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We have discussed a valence-electron energy-loss spectrum measured in reflection geometry using
a cylindrical mirror analyzer (CMA) and derived the angular distribution of inelastic scattering, the
momentum transfer, and the differential cross section per unit energy. If a critical inelastic-
scattering angle is smaller than the angular aperture of the analyzer, the differential cross section no
longer depends on momentum transfer. The reflection electron-energy-loss spectroscopy (REELS)
spectra of* MoS, and graphite have been measured and the Kramers-Kronig analysis has been ap-
plied. The results are compared with those of the composite energy-loss function calculated from
the energy-loss functions perpendicular and parallel to the ¢ axis. It has been shown that the
Kramers-Kronig analysis is still valid for the REELS spectra at higher incident energies than 500
eV and that the derived optical constants consist approximately of 80% of the perpendicular com-

ponent and 20% of the parallel component.

I. INTRODUCTION

Transmission electron-energy-loss spectroscopy
(TEELS) in the electron microscope has been exploited as
.a microanalytical technique.!? It is useful for investigat-
ing the energy-loss function, the joint density of states,
and some optical constants of a solid in a wide energy
range with aid of well-known Kramers-Kronig (KK) rela-
tions.>* Reflection electron-energy-loss spectroscopy
(REELS) is, on the other hand, commonly used to study
surface physics and surface chemistry.’ Since incidence
electrons available in REELS have energies in the range
10-3000 eV and suffer energy losses through a variety of
single and collective excitations of free and bound elec-
trons and phonons in a bulk or a surface, the mean free
path is small, less than a few decades of A.°

It is known that unlike TEELS several important but
difficult problems are raised in REELS. As incident ener-
gy approaches the ionization threshold, optically forbid-
den transitions are possible through exchange interaction
between an incident electron and a valence or a conduc-
tion electron in a solid’ and through large momentum
transfer in the inelastic-scattering process.®® The
momentum transfer also causes wave-vector-dependent
transitions in the excitation of valence and conduction
electrons.!® In addition, we can observe the incident-
energy dependence of a REELS spectrum that results
from different mean free paths.!! These phenomena al-
low the unique information of electronic structures of
atoms, molecules, and solids, but they complicate the in-
terpretation of a REELS spectrum as compared with that
of a TEELS spectrum.

In most of the REELS studies up to date,'2”'* our at-
tention has focused on peak positions and the energy
shifts arising from the variations of surface conditions
and incident energy. Then, the spectra are commonly ob-
tained in the second-derivative form using a lock-in
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amplifier so as to avoid a large background. Recently,
however, they can be easily obtained in the pulse-
counting mode with a cylindrical mirror analyzer (CMA)
and a hemispherical sector analyzer (HSA) to take the
energy-distribution curve directly. If the KK analysis is
valid for a REELS spectrum as well as a TEELS spec-
trum, the following merits are considered.

(1) Sample preparation is easy. We do not require a
thin-film form for a sample investigated.

(2) Highly resolved spectra can be easily obtained be-
cause the incident energy is much smaller than that in
TEELS.

(3) Crystal defects and charging effects which are
caused by electron bombardment during the measure-
ments are reduced.

In spite of the merits, few attempts of the KK analysis
have been made because derivation of the energy-loss
function is not well understood. In other words, we have
no full knowledge of the inelastic-scattering process in
reflection geometry, especially for the angular distribu-
tion of inelastic scattering, the momentum transfer, and
the differential cross section per unit energy.

In the present study we have attempted to establish the
theoretical foundation of the inelastic-scattering process
at normal incidence, shown in Fig. 1, and to test the va-
lidity of the KK analysis. In Sec. II we discuss the
inelastic-scattering process in which the CMA is em-
ployed as an analyzer and derive the angular distribution
of inelastic scattering, the momentum transfer, and the
differential cross section per unit energy. The measured
intensity is then correlated with the energy-loss functions
perpendicular and parallel to the ¢ axis. In Sec. III the
experimental procedures of REELS measurements and
the KK analysis are presented. In Sec. IV the results ob-
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FIG. 1. Arrangement for REELS measurements when using
a CMA, which is equipped with a coaxial electron gun and two
spherical retarding grids. The incident angle a and the angular
aperture Aa of the CMA are 42.3° and 6°, respectively. Electron
beams impinge perpendicularly on a surface.

tained for MoS, and graphite are discussed and compared
with those of the composite energy-loss function derived
from the energy-loss functions perpendicular and parallel
to the c axis.

II. THEORY

REELS studies to date!>!® have indicated that inelastic
scattering for excitation of valence and conduction elec-
trons occurs dominantly at small angles, accompanied
with large elastic collision. The process is illustrated
schematically in Fig. 2, in which incident electrons im-
pinge perpendicularly on a surface and travel in a bulk,
suffering energy losses until they reflect from the surface.
For simplicity, we now consider the single inelastic-
scattering process followed or preceded by large elastic
collision. O and O’ denote inelastic events before and
after elastic collision, respectively, and P represents an

elastic event. Due to energy- and momentum-
conservation rules, the following relations holds,
E,=E'+AE (1)
and
k,=k'+q, (2)

where E,, E ', kg, and k' are the energies and the wave
vectors of an incident electron before and after inelastic
scattering, respectively, AE is the energy loss, and q is
the momentum transfer. In the free-electron model the
magnitude of the momentum transfer is then given by

g=""2ko[(1—86,)—(1—26,)%c0s6]'/? , (3a)
where
(2mE,)'? AE
ko_—h——-— and Oe—zEp .

Here, # is Planck’s constant divided by 27, m is the mass
of a free electron, and 0 is the inelastic-scattering angle.
At normal incidence the parallel and perpendicular com-
ponents of the momentum transfer with respect to the ¢
axis are, respectively, given by

g, =ko[1—(1—28,)%cos81=k,0, (3b)
It 0 e
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FIG. 2. Schematic diagram for the reflection electron
energy-loss process. O and O’ denote the inelastic events before
and after elastic collision, respectively. P denotes the elastic
collision. k and k' are the wave vectors of an incident electron
and an inelastically scattered electron, respectively. q is the
momentum transfer. ¥ and 6 are the elastic- and inelastic-
scattering angles, respectively. The total scattering angle is
about 137.7°, which is determined by the incidence angle and
the angular aperture of the CMA. g, ¢, ¢}, and g are the per-
pendicular and parallel components of the momentum transfers
with respect to the ¢ axis before and after elastic collision, re-
spectively. k, and k are the perpendicular and parallel com-
ponents of the momentum transfer with respect to the beam
direction, respectively.

and
q,=ko(1—26,)"%sin0=k,0 . (3¢)

The right-hand equalities in (3b) and (3c) are satisfied
only when 6, <<1 and 6 is so small that one may assume
that sin6~ 6. In that case Eq. (3a) is approximated as fol-
lows:

q’~k3(6*+62). (3d)

According to the Bethe theory, the differential cross
section for inelastic scattering per unit energy and per
unit solid angle is written within the single-electron mod-
el and the first Born approximation by!’

> 2
)

o 4 <
= f
00 JE a%q4 ;’
XO(E;—E;—AE), 4)

> expliq-r;)
]

where a is the Bohr radius, r; is the position vector of
the electron participating in the transition, and |i) and
|f) are the initial and the final states with energy E; and
Ej, respectively. If q-r; <<1, dipole selection rules hold
and the differential cross section is given by
3% 4
aQaE=agq4(qf|Ml|2+qﬁ}M”lz), Q)

where |M|*> and |M|* are the matrix elements perpen-



39 KRAMERS-KRONIG ANALYSIS OF REFLECTION ELECTRON-. ..

dicular and parallel to the ¢ axis, respectively, and are
written

M, >=3 3 1{flr;li)*8(E;—E;— AE) (62)
for
and
M, 1P=3 3 I{flrli|*8(E;—E,—AE) . (6b)
for

Here, 7;, and r;, are the perpendicular and parallel com-
ponents of the position vector of a j electron, respective-
ly. As a solid angle is written by

dQ=2rsind d9z2w0d6=~i—g—ql dg, , 7
0
the differential cross section per unit energy and per unit
scattering angle is then given by

%o
060 0E

_ 8w |6
a3kl (6*+6%)

(02|M,|>+62 M) . (8a)

If a sample investigated is isotropic, | M, |*=|M |*=|M|?
and then

3% 8
= M|?
303E agk%ﬂml 1, (8b)
where
10| 1 |x|
0)= =— 9)
716 *+6> 6, 1+x?
and

X=0/6,~q,/q, .

f(8) is a function which has a maximum value at X =1
and approaches 1/6,|X| at large X. Figure 3 shows the
angular distribution of inelastic-scattering events, which
is plotted as 26, f(X). It is found that if 8, is less than
0.02, inelastic scattering occurs dominantly at small angle
and then the assumptions in deriving Eq. (8a) are valid.
In several cases the values of 6, are tabulated in Table I.
For the valence-electron energy-loss spectra up to 20 eV,
the above condition is satisfied for incident energies
higher than 500 eV. Thus we may conclude that small-
angle inelastic-scattering events dominantly contribute to
the spectra as confirmed by up to date studies.'>!% It is
worth noting that the differential cross section should be
represented as a function of X rather than 6.

Next, we will derive the differential cross section per
unit energy. For this purpose, we first assume the ex-
istence of the critical X value which gives a criterion that
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FIG. 3. Angular distribution of inelastic-scattering events.
The vertical axis is multiplied by 26,, while the horizontal axis
is divided by 6, .

we may regard the contribution to the differential cross
section as negligibly small or large. When it is denoted
by X,, the corresponding critical inelastic-scattering an-
gle 8, and the perpendicular component of the critical
momentum transfer, g ., are defined by the equations

X,=0,/6,=q,./q, - (10)

The differential cross section per unit energy is then
given, from Egs. (5) and (7), by
do _ 9. 8mg,dg,

(g}1M, 1> +qf M%)

dE Yo adklg*
X2
- ‘;’}:2 Inf1+x2| -5 ]lep
(1] c
2
+—=IM,? (11)
1+X;

In deriving Eq. (11), we have assumed that the matrix ele-
ments |M,|* and |M ”|2 are independent of ¢q. This as-
sumption is reasonable at small q.

The above considerations are valid for the inelastic-
scattering process before elastic collision, but for the
inelastic-scattering process after elastic collision some
modifications are required. After elastic collision the per-
pendicular and parallel components of the momentum
transfer with respect to the c axis are given by

q1 cosyy —siny | |91

q; sinyy  cosy q

cosyp —siny | [Ki
©|sing cosy | |k |’ (12)

TABLEI 6.(AE/2E,) in several cases. E, and AE (both in eV) are incident energy and energy loss,

respectively.
E, =200 E, =500 E,=1000 E,=2000
AE =2 0.005 0.002 0.001 0.0005
AE =10 0.025 0.01 0.005 0.0025
AE =20 0.05 0.02 0.01 0.005




8212

where 1 is the elastic-scattering angle and k, and k| are,
respectively, the perpendicular and parallel components
of the momentum transfer with respect to the beam
direction and are given by

k,=ky0 (13a)
and
k”zkoée

For the CMA, Eq. (12) is simplified by substituting 135°
for y; that is,

(13b)

ki
ky

q)
qj

-1 -1
1 -1

_V2

N (129

In this case the total momentum transfer and the solid
|
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angle are, respectively, given by
(g')?=k}+k} (14)

and

dQ'=2m9d0o=2Tk dk, . (15)
k3
On the other hand, the differential cross section per unit

energy and per unit solid angle is given in the same
manner as Eq. (5); that is,

3%’
30 OE 2( ’y

[(ql 'M1|2 q” )2|M|||2] > (16)

and the differential cross section per unit energy is given
by

8wk, | (k,+k)? o (k—k)?
_f aok )4 2 |M1| + 2 |M|||
__4m 2| _ ‘e -1 2 2 c -1 2
= Lin[1+Xx2| 1+XC2+tan XcllMl[-i- %ln|1+Xc|+l+Xcz—-tan X, |IM >, a7
where
Xczec/ee:klc/k” .

Consequently, as the incident beam flux is I, and the probing depth is D, the measured intensity of the REELS spec-

trum is given by

do D |do' | 47D [ [2+v3 , XX AV2)
I, |D— = In[1+X2|————+Vv2 x, |IM,|?
0 |1P4E T | cosy a2k 2 X tan” X |IM, ]
X.(X,+vV2) _
+ ‘/21n|1+X2|+-H72—\/2tan“1Xc |M, |2 (18)
1+ X2

Since the energy-loss functions perpendicular and parallel to the c axis are, respectively, written within the dipole ap-

proximation by
Im(—1/€,)=4m"ne?|M |?
and

Im(—1/¢)=4m"ne’|M |*,

then the mixing ratio of the perpendicular to the parallel component is given by

_[2+v2)2]In[1+ X2~ [ X (X, +V2)]/(1+ X))+ V2 tan" X, Im(—1/€))

(V2/2)In|1+X2|+[X.(X,+V2)]/(1+X})—V2tan"'X, Im(—

If we may substitute 10 for X, in Eq. (18), the energy-loss
function is of the form

Im[—1/€(E)]=0.8Im[ —1/¢,(E)]
+0.2Im[ —1/¢(E)] . @1

Thus we may suggest -that the energy-loss function de-
rived from the REELS spectrum contains 80% of the
perpendicular component and 20% of the parallel com-
ponent. If the sample is isotropic, the measured intensity

(19a)
(19b)
. 20
1/€)) 20
r
is proportional to
4l D —
*—(14+v2) In|14+X2| | M|
aoko
(1+Vv2)I,D
:——Tln|1+xftlm(—1/e). (22)
mane’k}

It is found that the last equation is quite similar to that of
TEELS where X, is replaced by X, (=Aa/6,).? If the
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angular aperture of the analyzer, A, is too small to
define the critical inelastic-scattering angle, X, should be
replaced by X, for inelastic scattering after elastic col-
lision. In that case Eqgs. (18), (20), and (21) are the func-
tions of 6,, so that the measured intensity and mixing ra-
tio depend on incident energy and energy loss. The re-
sults are shown in Figs. 4(a) and 4(b). However, if Aa is
large enough to define 6., X, is a constant independent of
incident energy and energy loss. As a result, R is un-
changed and the measured intensity is directly correlated
to the energy-loss function. The above condition would
be fulfilled by using the analyzer with large angular aper-

0.15
-
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0 . N N
0 10 20 30
ENERGY LOSS (eV)
(a)
6
o
4
2
0 . N .
] 10 20 30
ENERGY LOSS (eV)
(b)

FIG. 4. (a) Angular correction for measured intensities and
(b) the mixing ratio of the perpendicular energy-loss function to
the parallel one. The calculations have been carried out in the
case that the upper limit of integral in Eq. (17) is determined by
the angular aperture of the CMA and that a sample investigated
is isotropic. The angular correction is then given by

1
Y= _
In|1+X2+v2In|1+ X,

and the mixing ratio is

X2 V2
£ 2+—‘/§1n|1+X,,JZ— z
1+ X2 2 1

+x2
X2 V7
+__
1+x2 2

In|1+X2|— +V2tan"'x,,

R= -

.. V2x,
In|1+X2|+ 5=
1+Xx

a

V2tan~'X,

where X, =20 and X, =Aa/0,=2AaE,/AE. The parameter is
incident energy, which is 200, 400, 600, 1000, and 2000 eV going
from the top to the bottom.
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FIG. 5. Momentum transfers at (a) =0, and (b) 6=106,.
The parameter is energy loss, which is 5, 10, 15, 20, and 25 eV
going from the bottom to the top.

o

ture. Consequently, when using the CMA, which has a
relatively large angular aperture, we require no angular
corrections in making the KK analysis. This result is im-
portant because in TEELS experiments we commonly re-
quire angular corrections.

For inelastic scattering at 6=6,, the momentum
transfer monotonously decreases with E, and the dipole
approximation is valid at least for the incident energies
higher than 500 eV, whereas for inelastic scattering at
6=100, the momentum transfer also decreases, but the
dipole approximation is no longer valid in the wide ener-
gy region (see Fig. 5). At 6=0.1 rad, which corresponds
to the angular aperture of the CMA, the momentum
transfer increases and the dipole approximation is not
valid. Experimental results, on the other hand, suggest
that the valence-electron—excitation REELS spectrum is
determined mainly by inelastic scattering near 6,, and the
dipole approximation is still valid at E, values of more
than 500 eV, as discussed below.

III. EXPERIMENTS

In REELS spectra of real surfaces we encounter many
difficulties and complexities, such as creation of localized
surface states due to dangling bonds and interactions be-
tween surface atoms and foreign atoms and molecules,
which are different from sample to sample under different
experimental conditions. Since the main purpose of the
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present study is to clarify the basic information involved
in a REELS spectrum under particular conditions and to
verify the validity of the KK analysis, we have made an
effort to treat an ideal surface, so far as circumstances
permit, to avoid any difficulties. The nearly ideal surface
that is made by crossing an infinite crystal with a plane is
experimentally available by use of layered materials such
as MoS, and graphite. Then, the valence-electron
energy-loss spectra of MoS, and graphite have been mea-
sured in reflection geometry using the CMA. The single
crystals of MoS, are prepared by chemical-vapor reaction
in an evacuated and then closed silica ampoule, while the
samples of highly oriented pyrolytic graphite (HOPG) are
from the Union Carbide Co. These crystals are con-
structed by stacking layers which are weakly bonded with
each other by van der Waals force, so that atomically
clean and smooth surfaces are easily prepared by cleaving
with adhesive tape in the atmosphere just before the mea-
surements. The resulting surfaces, which are perpendicu-
lar to the ¢ axis, are quite inactive for foreign atoms and
molecules. Auger-electron-spectroscopy (AES) analysis
displays a small amount of carbon contamination, but no
other contamination is detected, even after long-time
measurements.

REELS measurements have been carried out in the
pulse-counting mode using the double-pass CMA with re-
tarding grids (PHI model no. 15-255G) as shown in Fig.
1. The pass energy of the CMA is 25 eV, giving a spec-
tral resolution of about 0.8 eV. The details of our experi-
mental apparatus and data acquisition and processing
system have been described in previous papers.!®!®
Pulse-counting data are stored in the disk drive unit of a
personal computer (NEC PC 9801F3). Afterwards, they
are utilized to derive the energy-loss function and some
optical constants.

The energy-loss function is derived from a measured
spectrum using the Bethe f sum rule, which is written®

ng=a fOEE’Im[-—l/e(E’)]dE’ (23)
and

_ 2egm (24)

a mhein

where n.g is the effective number of electrons contribut-
ing to the energy losses and n is the number of atoms or
molecules per unit volume. When the critical inelastic-
scattering angle 6, or X, is defined, the normalized inten-
sity I(E) of a REELS spectrum is directly proportional
to the energy-loss function as discussed above and is writ-
ten by

I(E)=BIm[—1/€(E)], (25)

where B is a constant independent of energy E. Then the
energy-loss function is derived using the relation

negl (E)

Im[ —1/e(E)]= .
m{—1/&(E)] afOEE’I(E’)dE’

(26)

Since surface contribution to a REELS spectrum de-
creases with increasing incident energy, we can separate
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it by measuring the spectra at various incident energies.
At E,=2000 eV or higher incident energies, the bulk
contribution is dominant. However, if surface losses can-
not be completely removed, we should introduce a pa-
rameter k (0 <k <1) into the constant a so as to give the
correct €,(0) value.

The application of the KK relation to the derived
energy-loss function gives the real part of 1/e(E);? that
is,

2w ) E’ )
Re[1/&(E)]=1—-=P [ “Im[ —1/(E"] T E
(27)

where P denotes the Cauchy principal part of the in-
tegral. The KK transform has been carried out by taking
a sine transform of the energy-loss function, followed by
the inverse cosine transform. These calculations have
been done using a fast Fourier algorithm, in which the
higher-energy tail of a plasmon peak is extrapolated to
zero at the higher-energy end of a Fourier-transform
range in order to avoid the contribution of higher-order
peaks. The complex dielectric function is then given by

e(E)=¢€(E)t+iey(E)

__ Re[l/e(E)]+iIm[—1/e(E)]
{Re[1/e(E)]}?+ {Im[ —1/e(E)]}?
where €,(E) and €,(E) are the real and imaginary parts of
the dielectric constant, respectively. Once the quantities
are evaluated, the refractive index n (E), the extinction

coefficient k (E), and the reflectivity R (E) are computed
using the following relations:

n(E)=(1{[e(E)*+[e(E)*} 2+ (ENV?,  (29)
k(E)=(L{[e)(E)P+[eE)P} > —€e(EN'2,  (30)

(28)

[n(E)—1P+[k(E)J?
[n(E)+1P2+[k(E)]?

Since surface losses are contained in the measured spectra
and the loss function is derived from the real and imagi-
nary parts of the complex dielectric constant by the equa-
tion

R(E

~

(31)

Gz(E)
[e(E)+1P+[ex)E)?

Im{—1/[e(E)+1]}= (32)

the KK analysis is, in practice, repeatedly carried out in
order to isolate the surface losses from the bulk ones.
Our computer program for the KK analysis is referred to
that of Egerton.?

IV. RESULTS AND DISCUSSION

Figures 6 and 7 show the energy-distribution curves of
the electrons emitted or reflected from the cleaved sur-
faces of MoS, and graphite. A large peak appears near
the threshold, which arises from secondary-electron emis-
sion. Auger peaks such as sulfur LVV and carbon KVV
peaks appear in the intermediate-energy region and
energy-loss structures due to excitation of valence elec-
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FIG. 6. Electron-energy-distribution curve of MoS,.

trons appear just below the elastic peak which is denoted
by an arrow. As can be seen from the figures, secondary-
electron emission affects the energy-loss structures as well
as the Auger peaks as a smoothly varying background. A
background like this is more significant in REELS than
in TEELS, especially in the cases of metallic materials
and lower incident energy. Then, it must be subtracted
by appropriate methods to isolate the energy-loss struc-
tures. It is also found that doubly and triply excited
plasmon peaks are observed in REELS spectra as well as
in TEELS spectra. Such a multiple-scattering effect is
also subtracted to derive the energy-loss function. For
this purpose, the Fourier-logarithmic deconvolution and
the Fourier-ratio methods have been developed by
Johnson and Spence,21 Leapman and Swyt,22 and Egerton
and Whelan.?? They are summarized in Ref. 2.

Figure 8 shows the REELS spectrum of MoS, together
with the energy-loss functions perpendicular and parallel
to the c axis (middle and bottom solid lines) obtained

x1.3x10°

10" PULSE COUNT

0 12 3 4 5 6 7 8o’

ENERGY (eV)

FIG. 7. Electron-energy-distribution curve of graphite.

Im(-£.7")

NORMALIZED INTENSITY (ARB. UNITS)

0 10 20 30
ENERGY (eV)
FIG. 8. Comparison between the REELS spectrum of MoS,
measured at E,=2000 eV (dotted line) and the composite
energy-loss function (upper solid line) which is constructed of

the energy loss functions perpendicular and parallel to the c axis
(middle and bottom solid lines). The mixing ratio is 3.8.

from the TEELS spectra by Zeppenfeld.?* The solid cir-
cles represent the REELS spectrum, which has been mea-
sured at E,=2000 eV, while the upper solid line
represents the composite energy-loss function, which has
been calculated from the perpendicular and parallel com-
ponents on the basis of the present theory. The mixing
ratio is 3.8, which has been evaluated from Eq. (18) by
substituting 10 for X, and setting Im(—e; ') /Im(—¢€; ")
=1, because in MoS, the magnitude of Im(—e€; ') is near-
ly equal to that of Im( —e[l) at the peak position. For
the comparison, all the spectra in Fig. 8 are normalized
with maximum intensity. It is found that disagreements
arise between the measured spectrum and the composite
energy-loss function in the ranges of 8-12 and 16-21 eV.
Since the surface loss function exhibits a broad peak
around 18 eV, the latter disagreement is attributed to the
surface losses. However, at present the cause of the
former disagreement is not clear. If 6, or X, cannot be
well defined, and the upper limit of integral in Eq. (17) is
determined by the angular aperture of the CMA, the mix-
ing ratio as well as the intensity depends on energy loss.
In this case the mixing ratio is smaller than 3.8, which re-
sults in a small correction for the disagreement, but the
angular correction for the intensity increases it (see Fig.
4).

Here, it is worth noting that the position of the
plasmon peak and its higher-energy tail are in good
agreement throughout the spectra. It is known that
plasma-frequency or plasma-excitation energy depends
on the momentum transfer. In the free-electron approxi-
mation it is represented by

fiw,(q)=%w,(0)+ 4g° , (33)
where w,(0) is the plasma frequency at ¢ =0, and 4 is a
constant, but dependent on a sample. According to Gib-
bons et al.,? the width also linearly increases with ¢2.
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FIG. 9. REELS spectra of MoS, measured at various in-
cident energies: (a) 170, (b) 500, (c) 1000, and (d) 2000 eV.

Then, at finite momentum transfer the plasmon peak
shifts to higher energy, having larger width compared
with that at zero momentum transfer. In the Appendix
of the previous paper!® the present author discussed this
in detail for Al and came to the conclusion that most of
the momentum transfers affecting the REELS spectrum
are less than 0.6 A~'. On the other hand, as can be seen
from Fig. 5, the momentum transfer at 6=0, is less than
0.5 A~ ! in most cases, wheoreas the momentum transfer
at =100, is larger than 1 A~ 1, except for a low-loss and
high-incident-energy region. Summarizing the facts, we
may conclude that the REELS spectrum is determined by
inelastic scattering in the neighborhood of 6,, as de-
scribed in Sec. II. In this case the dipole approximation
is valid and the critical inelastic-scattering angle is well
defined.

NORMALIZED INTENSITY (ARB. UNITS)

0 10 20 30 20
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FIG. 10. REELS spectra of graphite measured at various in-
cidence energies: (a) 200, (b) 500, (c) 1000, and (d) 2000 eV.
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For graphite the perpendicular and parallel energy-loss
functions reveal different shapes compared to each other
and a plasmon peak appears at quite different ener-
gies.?®?’ Furthermore, the magnitude of Im(—e;!) is 2
times larger than that of Im( —e[l). So, the comparison
would be more attractive. If the above discussion is
right, we may expect the REELS spectrum to be similar
to the perpendicular energy-loss function. The measured
spectrum is, in fact, quite similar to the perpendicular
energy-loss function and almost independent of incident
energy. Figures 9 and 10 show the REELS spectra of
MoS, and graphite at various E,. It is found that the rel-
ative intensities for MoS, vary with E,. This variation
would be considered extrinsic; that is, surface effects and
background variation due to secondary-electron emis-
sion. Later, we will discuss the surface effect on the
energy-loss function and on some optical constants.

Next, we will discuss the results of the KK analysis ap-
plied to the REELS spectra of MoS,. Figure 11 shows
the real and imaginary parts of the dielectric constants,
which are derived from the REELS spectrum measured
at E,=2000 eV (thick solid line) and from the composite
energy-loss function shown in Fig. 8 (thin solid line). It is
found that, although the intensities are slightly different,
they exhibit similar structures, the peak and dip positions
being almost in agreement. In addition, we find that both
€, curves cross the horizontal axis at the same energy (see
inset). In the free-electron model, without considering
the damping of oscillation, the energy corresponds to a
plasmon-excitation energy. If the damping exists, the
plasmon peak broadens and the crossing energy shifts to
lower energy. In the present case the energy value is 22.7
eV, while the plasmon peak is located at 23.4 eV. As dis-
cussed below, surface losses affect the energy as if the
damping exists.

Figure 12 shows the reflectivity spectra of MoS,, which
are derived from the REELS spectrum at E,=2000 eV

1.0F
20f N .
w €
~ - 0.5¢ 2
w 3
Y 0
€2 20 25 30
/ ENERGY (eV)

0 10 20 30
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FIG. 11. Real and imaginary parts of the dielectric constant
€=¢,+i€, of MoS,. The thick solid line represents the dielec-
tric constant derived from the REELS spectrum at E,=2000
eV, while the thin solid line is derived from the composite
energy-loss function shown in Fig. 8.
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FIG. 12. Comparison between the reflectivity spectra of
MoS, derived from the REELS spectrum at E,=2000 eV [(a)
and (b)] and from the composite energy-loss function shown in
Fig. 8 [(c)]. Spectrum (b) is obtained by the KK analysis after
subtracting the surface loss function by 20%.

[(a) and (b)] and from the composite energy-loss function
[(c)]. In deriving spectrum (b), the KK analysis has been
carried out after subtracting the surface loss function by
20%. For comparison, spectra (a) and (b) have been
shifted by 20% and 5%, respectively, along the vertical
axis. A large disagreement is found between spectra (a)
and (c) in the range 10-18 eV, which is not corrected by
subtracting the surface losses. This is caused by the in-
troduction of the parameter k into @ in implementing the
KK analysis. The details will be discussed later. Howev-
er, in overall appearance they are quite similar to each
other and to that of the optical reflectivity spectrum mea-
sured by Hughes and Liang,?® which reveals a large
minimum around 9 eV. The interpretation of the spec-
trum has already been given in another paper.?’ Figure
13 shows the comparison between the refractive-index
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FIG. 13. Comparison between the refractive-index curves of
MosS, derived from the REELS spectrum at E, =2000 eV (thick
solid line) and from the composite energy-loss function shown
in Fig. 8 (thin solid line).
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FIG. 14. Comparison between the REELS spectrum of MoS,
measured at 750 eV [(a)] and the composite energy-loss function
shown in Fig. 8 (dotted line). Spectra (b), (c), and (d) are nor-
malized after subtracting the surface loss function by 20%,
40%, and 60%, respectively.

curves. The thin solid line, which represents the
refractive-index curve derived from the composite
energy-loss function, is shifted by 1.0 along the vertical
axis with respect to that of the REELS spectrum. It is
found that there is good agreement in shape and intensi-
ty.
Figure 14 illustrates the influence of surface losses on
the REELS spectrum of MoS,. Spectrum (a) has been
measured at E, =750 eV. Spectra (b), (c), and (d) are nor-
malized after subtracting the surface loss function by
20%, 40%, and 60%, respectively, and the dotted line
represents the normalized composite energy-loss function
as a reference curve. It is found that the reduction of the
surface losses gives rise to the spectrum similar to that at
Ep=2000 eV, but it cannot be perfectly reconciled with
the composite energy-loss function. The disagreement on
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FIG. 15. Comparison between the dielectric constants

€=¢€,+ie, of MoS, derived from the REELS spectrum at 750
eV (solid line) and from the composite energy-loss function
shown in Fig. 8 (dotted line). Long-dashed—short-dashed and
dashed lines represent the dielectric constants after subtracting
the surface loss function by 20% and 40%, respectively.
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FIG. 16. Reflectivity spectra of MoS, derived from the
REELS spectrum at 750 eV. Spectra (a), (b), (c), and (d) are ob-
tained by subtracting the surface loss function by 0%, 20%,
40%, and 60%, respectively.

the higher-energy side of the plasmon peak is caused by
the incident-energy dependence of the background due to
multiple scattering and secondary-electron emission,
while the disagreement in the range 10-20 eV is intrinsic,
but unknown at present. To investigate the influences of
surface losses on the optical constants, we have calculat-
ed a dielectric constant, reflectivity, and a refractive in-
dex for the respective spectrum shown in Fig. 14. The re-
sults are shown in Figs. 15-17. As can be seen from the
inset of Fig. 15, the crossing energy of the €; curve shifts
to higher energy upon subtracting the surface losses, and
approaches the value of the composite energy-loss func-
tion. This fact suggests that the surface losses behave as
if the damping of plasma oscillation increases and gives
rise to a broad peak. In comparison with the optical con-
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FIG. 17. Comparison between the refractive-index curves of
MoS; derived from the REELS spectrum at E, =750 eV by sub-
tracting the surface loss function by 20% (thin solid line) and

from the composite energy-loss function shown in Fig. 8 (thick"

solid line).
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stants derived from the composite energy-loss function, a
disagreement is found in the range 10-20 eV, which is ap-
parently increased by subtracting the surface losses.
Such a strange variation is caused by the introduction of
the parameter k to give a correct €,(0) value, because the
parameter k itself plays a role in the correction for the
surface losses. In fact, in small surface losses an ap-
propriate k value allows one to give reasonable optical
constants without subtracting them. The dielectric con-
stant, the reflectivity, and the refractive index are quite
similar in total appearance to those from the composite
energy-loss function, as well as the energy-loss function
perpendicular to the c¢ axis (see Ref. 24). Thus we may
conclude that the KK analysis is also valid in REELS to
investigate the optical properties and the electronic struc-
tures of solids, and that the resulting spectra mainly re-
veal physical properties perpendicular to the ¢ axis or
parallel to the surface.

V. CONCLUSIONS

In this paper we have discussed the inelastic-scattering
process in reflection geometry using a CMA and derived
the momentum transfer, the differential cross section, and
the mixing ratio of the energy-loss functions perpendicu-
lar and parallel to the ¢ axis. The following facts are
made clear.

(1) The differential cross section per unit energy and
the mixing ratio R are represented as a function of X,
(=6./6,) and do not depend on energy loss. As a result,
the angular correction made in TEELS is not necessary.

(2) A valence-electron energy-loss spectrum is deter-
mined mainly by inelastic-scattering events near 6,
(=AE/2E),).

(3) The dipole approximation is still valid for incident
energies higher than 500 eV.

(4) The derived energy-loss function consists approxi-
mately of 80% of the perpendicular component and 20%
of the parallel component. Then, if the magnitude of the
perpendicular energy-loss function is comparable to or
more than that of the parallel energy-loss function, the
REELS spectrum mainly reveals the energy-loss struc-
tures perpendicular to the c axis.

The experimental results have confirmed these facts. The
Kramers-Kronig analysis is applied to the REELS spec-
tra of MoS, and the results obtained are compared with
those of the composite energy-loss function, which is con-
structed of the energy-loss functions perpendicular and
parallel to the ¢ axis at the mixing ratio of 3.8. Surface
losses affect the dielectric constant as if the crossing ener-
gy of the €; curve shifts to lower energy. It is, however,
found that the energies are almost in agreement by re-
moving the surface effects. Thus we may conclude that
the Kramers-Kronig analysis of a REELS spectrum is
valid by removing the background due to multiple
scattering and secondary-electron emission and the sur-
face effects by appropriate methods, and further conclude
that REELS spectra give valuable information of the op-
tical properties and electronic structures of various solids



in a wide energy range.

In most of the real surfaces, surface atoms are rear-
ranged to reduce the surface energy. In some cases they
form a superstructure, resulting in a new electronic struc-
ture. In addition, we must take into account the surface
states derived from various atomic faults, dangling bonds,
and adsorbed foreign atoms and molecules. What has
been determined from the REELS spectra are only the
energy positions. If we can make direct comparisons be-
tween the pulse-counting REELS spectra at low and high
incident energies and between the results of the KK
analysis, we could derive the surface loss function and
surface optical properties from the difference. To do it,
however, we need to discuss the effects of the incident-
energy dependence of momentum transfer and the
differential cross section for inelastic scattering in detail,
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especially in the energy region where the dipole selection
rules are not hold. Furthermore, in a real surface the sur-
face loss function is generally different from that derived
from the bulk dielectric function or the energy-loss func-
tion because of atomic rearrangement—the theoretical
calculation must be carried out individually for each.
atomic arrangement. However, we believe that in the
near future the present study will be extended to real sur-
faces with the development of the theoretical calculations
of surface-electronic structures.
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