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Abstract

The angular intensity distribution of thermal energy He beam scattered from highly oriented
pyrolytic graphite (HOPG) surface has been measured by means of supersonic molecular beam
scattering technique in the wide surface temperature range. To separate the elastic and inelastic
scattering components, simple analysis method has been developed by applying the classical
binary collision theory of the hard cube model (HCM). From the extracted elastic scattering
component in the scattering distribution, the Debye temperature of the HOPG surface has been
derived as 590+ 30 K. On the basis of the HCM analysis for the extracted inelastic scattering
components of He beam, the effective mass for the HOPG surface has been found to be 72 u
(six carbon atoms).
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1. Introduction

Scattering of low energy He beam is one of the most fundamental gas-surface interactions
[1-9]. It consists of elastic, quasi-elastic and inelastic scattering such as single phonon and
multi-phonon scatterings. The dominant scattering channel is determined by the collision
parameter of He with the surface such as surface temperature, incident translational energy of
He, incident angle and the property of the surface. In the case of the graphite (0001) surface, for
example, inelastic scattering component is expected as a dominant channel because the graphite
consists of soft graphene layer composed by the light carbon atoms. To accurately analyze the
each scattering component of He, clear distinction of each component from experimentally
measured scattering results is indispensable. In this work, we have proposed a new method to
extract elastic and inelastic scattering components by applying the simple classical binary
collision model of the hard cube model [10].

Elastic scattering of low energy He beam has been mainly used to analyze the structure of
the outermost surface of the solid [2, 4, 7]. The advantage of the measurement is that the surface
structure of the metal, semiconductor, insulator and even molecular layer can be sensitively
measured without any perturbation of the surface owing to the neutral charge and low kinetic
energy of the He beam. The measurement has also revealed quantized potential well of the
gas-surface interaction through the observation of the selective-adsorption, so-called resonant
scattering. Rich surface information such as surface Debye temperature, morphological change,
diffusion behavior of adspecies, and phase transition can also be derived by monitoring the
intensity of the elastic scattering of He as a function of surface temperature. The sensitivity of
the He for the detection of the morphological change is known to be extremely high owing to
the large scattering cross section (~100 A% of the low energy He atom towards adsorbed
molecule or defect (the object which causes the modulation of the attractive potential of the
surface). That is, the number of surface adspecies at coverage around 0.001 can be determined
[3]. The measurement of the thermal energy He atom scattering (TEAS) has thus been widely
used as one of the most powerful tools of the surface science study [3, 4, 7].

On the other hand, single-phonon scattering in the inelastic scattering component derived
from the time-of-flight measurement has been used to construct the complete surface phonon
dispersion curves [4-7]. Time-of-flight measurements have also unveiled the vibrational energy
of the hindered-translational mode of the adsorbed molecule on the surface [6-9]. The
vibrational energy of this mode is known to be quite difficult to measure with the typical
vibrational spectroscopy methods such as infrared reflection absorption spectroscopy and
high-resolution electron energy loss spectroscopy due to their selection rules in the
measurement [11].

Contrary to the elastic, single-phonon and single-vibrational mode scattering components,



the multi-phonon (and electron-hole pair excitation) scattering component of the He beam has
not been used to analyze the gas-surface interaction mainly because of its complicated
phenomena to represent by the quantum mechanical description. Most of the He scattering
works have thus been conducted at low surface temperature and very low incident kinetic
energy of He in order to suppress the component of the multi-phonon scattering. In the
multi-phonon scattering component of He, however, several important information are included
such as effective mass of the surface interacting with He, trapping probability of He, energy
dissipation process of He by the collision and so on. Manson has already established
sophisticated analytical description to represent such an inelastic component of He by the
classical scattering theory [12-14]. The analysis of the multi-phonon scattering by this theory
derive the corrugation degree of the interaction potential between He and the surface even at the
condition with higher He incident energy and surface temperature. The theory is applicable for
the wide scattering conditions even for the scattering at the soft material surface such as liquid
surface because of the inclusion of the multiple collision scatterings as well as single collision
scattering. For the analysis by this theory, experimentally observed final translational energy
and angular intensity distributions are at least required as well as a parameter of vg,a weighted
average of sound velocities parallel to the surface, which, in principle, can be calculated if the
phonon spectral density is known [15].

In this work, we have first measured the angular intensity distributions of thermal energy
He beam scattered from the highly oriented pyrolytic graphite (HOPG) surface at wide surface
temperature range. We have then analyzed our experimental results by newly developed simple
method. The HOPG surface is selected as a test sample because of the following three reasons;
1) the inelastic scattering of He is expected as a dominant scattering channel due to light mass
of the surface atom, 2) several results for the elastic and single-phonon He scattering from
graphite are available in the literatures [16-22], so that we can check the validity of the usage of
our result of the extracted elastic component and 3) the same surface condition can be kept
during the experiment because the surface is chemically stable. To separate the elastic and
inelastic scattering components, we have applied the simple classical binary collision theory of
the hard cube model (HCM) proposed by Logan and Stickney [10]. The model has been used in
the field of molecular (or heavier atomic) beam scattering [23-25], to delineate trends in
multi-phonon scattering of atoms and molecules from flat metal surfaces. The advantage of the
model is its simplicity. It requires only one parameter of the effective surface mass to
analytically calculate the multi-phonon scattering.

2. Experimental
The experimental apparatus used in this work has already been described elsewhere [26,



27]. The apparatus consists of five stainless-steel chambers. Each chamber is independently
pumped to ultrahigh vacuum (UHV). A supersonic He beam is generated by free-jet expansion
from a pinhole of a cylindrical nozzle and skimmed using a conical skimmer. The diameter of
the nozzle pinhole is set to 0.05 mm. The translational energy of the He beam is experimentally
identified by the time-of-flight technique. Fig. 1 shows the time-of-flight spectrum of the
thermal energy He beam used in this work. The incident translational energy and AE/E of the
beam have been estimated as 63 meV (wave vector k = 11 A™) and 0.27, respectively [26].

The sample surface of highly oriented pyrolytic graphite (HOPG, NT-MDT Co., Russia, 12
mm x 12 mm x 1.5 mm, grade ZYA) was cleaved in air by adhesive tape and then put into a
UHV chamber. The HOPG sample was mounted to a sample holder which can be cooled down
to 90 K by a cryogenic refrigerator head (lwatani CryoMini S050) and can be heated by the
infrared radiation from a hot W filament placed close to the back side of the HOPG sample. The
surface temperature of HOPG was measured by a type-K thermocouple attached on the edge of
the sample by a Ta clamp. Prior to the experiment, the HOPG sample was annealed at 900 K in
UHYV for 5 min in order to clean the surface.

The angular intensity distribution measurement is carried out for scattered He atoms from
the surface by rotating the sample along the axis perpendicular to the beam line with an
accuracy of £0.1°. Throughout the present study, both incident and scattering angles are defined
with respect to the surface normal direction. The sum of the incident and scattering angles has
been fixed at 90°.

3. Result and Discussions

The angular intensity distribution of He scattered from the HOPG surface at 150 K is
shown in Fig. 2. Despite the low surface temperature, non-negligible inelastic scattering
components appear as broad distribution around elastic scattering component at the scattering
angle of &= 45°. The broad distribution is also caused by the irregularities of the surface such
as step, defect and domain boundary. There are, however, two distinct diffraction peaks at
around 35° and 55° as first diffraction peaks of (1, 0) and (-1, 0), respectively, suggesting that
the flat area of the HOPG surface consists of uniform lattice arrangement. The intensity ratio of
the (1, 0) and (0, 0) diffraction peaks correspond to be around the middle between those of
typical insulator and metal surfaces [1-4], The corrugation amplitude of the outermost electronic
clouds of HOPG is thus considered to be somehow larger than that of the metal surface but it is
not as much as that of the insulator surface as previously observed by the He scattering from the
single crystal graphite (0001) surface [16, 21]. From diffraction peaks in Fig. 2, it is difficult to
accurately estimate the surface lattice parameter directly due to the broad inelastic scattering
background.



As shown in Fig. 3, the angular intensity distribution of He is significantly depending on
the surface temperature. With the increase of the surface temperature, the elastic scattering
component at & = 45° decreases due to the Debye-Waller effect [2, 4]. It is again difficult to
accurately estimate the surface Debye temperature from the dependence of the specular He
intensity on the surface temperature due to the non-negligible inelastic scattering background.
At the surface temperature of 400 K, the elastic peak can not clearly distinguish from
background inelastic scattering component. The temperature dependence of the angular
intensity distribution in Fig. 3 is therefore considered to show the transition of the scattering
event from quantum mechanical scattering to the classical mechanical scattering of He.

In the following section, analysis method and analyzed results of distinction between
elastic and inelastic scattering components are presented at first. The details of each elastic and
inelastic scattering components are then discussed in detail.

3.1 Separation into elastic and inelastic scattering components

To make a sharp distinction between elastic and inelastic scattering components, the
following analysis method is applied to the several angular intensity distributions of He from
HOPG obtained at different surface temperatures as shown in Fig. 3. Equation used for the
fitting analysis is described as:

(8¢ Ts) = anem x (Elastic scattering component) + Sucm X lhem (1),

where | is the intensity of the scattered He beam at the scattering angle of &, T; is the surface
temperature, og, S, anem and SBacm are the component factors used as the fitting parameter. The
elastic scattering component is represented by the simple Gaussian function, where the width of
the distribution (~1°) is larger than the angular resolution of the apparatus (0.1°) [26], possibly
due to the inhomogeneous structure of the HOPG surface. The inelastic scattering component is
represented by the hard cube model calculation as oy, where the parameters for the calculation
are fixed by the experimental conditions except for the effective surface mass and the
component factors. Therefore, in the process of the fitting analysis of the experimental results
with equation (1), arcm, Sucm and M are varied as fitting parameters.

The hard cube model used for the analysis rests on the assumption that the tangential
component of momentum of the atom is conserved during the single collision event with the
surface. The perpendicular component of momentum of the atom is altered via an impulsive
hard wall collision with a vibrating cube [10]. The hard cube model has been remarkably
successful in correlating experimental data and predicting their dependence on mass and surface
temperature especially for the rare gas scattering from flat metal surface [28]. The lycy, IS
explicitly described [10] as:
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where U, is the velocity of the incident He beam, u,, is the normal component of u;, 6, is

the incident angle of the He beam, Fi(u;) and Gi(B,u;) are the velocity distributions of incident
He beam and surface atom, respectively. B,, B, and G(B;u;) are described as follows:

B, =l+Tﬂsin 6, cotd, —1_T’uc059i (3).

B, :HTusin 0. csc? 0, (4),
1
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where g is the mass ratio between the mass of He, m, and the effective mass of the surface, M,
kg is Boltzmann constant and B,u; represents the velocity of the surface atom. m, M, E; and Ts
are the set parameters (u; is derived from E;). In the calculation, Fi(u;) is simply set as u; because
of the mono-energetic incident He beam used for the measurement as shown in Fig. 1.

As shown in Fig. 3, equation (1) reproduces the experimental results very well. Note that
there is no free parameter except for auycm, Sucm and M in the fitting analysis. The parameters
oncm and Suem used for the fitting are plotted in Fig. 4 as a function of the surface temperature.
It shows exponential decay of ancm with increasing surface temperature. It is due to the
Debye-Waller effect as discussed below in detail. On the other hand, Sucm shows little change
with the surface temperature, suggesting that the inelastic component of the He from HOPG is
well described simply by the hard cube model. The details of the derived effective mass, M = 72
is also described below. In the analysis with equation (1), the first-order diffraction peaks are
included into neither elastic nor inelastic scattering component and are not taken into
consideration because of its weak intensity as shown in Fig. 2.

3.2 Elastic scattering component

The intensity of the He beam specularly scattered from HOPG is plotted as a function of
surface temperature in Fig. 5, in which the intensities of the elastic component derived from the
fitting analysis are also shown. The intensity of the specularly scattered He beam decreases with
increasing surface temperature due to the Debye-Waller effect. As described above, due to the
existence of the inelastic scattering component in the intensity of the specular scattering, it is
difficult to estimate the surface Debye temperature from raw data. Indeed, the dependence of the
specular He intensity on the surface temperature is not plotted by the straight line in the
log-scale as shown in Fig. 5.



On the other hand, nearly straight lines are realized in the case of the derived elastic
scattering component by the fitting in both analysis method cases as shown in Fig. 5, indicating
the expected Debye-Waller plot for a diffraction peak. Thus, on the basis of the following
equation [4, 20, 29], the surface Debye temperature, @, of the HOPG surface can be estimated.

|1 exp| —24 M (E*DTe ®)
M k0 O

where, E, is the normal component of the incident translational energy of He, |,is the
intensity of the incident He beam and D is the attractive potential well in the gas-surface
potential between He and HOPG. The surface Debye temperature estimated from Fig. 5 by using
equation (6) is 586.7 K, where D is set as the reported value of 15.7 meV in the literature [20].
We have conducted the same measurement and analysis by changing the HOPG sample several
times. The derived surface Debye temperature is not always the same value but within 590 + 30
K. This is in the range of the reported Debye temperatures of the graphite surface; 614 K [30],
530 K [20], and 670 ~ 800 K [31].

The derived surface Debye temperature of the graphite relates to the lattice vibration of
the c-axis of graphite, i.e., perpendicular motion of the graphene sheet. This is higher than the
surface Debye temperature of most of the transition metal surfaces such as Cu, Ag, Rh, Pt
(around ~250 K) [32] possibly due to the specific phonon density of state of graphite [33]; the
number of low frequency modes is smaller for graphite than that for metal. However the Debye
temperature of the graphite surface is extremely smaller than that of the bulk diamond (bulk
Debye temperature of diamond is reported as 2240 K) [33, 34]. The origin of the softness of the
graphite compared to the diamond can be attributed to the weaker interaction between graphene
layers as reported previously [33]. Indeed, the Debye temperature corresponding to the
displacement of carbon atom in graphene is theoretically expected to be over twice as high as
that corresponding to the atom displacement normal to the graphene layer [35].

3.3 Inelastic scattering component

The derived inelastic scattering components by using equation (1) have physical
information concerning the gas-surface interaction potential between He atom with thermal
energy and the HOPG surface. As described above, the successful fitting of the experimental
results with equation (1) shown in Fig. 3 is only achieved when the effective mass of the surface
is set as M = 72 u (six carbon atoms), suggesting that the He atom with thermal energy interact
with not only one carbon atom but with at least 6 carbon atoms at the single-collision event. The
other choice of the surface effective mass results in a poor reproducibility with experimental
results of Fig. 3, that is, the width of the distribution calculated by the hard cube model is quite



different from that of the experimental result. As typical examples, the calculated results of the
HCM distribution, Iycw of equation (2), at the several effective surface mass are shown in Fig. 6
as functions of the scattering angle and surface temperature. In the case of M = 12 u (one carbon
atom), width of all angular intensity distributions are broader than those of experimental results,
indicating a larger energy loss of the He due to the multi-phonon creation in the surface at the
single collision event. On the other hand, at M = 216 u (18 carbon atoms, i.e. three graphite
units) the distribution is sharper than those of experimental results, indicating a smaller energy
loss of the He by the single collision event.

The surface effective mass is very often chosen greater than the real mass in many
theoretical model analyses [26, 36-52], which is attributed to the corporative motion of the
surface atoms [53]. Because the graphite surface consists of © bonded cloud (which originates
from the overlap of the lone 2p, electron orbital of the carbon), the incoming He may interact
with this outermost electron clouds due to the Pauli repulsion. As a result, the corporative
motion may operate in the graphite to 6 carbon atoms (n bonded cloud). In the case of Xe
scattering from HOPG, the effective mass has been reported as M = 310 u [51] which is heavier
than the mass derived in our result of M = 72 u. The difference is probably caused by the
difference of the size of the incoming atom to the HOPG surface; larger Xe atom interacts with
larger number of carbon atoms at the single collision event. Indeed, in the case of smaller
atom/molecule scattering such as Ne, Ar and CH,, the effective mass of graphene layer
(monolayer graphite) grown on Pt(111) has been estimated as M = 72 u [52], which is the same
effective mass with our present result. Beside, in the case of Xe scattering, significant energy
loss as much as 80 % of the normal incident energy has been reported to occur by the collision
with the HOPG surface due to the heavier mass of Xe, which results in the spatial modulation of
few graphene sheets [54]. The collision dynamics with HOPG surface between Xe and He is
thus considered to be quite different.

As described in the above, the fitting analysis with equation (1) has successfully
reproduced experimentally observed results by using M = 72 u without any inclusion of the
corrugation of the interaction potential in the model as shown in Fig. 3. The analysis also does
not take into account for the effect of the irregularities of the surface such as step, defect and
domain boundary. Generally, the scattering component of He from these irregularities can be
described as Cosine distribution in the three-dimensional scattering space. At the in-plane
scattering geometry, therefore, the scattering component is considered to be quite smaller than
the amount of the direct-inelastic scattering component. Indeed, the angular intensity
distribution of He from relatively defective HOPG shows almost the same shape of the
distribution with lower intensity, suggesting that the effect of the irregularities of the surface is
negligible in our experimentally observed in-plane angular intensity distribution of He, as



expected. The same conclusion has also been reported for the interaction of relatively heavier
atom/molecule (Ne, Ar and CH,) scattering from graphene layer on Pt(111)[52].

Conclusion

We have measured angular intensity distribution of He from highly oriented pyrolytic
graphite (HOPG). Elastic and inelastic scattering components have been extracted by applying
the simple classical binary collision theory of the hard cube model (HCM) to our experimentally
observed results. From the extracted elastic scattering component in the scattering distribution,
the Debye temperature of the HOPG surface has been derived as 590 + 30 K. Furthermore, it is
also turned out that the best fitting result for the inelastic scattering component is only achieved
when the effective mass of the surface is set as M = 72 u (six carbon atoms) in the analysis. The
result suggests that, He atom with thermal energy interacts with not only one carbon atom but
with at least 6 carbon atoms at the single collision event. In the analysis, the hard cube model
well reproduces only for the inelastic scattering component of the experimentally observed
angular intensity distribution, that is, the elastic scattering component can not be reproduced
simultaneously only by the hard cube model. This suggests that the elastic scattering component
in Fig. 3 is composed of the quantum mechanical scattering as a result of the wave nature of He
beam while inelastic scattering component is composed of the pure classical scattering. The
results in Fig. 3 are thus showing the transition of the scattering event from quantum mechanical
scattering to the classical mechanical scattering of He beam from solid surface.

The advantage of the analysis method proposed in this work is its simplicity. It required
only one parameter of the effective surface mass to analytically calculate the multi-phonon
scattering. The effective mass derived from the analysis represents the property of the He
inelastic scattering, i.e. degree of the energy dissipation of colliding He to the surface (the
number of interacting atoms on the surface at the single collision event). The method can be
applied to even for the scattering results at the corrugated surface by applying the washboard
model [55], which is the simple extended theory of the hard cube model. With the demonstrated
our new method, therefore, the analysis of He scattering from complicated materials such as
organic molecular layer, nano-cluster layer and liquid molecular layer will be possible to
delineate the trend of the interaction potential with He and to evaluate the energy dissipation of
He to the surface.
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Figure captions
Fig. 1

Time-of-flight distribution of incident He. The nozzle temperature T,, the pressure inside the
nozzle Py, flight pass length L, nozzle-skimmer distance d, and the nozzle pinhole diameter ¢,
are labeled in the figure. The fitting result used for the deconvolution of the chopper

gate-function is also shown in the figure by the blue solid curve [15].

Fig. 2

The angular intensity distribution of He scattered from the HOPG surface.

Fig. 3
The surface temperature dependence of the angular intensity distribution of He scattered from
the HOPG surface. The results of the analytical fitting (see text) are also shown in the figure.

ES+HCM (elastic scattering + hard cube model) represent equation (1).

Fig.4
The component factors used for the calculation with equation (1), ctcm and Sucw, are shown as

a function of the surface temperature.

Fig. 5
The surface temperature dependence of the specular intensity of He scattered from HOPG. The

experimental results are plotted by the solid circle. The solid triangle represents the intensity of

12



the elastic scattering component derived by the analysis using equation (1).

Fig. 6

The hard cube model calculation. The distribution is calculated by using equation (2). The
calculations are conducted by set the parameters as m = 4 and E; = 63 meV. The effective mass
of the surface M and the surface temperature Ts are varied as shown in the figure. The arrows

are represents the order of the T, i.e. 150 K, 200 K, 250 K, 300 K, 350 K and 400K.
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Fig. 1
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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