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Reflection (e,2e) spectroscopy on surfaces
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This work reports a successful electron-electron coincidence experiment performed in grazing-angle reAec-

tion geometry. (e,2e) measurements with a 300-eV impact energy have been carried out on a clean highly

oriented pyrolytic graphite surface and the feasibility of binding-energy spectroscopy with quasimornentum

discrimination has been established. Evidence is given that direct impact ionization of the valence electrons is

the dominant ionization mechanism in the highly asymmetric kinematics used here.

Over the past twenty years (e,2e) spectroscopy has devel-

oped as a well-established technique to investigating binding
energies and momentum densities in atoms and molecules.
The application of (e,2e) to solid samples, although begun
in the earliest stages of the development of such a

spectroscopy, ' has been extensively investigated only dur-

ing the past few years. The applicability to surfaces has just
started to be pursued and is still considered an open
question. This work proves that, working in grazing angle
reflection geometry, pairs of coincident electrons correlated
in energy and originating from the first layers of a highly
oriented pyrolytic graphite (HOPG) surface can be detected
and interpreted as the products of direct electron impact ion-
ization of valence electrons.

An (e,2e) experiment amounts to ionizing a target with

an electron of well-defined energy and momentum Eo and

ko and to measuring correlated in time the probability distri-
bution of pairs of electrons exiting with energy and momen-
turn E, and k, , E, and k, within the solid angles dA, and

dA, . Depending on the amount of the momentum transfer
k= ko —k, , two approximations can be used to describe the

(e,2e) process. In the dipolar limit, k-o, the (e,2e) mecha-
nism is equivalent to photoionization and binding-energy
spectroscopy is possible, while in the impulsive (binary)
limit, k-k, , the spectral momentum density of the electron
bound in the target can also be measured. Several experi-
ments performed on gaseous targets have shown that the im-
pulsive conditions can be satisfied both in symmetric

(E,=E,) and asymmetric (E,)E,) kinematics; hence both
kinematics permit measurement of momentum
distributions.

As far as application to solids is concerned, (e,2e) experi-
ments have been performed in transmission mode (which is

mainly bulk sensitive) using symmetric kinematics. " '
Recently, momentum spectroscopy in transmission geometry
has been performed on amorphous C and HOPG upon asym-
metric kinematics. All of these experiments were aimed at

measuring momentum densities. For the sake of complete-
ness it is to be mentioned that experiments to investigate the

dynamics of secondary electron emission have been per-
formed on graphite and Si, measuring the low-energy sec-
ondary electrons ejected in backward direction (but unre-
solved in angle) in coincidence with the fast forward
scattered electron. ' To the best of our knowledge, the only
successful attempt to observe electron-electron coincidence
events from surfaces has been reported by Kirschner, Arta-
mov, and Terekhov. However, the feasibility of energy ei-
genvalues and momentum spectroscopy was not proven, due
to the lack of information on the energies of the final elec-
trons.

In this paper we present a successful attempt to perform
an (e,2e) experiment under reflection kinematics and at
glancing incidence. The results are interpreted in terms of
solid band structure, e(q). The reflection geometry was
originally studied by O'Andrea and Del Sole' in order to
theoretically investigate the potentiality of the (e,2e) spec-
troscopy on surfaces. The coincidence cross section in this
arrangement is expected to depend strongly on the surface
condition. Hence the measurement of momentum distribu-
tion of electronic states, which is peculiar to the impulsive

(e,2e) cross section, should give a relevant contribution to
the understanding of surface properties.

To describe the ionization in the reflection kinematics, a
further interaction besides the inelastic event must be consid-
ered in the collision, causing the incident electron with mo-
mentum ko to be elastically reflected along the specular
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direction with momentum ko. ' An angle-resolved electron
energy loss (AREEL) experiment has shown that grazing
angle electron scattering from HOPG is well described by
this scattering model.

In the plane-wave Born approximation (PWBA) and
within the noninteracting bound particles model, it is easily
verified that the (e,2e) differential cross section can be writ-
ten (with implicit antisymmetrization) as

d o. k,k,
d A, dA„dE,dE, ko J

X b(E, + e(q) —E,—E,),

where t and j are valence electron indexes and 'P~(r, ) is a
one-electron Block function with energy e(q) and crystal
momentum q. In the quasi-free-electron model, it can be
written as a superposition of plane waves:

where G is a reciprocal lattice vector and q is the momentum
in the first Brillouin zone. Under the "frozen-core" assump-
tion, the cross section becomes

d o k,k, 1

dA dA dE dE k' I|."s e s e 0 G

E,), —

where the momentum conservation

(3)

q= q —6=k' —k,

selects the coefficient Cz & to be retained, being
k'=kt —k, .

It can be readily seen that for valence electrons, the

(e,2e) experiments can provide a momentum spectroscopy
whenever the recoil momentum of the target is identifiable
with the single-electron crystal momentum. Surface sensitiv-
ity, not intrinsically a property of the (e,2e) cross section, is
guaranteed by the reflection arran ement and enhanced by
the glancing incidence kinematics. Further surface sensitiv-
ity comes from the kinetic energy of the fast electrons
(-300 eV) implying escape depths close to minimum.

The apparatus permits us to work at grazing incidence
(Ho= 0' —17') (Fig. 1); details on the layout and on calibra-
tion measurements, both in the coincidence and noncoinci-
dence counting mode, are reported elsewhere. The equip-
ment is based on an ultrahigh vacuum chamber containing an
electron gun whose energy is automatically scanned during
the experiment, a sample holder mounted on a temperature
controlled manipulator with five degrees of freedom, and two
electron analyzers. The emitted electrons were analyzed by a
single-pass cylindrical mirror analyzer (CMA) (resolving
power 50, angular acceptance =0.23 sr) with the axis coin-
cident with the surface normal. The fast electrons were ana-
lyzed by a hemispherical deflector (HDA) equipped with a
three element electrostatic lens, rotatable in the scattering

plane (8,=0' —12') with an angular acceptance of ~0.5 . It
was operated at low-energy resolution (resolving power
—10 ) in order to maximize the luminosity of the coinci-
dence spectrometer. The overall energy resolution (3 eV) was
mostly limited by this parameter.

The coincidence electronic chain is a conventional one. '
The time resolution of the spectrometer is about 12 ns and is
mostly determined by the time spread of the trajectories in
the two analyzers. The "true" coincidence rate I, must be
distinguished from the nearly flat background of the uncor-
related events ("false" coincidences) which occurs at rate

If ~ The optimal acquisition time is achieved when the ratio
I, II&, which depends on the incident current Io, is about
one. In the best case we measured I,=0.05 Hz with a ratio
I, /If=0. 5 for I&=1 nA.

The HOPG sample was prepared according to UHV stan-
dard procedures by peeling in air and annealing at about
700 C at a residual pressure of 1&&10 ' mbar. Cleanliness

and orientation of the surface were checked by Auger elec-
tron spectroscopy and AREEL measurements. The best
monitor for surface cleanliness was the persistence of the
sharp m~m~ transition at 6.2 eV in the AREEL spectrum
and the presence of a narrow angular distribution (FWHM=
2.3') of the elastic peak centered around the specular reflec-
tion direction (Ho= 8,=7'). Reproducibility of these mea-
surements over a period of six weeks has been assumed as a
guarantee for the stability of the surface conditions and of
the energy calibration during the long acquisition time nec-
essary for coincidence measurements.

FIG. 1. Kinematics of the experiment. ko momentum of the

incident electron, k, momentum of the scattered electron collected
by the HDA in reflection geometry, k, momentum of the ejected
electron lying on the cone surface collected by the CMA.
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Coincidence spectra were measured by detecting the fast
scattered electron around the specular direction at E,=300
eV, correlated in time with the slow ejected electron of ki-
netic energies E,=8 eV and F.,=15 eV while scanning
F.o. The two sets of measurements have been reported on a
common binding-energy (BE) scale by the energy balance

e(q) =En E, E, esta—blish—ed by Eq. (1). The coincidence
spectra are reported in Fig. 2 together with the corresponding
profiles as obtained after the multiple scattering correction
described below.

Under the assumptions used to derive the cross section in
Eq. (3), the features in the coincidence spectra have to be
interpreted in terms of ionization events from valence bound
states. The momentum q, reconstructed according to Eq. (4),
has nonvanishing components both in the parallel and per-
pendicular directions to the HOPG c axis (q~~ and q~); the
computed values are reported in Table I. Assuming a three-

binding energy (eV)
FIG. 2. Coincidence spectra from HOPG surface. Error bars

represent one standard deviation for raw data. Fit of the spectra
after multiple loss corrections are reported with continuous lines.

step model to describe the emission of the electron from the
sample, the presence of the surface potential will result in a
change of the

q~~ component. The voltage drop between tar-
get and spectrometer (estimated from the secondary electrons
cutoff) was taken into account in calculating binding ener-

gies and effective
q~~

values. Taking into account the finite
analyzers' angular acceptances, the reconstructed component

q~ ranges from nearly the middle to the boundaries of the
first Brillouin zone in the I MK plane (I M and I K direc-
tions are averaged in HOPG).

Stemming from valence-band calculations and on the
basis of the values of momenta kinematically allowed, three
individual contributions from valence states are to be ex-
pected in the measured spectra. In order to assign the binding
energies the spectra were fitted by a least-squares method,
simulating the three expected contributions by means of
three Gaussian functions of variable height, width, and posi-
tion. To achieve an acceptable fit, a fourth Gaussian, much
broader than the others, had to be used to simulate the dis-
tribution at high binding energies.

Experimental data for (e,2e) on solid samples are af-
fected by multiple losses that result in enhanced transition
intensities at larger BE. In the present case the multiple
losses probability for the fast electron, P(E,), is higher than
for the slower one, P(E,). Their ratio can be written

I, X, 1 d (1 2
P(E,)~P(E,) = ——=—

~e Is ~e e ( ~s n~s

where I, and I, are the lengths traveled by the two electrons,
0,=45 and 0,=7 are the take-off angles, and d is the
depth (the same for the two electrons) at which the coinci-
dence event takes place. The mean free paths of the free
electrons are estimated to be X,-50 A and X,-5 A. Con-
sequently P(E,)/P(E, )(10 and the multiple scattering
contribution in the ejected electron channel is negligible. In
order to correct the coincidence spectrum for multiple losses,
an AREEL spectrum was taken in the same conditions of the
coincidence experiment and then subtracted from the raw
data after normalizing the elastic peak to the intensity of the
parent (e,2e) peak. The procedure was sequentially applied
to all four of the contributions of the observed spectra. The
correction results in a reduction of the coincidence rate for
increasing BE, while the energy positions and the widths of

TABLE I. Momentum transfer K, momentum components with respect to the c axis of HOPG, and
measured binding energies relative to the vacuum level (BE) and to the Fermi level (BE*) for the four peaks
in the spectra of Fig. 2. Errors represent one standard deviation from the fit values.

k(A ') 0

qlmin (A )
0

qlmax (A ) qA min (A ) qi max (A ) BE (eV) BE* (eV)

0.34
0.43
0.51
0.64

0.24
0.34
0.41
0.55

1.92
1.92
1.91
1.90

1.69
1.69
1.68
1.67

2.34
2.35
2.36
2.36

2.06
2.07
2.07
2.08

E,=15 eV
1.15
1.11
1.05
0.95

E,=8 eV
0.82
0.76
0.72
0.65

1.81
1.86
1.90
1.96

1.36
1.39
1.43
1.53

8.6~ 0.2
14.9~ 0.9
22.5 ~ 0.7
29.8~ 0.9

9.3~ 0.2
14.9~ 0.3
20.4~ 0.3
29.7~ 0.6

2.6~ 0.2
8.9 0.9
16.5 ~ 0.7
23.8~ 0.9

3.3~ 0.2
8.9~ 0.3
14.4~ 0.3
23.7~ 0.6
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the observed transitions are substantially unchanged. The
centroids of the individual Gaussian functions used to fit the
corrected data of Fig. 2 are reported in Table I.

Both spectra of Fig. 2 are characterized by an intense
peak at about 9 eV, accompanied by weaker structures at
higher BE. Comparison with the calculated energy band
structure allows us to assign the main peak in the coinci-
dence spectrum to the ionization of the m band. This peak is
shifted by 0.7 eV towards lower BE and shows a larger width
in the spectrum taken with E,= 15 eV. Both the shift and the
broadening are ascribed to the q dispersion of the ~ band, as
the two kinematics sample different q regions (see Table I).
Accordingly, the second feature at 14.9 eV arises from unre-
solved contributions coming from the o.

3 and o.2 bands,
while the third feature (at 20.4 eV for E,= 8 eV and at 22.5
eV for E,= 15 eV) originates from o.2 and o, However, the
energy shift observed for the third peak is opposite to that
expected on the basis of the calculated dispersion in the qI~

plane. Origin for this disagreement could be ascribed to the
presence of a negative dispersion for q's characterized by
parallel and perpendicular components, that are actually
sampled by the experiment. For what concerns the high-
energy part of the spectrum, it is conceivable to relate it to
ionization from the o.

& band, the lowest one in graphite,
though according to the results of Ref. 25 the measured bind-
ing energy is fairly larger than the calculated one. Intrinsic
plasma excitation associated with the direct ionization of the
m band is an alternative explanation.

As far as the relative spectral intensities, they cannot be
directly related to the momentum density of the band elec-

tron, because the kinematics of the present experiment do not
satisfy the impulsive conditions, being intermediate between
binary and dipolar regime. Furthermore, the PW approxima-
tion becomes questionable for the slow ejected electron. Its
inadequacy is also indicated by the structured character ob-
served in the spectrum of secondary electrons in the region
5—30 eV, as that is interpreted as rejecting the density of
empty states of the crystal. Basically the breakdown of the
PWBA implies that the momentum balance in Eq. (4) is no
longer rigorous, even though by replacing k, with a suitable
wave packet a "range" of reconstructed q can still be de-
fined. It is on the basis of these considerations that the spec-
tra of Fig. 2 were discussed by using energy and momentum
conservation. They were found consistent with the picture of
asymmetric (e,2e) events due to direct ionization of the
graphite valence bound states.

In conclusion the present work has clearly demonstrated
the feasibility of coincidence (e,2e) experiments in the re-
flection geometry. This arrangement is particularly suitable
to study surface. states, which makes the technique an attrac-
tive spectroscopy.

Further experimental work performed at higher ejected
electron energy is under way in order to better fulfill the
impulsive condition.
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