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Helium scattering data from an in situ cleaved, oxygen-treated, room-temperature surface of
MgO(100) are reported. The sharpness of the selective adsorption line shapes as well as the strength
of the scattered beams indicate an improvement over previous studies on air-cleaved surfaces.
Selective adsorption line shapes in azimuthal scans of the specular intensity at many closely spaced
angles of incidence are presented. Analysis of the resonances at several reciprocal lattlce vectors
yielded binding energies of 5.52, 2.57, 1.16, 0.54, and 0.26 meV.

INTRODUCTION

Scattering of low-energy He atoms has been widely
used to study gas-surface interaction potentials.!™* The
phenomenon of bound-state resonance or “selective ad-
sorption” provides accurate information about the in-
teraction potential between the gas atom and crystal sur-
face. Several alkali halide surfaces have been studied ex-
tensively by this method. Most other ionic crystals have
received little attention, but one exception is MgO, for
which four nozzle-beam experiments’ ® and one
effusive-beam experiment® have been reported. The four
nozzle-beam studies all employed air-cleaved surfaces.
The total coherently scattered intensity was weak (about
15% of the incident beam™”) while the incoherently scat-
tered intensity was large compared to some of the alkali
halides.® Each of the nozzle-beam studies reported
diffracted beam intensities and a corresponding value of
the surface corrugation amplitude based on a hard corru-
gated wall surface model. Data on the bound-state ener-
gies of the He-MgO potential are rather scant. Cantini
and Cevasco’ assumed a well depth of 8 meV based on
preliminary observations of selective adsorption. Brus-
deylins et al.® reported bound-state energies of 10.2, 6.0,
2.6, and 1.2 meV and a well depth of 12.5 meV based on
features interpreted as selective desorption in polar angle
scans of near-specular intensity. Adsorption isotherm
measurements of He on MgO smoke!® gave a ground-
state level at 4.8 meV. We report here the first nozzle-
beam study on a vacuum-cleaved MgO(100) surface. The
sharpness of the selective adsorption line shapes as well
as the strength of the scattered beams indicate an im-
provement over previous studies.

RESUME OF THEORY

For a perfect single-crystal surface the potential is a
function of the distance coordinates parallel and perpen-
dicular to the surface, and may be written as

V(n)=Vyz)+ 3 Vgl(2)e®R, (1)
G+#0

where G is a surface reciprocal-lattice vector and
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r=(z,R) is the vector position of the atom above the sur-
face. For certain incident conditions, the incident parti-
cle can be trapped in a discrete bound state with respect
to motion perpendicular to the surface while being in a
two-dimensional Bloch state with respect to motion
parallel to the surface. When this occurs sharp minima
and maxima appear in the elastic beam intensities.

The bound-state energies are the discrete solutions of
the one-dimensional Schrodinger equation employing the
potential in Eq. (1). Approximate solutions can be ob-
tained by treating the periodic part, i.e., the summation,
as a perturbation. Hence the unperturbed wave functions
are of the form

¢V’G(r)=¢v(z)ei(K+G)~R , (2)

where K is the part of the incident wave vector parallel
to the surface and where ¢, is a solution of

[_

€, is the (negative) energy of the vth bound state of V(z).
Conservation of energy and crystal momentum then yield
the relation

2
A 52+Vo(z) b (D) =¢p2) . (3)

2m

pe +(K+G)*=k?, )

where k is the wave vector of the incident beam. From
Eq. (4) a plot of the selective adsorption loci in the K, -K,
plane should result in circles centered at —G and having
radii [k?—(2m /#%)e,]'/2. This picture describes the po-
sitions of the resonances under conditions where there
are no degeneracies (crossing of circles).

EXPERIMENTAL METHODS

The basic apparatus used has been described in detail
elsewhere.!! The beam is produced by expanding high-
pressure He gas (=600 psi) through a 5-um nozzle at
liquid-nitrogen temperature. This results in a beam
which is quite monochromatic and of low energy
(k=5.76 A~!, A=~1A). The beam-velocity spread is less
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than 2% full width at half maximum (FWHM). The an-

gular divergence A8 is less than 10> rad and the beam
width is about 1 mm at the sample in some runs and 0.5
mm in others. A few runs were also made with a room-
temperature beam (k =11.0 A1),

The sample holder has two degrees of freedom so that
the polar and azimuthal angles (denoted by 0 and ¢, re-
spectively) can be varied independently. The face of the
crystal can also be adjusted with respect to tilt and posi-
tion along the azimuthal axis. The sample holder can be
heated to 900 K or cooled to 25 K. A quadrupole mass
spectrometer with a rectangular slit subtending an angle
of 0.9° at the surface of the crystal, having motions in and
perpendicular to the plane of incidence, is used as detec-
tor. The scattering chamber is maintained at a base pres-
sure of 3X1071° Torr, but during the experiment the
pressure rises to low 107° Torr. The samples used in this
work were rods (8 X8X25 mm?) of MgO cleaved from
boules obtained from unknown sources.

The crystal is outgassed at 900 K and then cleaved in
situ at room temperature by a tungsten carbide blade on a
bellows-sealed rod. Cleaves are highly variable in appear-
ance and reflection intensity, but all appear macroscopi-
cally rough to some extent. Good cleaves give specular
intensities as high as 35% of the incident beam, with line
shapes showing no perceptible broadening. This initial
intensity decays rapidly, in part due to stray electrons
from the detector despite the absence of any line of sight
from the filament to the sample. This effect was eliminat-
ed by negatively biasing the detector entrance plate at
several hundred volts, but the specular intensity still de-
cayed with a time constant of about 5 h. This deteriora-
tion could not be reversed by heating alone, but heating
in oxygen (900 K, 1078 Torr, 15 min) gave partial res-
toration. When the oxygen treatment was also given im-
mediately after cleaving, surface deterioration was mini-
mized, and specular intensities of order 20% could later
be regained by repeating the treatment. The effect may
be due in part to the removal of carbon contamination.'?
In any case, successive treatments became less and less
effective, and after about four of them a new cleave was
required.

The experiment consists of scanning of the azimuthal
angle ¢ at fixed polar angle 6 and monitoring the specular
intensity to determine the angles at which the resonance
features, sharp minima or maxima, occur. This is done
for a range of polar angles, and the results give a map of
the selective adsorption loci in the K -K, plane.

RESULTS

The data presented here are all from one cleave. Other
data taken more recently with a narrower beam and
detector slit have confirmed the results. All of the experi-
ments were done with the crystal at 300 K.

Azimuthal scans were recorded at 36 polar angles from
38° to 83° over a 4-d period with oxygen treatments in be-
tween. A sampling of these scans is shown in Fig. 1. The
coordinates of all maxima and minima were plotted in the
K,-K, plane, and only those which lay on or close to cir-
cles with centers at reciprocal-lattice points were taken to

be resonances. This accounted for nearly all features, al-
though a few, mainly near the 0(0,1) and 0(1,1) circles,
could not be unambiguously identified and were therefore
omitted. The identified resonances were checked to
ascertain that the character of each agreed with the pre-
diction of Celli et al.'® based on the parity of the index,

I=X]m|+|m'—m|—|m'|+|n|+|n"—n|—|n']), (5)

where m and n are the reciprocal-lattice indices of the
resonance, and m’ and n’ those of the diffraction beam
being monitored. Even or odd !/ indicates minima or
maxima, respectively. A sample plot of selective adsorp-
tion loci in the K, -K, plane for the v=0 resonance level
is shown in Fig. 2. Resonances with reciprocal-lattice

SPECULAR INTENSITY (arb. units)

FIG. 1. Sampling of azimuthal scans of the specular intensity
for an incident beam of *He(k =5.76 Avl)/MgO(OOI). The
curves are hand tracings of X-Y recorder charts. The labels
identity the resonances according to Table I. Scale marks on

the vertical axis are the zeros of the successive scans.
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FIG. 2. Selective adsorption loci in the K plane for
“He/MgO(001). Lines are circles described by Eq. (4), with
v=0, and centered at G,,,. Radii are calculated in accordance
with individual average energies as given in Table I.

vectors (1,0), (0,1), (0,1), (1,1), (1,1), (2,0), and (0,2) were
observed yielding five bound-state levels. The binding en-
ergies are determined via Eq. (4), and are shown with as-
sociated reciprocal-lattice vectors in Table I. Results
with the room temperature beam in the range
70°< 6 < 84" are given in Table II.

An extensive search was made in all scans for reso-
nances due to a deeper level as reported by Brusdeylins
et al.,® but none was found. Accordingly, we assign the
index v=0 to the 5.5-meV level. The evidence for the ab-
sence of a deeper level is as follows.

(1) With the 77-K beam, the (01) resonance for a 10-
meV level would be allowed for 8= 75° ¢ near 45°. The
(01) resonances found are all very strong minima (except
for v=4). Scans up to 6=283° showed no sign of any ad-
ditional features of this type.

(2) With the 300-K beam this resonance would appear
for 6=70°. Again, the scans in this region showed no
such feature.

(3) With either beam temperature the (10) resonance
would appear in a narrow band of 8 values, moving rap-
idly over the range 0°<¢ =<45°. Two example locations
are designated by the asterisks in Fig. 1. No distinct
feature was seen in any of the scans. A weak minimum
would be expected.

TABLE 1. Selective adsorption bound state energies of “He/MgO(001). Incident-beam wave vector

576 A"
Bound
state G, No. of Energy
v m n Label® Character points (meV)
0 0 1 A Deep min. 13 5.57+0.08 5.52+0.15°
0 1 0 F Deep min. 4 5.34+0.03
0 0 2 J Small max. 11 5.49+0.13
0 0 2 N Small max. 8 5.62+0.18
0 1 1 P Small max. 10 5.50+0.17
0 1 1 Small max. 1 5.54
1 0 1 B Deep min. 15 2.51+0.09 2.57+0.15
1 0 2 K Small max. 16 2.65+0.07
1 0 2 Small max. 9 2.63%0.1
1 1 1 R Small max. 7 2.45+0.18
2 0 1 c Deep min. 17 1.10+0.08 1.16+0.12
2 0 1 G Deep min. 3 0.99+0.01
2 0 2 L Small max. 18 1.22+0.11
2 0 2 Small max. 2 1.2240.09
2 1 1 S Small max. 7 1.23£0.13
3 0 1 D Deep min. 9 0.54+0.02 0.54+0.10
3 0 1 H Deep min. 5 0.42+0.02
3 0 2 M Small max. 10 0.55+0.08
3 0 2 Small max. 2 0.68+0.03
4 0 1 E Small min. 7 0.2740.02 0.26+0.03
4 0 1 1 Small min. 3 0.21+0.01
4 0 2 Small max. 3 0.28+0.02

 Indicates the position of the resonances as shown in Fig. 1.

® Weighted average.
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TAoB_LlE II. Selective adsorption bound-state energies of “He/MgO(001). Incident-beam wave vector

110A .

Bound

state G No. of Energy
v m n Character points (meV)
0 0 1 Deep min. 4 5.33+0.19 5.32+0.16 N
0 0 2 Small max. 2 5.30+0.12
1 0 1 Deep min. 4 2.62+0.17 2.62+0.14 .
1 0 2 Small max. 2 2.631+0.04
2 0 l Deep min. 2 1.03+0.02 1.17+0.19
2 0 1 Deep min. 2 1.32+0.16
3 0 1 Small min. 1 0.49 0.49

(4) In the case of the cold beam, the presence of the
(10) resonance would also have greatly perturbed the G;
resonances which it would cross [e.g., the O(1,1) at
around 6=70°], since the coupling of these states is via
the (01) Fourier component of the potential. Such effects
are seen at the crossing of the 0(1,0) resonance with the
0(1,T), 1(1,1), and 2(1,1) resonances in the scans from
50° to 58°. The absence of any strong perturbation of the
(1,T) resonances above 58° is further evidence for the ab-
sence of a deeper level.

We have also measured the angular widths of several of
these resonances. By the Heisenberg uncertainty princi-
ple, we have estimated the resonance lifetimes 7 and the
distance traveled along the surface L. These are given in
Table III. L may be interpreted as a measure of the aver-
age distance between surface defects which scatter the
atom out of resonance. A previous measurement on LiF
gave similar results.!*

ERROR ANALYSIS

Experimental error arises primarily from the difficulty
in ascertaining the true incidence angles. The main prob-
lem in measuring 6 is the determination of zero. The
orientation of the gross surface envelope plane is easily
found by maximizing the signal from a partially blocked
beam. However, owing to the irregularity of the cleaved
surface, there is no assurance that the local surface is
parallel to this plane. Therefore, it is more reliable to

TABLE III. Half-widths and estimated lifetimes of bound-
state resonances of “He/MgO(001). Incident beam wave vector
576 A .

A¢ Aeg T L
v (deg) (meV) (107" ) (A)
0 1.0 . 0.18 2.3 230
1 0.8 0.18 2.4 230
2 0.7 0.15 2.7 260
3 0.4 0.08 5.7 500
4 0.2 0.04 11.0 1000

measure 0 from the detector angle. For this purpose,
however, it is essential to have the crystal and detector
axes collinear, the local surface tangent to this common
axis, and the beam centered on it. These conditions are
approximated by a lengthy series of adjustments with
partially blocked beams. The resolution of the polar-
angle measurements is about 0.1°.

The zero in the azimuthal angle is determined from the
symmetry of the azimuthal reflection patterns. The pro-
cedure is to plot the intensity of the specular beam as a
function of ¢ for fixed 8. Correct tilt of the crystal is
verified when the specular intensity throughout a wide
azimuthal scan is generally level. Our scans were made
with a fixed detector position optimized at ¢=0°. The
scans show some dropoff of intensity at large ¢ due to re-
sidual tilt. The resolution for ¢ is about 0.3°.

The beam velocity is taken from previous measure-
ments with a mechanical velocity selector.’® The value
was later confirmed by precise diffraction measurements
on graphite crystals. We were able to confirm it periodi-
cally by diffraction from the MgO crystals. We could
also confirm that the beam temperature was fully down to
liquid-nitrogen temperature by noting a slight shift of
nozzle position when the cooler fills with liquid.

Differentiation of Eq. (4) yields estimates of the relative
importance of errors in 6, ¢, and k in determination of
the binding energies.® The error for each energy level is
taken to be the sum of the magnitudes of the three indivi-
dual errors evaluated in the region of the actual measured
points. We find that Ag,=0.15 meV for all cases of in-
terest. This roughly agrees with the statistical errors
which are listed in the table; actual error may be greater.

DETERMINATION OF THE POTENTIAL

The depth D of the He/MgO(100) potential well was
estimated by fitting the measured bound-state energy lev-
els to the form of the potential given by Cole and
Tsong,'®

V(z)=(3*?D /2)[(0 /2)°—(0 /2)’] , (6)
whose eigenvalues are given approximately by
le,|=D[1—(v+1)/L1¢, 7
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where L =(3.07 /mw)(2mDa?/#%)!/2. This two-parameter
form is correct in the limit of large separation.!® Fitting
the |e,| values to a sixth-power function gives
D =7.5+0.2 meV and 0 =2.65+0.02 A. A least-squares
fit of the |e,|!/® values to a linear function gives nearly
the same results. As is commonly found, the C; value is

considerably larger than theoretical asymptotic lim-
Lo 17,18
its." "

DISCUSSION

The ground-state energy has been found to be 5.52
meV, in fair agreement with the He-MgO smoke adsorp-
tion measurements of Sullivan er al.,'° which gave a
deepest bound-state level of 4.8 meV. Previous work on
the He-graphite system has also shown a close agreement

between the results of atom-scattering and thermodynam-
ic experiments.* The 10.2-meV level reported by Brus-
deylins et al.® was not found, but if that level is given the
alternate assignment of 1.2 meV, then their measured en-
ergy spectrum becomes quite similar to that found here.

Measurements of diffracted beam intensities are in pro-
gress.
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