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Energy and angular distributions of 100- to 400-ev Na+ scattered from Cu(110)
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In this paper we present a detailed analysis of the energy and angular distributions of 100-, 200-,
and 400-eV Na+ scattered from the Cu(110) surface. The spectra are analyzed using classical trajec-
tory calculations with an improved ion-surface interaction potential. Qualitative features of the
spectra can be reproduced using the chain model. Quantitative agreement between measured and
simulated spectra is obtained with full-surface simulations, which include the thermal vibrations of
the surface atoms. The trajectories are calculated using a potential constructed from a sum of (Na-
Cu) Hartree-Fock pair potentia1s plus an attractive interaction. At lower beam energies, the con-
tribution to the scattering potential from the long-range tails of the pair potentials becomes increas-

ingly important in determining the positions of the rainbow angles. The tails are also responsible
for the dramatic increase in "focused" scattering events at lower beam energies. The simulations
provide the impact parameters for the detected ions. This information is used to determine the rela-
tive importance of zigzag, focused, and top-layer chainlike scattering events. By examining the tra-
jectories of ions scattered into the forward and backward rainbow angles, the extreme sensitivity of
the backward rainbow peak to surface thermal vibrations is explained. Lastly, angular spectra from
chain and full-surface simulations are compared.

I. INTRODUCTION

Low-energy ion scattering, with beam energies of
several hundred eV to several keV, is a widely used tech-
nique for studying single-crystal metal surfaces. ' The en-
ergy and angular distributions of the scattered ions de-
pend on the potential between the incident ion and the
surface, the surface geometry, ' the thermal vibra-
tions of the surface atoms, ' ' and the neutralization
probabilities of the scattered species. ' Good agreement
between measured and simulated spectra can be achieved
for keV ion scattering. ' As the incident ion energy is
lowered, changes in the ion-surface interaction are
reflected in the scattered-ion distributions. Relatively
few detailed studies have been made of scattering in the
hyperthermal energy range (several eV to several hun-
dred eV). In this paper we present measured and
simulated spectra for 100- to 400-eV Na+ scattered from
CU(110).

The Cu(110) surface, whose geometry is shown in Fig.
1, has been investigated in previous scattering studies us-
ing keV ions. For example, Engelmann et al. ' used 1-
keV Ne+ and Na+ ions to study the thermal vibrations
of the surface atoms. Their results were interpreted using
full-surface simulations which employed a binary col-
lision approximation to model the scattering. This model
assumes that the ion interacts with only a single surface
atom at a time. ' ' Multiple scattering events are treat-
ed as successive binary collisions. Bronckers and De Wit
have scattered 1-keV Ne+ and H20+ from this surface.
Their scattering results were interpreted using the binary
collision approximation to calculate shadowing and
blocking features in the scattered-ion distributions.

At the energies used in the present study, the incident
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FIG. 1. Schematic top and side views of the Cu(110) surface.

ion may experience forces from several surface atoms
simultaneously. Thus, to perform detailed comparisons
with our data, we have replaced the binary collision mod-
el with trajectory simulations using the SAFARI computer
code. SAFARI uses an improved ion-surface interaction
potential consisting of a sum of pair potentials
with an added attractive term to model the long-range
ion-metal image potential. Excellent agreement be-
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tween measured and calculated energy and angular distri-
butions is obtained using Hartree-Fock (HF) pair poten-
tials calculated with GAUSSIAN86. At incident ion ener-
gies of less than 500 eV, the calculated energy and angu-
lar ion distributions can be very sensitive to the shape of
the scattering potential. We illustrate this below by com-
paring simulations using the HF pair potentials and the
"universal" pair potential of Ziegler, Biersack, and
Littmarck (ZBL), which has been used to describe the
scattering of Li+, Na, and K+ from Mo(001) in the en-
ergy range of 500—2500 eV.

Having found a suitable potential, we then proceed to
use the simulations to study in detail the scattered-ion
trajectories. In particular, we examine the relative con-
tributions to the spectra from focused and zigzag col-
lisions, which depend both on scattering geometry and
incident beam energy. Using SAFARI we can also investi-
gate eftects on the scattering trajectories from the
thermal vibrations of the surface atoms, which are re-
sponsible for dramatic changes in the scattered-ion distri-
butions.

This paper is organized into five main sections. In Sec.
II we discuss the experimental details and sample
preparation techniques. Section III describes the main
features of SAFARI, including a brief discussion of the
scattering potentials used in the simulations. Section IV
reviews the chain model. The scattering results are
presented in Sec. V, which contains subsections on our
energy- and angle-resolved spectra, calculated impact pa-
rameter plots, a discussion of thermal effects, and the
differences between the results of chain and full-surface
simulations. Section VI summarizes our conclusions.

II. EXPERIMENT

A. Apparatus

The experimental apparatus is described in detail else-
where. ' Here we summarize the features that are
relevant to the present work.

The beam line produces monochromatic beams
(b.E/E ~ l%%uo) of ions ranging in energy from approxi-
mately 10 eV to 10 keV. At the sample, a typical 100-eV
beam has a diameter of less than 3 mm, a full angular
divergence of 2' —4', and a current of several nanoamps.
At 400 eV, the beam has a diameter of 2 mm, an angular
divergence of 2, and a current in excess of 10 nA. The
UHV chamber is equipped with a sputter gun, rear-view
low-energy electron diffraction (LEED), Auger spectrom-
eter, residual gas analyzer, Kelvin probe, and getters for
alkali-metal deposition. A sample manipulator provides
x, y, and z translations, as well as sample rotation about
three axes: azimuthal rotation about the sample normal,
rotation of the sample normal in the scattering plane (de-
scribed below), and rotation of the sample normal per-
pendicular to the scattering plane ("tilt" ). For the experi-
ments presented in this paper, the tilt rotation is used
only to align the sample. The UHV scattering chamber
has base pressures in the mid-10 "-Torr range and typi-
cal operating pressures of(1—2) X10 ' Torr.

The scattering plane is defined by the beam axis and
the axis through the entrance apertures of the detector;

these two axes intersect at the sample position (see Fig.
2). The total (laboratory) scattering angle of the detected
particles is determined by rotating the detector in the
scattering plane. Linear alignment between the beam-line
optics, the detector, and the manipulator was achieved to
about 0.25 mm, and angular alignment to within less than
0.5'. The alignment was verified by collecting pairs of
energy spectra with mirror symmetric scattering
geometries. For all the scattering angles tested, the pairs
of spectra agreed with one another to within our experi-
mental precision.

The (110) azimuth of the sample was aligned to
within +2' of the scattering plane using our LEED ap-
paratus. The azimuthal position was then adjusted to
within +0.5' of the scattering plane by measuring
scattered-ion intensities, which are very sensitive to small
azimuthal rotations away from an axis of symmetry.
Other azimuths can be chosen to +0.5' accuracy using
angular fiducial marks on the sample mount that can be
seen from outside the vacuum chamber.

The scattered ions are energy analyzed using a 180'
spherical electrostatic analyzer (ESA) with apertures
chosen to give an energy resolution b.E/E of l%%uo and an
angular acceptance of +1 . An energy spectrum is mea-
sured by ramping the voltage difference between the
hemispheres, thus ramping the pass energy E of the
analyzer. The particles transmitted by the ESA are
detected by an electron multiplier operated in the pulse-
counting mode. We have scaled each raw spectrum by a
factor of 1/E to correct for the energy-dependent
transmission function of the detector. The current on
target is monitored continuously during an energy scan,
so that any small changes in the incident ion beam
current can be compensated for. Between spectra a Fara-
day cup, mounted below the sample on the sample mani-
pulator, is placed at the sample position to measure the
beam current. In practice this current is very stable, usu-
ally varying less than a few percent over several spectra.
The Faraday cup is also used to monitor the beam diame-
ter and position relative to the chamber center. The need
to correct the spectra for different scattering geometries
was avoided by keeping the illuminated spot on the sam-
ple smaller than the area imaged by the detector. It was
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FIG. 2. Scattering geometry. 0; =55', Of is the final scatter-
ing angle, 8 is the total scattering angle.
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necessary, however, to correct for an incident ion dose-
dependent neutralization effect. This is discussed in more
detail in the next section.

B. Sample handling

The Cu(110) crystal used in these measurements was
cleaned using repeated sputter-anneal cycles described in
detail elsewhere. After the initial cleaning period,
Auger spectra showed trace amounts of sulfur on the sur-
face after prolonged annealing at 650'C. Before each
scattering experiment, in which 20—40 energy spectra
were measured, we would uniformly sputter the sample
with 1.5 pA of 500-eV Ar+ ions for 30 sec, and then an-
neal the sample for 30 min at 550'C. No sulfur was evi-
dent after the 30 min anneal. Good LEED patterns were
achieved following this procedure. All the spectra
presented in this paper were measured with the crystal
near room temperature.

During data collection the sample was monitored for
both surface damage and contamination from the alkali
ion beam. The total beam dose per energy spectrum was
on the order of 10' alkali ions per mm . We saw no
effects due to sputter damage from the incident beam.
With long exposures to the beam, we observed a uniform
decrease in the scattered-ion intensity, correlated with
implantation of alkali ions in the surface. This attenua-
tion was due to alkali-induced resonant charge transfer
resulting in neutralization of the scattered ions, and did
not depend significantly on the trajectory or final energy
of the scattered particle. The intensity decrease had a
smooth and reproducible dependence on the total Na+
dose to the crystal. The neutralization probability for a
given dose increased with increasing energy of the in-
cident ions, due to greater implantation rates. We moni-
tored this intensity decrease by periodically measuring an
energy spectrum at a fixed specular geometry of
0 Of 55', where 0, and Of are the initial and final po-
lar angles, respectively, measured with respect to the sur-
face normal (see Fig. 2). The intensity decrease at this
fixed geometry was used to correct the angular spectra
for the increased-neutralization rates. In all cases, the
corrections to the spectra were small, ranging from 2%%uo

or less at 100 eV to a maximum of 20% at 400 eV. The
change in the neutralization rate during the accumulation
of a single energy spectrum was insignificant.

III. SIMULATIONS

The scattered-ion trajectories are calculated with the
program SAFARI. In the simulations presented in this pa-
per we have approximated the ion-surface interaction po-
tential as a sum of (Na-Cu)+ pair potentials with an add-
ed attractive imagelike potential, which depends only on
the perpendicular distance between the ion and the sur-
face. The crystal used in the simulations is six layers
deep and extends indefinitely in the plane parallel to the
surface. The first- to second-layer spacing was contracted
by 7.5%%uo and the second- to third-layer spacing was ex-
panded by 3.5% with respect to the bulk copper spacing,
as determined from the medium energy ion scattering
(MEIS) experiments of Copel et al Our result. s were

insensitive to changes in the lattice spacing within the ex-
perimental uncertainty of Copel et al. (+1.5%%uo). For
each point in the trajectory the sum of pair potentials ex-
tends over the six surface atoms closest to the incident
ion. Increasing either the number of layers representing
the crystal or the number of atoms with which the in-
cident ion interacts did not affect the calculated trajec-
tories.

We have used several methods for calculating the (Na-
Cu)+ pair potential. In this paper, we discuss pair poten-
tials calculated using the analytic formula for the
Ziegler-Biersack-Littmarck "universal potential, " and a
Hartree-Fock calculation. In addition to the sum of
pair potentials, our ion-surface potential includes the at-
tractive imagelike term

—e 2

y(z)= 4[z +(e /4V;„) ]'
—V;„ if z ~0,

where we have taken z =0 to lie in the top-layer plane of
atoms. (At the energies discussed in this paper, the
scattered-ion distributions are not significantly affected
by changes in the location of the z =0 plane of the attrac-
tive interaction. ) In Sec. V below, we will explore the
effect of changing the saturation value V;„ofthe attrac-
tive term in the potential.

SAFARI generates the incident ion impact parameters in
one of two ways. For simulations which do not include
thermal vibrations of the surface atoms ("nonthermal"
simulations), sAFARI uses an adaptive grid technique ' to
choose the impact parameters. The energy and angle of
the incident beam, and the position, resolution, and pass
energy of the detector are chosen to match the experi-
mental conditions. The adaptive grid technique then
varies the density of impact parameters to obtain trajec-
tories from all contributing parts of the unit cell ~ Thus
there will be very few impact parameters included for
points in the unit cell corresponding to trajectories which
do not scatter into the detector. The density of impact
parameters chosen from regions of the unit cell which
correspond to scattering into the detector is determined
by how rapidly the final energy and angle of the scattered
particle change with small variations in the impact pa-
rameter. The density is largest for those parts of the unit
cell for which the final energies and angles are changing
most rapidly, and is lowest for impact parameters pro-
ducing scattering into the rainbow angles (see below),
where the final energy and angle change slowly as a func-
tion of impact parameter.

The adaptive grid technique is very eKcient for non-
thermal simulations, but is not very eKcient for thermal
simulations. For thermal simulations, we use a Monte
Carlo routine to generate both the impact parameters of
the incident ions, and the initial positions and velocities
of the surface atoms, which are chosen from a thermal
distribution of Einstein oscillators. For most of the
thermal simulations presented in this paper, we have used
surface spring constants equal to those of the bulk, corre-
sponding to rms vibration amplitude of 0.07 A at room
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temperature. We have also performed some thermal
calculations using the enhanced surface thermal vibra-
tions suggested by Copel et al. These (isotropic)
thermal vibrations have rms amplitudes 50 go larger than
those for the bulk. As we will illustrate in Sec. V A, vary-
ing the surface thermal vibrations by this amount does
not affect the peak positions significantly, but does affect
the peak widths and background intensities.

SAFARI calculates and stores in a single file the impact
parameter, final energy, and final angle for each trajecto-
ry. A separate detection program is then used to sort out
those trajectories appropriate to the experimental scatter-
ing geometry for a given energy or angular spectrum.
The detection program offers the options of choosing ei-
ther a "spot" detector, centered at some polar and azimu-
thal final angle, or a "wedge" detector, which uses a fixed
azimuthal angle and a range of final polar angles. For the
simulations presented in this study, the energy resolution
was fixed at 1% and the angular resolution at +2'. This
angular resolution is larger than our actual detector reso-
lution by about a factor of 2. This difference is intended
to compensate for the angular divergence of the incident
beam (+1 ), which has not been included in the simula-
tions.

In addition to calculating energy and angular spectra,
the detection routine can also generate impact parameter
plots for those trajectories which fall into the (simulated)
detector. These plots are very helpful for classifying the
scattering trajectories from different regions of the unit
cell, as described in Sec. V B.

IV. CHAIN SIMULATIONS

Before we present the measured spectra, it is useful to
lay the groundwork for discussing these data by review-
ing the "chain model" of ion scattering. ' ' ' This rela-
tively simple model qualitatively describes some of the
important scattering processes. In the chain model, tra-
jectories are calculated from a set of impact parameters
which are restricted to lie along a chain of atoms parallel
to the scattering plane. (Focused and zigzag trajectories,
which have impact parameters not along a chain of

atoms, will be discussed in the next section. ) In the chain
calculations presented here, we use the full-surface poten-
tial to calculate the scattered-ion trajectories, i.e., the po-
tential includes forces from neighboring atoms not in the
scattering plane. Figure 3 shows calculated trajectories
for 100-eV Na+ with impact parameters along a top-
layer (110) chain of atoms on the Cu(110) surface. The
scattering potential is a sum of Hartree-Fock pair poten-
tials with an added imagelike potential, as described
above. The thermal vibrations of the surface atoms have
not been included in this calculation. The beam is in-
cident at 55 from the surface normal and the evenly

0
spaced impact parameters span one unit cell (2.55 A)
along the (110) chain. The trajectories labeled 0—9 have
impact parameters which are given by

n
10'

where n is the number of the trajectory and a is a unit
vector in the ( 110) direction. The origin of the unit cell
is taken to be at the center of a top-layer atom.

We first consider trajectory 3 in Fig. 3, which corre-
sponds to a total scattering angle of 86.5'. The ion as-
sociated with trajectory 3 undergoes a "quasisingle" col-
lision, in which momentum is transferred primarily to the
surface atom located at 1=0. The final energy of 49.7 eV
is close to the kinematic value of 50.0 eV for a 100-eV
Na+ ion to scatter through 86. 5' following a binary col-
lision with a single copper atom. As we move to larger
impact parameters (trajectories 4 and 5), the ion scatters
through a smaller total scattering angle (larger 0f) fol-
lowing the initial collision with the surface copper atom
at b=0, with the consequence that the ion interacts more
strongly with the next atom in the chain at b=2. 55 A.
This second collision deAects the ion away from the sur-
face (e.g. , trajectory 5). For larger impact parameters,
the second collision (at b=2. 55 A) causes the total
scattering angle to increase (trajectory 6). The minimum
total scattering angle (tl =58.2') defines the forward
"rainbow angle, " which coincides with impact parameter
5.5. Note that trajectory 5.5 does not undergo a pure
single collision, but has significant interactions with two

00eV Na+-+

QQ

0

(D

a o
C)

—2.55 0.00 2.55
Distance along (110) (X)

5.10

FIG. 3. Calculated trajectories for 100-eV Na+ with impact parameters along a top-layer (110) chain of atoms on the Cu(110)
surface, 0; =55'.
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adjacent atoms in the chain.
As the impact parameter is increased further, the tra-

jectory moves to larger total scattering angles (trajec-
tories 6—8). Trajectories 7 and 8 represent "quasidouble"
collisions, in which the ion undergoes two similar col-
lisions with adjacent surface atoms at b=0 and b =2.SS
A. These trajectories have total scattering angles similar
to those of trajectories 3 and 4, but have larger final ener-
gies, as one would expect by considering the kinematics
of single versus double collisions through a Axed scatter-
ing angle.

Increasing the impact parameter past trajectory 9 re-
sults in less momentum transfer in the first collision at
b=O, and the trajectory becomes more like a quasisingle
collision with the atom at b =2.55 A. (Since the surface
is periodic, impact parameter 10 is equivalent to impact
parameter 0.) As the interaction with the first Cu atom
decreases and that with the second copper atom in-
creases, the total scattering angle reaches a rnaxirnum,
and then begins to decrease. The maxirnurn total scatter-
ing angle of 118.8 (trajectory 0) defines the backward
"rainbow angle. " As the impact parameter increases
even further, as for trajectories 1 and 2, the total scatter-
ing angle decreases and the scattering is quasisingle
again. The cycle then repeats, starting again with trajec-
tory 3.

The scattering cycle can be summarized in an E-0 loop,
in which the final energy and angle of each trajectory are
plotted as the impact parameter is varied over one lattice

constant. ' ' ' Figure 4 shows the E-0 plot for the same
scattering geometry as in Fig. 3. The solid line plots the
final energy and angle as the impact parameter varies
continuously over the chain of atoms. The numbered
points on the loop correspond to the individual trajec-
tories shown in Fig. 3. The E-0 loop may be described
simply: as the impact parameter is varied along the
chain, the point representing the final energy and angle of
the corresponding trajectory moves along the E-0 loop.
The motion of this point is periodic, i.e., it moves once
around the loop as the impact parameter moves one unit
cell along the chain. The trajectory at the forward rain-
bow (5.5) has the smallest total scattering angle (largest
8f). The trajectory at the backward rainbow (0) has the
largest total scattering angle (smallest 8f). Between the
two rainbows there exist two Anal energies for each final
angle. The higher energy corresponds to a quasidouble
collision, and the lower energy corresponds to a quasisin-
gle collision. '

Energy-integrated angular spectra very clearly show
the rainbow angles. ' Figure S shows the angular spec-
trum corresponding to the 100-eV Na+ (chain) E 81oop-
of Fig. 4. The dashed and solid lines show the intensity
of ions (with impact parameters along a ( 110) chain)
scattered from a surface with and without thermal vibra-
tions, respectively. For the nontherrnal simulation, the
intensity reaches a maximum at the two rainbow angles,
and drops abruptly to zero outside the rainbow angles.
Between the rainbow angles, the intensity varies smooth-

C)
C)
CD

C)
C)
03

~ A Q
C)

C)
C)

C)
CO
V3

0.0

0

10.0 80.0 30.0 40.0
et (deg)

50.0 60.0 70.0 BO.O

FIG. 4. A calculated E gloop showing the final energi-es and angles for 100-eV Na+ ions scattered from a Cu{110) (110) chain, as
shown in Fig. 3. 0; =55'. The large solid points represent the final energies and angles of the trajectories shown in Fig. 3. The solid
line represents the final energy and angle of the scattered ion as the impact parameter is continuously varied along the chain.



43 ENERGY AND ANGULAR DISTRIBUTIONS OF 100- TO 400-. . .

100eV Na+-+Cu(110)
along a (110) chain

CD~o
N

Q

o

T = 0———T = 320K

) l

I l

l

I

l

l

l

l

l

l

l

l

l

l

0.0 10.0 80.0 30.0 40.0
ei (deg)

50.0 60.0 70.0 80.0

FIG. 5. Calculated angular spectra for the scattering as shown in Fig. 3. The final angle t9I is measured from the surface normal.
The solid line is the result of a nonthermal simulation while the dashed line is the result of a thermal simulation (see text).

ly between the two maxima. The thermal angular spec-
trum shows no backward rainbow peak. This effect is the
subject of Sec. V C.

V. RESULTS

A. Spectra

Scattered-ion spectra can include significant contribu-
tions from trajectories not represented in chain calcula-
tions. Even so, the chain model provides a convenient
starting point for interpreting our measured spectra.
Quasisingle and quasidouble scattering events dominate
our measured energy spectra, and the rainbow angles are
clearly seen in both our energy and angular spectra. En

this section, we compare our measured spectra with full-
surface thermal simulations. In particular, we will exam-
ine the sensitivity of our calculated spectra to changes in
the scattering potential.

We begin with a qualitative comparison of measured
and calculated energy spectra. Figure 6(a) shows a series
of measured energy spectra for different final angles Of.
The beam of 100-eV Na+ is incident at 55' from normal
along the (110) azimuth of the Cu(110) surface. Each
spectrum in Fig. 6(a) may be thought of as the scattered-
ion intensity along a vertical line (fixed 8&) in Fig. 4
(keeping in mind that Fig. 4 was generated from a chain
simulation). For most of the scattering angles shown in
Fig. 6(a) the energy spectra show two peaks, correspond-
ing to quasisingle and quasidouble scattering events. The

two peaks merge at the rainbow angles: the forward rain-
bow is between Of =61' and 64', and the backward rain-
bow is near Of =22'. While the forward rainbow shows a
local intensity maximum, the backward rainbow does
not. This effect, due to thermal vibrations, will be ex-
plored in Sec. VC.

Using a full-surface thermal simulation, we can calcu-
late energy spectra corresponding to our experiments.
Figures 6(b) and 6(c) show the results of two such calcula-
tions, for the same geometry and beam energy as in Fig.
6(a). The calculations were based on the Hartree-Fock
pair potential described in Sec. III. The energy spectra in
Fig. 6(b) were calculated using 50%%uo enhanced surface
thermal vibrational amplitudes, while those in Fig. 6(c)
were calculated using bulk vibrational amplitudes. The
calculated spectra show the same two-peak structure seen
in the data, although the intensities and widths of the two
peaks differ considerably from each other and from the
data. For the beam energies used in this paper, the calcu-
lated peak energies are only weakly dependent on the
thermal motions of the surface atoms and the detector
resolution. Changing the vibrational amplitudes [Figs.
6(b) and 6(c)] does not shift the peak positions
significantly (less than 1%). By contrast, the relative in-
tensities of the quasisingle and quasidouble peaks, as well
as the background intensity between these peaks, are fair-
ly sensitive to the thermal motions and the detector reso-
lution. In this section we are primarily interested in in-
formation about the scattering potential as determined
from the peak positions. We therefore defer any further
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FIG. 6. (a) Measured energy spectra for different final angles Of. The 100-eV Na+ beam is incident at 8; =55 from the surface
normal, along the (110) azimuth of the Cu(110i surface. The intensities have been corrected for the 1/Ef energy dependence of the
transmission function of the analyzer. (b) Calculated energy spectra corresponding to the same scattering geometries as in (a), using
enhanced surface thermal vibrations (see text). The saturation value V;„of the attractive term in the potential is 3 eV. The HF
{Na-Cu)+ pair potential was used. (c) Same as (b), but with bulk thermal vibrations (see text).
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FIG. 6. (Continued).

discussion of thermal effects until Secs. V B and V C.
While the peak positions in the energy spectra are not

very sensitive to changes in the surface atom vibrational
amplitudes, they are very sensitive to the surface
geometry and the scattering potential. This is illustrated
by the E Oloops in Fi-gs. 7(a), 7(b), and 7(c) in which we
compare peak positions from calculated energy spectra
with the peak positions determined from the measured
energy spectra shown in Fig. 6(a). Figure 7(a) shows the
peak positions determined from the energy spectra shown
in Fig. 6(c), using the HF pair potential and V;„=3 eV
(see Sec. III). The agreement between measured and cal-
culated peak positions is excellent. Figures 7(b) and 7(c)
show calculated peak positions based on the Ziegler-
Biersack-Littmarck pair potential. The E-0 loops in Figs.
7(b) and 7(c) correspond to values of V;„=4 and 10 eV,
respectively. Neither of the ZBL calculations reproduces
the data as well as the HF-based calculation. (For a
direct evaluation of the HF and ZBL potentials for mod-
eling hyperthermal energy ion scattering, see Refs. 32
and 33.)

The E-9 loops depend on both the (Na-Cu)+ pair po-
tential used and the depth of the image well V;„. Com-
paring Figs. 7(b) and 7(c), we see that for similar values of
V;„, the ZBL potential generally produces higher final
energies. This is because the ZBL pair potential is larger
than the HF pair potential for large separations of the
(Na-Cu) pair (see Fig. 8). The relatively large tails of
the ZBL potential mean that distant surface atoms con-
tribute more significantly to the scattering potential,

thereby increasing the final energy of the scattered ion.
The additional repulsion of the ZBL potential can be

somewhat compensated for by increasing the depth of the
image we11 V;„. Increasing V;„ increases the accelera-
tion of the ion toward the surface, resulting in a large en-
ergy loss in the scattering event. The ion then decelerates
as it climbs out of the attractive well after scattering from
the surface. Figure 7(c) shows the E-8 loop obtained with
the ZBL pair potential and V;„=10eV. With this large
value of V;„, the ZBL E-0 loop shifts to energies more
consistent with the measured peak positions. The separa-
tion of the forward and backward rainbow angles also in-
creases when V;„ is increased, since the image well
affects the angular distribution as well as the energy dis-
tribution of the scattered ions.

Increasing V;„ improves the agreement between the
ZBL-based calculation and the measured E-0 loop, but
these changes are not sufhcient to bring the ZBL pair po-
tential into agreement with the data. Even with a large
value of V;„, the ZBL potential does not give good
agreement between the measured and simulated positions
of the quasisingle and quasidouble scattering peaks for
large total scattering angles (small 8f, see Fig. 9). For
other scattering geometries and surfaces, it has been
shown that at hyperthermal energies the ZBL pair poten-
tial cannot accurately reproduce measured spectra with
any value of V;„.

The positions of the rainbow angles provide another
test of the scattering potential. Compare Figs. 7(a) and
7(b), which show HF- and ZBL-based calculations using
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measured and simulated angular spectra using both HF-
and ZBL-based potentials in the trajectory calculations.
As discussed above, the ZBL calculation does not repro-
duce the measured forward rainbow position at 100 eV
[Fig. 10(a)]. This is also true for 200 and 400 eV [Figs.
10(b) and 10(c)). Because the potential is smoother for
the ZBL calculation, the forward rainbow is closer to the
specular direction (8f =55 ) than for the HF calculation.
As the beam energy is raised from 100 to 400 eV, the
minimum separation between the ion and the surface
atoms decreases. At small (Na-Cu)+ separations, the
difference between the HF and ZBL pair potentials de-
creases (see Fig. 8). Therefore angular spectra calculated
with these two potentials become similar at higher ener-
gies, as indicated by Fig. 10(c).

The results presented above are not strongly dependent
on how the surface thermal vibrations are modeled in our
calculations. This is illustrated in Fig. 10(a), which shows
an angular spectrum calculated using the HF pair poten-
tial with the enhanced surface thermal vibrations men-
tioned in Sec. III. Within the precision of the calcula-
tions, the two spectra are equivalent.

B. Impact parameter plots and trajectories

In Sec. IV we plotted representative trajectories calcu-
lated from chainlike simulations. By definition, these tra-
jectories correspond to impact parameters aligned with
rows of surface atoms. At hyperthermal energies, only a
small fraction of the scattered ions correspond to these
chainlike scattering events. ' In this section, we deter-
mine the relative importance of the different kinds of tra-
jectories which make significant contributions to the ob-
served spectra. In particular, we will study the focused
and zigzag trajectories which scatter in the plane defined
by the incident ion beam and the surface normal.

The strong focusing of ions by the Cu(110) surface has
been discussed previously. ' ' Focused trajectories result
from impact parameters not quite directly above the
second-layer chains of copper atoms. While ions with
impact parameters slightly off a chain of top-layer atoms
are scattered out of plane, ions with impact parameters
slightly off a second-layer chain may still be scattered
into the detector due to small-angle lateral collisions with
top-layer atoms (see Fig. 11). ' ' The final azimuthal an-
gle for these focused trajectories is relatively insensitive
to small lateral variations in the impact parameter. This
focusing greatly enhances the contribution to the mea-
sured in-plane spectra from ions which scatter from the
second layer into the detector.

Zigzag trajectories occur when ions experience two or
more collisions, the first of which scatters the ion out of
plane while the second scatters the ion back in plane.
Several types of zigzag trajectories can occur involving
top- and second-layer atoms. They can produce
identifiable new peaks, contribute to an overall back-
ground, or widen other peaks in the energy spectra. Fo-
cused trajectories may be thought of as zigzag trajectories
with small lateral defiections.

The relative importance of focused and zigzag trajec-
tories can be determined by examining the impact param-
eters for trajectories which contribute to a given spec-
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ergy. The HF* simulation was performed using enhanced sur-
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trum. We define the impact parameter for a given trajec-
tory as the point at which the ion, if undeAected, would
intersect a plane through the top layer of atoms. Each
type of trajectory, i.e., quasisingle, zigzag, etc. , will have
a corresponding region of impact parameters in the unit
cell. For the nonthermal surface (no thermal vibrations),
these regions do not overlap. The scattering cross section
for the detected ions coming from top-layer, second-
layer, and zigzag collisions can be found by determining
the fractions of the unit cell occupied by impact parame-
ters corresponding to that type of event.

For a given choice of incident beam energy, crystal az-
imuth, and incident beam angle, SAFARI can generate im-
pact parameter plots corresponding to any choice of final
angle and energy for the scattered particles. Continuing
our examination of 100-eV Na+ scattering from Cu(110),
incident at 9, =55 from normal along the ( 110) azimuth
(i.e., the same parameters as those used in Fig. 6), we first
examine the impact parameters corresponding to ions
which are scattered into the forward rainbow angle. To
isolate these trajectories, SAFARI uses a "spot" detector
whose center is located at L9f =65', which is the position
of the forward rainbow angle as determined by chain
simulations. The spot detector is +2' wide in both polar
and azimuthal angles. The impact parameter plot corre-
sponding to this detector is shown in Fig. 12. The
thermal motions of the surface atoms are not included in
this simulation.

The impact parameters for trajectories that scatter into
the forward rainbow fall into several distinct regions
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sl d e view
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within the surface unit cell. We have analyzed the trajec-
tories corresponding to the impact parameters 1 —4 in
Fig. 12. These trajectories are shown in Figs.
13(a)—13(d). Impact parameter 1 in Fig. 12 is directly
over the second-layer chain of atoms, and side and top
views of the corresponding trajectory are shown in Fig.
13(a). As expected for scattering into the forward rain-
bow angle, the trajectory is not a clearly defined quasisin-
gle or quasidouble collision. Figure 13(b) shows the fo-
cused collision corresponding to impact parameter 2,
which is slightly to the side of the second-layer chain of
atoms. The lateral deAections associated with this trajec-
tory are very small on the scale of this figure. The ion
first scatters out of plane and is then focused back into
the plane of the detector by collisions with top-layer
atoms on the outgoing trajectory. The trajectory is very
nearly the same as for impact parameter 1. Figure 13(c)
shows the side and top views of the trajectory associated
with impact parameter 3 in Fig. 12. This trajectory
scatters off the top-layer chain of atoms into the detector.
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FIG. 12. Impact parameters corresponding to trajectories
which scatter into the forward rainbow angle (Of =65'). The
100-eV Na+ beam is incident from the left, at 0; =55, parallel
to the (110) direction. The figure depicts one unit cell, with
top-layer atoms at x =0 along the ( 110) azimuth and a
second-layer atom at x = 1.275 A along the ( 110) azimuth and
y=1.803 A along the (001) azimuth. Thermal vibrations of
the surface atoms are not included in this simulation.

FIG. 13. Trajectories with impact parameters as labeled in
Fig. 12. The solid (dashed) line represents the top (side) view of
the trajectory. The scale is the same for both views: for the side
view, distance along the y axis is perpendicular to the surface;
for the top view, distance is along the (110) azimuth. (a) Tra-
jectory for an ion with the impact parameter labeled "1"in Fig.
12. (b) Trajectory "2." (c) Trajectory "3." (d) Trajectory "4."
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The trajectory for impact parameter 4 is shown in Fig.
13(d). This is a "zigzag" trajectory whose impact param-
eter lies between the top- and second-layer rows of atoms.
The ion collides with a top-layer atom, is deflected out of
plane, passes over the second layer, and is deflected back
into the scattered plane by an atom in a di6'erent top-
layer chain.

As previously discussed, the position of the rainbow
angles depends on the corrugation of the scattering po-
tential. ' ' ' This can be illustrated here by comparing the
trajectories with impact parameters 1 and 3 [Figs. 13(a)
and 13(c), respectivelyj. The forward rainbow angle for
the second-layer chain (impact parameter 1) is a few de-
grees closer to the surface normal than for the top-layer
chain (impact parameter 3). This is consistent with the
fact that the scattering potential along the second-layer
chains is smoother than the potential along the top-layer
chains. Along a second-layer chain, the potential in-
cludes contributions from the second-layer atoms and
from both top- and third-layer atoms. Along a top-layer
chain, the potential includes only significant contribu-
tions from the top-layer atoms and from second-layer
atoms. The potential along a second-layer chain is thus
smoother than along a first-layer chain. The resulting
second-layer rainbow angles are somewhat closer to the
normal direction than for the top layer, i.e., Of is smaller
for the forward rainbow.

Impact parameters in each region of the unit cell corre-
spond to a particular type of scattering event. By repeat-
ing the above analysis for the entire unit cell, it is possible
to map out the final angle for every impact parame-
ter. ' Instead, we will restrict our discussion to those
impact parameters leading to ions which are scattered in

plane and therefore contribute to the spectra shown in
Fig. 6. For the scattering geometry used in Fig. 6, we
have generated impact parameter plots for all ions that
are scattered in plane. To do this SAFARI uses a wedge-
shaped detector that spans scattering angles —90'&Of
(+90', along the (110) azimuth. Figure 14 shows the
impact parameter plots generated using such a "wedge"
detector for incident beam energies of 100, 200, and 400
eV. The density of points in the shaded regions varies
with the rate of change of the final energy and angle of
the scattered particles as the impact parameter is varied
(see Sec. III). The density is lowest for impact parame-
ters which contribute to the rainbow angles, where the
final energy and angle change slowly with respect to the
impact parameter. The atom positions in the first and
second layer are shown as reference points. Due to the
angle of the incident beam, the impact parameters for
ions colliding with second-layer atoms appear 1.82 A to
the left of where the undeAected trajectories would pass
through the second layer. Thus, for example, ions with
impact parameters in region "II"of Fig. 14(a) would, if
undeflected, pass almost directly through the second-
layer atoms, while ions with impact parameters in the re-
gion labeled "I"would pass between second-layer atoms.

We have analyzed trajectories from each of the six la-
beled regions in Fig. 14(a), and identified them with fo-
cused, zigzag, or chainlike trajectories. Impact parame-
ters producing focused trajectories occur along the
second-layer chains, for example, regions I and II from
Fig. 14(a). Region I, as can be seen in Fig. 12, corre-
sponds to ions scattered into the forward rainbow. Re-
gion II corresponds to the backward rainbow. The im-

pact parameters along the second-layer chain between re-
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gions II and I (
—0.3 &x (1.0) in Fig. 14(a) correspond

to quasisingle scattering events, and the impact parame-
ters to the right of region I (1.0 & x (2.25) correspond to
quasidouble scattering events.

In-plane scattering from a top-layer chain occurs for
the impact parameters centered over the top-layer atom
chains, such as those in regions III and IV of Fig. 14(a).
The forward rainbow corresponds to impact parameters
in region III, which lies between top-layer atoms, and the
backward rainbow corresponds to region IV, which is
directly over a top-layer atom. The impact parameters
producing quasisingle collisions from a top-layer atom lie
between regions IV and III (0.0 (x & 1.3), and the
remaining impact parameters (1.3 (x &2.55) result in
quasidouble collisions. Note that for in-plane scattering,
impact parameters corresponding to scattering from top-
layer atoms span a narrow range along the (001) direc-
tion, while those corresponding to second-layer scattering
span a relatively large range. This is a result of the focus-
ing which occurs for second-layer scattering.

The zigzag scattering events for this surface can be
classified into two types. The first, with impact parame-
ters in region VI, corresponds to zigzag trajectories
which consist of sequential collisions off of two top-layer
atoms which lie in different chains. The second type,
with impact parameters in region V of Fig. 14(a), have a
collision first with a top-layer atom and then a second-
layer atom. The latter are not qualitatively different from
the focused collisions of region II, since focusing involves
small-angle collisions with the top layers. The second
type of zigzag collision will be important when we discuss
thermal effects.

The distribution of impact parameters for in-plane
scattering is very sensitive to the incident ion energy.
Figures 14(b) and 14(c) show impact parameter plots for
200- and 400-eV Na+, with the same scattering geometry
as for the 100-eV beam. In general, as the energy of the
incident beam increases, the second-layer focusing de-
creases, which in turn decreases the relative importance
of second-layer scattering. For ions scattered into the
forward rainbow, however, the focusing actually in-
creases as the energy goes from 100 to 200 eV, so that
second-layer scattering becomes even more important in
determining the rainbow angle. At 400 eV the focusing is
greatly reduced, increasing the relative contributions
from top-layer and zigzag trajectories.

While impact parameter plots derived from non-
thermal simulations are very useful for determining the
types of trajectories which contribute to the spectra,
thermal simulations are required to accurately model the
data. ' Figures 15(a)—15(c) show impact parameter plots
from simulations in which thermal vibrations have been
included. The atoms are treated as Einstein oscillators
with rms amplitude of 0.07 A (see Sec. III). The initial
positions and velocities of the surface atoms are chosen
with a random G-aussian distribution consistent with a
surface temperature of 320 K. ' The other scattering pa-
rameters are the same as those used in Fig. 14. The simu-
lation uses 70000 impact parameters, selected at random
in the unit cell. The impact parameter plot shows those
impact parameters which scatter in-plane. While the

features in Fig. 15(a) are not as well defined as those in
Fig. 14(a), the basic structure is similar. The focusing is
still apparent, as are some of the zigzag features. In
agreement with the nonthermal results shown in Figs.
14(a)—14(c), the focusing for scattering into the forward
rainbow angle is larger at 200 than at 100 eV, and de-
creases as the energy is raised to 400 eV. The top-layer
scattering remains roughly the same as the beam energy
is changed.

In the thermal calculations, the impact parameters cor-
responding to the focused and zigzag collisions of regions
II and V overlap substantially. This smears out the struc-
ture in the angular spectra at large scattering angles. As
we will see in the next section, backscattered ions (regions
II and V) are much more sensitive than forward-scattered
ions (region I) to the thermal vibrations of the surface
atoms.

C. Thermal vibrations

In Fig. 5, we saw a very important consequence of the
surface thermal vibrations. While the forward rainbow
showed the expected intensity peak, the backward rain-
bow showed no intensity peak. The relatively high sensi-
tivity of the backscattered rainbow (compared to the for-
ward rainbow) to thermal vibrations has been previously
noted by Poelsema et al. for keV scattering' and predict-
ed by Gerlach-Meyer et al. for hyperthermal energy
scattering. ' The disappearance of the backward rainbow
intensity peak can also be seen in our measured energy
spectra (Fig. 6) and angular spectra (Fig. 10).

Thermal vibrations affect the rainbow angles by chang-
ing the relative positions of atoms along the chain. This
is illustrated in Fig. 16, which shows E-B loops calculated
along different types of chains of atoms. The solid line is
the E-B loop for a nonthermal chain calculation over a
second-layer (110) copper chain. The dashed line is the
E-B loop for a second-layer chain in which every other
copper atom has been displaced upward by 0.07 A, pro-
ducing a buckled chain. This buckling is chosen to mim-
ic the thermally induced displacements along the chains
of surface atoms. On the real surface, the average dis-
placement between adjacent atoms is probably smaller
due to correlated motions of adjacent atoms.

The E 81oop for the buckle-d chain (dashed line) con-
sists of two connected loops due to the doubled length of
the unit cell. The two pairs of rainbow angles can be
thought of as resulting from the two effective incident an-
gles as measured from the two local surface normals
along the chain. In general, for any thermally induced
displacement of neighboring atoms, there will be a shift
in the effective incident angle, causing a corresponding
shift in the forward and backward rainbow angles. ' The
dashed curve in Fig. 16 shows that the backward rainbow
angle is much more sensitive than the forward rainbow
angle to a change in the relative positions of the surface
atoms.

On the real surface, the atoms have random thermal
displacements, causing the rainbow angles to be distribut-
ed over a range of final scattering angles. We simulated
this situation by performing a chain calculation with a
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thermal surface, i.e., a chain of impact parameters over a
second-layer ( 110) chain of atoms with random dis-
placements and velocities consistent with a surface at
room temperature. The final energies and angles of 1000
ions with randomly chosen impact parameters over the
chain are shown by the dots in Fig. 16. The forward in-
tensity maximum is spread over about 7', while there is
no intensity maximum of backscattered ions.

The high sensitivity of the backward rainbow angle to
thermal displacements of neighboring atoms can be un-
derstood by a simple physical argument. In Fig. 3, the
trajectory scattered into the forward rainbow angle, tra-
jectory 5.5, has relatively small-angle collisions with two
surface atoms. Conversely, the trajectory scattered into
the backward rainbow angle, trajectory 0, has a grazing
angle collision followed by a hard, large-angle collision
with a second surface atom. An ion scattered into the
backward rainbow angle therefore comes much closer to
a surface atom than an ion scattered into the forward
rainbow angle. If there is a shift in the relative positions
of neighboring atoms along the chain, the impact param-
eter of the ion with respect to the second collision is al-
tered. For ions scattered into the forward rainbow angle,
this small shift in the impact parameter causes a small
change in the final angle. For the backscattered ions,
however, a similar shift in the impact parameter of the
second collision produces a much larger change in the
final angle. This is because the trajectory of the ion is
very sensitive to small changes in the impact parameter
for small impact parameters. Backscattered ions are
therefore more sensitive to thermal displacements of the
surface atoms than forward-scattered ions.

D. Chain versus full-surface simulations

Lastly, it is of practical interest to compare a simulated
full-surface angular spectrum with one obtained from a
one-dimensional chain of impact parameters. The
chain simulation can be performed in 20% or less of the
time required for a full-surface calculation, but ignores
contributions to the spectra from zigzag or focused col-
lisions. Figure 17 compares an angular spectrum for a
second-layer thermal chain simulation (for the same
scattering geometry used in Fig. 6) with the full-surface
angular spectrum from Fig. 10. The leading edge of the
forward rainbow in the full-surface simulation is accu-
rately reproduced by the second-layer chain simulation.
This is because the scattered-ion intensity at the forward
rainbow is strongly dominated by focused scattering from
the second layer, as discussed in the preceding section.
At large scattering angles, contributions from zigzag and
top-layer collisions cause differences between the chain
and full-surface spectra.

VI. SUMMARY

We have presented measured and calculated in-plane
energy- and angle-resolved scattered-ion distributions for
100—400-eV sodium ions incident along the (110) az-
imuth of Cu(110). Qualitative features of the scattered-
ion distributions were reproduced by chain calculations
in which the impact parameters were restricted to lie
along a top- or second-layer row of copper atoms. The
scattering potential was constructed from a sum of
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FIG. 16. Calculated E-0 loops for impact parameters along a
straight and corrugated (110)chain of Cu atoms. The corruga-
tion is introduced by shifting every second copper atom up by0
0.07 A. The dots are the results of a thermal chain calculation
(see text).

second-layer focused trajectories dominated the
scattered-ion distributions. As the energy was raised to
200 eV, the amount of focusing at the forward rainbow
increased, although the focusing decreased at all other
final angles. When the energy was further raised to 400
eV, the amount of focusing at all angles decreased sub-
stantially. At 400 eV, top-layer and zigzag collisions
made significant contributions to the scattered-ion distri-
butions.

The intensity maximum expected at the backward rain-
bow angle, which is observed in nonthermal simulations,
was not seen in either our experiments or thermal simula-
tions. Calculations showed a high sensitivity of the angu-
lar position of the backward rainbow to local variations
in the geometry due to the thermal motion of the surface
atoms. This is due to the closer approach of a backscat-
tered ion to a surface atom, as compared to a forward-
scattered ion. The random thermal displacements of ad-
jacent atoms thus eliminated the intensity peak associat-

a 100 eV

Hartree-Fock (Na-Cu)+ pair potentials, and a z-
dependent attractive term to model the image potential.
We examined the E-0 loop and the angular density distri-
butions for this chain simulation. The calculated energy
spectra showed the same general structure as the mea-
sured spectra. Full-surface thermal simulations using the
Hartee-Fock pair potential accurately reproduced the
final energies and angles of the scattered ions, although
the peak intensities and background depended on other
factors such as thermal vibrations and detector resolu-
tion.

To illustrate the sensitivity of the energy spectra to the
form of the pair potential used to construct the scattering
potential, we compared calculated E-0 loops using the
Hartree-Fock pair potential and the pair potential of
Ziegler, Biersack, and Littmarck. The calculation using
the ZBL pair potential produced very different results
than the HF-based simulation. In the ZBL simulations,
the final scattered-ion energies were too high compared
with the measured values, indicating that the pair poten-
tials were too repulsive. This could be partially compen-
sated for by increasing the strength of the attractive part
of the potential. Even with this change, the calculated
rainbow angles using the ZBI.-based potential were too
close together. This indicates an ion-surface interaction
potential that is too smooth, and is consistent with the
contribution to the ion-surface scattering potential made
by the relatively large "tails" of the ZBL pair potential
when summed over many adjacent surface atoms. As the
beam energy is raised to 400 eV, the difference between
the HF- and ZBL-based calculations decreases.

Next, to determine the relative importance of focused
and zigzag collisions, we plotted the impact parameters
for trajectories which can be detected in our experiments
(i.e., trajectories scattered in-plane). At 100 eV, the

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0
gf (deg)

b 200 eV

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0
Of (deg)

1

(c) 400 eV

CO

C)
0.0 10.0 20.0 30.0 40.0 50.0 60.0
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7n n 80.0

FIG. 17. Calculated angular spectra for Na+ scattering from
Cu(110) along the (110) azimuth, for 0;=55'. The two curves
are a full-surface simulation (dashed line) and a simulation with
impact parameters restricted to lie over a second-layer chain of
atoms (solid line) ~ The curves have been normalized to the
forward-scattering peak. The beam energies are (a) 100 eV, (b)
200 eV, and (c) 400 eV.



43 ENERGY AND ANGULAR DISTRIBUTIONS OF 100- TO 400-. . . 3891

ed with the backward rainbow.
Finally, we compared second-layer chain and full-

surface thermal simulations. The second-layer chain
simulations, which require much less computer time, pro-
duced the same values for the forward rainbow angles as
the full-surface calculations. This is because most of the
forward-scattered ions are focused collisions along the
second-layer chain. The spectra differed at large scatter-
ing angles in the two calculations, due to the contribu-
tions of zigzag trajectories.
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