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Helium-atom scattering investigation of facetting of the Al stepped (332) surface
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Helium-atom scattering has been used to study the facetting of an aluminum crystal that was cut
at an angle of 10.0° from the (111) face to produce a (332) periodically stepped surface. After initial
surface preparation of repeated sputtering and annealing cycles, the diffraction peak structures indi-
cated strong facetting. Data collected for a wide range of initial He-atom wave vectors between 4.3
A7' (9.7 meV) and 12.5 A~ ' (81.8 meV) along the [T 13] azimuth reveal well-formed (111), disor-
dered (221), and a small proportion of (113) facets. The identification of facets is made relatively
easy with He-atom scattering due to the large form factors for individual steps. From studies of the
temperature dependence, three temperature ranges were identified. At the highest investigated sur-
face temperatures (T4, > 650 K), (111) and (221) facets build up and predominate. For intermediate
temperatures (650 K > T, > 500 K) the macroscopic (332) face begins to form. At lower tempera-
tures the surface is sufficiently immobile to inhibit a redistribution between facets. However, (221)
facets do show a temperature-dependent roughness down to 300 K. The instantaneous long-range
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step distribution freezes in at T,; <500 K.

I. INTRODUCTION

Vicinal surfaces have been frequently studied because
of their relatively high density of step edges. The density
of steps is simply determined by the orientation, i.e., the
Miller index, of the surface. High-index faces appear to
be a good connecting link between ideal flat surfaces and
real surfaces which have defects such as steps and kinks.

Steps are generally believed to be active sites for ca-
talysis.! Step edges are also assumed to have associated
strain fields that locally affect surface reconstructions or
adsorbate superlattices.”® Furthermore, steps may act as
nucleation centers for growth or ordering processes.*
Stepped surfaces invariably have different characteristics
than their nonstepped counterparts in phase transitions,’
and only rarely has it been found that steps have no
influence on the lateral coherence of superstructures.®

In the past few years vicinal surfaces have also been
frequently studied because they show a roughening tran-
sition. This phase transition is continuous with increas-
ing temperature and is accompanied by an increased dis-
order of the edges and variations in the step density. As
a result of the high density of steps on these surfaces the
characteristic temperatures of this transition are
sufficiently reduced to be easily accessible. The high sur-
face sensitivity of He-atom scattering (HAS) has been
used to study the roughening of fcc (11m) faces
(m=3,5,7,11).%  From these measurements, step-
step—interaction and kink-formation energies have been
estimated. On many stepped surfaces another form of to-
pographical surface change occurs. Some surface orien-
tations tend to be thermodynamically unstable and will
decompose into stable facets.’

Facetting is observed on clean surfaces as well as on
adsorption or segregation of contaminants, and has been
reported for Pt,'%713 Pd,'* Ni,'> ¢ Cu,'” 1% and Au (Refs.
20 and 21) surfaces.

Here we present the results of an investigation of the
Al (332) vicinal surface using HAS. The surface was ob-
served to facet to (111), (113), and (221) faces, the latter
pair of which [just as the (332) surface] can still be de-
scribed as vicinal to the (111) face. The HAS technique is
particularly suited to the identification of this combina-
tion of facets. The thermal stability of this surface and
the related facets have been investigated, and three dis-
tinct temperature regimes have been identified. Possible
driving forces for the facetting process are discussed.

II. SURFACE PREPARATION
AND LOW-ENERGY ELECTRON DIFFRACTION
RESULTS

An aluminum crystal was cut to within 0.2° of the
(332) face, the geometry of which is illustrated in Fig. 1.
The surface was mechanically polished and was then
transferred to an ultrahigh vacuum (UHYV) chamber,
which had a base pressure lower than 1X107!'° mbar.
The initial cleaning procedure involved repeated cycles of
1-keV Ar* bombardment (30—40 min) and heating to 780
K (3-5 min). After about 25 cycles the cylindrical-
mirror-analyzer Auger signals showed contamination lev-
els of carbon ([C]<0.3 at. %), sulfur ([S]<O0.1 at. %),
and oxygen ([0]~0.4 at. %).

The crystal was then removed to another UHV ap-
paratus, which was used for the He-atom-diffraction ex-
periments. This apparatus will shortly be described in de-
tail,?? but we give a brief description here. The design as-
pects associated with atom diffraction are essentially very
similar to another apparatus described elsewhere.”> The
supersonic helium-atom source may be maintained at
temperatures T, between 45 and 350 K. The resulting
beams have velocity spreads (Av /v) of about 1% with
wave vectors between k;=4.3 A™! (9.66 meV) and
k;=12.51 A~' ( 81.8 meV). The atoms are scattered
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FIG. 1. Ball model and graphical representations of the fcc
(332) surface. Each rectangular unit cell consists of a (111) ter-
race and a step edge oriented along the [110] direction. The
X, y, and z axes are defined with respect to the (111) terrace
direction. The row spacing, g, in this coordinate frame along
the x direction is illustrated in the lower right-hand inset. The
tilted coordinate frame, denoted in the text by subscripts || and
1, are depicted with respect to the macroscopic surface direc-
tions, [113] and [332], respectively.

through a fixed angle of 91.5° and detected by a magnetic
mass spectrometer using electron-bombardment ioniza-
tion and pulse counting. Angular scans are made by ro-
tating the crystal target about an axis perpendicular to
the plane of the incident and final scattered beams. The
overall angular resolution of the apparatus, which de-
pends on the incident beam and detector geometry, was
calculated using the method of Hinch, Frankl, and Al-
lison?* to be approximately 0.33°. This is in good agree-
ment with the full width at half maximum of the sharpest
experimental peak, which was 0.35°. The incident angle
can be measured with a resolution of 0.04°. Most of the
angular scans were taken at angles in steps of 0.1°, and
after many angular scans over the whole angular range
the diffraction-peak positions were found to be reproduci-
ble to 0.1°. The target chamber has a base pressure of
less than 8 X 10~ !! mbar. The apparatus is equipped with
low-energy electron diffraction (LEED) and a Leybold-
Hereaus EA11 electron-energy analyzer and x-ray and ul-
traviolet light sources. The same cleaning procedure dis-
cussed above was resumed to remove contamination aris-
ing from the short exposure to atmosphere. The final
cleaning cycles were typically of 1 h sputtering at room
temperature with a 1-keV Ar" beam (2 pAcm™?),
followed by crystal temperature flashes to 750 K. Studies
of the Mg Ka-radiation—induced electron spectra re-
vealed contaminant levels for O of the order of 1%, while
no contamination signals for C or S (<0.2 and
<0.1 at. %, respectively) were seen.

Figure 2 shows schematically the reciprocal-lattice
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FIG. 2. Solid lines show the positions of intensities observ-
able with LEED in the simplest of kinematic approximations
for an ideal (332) vicinal surface. The vertical dashed lines indi-
cate the two-dimensional (2D) Bragg conditions of a (111) sur-
face, AK,=G,=n2m/a (a is defined in Fig. 1). The tilted
dashed-dotted line at the base represents the angle of inclination
of the macroscopic surface. The perpendicular momentum
transfers, Ak? are denoted in units of 27 /h, where h is the
height (in the z direction) of each step on the (111) terraces.

rods that one would expect with LEED for a perfect
stepped crystal. It should be noted that the momentum
transfers perpendicular to the surface, Ak? and parallel
to the surface, AK,, of Fig. 2 are referenced to the planes
of the (111) terraces and displayed in units of 27 /h and
27 /a, respectively. These units are defined in the caption
of Fig. 2. The alternative coordinate system, referenced
to the macroscopic (332) surface, is rotated through
10.0°. In this coordinate frame the perpendicular and
parallel momentum transfers will be referred to as Ak,
and AK,, respectively. This notation will be used
throughout this paper. Figure 3 shows the actually ob-
served LEED pattern. The peak splittings compared to
the ideal crystal (Fig. 2) are replaced by broad diffuse
peaks. Sharp peaks were found only at the three-
dimensional (3D) Bragg-scattering conditions. This type
of pattern is of the type expected from a rough (111) sur-
face having a high density of irregularly spaced step
edges.”” Despite a relative 10° misorientation, the present
LEED apparatus was not able to distinguish this system
from a rough (111) surface.

III. STRUCTURAL DETERMINATION
FROM HAS ANGULAR DISTRIBUTIONS

Most of the data to be presented are the result of
scattering along the [113] azimuth, which is uphill per-
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FIG. 3. Diffraction pattern expected with kinematic LEED
from a rough, randomly stepped (111) surface. The largest in-
tensities and sharpest peaks are to be found at the 3D Bragg
conditions (solid dots).

pendicular to the step edges, as illustrated in the inset of
Fig. 4. A typical angular scan, as shown in Fig. 4, was
made by rotating the crystal face through 90° about an
axis perpendicular to the plane defined by the incident
wave vector k, and final wave vector k,. Grazing in-
cidence corresponds to an incident scattering angle
0, =~90° with respect to the normal. In this case the
atoms strike deep into the step risers.
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FIG. 4. Experimental HAS angular distribution showing to-
tal integral diffraction intensities along the [113] azimuth. The
specular scattering from the macroscopic surface is observed at
6,=45.77°, whereas the specular peak from the terraces appears
at 6, =35.75".
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The peak of largest intensity of Fig. 4, at 6,=35.7°, is
in the specular direction of the (111) planes (AK, =0).
Note that on stepped surfaces the largest intensity is not
in the specular direction of the macroscopic surface
(AK,=0). As in the LEED patterns taken in the same
apparatus, the (111) specular peak was never split, as
would be expected for a regular array of step edges.

Figure 5 shows the intensity of this specular peak as a
function of the elastic perpendicular momentum ex-
change, Ak*= (k7 —k;), where

Akg =k;(cost,+cosh;) . (1)

This plot is called a *‘drift” spectrum, as it involves a con-
trolled linear drift of the helium-beam-source tempera-
ture T, and a change in the incident wave vector
k; = T{/* with time. He-atom-scattered intensity is mea-
sured at regular intervals corresponding to points along
the AK, =0 reciprocal-lattice rod (e.g., see Fig. 2). The
intensities have not been corrected for the slow falloff of
He flux, nor for the increased Debye-Waller effect and
greater attenuation, with increasing source temperature.
Three maxima are observed corresponding to Ak*=8.01,
10.70, and 13.033 A~', which are spaced at intervals of
2.69 and 2.63 A~ '. As discussed in the following section,
these maxima are attributed to constructive interference
at 3D Bragg points. The smooth regular form of the
minima in the oscillations and the observed spacing are
consistent with a rough (111) surface having many mona-
tomic steps.?® The step height h =2.36 A as calculated
from the relationship h =n2w/Ak? is consistent with the
crystallographic spacing of (111) planes of 2.34 A. A
significant number of steps of larger heights, which would
show up as additional peaks of smaller spacing was not
observed. Evidence for selective-adsorption bound-state
resonances as seen in analogous experiments on LiF (Ref.
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FIG. 5. Specular intensity measured at fixed scattering angles
for varying incident He-beam energies in the range 9.6—67.5
meV. The total perpendicular momentum transfer Ak* for the
elastic terrace specular peak (AK,=0) was evaluated from
time-of-flight measurements taken at regular intervals of the in-
cident wave vector k,. The three observed maxima correspond

to the 3D Bragg conditions. For the terrace specular direction,
Ak?*=n2m/h [see Fig. 2(b)].
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27) is also not apparent. As we shall see later, this is
probably due to the highly disordered surface condition
and/or to the very large number of open diffraction chan-
nels of the stepped surface.

The minima in the oscillations of the drift measure-
ment will depend on the angular resolution (see Sec. II)
since it is related to a broadening of the (111) specular
peak and the resulting reduction in the peak intensities.
At no stage does the intensity vanish entirely, as predict-
ed by kinematic models of scattering from an ideal vicinal
(332) surface®® (see Fig. 2). This lack of a vanishing be-
tween 3D Bragg points is also consistent with the absence
of the splitting of the specular peak.

More extensive information is provided by an analysis
of many angular distributions measured for different
values of the incident wave vector in a plane perpendicu-
lar to the steps. Over 30 angular distributions similar to
Fig. 4 were measured for surface temperatures of
T, <150 K for a wide range of incident wave vectors be-
tween 4.3 A™' (9.7 meV) and 12.5 A~' (81.8 meV). This
large amount of data is summarized in Fig. 6, where the
reciprocal-space positions of all identifiable peaks are
plotted in a diagram of Ak’ versus AK,. This diagram
reveals the presence of peaks between AK, =2nw/a =G,

15.80 Al (332) <113>
29. 50
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AKy (AT

FIG. 6. Circles indicate the positions of all peak maxima ob-
served with angular scan measurements from the crystal at tem-
peratures of 150 K or slightly below. An individual scan de-
scribes an arc of circle in reciprocal-lattice space. For this
scattering geometry, the scan with lowest oin_clident energy (9.6
meV) describes a circle of radius 6.08 A ', and that with
highest incident energy (74.8 meV), a circle of radius 16.91 A~ L
The solid lines are the reciprocal-lattice rods from (221), (111),
and (113) facets of the surface. The uppermost part of the figure
displays the diffraction order of each reciprocal-lattice rod.
Short dashes through circles illustrate the angular range corre-
sponding to % of the FWHM of each peak. Many peaks are
very sharp, showing little or no broadening. This is indicated
simply by the absence of dashes. Note that the intensities of the
peaks vary over orders of magnitude.
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rods of the reciprocal lattice of the Al(111) terraces.
Three unequivocal sets of parallel reicprocal-lattice rods
running through all peak-intensity positions have been
identified. Both the angles of inclination, with respect to
the [111] direction, and their separations in reciprocal
space, provide direct evidence for three types of facets on
the nominal (332) surface. In this way we have identified
facets with (113), (111), and (221) structures, but, in fact,
no facets with the nominal (332) structure from scattering
in one plane only.

The small arcs of circles drawn through many points of
Fig. 6 represent one-third of the full width at half max-
imum (FWHM) of the associated peak. Points with no
arc drawn represent peaks that were too narrow for the
peak width to be apparent in Fig. 6. The limited number
of points which are not on the reciprocal-lattice rods of
the (221), (111), and (113) facets of Fig. 6 are largely ac-
counted for by realizing that two or more broad peaks
will not be clearly separable if their widths are too large.

Figure 7 shows the geometrical structure of the
identified facets. The (221) surface has a very similar
structure to that of the (332) surface, but has a higher
step density, p;, where p, is defined as the number of
steps per unit distance in the x direction. The (113) face
has an even higher density of steps, but in the opposite
orientation with respect to the (111) terraces. The inten-
sities of the (113)-related diffraction peaks are relatively
small, and hence the relative proportion of the (113)
facets is also expected to be small. For simplicity in the
present discussion this total fraction, f,;3,, and the frac-
tion of facets other than (332), (221), and (111) will be as-
sumed to be zero. A relationship between the propor-
tions of (111) and (221) facets, f(;;;, and f 3,), respec-

FIG. 7. Ball models of two of the facets identified on the
Al(332) surface. The (113) and (221) surfaces may be compared
directly with the upper part of Fig. 1, showing the ideal (332)
surface. The surface profile at the bottom shows how the (332)
macroscopic surface can be restructured to consist of (221),
(111), and (113) facets without the presence of any (332) facets.
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tively, can be anticipated on geometrical ground since the
step heights on all these facets is the same (h =2.36 A).
Without a knowledge of the fractional coverage due to
other facets, e.g., (332) facets, however, it is not possible
to determine the absolute values of the f’s. The overall
macroscopic surface must be maintained when averaged
over large areas during the facetting process and the fol-
lowing simple relationship representing conservation of
the total number of steps holds:

Sapsaim T 220Ps 20 = iyt F220)Ps332) - 2)

Since p, (1) is zero, then the relative concentrations of
(111) to (221) facets are easily estimated from the known
step densities p;(5;,=0.833a ! and p;33,)=0.520a ~!
[a=2.38 A, the row spacing in (111) terraces of Al] to be
51:31. Figure 7 illustrates how the redistribution of steps
with (111), (221), and (332) facets can maintain the mac-
roscopic surface. However, this facetting process re-
quires a considerable degree of mass transport. The ex-
tent of mass transport required is clearly facet-size depen-
dent. That a considerable amount of mass transport
takes place can be judged from the width of the
diffraction peaks from the (111) facets. The very sharp
peaks with AK, =0.05 A~ (A6=0.35°, k;=6.67 A™!),
which are limited only by the experimental resolution, in-
dicate (111) facets of dimension larger than ~120 A.
Similar estimates for the dimensions of the (221) or (332)
faces are obscured by the overlapping of several peaks.
Since these measurements were restricted to one
scattering plane, other facets having specular directions
out of the scattering plane may well be present. Such
facets [e.g., (131)] cannot show diffraction in the scatter-
ing plane of our experiment, except at the 3D Bragg con-
ditions. To study the out-of-plane facets, measurements
for a wide range of different azimuthal directions would
be required. Such measurements are easily possible with
the present apparatus, but have not yet been performed.

IV. KINEMATIC APPROXIMATIONS

Figure 6 shows a qualitatively different intensity distri-
bution than the LEED patterns, as illustrated in Figs. 2
and 3. This difference can be attributed to the different
form factors in HAS compared to LEED. These
differences in the form factors and the sensitivity of HAS
only to the outermost layer of the surface also affect the
way in which the intensities along reciprocal-lattice rods
are modulated in the two different experiments.

We recall that electrons are scattered by the inner
cores of the individual atoms. Thus, atoms at step edges
scatter much the same as terrace atoms. Steps can thus
only be detected by the phase differences of atoms on
different terraces via the structure factor or by virtue of
slightly different form factors. As opposed to electrons,
He atoms are scattered from the relatively low electron
densities at distances of the order of 6-7 a.u. from the
atomic centers of the outermost plane. At these large dis-
tances the sum of the equipotentials on the densely
packed surfaces [e.g., (111) and (100)] results in smooth
potential surfaces with only very slight corrugations.

This smoothing is enhanced by Smoluchowski electron
smearing.?® The diffraction intensities from these smooth
surfaces are only 1072-1072 of the specular intensity.
Adatoms or steps produce much larger local corrugations
with much larger scattering amplitudes. Steps have been
shown to have a strong asymmetry in the form factors,
which is related to the classical rainbow scattering from
the sloped portions of the steps. Thus, for atoms ap-
proaching downward steps, scattering with positive
momentum transfer AK, predominates, while for scatter-
ing from upward steps scattering with negative momen-
tum transfer is predominant.

For the one-dimensional case the He-atom-scattering
amplitude consists of three contributions,

=1
A(ak)=—

iAk-r,

T
szJ(Ak)e
li

U iAk-
+ 3 F,,(Ak)e

etAan

D
+ S Fyoun(AK) , (3)

where the total momentum transfer Ak is made up of the
x and z momentum-transfer components, Ak=AK X
+Ak?Z. F,, is the terrace form factor of the /th terrace
from a total of T terraces. L represents the total length
of a unit cell used to model a stepped surface of any given
step-edge distribution. F,, and Fg,,, are the form fac-
tors for scattering from step edges of up and down orien-
tations, respectively. For a unit cell that conserves a
low-index macroscopic plane, we have that the total
number of steps down, D, equals the number of steps up,
U, and is T /2. For an ideal stepped surface, either D or
U may be zero; for a facetted surface the ratio of D /U
will reflect the macroscopic tilt of the surface. r;, r,,,
and r, represent the coordinate vectors of the /th terrace,
mth step up, or the nth step down, respectively.

Expression (3) can be greatly simplified. For uphill
scattering with AK, <0 as used in the present experi-
ments,

1 X
A(Ak);z S F,,(Ak)

m

e‘Ak'rm ’ @)

and all the other terms can be neglected. Thus HAS is, in
this range of parallel momentum transfer, to a good ap-
proximation, only sensitive to step edges with one orien-
tation and virtually insensitive to the terraces and step
edges with the opposite orientation. As shown elsewhere,
the scattering intensity from a single step shows broad
undulations out to |AK ”l < k; with spacing depending on
the step width®® with intensities between 5X 10~ % and
5% 1077 of the specular.

The differences in form factors discussed above have,
however, important consequences on the way in which
the structure factors are weighted. As mentioned previ-
ously, LEED scattering intensities are centered on the
reciprocal-lattice rods of terraces. Since the form factor
of every scattering core is identical, the form factor of an
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individual 1D model terrace of length Na takes the
form?!

sin?(AK,Na /2)

Fy~———— 0 (5)
N sinX(AK a4 /2)

This demonstrates that in LEED the width of the en-
velope of a diffraction feature in K space, o, is weakly
dependent on the statistical distribution of terraces, but is
necessarily closely related to the average distance be-
tween step edges, 5t

ox~2m/5, aK~27T/1Va , (6)

as
$=Na . (7)

Secondly, every terrace of a surface, or every facet vicinal
to that terrace normal, produces LEED intensities close
to most, if not all, reciprocal-lattice rods.

Unlike the LEED form factors, the HAS form factors
for AK#0 are due almost entirely to the steps. Thus we
expect the HAS intensity to be along the full length of the
lattice rods of the macroscopic surface. This is clearly
evident in Fig. 6, where the peak intensities are distribut-
ed along the entire length of the macroscopic step lattice
rods. Thus the macroscopic step lattice rods show up
much stronger in HAS than in LEED, explaining the
striking sensitivity of HAS to facetting. Thus, with HAS,
it is possible to identify all the types of occurring vicinal
facets.

Recent LEED experiments from decorated vicinal sur-
faces*? have been reported, showing the types of intensity
patterns observable with He-atom scattering. Only under
such conditions can LEED experiments begin to have the
extreme sensitivity to disorder on vicinal surfaces and
facets that is characteristic of HAS.

In the case of HAS the effect of the disorder of facets is
now manifested along the corresponding facet lattice rods
at positions between the 3D Bragg points at the anti-
Bragg conditions.”> Unfortunately, the phrase “anti-
Bragg condition,” denoted here AB, has come to mean
two possible types of condition. The phraseology used in
LEED studies is often inconsistent with that used for
He-atom-scattering studies of vicinal surfaces. In HAS
the AB condition is fulfilled at a point halfway along the
reciprocal-lattice rod of the macroscopic vicinal surface.
In the (111) coordinate frame this corresponds to the con-
dition AK, =(2n +1)mr/a, where n is an integer. This is
a logical result of the ability of He-atom diffraction to see
step-periodicity diffraction peaks along the full length of
the reciprocal-lattice rods. Because of the different form
factor, LEED intensities are restricted to regions around
the AK, =2nm /a reciprocal-lattice rods. Thus, in LEED
studies, AB refers to the interterrace out-of-phase
scattering condition. For the direction close to (terrace)
specular, this implies the condition Ak?=(2n+1)w/h
[see Fig. 2(a)]. In this paper we choose to use consistent-
ly the HAS definition of the AB condition.

As in LEED, distributions in terrace lengths will lead
to peak broadenings. In HAS the sensitivity to the
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terrace-length distribution is greatly enhanced. If one
terrace in a facet is longer (shorter), then all the following
step edges will also be shifted in the same direction. This
phenomenon is expected from the repulsion and correla-
tion of step edges.>* The height of this shifted atomic lay-
er will depend on the facet geometry. For a (111) terrace
it is equal to a level spacing of h =2.34 A, but for a (221)
facet it is 0.67 A and for a (332) facet it is 0.43 A3 Al-
though much smaller than the (111) interlayer distance A,
these corrugations will lead to considerable additional
broadening of the macroscopic lattice rods. Thus the
roughness of each facet provides a strong broadening
which is greatest at the anti-Bragg condition and vanish-
ingly small at the 3D Bragg conditions.

The above discussion has assumed the neglect of
multiple-scattering processes.’® These play an important
role in LEED and make the dynamical electron-
scattering problem exceedingly complicated.’” For small
corrugations it is well established that for He atoms mul-
tiple scattering can be neglected. For the present case of
scattering from the large corrugation produced by uphill

2000 yphit | 8K,< AL(332) 1
By (7731
! Ta = 126K
15001:; 0 +0¢=91.5°
e k, = 6.61A"
ol 4

500+ 4

1200F -50
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Tar = 300K

0, + Oy = 90.0°
800F k = 6.63 A"

1000+

Total Intensity (103 counts/sec)

5001
400 4
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(b)
0
-75 5.0 75

FIG. 8. Comparison of angular distribution measured under
similar experimental conditions, but for two 180° azimuthally
rotated scattering geometries. The two geometries are shown as
insets. The present investigation deals mostly with the uphill
scattering geometry. The total intensities are plotted as a func-
tion of parallel momentum transfer in the macroscopic surface
coordinate frame. Note the different magnification factors
(50X and 100X).
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steps, this is not necessarily the case. To study the possi-
ble role of multiple scattering, we have carried out angu-
lar scan measurements for two different scattering
geometries. Figure 8(a) shows the results of uphill
scattering (shown in inset) perpendicular to the step
edges, along the (T13) azimuth. The scan is made by
rotating the crystal through 90°, between angles of graz-
ing exit to angles of grazing incidence. A fixed detector
and source dictate a constant total scattering angle,
6, +6,=91.50. The scan of Fig. 8(b) was taken under al-
most identical conditions, but in a quite separate ap-
paratus. Here, 6, +6,=90.0° but contrary to Fig. 8(a)
the scattering was in the reverse direction (along the
(113) azimuth), or downhill, as illustrated in the inset.
Absolute intensities and noise levels of the different sys-
tems vary, but the qualitative features of these scans are
nearly identical. Differences are explained solely in terms
of slightly different k; values or angular resolution for the
two systems, and in different surface temperatures. This
comparison shows that no complex mechanisms (e.g.,
multiple scattering) need be envoked to explain the scat-
tered intensities. This indicates the general validity of
neglecting multiple scattering for HAS studies of facetted
surfaces even at extreme uphill geometries and/or for
large scattering angles.

V. THERMAL EFFECTS

In discussing the qualitative changes in the diffraction
scans with increasing surface temperature, two effects
must be accounted for. (1) The increase of thermal vibra-
tions at higher surface temperatures T ,; reduces the elas-
tic scattering from the surface, I=1Iyexp[ —2W(T,,)],
where the Debye-Waller factor, W(T,,), is expected to
be of the same order of magnitude for each diffraction
peak.*® For the (111) specular peak for temperatures be-
tween 300 and 500 K, W was found experimentally to be
proportional to T,; with AW /AT=1.3X10"° K™! for
the (111) specular peak. (2) Associated with the loss in
elastic signal, there is a corresponding increase in the
phonon inelastic signal which appears at angles on both
sides of the diffraction peaks.*® This can be distinguished
from the true elastic intensity using the time-of-flight
(TOF) capabilities of the apparatus. A full report of
dynamical properties and of phonon modes identified
from studies of the inelastic intensities is planned to be
given elsewhere.® For our purpose here, the TOF
analysis was used simply to ensure that the elasticity scat-
tered component could be separated off from the inelastic
HAS intensity.

The importance of this TOF analysis at elevated tem-
peratures is illustrated in Fig. 9. There, an angular distri-
bution measured without TOF analysis at the compara-
tively high crystal temperature of 606.4 K is compared
with an angular distribution measured at room tempera-
ture. At the higher temperature the fraction of coherent
elastically scattered intensity is significantly reduced by
about a factor 2.5 compared to T,=308 K. Figure 10
shows a series of TOF spectra for surface temperatures
between 180 and 600 K. At the higher temperature it is
seen that the amount of inelastic scattering has increased
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FIG. 9. Comparison of angular distributions of total scat-
tered intensity for the Al(332) surface at (a) 308 K and (b) 606
K. Note that at the higher temperature most of the structure
seen at room temperature has disappeared.

significantly, while the elastic peak has been diminished
as a result of the Debye-Waller factor. Finally, in Fig. 11
a comparison of the elastic intensities taken from the
TOF spectra after subtracting off the interpolated multi-
phonon background is presented for the same tempera-
tures and wave vectors as in Fig. 9. The elastic angular
distribution shown in Fig. 11(b), although now a small
proportion of the total HAS intensity, contains much
more structure and is, in fact, very similar to the elastic
distribution at 300 K. Thus the broadening and smearing
out of the feature in Fig. 9(b) is not due to any structural
changes of the surface, but is simply due to an increase in
the inelastic scattering in the angular distributions mea-
sured without TOF analysis. This is clear evidence that
TOF energy resolution is essential in order to obtain
structural information with quantitative accuracy. A
similar investigation is reported in Ref. 41 for the study
of the thermal roughening. Another attempt to separate
inelastic-scattering intensity has been done by Engel
et al.,*> but with an energy resolution which is an order
of magnitude less than these measurements.

This technique has been used to measure the FWHM
of diffraction peaks in the region AK=—2.5 A™'. The
results are plotted as a function of the crystal tempera-
ture in Fig. 12. The one peak at Ak?=8.86 A™! (trian-
gles) corresponds to a 3D Bragg condition of the specular
peak of the (221) facet and 10 peak of the (111) face. As
expected from the properties of the 3D Bragg points, this
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FIG. 10. Series of time-of-flight spectra taken at the same
kinematical conditions, but for different surface temperatures.
At 180 K the elastic peak at AE =0 meV predominates. With
increasing temperature the inelastic peak increases in intensity.
At the highest temperature the area under the inelastic portion
of the time-of-flight spectrum is much larger than that in the
elastic peak.

peak is insensitive to the surface temperature. The con-
stant width of this peak in reciprocal-lattice space,
AK, =0.06 A, compares well with the angular resolution
of the apparatus, A6=0.35°. This result illustrates once
more that the sharpest peaks at the 3D Bragg points are
insensitive to virtually all types of surface disorder. In
contrast, curves composed of circles and squares are for
two peaks that are roughly midway between 3D Bragg
conditions. The peak which is denoted by squares is
identified as the first-order peak; the one which is denoted
by circles is the second-order diffraction peak from the
(221) facets. Both peaks have perpendicular momentum
transfers [relative to the (111) coordinate frame] of about
13.0 A, which for a (111) surface would be described as
an anti-Bragg condition (LEED definition). These peaks
show a measurable broadening over this temperature
range and are hence sensitive to an increasing surface
roughness. The two curves in Fig. 12 (O,) demonstrate
that the roughness of (221) facets increases continuously
in the range 300-600 K. Thus the surface changes over
this temperature range, indicating a mobility of step
edges. In this range of temperatures the disorder is ap-

FIG. 11. Comparison of angular distributions of the elastic
peaks taken from TOF spectra similar to those shown in Fig. 10.
After the removal of the inelastic intensities, it is surprising to
find that the elastic angular distribution at the two temperatures
now appears to be very similar and that the structure lost at the
higher temperature in the total intensity angular distribution of
Fig. 9(b) is recovered. Note, however, that the absolute elastic
intensity at 605 K, (b), is down by an order of magnitude com-
pared to 302 K, (a).

parently not frozen in.** Measurements were not per-
formed systematically at lower temperatures, but the
available data suggest that the half-widths will always be
greater than the angular resolution. This is consistent
with the idea that the surface will have a certain amount
of disorder, even at lower temperatures.

VI. SURFACE-FACET STABILITY

At low incident energies and high crystal temperatures
another qualitative change in the angular distributions is
seen. Figure 13 illustrates the appearance of a previously
unobserved peak maximum in a direction close to the
(111) specular one as the crystal temperature is raised.
Again, careful study of this peak with varying incident
wave vector recorded using the TOF energy discrimina-
tion to separate off the elastic peak reveals that the
elastic-peak position runs at an angle of ~10°+0.5° to the
(111) reciprocal-lattice rod (see Fig. 14). The new feature,
which is sharpest at 650 K, has been identified as the
third-order diffraction peak from (332) facets of the sur-
face. It was the first evidence encountered in these exper-
iments for (332) facets.

This new (332) feature is observed most clearly at low
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FIG. 12. Full widths at half maximum (FWHM) of the
widths of two characteristic elastic diffraction peaks are plotted
as a function of increasing surface temperature. All elastic in-
tensities were determined from TOF spectra and fits were made
to the data assuming simple Gau§siz}n peak shapes. :I’r_i?.ngles:
3D Bragg condition, Ak*=8.86 A , AK,=—2.55 A . Cir-

cles:  Ak'=12.62A"', AK,=—288A .  Squares:
Ak*=12.78 A~ ,and AK,=—2.22 A . Thce_irllset shows two
typical angular scans at Ak*=12.7 A (top) and

Ak*=8.9 A (bottom), both taken at surface temperatures of
about 510 K, as indicated by the black arrows. At the 3D Bragg
condition (A) the peak width is not affected by temperature-
induced disorder, whereas at kinematic conditions near the
anti-Bragg condition (O,0) a temperature-dependent broaden-
ing of the peaks is observed.

incident-beam energies. The extra peak is estimated to
have its greatest in-plane intensity at k;~5.1 A~! or
Ak*=~7.2 A"'+2%. At this incident energy the third-
order (332) diffraction peak is roughly 1.25°
(AK,=0.17 A™") from the true (111) specular direction.
Maximum intensities from vicinal superlattice diffraction
peaks are normally expected to coincide with the terrace
(111) specular direction (or 3D Bragg condition). At low
incident energies, however, the presence of an energetic
well in the He-atom-surface interaction potential will
influence the trajectories considerably. A similar effect
was found, and a similar interpretation given for large-
angle HAS results from a Pt(997) surface.** With in-
creasing well depth, the classical terrace rainbow direc-
tion was found to move (for uphill scattering) to more
negative AK,. The same effect is expected to occur in the
present experiments. A shift in scattering angles will
influence the position in both directions in the Ak AK,
plane. Using a model of the vicinal (332) surface with a
potential well similar to the model of Harris et al.,*® it
was possible to explain the shift away from the 3D Bragg
condition by a potential-well-depth value of only about
1.7 meV. In this simple estimate the disorder-induced
broadening due to step edges was, however, ignored.
Moreover, only the in-plane intensities were observed,
and for an accurate comparison the out-of-plane scatter-
ing should be taken into account. Simple geometrical
considerations suggest that the use of in-plane intensities
alone underestimate the angle between the maximum in-
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FIG. 13. Angular distributions of elastic scattered intensities
measured close to the terrace specular direction are plotted for
a series of increasing surface temperatures. With increasing
temperatures, a well-defined peak develops at AK, =0.25 A.
As shown in Fig. 14, this peak has been identified as the (332)-
surface third-order diffraction peak.
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FIG. 14. Total intensity maxima positions as observed at an
elevated surface temperature of 648 K. For this plot incident
energies vary between 9.6 and 23.3 meV. The vertical dashed
line indicates the (111) terrace (facet) specular reciprocal-lattice
rod. The two solid lines, indicating the third- and fourth-order
lattice rods of the (332) surface, coincide well with the feature
which grows at this surface temperature. For comparison, the
third- and fourth-order reciprocal-lattice rods of the (221) facets
are also shown as dashed-dotted lines.
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tensity peak and (111) specular direction (here 1.25°).
The value of 1.7 meV must then be an underestimate of
the true well depth.

The isolated observation of a (332) feature opens up the
possibility of studying its behavior with changes of tem-
perature. Prior to all of the following measurements, the
crystal was first rapidly (~ 300 sec) flashed to 720 K and
then the heating was switched off, so that the crystal
cooled to room temperature or somewhat below (~ 600
sec) to ensure a reproducible initial structure. Figure 15
displays the total intensity measured at the same third-
order (332) superlattice peak maximum, both before and
after Debye-Waller correction, during a slow temperature
cycle (350—650—350 K) over a total time of 60 min.
The Debye-Waller factor was obtained from the intensity
change observed during heating at temperatures below
500 K. In this slow annealing the intensity from the (332)
facet starts to rise at about 550 K and reaches a max-
imum at 630 K. An analysis of the time response re-
vealed that the greatest rate of change occurred at 570 K.
At temperatures greater than 630 K the (332) intensity
drops off sharply, indicating a temperature-induced facet-
ting out of the (332) structure. During the subsequent
cooling the intensity recovers and the maximum is nearly
maintained in the slow cooling down to the lowest tem-
peratures. Thus, in this case some of the original macro-
scopic (332) surface is recovered.

For comparison, Fig. 16 shows analogous curves for a
more rapid temperature cycling taken over a shorter, 10-
min, total cycle time which reveal a different behavior.
In the initial heating phase a maximum of the density of
(332) facets is again produced at about the same tempera-
ture of 630 K, but the intensity increase is about 50%
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FIG. 15. Temperature dependence of the third-order (332)
diffraction peak total intensity. Curve (a) shows the intensity
during a temperature cycle from 300—650—300 K over 60
min. Curve (b) shows the same intensity after a Debye-Waller
correction.
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FIG. 16. Same as Fig. 15, but for a fast 720-K flash and rapid
cooling with liquid nitrogen. The initial temperature of 300 K
was again reached after 10 min. Curves (a) and (b) are again the
total intensities before and after the Debye-Waller correction.

smaller. This would suggest that the time was much too
short to reach equilibrium. Upon cooling, the maximum
intensity is not recovered at 630 K, but only at about 500
K, corresponding to the initial increase in the heating
phase. In this case insufficient time is available for the
restructuring to fully occur in the heating cycle, and only
with considerable temperature lag in the cooling cycle. It
is clear that the formation of (332) facets is rate-limited,
and equilibrium facet distributions are not achieved dur-
ing rapid temperature changes. The hysteresis of the in-
tensity, seen during the cycling of surface temperature,
must be associated with a rate-dependent irreversibility in
the relative proportions of facets, {p}.

With the same starting surface condition, described
above, the proportional increase of the (332) feature has
been measured at 350 K as a function of the maximum
anneal temperature (Fig. 17). The heating conditions
were similar to those of the fast cycling in Fig. 16 and
nearly identical for each point. Once the desired temper-
ature was reached, the heating was switched off, allowing
the sample to cool again to room temperature. This cool-
ing typically took 10 min and corresponds closest to the
cooling in the fast cycling described above. At annealing
temperatures less than ~610 K the proportion of (332)
facets was observed to increase with increasing annealing
temperature. At higher annealing temperatures it de-
creased. For these experiments the heating was relatively
fast and the surface response is too slow to reach an equi-
librium state. The maximum increase obtained was only
about 14%. During the slow anneal cycles (e.g., Fig. 15)
the proportional increase of the (332) superlattice peaks
was as large as 35%. The limiting factor is probably the
diffusion rate at these temperatures for the large degree
of mass transport required in facet redistribution. From
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FIG. 17. Ratio of intensities of the third-order peak from the
(332) surface after and before annealing as a function of the
maximum annealing temperature. All intensities were mea-
sured at 350 K. The curve illustrates the nature of a hysteresis
after a heating cycle (at constant heating power) to the max-
imum indicated temperatures.

the very slowest temperature cycles (total time 300 min) a
maximum in the intensity increase with time was ob-
served at 570 K. The observed intensity changes with
time were used to determine rates, and from an Ar-
rhenius plot in the temperature range 500-565 K the ac-
tivation energy for reordering diffusion was estimated to
be 0.17£0.03 eV. (Unfortunately, we have not found any
values in the literature for comparison.) This value is ex-
pected to have additional large systematic errors because
of uncertainties in the Debye-Waller correction. We note
that the observed facet reordering will involve many
different elementary processes and not simply the motion
of adatoms on (111) terraces.

The thermal behavior of the Al(332) surface can thus
be divided into three regimes. At high temperatures
(> 640 K) the thermodynamical most favorable phase in-
volves apparently (221) and (111) facets. These are the
facets observed at room temperature (Fig. 6), which have
been apparently frozen in by the rapid cooling used in
preparing the crystal. In the intermediate range
(640 <T,; <500 K) a partial reordering to the macro-
scopic (332) surface occurs. At lower temperatures the
(221) and (111) facets are frozen in and the restructuring
of the (332) facets is inhibited. It is interesting to com-
pare this observation with the conclusions drawn from
Fig. 12, i.e., that the (221) facets become continuously
rougher with increasing temperature, indicating a mobili-
ty over the full 300-600 K range. The processes of facet-
ting and roughening are, in fact, quite separate phenome-
na. The extent of mass transport required for step-edge
roughening is orders of magnitude smaller than that for
facet building. Presumably, the energetics for both pro-
cesses will also be quite different.*® In both processes the
thermal activation energy is necessary, but in the case of
facetting the facets are also stable after cooling, while the
roughening is reversible.
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Testoni and Stair*’ have reported thermal instabilities
on the smooth Al(111) surface, which show the tendency
to build (221) facets. Their work advocates a very long
(slow) annealing process to form a well-prepared (111)
surface. From their studies it is not clear whether at high
temperatures ( > 650 K) facets on the Al(111) surface an-
neal out or whether the surface condition is improved,
presumably during the slow cooling. These two possibili-
ties may be relevant to our interpretation of what hap-
pens on the (332) surface. The high-temperature facet-
ting process may be driven by the greater stability of ei-
ther of the (111) or (221) faces. It is the former that
seems more realistic, on the grounds that the (221) facets
are still very rough. This rough facet may contain re-
gions which are still locally (332). At surface tempera-
tures less than 640 K the (332) face is more stable than a
linear combination of (111) and (221) facets.

The above temperature-cycling experiments suggest an
optimal temperature cycling for obtaining (332) facets.
This treatment should involve a flash to 620 K and then a
slow cooling to room temperature. The diffraction pat-
tern obtained at room temperature after this treatment is
shown in Fig. 18(b). A small sharp shoulder is now ob-
served at about AK, =0.2 A ™' similar to what was found
in the elastic peak after the high-temperature cycling
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FIG. 18. Comparison of angular distribution of total intensi-
ties observed after rapid and slow cooling. (a) Fast temperature
flash to 720 K and immediate cooling. (b) Flash to 620 K and
slowly cooled, over 60 min, to room temperature. The long an-
nealing treatment induces new structure, near the terrace specu-
lar direction, which is identified as a (332) diffraction feature.
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shown in Fig. 13. As shown in Fig. 18(a), this peak is not
found when the crystal is flashed to 720 K and cooled im-
mediately. Since this is the procedure used in the mea-
surements described in the first part of this article, this
observation explains the lack of any evidence for the
(332) faces in our other experiments.

At no stage was a surface prepared which exhibited
(111) specular spot splitting, however. Thus it would ap-
pear that a considerable proportion of the crystal surface
remains as (111) facets.

Adsorbates are known to induce facetting on many sur-
faces.!>!%17719  After either slow- or fast-cycling pro-
cedures the surface contaminant levels, as measured by
x-ray-photoemission spectroscopy at surface tempera-
tures of under 350 K, remained less than 0.3%. The pos-
sibility of reversible surface segregation and incorpora-
tion processes of bulk contaminants must nevertheless be
considered. We deem this unlikely, since such a segrega-
tion, occurring only in the temperature range 550-640
K, must be of insufficient quantities to drive the (332) sta-
bilization, and incorporation must occur again at
T << 550 K. Instead, we believe the observed thermal be-
havior to be a property of the clean A1(332) surface.

VII. SUMMARY

Data have been presented that illustrate the strength of
HAS as a diffraction tool in identifying complex morpho-
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logies of crystalline surfaces. For metallic surfaces with
close-packed terraces, the scattering from HAS is divided
into two distinct regions. The scattering close to the ter-
race specular direction can yield much the same informa-
tion as LEED studies. In contrast, the large-angle
scattering is dominated by step-edge diffraction, which
has no kinematic analog in LEED. The large-angle-
scattering intensities are not restricted to regions close to
AK, =G, conditions, but can be found at almost all kine-
matic conditions. This implies a considerably enhanced
sensitivity to facet orientations, and also to disordering
on each of the facet types.

With the aid of TOF energy resolution, the disordering
and ordering processes on an Al(332) surface have been
studied. Increasing disorder in individual facets as well
as the complete redistribution of facets has been observed
with increasing temperature. The true A1(332) face has
been shown to exhibit three distinct temperature regimes,
indicating a complex dependence of surface energies with
temperature.
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