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Fine structure in the energy distribution of secondary electrons “back-scattered” from a graphite
crystal surface is resolved and shown to be a consequence of inelastic electron-electron scattering in
which the dominant process is the population of final states above the vacuum level by electron-hole
pair production via screened-Coulombic interaction between the incident primary electrons and the
valence electrons in the solid. The scattering theory of Kane is applicable and emphasizes that features
due to one-electron density of final states should be resolvable in experimental
secondary-electron-emission spectra of crystals. Experimental results are presented, which provide strong
support for this view. Previous measurements on graphite have been extended and weak
secondary-electron-emission structure, resolved in the second derivative of the energy-distribution
spectrum, is reported for kinetic energies, 10 < E;, <40 eV. Maxima are observed at 16.2, 22.2, 29.2,
31.2, 36.2, and 40.7 4 0.5 eV above the Fermi energy. Details are presented of a first-principles
high-energy band-structure calculation of graphite extending over a 80-eV energy range. The observed
spectral features correlate closely with final-density-of-states maxima as predicted by the theory.

I. INTRODUCTION

The energy distribution of secondary electrons,
emitted into vacuum from solids under bombard-
ment by fast primary electrons, was first described
satisfactorily by Wolff' as a “cascade” process. Ex-
cited electrons are produced internally by the scat-
tered primary beam and diffuse to the surface,
multiplying and losing energy en route, and are
emitted providing they possess sufficient energy
to overcome the surface potential barrier. This,
and subsequent theories, 2 predict an energy dis-
tribution curve which peaks at low kinetic ener-
gies, E,,~2-5 eV, and decreases smoothly at
higher energies (the so-called “slow” or “true”
secondary peak extending 0 < E,,, <50 eV). Calcu-
lations have been made mainly for scattering by
conduction electrons in free-electron solids only,
but the “cascade peak” is a common feature of all
materials studied to date.?

No satisfactory theoretical explanation has been
provided, however, for the additional weak fine
structure, which has been observed in many cases®
superimposed on the smoothly varying cascade
background. Based on a suggestion originally pro-
posed by Lander, * Harrower® interpreted structure
in the energy distribution of secondaries emitted
from tungsten and molybdenum surfaces at ener-
gies, E;,<50 eV, to be associated with Auger-
electron emission due to the relaxation of holes
created in inner-core levels located 20-50 eV be-
low the Fermi level E,. Similar structure was
subsequently observed in the secondary-electron-
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emission (SEE) spectrum of the lighter elements,
but at low primary-beam energies below the ioni-
zation threshold for the inner-core levels. Again
based on Lander’s original suggestion, Scheibner
and Tharp® conjectured that such structure was a
consequence of the population of final states lo-
cated above the vacuum level E,, attributable to
single-electron E-conserving interband transitions
and to Auger relaxation processes between the
holes remaining in the valence band. The excited
electrons were assumed to be emitted without fur-
ther elastic or inelastic scattering. Some support
for this viewpoint was provided by later more de-
tailed measurements on well-resolved fine struc-
ture in the SEE distribution of graphite.” For kin-
etic energies, E,,, < 20 eV, weak maxima in the
energy distribution curve were found to correlate
closely with emission from density-of-final-states
maxima located about critical points in the second
Brillouin zone, as predicted by the nonempirical
band structure of Painter and Ellis.® Furthermore,
sharp variations of peak intensities were observed
for primary beam energies close to interband
thresholds (E, =10-50 eV) and with angle of inci-
dence of the primary beam, indicative of direct
k-conserving “optical”-type transitions obeying
the selection rules predicted for this material.®
Von Koch,!® however, reported discrete maxi-
ma in the low-energy region of the SEE spectrum
of aluminum, which he attributed to single-elec-
tron excitations due to electrons at the Fermi level
gaining energy from decaying volume and surface
plasmons of energies 7w, and Zw,, produced initial-
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ly by the primary beam interaction with the solid.
This explanation has since been disputed!! in view
of the fact that the observed maxima occurred at
kinetic energies equal to the plasmon energies
7w, and 7w, when no correction was made for the
work function of the sample, ¢,. An alternative
explanation, !! based on the assumption that the
“hot” secondary electrons can lose energy during
the escape process by coupling to discrete plas-
mon excitations, giving rise to discontinuities in
the slope of the cascade background curve at E,,
~fiwg — ¢, and Ey,, ~hw, — ¢,, rather than discrete
peaks, is more plausible for free-electron-like
materials, but does not adequately describe the
maxima observed in other crystalline solids.

The inelastic scattering of excited electronsprior
to emission into vacuum is a complicated process.
The excited electrons may suffer inelastic scat-
tering from one or more of a number of processes:
(a) electron-electron scattering leading to electron-
hole pair production via the screened-Coulomb in-
teraction between excited and valence electrons,

(b) collective electron excitations (surface and bulk
plasmons), and (c) interaction with the lattice via
electron-phonon scattering. For electrons with
energies more than a few eV above the Fermi
level, however, (a)and (b) constitute the dominant
inelastic-scattering processes.'? Surface-plasmon
scattering is more probable than volume-plasmon
scattering if the mean depth of escape is less than
about 25 A, '® which is the case for SEE from met-
als and semiconductors.? %! Coupling with plas-
mons is likely to be less predominant, however, in
all but the nearly-free-electron-like metals, !¢ and
even for these solids, photoelectron inelastic-scat-
tering measurements on alkali metals!” indicate
pair production to be the major inelastic-scattering
mechanism for kinetic energies E,;, < 50 eV.'®

In Sec. I, we consider the distribution of sec-
ondary electrons to be a consequence of inelastic
electron-electron scattering in which the predomi-
nant process is the population of final states by
electron-hole pair production via screened-Cou-
lombic interaction between the primary “hot”
electrons and valence electrons in the solid. !?

The excited electrons undergo further inelastic-
scattering events during transport to and escape
from the surface, populating lower-energy final
states in the process. The treatment can be gener-
alized to include Auger-relaxation and plasmon-
scattering processes. In view of the lack of any
satisfactory rigorous treatment of low-energy (E,
<1 keV) inelastic electron scattering by solid sur-
faces,!® we review the multistep model (excitation,
transport, and escape) used to describe inelastic
scattering of photoelectrons, 2° and show that densi-
ty-of -final-states features should be apparent in
experimental SEE spectra of crystals.
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Results are presented for graphite, which pro-
vide strong support for this view (Sec. III). Pre-
vious measurements’ are extended and weak struc-
ture, resolved in the second derivative of the SEE
energy-distribution spectrum, is reported for
kinetic energies 10 <E,,, <40 eV, which correlates
closely with emission associated with high density-
of-states levels in the third-Brillouin zone. The
analysis of such spectra requires a knowledge of
the excited states at much higher energies than
are usually covered by existing band-structure
calculations. Consequently, in Sec. IV details
are presented of a previous energy-band calcula-
tion® which is here refined and extended up to 55
eV above the Fermi energy. The calculated densi-
ty of final states are compared in Sec. V with the
observed SEE fine structure and show good agree-
ment with the measurements. The role of inter-
band transitions and selection rules in the initial
absorption process are discussed in Sec. VI with
reference to the energy-loss spectrum of the elas-
tically reflected primary electrons. Finally, the
major conclusions derived from this work are
summarized in Sec. VII.

II. PAIR-PRODUCTION THEORY OF SECONDARY
ELECTRON EMISSION

The distribution function S,,(E,, E), for second-
ary electrons of energy E produced via electron-
electron scattering by a primary electron of initial
energy E,, may be determined from the scattering
rate for the production of electron-hole pairs using
first-order time-dependent perturbation theory. !?
The transition probability per second for an elec-
tron in injtial state (E,, E,) to be scattered down to
a conduction state (E,, Ec) and excite an electron up
from a valence state (E,, k,) to state (E., k), there-
by creating a hole in state (E,, k), is

p=(2n/m |(k,, K, | M|k, K.)|?6(E, +E, - E, —E(c'),

1)
where |{M)|? includes the matrix element of the
perturbation Hamiltonian for the screened-Cou-
lomb interaction. The process is illustrated in
Fig. 1(a), all energies being with reference to the
Fermi energy Er =0 eV. The Dirac § function in
Eq. (1) conserves energy, and momentum is con-
served according to

EP+EU=EC+E;+§, (2)

where g is a reciprocal-lattice vector. Kane'? used
this formalism to calculate the scattering rate for
a “hot” electron to decay and produce an electron-
hole pair in a semiconductor and obtained the re-
sult

2
ww(E,,E)=%TL<E{)~g> 2 ) [<p, v| M|c, cH|?
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fdkldlgzdkj 8(E, - E)
2 [ dk,6(E, - E)
x 6(E, +E,-E, ~E,), (3)

where V refers to the volume of the unit cell,
|{M)|? is the matrix element of the screened-Cou-
lomb interaction

M(P, v, C, C,)Ef<¢,(;1)lp”(;z) l (62/€|;1 —;zt )|
XYy (T1) Y (F,) ) dFy dF )

including exchange, and € is the frequency and
momentum-dependent complex dielectric function
€(w, q), summed over all initial and final states
with band indices n,, =, n,, and e -

Kane!? calculated the scattering rate for Si using
Eq. (3) and found that the result was identical,
within the statistical accuracy of the Monte Carlo
method he used to evaluate the mtegrals in Eq.

(3), to that obtamed by neglecting k conservation.
The “random-k” approximation?® follows if K, in
Eq. (1) is regarded as a random variable so that
the probability of finding an electron with momen-

J

2P (E,, E)

Sge(Ep) E)‘—‘w (E,, E)
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tum k,, at energy E, is progortlonal to the density
of states, N(E,), i.e., P(k,)=N,(E,)dE,/[ N,(E,)dE,
=N, (E, )dEv/ZN,,, where N, is the number of unit
cells and the factor 2 is for spin. Assuming a con-
stant “average” value of |(M)|% independent of K,
one then obtains the scattering probability P(E,, E)
for an electron with initial energy E, to be scat-
tered to energy E (per eV per second):

P (E,, E)=N,(E) @n/m)|(m)|?
xf(E -5)dE, N(E,)N,(E, + E, - E),  (5)

the conduction-band density of states N,(E) being
the state degeneracy factor at energy E and tem-
perature T=0 °K.%! The electron-electron scat-
tering rate or total transition probability per sec-
ond w,,(E,, E) for an electron with initial energy
E, is simply

we(E,, E)= [ dEP(E,, E), (6)

and the final-state energy-distribution function of
secondary electrons of energy E produced by a
primary electron of energy E, is given by

2N, (E)f_(Ep-E)dEuJ(E )N (E +E’ )

fE»dE[ (E)f(E -0 dE,N,(E,)N,(E,+E, - E)] ° )

The factor 2 in Eq. (7) arises from the fact that
two secondary electrons are created in the pair-
production process, (E,, k,) and (E,, k/)[Fig. 1(a)]i.e.,
I&» dE S,,(E,, E)=2.

Secondary electrons can also be excited by the
Auger process, which may be regarded as hole-
hole scattering?® [Fig. 1(b)], i.e., a hole (E,, k,),

J

N.(E)[8.z,dE,N,(E,) N,(E+E, ~ E,)

[

which is created in the valence band in the absorp-
tion process, scatters to an energy (E,',, E,',) through
recombination and excites an electron-hole pair
(E,, k,) and (E,,K,). The distribution function
Se(Ey, E) for secondary electrons of energy E pro-
duced by a primary hole of energy E, is'®2°

She(Em E)= T

where [+ dE S,,(E;, E)=1 in this case, since only
one secondary electron with E > E is produced.
The double fold of the one-electron density of
states inside the integrals [Eqs. (5), (7), and (8)]
produces a smeared-out background distribution
of secondary electrons which, together with the
escape function, results in the broad asymmetric
“cascade peak” with its maximum a few eV above
the vacuum level.! Final-density-of-states fea-
tures appear superimposed on this background
owing to the fact that N,(E) lies outside the integral
sign.'® We expect therefore to resolve conduction-
band density-of-states structure in the experimen-

s " dE N,(E) [3,z,dE, N,(E,) N,(E+E, - E,) ’

(8)

I

tal SEE spectrum, which is independent of the pri-
mary energy E,.?

The dominant contribution to secondary emission
in clean metals arises mainly from those electrons
which have suffered a single inelastic electron-
electron scattering event prior to escape from a
surface region ~25 A in depth. '%!® A recent esti-
mation!® revealed that approximately 60% of elec-
trons photoemitted from copper under 21.2-eV
photon irradiation have been scattered once, 32%
twice, and 6% three times during transport and
escape from the surface. The number of once-
scattered secondary electrons emitted per incident
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FIG. 1. Schematic diagram of secondary-electron ex-
citationvia electron-hole pair creation (Ref. 15). (a) Elec-
tronscattering: the primary electron is initially in conduc-
tion-band state (E,,Kk,), E,=E +E,—E,. (b) Hole scat-
tering or Auger relaxation: the primary hole is initially
in-valence-band state (E,,K,), E,=E;+E, ~E,.

primary electron of energy E, may be written®
D(E,, E)=[1 - R(E,)]T(E)f (E,) [1 -f (E,)]
X fE’ic dE, S,;(E,, E) Py(E, E) . 9)

The factor containing the electron reflectivity
R(E,) normalizes the distribution to the number

of incident primary electrons initially injected

into the solid. These “captured” electrons con-
stitute a primary excited electron distribution
Py(E,, E) which, in a first approximation, may be
regarded as the full characteristic energy-loss
spectrum including thermal broadening of the in-
cident monoenergetic electron beam.? At high
primary beam energies (E,2 75 eV), the reflected
primary-electron distribution (elastic peak to-
gether with the associated loss spectrum) does not
overlap significantly and distort the “true” second-
ary distribution region of the observed spectrum
given by D (E,, E) [Eq. (9)]. The Fermi distribu-
tion functions f (E) guarantee filled initial and emp-
ty final states.

The particular form of the energy-dependent
effective escape probability T(E) depends on sever-
al simplifying assumptions.?® For the case of spec-
ular surface scattering, it is defined in terms of
an energy-dependent mean free path for inelastic
scattering L(E) and a surface transmission func-
tion T,(E), i.e., for excited electrons of energy
E> ¢,

T(E)= T,(E{aL(E)/[1 + « L(E)]} C,[a(E), L(E), T(E)],
(10)
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T,(E)=0 for 0<E<¢sz

_1[1 ( v 1/2]
Ts(E)—E - ————”—V0+E_¢s) for ¢S<ES

(11)

where «(E) is an effective electron absorptivity
term, 2 V, the inner potential of the solid, and C,

is a factor which corrects for the fact that the ex-
cited electrons have randomly distributed momenta
with respect to the surface normal.?%23 The mean
free path L(E) for an excited electron with energy
E is related to the electron-electron scattering
rate w(E,, E) [Eq. (6)]

L(E) = Ly({V(E))/ wg(E,, E), (12)

where L, is a normalization constant?® and (V,(E))
is an “average” group velocity.

For a “free electron” metal, the effective escape
probability given by Eq. (10) is a smoothly varying
function and nearly constant for electron energies
E 2 ¢,+2 eV.2 The assumption of an “average”
group velocity (V,(E)) for excited electrons is a
consequence of assuming all quantities in Eq. 9)
to be independent of k. The random-k approach
[Eqs. (5)-(9)] is applicable to nearly-free-electron-
like solids for which a simple pseudopotential works
well, as was found for silicon.!? Graphite is ex-
pected to behave similarly in this respect and give
prominent one-electron final-density -of -states
structure in the SEE spectrum. The scattering
probability w(E,, E)[Eq. (6)] is simply the recipro-
cal of the lifetime 7(E) for an electron at a final-
state energy E. Lifetime broadening due to inelas-
tic scattering will increase with energy away from
the Fermi energy and fundamentally limits the
sharpness of resolvable structure. More complex
materials, such as the transition metals, require
consideration of the detailed nature of the Coulomb
matrix elements |{M)|2 [Eq. (4)] in view of the
coupling between d-like and free-electron-like
s states, and the k dependence of the group veloc-
ity V,(E, K). These factors may influence both the
intensity and final-state energies of the emitted sec-
ondary electrons. 2! Electron-hole pair production
due to plasmon-decay scattering processes can also
conceivably result in the emission of secondary
electrons. %25 These processes can be incorpo-
rated into Eq. (9) by suitably modifying the elec-
tron-electron scattering distribution function
S..(E,, E) [Eq. (7)] and the energy-dependent mean
free path (LE) [Eq. (12)]. Electron-hole pair in-
elastic-scattering processes are expected to give
final-density -of-states features in the secondary
electron distribution of graphite and the experimen-
tal results strongly confirm this view (Secs. II and
V).
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III. EXPERIMENTAL RESULTS

SEE spectra were recorded at 10°!° Torr vacuum
for a primary-beam current of 1 uA incident at an
angle 6 to the ¢ axis of a freshly-cleaved sample of
highly-oriented, stress-annealed pyrolytic graph-
ite.” The “back-scattered” secondary electrons
were analysed using a standard hemispherical re-
tarding-field three-grid analyser with an accept-
ance angle of 100°, details of which have been re-
ported.2® The large collection angle ensured that
electrons excited and scattered within a large solid
angle were detected. This, together with the fact
that the secondaries suffer multiple elastic colli-
sions with the lattice prior to emission, effectively
sums over all k space with equal weight so as to
approach closely the random-k approximation
specified in Sec. II. “Elastic” electron-phonon
scattering is expected to have a negligible effect
on the final-state energies of secondary electrons
for energies more than a few eV above the Fermi
energy, 2 E>4,.

The recorded spectra differ slightly from the
theoretical distribution of emitted secondaries
[Eq. (9)] in that the former is folded with an ap-
paratus function which contains parameters such
as the energy resolution of the grid system (=~1%),
the thermal energy spread of the incident electron
beam (0.2 eV) and the modulation voltage. In
previous measurements,’ we reported well-re-
solved maxima in the secondary electron energy
distribution of graphite for kinetic energies,
15 E,,$20 eV. The intensities of the spectral
features were observed to decrease with increas-
ing kinetic energy in agreement with high energy

AND PAINTER 9

uv photoemission observations?’ of the energy de-
pendent excitation strengths (proportional to the
optical absorption cross-sections) from s-like and
p-like initial states decreasing with increasing
interband transition energy. Increasing lifetime
broadening of these excited states also tends to
smear-out any structure resolvable at higher ener-
gies.

In the present paper, we have extended the pre-
vious measurements by resolving extremely weak
structure in the second-derivative spectrum of the
energy distribution of secondary electrons emitted
at kinetic energies up to 40 eV, using a modulation
voltage of 1.5-2.5 V peak-to-peak amplitude super-
imposed on the analyzing-grids retarding voltage.
The second-derivative SEE structure resolved at
11.5, 14.5, and 17.5 eV (Fig. 2) reproduces pre-
viously reported maxima resolved at 12.0, 14.5,
and 17.5 eV in the energy distribution curve.’
Some distortion of the peak locations (+ 0.5 eV) can
occur owing to the large modulation voltage ampli-
tude required for the second-derivative spectra.2®
Structure due to discrete energy losses associated
with the elastically reflected primary electrons
(L) may be distinguished by comparison with the
complete energy-loss spectrum (dashed line),
which was obtained by energy modulating the elec-
tron beam only, 2® and by the fact that these maxi-
ma shift linearly in energy with varying primary
beam energy E,. In contrast, the location of the
SEE maxima remain invariant with E, as predicted
by theory (Sec. II).%# The energy-loss spectral
structure (L) may also be completely suppressed
for E,2 50 eV by modulating on both the incident-
electron beam and the retarding grid voltages
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simultaneously, 2 a technique which has proved
useful for observing threshold excitation energies
associated with SEE spectral features. 7

The spectra shown in Fig. 2 were recorded at
primary-beam energies, E,=75, 80, and 85 eV,
the gain associated with each curve (500x) being
with reference to previously published energy-dis-
tribution curves observed for E,;,< 20 eV and
305 E, <150 eV.” At lower primary-beam ener-
gies, E,< 30 eV, the loss spectrum is difficult to
suppress entirely owing to the increased oscillatory
nature of the electron reflectivity?® and distorts
strongly the SEE spectrum. At higher primary-
beam energies, E,2150 eV, the electrcn cascade
background increases considerably and limits the
signal-to-noise ratio attainable. One aim of the
present work was to look for final-state structure
in the energy distribution of secondary electrons at
sufficiently high kinetic energies, which could not
be confused with possible one-electron—plasmon
decay'® or excitation'! processes. The loss peaks,
L="7and 28.0 eV (Fig. 2) are known to be as-
sociated with plasmon resonances in graphite. 2°
It has been proposed!® that plasmons could conceiv-
ably decay and excite electrons at the Fermi ener-
gy, which in graphite would give discrete second-
ary-electron structure emitted at kinetic energies
of approximately 2.3 and 23.3 eV (Ey, ~ hw, — ¢,
¢,=4.7 eV). No such structure has been resolved
at these energies, in agreement with the conclu-
sions outlined in Sec. II. The energies of the SEE
maxima show good agreement with the density-of-
final-states histogram determined from the ex-
tended band structure, displayed for wave vectors
in the E, =0 plane of the hexagonal Brillouin zone
of graphite (Fig. 3).

IV. HIGH-ENERGY BAND-STRUCTURE CALCULATION

Most calculations of the energy-band structure
of graphite have been limited to states in the first-
and second-Brillouin zones, emphasis being placed
on accuracy over a relatively narrow energy range,
10-20 eV about the Fermi level, in order to explain
the near uv optical properties.® For determining
the uv optical properties in this energy range, a
single-layer lattice model® % 3! seems reasonable,
considering the large interlayer spacing (3.36 A)
compared with the interatomic spacing in a layer
(1.42 A). More detailed calculations using the
four -atom unit cell of the multilayer crystal® %3
verifies that this approximation is adequate for
states within 10-15 eV of the Fermi level. For
explaining infrared® and electrical properties,
and Fermi surface topology, * % % however, it is
necessary to account for the interaction among
the layers. We find that the multilayer interaction
is also important for obtaining an accurate band
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structure for states extending beyond 15 eV above
the Fermi energy, because the higher conduction
band states become diffuse and sensitive to details
of the potential over the entire unit cell.

The model Hamiltonian and computational tech-
niques used in this work have been discussed pre-
viously, ® so that our description of the energy-band
calculation will be brief. The discrete variational
method®® is very advantageous for treating a highly
anisotropic crystal such as graphite, since there
are no restrictions on the form of the crystal po-
tential. Writing our effective one-electron model
Hamiltonian in rydbergs, we have

H(E) = =v%+ V,(r) + V,(1), (13)

where VC(;) is the effective Coulomb self-consis-
tent-field potential and V,(F) represents a local ap-
proximation to the exchange-correlation potential
for an electron. The crystal potential is formed
by a superposition of atomic Coulomb contributions
from sites in the crystal,

Vc(;)=2vi(;—§f—ﬁ,~), (14)

where (Rt +11;) defines the position of the _atom at
site u, within the unit cell at lattice site Rc The
Slater p!/? exchange approximation has been used

V(1) =~ 6ﬁ[(%n :Z pi(F - R - ui)] v (15)

with 8 appearing as an exchange scaling parameter.

Approximate solutions to the Schrodinger equa-
tion can be obtained by a linear variational pro-
cedure in which we minimize the expectation val-
ues of the Hamiltonian by varying the coefficients
in some fixed basis,

9, (K, ;)sz. x, & F) C,; ®). (16)

The Bloch basis set was constructed from the
Slater-type orbitals listed in Table I. Orbitals
with d symmetry on each atom site introduced no
new states and contributed relatively little to the
eigenvalues in this energy region and were not in-
cluded in the basis set. In the calculation for the
multilayer lattice, a total of 52 trial functions and
2400 integration points gave convergence of the
levels in the third-Brillouin zone to + 0.8 eV for
the o bands and +0.3 eV for the 7 bands. In order
to achieve this convergence it was necessary to
selectively choose which orbitals to include in the
basis set. From the point of view of optimizing
convergence, a first-principles muffin-tin band
method would prove more efficient, but in graphite
it would be necessary to include corrections aris -
ing from the non-muffin-tin potential terms.

In the discrete variational method, the matrix
elements appearing in the resulting secular equa-
tions are evaluated by numerical quadrature over
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FIG. 3. High-energy band structure and density-of-states N(E) histogram displayed for wave vectors in the k,=0
plane of the hexagonal Brillouin zone of graphite. The electron states are identified as either o (full curves) or 7
(dashed curves) and all states are singlet unless otherwise indicated. The energies and estimated half-widths of the SEE
spectral features are indicated by the shaded block diagram; the doublet structure of the peak centered about 29 eV is
indicated (see text). Fine structure in N(E) is shown smoothed-out for states EX15 eV in view of the convergence of the
higher excited states (+0.8 eV) and lifetime broadening of the observed spectral structure. The energies of the second-
ary electrons are with reference to the Fermi level Ep=0 (Ref. 38)., Ep—E,=4.7 eV.

the crystal unit cell, e.g.,
H,, ()= ﬁiw(;m) &) HAxE D], 01

where w(T,) is the weight function appropriate to
the selected integration point density.

The potential used in this calculation was ob-
tained directly from Eqs. (14) and (15) with an ex-
change parameter (8=0.76) chosen to agree with
earlier work.® The fact that the resulting band-
structure features yield good agreement with ex-
periment can be regarded as evidence for adequacy
of the effective potential function. The energy
bands for multilayer graphite are given in Fig. 3
for wave vectors in the basal plane of the Brillouin

zone. For this investigation, calculations were
carried out only for wave vectors in the plane 12,
=0, since orbital modulation for E, # 0 generally
leads to band splittings which are smaller than both
the energy resolution of the experiment (~1 eV) and
the accuracy of the computed eigenvalues.

The material is characterized by a set of partial-
ly overlapping o and 7 bands with a valence band
width of 20.7 eV. In the higher-energy region the
conduction bands are considerably more compli-
cated yielding a significant amount of structure in
the calculated density of states.

A histogram representation of the density of
states for the band structure was constructed ac-
cording to the form
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TABLE I. Atomic Slater-type orbitals (centered on
each carbon site) used to construct Bloch basis set.

1s e-5. "

18’ e-1.47‘
2s re -4

2Dy x
Zp, y e-1.4r

2b,
2p'x
217’,
Zp',
3s

3px
3py r
3Pe

N

=2.1r

~1.4r

3, N R

-1.47

a e R
Q

2 "
NE)= o b 2 8k, (18)
where Aj(l;,-) is unity if the energy of band j at
wave vector Ei is within 6F of E, zero other wise,
and j sums over all bands of interest. In this
work, N(E) appearing in Fig. 3 was calculated for
N, =144 uniformly distributed sample wave vectors
in the f{, =0 plane of the reduced Brillouin zone with
a linewidth of 0.5 eV.

V. COMPARISON OF CALCULATED DENSITY OF STATES
AND SEE FINE STRUCTURE

The energies of the SEE maxima (Fig. 2) shown
arrowed in Fig. 3, and their width at half-maxi-
ma, indicated by the shaded block diagram, 5 show
good agreement with the density of states maxima
of the excited bands when corrected for the work
functions of the sample and analyser grids (+4.7
eV), relative to the crystal Fermi level, Ep
=0 eV.%® % Maxima in N(E) below 15 eV correlate
closely with previously reported spectral struc-
ture observed at retarding voltages V;,=3.0, 4.0,
7.5, 8.5, and 10.0 eV."’

The convergence of the higher excited states
above 15 eV is considerably less (+ 0.8 eV) than
that for the lower states (+0.1 eV), and thus no
meaningful interpretation of the experimental data
should be attached to the fine structure in the den-
sity of states histogram atthese energies. To ob-
tain a representation of N(E) which is more com-
patible both with the experimental resolution and
the convergence reliability of the calculation,

N(E) was formed over several different integra-
tion distributions of wave vectors in the Brillouin
zone. Intercomparison of the stable structures in
N(E) then make it possible to form an average
smoothed N(E). This schematically smoothed N(E)
above 15 eV (dashed curve, Fig. 3) is more realis-
tic to correlate with the observed spectral struc-

1933

ture in view of the increased lifetime broadening
of the high-energy excited states.

It is proposed that the maxima observed at re-
tarding voltages of 11.5, 14.5, and 17.5 eV (Fig.
2) are due to electron emission from high density-
of-final-states levels located at 16.2, 19.2, and
22.2 eV (Fig. 3). The 16.2-eV peak is determined
by the critical point nature of the 7, band about
@, enhanced by further critical point contributions
from the o4 0;, and o4 bands along the symmetry
direction QP.* Critical points in bands 7, 04,
0., and 0z, again about @, effectively shape the
19.2-eV structure. The 22.2-eV peak is deter-
mined by the critical-point behavior of o4 at @ and
transitions to the flat o, band about the zone center.

A detailed analysis of contributions to the weak,
broad peaks observed at higher retard voltages
centered about 25.5, 31.5, and 36.0 eV in Fig. 2,
is complicated by the large amount of fine struc-
ture in the density of states histogram and diffuse-
ness of the bands in the third-Brillouin zone (Fig.
3). Nevertheless, details of the structure in N(E)
appear to cluster into more or less well separated
groups, maxima in the “smoothed” curve coincid-
ing closely with the observed spectral features
centered about final-state energies 30.2, 36.2,
and 41.2 eV relative to E;. Some of the more
prominent features of this fine structure have been
resolved by increasing the gain and comparing the
spectra observed for both 0° and 40° angles of in-
cidence 6 of the primary beam relative to the ¢
axis of the crystal (Fig. 4). Inparticular, the
broad peak centered at 25.5 eV (Fig. 2) is seen
to split into two peaks at 24.5 eV and 26.5 eV re-
tarding voltage (Fig. 4), when the crystal is ro-
tated from 6=0° to 40°. The origin of the SEE
maxima observed at 24.5 eV (final-state energy,
E=29.2 eV) is the strong contribution to N(E) at
27.5 eV due to the structure of the 0,4 band about
@, enhanced by the flat 7, band in an extended vol-
ume about the zone center. The 26.5-eV peak
E=31.2 eV) arises from the 74 band structure
about @ at 30.5 eV.

This variation of the SEE peak intensities with
incident angle 6, which is particularly apparent
for incident beam energies close to the threshold
energies for single electron excitations, E,
<50 eV, "'*! appears to be related to the strong
selection rules which govern the allowed interband
transitions in a strongly anisotropic material such
as graphite.® Interpreted according to a simple
band model of one-electron interband transitions
the absorption of primary electrons incident at an
angle 8 =40° to the crystal c-axis gives an initial
population of final state “hot” electrons, the num-
ber excited being governed by selection rules for
the excitations associated with polarization electric
field vector E components both parallel and per-

41
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FIG. 4. SEE spectra similar to those in Fig, 2 at an
increased gain of 1250 x for primary-beam energies E,
=75 and 80 eV and incident angles 6 =0° (dashed curve)
and 6 =45° (full curve) relative to the crystal ¢ axis. Note
the doublet structure of the peak centered about 25,5 eV
retard voltage when the crystal is rotated from 6 =0° to
40°, indicative of selection-rule-dependent interband
transitions (see text).

pendicular to the crystal ¢ axis. 6=0° orientation
results in E I C “optical-type” transitions only.”% *
This point will be discussed further in Sec. VI.
The spectral structure at 31.5 eV (Figs. 2 and
4), E=36.2 eV, correlates closely with maxima
in N(E) about 36.2 eV (Fig. 3) owing to structure
in the 0,, and 7, bands about @ and along the sym-
metry direction QP. This structure is broadened
(Fig. 2) by the very weak shoulder resolved at
33 eV (Fig. 4) associated with the 0, band mini-
mum at Q. The SEE peak at 36 eV (Fig. 2),
E=40.7 eV, is determined by the o,, minimum
at @, broadened by the structure of the o bands
about the zone center, the latter probably being
the origin of the very weak peak barely resolved
at 40 eV (Fig. 4).

VI. DISCUSSION

The agreement between the experimental re-
sults and the calculated final density of states pro-
vides support for the mechanism of secondary
electron emission outlined in Sec. II, in which
pair-production scattering is predominant. Emis-
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sion associated with final-states maxima located
in the third-Brillouin zone (E 220 eV) is approxi-
mately 100 times lower than that from states lo-
cated near the vacuum level, E ,=4.7 eV, as ex-
pected for decreasing energy-dependent interband
excitation strengths.?” At such high energies, the
assumption of constant “averaged” matrix ele-
ments [Eqs. (5)-(9), Sec. II] is a valid approxi-
mation and any energy or k dependence of the ma-
trix elements for electron-hole pair production is
not expected to play a significant role in modulating
the intensity of observed SEE fine structure. We
observe, however, that the random-k approxima-
tion may be an over-simplification for an aniso-
tropic crystal like graphite. The distribution func-
tion D((E, E,) [Eq. (9)] does not contain any matrix
element but only the density of states and other
quantities which are independent of k. It offers no
explanation therefore for the variation of intensity
of the spectral features with orientation of the
primary beam observed in this and previous

work, ¥

Considering for a moment the matrix element of
the screened-Coulomb interaction [{M)|? [Eq. (4)],
interband transitions will be sensitive to the direc-
tion of the local electric field vector E,OC in the
solid, which is in turn determined by the nature of
the dielectric screening.!® The dielectric screen-
ing may be described by a frequency- and momen-
tum-dependent complex dielectric constant €(w, q)
[Eq. (4)], which is tensorial in an anisotropic
crystal such as graphite.?® For this reason,
whilst the nature of single-particle (and plasmon)
excitations in cubic crystals are well-understood,*
their detailed behavior in anisotropic media is
complex.?® Also, for low energy (E, <100 eV) in-
elastic electron scattering considered above, it
is not possible to invoke linear-response theory
in order to predict the nature of E,,.."* The di-
electric response of an anisotropic graphite crys-
tal to a fast (E, 210 keV) electron beam, however,
has been shown to vary with angle of incidence of
the approaching particle.* The initial coupling of
the excitations to external probes such as light
and fast electons has been considered®® and strong
selection rules shown to be operative.®* In this
context therefore it is relevant to consider briefly
the energy-loss spectrum (Fig.5).

The energy-loss intensity profile of crystals is
dominated by plasmon losses for momentum trans-
fer less than the “cut-off” wave vector k.. The
probability for energy transfer AE to a single va-
lence electronis reduced over that for a plasmon
excitation by a factor [(AE/%w,)*/ (120/1)] fay
where the average oscillator strength f,, <1 and
the relative number of electrons in a band contrib-
uting to an interband transition is n,,/n < 1.2
That is, in order for a discrete loss feature as-
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FIG. 5. Energy-loss intensity profile for primary
electrons of energy E,=100 eV incident normal (6 =0°)
and oblique (6 =45°) to the (0001I) basal plane surface of
graphite. The spectra were recorded at 10 X gain rela-
tive to the elastic peak (x1).
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sociated with a particular one-electron transition
to be resolved in the spectrum, the average oscil-
lator strength f,, must be high for a specific AE
value. This implies direct E-conserving transi-
tions reflecting joint density-of-states structure.
Indirect transitions will tend to smear out re-
solvable structure to some extent. Both direct
and indirect transitions are expected in low-ener-
gy electron scattering'® owing to the possibility of
momentum transfer to the excited electron by the
incident electron. It is difficult therefore to re-
late structure in the loss spectrum with specific
interband transitions, since the one-electron ex-
citations tend to form an envelope profile owing to
summation over energy and E-space. The loss
profile (Figs. 2 and 5) is dominated by the m-plas-
mon loss at 7.0 eV and the (o +7) “bulk” loss at
28 eV. Higher energy losses are usually attrib-
uted to multiple plasmon losses or combinations
of plasmon and one-electron transitions. ® While
there is no obvious one-to-one correspondence be-
tween structure in the loss profile due to specific
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interband transitions and final-density-of -states
features in the secondary-electron distribution,
the over-all intensity of the loss profile is ob-
served to vary with incident beam orientation 6
(Fig. 5), in a manner analogous to SEE spectral
intensity variations. This indicates that selec-
tion-rule-dependent matrix elements |{M)|2 [Eq.
(4)] play a role in the production by interband
transitions of excited electrons, produced during
the absorption stage of the incident-electron beam
owing to the tensor nature of the dielectric func-
tion ¢, which determines the screened-Coulomb-
interaction scattering process. This in turn im-
plies that both the primary-excited-electron dis-
tribution Py(E,, E) and the secondary-electron dis-
tribution D(E,, E) [Eq. (9)] will show some depen-
dence on the direction of incidence of the primary-
electron beam, as is observed.

VII. CONCLUSION

The approach adopted in the present work has
been to consider the emission of secondary elec-
trons as essentially a three-step inelastic photo-
electric effect. %% The absorption of the incident
monoenergetic electrons is assumed to give a
“primary” distribution of excited electrons,

P(E,, E) [Eq. (9)], which will include those in-
cident electrons which have been inelastically
scattered and appear as the energy-loss spec-
trum.? Energy is transferred from the “primary”
excited electrons to the valence electrons of the
solid and, as first pointed out by Frohlich* and
later by Thomas, ! as far as subsequent transport
and escape processes are concerned the “true”
secondary-electron distribution D(E,, E) [Eq. (9)]
is independent of whether the energy absorbed by
the target originates from an incident electromag-
netic wave (photoemission) or from the Coulombic
interaction with incident electrons (secondary-
electron emission). As a consequence of inelas-
tic electron-electron scattering, density of final
states features are apparent in the secondary-
electron and high-energy uv photoelectron®® dis-
tribution spectra of crystals. The above results
obtained for graphite provide evidence to support
such a mechanism.

Further support for the view that final density
of states structure is observed in secondary-elec-
tron-emission distributions is provided by the
fact that similar spectral structure has been ob-
served to evolve during the disordered-crystalline
transition in amorphous C and Ge films. *® The
final-density-of-states distribution is particularly
sensitive to the degree of short-range order pres-
ent in highly-disordered solids, ¥ and the observa-
tion of structure-dependent final states features in
secondary -electron-energy distribution curves
from such materials, endorses the general con-
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clusions outlined in Sec. II, and the results in
Sec. I and V. It is of interest to note that the
Hartree-Fock-Slater model Hamiltonian with a
Bloch wave description of the excited states

(Sec. IV) apparently provides an adequate descrip-
tion of the high-energy band structure to the ex-
tent that positions of maxima in the density of final
states correlate well with the observed SEE fine
structure within the limitations imposed by life-
time broadening of the emitted electrons. A sys-
tematic study of the final density of states struc-
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ture in SEE energy distributions of solids offers
both a means of elucidating the nature of excited
states and of testing the adequacy of the model
Hamiltonian employed in energy-band calculations
at high energies.
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