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ABSTRACT 

The computer program MARLOWE has been used to study the processes 

whereby protrons are reflected from the (110) surface of a nickel crystal. 

The ions were incident in the (001) plane, at an angle of ].5 degrees from 

the surface. Energy and angular distributions of the backscattered 

particles were investigated for the incident energy range 0.1 to 5 kev. 

The results were compared with similar ones for an amorphous target. 

Total reflection of the beam occurred below 1.2 keV. Focusing in the 

[llO] semichannels was found to be energy dependent and to be strongest 

under total reflection conditions. The energy distributions of the 

reflected particles showed a complex structure which is dependent on the 

incident energy. This structure is interpreted in terms of detailed 

reflection mechanisms. 

* Operated by Union Carbide Corporation for ERDA. 
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Surface analysis by backscattering methods requires a detailed under-

standing of the ion-surface interaction processes. Much work has been done 

recently concerning the influence of surface crystallography, (l) impuri­

ties, (2) defects( 3) and thermal vibrations( 4) on the reflection of ions, 

as well as on charge exchange mechanisms. (5) This paper is concerned with 

the effects of surface structure on the reflection of light atoms from a 

nickel target. The computer program MARLOWE, described elsewhere, (G,?,B) 

was used for a series of simulated expP.rim~nts. 

The target was a single crystal of adjustable thickness, bounded by 

two parallel (110) planes which defined the surfaces. Provision is made 

in the computer model for randomization of the structure. When this option 

is employed, directional correlations are destroyed but the density of the 

crystal is preserved, thus mimicking an amorphous or liquid-like medium. 

Calculations have been performed for gr~zing incid~nce hydrogen atoms in 

the energy range from 0.1 to 5 keV. Under such conditions, the energy 

losses of the incident particles are dominated by inelastic (electron 

excitation) effects, but their trajectories are controlled by their quasi-

elastic scattering from the target atoms. Various particle detectors of 

adjustable acceptance angle could be located where desired outside the 

target. The collected atoms were counted and their energy distribution 

determined. 

The quasielastic scattering of the incident H atoms from the target 

Ni atoms was based on the Moli~re approximation to the Thomas-Fermi inter-

atomic potential, with the Firsov screening length. The inelastic loss 

model included an exponential dependence on the apsis in the collisions 

and normalization to the Lindhard theory for random encounters at high 
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energy.( 7) The lattice was static, no thermal displacements being con-

sidered. 

Figure 1 shows a comparison of the energy distributions calculated 

for hydrogen atoms reflected from a monocrystalline and from a random 

target. Enough projectiles of 3 keV initial kinetic energy were employed 

so that the reflection coefficient was evaluated with a standard deviation 

of about two percent. The plane of incidence on the monocrystal target 

was tgken parallel to the (001) crystellogi"CI!Jhlc planes, which intersect 

the surface in the direction of the [llO] semichannels. The incident 

direction made an angle of 7.5 degrees with the (110). A detector of 

degree acceptance angle was located in the direction corresponding to 

specular reflection. The monocrystal target contained 12 atomic layers 
0 0 

(13.71 A). The thickness of the amorphous target was 14.1 A. 

Two main differei1ces are evident between the results obtained for 

the crystalline and the amorphous targets: 

1. The number of pariicles counted in the specular detector is 

larger when the target is a perfect crystal than when directional 

correlations are destroyed. Focusing results from the surface 

crystallinity and will be discussed below. 

2. The energy distribution of atoms reflected from an amorphous 

surface has a single mode corresponding to the ''surface peak" 

and a tail similar to many experimental spectra, while in the 

single crystal case, several distinct modes occur both for all 

the reflected particles and for the atoms collected in the 

specular detector. These can be attributed to distinct reflec-

tion mechanisms. 
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In order to identify such mechanisms, the contributions of each 

atomic layer to the energy distribution of atoms collected in the specu-

lar detector were evaluated. Figure 2 shows the distributions obtained 

for the first four atomic layers of the target. The peak corresponding 

to the smallest energy loss in Fig. la is due to the specular reflection 

of the ions from the surface plane only. The next peak includes contri­

butions from the first and second layers. The third peak is due to 

reflection from the first three layers, the fourth to the third and fourth 

layers, and the fifth could be attributed to the contribution of the third 

atomic plane only. While the last was statistically very doubtful, it 

was observed also at other energies. Deeper layers do not contribute to 

specular reflection from the crystalline target at this energy. An analysis 

of the energy lost by the projectiles as a function of their impact points 

on the surface during specul~r reflection from the upper atomic layer 

shows that the peak corresponding to the smallest energy loss in Fig. la 

is due to scattering from one row of atoms. Since binary events are pre­

vented by the inc~dence conditions, they cannot help to explain any peak. 

On the other hand, it can be seen that the second and third peaks in the 

energy distributions from one atomic layer (Fig. 2) correspond respectively 

to two and three times the energy loss for scattering from one row. They 

can thus be attributed to reflection after two and three successive inter­

actions with surface rows. Consequently, the specular reflection of pro­

tons from a nickel (110) single crystal appears to be the result of the 

interaction with one, two or three rows from the three first atomic layers. 

Reflection from a single row in the second layer· (the bottom of the semi­

channels) is the most probable process. 
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The lower probability of specular reflection from the surface plane 

than from the plane below it requires special comment, since the [llO] 

rows in both planes are exposed to the incident beam and their contribu­

tions might be supposed to be equal. The incident H atoms that are mul­

tiply scattered from a single atomic row leave this row at approximately 

the same angle at which they approach it. If the row lies in the target 

surface, a portion of the scattered particles will be backscattered with­

out significant interaction with other atoms in the crystal. As a result, 

the atoms backscattered from a surface row have directions lying on the 

surface of a cone of half-angle equal to the incident angle. This cone 

includes the specular detector, but most of the particles lying on it 

miss this detector. They appear in other regions of the calculated 

angular distributions. In contrast, atoms backscattered from rows in the 

sP.cond layer, that is from the bases of the semlchannels, cannot escape 

from the crystal without further scattering as they pass the surface 

rows. This tends to direct them once again into the specular detector. 

In order to determine the influence of the incident energy on the 

energy distributions of the refletted particles, the calculations were 

repeated at various energies between 0.1 and 5 keV. All five of the peaks 

in the energy distributions have been observed only for incident energies 

above 2 keV. At energies lower than about 1 keV, reflection from pairs 

of surface rows and from single rows in the second layer seemed to be the 

only processes contributing to specular reflection. Reflection from single 

surface rows ·takes place at energies larger· than 2 keV and is of increasing 

relative importance with increasing incident energy. It becomes the 

dominant mechanisms of specular reflection at about 4.5 keV. As an 
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example, the energy distributions calculated with a 5 keV incident energy 

are shown in Fig. 3. 

Figure 4 shows the energy dependence of the reflection coefficient 

and of the yield of protons collected in a detector of 1 degree acceptance 

angle located in the specular direction. In the,low energy range, a com-

parison is also made with the number of particles detected one and two 

degrees azimuthally from the specular detector, the angle with the surface 

plane being fixed at 7.5 degrees. The results show evidence of an ••energy 

threshold 11 for total reflection which corresponds to an incident trans-

verse kinetic energy (energy component normal to the surface) of 23.8 eV. 

As shown elsewhere(B) for the 11angular threshold 11 of total reflection, 

at lower transverse kinetic energies, no projectiles penetrate the target. 

The numb~r of particles collected in the specular detector is a maximum 

at energies near 1 keV where the reflection coefficient equals unity. 

Yields in the other detectors are much less dependent on the incident 

energy. This reveals the focusing of protons in the [llO] semichannels 

which is the strongest in the 1 keV region. When conditions are reached 

such that projectiles can penetrate the target, the reflection coeffi-

cient is a decreasing function of the incident energy. In the high energy 

region however, this decrease is partially due to the thinness of the 
0 

target (6 atomic layers, 6.23 A). 

At 3.2 keV, the reflect.ion coefficient pass~s through a minimum, 

which can be explained by the fact that near this energy, particles scat­

tered by surface rows penetrate into the [llO] channels lying just beneath 
! 

the surface and travel long distances on stable trajectories. Such sub-

surface channel.ing of light particles has been discussed by Sizman and 
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Varelas(9) at higher energies. The minimum in the reflection occurs at 

an energy such that a significant fraction of the incident atoms (about 

10 percent) is scattered to within the critical channeling angle of the 

[llO] (and perhaps [001]) channels which lie just beneath the target 

surface. At both lower and higher energies than the minimum, a decreas­

ing fraction of particles is scattered within this critical angle. The 

changing incident atom energy thus causes a portion of the scattered beam 

to scan ncross the subsurface chennels, ~u that the structure near 3 keV 

in Fig. 4 is just a mapping of a conventional channeling minimum, bordered 

by two maxima as usual. 

The aim of these calculations has been to elucidate some of the 

reflection mechanisms prevailing for low energy light ions under glancing 

incidence on static monocrystals. The effects on these mechanisms of 

thermal displacements of the lattice atoms and of surface defects, either 

chemical or structural, must be investigated. It seems likely that the 

sensitivities to these factors will be·sufficient to allow light ion 

scattering to be a useful surface structural probe. 
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FIGURE TITLES 

Fig. 1. Reflected particle energy loss spectra calculated for 3 keV H 

atoms incident on Ni targets at a glancing angle of 7.5 degrees. 
0 

a) A (110) crystalline target of 12 atomic layers (13.71 A). 
0 

b) An amorphous target 14.1 A thick. The inset shows the geom-

etry of the calculations. 

·Fig. 2 .. Specular reflected particle energy loss spectra calculated for 

3 keV H atoms incident at glancing angle of 7.5 degrees onto 

(110) Ni targets of various thicknesses. 

Fig. 3. Reflected particle energy loss spectra calculated for 5 keV H 

atoms incident at glancing angles of 7.5 degrees onto a (110) 
0 

Ni target of 6 layers (6.23 A). 

Fig. 4. The energy dependence of the reflection coefficient calculated 

for H atoms incident at a glancing angle of 7.5 degrees onto a 
0 

(110) Ni target of 6 layers (6.23 A). 
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