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The elastic scattering of electrons from liquid Hg has been measured for energies between
100 and 500 eV and for scattering angles between 60 and 170'. The observed scattering is
remarkably similar to that from Hg vapor; a model calculation shows that the differences
between the liquid and vapor scattering are due to multiple scattering and inelastic processes.
The analysis shows that (i) higher-order multiple scatterings are strongly attenuated by
inelastic processes; (ii) approximately half the observed integrated intensity has been scat-
tered only once; (iii) for back angles, the atomic scattering factor is essentially the same for
the atoms in the liquid and the vapor; and (iv) attenuation coefficients for elastic electrons
are of the order of several tenths of a reciprocal angstrom.

I. INTRODUCTION

The difficulties in developing a satisfactory un-
derstanding of low-energy electron diffraction are
well known and arise because of the strong inter-
actions between the electron and the crystal. ' Be-
cause of the large elastic cross section, multiple
scattering must be important, and most current
theoretical work aims to develop dynamic theories
in which either band-structure calculations are ex-
tended to the energies of the incident electron or,
equivalently, in which the multiple scattering is
treated explicitly in a self- consistent way. In
these theoretical treatments one needs either the
lattice potential or the related atomic scattering
factor, neither of which has generally been avail-
able from experiment. The inelastic interactions
are also strong and have an important effect on the
elastic scattering. They have been included in some
recent calculations, ' usually in a phenomenological
way. Little experimental information is available
about the attenuation of the elastic beams due to

inelastic processes.
It is the purpose of this paper to report the re-

sults and interpretation of experiments on the low-

energy electron scattering from liquid Hg. These
experiments allow reasonably direct estimates of
the multiple-scattering contribution, of the inelas-
tic absorption coefficient, and of the atomic scat-
tering factor.

An earlier paper reported a generally applica-
ble method to measure what was called the square
of the effective atomic s cattering factor, If (&, &) I,t t.
In that work the elastic scattering of low-energy
electrons from the surface of a Ni crystal at ele-
vated temperatures was measured as a function of
the scattering angle 28 for various angles of in-
cidence. The observed scattered intensity could

be divided into two parts, one part which depended
on the crystal structure and its orientation and a
second part which did not. This latter part, which

is dominant at high temperatures, gives the angu-
lar dependence of If (8, E) l,'«. After correction
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for absorption this would be the angular dependence
of the true If (8, E) I except for multipl. e-scatter-
ing contributions. It was suggested in that work
that an indication of the upper limit to the multiple
scattering is given by minima in If (8, Ej l,q&, since
the higher-order scatterings will have a relatively
flat angular dependence. Since the minima w er e
quite deey, it was estimated that the multiple-scat-
tering contributions were small. As will be seen,
the present experiments on liquid Hg are similar
to the Ni work, since, for the momentum transfer
used, the interference function is essentially con-
stant and the scattering is nearly independent of the
short-range order in the liquid. Unlike for Ni,
however, experimental data are available for the
electron scattering from Hg vapor, and they show
considerable structure in the angular dependence
of the elastic scattering. This prior knowledge

will be important in the interpretation of the scat-
tering from the liquid.

Our experiments are closely related to those of
Eitel, Jost, and Kessler, who measured the angu-
lar distribution and polarization of electrons elas-
tically scattered from Hg vapor as a function of
vapor density and attributed observed changes to
multiple scattering. Also, Eckstein has mea-
sured the scattering and polarization by Hg con-
densed and frozen on a substrate. His results are
similar to ours where they can be compared. He
also mentions multiple scattering as one possible
explanation of the observed differences between
the scattering from the condensed phase and the
vapor. Jordan and Brode made measurements of
the scattering of 20-'70-eV electrons from liquid
Hg and noticed a peak in the scattering in the back-
ward direction.

II. EXPERIMENTAL

The apparatus is shown schematically in Fig.
1. A standard volume of liquid Hg from a continu-
ously operating still can be transferred to a sample
cup in the center of the scattering chamber. In
the cup the sample forms a drop 2. 5 cm in diam-
eter so that the curvature of the surface at the cen-
ter is negligible. The drop can be removed from
the cup by adding extra Hg until the whole drop
runs out an opening in the side of the cup and re-
turns to the still. The sample temperature is con-
trolled either by conduction through a Cu rod in
contact with the bottom of the cup or by flowing
cold gas up the tube supporting the cup.

Two electron guns provide beams with grazing
angles of incidence of 81' and 59. 5'. Incident
beams have a diameter of less than 1 mm at the
sample and a divergence of less than 1

The elastically scattered electrons are detected
in a Faraday cage which rotates about an axis in

C

~PUNP 9

p ~gI
II

II

11

V

II

i

II

re~4

FIG. 1. Schematic drawing of apparatus. G&, G2.
electron guns; S: Hg still; V: needle valve; C: collector
rotating about horizontal axis normal to the figure and
in the plane of the sample drop.

the plane of the sample surface normal to the plane
of incidence. The width of the Faraday cage pre-
vented measurements closer than 10' to the back-
ward direction. The aperture of the Faraday cage
is a rectangular slit 1&&3 mm, 3 cm from the axis
of rotation. A fine grid over the aperture reduces
fringing fields; the retarding potential is applied
to a second grid to select only elastically scattered
electrons; and finally a plate, whose potential is
near that of the crystal, collects the electrons.
This arrangement prevents yositive ions produced
in the Hg vapor by the incident beam from reach-
ing the collector or its leads. Without this pre-
caution there is a positive background current
proportional to the Hg vapor pressure. The en-
ergy resolution of the detector was limited by the
geometry of the retarding field and was 4% of the
incident energy.

The entire system was baked out and pumped to
a pressure of 10 ' Torr. Then Hg with a specified
impurity content of less than one part in 10' was
introduced into the still under vacuum. The still
was operated continuously.

The scattered intensity could be measured with-
in 15 sec after introducing a fresh drop to the sam-
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The second difference is that the minima in the
angular dependence of the scatteringfrom theliquid
are relatively less deep than for the vapor. Al-
though one might think of several possible explana-
tions of this feature, here we will consider the ef-
fect of multiple scattering. One expects consider-
able multiple scattering because the atomic total
elastic cross section is near geometrical; further,
the multiple scattering will tend to fill the valleys
because it will have a moxe uniform angular distri-
bution than the single scattering. That this is the
major cause of the difference between the scatter-
ing from the vapor and the liquid is demonstrated
by the success of the analysis to follow.

The relative importance of the single-and mul-
tiple-scattering contxibutions will depend on the
relative importance of the elastic and inelastic
processes. To illustrate this we first make a
plausibility argument and then give a model calcu-
lation.

Suppose that atoms scatter isotropically with a
total elastic cross section o,& and that in the liquid
there is sufficient disorder so that it is appropriate
to add intensities rather than amplitudes. Suppose
further that the elastic beam is attenuated accord-
ing to an attenuation coefficient p. , due to both elas-
tic and inelastic processes. Then the contribu-
tion to the observed intensity from those electrons
which have been scattered only once will be propor-
tional to po„/p, . Here p is the number density of
atoms. Neglecting angular factors and details of
path lengths, the functional dependence of the twice-
scattered contribution on 0',

& and p. , is given by con-
sidering the once-scattered electrons to be the in-
cident beam for the second scattering. Thus this
intensity is proportional to (po'„/p, , ) and so forth
for higher orders. Each successive order is re-
duced by an additional factor p&, &/p, Physically
this expresses the fact that for an electron to be
elastically scattered several times it must travel
farther through the crystal and therefoxe will be
more strongly attenuated. Since for low-energy
electrons o„and &,„are comparable, po„/p, is of
the order of 2, the series of contxibutionsfrom suc-
cessive orders converges rapidly, and the contri-
bution from once-scattered electrons is dominant.

%e now wish to make this qualitative argument
more precise and calculate an approximate expres-
sion for the elastic backscatteringof electronsfrom
a liquid. It is assumed that the elastic scattering
is described by an atomic scattering factor f (8, E)
appropriate to an atom in the liquid and that it is
sufficient to use the asymptotic . form of f (8, E) to
calculate the multiple scattering. Second, it is
assumed that the attenuation of a beam of elastic

electrons moving through the bulk is described by
a linear attenuation coefficient p, , which is indepen-
dent of both the direction of the beam and the depth
in the liquid. (This implies the further assumption
thai the surface losses take place either at or out-
side the surface. These losses will be accounted
for later. ) We define p, , = p«+po„, where p„ is
due to inelastic processes and 0„is the total elas-
tic cross section. Finally, it is assumed that the
pair distribution function is independent of the
interatomic separation and thus the interference
function is constant independent of the diffraction
vector 8= k —Q. We thus may neglect interference
between atoms and add intensities instead of am-
plitudes.

This last assumption requires additional com-
ment. For the data presented here, ~ S) &5A '.
corresponds to the third halo and beyond in the
interference function of bulk Hg known from x-ray
experiments'; here variations in the interference
function are less than 10%. This assumption is
also consistent with the experimental results for
the diffraction of low-energy electrons from a Ni
crystal at high temperatures where the major part
of the scattering is independent of the crystal and
its orientation. However, this approximation is
not good for small I 8 l, or forward scattering,
which enters our calculation of the multiple-scat-
tering contributions through convolution integrals.
Fortunately, as will be seen, the results are rath-
er insensitive to the detailed shape of the multiple
scattering; the effect of the uncertainty in the for-
ward scattering will be discussed later when we
compare the result of the model calculation with
the data.

Under these assumptions the intensity per unit
incident intensity and per unit solid angle of elec-
trons which have been elastically scattered once
and only once is

f(y)=g exp 4~ ~. p ~ If(8 E)~2
Jo sin Q sin Q sin Q

Ap (f (8, E) I

p, , (1+sing/sin4 )

where P and P are the grazing angles of the inci-
dent and scattered beams, respectively, A is the
cross-sectional area of the incident beam, and
Adz, /sin&]& is the element of scattering volume.
This is the absorption correction fame. liar in x-ray
reflection experiments from mosaic crystals.

Similarly the intensity of twice-scattered elec-
trons is given by

4~ sing

—p, , Iz, - z, I pdz,
cosy Icosyl

min
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xlf(g„E) l2 exp
sin P' (2)

Here the first and second scatterings take place in
elements of depth dz& and dz& at z& and z2,. 8& is
fixed by S, the azimuth of the first scattering, and
e„and y is the angle between the once-scattered
beam and the z axis. The limits of integration over
zz depend on whether the first scattering is toward
or away from the surface. The factor exp(-p&
x122-2, I/cosy) is the attenuation between the first
and second scatterings.

Since If (8, E) I is strongly peaked in the forward
direction, the important contributions to the inte-
grals arise when one or the other scattering is in
nearly the forward direction. Thus l cosy l= sing
if the first scattering is away from the surface and
= sing if the first scattering is toward the surface
With this approximation

A

(&)
A similar calculation of the triple scattering with

analogous approximations gives

A

x lf(8„E)l'lf(e„E)l'dn, dn, (4)

where a2 is the Bohr radius, gs= hE/2E, p is the

grazing angle of incidence, tI is the azimuthal angle

The total scattering is

r (s)= ~, PIf( E), p
I (g E)I2

(1+sing/sing ')

2

x lf(82, E)l n +g~2J, lf(e„E)l'

x If (e @& I'If te && I'&0
.

d 0 )
[r', (s)+r', (s)+r', (s)+ ] . (5)

(1 + sin&]& sing
Before this series can be compared to the experi-

mental data, we must consider the additional atten-
uation due to the inelastic "surface losses" first
discussed by Ritchie. ' Assuming these losses
occur at or outside the surface of the liquid, their
only effect is to attenuate the elastic beams an
amount depending on their energy and direction
with respect to the surface. The differential prob-
ability that an electron loses energy ~ and is
scattered through an angle 0 into a solid angle dQ
while crossing the surface of the liquid is '

dP I 8 1+8/8
&(~)dn 2v'apE (8'+ 8,')' »n2y

g
". 1/2 (1 ~2)

(6)

cot/ cosg+— Im
8 e(e+ 1)

of scattering measured from the plane of incidence,
and e is the complex dielectric constant. This ex-
pression was integrated numerically over all solid
angle and energy loss to ~ = 20 eV using e for
liquid Hg from the data of Wilson and Rice. ' This
gives the total probability that an electron crossing
a surface suffers an energy loss:

P (P) = 2. 76/E' ' sing, (7)

where E is in eV. The elastic scattering of Eq. (5)
must be multiplied by the factor 1-P(Q) for the in-

cident beam and by I-p(p') for the scattered beam.
This can onlybe correctforsufficientlylargevalues
of P, where P(P) «1. We know of no more satis-
factory calculation of P (Q) for small Q and we

should not expect this model calculation to compare
well with experiment for small grazing angles.

IV. COMPARISON OF MODEL WTH DATA

We now compare the results of this model cal-
culation with the experimental data.

One feature which can be checked immediately
without knowing the values of any of the parame-
ters or adding further assumptions is the depen-
dence of the observed scattering on the grazing
angles of incidence and scattering, Q and P . This
entire dependence is contained in the factors

t 2.76 ) t 2. 76 ) 1
E'~ sing l l~ E" sing'I(1+sin&/sing )

'

In Fig. 4(a) we superimpose data taken on both

sides of 28=160 for /=592' and E =522 eV. In

Fig. 4(b) we replot the same data after division by

the above three factors. It is apparent that the

asymmetry in the data is accounted for by themod-
el calculation for P~ 10'. For smaller Q' the

analysis leading to Eq. (7) fails.
We now want to compare the angular dependence

of the elastic scattering expected from the model
calculation with the experimental results. This
requires the knowledge of the function If (8 E) )

2

and of p, &. The strong similarity between the back
scattering from the liquid and from the free atom

suggests that for back angles we use the If (8, E) I

2

from gas data. However, it is clear from thefact
that the total elastic cross section of the free atom

is approximately the geometrical cross section of

an atom in the liquid that the forward scattering
cannot be the same for a free atom and one in the

liquid. The large forward peak in the gas scat-
tering contains = 70% of the total elastic scatter-
ing. This peak, which is due mainly to peripheral
collisions, will be changed considerably by putting
an atom in the liquid where the outer regions of

the atom are strongly perturbed and where the in-

cident electron is screened by the conduction elec-
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trons in distances like the Thomas-Fermi screen-
ing radius. Qne expects this peak to be both broad-
er and smaller for an atom in the liquid. In addi-
tion, it is at the forward angles that errors due to
the assumption that the interference function is
constant are serious. Because of these uncertain-
ties we cannot evaluate the convolutions in Eg. (5)
accurately. However, we can make two approxi-
mations which will give, respectively, over- and
underestimates of the multiple-scattering contri-
butions.

In the first approximation, we ignore the diffi-
culty just discussed and use the free-atom scat-
tering factor for all 28. The only remaining pa-
rameter in Eq. (5) is p, , and since o» ha been
assumed, it is only left to choose L(L~,. %e will
treat p. &„ as an adjustable parameter, the choice of
which in effect adds sufficient multiple scattering
to fill the valleys in E, (S) so the sum most nearly
coincides with the experimentally observed scat-
tering. In this first approximation, where we use
an If (8, E) I which has too large and sharp a for-
ward peak, convolutions for the multiple scatter-
ing will have exaggerated maxima and minima at
the same angles as in the single scattering, Be-
cause of this exaggerated structure a larger rel-
ative contribution from these multiple- scattering
terms is necessary than would be required if we
used a, more correct If (8, E) I'. In this sense this
approximation overestimates the multiple- scat-
tering contributions.

We now evaluate Ec(. (5). For energies of 200
eV and greater we use If (8, E) Ia from Kessler's"
gas data for 10' & 28 & 150' and from Holzwarth
and Meister's ' calculations to complete the an-
gular range. For energies below 200 eV, If(B, E)

I

is from results of Jordan and Brode' and of Schon-

=n(If(B, E) I') (o'„)" ', (8)

where o,&
is the cross section for scattering into

the forward peak and where( If (8, E) I
~) is a weight-

ed average taken over an angular range centered
at 28. For I', (S), if (8, E) I' should be averaged
over a range approximately equal to that of the
forward peak; for higher-order scatterings this
average is over successively broader ranges. For
the third- and higher-order terms we replace
( If(B,E) I') by its average over the entire back
hemisphere denoted by 0,', . The third- and high-
er-order terms are now represented by a geo-
metric series which may be summed, and finally,

felder and Bunyan' for 10& 28 & 170' and estimates
for the remaining angles. For the second term,
Iz(S), the convolution integral f I f(B„E)I I f(Bz, E) I

&& dQ, was evaluated numerically for the several
energies between 100 and 500 eV; an example is
shown in Fig. 5. As expected, the convolution is
considerably flatter than I f(B,E) I~; however, the
positions of the peaks and valleys are the same.

To evaluate 1~'(S) and higher-order convolutions
would require a considerable computation. How-
ever, these terms will be both small and nearly
uniform in 28, and their detailed evaluation does
not seem warranted. Instead we make the follow-
ing approximation. Recognizing that If (8, E) I is
strongly peaked in the forward direction, the main
contribution to the convolutions comes from mul-
tiple-scattering events in which all but one of the
scatterings is near forward. Then we have

&If «» E) I'If «3, E) I' ~ . ~ If «. E)

I'dilly

~ d~l. -i
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We now evaluate Eq. (9) using p, as an adjust-
able parameter. This has been done for three to
five values of p. , for each energy. In Fig. 6 we
show the results for 500 eV and three values of
p, t. These curves have been normalized to the
experimental point at 28 = 132'. It is seen that
there is a value of p, t which gives a surprisingly
good fit to the experimental data for scattering
angles such that Q —15'. For smaller values of

Q the surf ace- loss correction becomes progr es-

FIG. 5. Angular dependence of (f(8, E) ( and of
J If(&, , @l If(& 2E) I'dQi. The solid line is If(H, E) I'
from Ref. 11 and 15. The dashed curve is the convolu-
tion integral.

sively less accurate and the calculated curves fall
below the data. The effect of the attenuation is in
accordance with the qualitative argument given
above: A larger p. , gives less multiple scattering
and the calculated curves have deeper valleys and
resemble more closely the single-scattering re-
sult and vice versa. From the figure it is clear
that p, , ' s about 20-30%% different from the best val-
ue give noticeably poorer fits.

A comparison of the results of the model calcula-
tion with the data using the best values of jtL, at each
energy is shown in Figs. 7 and 8. The dots are
the result of this analysis and the solid lines are
the experimental data. p, &

was chosen comparing
the calculated curves with the data for P= 81 and
this same value then was used to calculate Ir(S) for
Q = 59. 5 . Over the energy range from 100 to 500
eV and for both angles of incidence, the model cal-
culation fits the experimental data very well. ' The
values of the parameter p. &

used in these fits are
listed in Table I.

We now make a second approximation by suppos-
ing that all the multiple scattering is uniform in
28; this approximation will underestimate the mul-
tiple scattering since this flat contribution is most
efficient in filling up the valleys in I,'(S). Using
Eq. (8) to estimate I2(S), Eq. (9) now becomes

I (S)= 1- 2. 76 1- 2. 76 1
E" si 0 E" 8' p 1 ~ s /is np)''

n-& t

where pa„/p, is now to be treated as an adjustable
parameter.

ln Figs. 7 and 8 fits for the best values of pa'„/p,

O

O

V)
Z
4JI-
Z

4

E = 500ev
/=59/

0 0
~ ~

Sx x
x

X

FIG. 6. Comparison of the model
calculation results with the experi-
mental data. Solid line is the ob-
served data for E= 500 eV and Q
= 59.9'. The points are calculated
from Eq. (9). Crosses: pt =0.26 A ';
filled circles: p&

= 0.32 A; open
circles: pt ——0.42 A i.
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Comparison of
model calculation results
Kith experimental data for
several energies for Q =81 .
The sobd line is the experi-
mental data. The dots are
calculated from Eq. (9)
using values of p& from
Table I. The crosses are
calculated from Eq. (10)
using values of po'~y /pg
from Table I.

O a

I P. Q

are sh0%n as the crosses. These fits are as ac-
ceptable as those from the previous approximation.
This emphasizes that the calculated angular de-
pendence is not very sensitive to the detailed shape
of the multiple scattering but rather depends main-
~/ on the ra4o (p&ffg/p g). Valllee of this paraBleter
used for these fits are listed in Table I.

At first it may seem surprising that equally good
fits to the observed angular dependence are ob-
tained from the two different approximations lead-
ing to Ega. (9) and (10). Thfe 18 hecanse thetwice-
scattered contribution is quite small and flat and
because its shape is not greatly different from a
enm of

~f (8, E)
~

' and a constant. Therefore the
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FIG. 8. Comparison of
the model calculation re-
sults vrith experimental
data for several energies
for /=59. 5 . The solid
line represents the data.
T1M dots and crosses are
calculated from Eqs. (9)
and (10), respectively,
using the values of the
parameters determined
for P =81'.

fitting is sensitive to the values of the parameters
p, , and po,', /p„hut not to which ot the assumed
shapes of Iz is used.

This analysis has invoked multiple scattering
and the attenuation due to inelastic processes to

explain the differences between the scattering from
the liquid and that from the free atom. Other
causes of the differences couMbe consldeled, 1n-
cluding the perturbation of the atom when it is put
into the condensed phase, screening of the incident
electrons by the conduction electrons, and inter-
ference due to the short-range order in the liquid.
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TABLE I. Values of the parameters used in the fits
shown in Figs. 7 and 8.
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The ratio of the once-scattered to the total scat-
tered intensities is then

fIf d0/fIzdQ = l —p&,&/pe ~ (l2)

Values of this ratio using the parameters given in
Table I are plotted in Fig. 9 as a function of en-
ergy for each of the above approximations. Since
these approximations tend to over- and underesti-
mate the multiple scattering, it is concluded that
about half of the observed intensity has been singly
scattered and that this ratio is relatively indepen-
dent of energy in the energy range of these experi-
ments.

There is reason to suppose that for other liquids
or thermally disordered solids the relative im-
portance of the multiple scattering would be simi-
lar to that found here for Hg. The multiple scat-
tering depends on the ratio po„/p, , =o„/(~„+o„),
where we have expressed the attenuation coefficient
in terms of cross sections. For liquid Hg the pa-
rameters determined above give o,l 01 . This
same approximate equality holds also for the free

All of these must be present and affect the scat-
tering to some extent. However, the success with
which the observed scattering may be fitted by the
model using reasonable values of the single parame-
ter suggests that the dominant effects have been in-
cluded. Had the other effects listed above been in-
cluded in the model, an even smaller multiple-
scattering contribution would have been required to
fit the experimental data. The important and per-
haps unexpected result is that the multiple scatter-
ing is relatively small. Therefore we shall assume
that the model is essentially correct and now dis-
cuss some of its implications for the understanding
of the diffraction of slow electrons from crystal-
line solids.

We first consider the multiply scattered contri-
bution to the elastic intensity integrated over all
back angles, which is given approximately by

FIG. 9. Ratio of the singly scattered to total inte-
grated intensities as a function of energy. Dots are
calculated from Eq. (12) using o,l for the free atom
and p& from Table I. Crosses are calculated using
poel /p& from Table I. The dashed line is calculated
using free-atom cross sections. Error bars are for
the dots only.
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FIG. 10. Total elastic and total collision cross sec-
tions for Hg atoms. oel is from Kessler (Ref. 11) and
Arnot (Ref. 6). o~ is from Tate and Palmer (Ref. 6).

atom, as is illustrated in Fig. 10. In Fig. 9, the
dotted line is the ratio from Eq. (12) evaluated us-
ing the free-atom cross sections. So for Hg and
for the range of energies of interest here, the ra-
tio of the elastic and inelastic total cross sections
has not changed appreciably on condensation. (This
ean only be true in an average sense because of
inela, stic thresholds. ) Furthermore, Lander '7 and
Raether ' have pointed out that the elastic and in-
elastic cross sections in this energy range are
roughly equal for free atoms of many elements.
Therefore, to the extent that for other elements
this equality is unchanged going to the condensed
phase, one expects roughly the same amount of
multiple scattering.

The fact that singly scattered electrons constitute
a large fraction of the observed elastically scat-
tered electrons is the most significant result of the
present work. This is contrary to those theoretical
treatments of low-energy electron diffraction in
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which inelastic effects are neglected and where
multiple scattering is dominant. Because the sin-
gly scattered component is so large, it is reason-
able that kinematic treatments including attenuation
are often a reasonable first approximation; how-
ever, the present results indicate sufficient double
and higher-order scattered amplitudes so their in-
terference in the crystal can easily be responsible
for the multiple-scattering secondary peaks and
for anomalous Bragg intensities. Lander and Mor-
rison' have previously discussed the role of in-
elastic processes in reducing dynamic effects. In
fact, . many of the present results could have been
anticipated from their discussion. The present
work supports the point of view of the recent "in-
elastic-collison model" of Duke and Tucker inwhich
"inelastic loss mechanisms of an incident electron
dominate the characteristics of its wave function
inside the crystal. " ' This work also suggests that
theories in which scattered amplitudes are follow-
ed through successive scatterings will converge
rapidly and perhaps give a more transparent de-
scription of the diffraction than a complete self-
consistent multiple- scattering theory or band-
structure approach. A calculation of this type has
been carried out by Gafner for Ni. But whichever
theoretical approach one uses for the diffraction
problem, the present results emphasize the im-
portance of taking proper account of the large in-
elastic scattering.

We now want to comment on the atomic scattering
factor.

First, the present work supports the argument
mentioned in the Introduction that lf(e, E) I ',« is a
useful approximation to lf(6, E) )

' at back angles in
the sense that the angular structure of the scatter-
ing observed from the disordered system is domi-
nated by the single scattering and that multiple-
scattering contributions add a background relatively

independent of angle.
Second, both the observed similarity in the scat-

tering from the liquid and from the free atom and

the success of the model calculation indicate that
for back angles ~f (e, E)

~

is essentially the same
for atoms in the vapor and in the condensed phase.
This might have been expected since the scattering
for the diffraction vector ~S

~

—5A ' should be most
sensitive to variations in the potential over a spa-
tial region the order of a few tenths of an A. This
is smaller than the Thomas-Fermi screening length
and the radius of the ion core whose tightly bound

electrons are not appreciably perturbed in the con-
densed phase. While this may simplify the theo-
retical interpretation of diffraction intensities by
allowing use of free-atom scattering factors as a
good approximation, it makes it unlikely that low-
energy electron diffraction from high-Z materials
can yield much direct information about the per-
turbation of the valence electron structure by the
surface. This would not be true of low-Z materi-
als where a large fraction of the electrons take
part in the binding of the solid.

Finally, we consider inelastic processes. From
Table I we conclude that o&„=0,&. To the extent
that the elastic cross section is nearly geometrical
in the condensed phase, the mean free path for in-
elastic processes is of the order of the interplanar
spacing and p,„is of the order of several tenths
0
A . This agrees with other experimental esti-
mates ' and is of the order of magnitude needed
in theoretical treatments to give structure and
widths in the energy profiles of the diffracted in-
tensities in reasonable accord with experimental
observations. It is this strong absorption of the
elastic beam which is responsible for the rapidly
diminishing contributions from successively high-
er- order multiple scatterings.
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Photoemission and optical reflectivity measurements of Cu-rich Cu-Ni alloys are reported.
The results for alloys of composition 87% Cu-13% Ni and 77% Cu-23% Ni give conclusive evi-
dence that. a virtual bound state rather than a rigid-band model is appropriate for describing
the Ni d states in Cu-Ni alloys. In these alloys, the Cu d states are found to be little changed
in energy position from the d states in pure Cu. From the photoemission data, the Ni virtual
bound state is found to be centered 0.95 eV below the Fermi energy, and the half-width at
half-maximum of the state, due to s-d interactions alone, is found to be 0.42 +0.05 eV.
For the alloy compositions studied, it is also found that interactions among Ni states on dif-
ferent atoms give a significant contribution to the total width of the state. The behavior of
alloy reflectivity data and optical parameters, which are deduced by a Kramers-Kronig
analysis, is consistent with the alloy electronic structure obtained from the photoemission
measurements.

I. INTRODUCTION

The electronic structure and related properties
of the alloys of copper with nickel have long been
the subject of much theoretical and experimental
interest. Cu-Ni alloys have often been taken to be
the prototype of the many noble-metal-transition-
metal systems, which involve the interaction of
metals whose properties (at least near the Fermi
surface) are determined by s-p derived electron
states and d-derived electron states, respectively.
In addition, Cu-Ni alloys are ferromagnetic over
more than one-half of the composition range and

are (ideally) substitutional solid soiutions over the
entire composition range. These properties, and
the fact that pure Cu and pure Ni are among the
best understood of the noble and transition metals,
have stimulated a great amount of work on the Cu-
Ni alloy system„

Early magnetic moment' and optical data for
Cu-Ni alloys led Mott to propose in 1935 the rigid-

or common-band model of alloying behavior, The
rigid-band model assumes that there is one elec-
tronic density-of-states function which is the same
for Ni, Cu, and Cu-Ni alloys, with this density of
states filled to an energy level determined by the
electron-to-atom ratio. This model appears to
still enjoy fairly wide acceptance. However, many
subsequent measurements have questioned the ap-
plicability of the rigid-band model to Cu-Ni
alloyss ' and alternative models have been sug-
gested ' ' In particular, it has been suggested CQ-14

that a virtual-bound-state type of model, as devel-

oped by Friedel' and Anderson, ' is appropriate
for describing the electronic structure of Cu-rich
Cu-Ni alloys.

These two different models —the rigid-band and
the virtual-bound-state (VBS) models —predict
quite different behavior for the density of states in
Cu-¹i alloys. This is illustrated in Fig. 1. The
drawing on the left-hand side of Fig. 1 illustrates
schematically the optical density of states of pure


