and 20 K for dif-
ferent coveragesr51.92, 1.54, 1.0, and 1.2. The increase of t
SANS intensity for low temperature is indicative of clusterin
within the 2D solid solution whereas the decrease observedr
51.2 suggests that the layer becomes more ordered upon dec
ing the temperature from 20 to 3 K.
K
g
a-

d
ot
n

20
e
-

d

ion
n

0
se
w
si-

at
n-

n

terlayer exchange. The existence of about 20% of adsor
molecules in the second layer~monolayer completion for
pure H2 and pure D2 occurs atr51.46 andr51.55, respec-
tively! raises the question of its influence on the scatter
patterns. It has been inferred from heat-capacity data14 that in
a double layer of pure H2 deposited on a preplated mono
layer of D2, the ‘‘vertical’’ phase separation persists in th
region of two solid layers, with a small amount of H2 mixing
into the first layer, and a small amount of D2 going to the
second layer at finite temperature; there is no quantita
thermodynamic data for this interlayer mixing for the ran
of H2 and D2 fractions explored in this study. We expect th
the fraction of the second layer is mainly composed of H2,
which remains in a liquid state down to.6 K. Hence, its
contribution to the diffraction intensity down to 8 K~Fig. 2!
is negligible. On the other hand, the major part of the inte
sity variation occurs between 20 and 8 K, which shows t
this variation results essentially from a reorganization in
first solid layer.

It must also be pointed out that the promotion of primar
H2 into the second layer leads to an overestimation of
molar fraction in the first layer byx.0.05 to 0.1, depending
on the H2 concentration. This would shift the experiment
data points in Figs. 4 and 5 accordingly to the left, hen
improving the agreement between Eq.~1!—the random mix-
ture curve—and the experimental results at high tempera
~Fig. 5!. We may wonder whether this concentration sh
could affect our interpretation. If we consider the diffract
intensity reported in Fig. 4 forr51.92 at 2.8 K andx50.5
and the largest possible concentration shift tox50.4 due to
the promotion of H2 in the second layer, then the measur
intensity would still be twice as large as the intensity e
pected for the random mixture~as observed, for instance, fo
the commensurate structure atr51.0). This is a clear indi-
cation for positive H2-H2 and D2-D2 correlations in the solid
monolayer at 2.8 and also at 7.5 K~Fig. 5!. At 7.5 K we
cannot invoke a contribution of the second layer to the d
fraction peak because the H2 second layer is liquid at this
temperature.

More information can be obtained on the clustering p
cess at monolayer completion by applying standard mod
used previously to describe the formation of aggregates f
solid solutions.19–21We selected two models describing tw
dimensional islands~flat disks! in different arrangements
One represents an isotropic distribution of 2D islands. In
second model, all islands are parallel to the scattering pla
The actual distribution due to the orientation of the graph
flakes is intermediate between these two extreme situati
A fit of the data in Fig. 8 atr51.92 yields a radius of 20
64 Å as the average from both models. The combined
fraction and SANS results seem to indicate that the IS mo
layer is a heterogeneous phase containing small clusters
riched in H2 or D2. This may be interpreted as a tendency f
phase separation. It is not clear whether the phase separ
is incomplete because of a persisting residual miscibility
for kinetic reasons. We could again wonder whether the v
tical phase separation of the two isotopes could account
the observed SANS signal. At 8 K the SANS spectra forr
51.92 and 1.54 are similar to the one recorded at 3 K. Ho
ever, since the H2-rich fraction in the second layer is liquid

as-



s
st

ys

e

d
i

ru

b
g

f t

is
tio
t
th

in

e
le

,
e

is
is
s

d

na

ve
nd
lu
.
on
e

a
s
e,
b
re
pe

g

our
nd

-
he

this
the

th

of
ed

in-

id.
t
o-

nd
-
c-
ith

ely

l-
sed
ed

or

tal

; in

PRB 60 11 779ISOTOPIC ORDERING IN ADSORBED HYDROGEN . . .
at 8 K, it cannot exhibit a;20 Å medium-range order. Thi
is another reason why we can exclude the observed clu
ing to occur within the second layer only.

The clustering effect was not observed for several ph
cal conditions recalled below.

~i! r51.92 andx50.8 and 0.9. This can be related to th
smaller quantum volume of the D2 molecule with respect to
H2; a small D2 concentration~large x) can be easily dis-
solved in a H2 matrix.

~ii ! In the commensurate solid forx51/3 and 0.5. A cal-
culation performed by De Mello and Massunaga31 shows that
the trend towards phase separation depends on the layer
sity and is indeed less favorable for the commensurate m
ture.

~iii ! At r51.2 andx50.5, we observe anincreaseof the
ordering within the mixture~Fig. 8!. This effect was not
anticipated at all and could possibly be due to a superst
ture formation.

B. QENS measurements

Our principal aims in the QENS experiments were to o
serve a possible ordering or phase separation at freezin
an isotopic hydrogen mixture adsorbed on graphite and
model the experimental spectra to determine the nature o
diffusive motion of HD in pure HD and of HD in the HD-D2
mixture. As recalled in the Introduction, the HD molecule
well suited to measure the incoherent scattering func
Sinc(Q,v) from which the translational diffusion coefficien
and the mean residence time between jumps on
surface15,18,22,29can be determined. The incoherent scatter
function is given by

Sinc~Q,v!5 j 0
2~Qr !

1

p

f ~Q!

f 2~Q!1v2
exp~2Q2^u2&!, ~3!

where j 0, the spherical Bessel function of zeroth order, d
scribes the isotropic rotational motion of the HD molecu
with a gyration radiusr 50.37 Å. Q is the scattering vector
and \v5E2E05DE is the gain or loss of energy of th
neutron with respect to the incident energyE0. The exponen-
tial term is the Debye-Waller factor; the mean-square d
placement̂ u2& for HD under our experimental conditions
about 0.20 Å.22 The width f (Q) of the Lorentzian depend
on the model of molecular diffusion, as described below.

If some fraction of the HD film remains solid, the broa
component ofSinc(Q,v) must be weighted by the liquid
fraction, and an incoherent elastic contribution proportio
to the solid part of the HD adlayer has to be added to Eq.~3!.
The theoretical scattering function must be integrated o
the orientation distribution of the graphite crystallites a
folded with the triangular-shaped QENS instrumental reso
tion function, before being fitted to the measured spectra

Two QENS runs were carried out at the LLB-Saclay
MIBEMOL. Due to the limited allocated beam time and th
long sampling times~10–20 h! required to accumulate dat
with reasonable statistics, we limited our measurement
two coverages in the incommensurate coverage regimr
51.44 andr51.2, and several temperatures above and
low the ‘‘melting’’ temperature. We first checked with a pu
HD layer that a measurable broadening of the scattered s
er-

i-

en-
x-

c-

-
of

to
he

n

e
g

-

-

l

r

-

to

e-

c-

tra could be obtained. Forr51.44, the recorded broadenin
at T529.1 K, just above the melting temperature@26.5 K
for HD, 25 K for D2 ~Refs. 2 and 3!#, is small but slightly
larger than the instrumental resolution. Thus we focused
measurements atr51.2 on a temperature range above a
below the domain-wall fluid↔ fluid transition @T519
61 K for HD and D2 ~Refs. 2 and 3!# where, indeed, mea
surable wings could be observed for the HD fluid phase. T
major part of the QENS experiments were performed at
coverage, at temperatures between 15 and 30 K and for
pure and mixed (x50.5) layers. The spectra obtained in bo
experimental runs were reproducible.

For r51.2, the spectra reveal a continuous variation
the broadening with temperature for both pure and mix
layers showing that some mobility still exists in the doma
wall fluid phase. Below the transition temperature~.19 K!,
the corresponding mobility resembles that of a viscous flu
The limited resolution of the MIBEMOL instrument did no
allow us to observe any clear indication of a solid-fluid c
existence in this regime for the HD-D2 mixture.

Still, the QENS broadening obtained for the pure HD a
for the mixed HD-D2 layers are significantly different, espe
cially close to 19 K. Figure 9 displays two such QENS spe
tra recorded at 20 K. The scattering function obtained w
the mixture (x50.5) is multiplied by a factor of 2 for com-
parison with the pure HD spectrum~the contribution of D2 is
negligible!. It is evident that the mobility in the mixed film is
larger, even though one half of thelighter molecules~HD!
have been replaced by heavier molecules (D2). This amazing
result was not anticipated at all; it is analyzed quantitativ
below.

A detailed picture of the diffusive motion of the HD mo
ecules can be obtained by applying standard models u
previously to describe the molecular diffusion in physisorb
films.15,18,22,29At small scattering vector (Q,1 Å21), all
models asymptotically yield the following expression f
f (Q) in Eq. ~3!:

f ~Q!5DQi
2 , ~4!

FIG. 9. Quasielastic neutron-scattering~QENS! spectra from a
0.5 HD:0.5 D2 mixture and a pure HD adlayer for the same to
coverager51.2, T520 K, and Q50.96 Å21. The intensity of
the spectrum recorded for the mixture is multiplied by a factor 2
both cases the graphite background was subtracted.
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whereD is the translational diffusion coefficient of the mo
ecules, andQi is the component ofQ parallel to the graphite
surface. Equation~4! characterizes a 2D Brownian motion

To exploit the data in the entire Q range and gain inf
mation about the diffusion mechanism, we can use m
complicated expressions forf (Q) introducing the discrete
nature of lattice diffusion. For instance, if molecules jum
from site to site on a regular hexagonal lattice,

f ~Q!5
32$cos~Q•a!1cos~Q•b!1cos@Q•~a1b!#%

3t
,

~5!

where a and b are the lattice vectors, andt is the mean
residence time on a lattice site. The hexagonal lattice
chosen here because the liquidlike layer is expected to ha
pseudohexagonal packing and because the underlying gr
ite substrate exhibits hexagonal symmetry, too. The diffus
coefficientD is related tot by the Einstein relation~2D!,

D5
a2

4t
, ~6!

where a5uau5ubu is the jump distance of a molecule b
tween sites.

The resulting scattering functionSinc(Q,v) has only one
adjustable parameterD at small Q @Brownian motion, Eq.
~4!# or two adjustable parameterst and a if the entire
Q-range is explored and if a hexagonal lattice jump mode
assumed. These two parameters can be reduced to one
Eq. ~6! if D is first determined from the spectra at smallQ
according to Eq.~4!. We recall that the scattering functio
must be averaged over all orientations of Q and convolu
with the triangular-shaped resolution function before co
parison with the measured spectra.

1. Two-dimensional Brownian motion

The whole set of collected data have been tested aga
Eqs.~4! and ~5!. An example is presented in Fig. 10 for th
HD-D2 mixture at 20 K. The resulting values for the diffu
sion coefficients obtained forQ<1 Å21 are listed in Table
I for the pure HD and the mixed layers atr51.2 for each
temperature. They are also plotted in Fig. 11. One can
that the diffusion coefficientD for the mixture is always
larger than for the pure HD fluid~or domain-wall fluid!. The
difference is most significant at low temperatureT
<20 K). From the Arrhenius plot, we can estimate the
tivation energy for diffusion of an HD molecule to be 12
61.6 meV in pure HD and 7.560.8 meV in the mixture.
These observations are discussed in Sec. IV below.

We also reported in Table I two diffusion coefficien
obtained forr51.44 andr51.08 of pure HD, at two differ-
ent temperatures. Comparing these values with those
lected atr51.2, it follows that the diffusion coefficients de
crease with increasing coverage at constant temperature.
is clearly related to the density dependence of the free sp
available for the molecules to move.

2. Hexagonal lattice jump model

Equations~3! and ~5! were used to characterize the loc
motion of HD molecules within the adsorbed layer for co
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erager51.2. We first selected a jump distancea53.9 Å,
corresponding to the average distance between molecul
this coverage. From Eq.~6! and from Table I, we obtain the
residence timet for each physical condition. The obtained
is good at smallQ, as expected, but becomes poorer a
poorer forQ.1 Å21. This is illustrated in Fig. 10 for the
mixed layer at 20.0 K. The calculated scattering function
too narrow, which means that the chosen jump distancea is
too long.

Then, we selected a valuea52.46 Å, corresponding to
the distance between two nearest-neighbor hexagonal

FIG. 10. QENS spectra of HD in a 0.5 HD:0.5 D2 mixed layer
adsorbed on graphite~background subtracted! at 20 K and a cover-
ager51.2 for different scattering vectorsQ. The lines are fits to
three models: two-dimensional Brownian motion~dotted line!, hex-
agonal jump model with a lattice parametera53.9 Å ~dashed
line!, anda52.46 Å ~solid line!. The values of the parameters fo
the three models areD51.131025 cm2/s, a53.9 Å and t
53.5310211 s, a52.46 Å andt51.4310211 s.
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on the graphite surface, and proceeded as above to deter
t. The resulting curves nicely fit all sets of spectra~including
large Q) for all temperatures both for the pure and mix
layers. Table II lists a few values of the so-determined re
dence times. We may conclude that the HD molecules p
form jumps between nearest-neighbor hexagonal lattice s
on the graphite surface; their mean residence time in
graphite potential wells is in the 10211s range for tempera
tures around 20 K.

TABLE I. Results for the best fits to the QENS spectra using
model of random translational diffusion~two-dimensional Brown-
ian motion! described by Eq.~4!. The diffusion coefficientsD apply
to the HD molecules in a pure HD or mixed 0.5 HD:0.5 D2 layer
for various coverages and temperatures.

pure HD 0.5 HD:0.5 D2
r51.2 r51.2

T (K) D (105 cm22) T (K) D (105 cm22)

15 ,0.1 17.0 0.35
17.9 0.1 17.9 0.3
20.0 0.4 18.8 0.8
21.9 0.7 19.9 0.8
23.4 1.5 20.0 1.1
25.1 1.2 23.4 2.0
28.3 2.5 25.3 2.0

29.5 3.0
r51.08

T (K) D(105 cm22)

23.4 3.5
r51.44

T (K) D (105 cm22)

29.1 0.2

FIG. 11. Diffusion coefficientD of HD molecules versus in-
verse temperature 1/T in a pure HD ~squares! and a mixed
0.5 HD:0.5 D2 layer~circles! adsorbed on graphite~total coverage
r51.2). The solid and dashed lines are the best fits to the
~circles and squares, respectively!. The HD molecules are alway
more mobile in the mixture than in the pure HD adlayer.
ine
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IV. DISCUSSION AND CONCLUSION

By using neutron-scattering techniques, we have obtai
a microscopic view of the order~and disorder! in isotope
hydrogen mixed single layers adsorbed on graphite. We
obtained some insight in the first stages of phase separa
~clustering at low temperature!.

At low temperatures, the evolution of the orderin
strongly depends on coverage.

~i! For r51.54 andr51.92, i.e., at monolayer comple
tion and above, a clustering is observed at 8 K and below.
The neutron spectra show that the further evolution towa
phase separation into the different isotopes is frozen out
K. The complete phase separation could probably
achieved if the molecular motion could be activated. It
also important to emphasize that the presence of a large
tion ~mainly H2 in the second adsorbed layer! favors the
formation of larger aggregates by the process of interla
exchange.

~ii ! For r51.2, the layer is more ‘‘ordered’’ at low tem
perature, but the data do not permit to decide whether
ordering is crystallographic and/or compositional.

~iii ! In the vicinity of the commensurate coverager
.1), the two-dimensional mixed lattice fluid transforms in
a substitutionally disordered (A33A3)R30 ° crystal with
decreasing temperature.

At higher temperature~15–30 K!, we have discovered an
interesting behavior of the fluid monolayers close to t
order-disorder transition by measuring the mobility of t
HD molecules in a pure HD film and in a mixed HD-D2
layer.

~i! For a pure (r51.2) monolayer of HD, we observed
continuous transition between the fluid and domain-w
fluid, in agreement with previous studies2,3 and found the
liquid-like mobility to persist in the domain-wall fluid. This
result seems to be at variance with other studies,30 which
claimed, from diffraction and phonon measurements, that
domain-wall fluid phase is nothing else but a regular tw
dimensional solid. As a matter of fact, our findings are n
inconsistent with these previous results since the broad
fraction peaks that were observed there may also be in
preted as stemming from a highly correlated fluid.

~ii ! For a 0.5 HD:0.5 D2 mixture of the same coverag
r51.2, we also observed a continuous transition and did
find any record of quantum fractionation. Still, the diffusio
coefficient of the HD molecules in the mixed layer w
found to belarger than in the pure film for the same cove
age. This surprising result is probably related to the differ

e TABLE II. Results for the best fits to the QENS spectra for pu
HD and a 0.5 HD:0.5 HD mixture over the entireQ range using a
hexagonal lattice jump model@Eq. ~6!# for r51.2. The HD mol-
ecules are assumed to jump between nearest-neighbor hexa
lattice sites (a52.46 Å) on graphite.

pure HD 0.5 HD:0.5 D2
T (K) t (10211 s) T (K) t (10211 s)

17.9 8 17 2.5
21.9 2.2 20.0 1.4
28.3 0.6
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temperatures of the order-disorder transitions for the p
HD and D2 layer, respectively. The transition temperature
always smaller for the heavier molecule D2 than for the
lighter HD for coverages ranging fromr50.8 to r51.4.
This unexpected effect can be interpreted in terms o
strengthening of the bonding of the lighter molecule, res
ing from its larger quantum motion.31 Indeed, the lighter
molecule has a larger vibrational amplitude, and it tends
experience more strongly the repulsive part of the van
Waals potential; this effect stabilizes the lighter isotope
layer.

~iii ! Finally, for both pure and mixed adlayers withr
51.2, we found that the HD molecules jump betwe
nearest-neighbor lattice sites on graphite. Hence, in th
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two-dimensional fluids, the short-range order is imposed
the underlying graphite lattice.
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