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Mechanism of the low-ejection-energy(e,2e) reaction on a graphite surface
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We develop a theoretical model to describe a slow electron ejection from a crystal by electron impact at a
moderate incident energy. The electron impact ionization is considered within the first Born approximation.
The projectile is treated as a plane wave whereas the target electron initial and final states are described by the
bulk one-electron wave functions in the momentum space representation. To allow the ionized electron to
escape from the crystal the final state in the bulk of the crystal is matched in energy and a parallel component
of momentum by a plane wave in the vacuum. This theoretical model is used to simulate the binding-energy
spectra obtained by the grazing-angle reflection max2ej reaction on the surface of highly oriented pyro-

Iytic graphite.[S0163-182€08)03011-2

I. INTRODUCTION To avoid this difficulty there have been experiments suc-
cessful in using diffracted electron beams in reflection from a
Electron momentum spectroscopy based on ¢hee) re-  solid surface. Two different experimental geometries have
action has been introduced recently as a technique to studyeen used. Kirschner, Artamonov, and Santareported
the electronic structure of solid€.In the (e,2e) reaction an  backscattering reflected mode,2e) on the surface of tung-
incident electron knocks out a target electron, with subsesten. Because they employed the time-of-flight detection
guent detection of both outgoing electrons in time coinci-technique the incident energy was very 16i4—25 eV. In-
dence with fully determined kinematics. This allows us toterpretation of this low energye(2e) required quite an
infer the binding energy and momentum of the target elecelaborate theory that employed LEED-type wave functions
tron before the collision by using the laws of energy and both for the incident and the two outgoing electr8riEhe
momentum conservation. calculated cross section contained the target electron wave
At present, the €,2e) reaction on solid targets is per- function in the valence band which, however, could not be
formed in two different modes. In the transmission2g) easily factored out. So the information about the occupied
experiments the incident electron is impinged on an ultrathitarget states could not be extracted directly from the mea-
target membrane and the two outgoing electrons emerggured €,2e) cross section.
from the side of the target opposite to the electron gun. In the Another type of reflection modee(2e) experiment was
reflection ,2e) reaction both the electron gun and the two performed by lacobucat al®® on the surface of highly ori-
electron detectors are placed at the same side of the targeented pyrolytic graphitéHOPG. They used a moderate in-
The transmission mode(2e) experiments are performed cident energy of 300 eV in a grazing-angle reflection geom-
under conditions of a high incident energy and a large moetry. An attempt has been made to use this typeeg?d)
mentum transfer. This allows us to interpret @) event reaction to map energy bands of grapHitéhe peak posi-
as a free-electron-like binary collision between the projectiletions in the measured binding energy spectra were consistent
and the target electron. The cross section of such a binanyith theoretical band energies. The peak intensities were also
(e,2e) reaction is directly proportional to the number of tar- analyzed and at least for the topmestband were found to
get electrons in the given range of binding energy and moagree rather well with the theoretical density of states.
mentum. This transparent physical interpretation of the high- This gives an indication that the grazing ang&2g) at
energy transmission mode,@e) makes it very attractive for moderate incident energies can be used to extract electronic
studying the electronic structure of solids. However, its pracstructure information about the target. Still, a consistent
tical implementation is hampered by laborious and painstaktheory is required to deal with the scattering dynamics and
ing fabrication of ultrathin free-standing membranes. the ionization mechanism. This theory is outlined in the
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present paper. Conceptually, it is similar to the three-stephe valence electron momentum space. However, this direct
model of volume photoionization from solisWe assume mapping of the valence band can be modified by a surface
that the ionizing collision takes place in the bulk of the solid.reciprocal lattice vector acquired when the ejected electron
Then the ionized electron propagates to the surface and egropagates through the crystal. The kinematics of the
capes to the vacuum. The assumption of the volume ionizegrazing-angle reflection mode e,ge) experiments on
tion is particularly justified for graphite, which, as a layeredgraphité"°is such that the vertical transitions at a small ejec-

material, retains much of its electronic structure up to thelion energy originate in the first Brillouin zone where only
topmost surface layer. two bandse; and 7 have significant presence. However, if

We describe the ionizing collision in the first Born ap- the momentum balance is modified by a surface reciprocal

proximation, i.e., we assume that the projectile interacts witjatticeé vector the same ejected electron state can originate

the target electron only once. Thus we neglect multiple scat’om the second or third Brillouin zones where the otrgr

tering processes, both elastic and inelastic. We also assunf@}d o3 bands are populated. This explains why the binding

in accordance with lacobuceit al.® that the ionizing colli-  €Nergy spectra of graphite observed by the grazing-angle re-

sion is caused by the projectile that is specularly reflectedi€ction mode €,2€) reaction contain the signature of all

from the target. Berakdar and Dasxplored other mecha- four valence bands. . . .

nisms of the reflection modee(2e) in which one or both of  The rest of the paper is organized according to the follow-

the outgoing electrons are reflected. However, for the presefftd Plan. In Sec. Il we present the momentum density for-

grazing-angle geometry, the ionization caused by the spectf@lism and apply it to describe various types of ionization

larly reflected incident electron is strongly dominant since itProcessegelectron impact ionization and photoionization

is kinematically possible with the smallest amount of theth® bulk of a solid. In Sec. 1ll we present our numerical

momentum transfer. Thus the Born ionization amplitudeesults for the reflectiong,2e) reaction on the surface of

which is inversely proportional to the squared momenturnighly oriented pyrolytic graphitéHOPG) and compare our

transfer, is largest. Interestingly enough, Artamonov, Safalculation with the experimental data of lacobuetial.”

marin, and KirschnéP have demonstrated that the same isConclusions and possible extension of the present theory are

true for the reflection modee(2e) in the backscattering ge- Made in Sec. IV.

ometry. Their measurece(2e) intensity showed clear sym-

metry with respect to the direction of the specularly reflectedl. MOMENTUM SPACE WAVE-FUNCTION FORMALISM

incident beam. In a crystal the electron wave function can be written as
To calculate the Born ionization amplitude we employ the h yf the Bloch ;

bulk target electron wave functions in the momentum spacé € sum of the bloch waves.

representation. We use the extended zone scheme in which

every momentum space wave function has a dominating l/,jk(r):Q*l’?Z Ci(k+ G)elk+e)r (1)

presence in only one particular Brillouin zone. In the mo- G

mentum space representation the Born transition gm_plitude Fherek is the crystal momentun’s the reciprocal lattice

equal to the product of the wave functions of the initial state ,actor. The band inde labels different bands with gener-

in the occupied valence band and the final empty state in thglly different energie€;, . The wave functior{1) is normal-

conduction band. In the limit of high-energy transfer the flnalized in the unit cell of the volume). The coefficients

state beco'.“es a plane wave and has the_momentum Spaéje(k+G) give the momentum space representation of the
wave function equal to unity. Thus we arrive at the usual

: .11
high-energy €,2e) formalism in which the measure@,@e) wave functiony:
intensity is proportional to the squared momentum space

wave function of the occupied target state. wjk(q)=(27r)‘3/2j e Wy (r)dr
To allow the ejected electron to escape from the crystal to Q
the vacuum we require that the energy and the parallel com-
ponent of the momentum in the bulk should be matched by _ Q 2 Ci(k+G)s )
those of a plane wave in the vacuum. In a three-dimensional (2m)3% ! KrGar

(3D) crystal with a strong dispersion of the energy bands o ) ) .
with respect to the perpendicular component of the momenI he periodicity in the reciprocal space makes it sufficient to
tum this can be achieved by adjusting this component, whici§€fine the crystal momentuknwithin the first Brillouin zone
is not bound by the law of momentum conservation. In(first BZ). However, the completeness of the Fourier trans-
graphite, because of its quasi-2D structure, the band enerd9rmation(2) requiresq to be defined in the whole momen-
in the valence band and low conduction band depends ver¢m space. To ensure the orthonormality of the wave func-
weakly on the perpendicular component of the momentumfion (1_) the momentum space coefficients should satisfy the
This makes the matching very restrictive, especially at dollowing sum rule:
small ejected electron energy. However, as the energy of the
ejepted electron increases its wave fgnct_ion gradually ac- E Ci(k+G)CH(K' +G)= 84 6. . 3)
quires the 3D character and the matching is easily achieved. c J I

At a small momentum transfer the electron impact causes
nearly vertical transitions in the target momentum space. We note the following property of the momentum space
This projects the kinematically determined ejected electrorcoefficientsC(q). The lowest(in energy band has the larg-
state in the vacuum onto a well-defined compact region irest value of Cj(q)| at g e first BZ. The second-lowest band
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la tial becomes significant. In the repeated zone scheme each

section of the parabola corresponding to a given BZ unfolds

into a separate energy band as shown in Fig. 1. Each pand

can be assigned with the momentum space coeffi€iefu)

formally defined forg in the whole momentum space. How-

ever, it is obvious from the way we extended the one-

, electron parabola into repeating bands ta(q) is only

N\ significant in one particular BZ whereas it is nearly zero in
all other sections of the extended momentum space as illus-

trated in Fig. 1.

=1 N In a real crystal this selective population of the momen-
tum space by various bands will depend very much on how

well this crystal can be described by a free-electron model.
In a complex solid with more than two spin-degenerate va-
ICigl® lence electrons per unit cell the band index should also ab-
sorb the one-electron quantum numbers that distinguish in-
equivalent electrons. So there might be more than one band
i=1 occupied in the given section of the BZ. In the case of graph-
j= ite, the one-electron quantum numbers indicate the symmetry
with respect to the reflection in the basal plane. Accordingly,
the energy bands in graphite are classifiedraand 7.
The selectivity of the momentum space wave functions in
0 graphite is illustrated in Fig. 2 in which we plot the energy
Momentum q bands and the band resolved momentum densities,

FIG. 1. Top: unfolding of the free-electron parabola into re- 3 2
peated energy bands. Bottom: free-electron momentum density. PJ(Q):Q(ZW) % Cj(k+G)5q,k+G ) (4)

has the largest presencecpt second BZ, etc. Although we along the HCP symmetry lines. For the two basal plane di-
do not produce a rigorous proof of this statement, we illustectionsI'’K andI'M only variouso bands contribute to the
trate it in the case of a weak periodic potential imposed on &lectron momentum density. In the first BZ the lowest
free-electron gas. In this case the one-electron energy plottdzind is most intense whereas in the second and third BZ the
in the extended zone scheme follows a free-electron parabofopulation switches to the highet, and o3 bands(see Fig.
except for the discontinuity near the BZ boundaries. The3). The w band has no contribution to the momentum density
one-electron wave functions are plane waves and have theri the basal plane. This is so because the symmetry ofrthe
fore only one momentum space coefficigbf(k+G) ap-  orbitals requires the Fourier integré?) to reverse its sign
proximately equal to unity with exception of the values nearwhen theq vector is reflected with respect to the basal plane.
the BZ boundaries where reflection from the periodic potenObviously this reflection does not changdor the in-plane
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FIG. 2. Band energie@op panel and momentum densitigbottom panelin graphite along three symmetry lin€, I'M, andT"A.
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Ejzkzz E2+q). (6)
Hereg is a 2D reciprocal lattice vector parallel to the crystal
surface.
L The fully resolved cross section of the electron impact
r £ ionization can be presented in the fdfm
¢ 2nd BZ

3d Bz do :(277)4NE
d3pld3p2 Po 2

X d3kd3k i 2ko|U|jkao)?
FIG. 3. Basal plane projections of different Brillouin zones in f f 2|<q“2 2lVl] Clo>|

graphite. Different BZ are shown in different shades of gray. The
shortest reciprocal vectors of the surface are indicateg] asdg,. X 8(Bo—E1— Ej2k2+ Eik) S(Eatd— Ejzkz)

directions. Hence ther momentum density is zero. The X 8(pz|— 2|~ 9)- @)
ba_nd has nhonzero intensity for the °“t"?f'P'5h@ direction. Since the target wave functions are normalized to the unit
This direction is somewhat abnormal since it corresponds t%‘

the elect tion betw the distant and Kiv bond ell Eq.(7) contains the number of the unit cells in the target
€ electron motion between he distant and weakly bondeg e matrix element of the Coulomb interaction between
sheets of carbon atoms. Hence the electron energy sho

. : . ) e plane-wave projectile and the target electron can be re-
very little dispersion and only the lowest, band is popu- duced to the Born transition amplitude:

lated.

Let us now apply the formalism of the momentum space (jkole™ 1 jK)
wave functions to the ionization process. We consider a fast (Onj 2K5| U] k%>=22—, 8
electron inelastic collision with the bulk of a solid, which 27°Q%(Q, )

results in the ejection of a slow ionized electron into the

vacuum. We adopt the following notations. We label theWhere Q=0o—0a; and w=E,—E, are the momentum and
incident, the fastscattereyl and the slowejected electrons ~ €NErgy _transfer- from the pI’OjeC'[I!e to the target e!ectron. The
by the indices =0, 1, and 2, respectively. The electron mo- dielectric functione(Q,w) describes the screening of the
menta and the energies in the vacuum are correspondingly Par Coulomb interaction between the projectile and the tar-
andE, . The fast electronéincitent and scatteredire repre-  9€t electron by the rest of the many-electron ensemble. In
sented by the plane wavelp,)=(27) *Zexp(pir), i Eqg. (8) we neglect the exchange between the fast scattered

=0,1. Hereafter we use the atomic units in whithke electron and the e).(c'ted target électron. .
—m=1 and the unit of momentum &, *=1.89 A~*. The Born transition amplitude between the target states in

The electron momenta in the bulk are modified by thelrzeqs.e(r?galt?o?(i‘;"”y calculated using the momentum space rep-
refraction on the crystal surface: '

Qi =Pi|» <J'zkz|6“Q’|jk>=GZG Ciy(k2+G,)Ci(k+G)
Go
G = VP +2V. (5) X Ok+G+Qky+ Gy 9

HereV is the inner crystal potential acting upon the electron.ypon substituting Eqg8) and(9) into Eq. (7) we obtain the
When interpreting the photoemission experiments on simplep|lowing expression:

metals this potential is usually set to the sum of the muffin-

tin zero potentiaV, and the work functionb .8 By doing so do (2m* foN
one assumes that the unoccupiednduction and occupied = ° E j f d3kd3k,
(valence energy bands can be derived from the same freed®p1d°p, Po €(Q,®)7f;

electron-like parabola in extended momentum space. The

> Ch(k2
G,Gy

2
conduction band of graphite is derived from different one- +G,)Ci(k+G)dcsgrak+c,| HEo—E;
electron states and unfolds into separatendo* parabolas. T
The bottom of these parabolas is closer to the Fermi level
rather than the muffin-tin zer@ee Fig. 6 and corresponding “Ejx,* Eji) 6(Ep+ P — Ejzkz) 8(P2) =Gz 9)-
discussion in Sec. I)l Therefore we set hergd=®. (10)

The target electron states before and after the collision are
denoted a$jk) and|j,k,) and represented by the bulk wave Here f..=(272Q? 2 is the Mott cross section of the
functions(1). The slow ejected electron energy and the par-electron-electron scattering in which we neglect exchange
allel component of the momentum are required to matctbetween the slow ejected and fast scattered electrons. The
those of a plane wave in the vacuum: integration ovek, and the summation ovés, is eliminated
by the § functions, which ensure the matching condition of
2| =P2|— 9 Eq. (6). Finally we arrive at the following expression:
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dO' :(277)4p1p2 feeN é\
dQ,dQ,dE;dE, Po €(Q,w)
| =
x | d3k Ci (pz— 9. !
f ”Zzg 2 Cl(P2=9.02.) o b2 PR
2 0, : 01
xcj(k+G)5k+G+Q,q2 G\K
2

X 8(Eg—E;—Ep+Ej—®). (1D :

Here the perpendicular momentum component of the target ELGA::' Ge_gg?e”ty .?]f %grazmg-?tn?le refligtuong) EXple”'
electrong,, is fixed by the energy conservatig6). By in- ent. Arrows indicate inciderp,, scatteregp,, and ejectegp, elec-

troducing the spectral momentum dengiMD) of the tar- trons. The shaded area shows the acceptance range of the ejected
electron momenta.
get electrons

ments taken at the ejected electron energigs 3.7, 8.0,

p(d,e)= 2>, j d3k> |C(k+G)|?S+6,q0(e —Eji), and 14.2 eV. The incident and scattered electrons were in the
i G same plane with the azimuthal ang&s= 6,=6°. The slow

(12 ejected electrons were collected within a cone formed by the

Eq. (11) can be rewritten in the compact form azimuthal angled,=42.3=3° and the polar angleb,=2.
This kinematical arrangement is illustrated in Fig. 4.
o PPz feN Of the various dynamical models suggested for the reflec-
W—Qﬂ) Po €(Q,w) tion mode €,2e) by Berakdar and Ddswe accept the

mechanism suggested by lacobuetal® as the dominating
y 2 IC. () |20(.e) one. In this mechanism the prOjectl]e reflects specularly from
= Tl 2 1€/ %+Q,0p the target and then scatters inelastically from the bound elec-
tron as illustrated in Fig. 5. This mechanism is strongly
13 dominant because it is kinematically possible with the small-

whereq=q,+q,— o ande =E; + E,— Eq+ ®. est amount of momentum transfr= p,— p;= e/ 2E,<1.

In the regime of a high_energ)e(Ze) Eq (13) can bhe Other mechanisms in which thGE,Qe) event is caused di-
further simplified. We can neglect refraction and sgt rectly by the incident electron have much larger momentum
=p;. The momentum space coefficie@ (q,) becomes WansferQ=2posing,~1. They are strongly suppressed by
unity for the single band,, which corresponds to the sec- the dynamical factof . of Eq. (13), which is proportional to

tion of the one-electron parabola with the given momenturT}Qﬂ" The conjugant process, in which the inelastic scattering
: ; ; kes place first and then the two outgoing electrons are re-

Fig. 1 In th lect the & . .
dz (see Fig. 1 In the binary regime one can neglect t eféected specularly from the crystal, is not considered sepa-

response of the other electrons in the solid and discard th telv h ; itis d ived by th f I h
dielectric function. Thus we finally arrive at the expressionra ely here since 1t 1S described by the same formulas as the
main mechanism within the present theory.

that is traditionally used to analyze the high-energy2¢) The binding-energy spectra obtained from the experiment

-
reaction. can be simulated by the following theoretical expression:
do P1P2
- —(2m)* feNp(Q,e). (14 _ d—‘f
dQ1d92dE1dE2 pO I(S)_ AQZdQldQZd EldE2 dQZ

Comparing Eq(13) and Eq.(14) we see that the low-energy

(e,2e) cross section contains the momentum space wave ¢ f do Ci _ 2 &) s _

function in the final state above the vacuum level and hence *¢)aa, zjzzg ICla(P2=9.020)p(4:2) 80,

can be used to study unoccupied states in solids. In this re- (15)

spect it is complementary to the high-energy2€) reaction,

which probes the valence states only. Here the solid angle integration is performed over the accep-
tance angle of the slow ejected electron detector. We omitted

Ill. NUMERICAL RESULTS

P, p
1

We apply the momentum space formalism derived in the - % P, 3 p
previous section to simulate the experimentally observed P L P 7 P '
binding-energy spectra from the surface of HOPGThese \; b’ [

spectra were obtained by the grazing-angle reflection modg¢ p!
(e,2e) reaction with the following kinematical parameters.
The scattered electron enery were maintained constantat  FiG. 5. Left: Dominant mechanism of the grazing-angle reflec-
300 eV while the incident energlf, was adjusted to span tion mode g,2e) reaction. Specular reflection is followed by inelas-
the range of binding energies of the valence band of graphitgc scattering. Right: Conjugate process in which inelastic scattering
(approximately 20 ey There were three sets of measure-is followed by specular reflection.
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TABLE I. Boundaries of the valence electron momentum with the second BZ in th&€ M direction. The size of the first
probed by the grazing-angle,@e) reaction with the assumption of Bz of graphite is 0.78 and 0.90 a.u. in th&M and 'K

the direct escape of the ionized electrom into the vacuum. directions, respectively.
Reciprocal vector translation moves the integration area
Ejected electron _ Target electron moment(am) in Eq. (17) beyond the first BZ. In practice we found it suf-
energyE. (eV) q™ qr qr™ qr ficient to include only two shortesf vectors,
3.7 0.35 0.57 0.67 0.68
8.0 0.35 0.67 0.83 0.86 = (1,143)x 27/a,
14.2 0.47 0.90 0.95 1.00

6= (0,21/3) X 27/a, (18)

the dielectric function from Eq(13) and thus neglected the Wherea=4.65a.u. is the lattice parameter of graphite. These
screening of the Coulomb potential, which is a justified asVECtors translate the integration area into the second and
sumption for such a poor metal as grapttédowever, by thl_rd BZ's as shown in Fig. 3. We found th_at further_ trans-
discarding the dielectric function we also neglected the collations with larger reciprocal vectors have little contribution
lective excitations which can strongly modify the binding- t0 the sum in Eq(17) since the SMD is very small in this
energy spectra in the region of plasmon satellites. region. _ _

To simulate the finite experimental energy resolutitn To calculate numerical values of the SMD in Eg7) we
we substitute the function in the definition of the SMD12) ~ €mMployed the linear muffin-tin orbitaL MTO) method in
by a normalized Gaussia®[ (¢ —E;,)/ 5s)]. We exploit the the atomic sphere approximation, as descrlbgd py Skiver.
fact that the energy of the ejected electron in the bulk is fixedVeé used the von Barth—Hedin parameterization for the
and add the corresponding Gaussian function to the left-hangXchange-correlation _pc_)tentﬂél.Momentum density calcu-
side of Eq.(15). We combine it with the squared momentum l&tion on graphite within the LMTO formalism was de-

space coefficient to produce the SMD of the unoccupied finaf¢riPed in Ref. 17. As compared to this earlier work we
states: employ here a larger set of the fictitious empty muffin-tin

spheregeight instead of twpto have a better representation
of the electron potential inside a loosely packed graphite unit
|(8)°<feef do,> p(P2— G dz1 ;Eo+ ®)p(d,e) cell. The momentum space coefficients of the unoccupied
AQ, g electron states are also obtained from the same LMTO cal-
culation. However, presently we use the single set of the
X5q+qu2' (16) energy-independent LMTO orbitals optimized to give the
best representation of the valence band. To get an accurate
We notice that the polar angle integration has a differentlescription of the conduction band this set should be at least
effect on the SMD of the initial and final target states in Eq.doubled as was demonstrated by Ahejaal 18 So the accu-
(16). The SMD of the final states varies slightly as we rotateracy of our description of the conduction band is diminishing
p2|. This is so because of a relatively small anisotropy ofas the energy of the final electron state increases.
energy bands and momentum densities of graphite in the Convenient graphical analysis of E¢L7) can be per-
basal planésee, for instance, Fig.)2In contrast, the SMD  formed by using the plot of Fig. 6 in which the SMi{q, &)
of the initial statep(q,£) changes significantly since the ro- is plotted versusj; (horizontal scaleande (vertical scalgat
tation in the surface plane changes alignment of the vectorg givenq, . The value of the momentum density is indicated
d, and Q, the latter being bound to the scattering plane.by various shades of gray, the darker areas representing
Therefore we can take the spherically averaged SMD of théarger density. The plot of Fig. 6 corresponds to the smallest
final states out of the integral and present Eff) in the  ejection energyE,=3.7 eV. Usuallyp(q,¢) is defined for
form the occupied states only. Here we extend it above the Fermi
level and include the unoccupied states as well. For the
grazing-angle geometr), is negligible and thereforg,,

I(e)fee p(P2—0.0z1 ;Eo+P) =(q, . So we can use the same plot to visualize the SMD of
g both the occupied and empty states in ELj).
o g /6 In Fig. 6 we see the occupied and 7 bands, which
X quin dq gmin da, fo deqgp(0,€) 8g+q,q, constitute the valence band of graphite. We note that the
1

threeo bands indicated as separate bands in Fig. 2 join each
(17)  other smoothly and form a single parabola in the extended
momentum space. The band continues above the Fermi
Here the polar angle integration simulates the rotational distevel. Here also starts the unoccupied band which is
order of HOPG, which is only aligned in the direction along formed from the empty 8 orbital of the carbon atom.
the rotational axi<. The ejected electron state in the solid is represented in
The integration boundaries in E(L7) calculated ag=0  Fig. 6 by the points with the abscisgay—g| and the ordi-
are given in Table I. The range of, is very small for the nateE,+ ®. These points =0 are indicated by the inter-
grazing-angle geometry. Projection of the integration regiorsection of straight lines in Fig. 6. Another set of points which
on the basal plane is contained within the first BZ except forcorresponds to thg vectors of Eq(198) is shifted outwards
the ejection energy of 14.2 eV for which it slightly overlaps along the horizontal line by 0.78 a.u. We see from the plot
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FIG. 6. The spectral momentum density of HOPG extended to 35 g |
the unoccupied states. Ejected electron en&tgy 3.7 eV andq, | % 3 ; E =86V
= 0.67 a.u. Straight lines indicate the final state of the ionnized 3 4 L
electron. Highlighted is the area of the valence electron momentum __
which gives rise to the direct escape of the ionized electron into the £ 25
vacuum(See Table)l On the right are the binding-energy spectra E
corresponding to the direct argtassisted escape of the ionized i 2 1
electron as well as the total spectrum. 'g 15
[ =

that the momentum density is approximately equal for the
direct (g=0) andg-assisted escape of the ejected electron
into the vacuum.

The §-function 89+ Q.a, projects the fixedyy final state

into the finite q-size initial state because of the variable
angle betweem, and Q. The range of for the direct es-
cape is highlighted on the axis in the SMD plot of Fig. 6.
The transition that leads to the direct escape originates in the
first BZ where onlyo; and 7 bands have siginificant pres-
ence(see Fig. 2 Integrated over the range qf these bands
give two well-separated peaks in the binding-energy spec-
trum as indicated on the right side of Fig. 6. The region of
the initial-state momentum that gives rise to tpassisted
escape is populated by tlwe ando; bands and gives rise to
the peak in the binding-energy spectrum in betweendthe
and 7. When added up with an equal weighting factor the
direct andg-assisted binding-energy spectra span nearly con-
tinuously the whole valence band.

The similar SMD plots can be produced for the higher
ejected electron energids,=8.0 and 14.2 eV. With these
energies, however, we encounter considerable difficulty try-
ing to represent the final state of the ejected electron in the
bulk. Both the directly escaped electron and that assisted
with the g vectors fall into the region of a very small mo-

the following way. In derivation of our formalism we assume
that the perpendicular component of the ejected eleajron
is determined through the energy conservati®n The band
energies of graphit&;,, at least in the valence region, de-
pend very weakly ork, . The first unoccupieds* band
shows a small dispersion of about 2 eV with respedt, to*®

Intensity (arb.units)

E,=14eV

b & 88 & o[
@@ ﬁ@ﬁﬁﬁﬁﬁﬁﬁ@ ] m@

5 10
Binding energy (eV)

FIG. 7. Measured and calculate@,2e) intensity at various

mentum density of the final states. This can be interpreted iﬁjecnon energies. The experimagtror barsis deconvoluted with

respect to the multiple scattering of the fast incident electron and
shown as the solid line. The calculated spectrum is shown as the
dashed line.

not possible through the bulk states it occurs only through
the surface states. This is accompanied by a significant re-
duction in the ejected electron current even in the noncoin-

This, however, might not be sufficient to match an arbitrarycident mode. This effect was detected experimentally. As the

combination ofp, and E, in the vacuum, which is deter-

energy of the ejected electron increases it falls into the region

mined solely by the experimental kinematics. If matching isof the higher unoccupied bands, which acquire gradually the
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3D character and a free-electron-like dispersion. Then thamplitude contains only the target electron momentum space

matching becomes possible for any valuespgfand E,,  wave function in the valence band.

which is the situation of the high-energg,e). The bulk transition that leads to the electron escape into
In order to overcome this difficulty and proceed any fur-the vacuum can be depicted graphically on the plot of the

ther we simply assume that the intensity of the direct andSMD p(q,¢) displayed as a function afj ande at the fixed

g-assisted processes are the same. This might not be a wefl: - The initial state of the transition is represented by the

justified assumption. Nevertheless it allows us to make imsSMD of the valence band in the finite interval qf. The

portant observations about the mechanism of the preseﬁﬂal state of the ionized electron in the bulk is restricted to
(e,2¢) reaction. the several points on the SMD diagram that correspond to

The final results of our computations are shown in Fig. 7‘;he Qirttec;thg= 0) andg_}arl]gsifs_te(? ets;:apﬁ ofléh;: ioniier(]jeglgc-
for ejected electron energids,=3.7, 8, and 14.2 eV. As ron Into the vacuum. This final state shou'd be matc n

compared with the binding-energy spectra shown on th&nddj by the plane wave in the vacuum. This is achieved by
right side of Fig. 6 they also include the dynamical factorad]usmgq.l which is not bound b.y the law of momentum

f_ Q% which ’ decreases rapidly from the top to the bot conservation because of the termination of the surface of the
ee ' 3

£ th I band. Th : ) lized hcrystal. In the case of graphite, because of its layered
tom of the valence band. The experiment is normalized to they j55i-2D structure, this matching is not always possible and

maximum calculated intensity. Since the binding energy iSpe final ionized state falls into the region of a very small

measured relative to the vacuum level but calculated wit MD. This causes a strong reduction of the ejected electron
respect to the Fermi level, the experimental curve is shifted,rent even in a noncoincident mode.

horizontally by the amount oE=5.5 eV. This value was

found by an independent measurement. ionized electron into the vacuum take their origin in different
The experimentally observede,@e) intensity was de-  anq nonoverlapping areas of the valence electron momentum
convoluted with respect to the energy losses of the fast INCigpace. The direct process can only start from the two occu-
dent electron. No similar deconvolution was made for thepied bands,o; and 7, whereas theg-assisted process in-
slow ejected electron since its mean free path is of the ordegj,es theo, and o3 bands. We were able to make this

of a magnitude larger. The deconvolutee,2e) intensity  onciyusion because the dynamics of the presey2e] reac-
was fitted with four Gaussian peaks of equal width correign, js reduced to just a single mechanism of the reflection

sponding to the experimental energy resolution of 1.2 eV angjowed by the inelastic scattering. This mechanism is

representing three- and 7 bands of graphite. dominant since it allows for the smallest amount of the mo-

_ The agreement between the calculation and measuremenfonm transfer and therefore the largest Mott cross section.
is rather satisfactory, especially if we recall that we use aajthough the kinematics of the slow ejected electron is not
very crude approximation by assumiag hocthe equal in- g1y determined in the present experiment, the boundaries of
tensities of the direct ang-assisted escape of the ejected e target electron momentum were narrow enough to ex-
electron into the vacuum. There might be also additionak)yge the contribution from the second and third BZ in the
factors that worsen agreement between the measured and cgirect process.

culated spectra. In the experimental spectra there is a large The complete theoretical description of the low ejection

background intensity at energies well below the bottom Ofenergy €,2e) experiments on the surface of graphite re-

the valence bande(>20 eV). This might be due to the in- qires an accurate band-structure calculation in the conduc-
trinsic loss events associated with collective response of thgyn pand. This, in principle, is possible within the LMTO
valence electrons and not describable within the independeRteihod but requires a substantial enlargement of the basis set
particle approximation. These processes are related t0 thg energy-independent orbitals. Experimentally, it would be
dielectric function appearing in Eq13) but not properly  mgre advantageous to resolve fully the ejected electron mo-
evaluated in the present study. mentum and perform ane(2e) reaction on the surface of
crystalline rather than rotationally disordered graphite. These

IV. CONCLUSION developments in theory and experiment are currently under-
way and make us hopeful to achieve a better understanding
8f the physics of the electron-impact ionization of solids.

The processes of the direct agehssisted escape of the

We develop the momentum space wave function formal
ism to describe the process of a slow electron ejection from
crystal by electron impact at a high or moderate incident
energy. The amplitude of the slow electron ejection is pre-
sented as a product of the momentum space wave functions The authors are very thankful to M. Vos and J. Berakdar
of the target electron in the initial state in the valence bandfor useful and constructive discussions. We gratefully ac-
and the final state in the conduction band. Because of thknowledge J. Kirschner, R. Feder, and O. Samarin for their
selective population of the target electron momentum spaceritical reading of the manuscript. One of the authors
the largest contribution to the transition amplitude comeqA.S.K.) wishes to thank the staff of the Physics Department
from the transition between the states with a well-definedf the Universitadi Roma Tre for their hospitality and much
real momentum corresponding to a particular section of theneeded help. This work was partially supported by Progetto
BZ. In the limit of the large energy transfer the transition Coordinato del Comitato Fisica CNR.
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