RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 37, NUMBER 17 15 JUNE 1988-1

Resonant electron surface-barrier scattering on W (001)
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We have examined very-low-energy electron reflectivity data for W(001) at an angle of in-
cidence of 15° in the [10] azimuth. The structure of the surface barrier is modeled by a one-
dimensional saturated image potential, and the metal substrate is modeled by a muffin-tin poten-
tial. We have found that below 10 eV, fine-structure surface-barrier scattering features are due
to a resonance mechanism where up to seven internal scattering events occur between surface bar-
rier and metal substrate. Previous detailed examinations of fine-structure features have led to the
identification of only the interference mechanism in which the features are due to a single scatter-
ing between barrier and substrate. When the resonance mechanism occurs, electrons enter
above-vacuum quasistable energy states of the surface-barrier potential. The confirmation of the
resonance mechanism will allow a parametrized nearly-free-electron scheme to be used to analyze
the experimentally obtained features and hence, possibly, to determine the lateral variation of the

surface potential on W(001).

In the elastic scattering of low-energy electrons from
metal surfaces, a process occurs in which backscattered
electrons are scattered between the surface-barrier poten-
tial and the metal substrate. This happens when back-
scattered electrons emerge from the metal substrate with
insufficient energy in a direction normal to the surface to
surmount the potential barrier and are internally reflected
by it. Some electrons may then be backscattered by the
metal substrate in such a way that they again cannot es-
cape to the vacuum and are internally reflected. Others
may be scattered such that they can escape to the vacuum.
The scattering between the barrier and metal supstrate
can repeat itself a number of times until all electron flux is
removed to the vacuum. Under these circumstances elec-
trons are temporarily trapped between substrate and bar-
rier and may be said to occupy an above-vacuum quasi-
stable energy state of the electron surface barrier. This
phenomenon has been discussed in detail by McRae.! In
this work we wish to determine whether this resonant mul-
tiple scattering does actually occur on W(001) or whether
the number of reflections at the surface barrier is just one.

For the metal and barrier potential models used here, a
region of constant potential exists above the metal sub-
strate and the vacuum is also of constant potential.
Within these regions the wave function is a sum of plane
waves, each of which can be labeled by a wave vector. A
beam with a wave vector with a plus superscript indicates
that the beam is directed into the metal while a minus su-
perscript indicates that the beam is backscattered from
the metal. The incident beam labeled 0 has wave vector
K¢ in the vacuum and kg in the region of constant poten-
tial above the metal substrate. The amplitude of the spec-
ularly backscattered plane wave with wave vector K¢ in
the vacuum is bo(Kq ) and is given by’

bo=IS"+SVMU—-S"M) 'S a0 . 0y

This equation applies for the general case of any number
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of backscattered beams. The explanation of the symbols
is given here for the case of two electron beams with wave
vectors kg and k, , backscattered from the metal sub-
strate. Let the beam v with wave vector k, have
insufficient energy normal to the surface to propagate in
the vacuum region (i.e., a preemergent beam). For the
case of a one-dimensional surface-barrier model used
here, only specular scattering takes place at the barrier
and the matrix elements are

bo(Kg)
bo= 0 , (2a)
ao(Kg)
QO- 0 ’ (2b)
pu (ko ki) parlko kF)
M= on k) oK) (20)
(2, (Kgkg™) 0
St=1"" o ol d)
I p» (ko' kg ) 0
ST 0 ki) (2e)
(Ko K¢f) 0
s‘"-[ e 0] , @)
‘tb(ko+Kd*') 0
SV = 0 0 (2g)

The amplitude of the incident plane wave with wave vec-
tor Ko™ is given by ao(Kg¢'). Elements like p(k.* k™)
with x =0 or v and y =0 or v represent an amplitude
reflection coefficient for a plane wave with wave vector
k= being scattered to a plane wave with wave vector
k.. Elements like r(thkyi) represent an amplitude
transmission coefficient for a plane wave with wave vector
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k= being scattered to a plane wave with wave vector K,;©. The subscript b refers to the surface barrier while M refers to

the metal substrate potential.

It can be proven that in the present instance for the general case of any number of beams, the matrix inversion
(1—S"M) ~! can be expanded as

.1.+§HM_+(§“_M)2+(§"M)3+ . (3)
Therefore on expanding out the matrices in Eq. (1) we obtain
ho-[§III+§IVM§I+§IVM§IIM§I+§IVM(§IIM)2§I +§IVM(§"A_{)3§I+ A ]ﬂo . (4)

For energies greater than a few eV above the vacuum p; (kg ko ) and p, (Ko K¢'), representing internal and external
reflection of the incident beam at the surface barrier, respectively, are negligible. For illustrative purposes here these
quantities are set to zero in the following explanation although they are included in the actual computations. Equation

(4) then becomes explicitly, in the case of two backscattered beams,
bo(Kg ) ={z5 (kg Ko o (ko ke ) 76 (Ko ko ) + 75 (kg K Dpar (ks ket s (ki ko™ )par (ko k) s (Ko ko)
+ 75 (k" Ko™ ) pm (ko ko ) ps (k. ko Do (k™ ko ) o (ko k™ ) par (kg ko) 7, (Ko kg )
+ 175 (ko Ko par (ko ko )ps (i ey Do (e, ko )y (ki ™ ) pag (kg kst ) 7 (K kg )
+ 75 (ko' K¢ par (ko k' ) s (ki ko Dpar (ks kot D120 (ki ke D pas (ko ko ) 7y (Ko ko )+ -+ - Jao(Kg) . (5)

The scattering processes represented by each term in
Eq. (5) are shown in Fig. 1 and described in the caption.
The phase difference between the direct and indirect con-
tributions to the amplitude of backscattered beam 0 gives
rise to a fluctuation in the reflectivity profile which we call
a barrier scattering feature. In the case where a multiple
scattering between substrate and barrier occurs we have a
resonance mechanism where the electron temporarily
enters an above-vacuum energy state of the surface bar-
rier. In the case of only one internal scattering at the sur-
face barrier, we simply have an interference mechanism
which is not associated with energy states of the surface
barrier.

In the analysis of fine-structure barrier scattering
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FIG. 1. Direct and indirect scattering events occurring be-
tween a one-dimensional surface potential barrier and the two-
dimensional metal substrate potential for the case of one emer-
gent beam labeled 0 and one preemergent beam labeled v. (a)
represents direct scattering of beam 0, (b) represents first-order
indirect scattering involving beam v, while (c) shows second-
order indirect scattering where two internal scatterings at the
surface barrier occur involving beam v.

r

features in the electron reflectivity data of Cu(001) for in-
cident angles of §=67.5° and ¢ =45°, Dietz, McRae, and
Campbell? found that they needed to include only a single
internal scattering of preemergent beams at the surface
barrier in the calculation of the backscattered probability.
Following this work, Le Bossé et al.? examined these low-
energy beam threshold effects on Ni(001) for #=58° and
¢=45°, on A1(001) for 6=0°, and on W(001) for 9 =48°
and ¢ =45°; and Gaubert et al.* reexamined Cu(001) for
0=61.7° and ¢=45°. These studies reported that the
mechanism involved in all these cases was due to the in-
terference effect and cast doubt on whether the resonance
mechanism actually occurred in any real case.

A systematic study of polarized electron scattering
from W(001) at angles 6 from 15° to 37.5° in 2.5° steps
by Pierce and co-workers>% showed a splitting of spin-up
and spin-down reflectivity peaks at very low energies, <10
eV. For incident angles less than 26° the peak splitting
was found to be proportional to peak width, and this result
is consistent with McRae’s scattering theory' with only a
single internal scattering event at the surface potential
barrier (ie., the interference regime). For angles less
than 26° the above proportionality was not observed, and
this is consistent with multiple scattering occurring be-
tween substrate and barrier (i.e., the resonance regime).

A computation of spin-dependent reflectivities for these
scattering conditions has been performed by Jennings and
Jones’ and Jones and Jennings.® In these calculations
only indirect scattering to first order was included (i.e., a
single internal scattering event between barrier and sub-
strate) and good qualitative agreement with experimental
data was found for the larger incident angles 6 =48° and
43°. For #=26° and 15°, although there is some qualita-
tive agreement between calculation and experiment for
some features, other prominent features do not correlate.
It is then still possible that higher-order scattering events
may make a contribution to the profiles for 8 < 26° and
that this may have been previously overlooked.

Experimental intensity data for the 00 beam on
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W(001) at 6=16° has been collected by McRae and
Wheatley® for 0-10 eV, showing two peaks at about 4 and
6 eV each. The 4-eV feature is believed to be associated
with a Bragg peak arising from a gap in the spin-
dependent bulk band structure,® which would only be pro-
duced from a spin-dependent scattering treatment. How-
ever, the spin-free and spin-dependent calculations of
Jones and Jennings® show very little difference for
6=15°. The details of the spectra also strongly depend
on the contraction of the surface layer on W(001) as well
as the details of the surface-barrier model and the sub-
strate scattering potential.!® For these reasons no attempt
is made to exactly fit the experimental data in these initial
calculations, and spin-up and spin-down reflectivities will
not be computed separately, rather the average backscat-
tered reflectivities of spin-up and spin-down electrons will
be computed. A zero contraction of the surface layer will
also be used. The aim is to determine whether or not a
resonance scattering mechanism may possibly exist on
W (001) for 6 <26° at very low energies, rather than to
exactly fit the experimental data.

The muffin-tin scattering potential used for W is that
due to Mattheis,'' and atomic scattering is treated rela-
tivistically. Interatomic scattering, however, is treated
nonrelativistically with the spin-up and spin-down phase
shifts averaged. The average elastic scattering potential
between muffin-tin spheres U, is taken as the zero of en-
ergy. The inelastic scattering potential in the bulk crystal
Uin, in the energy range 0.6-10 eV, is taken as

—Uin(E)=05E'3ev | 6)

where E is the energy of the incident electrons with
respect to the vacuum level. The electron scattering po-
tential of the surface conduction electrons is the surface-
barrier potential U?. Its elastic part U’ is modeled by the
average one-dimensional linear saturated image barrier
(SIB) first suggested in Ref. 2 and described in detail in
Ref. 12. The parameters of the surface-barrier model
used for W(001) are Uy=15 eV, U;=0 eV, and
20=—6.0 a.u. (=3.2 A) and z;=—1.7 a.u. (=09 A).
Uy is the height of the potential-energy barrier, and Uy is
the value of the potential-energy barrier with respect to
the crystal zero of potential at the point z;. z; is the join
point of the constant potential between the muffin-tin
spheres and the surface potential barrier. zg is the origin
of the image potential form. The z coordinate axis points
into the crystal and is perpendicular to the first row of
atoms at the surface with origin at the center of this layer.
Two different models of surface inelastic scattering poten-
tial Uf, were employed, as the inelastic scattering in the
surface-barrier region is likely to have a significant effect
on whether single or multiple reflections between barrier
and metal substrate occur. In one model, the constant
bulk inelastic potential Uj, which extends up to z =0 is ex-
tended into the vacuum as a half-Gaussian function with
half-width e=1 A and with no lateral variation along the
surface. Details of the half-Gaussian function are de-
scribed in Ref. 12. As this model may overestimate in-
elastic scattering, another model which included no sur-
face inelastic scattering was also used for comparison.
Figure 2 shows our calculations of the surface-barrier
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FIG. 2. Reflectivity of the 00 beam of electrons elastically
scattered at an incident polar angle of 15° along the [10] az-
imuth, from the W(001) surface. Downward arrows indicate
the energies of emergence of beams in the vacuum, while up-
ward arrows indicate energies of emergence of beams from the
metal substrate. The full curve shows results for the exact cal-
culation including all orders of multiple scattering between met-
al substrate and surface barrier; the dot-dashed curves are re-
sults obtained by including one internal scattering event between
substrate and barrier; the dashed curves are results from includ-
ing two internal substrate-barrier scattering events. Curves in
the upper frame include no inelastic scattering in the surface re-
gion; curves in the lower frame include inelastic scattering in the
surface region by extending the bulk inelastic scattering poten-
tial with a half-Gaussian function centered at the origin as de-
scribed in the text.

scattering features produced in the 00 beam average-
reflectivity profile of spin-up and spin-down electrons for
W(001) at 6=15° in the [01] azimuth using the Kambe-
McRae method.!3> The upper frame shows results with
the exclusion of any inelastic scattering in the surface-
barrier region, while the lower frame includes surface in-
elastic scattering as described in the preceding paragraph.
The computations were performed with an energy interval
of 0.1 eV. The full curves show the results of the exact
calculation using Eq. (1) with the inclusion of 13 beams.
The dot-dashed curves show the reflectivity using Eq. (4)
with 13 beams and retaining the first three terms (i.e., in-
direct scattering to first order) while the dashed curves are
the same result retaining the first four terms (i.e., indirect
scattering to second order). In this energy range, three
sets of nonspecular beams have emerged from the sub-
strate but not yet into the vacuum, and these beams give
rise to the Rydberg series of barrier scattering features.
The 10 beam is emerged from the metal substrate for the
energy of 0 eV in the vacuum; the 01,01 set emerges at
1.13 eV and the 11,11 set emerges at 7.11 eV. The
overall shape of the profile is determined by the fine struc-
ture associated with barrier scattering being superimposed
on the Bragg peak occurring at ~4.8 eV. The fine struc-
ture, in turn, is a mixture of the Rydberg series for each of
the three beam sets mentioned above. The weak fine



RAPID COMMUNICATIONS

10410

structure below 2 eV is mainly due to indirect scattering
of the backscattered specular beam between substrate and
barrier. The structure above 8 eV is due entirely to the 10
beam. Between 4 and 8 eV the structure is a mixture of
Rydberg series for the 10 and 01,01 beam sets. It is found
that the 11,11 set has no effect on the profile in the energy
range considered. In the lower frame, peak and trough lo-
cations differ by up to 0.8 eV between the exact and first-
order indirect scattering cases, while differences up to 0.2
eV exist between exact and second-order indirect scatter-
ing features. When no surface inelastic scattering is in-
cluded, as in the top frame, the differences are even larger.
It was necessary to include indirect scattering, as illustrat-
ed in Fig. 1, to seventh order to obtain agreement with the
exact result to three significant figures over the total-
energy range for the profile in the lower frame. This
shows that, with the surface inelastic scattering potential
used, up to seven scattering events between barrier and
substrate occur. For the top frame which includes no in-
elastic surface scattering, up to 20th-order indirect
scattering must be used to obtain the same result as the
exact case.

The fact, that Jones and Jennings® found the contribu-
tion to the reflectivity from second and higher orders of in-
direct scattering on W(001) was negligible, is, we believe,
due to the fact that they appear to aim only to reproduce
experimental features to within about 2 eV in their
theoretical calculations for low incident angles. When at-
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tempting to determine the form of the surface barrier with
this level of discrepancy between theory and experiment,
the changes due to higher-order indirect scattering may
indeed by negligible. However, it has been shown ' that,
at least for large incident angles, matches to at least 0.05
eV are necessary in order to determine the surface-barrier
shape and parameters. From this work it is seen that
higher-order indirect scattering terms should be included
in any surface-barrier structure determination for
W(001) using low-angle data.

This is the first time that a resonance or multiple
scattering mechanism has been identified directly from a
realistic calculation. In this case, an electron with a cer-
tain parallel component of wave vector is temporarily
trapped in an above-vacuum surface-barrier energy state,
or surface-barrier resonance state. Further studies on
W(001) at other angles is now in progress to determine
the extent of the resonance processes. It appears that a
wealth of resonance features is present in reflectivity data
on W(001) at low energies and angles, which means that
experimental data can be analyzed very simply to deter-
mine the surface-state dispersion. If the dispersion is
nearly-free-electron-like, the parametric theory of
McRae, Landwehr, and Caldwell'* could be used to
determine the binding energies of the states, the laterally
average surface potential, and hence the lateral atomic
positions at the surface. This is a potentially powerful
technique for surface-structure analysis.
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