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Low-energy electron-diffraction (LEED) measurements for a solid D, bilayer physisorbed on graphite
are used to investigate the bilayer structure and its azimuthal orientation relative to the substrate. The
LEED spot positions are consistent with the mutually commensurate oblique unit cell inferred from
neutron-diffraction measurement. Given the azimuthal orientation of the bilayer LEED spots, the possi-
bility of a bilayer composed of two incommensurate layers with mutually modulated triangular lattices is

ruled out.

The growth and structure of multilayer films phy-
sisorbed on graphite are active areas of study.!”® The
competition between adsorbate-substrate, intralayer and
interlayer adsorbate-adsorbate interactions plays a cru-
cial role in the various commensurability transitions in
multilayers.! It is particularly interesting to study the bi-
layer structure of quantum systems such as “He, ’He, H,,
HD, and D, physisorbed on graphite, considering their
large quantum zero-point motion and high compressibili-
ty that may lead to the growth of a limited number of
solid or fluid layers. Recent neutron-diffraction studies
show that for *He on graphite>® the bilayer has two in-
dependent triangular unit cells with the second layer be-
ing less closely packed than and incommensurate with
the first layer. In contrast, the D, bilayer on graphite®?>
has two mutually commensurate layers and adopts a
common oblique cell at T <15 K. By fitting a powder-
averaged Lorentzian-squared line shape to the peak posi-
tions as well as intensities, Wiechert and co-workers®>
have inferred the lattice parameters of the oblique unit
cell. In spite of this success, the possibility of two mutu-
ally incommensurate triangular layers modulated by each
other was not explicitly discussed in these studies. More-
over, the azimuthal orientation of the bilayer relative to
the coexisting monolayer and to the substrate has not
been ascertained by the neutron diffraction because of the
use of powder samples. It is well known that low-energy
electron diffraction (LEED) has the advantage over neu-
tron diffraction of using single crystals, and is sensitive to
the azimuthal orientation. In this paper, we report our
LEED measurements on the D, bilayer on graphite single
crystals. Our results confirm the oblique structure pro-
posed by the neutron-diffraction studies. We also observe
the definite orientation of the bilayers with respect to the
monolayer triangular lattice and to the substrate. On the
basis of this observation, we prove that the weakest of the
three neutron-diffraction peaks*® cannot be interpreted
as a satellite due to the modulation between two mutually
incommensurate triangular lattices.®

The basic LEED apparatus and experimental pro-
cedures have been described previously.””® Briefly, the
overall resolution at the electron energy of 63.2 eV for
optimizing the D, patterns is 0.04 A ! full width at half
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maximum (FWHM). The electron beam was deflected
away from the sample most of the time except while an
image was being taken. Each LEED image is the average
over five consecutive frames with a total electron expo-
sure of 1.5 nA for 0.9 sec. As the substrate was cooled to
T=5 K, the D, gas was introduced into the ultrahigh-
vacuum system through the effusion tube. The D, flux
was finely tuned by a leak valve and monitored by a mass
spectrometer. A series of D, monolayer structures as de-
scribed by Cui and co-workers”® have been reproduced
as the D, flux was gradually increased. The crystal quali-
ty was not as good as in the previous work as judged
from the range of densities present for an individual
LEED pattern for lower fluxes, but it was still good
enough to ignore any induced artifact on the bilayer
LEED patterns.'®

To ensure any impurity adsorption effect was negligi-
ble, we raised the sample temperature and observed that
the LEED patterns of the adsorbate disappeared at
T =18 K. From our experience the only LEED patterns
that disappear around this temperature due to thermal
desorption are those of hydrogen and its isotopes. The
possibility of H, and HD impurities in the D, LEED pat-
terns cannot be ruled out by this simple test, but is un-
likely due to the infrared-induced desorption being much
faster for H, and HD than for D,.?

The LEED patterns from the D, monolayer and bi-
layer are summarized in Figs. 1 and 2. Figure 1 shows a
sequence of LEED photos taken at a fixed temperature at
4.5 K with the D, flux adjusted to give from one to two
monolayers. The dark region at the center of each pat-
tern is due to the drift tube of the electron gun; the sha-
dow at the top left corner, which blocks one group of the
spots, is from the effusion tube. The six groups of six
spots for the monolayer rotated incommensurate (RIC)
structure [see Figs. 1(a), 1(b), and 2] are explained by two
rotation directions and double scattering.” As the flux
was increased beyond that for the densest monolayer
reached at ¢ =2.12 A™!, as shown in Fig. 1(a), a set of
arclike spots emerges and increases in intensity at
g=1.97 A™}, and the outer spots evolve to arclike spots
located at ¢ =2.15 A™!, as shown in Fig. 1(b) for the
coexistence of monolayer and bilayer.
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The features of bilayer diffraction can be more clearly
seen if the monolayer contribution is subtracted. In Fig.
1(c) we show an example of the subtraction from Fig. 1(b)
of Fig. 1(a), followed by multiplication by 8. The result-
ing six groups of doublet arcs (see Fig. 2) is exactly what
we see in Fig. 1(d), taken at a coverage near bilayer com-
pletion as inferred from the attenuation of the graphite
(10) spot intensity. Again the g values are 1.97 and 2.15
A~! for the inner and the outer arcs, respectively. They
agree well with the positions of the lowest- and highest-g
peak of the bilayer detected by neutron diffraction where
another peak at ¢ =2.10 A~ ! is also seen,*? although its
intensity in neutron diffraction is no more than 50% of
that of the other two peaks. The detection of this third
peak by neutron diffraction favors the oblique-bilayer
model over the independent-triangular-layer model in
which the two layers of D, molecules form mutually in-
commensurate triangular lattices.*>

Although only two peaks are observed in our LEED
measurement, it is premature to link these peaks to two
layers with vectors from different triangular lattices, be-
cause the azimuthal width of the corresponding spots, as
wide as 0.24 A~! cannot be simply accounted for. In
fact, by analyzing the spot shapes and positions, we are
able to interpret the bilayer LEED pattern as originating
from two mutually commensurate layers with an oblique
unit cell. The oblique unit cell is shown in Fig. 3(a),
where ay, a,, a;, a, B, and y are its lattice parameters.
To relate such an oblique cell to the observed LEED pat-
tern, we note first that in the coverage regime that has
been studied D, molecules grow on a graphite substrate
in the layer-by-layer fashion.* The significance of this
fact is that by the time the second layer starts to grow,
the monolayer has been so severely compressed that its
lattice constant has become 3.415 A,*3 209 smaller than
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FIG. 1. Photograph of LEED patterns near
4.5 K for 63.2-eV electron energy. (a) Rotated
incommensurate triangular solid phase near
monolayer completion with the lattice con-
stant d =3.41+0.04 A~! and the rotational
angle 6=(7.21+0.5)". (b) Coexistence of the
monolayer and the bilayer patches. (c) Result
of digitally subtracting image (a) from (b)
followed by multiplication by 8;
Qinner =1.9740.04 A7, g, =2.15+0.04
A~'. The large white stripe is due to imperfect
subtraction. (d) Commensurate oblique bilayer
at a coverage near the second-layer com-
pletion. This pattern was taken on the same
crystal in an earlier measurement.

that of the (V'3XV'3)R30° structure or 4.6% smaller
than that of the bulk hexagonal close-packed D, solid at
zero pressure.* The condensation of the second layer has
been proposed to occur by formation of patches com-

FIG. 2. Schematic drawing with geometry of both monolayer
RIC and bilayer diffraction patterns. Monolayer RIC spots are
indicated by circles with their size exaggerated. Solid and open
circles indicate single- and double-scattering spots, respectively
(Ref. 7). The bilayer arcs due to several spots overlapping are
indicated by the boxes at the left and the center with their
tangential length representing the azimuthal width of the arcs.
The group of six spots at the right and the center illustrates the
single and double scattering of the monolayer RIC phase with
its +6 and — 6 rotations indicated by dashed and dot-dashed
lines. In the center, the spots and arcs illustrate the coexistence
of the monolayer and bilayer with bilayer patches aligned close
to the RIC direction. The spots and outer arcs are not resolved
in Fig. 1(b). a and a’ indicate two sets of RIC directions rotated
16 from the commensurate layer directions, respectively. § is
due to the misorientation of the oblique bilayer. Hexagons indi-
cate graphite spots outside the field of view represented by the
half-circle.
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FIG. 3. Schematic of D, bilayer unit cells and spots. (a) The
common oblique unit cell of the bilayer inferred from the LEED
measurements. a@,,d,,a; and «, 3, and y are listed in Table I.
(b) Three different possible alignments labeled by 1, 2, and 3 of
the oblique cell in (a) are shown along with the monolayer tri-
angular cell (basis vector a,) indicated by dot-dashed lines. In
the third alignment the diagonal line of the oblique cell 3 is
parallel to that of the RIC cell. (c) The misorientation of the
oblique cell and the symmetry operations turn one RIC spot
(cross) to 18 spots (circles) which overlap each other partially to
form three arcs. The size of the circles is larger than the resolu-
tion. In our LEED patterns the arc with intermediate q is ab-
sent. Note that the cross is not centered in any of the circles.

mensurate with the underlying first-layer portions, which
adopt an oblique structure after promoting 1 out of 15
molecules to the second layer to release part of its lateral
stress.* Second, the deviation from the triangular sym-
metry by the bilayer patches can introduce structural de-
fects, which may be energetically unfavorable, at the
monolayer-bilayer boundaries. To minimize the number
of occurrences of the defects, one side of the oblique cell
may align with that of the triangular lattice with basis
vector a,. Clearly, three such alignments, namely, a a,,
ayag, and aya, are possible, resulting in a range of
misorientation of the bilayer diffraction spots (see Fig. 3).
Therefore we attribute the azimuthal broadening of the
LEED spots to such a misorientation. The observed
LEED pattern is not due simply to any one of the oblique
cell orientations, but to the sum of the three relatively ro-
tated cells [see Figs. 3(b) and 3(c)], plus the symmetry
operations upon them and the double scattering through
first-order diffraction by the graphite plus first-order
diffraction by the overlayer. The symmetry operations
involved are threefold rotation and inversion with respect
to the monolayer RIC symmetry direction, which has ro-
tated §=+7.2° from the commensurate direction.” Thus
the symmetry operations turn each spot to six spots when
the lattice switches from triangular to oblique. The
misorientation then triples the number of spots, which
partially overlap one another to form three arcs, as
shown in Fig. 3(c). However, only doublet arcs were seen
in our LEED images; the third arc with intermediate g is
missing due to the reasons we will discuss below.

The misorientation angle (see Figs. 2 and 3) is obtained
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TABLE 1. D, bilayer oblique structure inferred from LEED
and from neutron diffraction.

Parameter LEED Neutron®
g (A™h 1.97(0.04)® 1.95
q 2.11(0.04)4 2.10
q3 2.15(0.04)° 2.15
a (deg) 63.5(0.65)° 64.20
B 61.4¢ 61.32
y 55.14 54.48
a; (A) 3.56(0.09)¢ 3.584
a, 3.33(0.05)¢ 3.325
a, 3.63¢ 3.678

*Data from Ref. 4 for bilayer completion.

*Indicates direct LEED measurement.

‘Indicates angle inferred from by argument described in text.
dCalculated from b and c.

by taking 8=0,/2q;ner» Where g;pp., =1.97 A=l s the
magnitude of the diffraction vector for the inner spots,
and o, is its azimuthal width (FWHM) measured from
the corresponding profile. Figure 4 shows such an azimu-
thal profile with the monolayer contribution subtracted,
taken after 5 pixel X5 pixel convolution filtering.® The
intrinsic width is left out because we have not found out a
proper way to take it into account, due to the uncertainty
in the line shape of the profile. The average o, inferred
this way is 0.24+0.04 A™!; thus §=(3.540.7)°. On the
other hand, if the misorientation is due to the deviation
from the triangular symmetry, 6 should be related to a by
the expression §=a—60°, where a > 60° is the largest of
the three lattice angles. Given these assumptions, by
analyzing the spot profile and position, we are able to
determine the lattice parameters for the bilayer oblique
cell. The results are shown in Table I, which also con-
tains data inferred by Wiechert from neutron diffraction.*
Agreement between the LEED and the neutron-
diffraction measurement is excellent.

Throughout the above analysis we have been using the
inner spots exclusively. The reason is that the outer spots
are less appropriate to use, considering that they are close
to or even outside the phosphor screen, and overlap
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FIG. 4. Azimuthal profile of an inner spot taken from the
LEED pattern shown in Fig. 1(c).
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significantly with the monolayer RIC spots. The twin-
peak feature shown in Fig. 4 is also quite typical for the
outer spots independent of whether the monolayer contri-
bution is subtracted. This may suggest that one of the
three possible orientations is preferable, similar to the
phenomenon of preferential nucleation observed in the
condensation of the a phase of H, on graphite.’

The mutual modulation of D, molecules in two incom-
mensurate triangular layers would in principle produce
satellite peaks.® However, it has not yet been explored
whether the third peak in neutron diffraction could be a
satellite due to such a modulation. Knowledge of the az-
imuthal orientation makes it possible to investigate the
position of the satellite peaks. To explain the azimuthal
broadening of the LEED spots, the two mutually modu-
lated triangular lattices would have to adopt the
geometry shown in Fig. 5, where q;=Qq,., and
4Q10=4outer are 3.5° from each other. (After mirror
reflection this would give a maximum total width of
26=7.0° as measured.) The modulation wave vector is
represented by 7. Overall, ten first-order satellites are
possible due to the sixfold symmetry of the triangular lat-
tices. Yet none of these satellite scattering vectors has
the correct magmtude to reproduce the third peak at
q=2.10 A~! observed by the neutron dlffractlon the
values of g; through g, in units of A1 are 1.97, 1.96,
2.15,2.34, 2.35, 2.17, 2.01, 1.80, 1.77, and 2.15.

As pointed out above, the third peak detected by neu-
tron diffraction is absent in our LEED measurement. We
offer the following reasons (a) even if the spots were
present near ¢ =2.10 A~ lin the monolayer-bilayer coex-
istence regime, we would not be able to_ resolve them
from the stronger RIC spots at ¢ =2.12 A~!; (b) above
the bilayer completion, although the RIC spots were not
present, the intensity of all LEED spots became weaker
while the diffuse background increased substantially,
making the intensity of the third peak below our detec-
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FIG. 5. Satellite spots due to the modulation of the two in-
commensurate triangular lattices whose scattering vectors are
86=3.5° apart. T is the modulation wave vector. Spots 1 and 10
are the first-order diffraction spots from the scattering vectors
Qinner aNd Qoyrer, respectively. gy, aligns with one of the RIC
directions. None of the other satellites can account for the
third peak observed by the neutron diffraction, which is located
at the radius given by the dashed line.

tion limit; and (c) the perpendicular momentum transfer
in LEED is quite different than at the leading edge of the
neutron measurements,'! thus possibly changing the rela-
tive intensities of the three peaks. We hope the results
presented here will stimulate more research on the
growth and structure of the quantum systems in terms of
how the commensurability, symmetry, and orientational
epitaxy will vary with the layer-by-layer growth.
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FIG. 1. Photograph of LEED patterns near
4.5 K for 63.2-eV electron energy. (a) Rotated
incommensurate triangular solid phase near
monolayer completion with the lattice con-
stant d =3.4140.04 A" and the rotational
angle 8=(7.24+0.5)". (b) Coexistence of the
monolayer and the bilayer patches. (c) Result
of digitally subtracting image (a) from (b)
followed by multiplication by 8§
Qinner =1.9740.08  A™', o =2.15+0.04
A", The large white stripe is due to imperfect
subtraction. (d) Commensurate oblique bilayer
at a coverage near the second-layer com-
pletion. This pattern was taken on the same
crystal in an earlier measurement.



