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Neutron-diffraction measurements have been performed to investigate in detail the
commensurate-incommensurate (C-IC) phase transition of deuterium monolayers physisorbed on
the basal planes of graphite. Several novel features have been observed. Above completion of the
commensurate (v 3Xv 3}R30'phase a continuous phase transition to a striped superheavy domain-
wall phase (a phase) occurs at temperatures below 7.3 K and densities between 1.05 and 1.16 (densi-
ties p are given in units of the complete C &3 phase). %'ith increasing density the system undergoes
a first-order phase transition to the y phase. This phase (1.19~p&1.32) can be described as a
strongly density modulated phase, which is equivalent to a hexagonal IC phase with heavy domain
walls. Due to its special modulation and rotational epitaxy, the y phase locks into higher-order
commensurate phases, a (5~3X5&3) phase (5 phase) and a (4X4) phase (e phase). A detailed
description of domain-wall lattice models is presented. At densities beyond p=1.33 a uniformly
compressed IC phase was found. At temperatures above =7 K a reentrant fluid phase (P phase) is

squeezed in between the C and IC phases, which is interpreted to be a domain-wall fluid. It evolves
continuously to an isotropic fluid at temperatures above 18 K. Due to this unique sequence of
phases occurring in a relatively wide density range (1 &p & 1.33), D2 on graphite can be regarded as
a model system for the study of the C-IC phase transition. A phase diagram is proposed based on
neutron-diffraction and specific-heat measurements. The results are compared to those of
H2/graphite and discussed in the light of current theories of the C-IC transition.

I. INTRODUCTION

Monolayers of physisorbed gases on solid surfaces can
form two completely different types of solid phases: (a)
Phases which are governed by the adsorbate-adsorbate
interactions with only small lateral contributions from
the substrate potential. In this case the lattice constants
of the surface layer will generally be incommensurate (IC
phase} with the substrate lattice periodicity. The rota-
tional epitaxy of these phases can be described by the
Novaco-McTague theory. ' (b} Phases where the
substrate-adsorbate interaction forces the adsorbed parti-
cles into substrate potential minima. The lattice con-
stants of these structures are commensurate (C phase)
with respect to the substrate lattice constants. These
phases are described by lattice-gas models. One of the
most fascinating issues in the study of physisorbed mono-
layers is the transition between these two types of solids.

The basic ideas of the commensurate-incommensurate
(C-IC} transition were developed by Frank and Van der
Merwe in a one-dimensional (1D) model. They found
that the competition between adsorbate-substrate and
adsorbate-adsorbate interactions can lead to the forma-
tion of misfit dislocations (1D domain walls) separating
commensurate regions. In two dimensions the problem
becomes more complicated. Bak et al. showed that the
domain walls can be arranged either parallel to each oth-

er or in a hexagonal pattern depending on the domain-
wall crossing energy. In case of a striped array of
domain-walls the C-IC transition is continuous, whereas
in case of a hexagonal array it is discontinuous. Villain
noted that a deformation of the hexagonal network costs
no energy and therefore, due to the contribution of the
entropy to the free energy, the hexagonal pattern is
favored. The C-IC transition is still first order with a
narrow hexagonal domain-wall phase squeezed in be-
tween the commensurate and striped phases. At nonzero
temperature contributions of wall fluctuations become
relevant as was first pointed out by Pokrovsky and Tala-
pov for a striped array of parallel domain walls. They
lead to domain-wall meandering and efFective repulsions
between the walls due to wall collisions, which make the
C-IC transition to the striped phase continuous. For low
IC densities (large distances between the domain walls) or
high temperatures the elastic constants associated with
the wall fluctuations need not be high enough to stabilize
this phase against spontaneous creation of free disloca-
tions as Coppersmith et al. have predicted. Thus, the
weak IC phase may be a reentrant fluid (domain-wall
fiuid) which can extend down to T=O K. Kardar and
Berker found out that the degeneracy of the three
equivalent sublattices present in the commensurate phase
leads to two types of domain walls (heavy and su-
perheavy) with different energies. This introduced a cer-
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tain helicity (or chirality) into the problem described by a
helical Potts model. An application of this model to the
case of krypton adsorbed on graphite' "has been very
successful in producing a phase diagram in close resem-
blance to that observed experimentally. '

Most of the theoretical work had been done on the
heavy rare gases until 1985 when Halpin-Healy and Kar-
dar' used a striped helical Potts model to calculate the
complete phase diagram of the first layer of helium ad-
sorbed on graphite. The C-IC transition of this model
proved to be rather complicated with a sequence of C
phase, a domain-wall fluid, a striped domain-wall phase, a
coexistence of striped and hexagonal phases, and a hexag-
onal domain-wall phase.

Recently, the C-IC transition has been studied experi-
mentally in a number of systems, e.g., Kr/graphite, '

Xe/Pt, ' and bromine-intercalated graphite, ' and vari-
ous domain-wall phases could be detected. Related phe-
nomena are, e.g. , the occurrence of charge-density waves
in layered metal chalcogenides' and of modulated mag-
netic structures in rare-earth compounds. '

In this paper we present our results on the hydrogen
isotopes H2 and D2 adsorbed on graphite. The phase dia-
gram at the C-IC transition of H2/graphite' ' is similar
to the phase diagrams of the He isotopes physisorbed on
graphite, ' whereas D2 exhibits a much more detailed
behavior. ' ' The C-IC transition of D2 is spread out
over a larger coverage range than in any other system
and can therefore be studied in great detail. By this fact
deuterium monolayers on graphite can be regarded as a
model system for the C-IC transition.

Up until 1984 nothing else was known of the hydrogen
isotopes physisorbed on graphite but that both H2 and D2
form a commensurate (&3X&3)R30' structure and at
higher coverages an equilateral triangular incommensu-
rate structure. Recently details of the phase dia-
grams were obtained by specific-heat measure-
ments' ' ' ' ' and revealed important new phe-
nomena at the C-IC transition of both systems. '

Figure 1 shows the phase diagrams obtained by
specific-heat measurements of H2 and D2 physisorbed on
graphite in the C-IC transition region. ' ' ' ' ' ' ' The
density p is given in units of the ideal complete commen-
surate &3 phase, i.e., all adsorption sites of the phase are
occupied. Hz/graphite exhibits a single solid phase (rr
phase) between the C and the IC phases [see Fig. 1(b)],
which has been interpreted as a striped domain-wall
phase with superheavy walls ' ' and a reentrant fluid (P
phase). For D~/graphite four intermediate low-
temperature phases (u, y, 5, e) have been distinguished by
specific-heat measurements ' [see Fig. 1(a)]. At p) 1

and low temperatures the C phase is followed by the a
phase, the y phase, the e phase, and the IC phase. Inside
the coverage and temperature range of the y phase a
small isolated region (6 phase) could be detected. Con-
trary to Hz/graphite, where a reentrant melting between
the a phase and the IC phase is observed at least down to
5 K, the p phase of Dz/graphite is confined to higher
temperatures. Between the P phase and the isotropic
fluid a broad transition region is indicated by flat
specific-heat anomalies near 20 K.

The behavior of Hz/graphite has been described previ-
ously ' and will be compared in this paper to the far more
complicated behavior of D2/graphite. Some neutron-
diffraction results of D2 monolayers were previously pub-
lished in Refs. 21, 25, 32—35, and in Ref. 36 in combina-
tion with low-energy electron-diffraction (LEED) results.
The present paper gives a more detailed account of the
neutron-difFraction data. The main aim is to clarify the
nature of the different intermediate phases first observed
in the specific-heat experiments. ' ' The results
presented are complementary to those obtained by LEED
by Cui and Fain. The advantage compared to LEED
is that n utron-diffraction spectra do not suffer from
multiple-scattering effects, so that an analysis of peak in-
tensities for exact structure determinations can be per-
formed. On the other hand, in LEED measurements
graphite single crystals can be used and therefore addi-
tional information on the orientational epitaxy of the in-
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FIG. 1. Proposed phase diagrams for (a) D2 and (b) H2 ad-
sorbed on graphite in the commensurate-incommensurate tran-
sition region. The points indicate the positions of heat-capacity
anomalies from Refs. 18, 19, 21, 24, 25, and 31. The larger error
bars at the transition line between the p and the fiuid phases are
due to the uncertainty in determining the locations of very
broad specific-heat maxima. The solid lines are phase boun-
daries inferred from experimental data. The dashed lines are
speculative phase boundaries. The phase diagrams show several
intermediate phases (a, p, y, 5, and e phases) between the C and
IC phases.
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termediate phases can be deduced. Thus, a combination
of the results of both methods is crucial to get a
comprehensive understanding of the nature of the inter-
mediate phases.

The remainder of this paper is organized as follows. In
Sec. II experimental details are described. Diffraction
spectra of all phases are presented in Sec. III. The struc-
ture of the a phase is discussed in Sec. IV. Section V de-
scribes the y phase and Sec. VI the 5 and e phases. The
relations to theory and other experimental work is dis-
cussed in Sec. VII. The paper closes with a short sum-
mary of the main features of the C-IC transition of
D2/graphite in Sec. VIII.

II. EXPERIMENTAL DETAILS

Most of the neutron-diffraction measurements present-
ed in this paper were performed on the two-axes powder
diffractometer D1B with a wavelength of A. =2.52 A at
the Institut Laue-Langevin (ILL) in Grenoble. This in-

strument uses a multidetector with 400 active cells cover-
ing an angular range of 28=80'. The detector allowed a
simultaneous recording of scattered neutrons from 1.05
to 3.92 A '. The counting times were up to 4 h per spec-
trum. The instrumental resolution in 8 varies from
=0.2' (FWHM, b, Q =0.016 A ') at the position of the
commensurate &3 peak to =0.45' (FWHM, b, Q =0.028
A ) at the position of the higher-order peaks. The sam-

ple consisted of a stack of exfoliated Papyex (trademark
of Carbon Lorraine) graphite sheets closely packed into a
cylindrical aluminum cell and oriented parallel to the
scattering plane. To discriminate the scattering of the
graphite substrate and the aluminum cell, a spectrum
with zero filling was taken and was subtracted as back-
ground from the data.

In addition, measurements were performed with a
high-quality ZYX graphite sample (trademark of Union
Carbide) on the two-axes diffractometer D16 at the ILL
with a wavelength of 4.52 A. The ZYX sample has larger
single crystallite surfaces (mean diameter =2000 A) than
Papyex ( =250 A).

The gas was introduced into the sample cell at 20 K,
annealed at 40 K, and then slowly cooled down. We used
natural Dl gas, 99.7% pure, containing 33% para-D2
molecules at room temperature. Because of the uncer-
tainty in the conversion rate given in the literature,
we are not sure whether the portion of para-Dz molecules
was totally negligible during the measurements. Never-
theless, we assume a free-rotator behavior and no orienta-
tional ordering effects on the observed phases.

The coverage calibration was achieved in two ways: (a)
We measured a number of coverages near the complete
commensurate &3 layer and defined the amount of ad-
sorbed D2 which yielded the most intense Brag g
reflection at T=2 K as p=1. This coverage scale was in
good agreement with that of Ref. 24 obtained by observ-
ing the largest specific-heat disordering anomaly. (b) The
number of particles per unit area was calculated from the
position of a Bragg reflection of the equilateral triangular
IC phase by assuming a homogeneous structure of the ad-
sorbate on the whole graphite surface. This resulted in a

f (8)=2jo( —,
' Q&), (2)

where jo is the zeroth-order spherical Bessel function,
~Q~ =(4m/A, )sin8, and l is the bond length in the mole-
cule (0.742 A for Dl). In the Q range of our scans f (8)
decreases monotonically with increasing scattering angle.

The analysis of the experimental data was performed
by fitting powder-averaged Lorentzian-squared intrinsic
line shapes to the data. Empirically we found that
these line shapes gave the best fits to our relatively low-
resolution neutron-diffraction measurements. This type
of intrinsic line shape of the incommensurate phase may
be caused by pinning of dislocations to steps or imperfec-
tions as observed for spin systems in random magnetic
fields. ' The Lorentzian-squared line shape can be re-
garded as a reasonable approximation of the power-law
structure factor in the modified form of Dutta and
Sinha. Within the low resolution of our experiment we
could not see any line-shape changes in the different
phases observed. Another reason might be due to the
fact that exfoliated graphite samples have a relatively
broad distribution of crystallite sizes, which might ob-
scure intrinsic line-shape effects as was argued in Ref. 43.
In the calculations we used a mosaic spread of 30
FWHM of the surface basal planes and an isotropic
powder percentage of '70% for the Papyex sample,
which~ave the best fit to the highest diffraction peak of
the v'3 phase. In the case of the ZYX-graphite sample,
the fit parameters were 40% for the isotropic powder
portion and 22' FWHM for the mosaic spread.

density scale which is in good agreement with LEED
data. ' We found that the density scale determined by
method (b) yielded 4% lower values than the coverage
scale (a). The same effect had been observed for
Hz/graphite where the difference between coverage and
density scale was about 2%. ' The reason for the
difference between both methods is not totally clear, but
the offset may be caused by surface defects and intersti-
tials. To avoid confusion in this paper we refer only to
the density scale determined by method (b) as the scale
given directly by the incommensurate structure of the ad-
sorbate. In constructing the phase diagram (Fig. 1) the
specific-heat coverages of Refs. 18, 19, 24, 25, and 31
were multiplied by 0.96 for D2 and 0.98 for Hz to agree
with this density scale.

In order to compare measured with calculated
neutron-diffraction-peak intensities at the positions of
Bragg reflections, we used the following expression:

//i/gk I+Qk I f (8/gk )e
I(hk)—

(sill8/, /, )

Here mzk represents the multiplicity of the hk-th
reflection, Fzk is the structure factor of the 2D lattice,
8&k is the scattering angle at the position of the Bragg
refiection, f (8„k) is the molecular form factor, e
identifies the Debye-Wailer factor, and (sin8/, k) the
Lorentzian factor. We assume that molecular orienta-
tional order does not occur in the temperature region of
our investigation. In this circumstance and for small-Q
values the molecular form factor is given by
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III. RESULTS

A complete spectrum of Dz/graphite at the density
p=1.34 and temperature T=4 K is presented in Fig. 2.
Two peaks of the IC structure can be clearly observed,
the main peak (10) at Q=1.97 A ' and a higher-order
peak (11) at Q=3.41 A '. The gap in the spectrum near
3.0 A ' and the enhanced scattering near 1.88 A ' are
due to imperfect subtraction of background rejections
because of interference with the graphite substrate.

From the drop of the intensity from the (10) to the (11)
reQection an estimate of the Debye-Wailer factor could
be obtained in a similar way as done in Ref. 41 for Ar
monolayers. Hereby we applied the relation (1) with

exp( —2W}=exp[ —0.5(Q (u ))]
and corrected the measured peak intensities by the
molecular form factor and the Lorentzian factor. The
mean-square displacement for the D& molecules in the IC
phase was found to be (u )=0.25 A. Within experi-
mental error the same value was obtained for the com-
mensurate phase from the (10) and (20) reflections. [The
(11} reflection of the C phase coincides with the (100}
reflection of the graphite substrate and cannot be ob-
served. ] From inelastic measurements in the C phase, re-
cently a value of (u )=0.21 A ' has been inferred
consistent with the present result. For comparison, Ni
and Bruch" using a Lennard-Jones model for the inter-
molecular potential calculated with the Hartree and Jas-
trow perturbation approximations values of (u ) =0.26
A and (u )=0.66 A, respectively, and Novaco and
Wroblewski ' ' applying self-consistent phonon theory
deduced (u ) =0.27 A parallel to the surface for the C
phase. In calculations based on the Silvera-Goldmann
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potential model Gottlieb and Bruch ' obtained values
for the mean-square lateral displacement for the C phase
between 0.285 and 0.328 A depending on the potential
parameters applied. These authors also showed that the
results depend strongly on the value adopted for the cor-
rugation amplitude in the holding potential. If the corru-
gation amplitude is included in the Jastrow function, the
high values for (u ) of Ref. 49 are reduced and become
closer to the Hartree estimates. Thus, one may conclude
that there is fair agreement between theory and experi-
ment.

Figure 3 shows spectra at six different densities at low
temperatures throughout the C-IC transition region. No
reliable data could be taken near the (002) graphite
reflection at Q=1.876 A '. Data points in this region
are omitted in the figures except for p=1.24, where, by
accident, the interference with the graphite is hardly seen
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FIG. 2. Neutron-di8'raction spectrum from D& adsorbed on
graphite (Papyex) showing the (10) and (11) Bragg peaks of the
IC equilateral triangular structure at p=1.34 and T=4 K. The
background of the empty cell has been subtracted from the data.
The arrows indicate the locations of the (002), (100), and (101)
graphite substrate reflections, where some residual scattering
remains because of imperfect subtraction of the background due
to interference with the substrate structure. The solid line
represents a fit of a powder-averaged Lorentzian-squared line
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FIG. 3. Evolution of di8'raction profiles from the cornmensu-
rate to the incommensurate phase at low temperatures. The
spectra taken in the a phase (p=1.09 and 1.12) and in the y
phase (p = 1.24 and 1.30) clearly show the occurrence of satellite
reflections in addition to the main reflection. The arrows indi-
cate the position of the disturbing (002)-graphite peak, where
data mostly have been omitted for clarity. The solid lines are
fits of powder-averaged Lorentzian-squared line shapes to the
data.
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and an estimate can be made of the main peak position of
Q=1.89 A

In order to outline the general behavior of the Bragg
reflections, Fig. 4 gives a survey of all peak positions ob-
tained at the lowest investigated temperatures with
Q&2.5 A ' versus the square root of the density. The
peaks are labeled by numbers (for details see Secs. IV and
V}. The density regions of the difFerent phases are indi-
cated by dashed vertical lines. The completion of the first
monolayer is observed at vp=1.245. This refers to a
density of p=1.55 (i.e., 0.0987 particles per A ), some-
what higher than p=1.45 (i.e., 0.0927 particles per A )
for Hz,

' indicating that the equilateral triangular IC
solid of D& can be closer packed than the H, solid analo-
gous to the bulk systems. From the Q value at the
complete monolayer density a nearest-neighbor distance
of 3.42 A can be inferred for Dz compared to 3.53 A
found for Hz. ' Both values are in good agreement with
those given by Nielsen et al. ' The solid line at p & 1

indicates the commensurate position Qc. Within the a
and y region the solid lines refer to calculated peak posi-
tions. Details will be given in Secs. IV and V. The long
straight line connecting p=1 with monolayer completion
at p=1.55 is calculated under the assumption that all
molecules are accommodated in a homogeneous equila-
terally spaced triangular lattice covering the total surface
of graphite. Beyond monolayer compltion the small
slope of the line reflects the slight compression of the first
layer by the formation of the second layer.

The spectrum at p=0.96 in Fig. 3 gives an example of
a strong peak at the commensurate position Qc=1.703
A '. The coherence length of the structure is deter-
mined to =250 A, which is regarded as the mean crystal-
lite size of the Papyex substrate. For all coverages p(1
the Bragg reflection remains at Qc (Fig. 4). An increase

i \ ~

I gl
6 I+
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in coverage leads, after an overfilling of about 2% of the
best C phase, to a shift of the main peak to higher Q
values (Fig. 4). At densities 1.05 & p & 1.16 the diffraction
pattern of the a phase can be observed. Two examples
are shown in Fig. 3 at p = 1.09 and 1.12. The low-Q satel-
lite is far enough removed from the main peak to be
clearly observed at both coverages. The high-Q satellite,
although clearly visible, is strongly disturbed by the
(002)-graphite reflection, so that its position cannot be
determined accurately at p=1.09. This improves at
higher coverages. The shift of the a-phase peaks comes
to a halt at p= 1.16 (see Fig. 4). A further increase of the
coverage results in a continuous decrease of the peak in-

tensity. Simultaneously, at the position of the equilateral
triangular IC structure, indicated by the straight line at
1.0& v'p & 1.25 in Fig. 4, a new main peak appears. Un-
fortunately, the new peak is located near the (002)-
graphite reflection and therefore cannot be observed until
it reaches nearly its full height. In addition, satellites ap-
pear further away from the main peak than in the a
phase indicating the y phase. These observations clearly
reveal that the a-y transition proceeds via a coexistence
region at p=1.16-1.18 [see phase diagram, Fig. 1(a)].
Two examples of spectra of the y phase at p=1.24 and
1.30 are shown in Fig. 3. At p=1.24 the main peak is
found at Q=1.89 A ' near the (002)-graphite reflection
and shifts along the IC peak position (Fig. 4) to Q=1.95
A ' at p=1.30. Two satellites can be clearly observed.
The low-Q one nearly stays at constant position (Q = 1.48
A ), whereas the high-Q one shifts with increasing cov-
erage (Q=2.09 A ' at p=1.24 and Q=2.21 A at
p= 1.30). In addition, a very tiny anomaly was detected
at smaller angles (Q=1.36 A ' at p=1.24 and Q=1.28
A ' at p=1.30). The anomaly has been observed in all
spectra of the y phase moving to lower Q with increasing
coverage, and we therefore identify it with a third satel-
lite (1). The two low-Q satellites (1) and (2) are shown on
an enlarged scale in Fig. 5 at the coverages p=1.26 and
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1.30. Although the intensity of the anomaly near
Q=1.30 A ' is very small, it can be clearly observed as it
shifts from Q=1.28 A at p=1.30 to Q=1.32 A ' at

p = 1.26.
The increase of the coverage up to &p = 1.15 produces

a continuous shift of all reflections of the y phase (Fig. 4}.
Considering the peak position alone no signal of the 6
and e phases can be detected. At +p=1.15 the satellites
vanish (Fig. 4) and only the (10) and (11) peaks of the
equilateral triangular IC phase (Figs. 2 and 3: p=1.34)
remain. The IC structure can be compressed up to
Vp= 1.245 where the densest monolayer is reached.

In Figs. 6 and 8 the melting behavior of the intermedi-
ate phases is shown. Figure 6 demonstrates the melting
of the a phase at p= 1.12 via the P phase towards an iso-
tropic fluid. At the temperatures T=1.5, 3.9, and 6.9 K
the typical diffraction spectrum of the a phase remains
nearly unchanged. When the melting line of the a phase
at T=7.3 K is crossed, the triple-peak structure vanishes
and a broad bump remains. The coherence length is still
=20 A indicating that the P phase is a highly correlat-
ed liquid. The shape of the signal is hardly affected by an
increase of temperature from 7.9 to 15.9 K, but becomes
significantly flatter when raising the temperature above
T=18 K, that means crossing the transition line between
the P and the isotropic fluid phase.

On the melting of the a phase, a discontinuous jump of
the main peak position was observed. Further tempera-
ture increase results in a peak shift indicating a compres-
sion of the P fluid. This is illustrated in Fig. 7, where the
peak positions are plotted versus temperature. The data
of D2 at p=1.119 (solid circles} are compared with those
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FIG. 7. The positions (Q) of diffraction peaks of D&/graphite
(solid circles) as a function of temperature at p=1.119. The
open circles (p=1.12) and open triangles (p=1.092) represent
for comparison results of H~/graphite. The arrows show the
calculated peak positions of an unmodulated equilateral tri-
angular IC phase at densities p = 1.12 and 1.092.

of H2 at p = 1.120 (open circles) and p= 1.092 (open trian-
gles). Contrary to D2 the melting of the a phase of Hz at
T=9.5 K shoes practically no peak shift at all, it seems
to be continuous. Only in the P phase a slight compres-
sion occurs. The arrows indicate the calculated Q values
of Bragg reflections of equilaterally spaced triangular IC
structures at densities p= 1.120 and 1.092 as explained in
the discussion of Fig. 4. The figure clearly reveals that on
the melting of the a phase of D2 (T=7.3 K), the main

peak position (Q=1.753 A ') discontinuously jumps to
the position of the IC phase (Q=1.805 A ') at the same
density.

Figure 8 displays spectra at p=1.28. Increasing the
temperature from 2. 1 to 18 K results in a sequence of y
phase, equilateral triangular IC phase, and P phase. At
T=2.1 and 7.8 K the spectrum of the y phase is ob-
served, recognizable by the satellites. The satellites van-
ished at T=10.4 and 12.5 K. Only the (10) peak of the
IC phase remains. At T=18 K the IC phase is melted
into the P phase. No shift of the main peak at the y-IC
transition was observed. At the melting of the IC phase
into the P phase a small compression of the fluid sets in,
but no discontinuous jump of the peak position compara-
ble to the peak shift at the a-P transition of Dz mono-
layers did occur. The isotropic fluid at higher tempera-
ture T) 20 K is not shown in Fig. 8.

In order to check whether the results are influenced by
the constraints of the Papyex substrate we have per-
formed measurements on ZYX graphite. The crystallite
sizes of ZYX are typically an order of magnitude larger
than those of Papyex so that finite-size effects should be
significantly diminished. In addition, the better orienta-
tion of the crystallites in ZYX reduces the influence of the
(002) graphite reflection. Figure 9 displays two examples
of ZYX spectra: the u phase at p=1.13 and the y phase
at p=1.30. Due to the larger crystallite sizes the coher-
ence lengths of the peaks are larger than for the Papyex
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Details of the ZYX results are planned to be published
elsewhere.

IV. THEa PHASE

IA 5-
C - T =12.5K'a

F~
4P0

ha0
10:

IA

C
T =10.4K

Bat ar~
CJ

'I io-
1l

T =78K

0 c-—

gra

T = 2.l K

1.5 2.0

Q(A')

2.5

FIG. 8. Sequence of diffraction profiles showing the transi-
tion of the y phase via the IC phase to the P phase at p=1.28.
Lorentzian-squared line shapes are fitted to the data (solid
lines).

In order to explain the observed diffraction peaks of
the a phase and their density dependence within modern
concepts of the theory of the C-IC transition, "' we
considered the o, phase as a striped domain-wall phase
with superheavy walls of the same type as in case of Hz
adsorbed on graphite. ' ' The density of this phase is
determined by the mean spacing of the domain walls.
Two simple examples of such structures are shown in Fig.
10. Figure 10(a) displays an idealized structure at
p=1.126 with six commensurate rows per domain and
with sharp walls, which represents the lattice-gas limit.
As the deuterium molecules overlap, the walls have to be
relaxed. This leads to the structure of Fig. 10(b) at the
same density, and Fig. 10(c) at p= 1.092 corresponding to
eight commensurate rows per domain. Structures with a
regular wall spacing can be divided into simple unit cells
as is shown in the figure. The long lattice constant of the
rectangular unit cell is given by the separation of neigh-
boring domain walls and is a measure of the densi~t of
the structure. The small lattice constant is always &3 as,
independent of the density, where a, is the graphite lat-
tice spacing (as„=2.459 A). Obviously, the relaxation of

0
spectra ( ~ 1000 A '). This effect and the higher resolu-
tion of the D16 spectrometer results in a better separa-
tion of the satellites from the main peak, especially in the
a phase. Concerning the peak positions and the intensity
ratios, the ZYX results are identical to the Papyex results.
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FIG. 9. Diffraction spectra of D& adsorbed on ZYX graphite
in the a phase at p=1.13 (upper panel) and in the y phase at
p= 1.30 (lower panel) and T= 1.8 K. The solid lines are best fits
using a Lorentzian-squared structure factor with a coherence

0
length of 1000 A. The arrow indicates the range of disturbing
overlap with the graphite (002) reflection.

FIG. 10. Striped superheavy domain-wall structures of D& at
two densities on a graphite basal plane. (a) Idealized structure
with sharp walls at p = 1.126. (b) Relaxed domain-wall structure
at the same density. (c) Relaxed domain-wall structure at
p=1.092. The rectangular unit cells of the structures are indi-
cated by the solid lines. For the relaxed structures a domain
wall width of m=2. 8 is chosen (see text for details).
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the domain walls does not change the size of the unit cell,
and therefore it does not alter the positions of the Bragg
re6ections. Only the intensities of the peaks are
influenced, because the structure factor depends on the
exact position of all particles within the unit cell.

The inset of Fig. 11 shows a part of the reciprocal lat-
tice of a striped domain-wall structure with superheavy
walls. The lengths of the reciprocal-lattice vectors a*
and b' are given by ~

a'
~

= 2m /L, where L is the domain-
wall spacing of the structure, and ~b'~=2m. /(as, v 3).
The open circles indicate the position of the &3 peaks.
The solid circles marked by the numbers (1)—(5) give the
reciprocal-lattice points of the domain-wall structure in
the vicinity of the &3-peak positions. The simple struc-
tures of Fig. 10 apply only at discrete densities and there-
fore yield only discrete peak positions. The continuous
increase of peak splitting with density (see Figs. 4 and 11}
can be explained by a model, which assumes a variation
in wall separation and thus a distribution of domain sizes
at each density. ' 3' This size distribution might be
caused by equilibrium fluctuations of domain walls or
by pinning effects at the edges of the crystallites. Exten-
sive numerical calculations of spectra resulting from a
domain-size distribution are given in Ref. 33.

In Fig. 11 the calculated positions of the Bragg
reflections of striped superheavy domain-wall structures
(solid lines) are compared with the experimental data for
Dz and Hz/graphite. The single commensurate peak at
Q&=1.703 A ' and at p&1 splits up into several com-
ponents (1)-(5) (see peak designation of the inset) at p ) l.
An overfilling of the C phase of about 2% is observed be-
fore the main peak shifts away from Qc. For D2 as for
Ht/graphite satellites can be resolved at p&1.05. The
two components of the lower-Q satellite (1) and (2) cannot
be resolved due to their low intensities and because the
magnitude of the Q vectors associated with them are very
close. The higher-Q satellite (4) is partly hidden by the
(002)-graphite reflection and cannot be located with
sufBcient accuracy to be compared with the model for
p & 1.12. The intensity of component (5) in Fig. 11 and of
all other possible rejections in the experimentally ob-
served Q space is too small to be detected. The error bars
of the low-Q satellite [(1)+(2)]are caused by its small in-
tensity, whereas for the high-Q satellite (4) the uncertain-
ty in locating the peak is due to the interference with the
(002)-graphite peak. Errors in the position of the main
peak (3) are smaller than the symbol sizes.

The ratio of the intensity of the satellite to the intensity
of the main peak gives information about the relaxation
of the superheavy walls. In unrelaxed structures the
Bragg points (1) and (3) have always equal intensity.
With increasing relaxation the intensity of reflections (1)
and (2) decreases, whereas the intensity of (4) increases.
In a uniformly compressed structure only peaks (3) and
(4) would remain. Unfortunately, the observation of peak
(4) is mostly hindered by the (002}-graphite reflection, so
that only the lower-Q satellite [(1)+(2)]can be used for a
quantitative analysis of the relaxation of the domain
walls.

Figure 12 shows the ratio of the square of the structure
factors ~F„,~ /(E „„( of satellites (1)+(2) to main peak
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FIG. 12. Ratio of the square of the structure factors
~F~, ~

/~F „„~' of satellite peaks (1)+(2) to main peak (3) vs

density for D2/Papyex {crosses), D, /ZYX graphite {open trian-
gles), and H2/Papyex (solid circles) at T=2 K. The solid lines
give the results of model calculations for different domain-wall
widths m=2. 5, 2.8, and 3.0 (see text for details). The fair agree-
ment between theoretical and experimental results provides
strong support for the interpretation of the a phase as a striped
superheavy domain-wall phase.

FIG. 11. Comparison of predicted positions (solid lines) with
observed positions of neutron-diffraction peaks for D& and H&

adsorbed on graphite at T=2 K. The inset shows a part of the
reciprocal lattice of a striped domain-wall structure. a and b*
are reciprocal-lattice primitive vectors. The specular peak in
the inset is denoted by (0,0). The solid circles indicate satellite
reflections, marked by numbers (1), (2), (4), and (5), and the main

Bragg reflection (3) in the vicinity of the commensurate &3
peak (open circles). The interpretation of the a phase as a
striped superheavy domain-wall phase (solid lines) gives an ex-
cellent description of the experimental data as well for
D2/Papyex (crosses) and D,/ZYX graphite (open triangles) as
for H2/Papyex (solid circles).
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(3) as a function of density for Dz/Papyex, Dz/ZFX, and

Hz/Papyex at T=2 K. Hereby the structure factors were
deduced from the observed peak intensities according to
Eq. (1} by considering the Debye-Wailer factor, the
Lorentz factor, the molecular form factor, and the multi-
plicities of the reflections. The structure factor of the sa-
tellite F„, contains the contributions of both reflections
(1) and (2), which cannot be experimentally separated,
and their multiplicity (~F„,~

=2~F(1)~ +4~F(2)
~

). The
multiplicity is also considered in the structure factor of
the main peak (3): ~F „„~ =4~F(3)~ . In order to de-
scribe the experimental data of Fig. 12, one has to make
an assumption on the relative positions of the molecules
inside the unit cell. For that purpose we used the
domain-wall profile derived by Gordon and Landon.
The displacement u (n) of the nth particle row perpendic-
ular to the wall is given by

u (n)= (4b„—/3n. )tan '{exp[(n —a)n/w]), (3)

where b„ is the separation of two commensurate rows
and a= —,

' for noncentered walls. w is a measure of the
domain-wall width in the units of molecular row spacing
in the C phase. Calculating structure factors by applying
this relation results in the solid lines of Fig. 12 for three
different values w=2. 5, 2.8, and 3.0 of the wall width.
All data for Dz and Hz follow essentially the same curve,
there is no difference between data taken on Papyex or
ZYX graphite. The D2 data seem to point to somewhat
sharper walls ( w =2. 5 —2.8) than the Hz data
( w =2.8 —3.0). As the complete Dz monolayer due to the
reduced zero-point energy is packed closer than the com-
plete Hz monolayer, this tendency is reasonable. At low
densities the H2 data deviate from the theoretical curves,
because in this range satellite and main peak already
overlap, and it is difficult to determine the intensity of the
satellite separately. For D2 on ZYX the situation is better
due to the higher diameters of the substrate crystallites.

Although the determination of the intensity of the
high-Q satellite (4} is rather uncertain due to the strong
influence of the (002)-graphite reflection, the ratio
I „„/I(4) is =2.—3 at p=1.13 in good agreement with
the calculated value of this ratio of =2.5 for a wall width
of w=2. 5.

The domain-wall widths found from the present
analysis are strongly supported by recent variational cal-
culations by Gottlieb and Bruch based on a mul-
tiparameter potential model. These calculations of the
energy and structure of uniaxially incommensurate
monolayer lattices of Dz and H2 give a fairly good ac-
count of our experimental data. The relatively sharp
walls observed for the hydrogen isotopes are a conse-
quence of the high eornpressibility of these 2D quantum
solids. For illustration real-space structures with a
domain-wall width of w=2. 8 are shown in Figs. 10(b) and
10(c). Essentially four particle rows are influenced near a
domain wall, the next rows at a wall are displaced by
a, /3 and the next nearest by as, /10 from their com-
mensurate sites.

Figures 1, 4, and 11 show an overfilling of the complete
commensurate phase of D2 as of H2 of a few percent.

Hereby the coherence lengths of the C peaks diminish to
values of about 100 A indicating a strong disturbance of
the &3 structure by interstitials. The first signatures of
satellite peaks only appear at p ~ 1.05 and the a phase is
formed. This behavior can be easily interpreted on the
basis of the domain-wall model, because a minimum of
additional particles is needed to form a domain wall and
a minimum number of domain walls per graphite crystal-
lite is needed to result in an observable diffraction pat-
tern. The lowest density yielding a resolvable satellite
corresponds to a structure with 14 commensurate rows
per domain, which leads to five to six domain walls per
Papyex crystallite of about 250-A diameter. This is prob-
ably near the minimum number of walls for which a sa-
tellite structure is observable on Papyex.

The phase transition from the commensurate phase to
the striped domain-wall phase seems to be continuous.
No discontinuous jump of the peak positions or a coex-
istence region of the C and the a phases indicating a
first-order transition could be detected within experimen-
tal accuracy. The occurrence of a second-order transi-
tion from the commensurate to the striped domain-wall
phase is consistent with theoretical predictions. '

As was discussed in Ref. 31, the upper density limit of
the a phase of Hz/graphite is near p=1.16. This seems
reasonable because at this density only four to five com-
mensurate rows remain per domain and four of these are
involved in the relaxation process of the walls. As the re-
laxation is very similar for Hz and Dz, the same upper
density limit is plausible. In the case of Hz/graphite the
a phase is followed by a narrow region of the P phase and
the IC phase (see phase diagram, Fig. 1). For
Dz/graphite the situation is quite difFerent. Beyond

p = 1.16 the a phase undergoes a first-order phase transi-
tion via a coexistence region into a new type of solid, the

y phase.

V. THE y PHASE

The y phase represents a new 2D crystalline solid
state, which has not been observed for any other system
before. The striking feature of the y phase is that the
main peak is always at the position of the (10) peak of an
equilateral triangular IC structure of the same density
(see Fig. 4). In addition, satellites were observed on both
sides of the main reflection (Figs. 3, 8, and 9). In princi-
ple, this behavior can be explained by assuming the y
phase to be a density-modulated equilateral triangular IC
phase. In the limit of weak substrate modulation such a
phase can be described by the Novaco-Mc Tague theory, '

which takes into account only linear contributions of the
substrate field and which therefore leads to pure
sinusoidal density-modulation waves. This theory has
been very successful in explaining the rotational epitaxy
of weakly modulated IC phases. ' ' However, in these
phases, as, e.g., in the IC phases of H2 and D2 on graphite
of the present work, no modulation satellites could be
detected in diffraction experiments, ' because the den-
sity modulations are too weak. The observation of satel-
lite peaks in the y phase indicates that the modulation in
this phase is stronger. This is also supported by LEED
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results, ' where a completely different rotational epi-
taxy was found for the y phase than for the IC phase. At
present there are no continuum model calculations of 2D
quantum solids available, which consider nonlinear terms
and account for stronger modulations. The most com-
plete theory is that of Shiba, but this may not be valid
for our system, because the influence of large zero-point
motions is not taken into account. Due to this lack we
had to resort to a harmonic distortion theory of the kind
also applied to 3D systems. ' We show in this section
that this linear theory —even being considered only as a
first approximation —provides a good agreement with ex-
perimental data.

Figure 13 displays part of the reciprocal space of a
modulated structure. In addition to peak (4) of the un-
modulated structure with wave vector v &0, a star of six sa-
tellites of first order arises due to the density modulation
of the adsorbate by the periodic substrate field with hex-
agonal symmetry. The peaks are marked by numbers
(1)—(7), which are put in order of the magnitudes of their
associated wave vectors. The satellite peaks are located
at positions Q =r+ q, where q =G upwith —G being a
first-order graphite reciprocal-lattice vector. In the
LEED measurements ' the modulation wave vector q
was found to be parallel to one of the equivalent (100)-
graphite vectors, as indicated in Fig. 13 [arrow pointing
from the (11) overlayer to the graphite (100) reflection].
The dashed line represents the wave vector of the com-
mensurate v'3 structure Qc. The wave vector r, o of the
main reflection (4) is rotated by the angle 8 with respect
to Qc. This angle cannot be determined in a neutron-
diffraction measurement because of the powder nature of

the employed pyrolytic graphite substrate. However, in
LEED experiments of Cui and Fain ' on single graph-
ite crystals it turned out to be between 0=7'—11' at
p = 1.18—1.31, much bigger than in the uniformly
compressed IC phase at higher densities. Based on this
result the structure of the y phase can be determined at
each density.

Figure 14 illustrates, for example, the structure of the

y phase at p= 1.28. The D2 molecules are arranged in an
equilateral triangular IC structure rotated by the angle t9

away from the ~3-phase orientation. The unit cell is
given by the solid lines. Due to the presence of the la-
teral substrate modulation potential periodic strains will
be exerted on the overlayer and a static distortion wave is
generated. Its modulation length can be inferred from
the magnitude of the modulation vector q by
2 =2m/[rI sin(60')]. Two modulation cells are indicated
by dashed lines in Fig. 14. The orientation of the modu-
lation cell is parallel to a graphite [100]direction.

The nature of the modulation still has to be determined
from an analysis of the peak intensities, but the positions
of the Bragg reflections can already be calculated at this
point. Due to the sixfold symmetry of the substrate po-
tential, the main Bragg reflection is surrounded by six
first-order overlayer reflections (1)—(3), (5)—(7). This is a
so-called triple-q structure. Peaks (3) and (4) coincide in
a neutron-diffraction experiment because of equal abso-
lute values of ~Q~. The satellites (6) and (7) are located
between ~Q~ =2.3—2.6 A ' and could not be detected in
the experiment. The rest of the satellites (1)—(5) have
been observed and their positions are plotted in Fig. 15 as
a function of density. The solid lines represent the results
of the calculations, which are in excellent agreement with
the experimental data of all reflections found.

In order to estimate the intensity of the observed
peaks, it is necessary to assume a model about the kind of
the density modulation. To minimize their energy the
adsorbed molecules will tend to move towards the centers
of the nearest graphite hexagons. This is indicated by the

(0,0 I

FIG. 13. A reciprocal-space diagram of the density-
modulated y phase. The specular peak is denoted by (0,0). In
addition to the main peak (4) with wave vector v&0, six satellite
peaks (1)—{3), {5)—(7) appear, which are constructed by adding
the modulation wave vector q to ~&0. According to LEED re-
sults (Refs. 36 and 37) q always points into a graphite high-
symmetry direction. The adsorbate is rotated by the angle 0
with respect to the lattice-vector Qc of the commensurate &3
phase.

FIG. 14. The structure of the y phase at p=1.28 on a graph-
ite basal plane. The solid lines indicate the unit cell with lattice
constant a of the uniformly compressed phase, which is rotated
by the angle 0 with respect to the commensurate &3 direction.
The dashed lines represent two modulation cells with side
length I.. The arrows indicate the direction of forces exerted on
the molecules by the lateral substrate corrugation potential.
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cell. The actual modulation of the structure should yield
a similar picture except for the long arrows in Figs. 14
and 16, which will be significantly shortened. The long
arrows, i.e., strong forces, appear where molecules are far
away from the centers of graphite hexagons. Releasing
the strain by moving to the next commensurate sites re-
sults in a conflict with the hard-core repulsive forces be-
tween the molecules because adjacent hexagon centers
cannot be occupied due to the size of the molecules.
Therefore, in these cases the actual displacements will be
smaller than those indicated by the long arrows in Figs.
14 and 16. From the modulation patterns of Figs. 14 and
16 one may conclude that the modulation of the y phase
can be described in first approximation by sinusoidal dis-
tortion waves propagating along the graphite [100]direc-
tion. The amplitude U of the sine wave is a vector rotat-
ed by 60 from the direction of propagation. The length
of the vector must be chosen in the way that the calculat-
ed intensity ratios I„,/I „„fit the experimental data. A
similar displacement pattern as in Fig. 16 was found by
Shiba studying the effect of the graphite substrate po-
tential on IC monolayers of heavy rare gases.

The structure factor of the modulated phase is given
b i, 59,60

FIG. 15. The position (Q) of diffraction peaks (1)-(5) from
the y phase vs density at T=2 K. The solid lines were calculat-
ed by assuming a static strain modulation of the adsorbate,
which provides a perfect description of the experimental data
(solid circles) in the total density range.

I'(Q)- g Jo(Q UG)&(Q)

+2+ g J (Q U ) J (Q Uo)b(Q+Gi),
6) GAG(

arrows in Fig. 14, which represent the forces on the sin-
gle particles experienced by the lateral graphite corruga-
tion potential. Due to the diR'erent positions of the D2
molecules in each modulation cell, the pattern of the ar-
rows is different as well. Superposing the patterns of
many modulation cells, however, results in a homogene-
ous picture as is shown in Fig. 16. Consequently, the dis-
placement of a molecule due to the density modulation is
unambiguously given by its position inside a modulation

(4)

where Jo and J, are the Bessel functions of the first kind,
b(Q) is the periodic 5 function given by 5(Q)=+,5&,
with ~ being a reciprocal-lattice vector of the undisturbed
structure (see Fig. 13). G and G, are reciprocal-lattice
vectors of the substrate, and UG is the amplitude of the
modulation along a graphite high-symmetry direction.
As the argument of the Bessel function is small, Jo is al-
ways near unity and the intensity of the satellite
refiections is essentially given by l

J
& (Q UG ) l .

In Table I the positions of all Bragg reflections at the
investigated densities of the y phase, the observed inten-
sity ratios of the satellites to the main peak
I (Q„, ) lI ( Q „„),and the absolute values of the squares
of the structure factor ratios

FIG. 16. Displacement pattern of molecules resulting from
the superposition of many modulation cells of the kind shown in
Fig. 14. The arrows indicate the forces experienced on the mol-
ecules by the corrugation potential of the substrate and illus-
trate the formation of static distortion waves.

are compiled. The structure factors have been obtained
from the intensities according to Eq. (1) by considering
the contributions of the Debye-Wailer factor, the Lorentz
factor, and the molecular form factor. As the Bragg
reflections of the y phase are spread over a relatively
large Q range (1.2~Q ~2.3 A '), the infiuence of these
factors is appreciable as can be seen by comparing the
data given in the table. The structure factors of satellites
(1) and (2) lose and that of satellite (5) gains in magnitude
compared with the main peak.

Figure 17 shows the comparison of the experimental
data found for the squares of the structure factor ratios
and the calculations according to (4) for a density modu-
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TABLE I. Experimental data of the wave vectors of main (4) and satellite peaks (1), (2), and (5) at the studied densities of the y
phase. I(Q„,)/I(Q „„)are the measured intensity ratios of the corresponding peaks and Fi(Q„,)i /iF(Q, ;„)i2 are the squares of
their structure factor ratios. The latter data are calculated .rom the intensities according to Eq. (1) by taking into account values of
the Debye-Wailer factor, the Lorentz factor, and the molecular form factor. The asterisks indicate peak positions and intensities
which could not be determined.

p Q „„(A ) Q& (A),Q2(A),Qs(A )
1(Qi ) IF (Qi ) I' ~ -~ 1(Qz) IF (Q2) I' ~ -~ I(Qs) IF(Qs ) I'

I(Q „„) iF(Q „„)i' I(Q „„) iF(Q „„)i' I(Q „„) iF(Q „„)i'
1.317
1.312
1.310
1.305
1.285
1.284
1.262
1.257
1.241
1.223
1.218

1.954
1.952
1.949
1.946
1.928
1.930
1.913
1.910
1.889
1.884
1.882

1.277
1.29

1.283
1.310

1.323

1.360

1.385

0.015
0.026

0.020
0.023

0.033

0.028

0.023

0.006
0.011

0.008
0.009

0.014

0.012

0.011

1.472
1.468
1.468
1.474
1.477
1.455
1.481
1.482
1.485
1.479
1.489

0.051
0.054
O.OS8

0.066
0.063
0.045
0.069
0.060
0.071
0.066
0.045

0.025
0.027
0.029
0.033
0.032
0.023
0.037
0.032
0.039
0.036
0.025

2.206
2.209
2.205
2.208
2.121
2.165
2.10S
2.058
2.088
1.991
2.065

0.045
0.053
0.046
0.051
0.054

0.056

0.053

0.053

0.064
0.077
0.065
0.075
0.071

0.074

0.072

0.070

lated structure (solid lines). To fit the data we used an
amplitude of modulation of iUi =0.14 A. Evidently
there is an overall good agreement between observed and
calculated data. At higher densities p~1.30 there is a
slight tendency of the observed satellite intensities to de-
viate to somewhat lower values from the calculated lines.
This may be easily explained by assuming a smaller
modulation amplitude in the closer-packed structures
near the upper density limit of the y phase.

The angle between the amplitude U and the direction
of propagation of the modulation was assumed to be 60'
as mentioned above. The modulation vector q is there-

008.

Ii
~ I~

fore always perpendicular to U(q). This choice seems
reasonable by considering Fig. 16. An analysis of the
influence of the variation of this angle on the intensity ra-
tio shows that it has an important effect. ln order to get
a reasonable description of the experimental results, the
angle is not allowed to be varied by more than +3'.
Thus, one can infer from the intensities of the satellites
that the amplitude of displacement U is always along a
graphite high-symmetry direction in real space. This
provides besides the observation from LEED, ' that
the modulation wave vector q also points into a graphite
symmetry direction in reciprocal space, an important
clue for the understanding of the y phase.

From the analysis presented here one may conclude
that the interpretation of the y phase as a density-
modulated phase is consistent with experimental data. In
the next section we will work out that the topological
structure of the y phase is analogous to that of a hexago-
nal heavy domain-wall phase.

0.06- VI. THE 5 AND e PHASES
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FIG. 17. The squares of the structure factor ratios of satel-
lites (1), (2), and (5) to main peak vs density at T=2 K. The
solid lines represent the results of the calculations according to
Eq. (4). The good agreement between experiment and theory
supports the interpretation of the y phase as a density-
modulated phase.

The 5 and e phases denote two regions of the
D2/graphite phase diagram, which could be unambigu-
ously detected by the observation of anomalies in
specific-heat measurements ' ' [see Fig. 1(a)]. On the
other hand, in neutron-diffraction measurements no
discontinuities of any kind could be found to identify
these phases, neither as concerns the peak positions (Figs.
4 and 15) nor the structure factor ratios (Fig. 17). The y
phase behaves like a single phase throughout its whole
density region. In order to understand this apparently in-
consistent behavior, one has to look at the structure of
the y phase more closely.

Near the upper density limit of the y phase at
p = 1.313, where speci6c-heat measurements have
discovered the e phase, the modulation length L equals
four times the lattice constant a, and the modulated
structure becomes a higher-order commensurate (4X4)
structure. At this particular density also the rotation an-
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gle of the adsorbate ' adjusts in a way that this struc-
ture is formed. Figure 18(a) (upper panel) illustrates the
uniformly compressed (4X4) structure. It can be seen
that for this special structure the unit cell coincides with
the modulation cell (heavy solid line). It contains seven
molecules, which still are a8'ected by the periodic corru-
gation field of the substrate leading to density modula-
tions. Figure 18(b) (lower panel) shows the extreme
modulation limit, when all particles are shifted to the
centers of their next graphite hexagons. Schematically
the occupied sites are indicated by hatched hexagons.
Evidently a hexagonal heavy domain-wall network with
sharp walls is formed. As the molecules would overlap in
this idealized structure, the walls still have to be relaxed.
This results in a density-modulated structure of the kind
treated in Sec. V and elucidates that both of the struc-
tures are, in fact, equivalent.

The (4X4} structure is the simplest higher-order com-
mensurate structure, which is identical with the density-
modulated y phase. In the case of L =Sa~, and 6a, no
commensurate (5 X 5) and (6 X 6) structures, respectively,
occur, because they do not fit to the special rotational ep-
itaxy of the y phase. At L =7a, the modulated struc-

ture describes a (7X7) phase, which can also be con-
sidered as a hexagonal heavy domain-wall phase. How-
ever, the density of the (7X7) structure is p=1.163 just
outside the region of the y phase.

The next simple higher-order commensurate phases
identical with the modulated structure in the density
range of the y phase are the (5&3X5&3) structure at
p=1.240 and the (6&3X6+3) structure at p=1.194.
The uniformly compressed (5&3X5&3) structure is
shown in Fig. 19(a). The modulation cell with L =5as, is
indicated by the dashed line and the unit cell containing
31 particles by the solid line. Figure 19(b) displays a
schematic representation of this structure as idealized
hexagonal heavy domain-wall structure with sharp walls.
In relaxed form the equivalence of this structure with a
density-modulated phase again becomes apparent. The
density of this structure is p=1.240. This happens to be
just at that density where specific-heat measure-
ments ' ' have found the 5 phase. Therefore, it is ob-
vious to suppose that the 5 phase can be identified as
commensurate (5~3 X5&3) structure and —as discussed
above —the e phase with a commensurate (4X4} struc-
ture. It is evident that both phases cannot be dis-

(a) (a)

(b)

FIG. 18. The higher-order commensurate (4X4) structure at
density p=1.313 for two limiting cases of density modulation:
(a) the uniformly compressed structure {upper panel) and (b) the
idealized hexagonal heavy domain-wall structure {lower panel).
The hatched hexagons schematically represent graphite sites oc-
cupied by molecules. The unit cell is indicated by the thick
solid line. It is assumed that the e phase can be regarded as
density-modulated (4 X4) structure.

FIG. 19. The higher-order commensurate (5&3X 5&3)
structure at density p=1.240 for the limiting cases of weak and
strong density modulation: (a) the uniformly compressed struc-
ture. The modulation cell is given by the dashed lines and the
unit cell by the solid lines. (b) The idealized hexagonal heavy
domain-wall structure. The hatched hexagons indicate occu-
pied substrate sites. It is assumed that a (5&3X 5&3) structure
with density modulations intermediate between these two cases
might be adopted by the 5 phase.
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tinguished from the y phase by examining peak positions
only. Differences in the intensity ratios caused by slightly
modified modulation patterns of the higher-order C
phases might be very small. This explains why diffraction
results cannot reveal any differences between the y, 5,
and e phases.

In principle, a (6&3X6V3) phase might appear at
p = 1.194. If it actually did exist, its detection by
specific-heat measurements might have been missed, be-
cause its density range is probably very small and its
transition temperature very low. Still higher-order com-
mensurate phases are increasingly unlikely to appear.

VII. DISCUSSION OF THE C-IC TRANSITION

The Kosterlitz-Thouless criterion ' for a solid-solid C-
IC transition is p & 8, where p is the number of
equivalent commensurate sites. In the (+3X&3) struc-
ture on graphite we have p =9, and therefore a direct
transition between a commensurate and a floating solid
IC phase is possible. The low-density incommensurate
phase in D2 and Hz adsorbed on graphite is a striped
domain-wall phase (a phase) so that the hexagonal sym-
metry is broken. In this case Bak et al. predicted a
second-order transition. Villain pointed out that due to
entropy contributions the free energy of the hexagonal
phase is lower than that of the striped phase, so that a
weakly first-order transition C-hexagonal is to be expect-
ed. Coppersmith et al. , however, found that the order
of commensurability is sufFiciently low to squeeze in a
narrow fluid phase down to 0 K between the commensu-
rate and the hexagonal incommensurate phase.

The &3 phase of H2 and Dz/graphite undergoes a
transition into a Auid phase (P phase) with increasing
density, at least at higher temperatures. In the specific-
heat measurements the P phase could be traced down to
=6.5 K for Dz and to =8.5 K for H2. The present
neutron-diffraction measurements of Hz and D2 mono-
layers are consistent with a second-order solid-solid tran-
sition from a commensurate to a striped domain-wall
phase (cf. Refs. 21 and 31—33). The possibility of a nar-
row fluid region down to 0 K cannot be ruled out totally,
but its width at 2 K can be confined to less than 3 and
2 % of the &3 density for H2 and D2, respectively, other-
wise it would have been detected. It seems more likely
that the P phase terminates between 2 and 8.5 K for Hz
and between 2 and 6.5 K for D2 as is indicated in the
phase diagram by the dashed lines (Fig. 1).

A similar situation occurs for Kr/graphite, where the
commensurate &3 phase is separated from a hexagonal
IC phase by a reentrant fluid at least down to 80 K. As
no signal of any striped phase could be detected, the C-IC
transition of Kr monolayers may be first order. Corre-
sponding experimental evidence was found by Nielsen
et al. at low temperatures. At higher temperatures,
however, Specht et al. ' found a continuous
commensurate-reentrant fiuid transition.

Following Halpin-Healy and Kardar, ' the density-
temperature region of the striped phase is limited by two
effects: (a) The wall crossing energy is responsible for the

maximum transition temperature. As we have T,„=7.3
K for D2 and T,„=9.7 K for H2, wall crossings in Hz
should be energetically more unfavorable than in D2.
This seems reasonable, because a hexagonal domain-wall
phase could not be observed in H2 monolayers. (b) The
strength of the wall repulsion determines the upper densi-
ty limit of the striped phase. The exponential decay of
the wall repulsion is characterized by the wall thickness
A,o, where A,o is given by A,o= w/n. [w is the wall thickness
according to Eq. (3)]. From our determined structure
factor ratios ~F„,~

/~I' „„~ in the a phase (Fig. 12), we
conclude that H2 and D2 have approximately equal wall
widths within experimental uncertainty. This explains
why the a phase of both systems vanishes at nearly the
same density.

The absence of a striped phase in Kr monolayers can
be understood as resulting from the large wall thickness
ko= 5 (w = 16), which enhances the wall repulsion lead-

ing to an instability of the striped phase to the formation
of a hexagonal phase. ' The hydrogen isotopes reveal
considerably sharper walls corresponding to A,p 0.8 —0.9.
The upper density limit of the striped phase of both iso-
topes turned out to be p=1.16. Theoretical results of
Halpin-Healy and Kardar' for A,o=1 yield a striped
phase up to p=1.24, a hexagonal phase at p ~ 1.29, and a
coexistence region in between.

The melting of the striped phase (a phase) is expected
to belong to the Kosterlitz-Thouless universality class. '

A small but growing population of wa11 crossings is
sufficient to disorder the striped phase as the temperature
is raised. The reentrant fiuid (P phase) may then be de-
scribed as a disordered network of domain walls, a
domain-wall fluid. According to diffraction data, the P
phase is a well-correlated fluid. On melting for D2 a
discontinuous jump of the Q vector to that of an equila-
teral triangular IC phase of the same density was ob-
served, whereas for H2 no such anomaly was found (Fig.
7). Recently inelastic neutron-diffraction measurements
by Frank et al. ' proved that the P phase is a disor-
dered domain-wall phase, because excitations of the C
phase and excitations attributed to the domain walls of
the a phase could also be detected in the P phase. LEED
(Refs. 36 and 37) at p = 1.15 has revealed that the P phase
of D2 has the same rotational epitaxy as the y phase.
Therefore, the P phase may be considered as a molten y
phase at least at coverages not too close to the commen-
surate phase. The P phase of H2, on the other hand, is
aligned along the &3 direction of the substrate as is the a
phase, so that it looks like a molten a phase. The P
phases of H2 and Dz adsorbed on graphite seem to be
different phases. In the domain-wall picture one can real-
ize that the P phase of D2 is dominated by an irregular
pattern of hexagonal heavy domain walls, whereas for H2
it is determined by an irregular pattern of striped su-
perheavy domain walls containing lattice defects and wall
crossings. Based on this view, the different melting be-
havior of the a phase of the two systems may be under-
stood. In 02 monolayers the specific-heat anomaly asso-
ciated with the melting of the a phase is very sharp at
p~ 1.1, ' and the Bragg peak position seems to jump
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discontinuously to the position of an equilateral triangu-
lar phase. These experimental facts may be understood
as signaling a first-order a-P transition, which undergoes
the same symmetry breaking as the first-order a-y transi-
tion. Contrary to that, the specific-heat anomalies of the
a-P transition of Hz/graphite' ' are much more
rounded and the position of the Bragg reflection remains
unchanged at melting. In this case the transition is more
likely to be continuous.

The interpretation of the P phase as a domain-wall
fluid is supported by molecular-dynamics simulations of
Abraham et al. , who have found a disordered
meandering hexagonal array of domain walls in the reen-
trant fiuid phase of Kr/graphite. In a computer simula-
tion by use of the Feynman path-integral Monte Carlo
method for He /graphite, which took the quantum
effects into account, only a striped domain-wall fluid was
observed. The system, however, was rather small con-
taining no more than about 40 atoms.

In agreement with theoretical work, ' the transition
striped (a phase)-hexagonal (y phase) is first order. The
coexistence region has a width of =2.5% of the &3 den-

sity, which is half the value of Halpin-Healy and
Kardar's calculation' for He. It has to be noted, howev-
er, that their hexagonal phase is a domain-wall phase
with superheavy walls, whereas the y phase of D2 mono-
layers can be described as a heavy domain-wall phase. A
similar C-IC transition as in D2/graphite has been ob-
served in Xe physisorbed on Pt(111).' Xe forms a
(&3X &3) structure, which undergoes a continuous tran-
sition into a striped phase followed by a first-order transi-
tion into a hexagonal phase as the misfit is increased.
The width in density of the coexistence region in this case
is =1.5%. In contrast to Dz/graphite, only one hexago-
nal phase is found and no higher-order commensurate
phases are observed.

Hexagonal IC structures are expected to rotate away
from the graphite symmetry directions. ' ' Such rota-
tion cannot be seen in a powder experiment like our
neutron-diffraction study. LEED measurements on a sin-
gle crystal, ' however, revealed that the y-phase ro-
tates by an angle too large to be consistent with theoreti-
cal results for a free floating solid with central forces, '

but it is explainable in terms of a density-modulated
structure equivalent with a heavy domain-wall structure.
The special rotational behavior seems to be a conse-
quence of the reduced zero-point energy for D2 compared
to H2, which causes enhanced adsorbate-substrate in-
teractions. The y phase of D2/graphite is a new type of
an IC solid which has not been observed in any other sys-
tem so far.

As discussed in Sec. VI, the special rotational behavior
of the y phase is responsible for the coincidence of the
modulated structure with higher-order commensurate
structures. The difference between the 5 and the y
phases occurring at the same density might be only that
the 6 phase is locked into the lattice periodicity of the
substrate potential, whereas the y phase is a nearly free-
floating phase. The peak positions will not be influenced
by the transition between both phases, and their peak in-
tensity ratios might change very little. The line shapes of

the peaks, on the other hand, should be modified. The
algebraic decay of correlations in the free-floating y
phase will be reflected by a power-law line shape,
whereas the higher-order commensurate 5 and e phases
should possess long-range order and the line shapes
should be Gaussian. The difference, however, might be
marginally small, because the exponent q describing the
power-law singularity of the line shape is estimated to be
approximately 0.01 (Refs. 33 and 43) due to the relatively
large rigidity of the IC phase of Dz. This implies that the
line shape of the y phase might become nearly Gauss-
ian. A criterion to establish the existence of higher-
order C phases is the observation of the absence of
thermal expansion in the proposed C phase as has been
done for Kr/Pt(111) (Ref. 70) and CF3C1/graphite. '

The floating y and equilateral triangular IC phases
should, in principle, show thermal expansion, whereas
the 5 and e phases should not. Unfortunately, the peak
shift with increasing temperature is not significant within
experimental error in all four phases to yield a conclusive
result.

As mentioned above, the y-5 and y-e transitions have
not been seen in diffraction spectra. From specific-heat
data, however, the phase boundaries could be deter-
mined. The evolution of a double peak at the y-e transi-
jon2&, z4, 2s at p=1.30 can be understood as a signal of a

coexistence of y and e phases at T&9 K and of e and
equilateral triangular IC phases between 9 and 10 K [cf.
Fig. 1(a)]. This would imply a first-order y-e transition.
As the 5 phase is similar to the E phase, the y-5 transition
should be of the same type as the y-e transition. The
phase boundary of the 5 phase, however, is strongly
curved suggesting the absence of a coexistence of 5 and

y, and therefore it implies no first-order transition. Al-
ternatively, the phase diagram can be drawn as done in
Ref. 37 with only a coexistence region of e and triangular
IC phases and a continuous y-e transition.

In LEED measurements ' a first-order transition
from the e phase to the equilateral triangular IC phase
was observed. No sign of any coexistence of these two
phases could be detected, neither in neutron-diffraction
nor in specific-heat experiments. At p~ 1.33 the equila-
teral triangular IC phase is the only stable solid phase.
As is shown by LEED, it reveals a rotation angle in
agreement with the predictions of the Novaco-McTague
theory' like triangular IC solids in other systems such as
H2, HD, and Ar.

In the system Hi/graphite, the triangular IC phase
succeeds the striped a phase with a narrow fluid range in
between both phases. ' ' Recent specific-heat measure-
ments ' have revealed that the phase diagram of
HD/graphite is topologically similar to the H2/graphite
phase diagram. A detailed study of the e-IC transition,
however, yielded a series of anomalies at T= 5 K, which
may indicate the existence of a triple line with a+IC
coexistence below and the P phase above. This means a
first-order striped hexagonal transition in agreement with
theory as in the case of D2. It cannot be excluded that a
similar behavior might occur for H2/graphite at lower
temperatures ( T & 4 K) outside the temperature range
studied by specific-heat experiments. '
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VIII. CONCLUSION

Deuterium monolayers physisorbed on the basal plane
of graphite reveal the most detailed commensurate-
incommensurate transition of all physisorbed systems in-
vestigated so far. It is the first system in which
diffraction satellites of a striped as well as of a hexagonal
array of domain walls could be observed. The surprising
appearance of the y, 5, and e phases has to be attributed
to the reduced zero-point energy of the D2 molecule com-
pared with H2. This leads to smaller effective sizes of the
D2 molecules resulting in a reduced wall-crossing energy
making a hexagonal network of domain walls possible.
Therefore, we have the unique sequence of the following:
(a) A high-density IC phase at p) 1.33, which shows little
influence of the graphite substrate, so that the harmonic
description of the periodic distortions of the layer by No-
vaco and McTague' holds. The modulation is too small
to produce any observable satellite reflections in a
diffraction experiment. (b) A more strongly modulated
but still truly incommensurate phase (y phase) at

1.19~ p 1.32, which locks into the two simplest higher-
order commensurate phases possible within the frame-
work of the special modulation (5 and e phases). The y
phase can also be considered as a i&exagonal heavy
domain-wall phase. Simple regular arrays of domain
walls can be drawn for the 5 and e phases. (c) A striped
domain-wall phase (a phase) with superheavy walls at
1.04 p 1.16. (d) The commensurate (&3X&3)R30'
phase.
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