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Abstract

The correlated emission of two electrons from a surface excited by a low energy primary electron (coincidence
spectroscopy) involves elastic back scattering of the primary electron in the sample. In the present experiments we
also used an internal electron source: photoelectrons from the valence band created by synchrotron radiation.
Within the experimental error we found the same threshold energy as with an external electron source. We studied
the angular dependence of the number of coincidence events following 25-45 eV primary electron scattering on
¥(100). The most probable angle between two scattered electrons was found to be about 60-75° regardless of the
primary electron incidence angle. The best agreement between calculated (in the kinematic approximation) and
measured angular distributions of the coincidence events was achieved when the effective mass of the valence
electrons was taken to be 2—3 times that of the free electron mass. This may be due to the predominant scattering on

the d-electrons of the tungsten valence band.

In the past few years a series of papers has
appeared, dealing with measurements of the
spectral momentum density of electrons in solid
films in the transmission geometry using high
energy primary electrons [1-3]. Such measure-
ments can give rich information about the energy
and momentum spectra of electron states in
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solids. Similar experiments in the low energy re-
gion are attractive as they may give information
about the momentum density distribution of elec-
trons in the surface region of solids.

In our previous work [4] we reported on the
first successful two-electron coincidence experi-
ment of the (e,2e) type at solid surfaces in the
back-reflection geometry and found that coinci-
dent two-electron emission events required a cer-
tain threshold energy of the primary electron. We
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showed that the threshold energy depends on the
work function of the surface. In the case of a
clean tungsten surface the threshold energy was
about 18 eV relative to the Fermi level when the
angles of both detectors relative to the normal to
the surface are equal to' 60°. The aim of the
present work is to estimate the role played by
elastic back scattering of the exciting electrons in
the process of formation of the pair of electrons
detected outside the sample.

Since the mechanism of formation of a corre-
lated electron pair resulting from a single event
of a primary electron scattering on a valence
electron includes elastic electron backscattering
[4], we used, for comparison, an internal source
of electrons: photoelectrons excited from the va-
lence band by synchrotron radiation. In the latter
case emission of an electron pair formed in a
single event of photoelectron scattering on a va-
lence electron is possible without additional clas-
tic scattering. Besides we measured the angular
distributions of true coincidence events (TCE) for
various primary electron incidence angles and
compared them to a kinematic model of scatter-
ing.

The experimental set-up was briefly described
in Ref. [4]. Two detectors (channeltrons or multi-
channel plates) of scattered electrons and the
normal to the sample surface were placed in the
same plane and it was possible to change the
angles of the detectors relative to the surface
normal in the range from 0° to +90°. The mini-
mum angle between the detectors was about 15°.
The entrance apertures of both detectors were
about 0.02 srad for channeltrons and about 0.07
srad for multichannel plates. An electron gun was
placed in the same plane or in the plane perpen-
dicular to the scattering plane, and the angle of
incidence was varied in the range from 0° to
+90°. One of the detectors starts a time-to-am-
plitude converter (TAC), while the other stops
the TAC. The TAC output is analyzed by a
multichannel analyser (MCA). In the case of pho-
toelectron scattering a beam of monochromatized
synchrotron radiation from BESSY entered the
chamber through a system of collimating di-
aphragms and was directed along the normal to
the W(100) sample surface. Measurements were
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Fig. 1. The number of true coincidence events (TCE) as a
function of the primary electron energy relative to the Fermi
level (E,-Ep) and of the exciting photon ensrgy E jpo for
W(100). 8, and 6, are the detector positions relative to the
surface normal. Open circles and crosses are for photon
excitation, open boxes are for primary electron excitation.
Vertical bars indicate the 1o statistical error.

carried out in vacuum of the order of 10~ !* Torr.
The cleaning of the W(100) surface is checked by
LEED monitoring. The magnetic field of the
earth near the specimen was compensated to 5%
of the earth field approximately.

The TCE number, normalised to 10°% start
pulses, as a function of the exciting photon en-
ergy is presented in Fig. 1 (open circles and
crosses). For comparison, in the same Fig. 1 the
TCE number as a function of the exciting elec-
tron energy is shown [4]. In the latter case, the
ordinates have been multiplied by a factor corre-
sponding to the relative change of the detector
acceptance angle. It can be seen from Fig. 1 that
the threshold of the TCE appearance in photoex-
cited electron scattering on a valence ¢lectron for
two different detector positions (at +20° and
+50° to the normal of the surface) is the same
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(E,, = 17-18 V). Within the limit of the experi-
mental accuracy it agrees with the TCE appear-
ance threshold when using an external primary
electron source. Let us note, that the maximum
possible energy of a photoexcited electron rela-
tive to the Fermi level is equal to the exciting
radiation energy. In our case, the minimum pri-
mary electron energy relative to the Fermi level
necessary for a correlated electron pair appear-
ance corresponds to the minimum photon energy
necessary for the same process. This is an evi-
dence in favour of the previous suggestion [4] of
the elastic or quasi-elastic primary electron scat-
tering into the back hemisphere.

We measured the angular distributions of true
coincidence events (TCE) for primary electron
energies £, =20-45 eV at various primary elec-
tron incidence angles to the W(100) single crystal
surface. We found that the variation of the pri-
mary electron incidence angle had little effect on
the TCE angular distributions both for the elec-
tron gun in the detectors plane and in the plane
perpendicular to the detectors plane.

Let us consider the following results concern-
ing the TCE angular dependence with regard to
the following simple model. We assume that as a
result of the elastic scattering, the primary elec-
tron is distributed isotropically over all possible
states on the sphere corresponding to the energy
E, in momentum space. The valence electrons
are also assumed to be distributed isotropically in
the volume corresponding to valence states. Ap-
plying Fermi’s golden rule, the probability of the
primary electron scattering on a valence electron
is proportional to the volume of available final
electron states of the system after the scattering.
As a rather crude approximation we assume the
matrix element of the transition to be constant.
The volume of the final states of the system is
determined by the product of the solid angles of
the detectors with the energy intervals of the
electrons belonging to the pair. The refraction of
the electron trajectories at the surface potential
barrier leads to changes of the solid angles in
which the electrons are detected depending on
the electron energy and average emission angle.
Then we integrate over all possible energies of
the electron pair and over the valence band.
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Fig. 2. A free-electron-gas approximation to the valence band
of tungsten. The d-band is shown by shading. The effective
mass values of the s- and d-band electrons are mJ =1,
m3 =1.5. The top and the bottom of the potential barrier
relative to the Fermi level are E,=45¢V, E,=—-9¢V.

We chose the free-electron-gas model with the
effective electron mass as a parameter for de-
scription of the tungsten valence band electron
structure. In this model the electron structure of
valence states is characterised by the positions of
the bottom and the top of the valence band
relative to the Fermi level (E) and by the effec-
tive mass value (m™) of valence electrons. The
valence electron configuration of tungsten is
6s23d*, and so we may roughly describe its va-
lence band by two bands schematically presented
in Fig. 2. Two s-band valence electrons with the
effective mass m* = 1 occupy the energy interval
from —9 to 0 eV relative to the Fermi level. Four
d-band valence electrons with a variable effective
mass mZ are in the energy interval from —6 to
-2 eV relative to the Fermi level. A quadratic
dispersion is assumed in both cases according to
the free-electron-gas model. The potential barrier
at the vacuum-solid interface is determined by
the positions of the potential barrier top (E,) and
its bottom (FE,) relative to the Fermi level (the
work function is e¢p =E,— Ey). We used the
following parameters: E, =45 eV, E, = -9 eV
relative to the Fermi level.

It is well known that in the case of scattering
of two particles of equal mass with one of them at
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rest, the angle between the flight directions of the
particles after the scattering (i.e. the scattering
angle) is equal to 90°. In the considered case
valence electrons have finite velocities, so the
scattering angle may be less than 90°. An increase
of the effective mass of the valence electrons also
leads to a decrease of the scattering angle. The
general trend shown by the TCE distributions at
E, =35 eV with the increase of the valence elec-
tron effective mass is to widen the distribution
and to decrease the average scattering angle.
Variations of potential barrier parameters E, and
E, had little effect on the angular distribution in
the case of E,=35¢V.

Fig. 3 shows the experimental angular depen-
dence of the TCE number for a fixed position of
the start-pulse detector at 6, = 75° relative to the
surface normal. The primary electron beam is in
the detector plane at the angle a = 60° to the
surface normal. The TCE number as a function
of the scattering angle has a maximum in the
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Fig. 3. The number of true coincidence events as a function of
the scattering angle for W(100). The primary electron energy
is E, =344 eV relative to the Fermi level. 6, and 6, are the
angles of the detector positions relative to the surface normal.
The “start” detector is fixed at 8, = 75°. The primary electron
beam is in the same plane as the detectors at an angle of
incidence « = 60°. Crosses with bars are experimental data of
the number of true coincidence events. The full dots con-
nected by the dotted line represent the angular dependence
of the measured electron flux from the sample in arbitrary
units. Full, dashed and dotted lines show the calculated
dependence of true coincidence events following the primary
electron scattering on the valence electrons with various effec-
tive mass, m} = 1,2,3 m, as indicated.
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Fig. 4. The number of true coincidence events as a function of
the scattering angle for W(100). The primary electron energy
is E, =444 eV relative to the Fermi level. 4, and 6, are
angles of the detector positions relative to the normal to the
surface, 6, =20°. The primary electron beam is in the same
plane as the detectors (angle of incidence a = 6(1°). Full dots
with bars are experimental data of the number of true coinci-
dence events. Full line, dashed and dashed-dotted curves
show the calculated dependence for scattering of the primary
electron on a valence electron with various effective masses.

direction close to the normal, which corresponds
to a most probable scattering angle of about 75°
when the refraction at the potential step at the
surface is taken into account. The angular distri-
bution of the secondary electrons (full dots curve
in Fig. 3) exhibit a maximum in the mirror reflec-
tion direction of the primary electrons but is
relatively flat in a wide range of detection angles.
Fig. 3 also shows angular distributions of the
TCE probability calculated for the chosen geome-
try. The valence electron effective mass m* = 3
gives reasonable agreement with the experimen-
tal results.

Fig. 4 shows experimental and calculated de-
pendencies of the TCE number for another ge-
ometry of the positions of the detectors. The
start-pulse detector is at §, = —20°, the primary
electron beam with the energy of E, =445 eV
relative to the Fermi level falls at the angle of
about 60° to the normal to the surface and is
situated in the same plane as the detectors. A
reasonable agreement was achieved with the ex-
periment when the effective mass was chosen to
be m} =2.25.
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In all cases considered above we detected all
electrons without any energy selection. Because
different fractions of the primary electron energy
may be iransferred to the secondary eleciron in
the scattering event, the angles between the elec-
trons can also be differen:. Besides, at the surface
potential barrier, electrons with different ener-
gies are velracted st different angies. It means,
that outr dala or ihe colncidence events repre-
sents some value averaged over all availabie ener-
gies of the scaitered clectrons.

The resulis suggest that the elastic back-
scattering of primary electrons plays an important
role in the observation of coincidence events in
the back reflection geometry. At the same time,
the threshold of the TCE detection, within the
limits of the experimental accuracy, does not de-
pend on whether we use the external primary
electron scurce and take into account the elastic
scaftering in the solid, or an internal source of
electrons excited <irectly in the solid by syn-
chrotron radiaton.

The TCE angular distribution exhibits a wide
maximuiri, the most probable scattering angle be-
tween both elecirons being in the region of 60—
75° Compatison of the experimental dependen-
cies and those caiculated In the Kinematic approx-

imation shows that the main characteristics of the
angular distributions (the full width at half-maxi-
mum and average scattering angle) qualitatively
agree if we assume that the primary electron has
had an additional elastic scattering event after
which it is scattered from a valence electron with
the effective mass in the interval m} = 2-3 de-
pending on the geometry. It may be supposed
that the main contribution to the creation of the
correlated electron pairs is given by the primary
electron scattering on “heavy” d-electrons of the
valence band.

Still unclear is the role played by the cascade
electron—electron scattering, the probability of
which increases with the increase of the primary
electron energy. This problem may be solved by
measuring the energy distributions of electrons
belonging to the correlated pair.
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