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Incommensurate (IC) monolayer phases of H,, HD, and D, physisorbed on graphite single crys-
tals are studied by low-energy electron diffraction (LEED). At temperatures near 5 K, a uniaxial IC
(UIC) phase and a higher-density rotated IC (RIC) triangular solid phase are observed for mono-
layers of H,, HD, and D,. The commensurate (C) to UIC phase transition of the H, monolayer is
examined by measuring two-dimensional intensity contours of LEED spots at densities 1.0~1.09
times the C (V3XV3)R30° phase density. The orientation angles of the RIC phase approximately
agree with the prediction of Novaco and McTague’s calculation for a weakly modulated two-
dimensional Cauchy solid. The y phase, which was first observed in heat-capacity measurements
for D, on graphite, has been determined to be an IC triangular rotated phase with rotation angle
greater than that of the higher-density RIC phase. LEED data from the oriented fluid phases are
also presented. A phase diagram for D, is proposed based on LEED, heat-capacity, and neutron-
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diffraction measurements.

I. INTRODUCTION

The study of the physisorption of H, and its isotopes
HD and D, on the graphite surface has been a subject of
interesting experimental and theoretical research.! !0
Analogous to physisorbed systems such as Kr on graph-
ite'’ and Xe on Pt(111),'> H,, HD, and D, monolayers
form a commensurate (C) (V'3 X V'3)R30° phase at sub-
monolayer coverages and an incommensurate (IC) tri-
angular phase at coverages near monolayer completion.
In addition, several intermediate IC phases are also ob-
served by heat-capacity measurements at coverages be-
tween the C phase and the IC triangular phase.>”® The
study of these IC phases provides a realization of effects
caused by competition between adsorbate-adsorbate and
adsorbate-substrate interactions.

The structures of IC H,, HD, and D, monolayers were
first probed by elastic neutron diffraction for H, and D,
and inelastic neutron scattering for HD.! The structure
deduced from the neutron data is a uniformly compressed
IC phase with a triangular unit mesh. Neither the struc-
ture of the intermediate IC phases nor the orientation of
the IC phases relative to the C-phase direction were
determined due to the powder nature of the exfoliated
graphite (Grafoil) substrate and the interference of the
bulk graphite (002) reflection. Unlike neutron diffraction,
where exfoliated graphite has to be used due to the weak
scattering signal, low-energy electron diffraction (LEED)
uses a graphite single crystal and can thus probe the
two-dimensional reciprocal space of the adsorbed layers. >
The problem associated with the bulk graphite (002)
reflection which obscures surface diffraction peaks with Q
near 1.88 A ™! does not exist in LEED. The orientation
of the IC layer relative to the underlying graphite sub-
strate can be easily obtained in LEED measurements.
The combination of LEED data for the orientational epi-
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taxy of the IC phases and neutron-diffraction data for
modulation satellites has provided important information
on the graphite-induced modulation of the IC phases of
D, monolayers.®

In this paper we present LEED data and analysis for
the IC H,, HD, and D, monolayers on graphite. Our
measurements show that the low-coverage a phase
detected in the heat-capacity measurements’ % is a uniax-
ial IC (UIC) phase. The phase transition between the
UIC phase and the higher-density rotated IC (RIC) phase
appears very different for these three isotopes. For H,
and HD monolayers the UIC phase and RIC phase are
separated by a narrow region of fluid phase. For D,
monolayers, a different kind of IC phase (the ¥ phase)
was observed between the UIC and RIC phases. The
LEED pattern of the y phase is identical to that of a hex-
agonal heavy-domain-wall structure. The orientational
epitaxy of both the ¥ and RIC phases was measured and
compared with the continuum theory of Novaco and
McTague. Various aspects of the ¥ phase are discussed.
LEED data for the oriented fluid phases of H,, HD, and
D, are also presented and discussed.

II. REVIEW OF PROPERTIES
OF ISOTOPIC HYDROGEN MOLECULES

H,, HD, and D, are the simplest diatomic molecules in
nature. The condensed phases of these molecules have
prominent quantum effects which are due to the weak
molecule-molecule interaction and the small molecular
mass.'> One of the quantum effects is the large transla-
tional zero-point motion (ZPM) of the single molecule.
For instance, in the bulk H, solid the amplitude of the
ZPM of a single molecule at T=0 K is as large as 18% of
the lattice spacing. In contrast, the ZPM amplitude for
bulk Kr is only 5%.'* The ZPM will be even larger in
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two dimensions'® and thus will have a significant effect on
the physisorbed monolayers. The existence of a C
(V3XV'3)R30° phase for H, and its isotopes at sub-
monolayer coverage? can be explained by the expansion
caused by the ZPM, as in the case of He.!* In fact, even
for the heavier gas Kr model calculations show that the
C (V3XV3)R30° phase is not stable unless the zero-
point energy is included. '°

Another large quantum effect occurs because the rota-
tional energy levels are well separated for H, and its iso-
topes. The energy difference between first excited rota-
tional state (J=1) and the ground state (J=0) is 170 K
for H, and 100 K for D,.!* Because the anisotropic
molecule-molecule interaction is rather weak, the rota-
tional state of the free molecule is preserved even in the
solid phase at low densities. 13 Due to the symmetry re-
quirement on the wave function two species of H, or D,
molecules can be distinguished. para-H, and ortho-D,
have an even rotational quantum number and a sym-
metric ground state (J=O0 state); ortho-H, and para-D,
have an odd rotational quantum number and an aniso-
tropic ground state (J=1). At low temperatures both
para-H, and ortho-D, molecules equilibrate to the J=0
ground state and the interactions between the ground-
state molecules are isotropic. The above selection rule
does not apply to the heteronuclear molecule HD; at low
temperatures, HD molecules are also in a J=0 isotropic
rotational state. The adsorbate-substrate interaction
affects the rotational states only slightly. This is
confirmed by electron-energy-loss spectroscopy (EELS)
measurements at <15 K for H, physisorbed on Ag,'®
H,, HD, and D, on Cu,'” and H, on graphite.'® By do-
ing low-temperature experiments using para-H,, ortho-
D,, and HD molecules, effects due to the pure isotropic
molecule-molecule interactions can be separated from
those of anisotropic molecule-molecule interactions.

III. EXPERIMENT

LEED measurements were performed at 5=7 =12 K.
The experimental apparatus used in this experiment is
the same as that of previous work on O, (Ref. 19) except
for two modifications. A new thermal radiation shield
which was originally designed for thermal-desorption
measurements?® was used in most of the measurements.
Unlike the old radiation shield, which had a flat
(0.6 X 1.0)-in.? rectangular window, the new radiation
shield has a circular concave window with a 0.2-in. inner
diameter. The new radiation shield significantly reduces
the amount of thermal radiation received by the sample
and sample holder. This enabled us to reach a tempera-
ture as low as 5 K, 2.5 K lower than that attained using
the old radiation shield. The reduction in the thermal ra-
diation is very important for observation of the H, UIC
phase. Our first measurements using the old radiation
shield did not detect the H, UIC phase at temperature
around 8 K, which may be explained by the larger distur-
bance caused by the larger desorption effects. Indeed,
H,, HD, and D, monolayers condensed on cryosurfaces
have a very large desorption rate induced by the room-
temperature infrared radiation.?! The electron beam was

also found to produce a large desorption of H,, HD, and
D, monolayers. The effect is largest for H, and consider-
ably less for HD and D,. One piece of evidence for
electron-induced desorption is the observation of ap-
parent (but false) coexistence of C and UIC, UIC and
RIC, and sometimes C and RIC phases when the electron
beam continuously bombards H, layers. This presumably
occurs due to the nonuniform monolayer density distri-
bution caused by electron-stimulated desorption which is
proportional to the current density and thus is largest at
the center of the beam and smaller away from the beam
center. In order to reduce this effect the electron beam
was turned on only for 0.5 s for photographing each
LEED picture in most of our measurements. By doing so
we are able to observe pure LEED patterns of UIC and
RIC phases in the density ranges cited in this paper.
These density ranges were not measurably altered when
the time constant of the electron pulse was further re-
duced to 0.13 s. Therefore we feel that electron-
stimulated desorption is no longer significant when a con-
tinuous electron beam is replaced by a 0.5-s electron
pulse. The beam current was typically 0.3 nA in a beam
with a full width at half maximum (FWHM) of about 0.5
mm.

Most of the data were collected from a Kish-graphite
single crystal provided by H. Suematsu of the University
of Tsukuba, Japan. The crystal was cleaved in air using
cellophane tape and baked to 950°C in dry flowing N, gas
for about 10 min: 2 h were allowed for cooling down.
Next, the crystal was clamped on a copper sample holder
which was then installed in an ultrahigh-vacuum system.
The background pressure in the vacuum chamber is
about 2X 107! Torr as indicated by a Bayert Alpert ion
gauge. The temperature of the copper sample holder was
measured by a silicon diode thermometer which was cali-
brated in the range 8-60 K. Temperatures below 8 K
were estimated from the reading at liquid-He tempera-
ture and that at 8 K. The accuracy of the temperature
measurement should be better than 1.0 K. The gases
were admitted via a tube ending about 3 cm from the
graphite sample to minimize the contamination due to
impurity gases which are released when the H, gas pres-
sure in the rest of the vacuum system rises. The gases
used in our measurements were initially at room-
temperature equilibrium ortho-para concentration ratios.
The coverage of the monolayer was changed by varying
the gas flux. A continuous flux of gas is required to at-
tain a steady state for all of these isotopes. The difference
in the infrared-induced desorption rate of these gases can
be easily observed. At temperatures near 5 K, after the
flux is stopped, the time required for the monolayer den-
sity to drop from 1.30 to 1.0 is observed to be 3 min for
D, and less than 15 s for H,.

The monolayer density of the IC phase was determined
from the LEED pattern once the structure was deduced.
The density p is normalized to 1 for the density of the C
structure and is expected to agree with the real coverage
if the amount of interstitials, vacancies, and second-layer
adsorption is negligibly small. This assumption is well
verified for IC D, by neutron measurements of the lattice
constant of IC D, layers as a function of coverage.® Mea-
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surements were made at several temperatures at various
fluxes. A time interval of about 1-2 min was normally al-
lowed between the change in flux and any measurement
to ensure that steady-state conditions had been achieved.
LEED pictures were taken using a 35 mm camera and
Kodak Tri-X 400 ASA black and white film. The rota-
tion angle and lattice constant of the IC phases were mea-
sured from projected images of the film. The accuracy of
the measurements is estimated to be about 0.5° for rota-
tion angle and 2% for density. The relative intensity con-
tours of certain LEED reflections were measured from
the film via a calibrated video camera interfaced to a Di-
gital Equipment Corporation LSI 11/73 minicomputer.??
The sharpest LEED features, observed in the RIC phase,
had a FWHM of 0.05 A ™!, which is an upper limit on the
momentum resolution of the apparatus.

IV. RESULTS

The monolayer phases of H,, HD, and D, are studied
by varying the gas flux impinging on the graphite surface
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at a constant temperature. The stability of the tempera-
ture can be controlled to better than 0.2 K at 5 K, and
1.0 K at other temperatures. Figure 1 shows representa-
tive LEED photographs from the different phases. The
bright area closest to the center is due to the overexposed
(00) reflection. The C phase is shown in Fig. 1(a) for D,.
The UIC (a) phase is shown in Fig. 1(b) for H,, Fig. 1(c)
for D,, and Fig. 1(d) for D, in coexistence with the y
phase. The y and RIC phases for D, are shown in Figs.
1(e) and 1(g) and Fig. 1(f) shows the coexistence of the y
and RIC phases. Figures 1(h) and 1(i) show the oriented
fluid phases of D, and HD. The structures and descrip-
tion of each of these phases will be presented in the fol-
lowing sections.

A. The UIC phase

The UIC phase, which corresponds to the a phase in
the heat-capacity measurements, was observed for
1.07<p<1.14 and T=5 K for H, and D,; for HD the
upper density limit of the ¢ phase at T=5 K extends to

FIG. 1. LEED photographs taken at electron energy 62 eV. The electrons were incident slightly off normal from the Kish-
graphite crystal; the angle in (b) is slightly different from the other figures. Due to asymmetric nucleation, the a spots in (b) and (d)
are more intense for one of the three possible directions of compression [marked by lines in (b)]. (a) C phase of D, at 5 K. (b) a phase
of H, at 5 K; p=1.13. (c) @ phase of D, at 5 K; p=1.12. (d) Coexistence of the a and the y phase of D, at 5 K; p=1.14 for the a
phase and 1.18 for the ¥ phase. (e) y phase of D, at 5 K; p=1.27. (f) Coexistence of the ¥ phase and RIC phase of D, at 5 K; p=1.31
for the ¥ phase and 1.33 for the RIC phase. (g) RIC phase of D, at 5 K; p=1.36. (h) 8 phase of D, at 10 K; p=1.15. (i) B phase of

HD at 10K; p=1.18.



1.18. LEED photographs of the UIC phase of H, and D,
monolayers are shown in Figs. 1(b) and 1(c). One domain
of a uniformly compressed UIC phase is shown in Fig.
2(a) and a representative section of the reciprocal space of
the UIC phase is shown in Fig. 2(b). The peaks marked
by the numbers 3, 4, and 7 in Fig. 2(b) correspond to the
positions of a uniformly compressed UIC phase (i.e., posi-
tions of mean lattice diffraction) which are displaced rela-
tive to the C positions by ¢, 2¢, and 3¢, where ¢ is equal
to one-half of the lattice misfit. The rest of the peaks are
possible satellites due to the lateral modulation induced
by the graphite substrate. Such lateral modulation is de-
scribed by modulation wave vectors which are given by
the difference of the graphite and the nearest overlayer
reciprocal-lattice vectors.?>?* The arrow pointing from 7
to G represents one of the modulation wave vectors. Sa-
tellites are obtained by adding these vectors to the mean
lattice positions. The diffraction pattern observed in
LEED normally corresponds to the sum of three
reciprocal-space pictures which are rotated 120° apart.
Figure 2(c) shows 1 of the diffraction pattern when only
peaks 1-4 in Fig. 2(b) are considered. The observed
LEED pattern [Figs. 1(b) and 1(c)] is consistent with this
picture. As discussed in Appendix A, peaks 1 and 2 in
LEED can also be produced by double-diffraction events
involving sequential diffractions from a first-order graph-
ite vector plus the overlayer reciprocal vectors corre-
sponding to the mean lattice diffraction such as peaks 3
and 4 in Fig. 2(b). Therefore, information from LEED
alone cannot simply determine the lateral modulation in
the UIC phase. The quantitative description of the
modulation in the UIC phase can be inferred from the
neutron-scattering measurements.>”® Analysis of the
neutron data indicates that the lateral modulation in the
UIC phase can be described as a sharp striped
superheavy-domain-wall network and the wall width is
determined to be 2.8 (in units of the C-phase molecule
row spacing of 3.66 A) for H, (Ref. 5) and 2.5 for D,.?
(See Appendix A for more details.)

An asymmetric LEED pattern such as that shown in
Fig. 1(b) was often observed at the beginning of an experi-
ment on the Kish crystal. The LEED pattern in Fig. 1(b)
is taken from the UIC phase of H,. Such an asymmetric
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pattern has also been observed for the UIC phase of HD
and D,. [In Fig. 1(d) the D, pattern in coexistence with
the y phase has the same asymmetry as that for H, in
Fig. 1(b).] The pattern shows that one of the UIC direc-
tions [marked by white lines in Fig. 1(b)] is nucleated
much more than the other two on the crystal and pro-
vides clear evidence that the a phase is indeed a UIC
phase. The mechanism which caused the asymmetric nu-
cleation phenomenon is not well understood. We note
that such an asymmetric LEED pattern was observed
only when the gas was initially introduced onto the crys-
tal. After cycling the coverage up and down a much
more symmetric pattern, such as that shown in Fig. 1(c),
appeared. We also note that the dominant nucleation
direction was always the same. This leads to the tenta-
tive conclusion that the asymmetric nucleation is related
to a greater number of steps along one direction of this
particular Kish-graphite crystal. The adsorption is ex-
pected to be nucleated along the steps when these steps
are clean and therefore the steps provide a preferential
direction for further adsorption.

The UIC phase was also observed for the H, mono-
layer at T=9 K with the upper density limit reduced to
1.10. At temperatures near 10 K, only an oriented fluid
phase such as that shown in Fig. 1(i) was observed be-
tween the C phase and the RIC phase. This observation
is in good agreement with the maximum 7=9.7 K for the
a-B phase boundary? detected in H, heat-capacity mea-
surements of Motteler’ and of Freimuth and Wiechert.*
For D, on graphite the UIC-phase pattern disappears at
temperatures above 10 K. No measurements were made
for D, at temperatures between 5 and 10 K. Neverthe-
less, the observation of a UIC phase at 5 K and a fluid
phase at 10 K is also consistent with the maximum
T=7.2 K for the a-B phase boundary from the heat-
capacity measurements of Freimuth and Wiechert. *°

Theoretically, for an isotropic adsorbate, the UIC
phase is stabilized due to the energetics of the domain-
wall crossings.?"2 For an anisotropic adsorbate a
weakly modulated UIC phase can also be formed because
of the anisotropic elastic constants. For example, the
UIC phase of N, on graphite® is believed to be due to the
anisotropic interactions between N, molecules.®® As
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FIG. 2. The UIC phase. (a) Structure of a uniformly compressed UIC phase at p=1.125. The centers of the adsorbate molecules
are indicated by crosses. (b) Reciprocal-space diagram of the structure shown in (a). Peak displacements from C positions are given
in multiples of €. The specular peak is denoted by (00); first-order commensurate peaks by C; first-order graphite peaks by G. Num-
bered peaks are discussed in text. (c) Diffraction pattern from three domains with peaks 1-4 of (b). The peaks denoted by primed and
double-primed numbers are from the domains which are rotated by 120° and 240°, respectively, from that shown in (b).
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mentioned previously, the gases used in the LEED mea-
surements are normal H, and D,.3! Therefore the adsor-
bate could consist of both J=0 and J=1 molecules and
the interaction between these molecules is not isotropic.
On the cold graphite surface, the J=1 states would trans-
form into the J=0 ground state due to local magnetic
fields on the graphite surface. The transition rate was es-
timated to be 0.4% per hour for the C phase of H, on
Grafoil and is about 6 times smaller for D, on Grafoil. *?
On the other hand, electron-energy-loss measurements
suggest that the conversion of ortho-H, on pyrolytic
graphite is almost instantaneous.!® Therefore it is not
clear how large the conversion rate is for the graphite sin-
gle crystal used in the LEED measurements. Even so,
the anisotropic molecules (molecules which are in a J=1
rotational state) are unlikely to provide the forces which
cause the uniaxial compression due to following reasons:
First, the orientational ordering temperature of J=1
molecules is less than 2.9 K for bulk H, and less than 3.9
K for bulk D,."* For the C phase of ortho-H, on Grafoil
the ordering temperature was detected to be 0.8 K; no
orientational ordering was detected at T> 0.4 K for the C
phase of para-D,.** Therefore, at T>5 K, long-range
orientational ordering of the J=1 molecules is not ex-
pected. Second, the high-temperature phase boundary of
the UIC phase measured in LEED matches the same
phase boundary of para-H, detected in heat-capacity
measurements. >* Third, the same UIC phase has also
been observed for HD on graphite. Unlike H, and D,,
HD molecules equilibrate quickly into the J=0 ground
state at low temperature, and the interactions between
HD molecules are expected to be isotropic.

B. The C phase and C-UIC phase transition

The C phase of para-H, and ortho-D, on graphite was
first identified in the neutron-scattering measurements. !
The C phase of normal H, was also observed in the first
LEED measurements.? A LEED photograph of the C
phase of normal D, at an electron energy of 62 eV is
shown in Fig. 1(a). The same C phase was also observed
at several other electron energies in the range 40-140 eV.
The intensity of the first-order LEED beams is maxim-
ized at 62 eV electron energy and is greatly reduced at
energies above 70 eV. Similar intensity-energy depen-
dence is also observed for the IC phase of D,. For H,
and HD only a smaller energy range (40-70 eV) was used.
The intensity-energy dependence of both C and IC phases
in this range is analogous to that of D,. Due to the
strong forward scattering of the H,, D,, and HD mole-
cules, the primary scattering is expected to be sequen-
tial overlayer-substrate double scattering and thus the in-
tensity of the graphite specular and first-order beams will
strongly affect the observed overlayer intensities. Data
from other studies®* indicate that both specular and first-
order graphite beams are maximum near the 62 eV elec-
tron energy used for the measurements presented here.

The C-UIC phase transition was examined in detail by
LEED for H,; two-dimensional (2D) intensity contour
maps are shown in Fig. 3. A charge-coupled-device
(CCD) video camera was used to digitize LEED photos®?

— 0 1A

FIG. 3. Two-dimensional intensity contours of a H, LEED
first-order beam at 7=5 K when p increases from a value near
1.0 to 1.09. The lowest relative intensity level is 0.1; the incre-
ment is 0.1 along an inward direction pointing to the diffraction
maximum. The arrow indicates the direction of the (00)
reflection. The relative pressures at a quadrupole mass spec-
trometer are (a) 1.50, (b) 2.00, (c) 2.10, (d) 2.15, (e) 2.30, and (f)
2.60.

including several calibration photos taken at different
electron-beam currents; the contour maps of the scatter-
ing intensity were produced on a VAX 11/780 computer
using plotting routines developed by the Astronomy
Department of the University of Washington. Under the
experimental conditions used the local pressure of the gas
near the sample could not be directly measured; instead
the relative background gas pressure in the vacuum
chamber was measured by a quadrupole mass spectrome-
ter. This pressure is a monotonically increasing function
of the local pressure of the gas impinging on the sample.
Figures 3(a) and 3(b) are taken at relative pressures
P=1.50 and 2.00. The change in intensity from Fig. 3(a)
to 3(b) is due to completion of the C layer. As indicated
by Figs. 3(c)-3(e), at higher pressures (P=2.10, 2.15, and
2.30) the LEED peak becomes wider and the intensity
maximum starts to drop. At the largest pressure shown
(P=2.60), the three strong reflections and one or two of
the weak reflections can be seen in Fig. 3(f) and the densi-
ty of the UIC phase reaches 1.09 measured from the
amount of splitting of LEED spots. The resolution of the
data in Fig. 3 is sufficient to rule out a first-order C-UIC
transition with density jump greater than 5%. Theoreti-
cal predictions?®?’ allow a continuous C-UIC phase tran-
sition, but due to the uncertainty in determination of the
structure at densities below 1.05 we cannot say whether
the observed phase transition is continuous. The pre-
cision of the data was judged to be insufficient to justify a
quantitative comparison with possible C-UIC phase coex-
istence. In addition, there could be some small residual
false coexistence produced by electron-induced desorp-
tion in this density range for H, (see Sec. III).

C. The RIC and y phases

At T=5 K a phase transition from the UIC phase to
higher-density IC phases occurs when the gas flux is in-
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creased beyond the value which produces the most
compressed UIC phase. For H, and HD monolayers this
transition is from a UIC phase to a RIC solid phase [such
as Fig. 1(g)] via a narrow fluid phase [as in Fig. 1()]. The
symmetry of the fluid phase inferred from the LEED pat-
tern is analogous to that of the RIC phase and will be dis-
cussed in more detail in Sec. IVE. The RIC phase has a
triangular unit mesh and a rotation away from the C-
phase orientation by 6=4°-8° in the density range
1.24-1.56. For the D, monolayer an additional incom-
mensurate solid phase [y, Fig. 1(e)] was also observed be-
tween the UIC phase and the RIC phase. The observed
coexistence of y-UIC [Fig. 1(d)] and y-RIC [Fig. 1(f)] in-
dicates first-order phase transitions. The structure of the
v phase inferred from the LEED pattern is the same as
the RIC phase, except for the lattice orientation 6 rela-
tive to the C phase. Figure 4(a) shows structure of a uni-
formly compressed and rotated ¥ phase of D, at p=1.25
and 6=9.0°. Figures 4(b) and 4(c) show | of the
diffraction pattern from one domain of the ¥ and the RIC
phases. Peaks 4 and 8 in Figs. 4(b) and 4(c) correspond
to first- and second-order diffraction of one rotational
domain of the uniformly compressed lattice. Peaks 1-3
and 5-7 are possible satellites due to the modulation of
the nearest-neighbor distances of the adsorbate molecules
by the periodic substrate field. The positions of these
satellites are obtained by adding the modulation wave
vectors (such as that indicated by the arrow pointing
from 8 to the gra?hite peak G) to the mean lattice peaks
(such as peak 4).2>?* The observed LEED pattern is con-
sistent with peaks 1, 3, and 4 in Figs. 4(b) and 4(c). These
peaks can be explained by the first-order mean lattice
diffraction peaks [peak 4 in Figs. 4(b) and 4(c)] plus the
peaks due to the sequential scattering (double scattering)
from first-order graphite vectors and first-order recipro-
cal vectors of the overlayer. The geometry of the double
scattering from the RIC phase is the same as that from
the RIC phase of Ar.3> The geometry of the double
scattering from the y phase reduces the number of ob-
served peaks by half, as explained in Appendix B. In the
LEED measurements performed so far satellite peaks 2
and 5-7 were not observed in either the RIC or the y
phases (satellite peaks 1 and 3 always coincide with
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double-scattering spots). In contrast, the satellites
marked by 2 and 5 for the ¥ phase were observed in the
neutron-diffraction measurements®® in addition to the
main reflection due to the peak 4; no satellites were ob-
served for the RIC phase.

The orientation angles of the y phase of D, and the
RIC phases of H,, HD, and D, are presented in Fig. 5.
Curve (b) in Fig. 5 is the result of Novaco and McTague’s
(NM) (Ref. 23) theoretical model for the two-dimensional
Cauchy solid. All the data for the RIC phase are con-
sistent with NM’s result except for some small deviations;
however, the y phase has a rotational epitaxy completely
different than the theoretical NM prediction. The
disagreement between the rotational epitaxy of the y
phase and the prediction of NM’s linear theory also
shows up when comparing the direction of the modula-
tion wave vector (the difference of the graphite
reciprocal-lattice vector and the nearest overlayer
reciprocal-lattice vector) for the two phases. For the y
phase the direction of this vector, as indicated in Fig.
4(b), is always along a high-symmetry direction of the
graphite, leading to curve (a) in Fig. 5, given by
V p=sin60°/sin(60°—6). However, in NM’s linear
theory, this vector is predicted to be along a nonsym-
metry direction of the substrate, >’ as in Fig. 4(c).

Another interesting aspect of the y phase is that it has
a diffraction pattern identical to a hexagonal heavy-
domain-wall phase?*3 which suggests the two structures
must be topologically similar. The relation of the struc-
ture of the ¥ phase with a hexagonal heavy-domain-wall
phase and a kinematic diffraction-intensity calculation
based on a higher-order 4 X4 commensurate structure are
presented in Appendix B.

D. Discussion of the rotational epitaxy of the y phase of D,

As mentioned previously, the ¥ phase has a special ro-
tational epitaxy which has not yet been predicted by any
theoretical calculation. The agreement between the satel-
lite positions measured by neutron diffraction and the
orientations measured by LEED,® on the other hand,
suggests that a strong substrate-induced modulation is re-
sponsible for the orientation of the y phase. Substrate-
induced modulation is the same mechanism proposed by

FIG. 4. The y and RIC phases. (a) Structure of the uniformly compressed and rotated ¥ phase at p=1.25 and 6=9.0°. The struc-
ture of the RIC phase is analogous to that in (a) with rotation angle 3°-5° smaller than that of the y phase. (b) and (c) The reciprocal-
space diagrams of the ¥ and RIC phases at (p,0)=(1.25,9°) and (1.42,7°), respectively. C-phase positions are indicated by crosses.

The numbered peaks are discussed in the main text.
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FIG. 5. Rotation angle (8) vs monolayer density (p) deter-
mined from LEED measurements for the D, ¥ phase and RIC
phases of D,, H,, and HD at 5 < T'< 12 K. The upper curve, (a),
is determined by the requirement that the modulation wave vec-
tor of the ¥ phase is along the graphite symmetry direction as in
Fig. 4(b); the lower curve, (b), is the NM result (Ref. 21) with
the central-force sound-velocity ratio. The solid circles,
squares, and triangles are D, data taken at 5, 10, and 12 K, re-
spectively. HD and H, data at 5 K are indicated by crosses and
diamonds. Error bars show typical measurement uncertainties.

Novaco and McTague? for the rotation of an IC triangu-
lar phase physisorbed on the graphite substrate. Their
calculation, however, is only appropriate for a weakly
modulated IC phase because it assumes an IC triangular
lattice which interacts so weakly with the underlying sub-
strate that only the linear term of the substrate field needs
to be taken into account. The orientations for IC phases
of Ar (Ref. 35) and Ne (Ref. 37) on graphite were calcu-
lated®® using the microscopic interaction parameters of
these molecules and are in good agreement with experi-
mental data. No neutron-scattering modulation satellites
were observed for these rotated incommensurate lay-
ers,>®% indicating that they are indeed weakly modulated
structures. The observation of satellites in the ¥ phase by
neutron diffraction®® suggests that the modulation in the
v phase is bigger than that in the RIC phases of H,, HD,
D,, Ar, and Ne, and, therefore, NM’s linear theory may
not be appropriate for such an IC phase.

The NM model can, in principle, be extended to in-
clude the nonlinear effects of the substrate field. Prelimi-
nary calculations using the method of self-consistent pho-
nons and the lowest-order nonlinear term of the substrate
corrugation potential for H, and D, on graphite pro-
cedures a good agreement with our data only for the RIC
phase.“® This fact suggests that a more accurate calcula-
tion of the substrate lateral modulation should be per-
formed. Shiba has performed the most complete continu-
um model calculation for Kr on graphite.*! The model
has one adjustable parameter which allows application to
systems other than Kr. In this calculation the periodic
substrate-adsorbate potential was approximated by its
first-order Fourier series, which is more accurate than its
linear expansion. The result showed a continuous transi-
tion from a nonrotated IC structure to a rotated IC struc-
ture. The rotation angle was found to be smaller than
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that predicted by NM’s linear theory at the regime near
the nonrotated-to-rotated (NR-R) transition and to ap-
proach it at the regime away from the NR-R transition
for a range of the parameters. Experimental results for
Kr are in a good agreement with this model calcula-
tion. 42 In the case of H, and its isotopes the continu-
um approximation used in Shiba’s calculation may not be
valid because the large ZPM for H, and its isotopes ex-
pands the lattice far beyond the classical minimum in the
pair potential, which results in a very soft response to the
external strain. For example, the molar volume of three-
dimensional (3D) solid H, decreases by a factor of 2 when
the pressure increases from zero to 10 kbar.!*> As a com-
parison, the molar volume of the ordinary 3D solid in
which the molecules interact via van der Waals forces
usually changes by only a few precent for the same pres-
sure change.

We believe the existence of the ¥ phase is related to the
fact that the ratio of effective adsorbate-adsorbate cou-
pling to the adsorbate-substrate coupling in a D, mono-
layer is smaller than that in H, and HD monolayers due
to the relatively smaller ZPM of the D, molecules. The
relatively weaker coupling ratio for a D, monolayer is
suggested by the calculated phonon spectrum for C-phase
H, and D, on graphite at T=0 K.% The difference be-
tween the maximum and minimum phonon energy is 15
K for C-phase D, and 40 K for C-phase H,. The spread
in the phonon spectrum of commensurate H, is primarily
due to the increased effective adsorbate-adsorbate in-
teraction. A weaker adsorbate-adsorbate interaction
compared with the adsorbate-substrate interaction leads
to a flatter phonon spectrum. For a physisorbed IC
monolayer the weaker adsorbate-adsorbate interaction
means that the effects of the lateral adsorbate-substrate
modulation are larger. This causes the adsorbate to be
oriented along a direction different from that predicted
by a theory which assumes weak substrate modulation.
The effective adsorbate-adsorbate interaction can be in-
creased by either increasing the temperature or increas-
ing the monolayer density. In both cases, a phase transi-
tion from the ¥ phase to the RIC phase was observed. ¢

E. Fluid phases

The B phase of H, and D, observed in the heat-
capacity measurements® > was determined to be an
oriented fluid phase. The LEED patterns of the B phase
are shown in Figs. 1(h) and 1(). The LEED spot has a
much larger radial width (FWHM of 0.1-0.2 A™') than
for the solid phase (FHWM of 0.05 A~'), indicating a
short-range translational correlation. The LEED spot
also has a finite azimuthal width, indicating that the S
phase is well oriented relative to the graphite substrate.
The local strugture inferred for the 8 phase of both H,
and D, has a triangular nearest-neighbor arrangement.
The orientation relative to the substrate is very different
when D, is compared to H, and HD. The B phase of H,
is oriented along the C-phase direction, and the radial
and azimuthal width (FWHM) of a LEED spot at density
1.18 are 0.10 and 0.15 A, respectively. As shown in
Fig. 1(h), the orientational epitaxy of the 3 phase of D, is
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the same as the y phase, which suggests that the S fluid
of D, is due to the disordering of the y phase. Fluid
phases oriented along the C (V'3XV'3)R30° phase direc-
tion were also observed previously for Ar,*> 0,,* Xe,*
and C,H, (Ref. 46) on graphite.

One possible orientational ordering in the two-
dimensional fluid phase is associated with the melting of
a two-dimensional (2D) solid. It was first proposed and
discussed by Kosterlitz and Thouless (KT) that the melt-
ing transition in a 2D system is mediated by topological
defects.*” The model was later extended to the
physisorbed-monolayer case by Nelson, Halperin, and
Young (KTHNY).*®* They predicted that the melting
of a 2D solid on a smooth substrate can proceed in two
stages. In the first stage the layer loses its quasi-long-
range translational ordering but still has a quasi-long-
range bond-bond orientational ordering and forms a hex-
atic fluid phase; at the second stage the layer loses both
translational and bond-bond orientational ordering and
becomes a true fluid. The effect of periodic substrate field
has also been considered.*® It turns out that the fluid
phase can always have quasi-long-range bond-bond corre-
lation due to a sixfold substrate field. The effect dis-
cussed by KTHNY will only affect the ratio of the radial
and azimuthal width.** Therefore the information on
bond orientational order of the fluid phase alone cannot
determine the origin of such ordering.45 However, the
observation of different orientations of the H, and D,
fluid suggests a strong influence of the substrate field.
The analogous LEED patterns of the ¥ and 3 phases of
the D, monolayer also suggest that the orientation of the
fluid phase might be due to the same effect of the sub-
strate field which causes the rotation of the y solid phase.

V. SUMMARY

Our LEED measurements for H,, HD, and D, on
graphite have detected several IC phases which were not
identified in the earliest neutron-scattering and LEED
measurements. "2 The a phase detected in the heat-
capacity measurements was determined to be a UIC
phase. The existence of such a UIC phase qualitatively
agrees with the corresponding theoretical work.2”28 The
¥ phase, which has a different rotational epitaxy from the
high-density RIC phase, was detected for D, on graphite.
The rotational epitaxy of the RIC phase was measured; in
this case our data qualitatively agree with the continuum
theory of Novaco and McTague. %3

Figure 6 shows the phase diagram we have constructed
by combining our LEED data with data from heat-
capacity*® and neutron-diffraction”® measurements for
D, on graphite. In the heat-capacity measurements® the
monolayer coverage was normalized to the coverage
which produces the largest C-phase disordering signal.
That coverage was found to be 3.3% higher than the den-
sity p deduced from the lattice constant measured by neu-
tron diffraction.® Therefore, in constructing Fig. 6 all the
heat-capacity data are corrected by a factor of 3.3% in
coverage.” The solid lines in Fig. 6 indicate the phase
boundaries inferred from the experimental data and
dashed lines indicate phase boundaries which are less cer-
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tain. There is no conclusive information available for the
overlayer at p between 1.0 and 1.05. The a phase occurs
at p near 1.10. The disordering of the a phase occurs, ac-
cording to the heat-capacity measurements,” at T=7.2 K
in the range for coverage from 1.07 to 1.15. The heat-
capacity data also suggest that a triple line exists between
the a and B phases. The a-y transition is first order, as
indicated by Fig. 1(d). This information leads to the
phase boundaries as shown in Fig. 6 at 1.07 <p < 1.15 and
6.5<T<8.5 K. Analogous features in the heat-capacity
data also suggest another triple line located at 7 near 11
K and p near 1.25. Therefore, phase boundaries near the
second triple line should be analogous to those near the
first one. In neutron and LEED experiments made so far,
the & and € phases identified in heat-capacity measure-
ments are indistinguishable from the ¥ phase. We believe
that the 8 and € phases are most likely higher-order com-
mensurate phases with the same rotation angle versus
density as the y phase. The possible higher-order C
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FIG. 6. Proposed phase diagram for the D, monolayer on
graphite. Heat-capacity peaks are indicated by open circles.
Solid triangles (a phase), squares (y phase), diamonds (/3 phase),
and inverted triangles (RIC phase) are data measured by LEED.
Open triangles, squares, and inverted triangles are a few of the
many data points measured by neutron diffraction (Ref. 6). (a)
1.0<p<1.6, T<20K. (b) 1.20<p<1.35,7.5<T<13 K.
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phases are (4X4)(p=1.31) and (5V3X5V3)R30°(p
=1.24) structures.
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APPENDIX A: DOMAIN-WALL STRUCTURE
IN THE UIC PHASE

The modulation in the a UIC phase of H,, HD, and D,
monolayers on graphite is described by a network of
striped—-superheavy domain walls.>”® In this appendix
the diffraction intensity from such a domain-wall struc-
ture is calculated and compared with LEED measure-
ments. Effects of thermal fluctuations of the domain
walls and effects of multiple scattering in LEED are also
discussed.

In the striped—superheavy—domain-wall phase the com-
mensurate domains are separated by parallel dense
domain walls. Figure 7(a) shows an example of
striped—superheavy—domain-wall phase in the lattice-gas
limit at p=1.125. The separation between the domain
walls is 5.33b for the structure shown in Fig. 7(a) and is
D =(N —2)b for a general case,?* where N is the number
of molecule rows in each commensurate domain, b is the
row spacing of the C-phase lattice [b=(V3/2)X4.26
=3.69 A], and a=4.26 A is the period in the unmodulat-
ed direction. The structure in Fig. 7(a) can also be de-
scribed by a superlattice structure with the unit cell indi-
cated by dashed lines.?* The reciprocal lattice can be
constructed from D and a and is shown in Fig. 7(b). The
primitive vectors of the reciprocal lattice are shown by 7,
and 7, with 7,=Q_/(N —2) and 7,=(V'3/2)Q,, where
0,.=1.703 A~ 1is the length of the reciprocal-lattice vec-
tor of the commensurate phase. Diffraction patterns can
be obtained by adding three reciprocal-space pictures
which are oriented 120° apart. If only the peaks which
are nearest (peaks marked 1 and 3) and next nearest
(peaks marked 2 and 4) to the C-phase (cross) primary
peak are considered, the diffraction pattern from such a
striped phase would be exactly the same as that shown in
Fig. 2(c).

The scattering amplitude from such a periodic struc-
ture®* can be calculated by

S(Q)=73 f.(Qlexp(iQ-R;) , (A1)

where f.(Q)= ¥ ; exp(iQ-r;) is the structure factor, r;
measures the distance of each molecule relative to some
reference position in the unit cell, and R;,=m D+m,a

measures the distance of the unit cell from the origin (m
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FIG. 7. The striped—superheavy-domain-wall UIC phase at
p=1.125. (a) Real-space structure. A unit cell of size D by a is
indicated by dashed lines. Different shadings indicate the three
sublattices of the lattice-gas limit. (b) Reciprocal lattice corre-
sponding to the structure in (a). 7, and 7, are reciprocal-lattice
primitive vectors. Solid circles indicate the peaks observed in
LEED; numbers above these circles correspond to the same
peaks in Figs. 2(b) and 2(c).

and m, are integers). In writing (A1) we assume that
each molecule is a point scatterer and neglect the effects
of thermal fluctuations and multiple scattering. A pure
two-dimensional structure is also assumed since both
neutron scattering and LEED forward scattering are
most sensitive to in-plane displacements.’® Diffraction
peaks occur when Q, which is proportional to the in-
plane momentum transfer of the scattering particles (elec-
tron, neutron, etc.), is equal to a reciprocal-lattice vector
of R;. The relative intensities of these diffraction peaks
can be calculated from the structure factor if the relative
positions of each molecule inside the unit cell, which can
be determined from a given domain-wall profile, are
given. The domain-wall profile used in this calculation is
that derived by Gordon and Langon®! and is given by

X,=(1—1)b —(4b /3m)tan™ {exp[(I —0.5)m/w]} ,
(A2)

where X, is the abscissa of the /th molecular row relative
to the domain-wall center, and w is the domain-wall
width given in the units of molecular row spacing in the
C phase. Only the nearest domain wall is considered in
determining the positions of each adsorbate molecule.
The calculated intensities for the structure shown in Fig.
7(a) are presented in Table I. Intensities measured by
LEED are also shown. In LEED measurements the
peaks which correspond to (5,0), (6,0), (2,1), and (3,1) in
Fig. 7(b) or 1, 4, 2, and 3 in the general case shown in Fig.
2(b) were observed. The calculated intensities of these
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peaks as a function of density p for domain-wall widths
w=0.0 and 2.8 are shown in Fig. 8. For the uniformly
compressed UIC phase one would only observe peaks 3
and 4. The observation of satellite peak 1 in neutron-
scattering measurements®® provides clear evidence that
the structure of the UIC phase is modulated by the
adsorbate-graphite interaction. The wall width can be in-
ferred by fitting the data from the neutron-diffraction
measurements to the calculation. By comparing the rela-
tive intensities of the neutron-scattering peaks 1-3 with
analogous calculations, the wall width was determined to
be 2.8 for H, (Ref. 5) and is 2.5 for D,.?

Table I shows that the intensities measured by LEED
do not fit the calculated intensities for w=2.8. This is
primarily due to the effects of multiple scattering: The
dominant effect of multiple scattering is due to the
sequential scattering (double scattering) from the graph-
ite and the overlayer. (As mentioned in the text, forward
scattering is much larger than backscattering for molecu-
lar hydrogen.3?) In LEED there are two types of dom-
inant double-scattering events. The first one is due to a
sequential scattering of a graphite (00) backreflection and
a forward scattering from the overlayer or vice versa.
This kind of double-scattering event has an intensity
which is affected by the graphite (00) reflection; it does
not produce new diffraction beams, but it does affect the
scattering intensity. The other kind of relevant double-
scattering events are due to the sequential scattering from
a first-order graphite backreflection and a forward
scattering from the overlayer or vice versa. This process
can in general produce diffraction beams*> which are not
degenerate with those of “single scattering.” Figure 9
shows some of the double-scattering events produced by
adding vectors corresponding to the (6,0), (2,1), (3,1), and
(5,0) beams to the vectors corresponding to first-order
graphite beams. Other double-scattering events can be
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obtained by reflecting Fig. 9 with respect to the horizon-
tal and vertical axes. No new diffraction beams are gen-
erated in this case. As indicated in Fig. 9, the double-
scattering process produces diffraction beams which are
distinct from the beams from domains rotated 120° apart.
Because of this it is possible to observe nonuniform nu-
cleation of the UIC phase in LEED. It is also obvious
that each beam observed in the UIC phase by LEED is
actually the sum of the diffraction beams due to the single
scattering and those due to the double scattering. For ex-
ample, the intensity of the (5,0) beam is due to the single-
scattering event (5,0) and two double-scattering events
which correspond to sequential diffraction from graphite
[(8,1) or (8,—1)] and from the [(—3,1) or (—3,—1)].
Therefore in LEED the intensity of the (5,0) beam de-
pends on intensities of both the (5,0) and (3,1) beams, as
well as of the graphite (00) and (10) beams. This is the
main reason for the deviation of LEED intensities from
those given by a kinematic calculation.

Another discrepancy between the calculation and ex-
perimental observations is that at w=2.8 the (7,0) peak is
predicted to be more intense than the (5,0) peak that was
observed in neutron-scattering measurements. Neither
LEED nor neutron scattering observed the (7,0) peak.
The (7,0) peak is significantly altered by thermal fluctua-
tions of domain walls which cause the intensity of this
peak to be much lower than that of static calculations. In
the sharp wall limit, the major effect of thermal fluctua-
tions of domain walls is to cause the intensity of each
diffraction peak to decay as a power law,>2>*

1Q)~(Q—7)"2tn (A3)

where 7 is the overlayer-lattice vector. If we designate
the peaks nearest to commensurate positions as first har-
monic, then the other peaks can be designated as second
or higher harmonics depending on the separation be-

TABLE 1. Calculated intensities from the structure presented in Fig. 7. I(w=0.0), I(w=2.8), and
I(w = ) stand for the intensities calculated for wall width w [defined by Eq. (A2)] equal to 0.0, 2.5,
and oo, respectively. Ijggp is the intensity measured for H, by LEED at p=1.10 and an electron ener-
gy of 62 eV. The calculated intensities are normalized to the intensity of the (0,0) beam, and I ggp is
normalized to the intensity of (3,1) beam. The asterisk indicates intensity which is not measurable due

to the degeneracy with the graphite reflection.

m n I(w=0.0) I(w=2.8) I{w=c) I gep
0 0 1.00 1.00 1.00 %

1 0 0.01 0.00 0.00 0.00
2 0 0.02 0.00 0.00 0.00
3 0 0.03 0.00 0.00 0.00
4 0 0.06 0.00 0.00 0.00
5 0 0.62 0.10 0.00 0.85
6 0 0,10 0.72 1.00 0.15
7 0 0.01 0.16 0.00 0.00
0 1 0.00 0.00 0.00 0.00
1 1 0.01 0.00 0.00 0.00
2 1 0.10 0.02 0.00 0.23
3 1 0.62 0.93 1.00 1.00
4 1 0.06 0.06 0.00 0.00
5 1 0.03 0.00 0.00 0.00
6 1 0.02 0.00 0.00 0.00
7 1 0.01 0.00 0.00 0.00
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FIG. 8. Calculated intensities of peaks 1-4 in Fig. 2(b) in the
density range 1.06 <p < 1.15. Dashed lines are calculations for
the wall width w=0.0 and the solid lines are for w=2.8.

tween the peak considered and the nearest commensurate
position. As discussed by several authors, the decay ex-
ponent obeys 17=2s2/p?, where s is the order of harmon-
ic and p=3 for this system.>>>® This result indicates that
a higher harmonic has a larger part of its intensity at the
tails than that of a lower one. Equation (A3) also indi-
cates that, for a given system, only a finite number of har-
monics can be observed. The highest observable harmon-
ic can be determined by 7(s)=2. This implies that third
harmonics would vanish for the striped phase of H, on
graphite if the walls are very narrow as in Fig. 7(a). For a
system where the walls have finite width, the effect of
domain-wall fluctuations may not be as large as the case

(0,2)
o]

BN 20 (-2,1) 3,1
O«O

(8, 1)
K(3,1)

(6,0)(5,0)

K(6,0) K(5,0) (0:0)

(3,-1 (2,-1)  (-2,-1) (-3,
Q Q O=O

(8,-1)

FIG. 9. Schematic diagram of some double-scattering events
due to the sequential scattering from the UIC phase shown in
Fig. 7 and graphite. The solid circles are the positions of some
of the direct scattering given by the kinematic calculation; open
circles indicate scattering events which are obtained by adding
the vectors corresponding to direct scattering to the graphite
beams (hexagons); the large circle indicates the typical range ob-
served in our LEED apparatus at electron energy near 60 eV.
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of very narrow (sharp) walls. However, it is possible that
thermal effects are still big enough to cause some of the
higher-order harmonics to disappear or be too small to be
observed experimentally. This may be the reason that the
(7,0) peak was not observed. It should be pointed out
that a similar phenomenon was also observed for the
weakly incommensurate Kr monolayer on graphite which
has a hexagonal superheavy-domain-wall structure.!!>3¢
In the Kr case a predicted satellite which is a second har-
monic according to the designation described above was
not observed in the synchrotron x-ray measurements. It
is very likely that the unexpected low intensity of the sa-
tellites is due to the same mechanism in both cases.

In Ref. 7, a static domain-wall structure with a varia-
tion in wall separations at each density was used to fit the
neutron intensities from D, on ZYX graphite. It seems
likely that the equilibrium fluctuations of the domain
walls are the actual physical mechanism causing the ob-
served intensity distribution. For example, the domain-
wall fluctuations will cause peaks 2 and 4 to appear to
have less intensity than predicted by a periodic and static
domain-wall structure, resulting in the type of relative in-
tensity distribution observed in Ref. 7.

APPENDIX B: THE y-PHASE STRUCTURE

The y phase of the D, monolayer physisorbed on the
graphite substrate has been determined to be a modulated
and rotated IC phase.® One interesting aspect of the ¥
phase is that the orientation (relative to the substrate) of
this phase is always along a special direction such that it
produces a LEED pattern which is identical to that from
a hexagonal heavy-domain-wall structure. This interest-
ing fact suggests that the topological structure of the ¥
phase should be analogous to that of a hexagonal heavy-
domain-wall phase.

A hexagonal heavy-domain-wall phase is a domain-
wall phase in which the commensurate domains are
separated by a hexagonal heavy-domain-wall net-
work.?*%  Examples of such a domain-wall phase are
shown in Figs. 10(a) and 10(d). The corresponding re-
ciprocal lattices are shown in Figs. 10(c) and 10(f). The
peaks marked by 1, 3, and 4 are nearest to the C-phase
position (cross), and in the lattice-gas limit, are strongest
in intensity. The rest of the peaks are higher-order peaks
and much weaker than peaks marked by 1, 3, and 4.
Comparing positions of peaks 1, 3, and 4 in Figs. 10(c),
and 10(f) with those in Fig. 4(b), one can easily find out
that they are actually identical if the density of the latter
structure is equal to 1.31 or 1.16, respectively.

The relation between the y phase and a hexagonal
heavy-wall phase can also be shown in the real-space pic-
ture. Figure 10(b) shows a picture of an unmodulated
uniform-spacing ¥ phase at density 1.31. At this density,
the ¥y phase matches a (4X4) commensurate structure.
The short arrows in Fig. 10(b) indicate the direction of
the forces which are caused by adsorbate-substrate in-
teractions. Comparing this structure with the hexagonal
heavy-domain-wall structure presented in Fig. 10(a), one
finds that these two structures are topologically identical.
This means that one can get the hexagonal heavy-
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FIG. 10. Possible y-phase structures. (a) and (d) show a hexagonal heavy-domain-wall phase at densities of 1.31 and 1.16. The
unit cell is indicated by dashed lines and domain walls are indicated by solid lines. (b) and (e) show (4X4) and (7 X7) higher-order
commensurate uniformly compressed triangular structures which have the same orientation as that of the y phase at p=1.31 and
1.16. Dashed lines indicate the unit cells of the superlattice structure and the arrows indicate directions of adsorbate-substrate forces.
(c) and (f) show } of the reciprocal space for the hexagonal heavy-domain-wall phases (a) and (d). The solid circles indicate the peaks
observed by LEED and crosses indicates the position of C-phase primary peak.

domain-wall structure from the uniform structure by
moving the adsorbate molecules along directions indicat-
ed by the short arrows in Fig. 10(b). An analogous rela-
tionship can also be demonstrated between Fig. 10(d) and
10(e). In Fig. 10(e) we show an unmodulated uniform
spacing (7X7) commensurate structure at density 1.16
which follows the same orientational epitaxy relation
[curve (a) in Fig. 5] as the ¥ phase at higher densities (ex-
perimentally the y phase is only observed at densities
greater than 1.18). A hexagonal heavy-domain-wall
structure at the same density is shown in Fig. 10(d).
These pictures show similar topology to that presented in
Figs. 10(a) and 10(b). Actually the structures presented
in Figs. 10(b) and 10(e) represent a limiting case where
the adsorbate-substrate interaction approaches zero, and
the hexagonal heavy-domain-wall structures presented in
Figs. 10(a) and 10(d) represent another limiting case
where adsorbate-adsorbate interaction approaches zero.
In fact, neither limit is realistic for D, on graphite. A
structure which is intermediate between these two limits
should be expected.

The lateral modulation in the ¥y phase can be found by
fitting calculated satellite intensities for a given modula-
tion model to measured intensities of the neutron-
scattering measurements. For an incommensurate struc-

ture in the limit of weak substrate modulation such a
modulation can be described easily in reciprocal space.??
This occurs because the real-space modulation waves are
nearly pure sinusoidal waves. In this case the satellite in-
tensity is expected to depend on two parameters: the
longitudinal-to-transverse sound-velocity ratio and the
amplitude of the substrate corrugation potential. On the
other hand, it is easier to characterize the modulation in
real space when the mean lattice of the adsorbate
matches a higher-order commensurate structure. In this
case the consideration of the modulation can be purely
geometric and the assumption of weak modulation is not
necessary. The number of parameters used to character-
ize the modulation can be greatly reduced for a lower-
order commensurate structure. It is also possible to de-
scribe the modulation in the y phase in terms of relaxed
hexagonal heavy-domain-wall network. However, the
characterization of the domain-wall relaxation for a
heavy domain wall is not as simple as that for a su-
perheavy domain wall. This is because the heavy domain
wall is not a purely compressed wall (unlike the su-
perheavy domain wall) and the relaxation of a heavy
domain wall will cause both expansion and shear motion
of the adsorbate molecules.

One of the higher-order commensurate structures
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which matches the orientation of the y phase is the
(4 X 4) structure presented in Fig. 10(b). There are seven
molecules inside each superlattice unit cell, which is indi-
cated by dashed lines. For the purpose of the calculation,
it is more convenient to use the hexagonal basis presented
in Fig. 11, which also has seven molecules in each cell.
Due to the sixfold rotational symmetry and inversion
symmetry the substrate modulation can be characterized
by two parameters which are chosen to be ¢ and a as in-
dicated in Fig. 11. The structure factor of the superlat-
tice unit cell is calculated as a function of ¢ and a. The
calculated neutron-scattering intensity at the leading
edge of a diffraction peak from exfoliated graphite is
given by3®

My | Fie 1

I(hk)=A—FF——
sin3/2(9hk)

’ (B1)

where A is a constant depending on the wavelength of
the incident neutrons and the geometric structure of the
sample, F}, is the structure factor of the 2D lattice, 8, is
the scattering angle, and m,,; is the multiplicity factor for
a given reflection (h,k). In writing Eq. (B1) both the
molecular form factor and the Debye-Waller factor are
assumed to be unity. The calculated satellite intensities
and the neutron-scattering measurements®® are shown in
Table II.

. For the uniform structure shown in Fig. 10(b), a=3.72
A and ¢=10.9° and all satellites, as expected, have zero
intensity. The satellites start to show up when the modu-
lation in the nearest-neighbor distance in the overlayer is
put in, and the best agreement between the calculated in-
tensities and those measured by neutron scattering is ob-
tained when the modulation parameters are a=3.76 A
and ¢=15.5° (satellite 3 is not observable since it is al-
ways degenerate with the mean lattice reflection peak 4).
The structure corresponding to these parameters is

FIG. 11. Modulated structure (indicated by crosses) of the y
phase at p=1.31 which produces the best fit to the neutron
data. The triangles and hexagons indicate the positions of ad-
sorbate molecules in the uniformly compressed (4 X 4) triangular
structure in Fig. 10(b) and the hexagonal heavy-domain-wall
structure in Fig. 10(a). @ and ¢ are the parameters which
characterize the modulation.
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TABLE II. Calculated diffraction intensities from the struc-
ture presented in Fig. 11. I, is the intensity calculated for the
(4X4) modulated structure indicated by the crosses in Fig. 11.
I, ouiron is the intensity measured by neutron scattering cited in
Ref. 8. Both intensities are normalized to the intensity of the
primary peak marked 4 in Fig. 4(b). The asterisk indicates the
intensity which is not measurable due to the degeneracy with
the primary peak.

|
Satellite (A Iy

Ineutron
1 1.27 0.01 0.00
2 1.47 0.05 0.05
3 1.95 0.03 *
5 2.12 0.05 0.05
6 2.66 0.01 0.00
7 2.55 0.00 0.00

shown in Fig. 11 by crosses. The positions of adsorbate
molecules corresponding to an unmodulated (4 X 4) struc-
ture and a hexagonal heavy-domain-wall structure are
also shown by triangles and hexagons, respectively. As
one can see, the structure which produced a best fit to the
neutron data is only slightly distorted from an unmodu-
lated (4X4) structure. In contrast to this, the distortion
from a hexagonal heavy-domain-wall structure is rather
large, supporting the hypothesis that the y phase is,
indeed, a modulated IC phase. The fact that the best-fit
structure shown by crosses has a modulation opposite to
the expected adsorbate-substrate forces [which would
pull the molecules toward the hexagons in Fig. 11, as
shown in Fig. 10(b)] is not understood.

In the LEED measurements only diffraction beams
corresponding to peaks marked 1, 3, and 4 in Fig. 4(b) are
observed. The relative intensities of these peaks are
roughly equal at an electron energy of 62 eV. At first
glance this seems to be inconsistent with the neutron-
diffraction measurements. Analogous to the case dis-

FIG. 12. Positions of double-scattering beams due to the
sequential scattering from one rotational domain of the ¥ phase
and graphite. Solid circles indicate the direct-scattering beams
and open circles indicate the double-scattering beams.
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cussed in Appendix A for the UIC phase, such a
discrepancy is primarily caused by the presence of
double-scattering beams which are due to sequential
scattering from graphite and the overlayer. Figure 12 il-
lustrates the origin of the double-scattering beams from
one domain of the y phase which rotates away from the
C-phase direction clockwise by 9.0° at a density of 1.25.
The single-scattering and double-scattering beams are in-
dicated by solid and open circles, respectively. There is
no overlap between “‘single”-backscattering beams and
double-scattering beams, which are shown in Fig. 12.
The observed LEED pattern is the sum of the pattern
from both positive- (clockwise) and negative- (anticlock-
wise) rotated domains. The pattern from the negative-
rotated domain can be obtained by reflecting that of
positive-rotated domain relative to a graphite symmetry
direction. For the y phase LEED peaks from the
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negative-rotated domain overlap those from the positive-
rotated domain, due to the special rotational epitaxy of
the y phase. For the RIC phase the LEED peaks from
positive- and negative-rotated domains are separated.
The intensities of the LEED peaks from the RIC phase
are approximately equal (within a 30% variation in inten-
sity from one peak to another) at an electron energy near
62 eV. At the same electron energy the intensities of the
LEED peaks from the y are also roughly equal and ap-
proximately twice as large as that of the RIC phase. This
is consistent with both the ¥ and the RIC phases being
rotated IC triangular phases. This fact also suggests that
LEED intensities are dominated by the sequential
scattering process. Therefore LEED intensity at the peak
marked 1 in Fig. 4(b) can be completely due to the
double-scattering beam independent of modulation satel-
lites.

*Present address: Department of Physics, The Pennsylvania
State University, University Park, PA 16802.
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FIG. 1. LEED photographs taken at electron energy 62 e¢V. The electrons were incident slightly off normal from the Kish-
graphite crystal; the angle in (b) is slightly different from the other figures. Due to asymmetric nucleation, the a spots in (b) and (d)
are more intense for one of the three possible directions of compression [marked by lines in (b)]. (a) C phase of D, at 5 K. (b) a phase
of H; at 5 K; p=1.13. (c) a phase of D, at 5 K; p=1.12. (d) Coexistence of the a and the y phase of D, at 5 K; p=1.14 for the «
phase and 1.18 for the y phase. (e) ¥ phase of D, at 5 K; p=1.27. (f) Coexistence of the ¥ phase and RIC phase of D, at 5 K; p=1.31
for the y phase and 1.33 for the RIC phase. (g) RIC phase of D, at 5 K; p=1.36. (h) B phase of D, at 10 K; p=1.15. (i) B phase of
HD at 10 K; p=1.18.



