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A neutron scattering study of the structure of 4He films adsorbed on graphite is reported.
Diffraction from helium monolayers at a temperature of 1.2 K shows the formation of an in-

commensurate, triangular-lattice solid of high density. As the coverage is increased above two

layers, the diffraction pattern changes indicating solidification of a second layer. The observed
two-layer patterns can be indexed with either a pair of incommensurate, triangular-lattice solid

layers of different densities or a close-packed bilayer; the experimental information available is

not sufficient to make a more precise identification. A measurement of the height of the first
helium layer above the graphite basal plane was also made. This was done by determining the
coverage-dependent shift in the position of the graphite (002) diffraction peak (assumed to arise
from interference between film and substrate scattering) and fitting it to a simple structural
model. Values for the monolayer height above the graphite plane and for the lattice constants
of the possible bilayer structures are given.

I. INTRODUCTION

Exfoliated graphites are often used as substrates in

superfluid film studies. Films of helium on Grafoil,
for example, have been much investigated. One of
the major aims of these experiments has been to
probe the microscopic structure of the superfluid-
solid boundary. Thus far, the first layer of atoms-
the layer immediately adjacent to the graphite
surface —has been the most completely explored.
Heat-capacity and neutron-diffraction' measure-
ments show this layer to form a (J3 x J3)R30' epi-
taxial phase and, at higher coverages, a dense
triangular-lattice solid phase incommensurate in
structure with the underlying graphite. The second
layer has not yet been as well characterized. There
is, however, evidence of its melting, seen in the form
of a relatively broad peak in the heat capacity. This
peak, after first making its appearance at coverages
slightly exceeding two layers, narrows progressively
with increasing coverage indicating that the layer is
subjected to increasing lateral and vertical compres-
sion. 4 But, beyond the fact that the average density
of the two-layer film is less than that of the mono-
layer, nothing is known of the bilayer structure.
Layers subsequent to the second are known to be
liquid', there is also evidence of a substrate-induced
density gradient extending several interatomic dis-

tances into the liquid from the solid layers at the
boundary.

In an effort to better defin~e structure of the
boundary (especially the second layer), we have
made a systematic study of neutron diffraction from
two- and three-layer 4He films adsorbed on Grafoil.
We find evidence of diffraction from both the first
and second layer of atoms as well as an enhancement
of the graphite (002) reflection due to interference
between film and substrate scattering. It is our inten-
tion to describe these measurements here and discuss
their implications concerning layer structure and
height above the graphite basal plane.

We should also note that diffraction studies similar
in some respects to our own have recently been re-
ported by Lauter, Wiechert, and Feile. '

II. EXPERIMENTAL APPARATUS AND METHOD

The sample used was composed of 51,4 g of
Grafoil disks. These, after baking in vacuum at
950'C, were stacked in a cylindrical aluminum cell 4
cm high and 4 cm in diameter with walls 0.05 cm
thick in the region traversed by the neutron beam. A

thin-walled Cu-Ni capillary provided access to the cell
for helium transfer. Temperatures were measured
with a calibrated Ge cryoresistor.

The surface area of the Grafoil substrate was deter-
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mined from a nitrogen adsorption isotherm. There-
after, helium coverages in the cell were defined by
filling it with gas from a calibrated external volume
(at a known pressure) using for pressure measure-
ments an MKS Baratron gauge.

All diffraction scans were made with a fixed neu-
0

tron wavelength A. =2.478 A using a triple-axis spec-
trometer with pyrolytic graphite monochromating and
analyzing crystals. Higher-order (shorter wavelength)
neutrons were removed from the incident beam by
passing it through a pyrolytic graphite filter. To im-

prove background discrimination the spectrometer
was operated in the three-axis mode with the
analyzer set to accept only elastically scattered neu-
trons.

The sample cell was mounted so that the neutron
scattering vector Q

—= k; —
k& was parallel to the gra-

phite foil planes. (k; and kf represent, respectively,
the wave vectors of the incident and scattered neu-
trons. ) As is usual in such experiments, diffraction
from the films was taken to be the difference
between scattered intensities with and without helium
in the cell. Every scan was repeated a sufficient
number of times to ensure adequate statistical accura-
cy and to make certain that the observed profiles
were not subject to drift due to either film annealing
or instrumental anomalies.

III. EXPERIMENTAL RESULTS

A. Diffraction from helium layers

Figure 1 shows a sequence of difference diffraction
scans made at a fixed temperature of 1.2 K with heli-
um coverages between one and three layers. Also in-
cluded is one scan made after heating the three-layer
film to 4.2 K (0.2 of the third layer was desorbed
during the heating process). To convert from atomic
surface density —the quantity measured experimental-
ly —to layers, we assumed the first-layer density to be
0.115 atoms/A, the second to be 0.092 atoms/A,
and the third to be 0.056 atoms/A as given by heat-
capacity measurements. '

Concentrating for the moment on the first-layer
prrofile, we note that it consists of a single peak at a
scattering angle 20=53' [Q = (47r/i1. ) sin8=2. 27
A ']. The "sawtooth" shape is characteristic of dif-
fraction from randomly-oriented, two-dimensional ar-
rays. No other peaks were observed. If we assume,
as a working hypothesis, that the peak is the lowest-
index peak, i.e., the (10) peak, from a triangular lat-
tice (the closest-packed two-dimensional structure), it
then follows that the nearest-neighbor distance
rTNN= iL/(&3 sine) and that the film density p = 2/
(J3aNN ). Substituting the measured values for i1.

and 8 in the first of these expressions yields
aNN=3. 21 A and p =0.112 atoms/A'. The latter
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FIG. 1. Coverage dependence of difference-diffraction
profiles from 4He films adsorbed on Grafoil. The arrows
identify peak positions expected from heat-capacity deter-
minations of the layer densities. Heat-capacity measure-
ments indicate that the second layer is melted at 4.2 K.

compares well with the value 0.115 atoms/A ob-
tained from heat-capacity measurements.

Looking at the higher-coverage scans, we note a
shift to larger angles in the position of the first-layer
peak —indicating compression —and, at two layers, the
appearance of a broad, ill-defined structure at
28=48 (probably the scattering from a liquid second
layer) which quickly narrows at higher coverages to
become a well-defined peak at 28 =47.7' (Q =2.03
A ')

We begin by interpreting the low-angle peak as ori-
ginating from an ordered second layer of helium
atoms uncorrelated with the first layer. Assuming, as
before, that we are observing the (10) peak from a
triangular lattice, we obtain values of the nearest-
neighbor distance which vary from 3.53 to 3.57 A
(depending on the coverage). The resulting struc-
ture, shown in Fig. 2(a), gives second-layer densities
from 0.091 to 0.093 atoms/A . Once again, agree-
ment with the layer density obtained from heat-
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TABLE I. Plane spacing of the observed reflections (d) and nearest-neighbor distances (aNN)

and atomic densities (p) in the first three layers of He adsorbed on Grafoil assuming two indepen-

dent layers. All measurements were made at a temperature of 1.2 K except the 2.8-layer scan,

which was made at 4.2 K.

Number of
layers d (A)

First layer

0

aN& (A) p (A ') d(A)

Second layer

gNN (A)

Third layer

p (A-')

1.0
2.0
2.5
2.75
3.0
2.8

2.78
2.73
2.72
2.72
2 ~ 72
2.73

3.21
3, 15
3.15
3.15
3.14
3.15

0.112
0, 116
0.117
0.117
0.117
0.116

3.09
3.08
3.05

3.57
3.55
3 ~ 53

0,091'
0.091
0.092
0.093
0.091'

0.028'
0.042'
0.056'
0 049a

'Density determined from gas filling.

357 A

FIG. 2. (a) Projection onto the substrate plane of the pro-
posed independent layer structure. (b) Equivalent projection
of the proposed oblique bilayer structure. The shaded cir-
cles represent atoms in the first layer, the open circles
second-layer atoms. With the positions of the second-layer
atoms in the oblique cell as shown, the intensity ratios for
the (10), (11), and (01) Bragg reflections are 0.45:0.38:1,
respectively, assuming a Debye-Wailer factor of unity. Note
that in the oblique cell chosen, each second-layer atom is

nearly equidistant from three atoms in the first layer.

capacity measurements is excellent.
Further support for an independent layer structure

is obtained from the fact that it leads to a correct pre-
diction of the observed intensity ratios, Using
W'arren's theory of diffraction from random two-
dimensional arrays, it is easy to show that the peak
intensities from two such layers should b|". in the ratio
exp( —2 W2) (sinH ~)' '/ exp( —2 H'~)(sin82)' ', the
H 's representing the appropriate Debye-Wailer fac-
tors for each layer. Although Debye-Wailer factors
for helium films on graphite have not, as yet, been
measured, they can be estimated~ith sufficient accu-
racy for our purposes by using the zero-temperature
approximation for a two-dimensional Debye solid
2 W =t'Q /mksHD with m being the atomic mass and

HD, the Debye temperature of the film. Heat-
capacity measurements' give for the Debye tempera-
tures of films of the suggested densities of the first
and second layers the values 58 and 25 K, respective-
ly. Substituting in the above formula leads to a pre-
diction of 0.50 for the intensity ratio 12/l~, a value in

acceptable agreement with the observed ratios, all of
which fall within the range from 0.55 to 0.64.

Table I lists the nearest-neighbor distances and
layer densities obtained assuming two independent
triangular layers. %here relevant, the densities given
are those determined from the positions of diffraction
peaks; otherwise, they were inferred from the mea-
sured quantity of gas on the substrate surface. It
should be noted that the 2.5-layer values agree well
with those obtained by Lauter et aI. who report a sin-

gle measurement made at about the same coverage.
Although our independent-layer model fits the

data, it cannot be said to represent a definitive deter-
mination of the structure. Normally, this would re-
quire confirming evidence from higher-index diffrac-
tion peaks. As it happens, the large Debye-Wailer
factors of helium films make it unlikely that addition-
al Bragg peaks will be detectable at scattering angles
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larger than those investigated here. Thus we must
also ask if there are other equally valid interpreta-
tions of the data. One possibility that comes to mind
is that the film undergoes a transition from a
triangular-lattice monolayer to an oblique bilayer such
as, for example, that characterized by the unit cell
shown in Fig. 2(b) which has sides of length 3.57 and
3.15 A and an included angle n =60'. This cell has d
spacings consistent with the positions of the two
Bragg peaks observed in the higher-coverage scans.
Moreover, the nearest- and next-nearest-neighbor dis-
tances are exactly the first- and second-layer nearest-
neighbor distances in our earlier considered
independent-layer model while the layer density—

0
0.103 atoms/A —is intermediate between the densi-
ties of the first and second layers in the previous
model. In fact, two layers having the density of the
cell of Fig. 2(b) would contain the same number of
atoms as the independent bilayer of Fig. 2(a).

A little reflection shows that any oblique cell with d
spacings of length 3.09 and 2.72 A will produce a dif-
fraction profile like that observed; values of o. ( 60'
simply give a cell of larger area while values of
o, )60' have the opposite effect. %e chose the cell
of Fig. 2(b) because it leads to bilayer completion at
a coverage consistent with specific heat and vapor
pressure isotherm measurements.

To estimate the relative intensity of the Bragg re-
flections from an oblique layer, it is necessary to as-
sume a specific packing arrangement for the second
layer. A calculation of the structure factor with the
second-layer atoms located at the positions shown in

Fig. 2(b) leads to a prediction that the ratio of inten-
sities of the two Bragg peaks at 20 =47' and 54'
should be 0.45. This is somewhat below the ob-
served range of 0.55 to 0.64 noted above. However,
introducing a Debye-Wailer factor for the bilayer
would tend to bring the calculated intensity ratio
closer to that observed experimentally.

Viewed in terms of the criteria thus far considered,
the two structures are experimentally indistinguish-
able. Nevertheless, there is one difference between
the low-index diffraction patterns of the independent
and oblique bilayer structures which ought to make it
possible to choose between them; the latter, in addi-
tion to peaks at 28=48' and 53', should also have a
peak at 51' with an intensity about 0.84 of that of the
48' peak. In principle, the presence or absence of
this peak should establish which is the correct struc-
ture. Unfortunately, helium is a very weak neutron
scatterer and the statistical uncertainties in the data
make it difficult to say conclusively if there is or is
not a diffraction peak in the angular range of interest.

Since second-layer ordering is clearly the result of a
delicate balance between He-C and He-He interac-
tions, it might be relevant to note at this point that
the ratio of the d spacing of the (10) reflection from
the oblique bilayer (d =3.09 A) to the graphite
basal-plane lattice constant (a =2.46 A) is almost ex-
actly 5:4. This suggests that the oblique bilayer might
be stabilized by the graphite substrate. For the in-

dependent bilayer, the equivalent quantity —the ratio
of the lattice constant of the highly compressed un-
derlayer (a =3.15 A) to that of the graphite basal
plane —is less favorable; it deviates by more than 2%
from 5:4; thus the stabilizing effect of the substrate
would be less pronounced. On the other hand, we
think it not unlikely that the substrate interaction
could produce the same kind of density gradient in
the solid that it does in the liquid. This effect would
work in the opposite direction, favoring the indepen-
dent bilayer over its oblique counterpart.

Finally, completeness requires that we mention
another possible interpretation of the diffraction pat-
terns observed above monolayer coverage; this is that
the second layer does not solidify at all, the low-angle
peak which appears being, in this view, one of a pair
of symmetrically positioned satellites produced by ei-
ther periodic strains or a periodic domain-wall struc-
ture in the first layer. Indeed, the trailing edge of the
first peak does show some slight evidence of struc-
ture, possibly significant, in the region expected. If
strains occur, however, it is difficult to understand
why they appear only at higher coverages. Thus we
think this a less likely explanation although we can-
not rule it out altogether.

B. Overlayer enhancement of the
graphite (002) reflection

Even when incommensurate, surface films can
contribute coherently to the scattering from graphite
(00l) planes, " altering the intensities of the graphite
peaks and, when the height of the film above the
surface is not the same as the spacing between the
substrate basal planes, shifting their positions as well.
Plotted in Fig. 3 are difference scans made in the
neighborhood of the graphite (002) reflection, the
scattering coming, in this case, from 90' misoriented
graphite crystallites. There is evidence of small
changes in the scattered intensity and, more impor-
tantly, of slight shifts in peak position due to the
presence of the helium film. On a substrate of N
ato~ic layers, the difference between diffracted in-
tensities with and without a surface overlayer is given
by a relation of the form"

I,+, (Q, ) —1,(Q, ) = b~+2b, b, Icos[ —(N +1)Q, d + Q, S]I
sinNQ, d/2

sin, d 2
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FIG. 3. Coverage dependence of difference-diffraction

profiles from 4He films on Grafoil obtained in the neighbor-

hood of the graphite {002) peak. The arrow shows the posi-

tion of the graphite {002) peak observed with no helium in

the cell; the solid lines are fits to the data using a modified

form of Eq. {1)which takes account of contributions from

the second {and third) atomic layers. Details are given in

the text.

arise from interference between film and substrate
scattering.

To extract an accurate value of the film height
from the experimental data requires averaging Eq.
(1) over the size distribution of substrate crystallites
and then folding the result with the resolution func-
tion of the spectrometer. We determined the crystal-
lite size distribution or, to be more precise, the distri-
bution of N (the number of basal plane layers per
crystailite), to sufficient accuracy for our purposes by
assuming N to have a Gaussian functional form
(exp [—,[(N —Na) /4N) ]'}),calculating the line

shape for such a distribution and fitting the result to
the experimentally observed profile of the (002) re-
flection from our Grafoil substrate. Best fit was ob-
tained with No=31 and hN =6. Equation (1), when
weighted with this distribution and folded with the
instrument resolution, yielded curves which were
reasonable representations of the observed difference
profiles. (In making the calculations, we assumed
that films on both the top and bottom surfaces of
each crystallite contributed to the scattering. ) The
solid line in Fig. 4 shows the best fit to the mono-
layer data of Fig. 3; it yielded (z~) =2.85 A for the
height of the film above the graphite surface. An
equivalent calculation, made with the same value of
(zt) but with No=28 and AN =0, gave the result
plotted as the dashed line in the figure. Note that it
is not substantially different, indicating that the
analysis is not overly sensitive to either the value of

where the subscripts s and a refer to the substrate
and adsorbed layer, respectively, d is the distance
between substrate planes, d + 8 =—(z ) is the height of
the adsorbed layer above the surface, b, and b, are
the relevant scattering amplitudes per unit area, and

Q, is the projection of the scattering vector Q on the
c-axis direction of the substrate crystallite. The
above expression shows that the observed shift in the
peak position is directly related to the location of the
helium film above the graphite basal plane: A mea-
surement of the (002) shift is thus a way of deter-
mining the film height.

Although simple in concept, the method is not
without experimental complications. Of these, the
most serious is that systematic errors in the position-
ing of the spectrometer arm can substantially reduce
the sensitivity of the measurement or even make it

impractical altogether. Long-term annealing of the
film or extinction effects due to the introduction of a

strongly scattering adsorbed layer can also cause diffi-
culties. We remarked earlier that care was taken to
be certain that the scans were reproducible within
statistics. Noting further that helium is not a strong
scatterer of neutrons and should not significantly
alter the extinction characteristics of the sample, we

believe the difference profiles of Fig. 3 genuinely to
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data.
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No or AN used in the computation. It should also be
noted that both calculations predict an initial negative
swing in the difference profile which is not observed
experimentally. We have not been able to track
down the reason (or reasons) for this discrepancy.

Applying Eq. (I) to the higher-coverage data of
Fig. 3 requires that it be modified to take account of
second- and third-layer contributions. We found
when we did this that it led us into difficulties. The
measurements were not sensitive enough to obtain
unique values for more than a single-layer spacing.
To make the least-squares-fitting routine converge, it
was therefore necessary to fix the first-layer spacing
before the second could be determined and, corre-
spondingly, to fix the first- and second-layer spacings
to determine the third, Vertical compression of the
layers almost certainly occurs and makes the pro-
cedure somewhat arbitrary. Being uncertain of its re-
liability, we simply note as a matter of record that at
1.2 K the best fit was obtained with (z2) =2.40 A

and (z3) =3.8 A. At 4.2 K, the equivalent values
found were (z2) =2.8 A and (z3) =4.0 A. In each
case (z, ) was held fixed at 2.75 A.
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FIG, 5. Dependence of the melting temperature on the
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the basal plane. Thermal expansion will shift the second-
layer points to the right. Whether the first- and second-
layer data would then fall on a single, universal curve is an

open question.

IV. DISCUSSION

As we have shown, the diffraction patterns of heli-
um films adsorbed on graphite at coverages above
two layers and at temperatures below 1.2 K are con-
sistent with either of the two structural models of
Fig. 2: (i) a solid composed of two incommensurate
triangular layers [Fig. 2(a)]; or (ii) an ordered ob-
lique bilayer [Fig. 2(b)]. Unfortunately, the limits
imposed by the statistical accuracy of the present data
make it difficult to decide which is the correct choice
although this might be possible in the future if data
with less statistical uncertainty can be obtained;

It is an interesting and surprising fact that helium
monolayers adsorbed on graphite melt at about the
same temperature as hcp solid helium with the same
basal-plane atomic density. Plotted in Fig. 5 are
melting temperatures for the three-dimensional hcp
solid phase at various basal-plane densities" (solid
line) and for the first adsorbed helium layer'0 (solid
circles). By combining the results of heat-capacity
measurements with our neutron-diffraction data, we
can make a similar plot for the second layer. Assum-
ing the peak observed in the specific heat represents
the melting of an incommensurate second solid layer
[i.e., assuming the structure of Fig. 2(a) to be the
correct one], we can use the specific-heat measure-
ments of Ref. 4 to define the melting temperature
and the data of Table I to define the second-layer
density. These points —plotted as the open circles in
Fig. 4—lie below the bulk melting curve, suggesting
that the second layer —if it is an independent layer—

expands significantly between 1.2 K and the melting
temperature.

Both our measurements and the heat-capacity stud-
ies of Ref. 4 show that there is a critical density
belo~ which helium atoms in the second layer do not
solidify. Assuming as before an independent-layer
structure, we estimate from the data of Table I that

0
the limiting value is 0.091 atoms/A' compared to an
equivalent value of 0.086 atoms/A' for the basal
plane of the hcp solid phase at the same tempera-
ture. '4

Finally, it is of interest to ask what has been
learned about the He-C interaction from our mea-
surement of the height of the helium monolayer
above the graphite basal plane. Carlos and Cole"
have analyzed heilum-graphite gas scattering experi-
ments using a number of different functional forms
to represent the He-C pair potential. Their con-
clusion was that sums of anisotropic Yukawa-6 or
Lennard-Jones 6-12 pairwise interactions best fitted
both the observed bound-state energies and the ma-
trix elements, the Lcnnard-Jones form appearing to
be slightly the better choice, although the evidence in
its favor was not conclusive. Cole and Toigo have
since used both functional forms to calculate
helium-atom probability densities to obtain values for
(zt), the most probable position of the helium
rnonolayer above the graphite surface. ' They find
(zt) =2.45 and 2.89k for the Yukawa and
Lennard-Jones forms, respectively. Our value,
(zt) =2.85 A, clearly favors the latter.
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