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Model adsorption potentials of rare gases on boron nitride
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Calculations are presented for the interaction of rare-gas atoms (Ar, Kr, Xe) on the (0001) sur-
face of boron nitride. The interaction potential is constructed with use of a damped dipole and a
quadrupole attractive part and a repulsive part derived from the effective-medium theory. Only
one free parameter has been used to fit the constructed potential to experimental data available.
We checked our procedure by calculating the second virial coefficient of the adsorbed atoms in-
teracting with the surface of BN and the interaction potential for the same rare gases on graphite
(0001). In both cases we find good agreement with experiments. Finally, we comment on the simi-
larities between rare gases interacting with BN and with graphite and on how our model potential

can be applied to other systems.

I. INTRODUCTION

In the last few years there has been considerable ac-
tivity in calculating the interaction of an atom with a
surface. While there has been some success in ab initio
calculations of the interaction of helium and hydrogen
atoms with metal surfaces,! only recently has such an
approach been used to treat helium interacting with sur-
faces of semimetals® or insulators.® These theoretical
studies have been motivated, in part, by the detailed data
from atom beam scattering experiments* as well as by
the increased amount of data coming from adsorption
isotherm measurements on powders of insulators and
lamellar halides.>® Among the various systems, the in-
teraction of rare gases with the surface of boron nitride
presents a few interesting and challenging aspects. BN
has a structure similar to graphite with hexagons of
atoms tightly bound in a plane and with weak-coupling
forces between planes. The lattice constants of the two
substances differ a few percent from each other. Ad-
sorption experiments on BN (Refs. 6-8) have given re-
sults qualitatively similar to corresponding experiments
on graphite, yet important differences emerged. For ex-
ample, the onset of triplet point and the commensurate-
incommensurate phase transition at monolayer coverage
which take place on graphite do not appear on boron ni-
tride, and the phase diagram for Kr adsorbed on BN
differs from the Kr-graphite phase diagram.®~% While it
is recognized that the surface of BN powders is more
heterogeneous than the corresponding surface of graph-
ite, this seems not to be the determining factor in the
dissimilarities observed.®~8

Our motivation for this calculation is twofold: first, to
produce reliable rare-gas—BN potentials that can be
used for statistical mechanics or structural calculations
and second, to put forward a model potential to be used
for other gas-atom—insulator interactions.

II. CALCULATIONS

The potential between an atom and a solid can be
written as®~!?

Vin=V, 4 r)+Vg(r), (1

where Vi (r) is the repulsive part and V ,(7) is the at-
tractive one. Attraction between rare-gas atoms and
surfaces of solids arises because of the interaction be-
tween the fluctuating multipole moments of the incom-
ing atom and the solid. In particular we have taken the
attraction to be given by the superposition of damped di-
pole and quadrupole interactions between the gas atom
and atoms of the solid; in this respect we have followed
the work of Celli et al.?
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where p. is the number density of the atoms of the sur-
face, Cs is the quadrupole coefficient (see below), ag is
the area of the surface unit cell, d is the interlayer spac-
ing, f¢(x;) is a damping function,'"!* and x; is the vec-
tor connecting the adatom to the ith atom on the sur-
face. The damping has the function of “turning off”’ the
attractive interaction at short distances where the elec-
tronic charge distributions of the adatom and the solid
start to overlap. As a functional form for this damping
we have taken the result of Tang and Toennies!* calcula-
tions based on observations of atom-atom collisions. We
have limited the damping contribution to the dipole-
dipole term; the complete expression, when averaged
over the surface, reads>!% 111315
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where £(n,x) is a Riemann ¢ function,'® E, (x) is the ex- where Z, is the atomic number of the adsorbate atom,

ponential 1ntegra11 z is the vertical distance from the
adsorbate to the surface, ag=5.43 A? is the area of the
unit cell, and y is the softness parameter in the charge
density of the surface. The repulsive part is evaluated
using the effective medium theory!”!'® which assumes a
proportionality between Fp and the weighted average
charge density of the solid. This model has been suc-
cessful in predicting the repulsive part for many He-
H,/metal systems.”'®=2! We refer to the numerous pa-
pers on the subject for a discussion on the method and

its applicability. Following Refs. 11, 22, and 23, we
have
Ve (r)=amp(r) (6a)
A=A — Qg » (6b)
oy = fn¢a(r’——r)dr’, (6¢)
pin=— [ g r—ppdr (6d)
a, Ja

where Q is the volume of a sphere with a large radius
R.. The weighting function is the electrostatic potential
¢, of the isolated atom. If the charge density is, in first
approximation, translationally invariant'® and decays ex-
ponentially going away from the surface, then
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k =9x10° Nm?/c? aexp(—yZ) is the charge density
of the surface, 3 is the softness parameter in the charge
density of the adsorbate, here represented by a simple
exponential

Z,B’
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The parameter 3 is determined from the magnetic sus-
ceptibility data according to Ref. 24. From Freeman’s
charge density contours,”® we have evaluated the contri-
butions due to nitrogen and boron atoms. We have then
used Steele’s formula® to evaluate the total charge densi-
ty due to the contributions of all atoms and then we
averaged it over the surface to obtain

adm(l+y,2Z) o T aAm(l+v,Z) .7
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where ;=384 A3, Y1=4.78 A~! for boron, and
a,=1.94 A3, Y,=2.57 A~ for nitrogen. At large dis-
tance Eq. (10) can be approx1mated by aexp(—yZ),
where a =2.62 A‘z, y=5.13 AL

In the calculation of the repulsive part there is only
one free parameter a; in the case of He on metals this
parameter can be calculated using various
methods.!”!®2* Such calculations cannot be repeated in
the present case, since we are dealing with more complex
atoms than helium and we are considering an insulator
BN. However, we expect the proportionality of repul-
sion with charge density to be a plausible description of

TABLE 1. Comganson between experlmental measurements (Refs. 8, 29-31) of (z), By, | Eo | with the calculations of this pa-

C,isin meV A” and Cs is in meV A°.

per.

a. (2) D | Bys® \Eo | |E, |

Systems (meV A”) (A) (meV) (cm®/g) C, Cs (meV)® (meV)

Ar-BN 2.04 < 10° 2.95 93.24 1.9 1072 707 1115 89.4 74.7
(1.5x1072)°

Kr-BN 2.56x%10° 3.08 112.59 4.0x10°? 997 1724 109.4 103.6
(4.8 1072)°

Xe-BN 4.65x 107 3.17 155.82 2.0x 10! 1487 2775 147.3 136.8
(2.5% 107 1)P

Ar-graphite 7.83 % 10* 3.08 104.97 7.8% 102 1208 1751 95.8 79.1
(3.2)¢ (6.0x1072)°

Kr-graphite 1.63x 10° 3.16 139.10 2.6 1072 1730 2712 126.0 104.2
(3.3)¢ (1.7 1072

Xe-graphite 3.21x10° 3.31 164.85 7.7x 107! 2430 4373 158.6 131.4
(7.9 107 1)¢

?B,s is calculated at T=273 K.

®Values in the parentheses are the experimental measurements of Ref. 8.
“Values in the parentheses are the experimental measurements of Ref. 29.
“Values in the parentheses are the experimental measurements of Refs. 30 and 31.

¢| Eo | are the experimental measurements Refs. 6—9.
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FIG. 1. Laterally averaged potentials of Ar-BN (solid line)
and Ar-graphite (dashed line).

the interaction (see also Cole and Toigo, Ref. 24). Such
an approach has also been followed for interactions of
He atoms with semimetal and semiconductor sur-
faces.”'? The laterally averaged potential is found using
Egs. (1), (5), and (6).

Finally we comment on the calculation of the quadru-
pole term Cs. We have followed the simple formula

developed by Cole et al.!’
8oYoE,E
s= S0707eS , (11)
8(E, +Es)

where the parameter g, v, E,, and E; are easily found
from the literature for most systems.!>?® This formula is
expected to give semiquantitative results. Yet, it is im-
portant to include such an estimate because it has a
non-negligible effect on the potential (see Sec. III). For-
mally we have not included damping since for Z 2.5 A
it has a negligible effect on the total potential. Of course
for Z <<2 A it becomes a very important contribution.

III. RESULTS AND DISCUSSION

In Table I we report the parameters used in our calcu-
lations and the most significant results. «a; is the only
free parameter. It has been adjusted so as to reproduce
the ground state of each system as known from adsorp-
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FIG. 2. Laterally averaged potentials of Kr-BN (solid line)
and Kr-graphite (dashed line).
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FIG. 3. Laterally averaged potentials of Xe-BN (solid line)
and Xe-graphite (dashed line).

tion isotherm data.®=%2"2 (z) is the expectation value
of finding the atom at a distance z from the plane of the
nuclei of the surface atoms

(z)= [¥§(2)Zyy(2)dZ . (12)

We have also calculated the second virial coefficient of
the adsorbed atoms

BZSZAde(e—VO(m/(kBT)_

1), (13)
where V((Z) is the gas-surface interaction potential, kg
is the Boltzmann’s constant, and A4 is the specific area
[A29=6 m?/g for BN (Ref. 6) and 4 =12 m?/g for graph-
ite*’].

We have compared our B,s coefficients with the
values obtained by Levy et al.? based on the analysis of
the adsorption data. Our values for Ar, Kr, and Xe are
1.9% 1072 cm3/g, 4x10~% cm’/g, and 2x 10~ cm?/g
and thus are in good agreement with their values of
1.5x107% cm’/g, 4.8x10"% cm’/g, and 2.5x10~"
cm3/g, respectively. A similar comparison is made for
rare gases on graphite in Table I.

In Figs. 1-3 we have plotted the potentials for Ar,
Kr, and Xe interacting with BN. For comparison we
have also plotted the potentials for the same rare gases
interacting with the surface of graphite. In the latter
case the potential was constructed similarly as for BN.
The rare-gas—graphite potential is in good agreement
with existing potentials?® and with experimental data.
We therefore are confident that our method is reliable.

We next compare our {z) values for rare gases on
graphite with the values obtained from Refs. 30 and 31
based on the analysis of LEED and EXASFS data; for
Ar and Kr we obtain 3.08 and 3.16 A in good agreement
with 3.2 and 3.3 A of Refs. 30 and 31. There are no
data for rare gases on BN; however our values are con-
sistent with the calculations of Ref. 8: for Ar, Kr, and
Xe Ref. 8 obtains 2.83, 2.96, and 3.17 A, respectively.

From Figs. 1-3 we find that the well depth of the po-
tentials for rare gases on BN is about 109% smaller than
for the same atoms on graphite. However, Cj;
coefficients are typically 30 to 40% lower for BN than
graphite.?® While the trend is consistent,’? a simple scal-
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ing of C; and D (well depth) would fail. Our calcula-
tions suggest that quadrupole terms are important (16%
of D) at the equilibrium distance,'® while damping has
little effect (1% of D) at that distance but rises quickly
for lower distances.

In conclusion we have built a potential for rare gases
interacting with BN that has only one free parameter.
This procedure uses available information about the sur-
face (charge density, dielectric function) or the atom (peo-

larizability); it therefore can be extended to other gas-
atom-—insulator systems.
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