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The effect of plasmon production on the appearance-potential spectra (APS) of simple metals has
been calculated in the framework of the many-body perturbation theory. Numerical results are
presented for the 2p and 1s APS of aluminum. In the 2p spectrum the plasmon contributes very
weakly (beginning with near-zero slope) at the threshold energy for plasmon production
Em(wg)=2EF+a)2-—Ec (Ep, a)g, and E, being the Fermi energy, zero-momentum plasmon fre-
quency, and energy of the core state, respectively). In the 1s spectrum, however, there is a finite
contribution (beginning with a finite slope) at this threshold. In both 2p and 1s derivative spectra a
structure appears in the form of an inflection in slope of the intensity at the energy
En(w,(q:))=2Er+w,(q.)—E., where w,(g.) is the highest frequency for plasmon production. The
significance of this energy Eu(w,(g.)) is that it is the lowest energy at which the plasmon produc-
tion by the two final-state electrons, located above the Fermi level, becomes real. A structure also
occurs in the 1s derivative spectrum at Em(wg) as a steep rise, while there is no significant structure
at this energy in the 2p derivative spectrum. The calculated structures in the derivative spectra ap-
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pear to be present in the currently available experimental APS of Al

I. INTRODUCTION

In the appearance-potential spectroscopy (APS) experi-
ment, a fast electron (100—1000 eV) is bombarded on a
solid surface. After an inelastic collision with a core-level
electron, the system in question is left in a final state con-
sisting of a core hole and two electrons above the Fermi
level in the conduction band. What is measured is the x-
ray intensity when the core level deexcites, as a function
of energy of the incident electron. This intensity spec-
trum is thus proportional to the number of excited core
states per unit time, the object of our many-body study.

The plasmon satellites in the APS spectra of solids have
been studied both experimentally and theoretically.!—>
The observed APS spectrum of graphite! shows large
peaks separated by an energy of 6.8 eV, a value close to
the plasmon loss energy for graphite (7 eV). For simple
metals, Andersson and Nyberg? have measured the Al 1s
spectrum, and Nilsson and Kanski® have measured the 1s
and 2p spectra for Al, Mg, and Be. In all these cases,
structures have been found resembling plasmon oscilla-
tions, but in each spectra it is difficult to differentiate be-
tween plasmon peaks and variations in the density of
states due to band-structure effects. However, by graphi-
cally differentiating the spectrum, Andersson and Nyberg
found a pronounced peak around 15.5 eV above threshold.
They attribute this structure to the excitation of a
plasmon in the medium.

Theoretically, Chang and Langreth* have studied the
APS spectrum associated with the production of a
plasmon and found it to be of the same order of magni-
tude as that found in x-ray photoemission spectra (XPS).
In Laramore’s paper,’ plasmon emission up to the first or-
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der (one-plasmon emission) have been considered and he
derives an approximate expression for the intensity of the
plasmon satellite. These studies, however, do not consider
the dispersion or attenuation of the plasmon, and Ref. 4
does not take into account the recoil of an electron after
the emission of a plasmon. They also do not evaluate the
line shape of the plasmon band numerically.

In this paper we will concern ourselves with the
plasmon satellites in the APS spectra of simple metals in
the presence of plasmon dispersion and the recoil of the
electron. Inclusion of these effects will definitely lower
the strength of the plasmon satellite and give it a width
corresponding to the dispersion of the plasmon. The
dispersion relation for the plasmon frequency w,(q) used
in this paper is a sixth-order polynomial first derived by
Glick and Ferrell,® with an eighth-order correction term’
introduced to obtain the exact plasmon cutoff frequency
®p(q.). The only parameters the metal in question will
have are the radius parameter #; and the core-level energy
E.. The electron-electron interaction effects will be calcu-
lated in the random-phase approximation (RPA), describ-
ing the polarization in an electron gas.

We will only consider the bulk plasmon, thereby ignor-
ing any surface plasmons in our model. The only role the
surface will have in our model will be to introduce a time
7 which is the time the incident electron travels in the
metal before exciting a core-level state.

There are a few different ways of losing energy due to
plasmon production in the APS process. The incident
electron can excite a plasmon, this process being an ex-
trinsic one in that the momentum and energy of the sys-
tem are conserved. The polarization of the conduction
band due to the creation of a core hole (which acts like an
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impurity) can excite the so-called intrinsic plasmons. The
two final-state electrons can also excite intrinsic
plasmons.g’9 Furthermore, there can be interference be-
tween any two of the above-mentioned processes, which
would reduce the total plasmon contribution, especially in

the region close to the threshold. The threshold region -

corresponds to the case where both the final-state elec-
trons lie close to the Fermi level.
In the next section we will formulate the problem, using

an S- and T-matrix approach, which was first proposed

by Chastenet and Longe® and later used by Bose et al.® to
describe the x-ray photoemission spectra of simple metals.
The last section will give numerical results for the 1s and
2p spectra of Al and a discussion.

II. FORMULATION

Let us consider an incident electron, having wave vector
k and energy €; =k?2/2m, pointing in a small element Ak.
The electron enters a semi-infinite metal normally at
z=0, where the metal extends between z=0and z = — .

The strength of the main band (n=0) and one-plasmon
process (n=1) can be written as®

0
In(fk)z f_wdzp(Z)J,,(z,ek) ’
=vr fow drp(r),(7,€) , \ (1)

where z = —uv77 (vr being the incident electron velocity)
and p(z) is the density of core-hole states, which we will
assume to be a constant in our calculations. J,(7,€;) is

the probability per unit time that the incident electron

with energy €, travels for a time 7 and then excites a core
level of energy E.. J,(7,€;) is related to the S matrix by
the time-dependent golden rule,

n! 2
Jo(7,€k) m1oN ; | Sp(Tex)|?, (2)
where
f Py Py q

is the sum over all final states, ¢, is the observation time,
and N is the normalization constant insuring conservation
of the incident electron number and is given by

€k-“Ec
fEF dey %Jn(T,é'k):l . )

Note that to ensure a proper APS process, the sum over
the final electron states in (3) must be greater than the
Fermi momentum and the plasmon momentum can only
go up to the cutoff g, zmmg /kp.10 In the RPA, this is
the maximum wave number for collective excitations.
Beyond this wave-number plasmon production is heavily
damped as the plasmon dispersion line merges into the re-
gion of single-particle excitations.

Diagrams that describe the APS matrix elements S, for
the zeroth-order (main band) and one-plasmon processes
are shown in Figs. 1 and 2. In these diagrams, a single
line pointing up represents a conduction electron; a double
line pointing down, a core hole; and a wavy line, the

PATRICK, BOSE, AND LONGE 32

€
L, .

2

(a) ¢ (0)

FIG. 1. (a) Schematic representation of the basic APS process
in a simple metal. (b) Feynman diagram corresponding to the
basic APS process.

plasmon excitation. As shown in Fig. 2, the incident elec-
tron enters the metal at time ¢ —7, and the core hole is
created at time ¢.

For the main band, the zeroth-order matrix element (no
plasmon) of the S matrix can be written as

—ileg+E, —epl —ep2)t

So=4 [ drg(pe , (5)

with the labels shown in Fig. 1. In (5), g(¢) is the adiabat-
ic function'? for switching on the Coulomb potential

1, |t ' <t0/2
()=
g 0, |t]>1t0/2 ©6)

-and A is the transition probability amplitude between ini-

tial and final states
(p1p2 |V |KC), 7

where V is the bare Coulomb interaction. Various au-
thors*> have shown that the momentum dependence of 4
is weak in the energy range of our interest, and hence A4
will be considered constant.

Putting (5) into (2) and using an approximation for
large ¢ (Ref. 11)

‘ f dtg(t)e™

we have

2
J()(’?',Gk)=_L4‘]‘£:‘A_Ii

2
=2mt8(v) , (8)

> D de+E.—€, —¢p),
Py (>kp) py (>kg)

9)

where (3) has been used. The normalization constant N

t-T (a) ®) (c) @

FIG. 2. (a) Diagrams describing the APS S matrix for the
zeroth-order (main band) and one-plasmon processes.



must satisfy the sum rule (4) as has been discussed in de-
tail in several publications related to photoemission.®® As
in the photoemission case, N will be approximated by

N—_—_—exp[r*(Ek)T] ’
_ where

T*(ex)=m 2 V(q)wp(q)8(6|k+q[ —€x—wp(q)) .
q(<gq,)

This approximation is related to the extrinsic contribution
in the T-matrix formalism, the only term explicitly
dependent on the time 7 of the APS process. The other
terms left out of the normalization factor N are not 7
dependent and only weakly dependent on the incident en-
ergy €, and hence do not play any essential role in deter-
mining the shape of the intensity of the APS.

Using the normalization condition N and Eq. (1) we
have for the main band intensity
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Since there is no angular dependence, in (10) we can
change it to an energy integral,

l A ' 2Ak (2m)3vT © o0 1/2
= fEF dePl fEF dePz(erepz)

T* (e )(2m)*
X8(ex+E. —€, —€p,) . (11)

2

Io(ek)

Note that this is just the self-convolution of the unoccu-
pied density of states for the free-electron theory of met-
als. Performing the energy integrals we now have the nor-
malized main band intensity function in dimensionless
units as

XO—Z
2

Io(Xo)~ (xo—l)l/z

1
I*(z)

+(x0/2)%in"M1—2/x0) | , (12

'A IzAva :
In(eg)=—pf— Sex+E, —€, —€, ).
0%k T*ex)  p, (5kp) py Ekﬂ BT where z =k /kp and xo=(€;, +E,)/Ep.
For the one-plasmon process, the S-matrix elements
(10) (see Fig. 2) can be written as
|
i ilep+E,—€, —€, it ¢t —ilew —
Su=4 3 Uy [~ digte ST [T drg (e T O (13)
K (>kp) e P ‘
" i +E,—¢€ , —-epl)t © —ile, top(g)—e , ]t
So=4 3 U, . [~ digle o [ drgne e, (4
Py (>kp)
" ile, +EC_€p1_6 )t " —i[ep +wp(q)—-e i
Se=4 3 U, . [~ dige 2 [Carge . (15)
ps (>kp)
P il +E,—€, —¢, )t o i — —E.
Sa=—A 3 Uec [ 7 dtglvse T [T arg (e e @A (16)
<

where U is the transition matrix for exciting a plasmon
Up= [ dx@(x)C(@W, (x)uj (x), a”n
with
Clg)=[w,(q)V(q)/2]'? (18)

being the plasmon coupling constant, W, the plasmon
wave, and u;(x) the conduction-band state [or core state
in the case of (16)]. For plane-wave states, (17) can be
written as

U,,::[a),,(q)V(q)/Z]l/le',l—q ’ (19)

which insures conservation of momentum at the vertices.
In our simple metal the core hole has no structure and
J

172 X
cop(q)V(q) f_+°°dtg(t)ex(m_wp(Q)~,EP‘_EPZ”

S, =id
2

1 _ei(wp(q)—ek +6,k_q[ )

O(|p;+q| —kp)

I
therefore can absorb an infinite amount of momentum (no
recoil). .

The core structure factor in (17)

f dx (X)W, (x)uc(x)

is equal to 1 at g=0 and is a slowly varying function of g.
As was done in a previous paper on Auger spectroscopy,’?
we will set this factor to 1. Thus for the core excitation of
a plasmon, (17) becomes

Ucc:=[w,(@)V(g) /2] 8¢ (20)

- which will be used in (16). Putting in the appropriate U

terms and performing the ¢’ integration, the total first-
order S matrix becomes

O(|pr+q| —kp) 1

©p(Q)—€x+e€x—q 0p(q)+€p —€p 1q] B @p(g)+€p,—€|p,4q|

o) .(21)
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As with the main band calculation, the first-order intensity function can now be written as

Il(ek).= |A IZAkUT f %‘t 2 2 2 S(Gk +E —wp(q) epl PZ)

p1>(kg) py>(kp) g <(q,)

0,V (q)
2

l_e—i[ik-—flk_‘ﬂ_mp(q)]‘r e( ,P1+q | —kF)

X

ek—e|k_q|—wp(q) Q)p(q)+€p1—élpl+q|
o(p+al—ks) 1 [ o)
©p(Q)+€,—€|p,4q)  @p(q)
In calculating (22), we use an approximation for large 7,
) )
4sin“(vr/2) —2rd(v), 4sin“(vr/2) =P£ ’ (23)
V2 v Py

where P is the principal part. Each of the ten terms in (22) can be represented by a closed diagram as shown in Fig. 3.
Figure 3(a) represents the incident electron exciting a real plasmon (extrinsic), and from (22) the intensity function is

written as

| A |*mAkvy

e 3
fiten)= [T*(ex) ]2(27T)9 ffpll >kp a’p f|Pz| >kp P2 ff‘ﬂ g e +E—wp(9) =6, —6p,)

X V(q)w,(q)8(ex —€|x—q| —@p(q)) . (24)

Figure 3(b) represents an intrinsic process where the core hole polarizes the conduction band, exciting a virtual plasmon.
This intensity is written as

IA l AkUT

YY) f b, 4P f k4 P2 f
T*(ex )(27) Ip| >kp [Py >kp Iql<q

lcore(ek) S(Gk +E wp(q)—epl—epz) . (25)

Figures 3(c) and 3(d), representing the excitation of the conduction band by two final-state electrons above the Fermi
level, are also considered to be intrinsic diagrams. After a simple relabeling of final momenta, Figs. 3(c) and 3(d) are
seen to be equivalent and their total contribution can be written as

A | 2Akv (5] —kg)
|=~ | s oy 5kp 4 P f|,, > kp 4 P2 f|q|<q pral 2
(e )(2m) 1l >kp 2| >kp A [a)p(q)+ep‘+12(p1) €|p,+q| —iZ(|p1+4q])]

I'icond(ek )=Re

XV (@op(@)8lex+Ec—0p(@) = —€p) . (26).

Note that in (26) we have replaced the bare energies by renormalized energies, i.e., €,—>€,+i2(p), where 2(p) is the
imaginary part of the self-energy on the energy shell. As indicated before,> %13 without these self-energy terms this in-
tensity function would diverge. These self-energy terms take into account higher-order interaction effects and remove

divergences.
The remaining figures represent interference terms between the various processes mentioned above and are given [Figs.

3(e)—3()] by

IA | AkUT
< —
l(ek)_Rer* (ex)(27)° flp1|>k1~‘ P flp | >kp d’p; flq|<q

p o(|p1+q| —kr)
[€x —€|x—q| "‘wp(q)][epl"i'iz(pl)'—6|p1+q| —i2(|p1+q|)+w,(q)]
O(|p1+q| —kp)O(|py+q | —kr)
[ep1+12<p1) €lp+q] —iZ(|P1+a| )+ @, (@)]l€p, +iZ(p2) —€|p, 4 q) —iZ(| P2+q ]| ) +@p(q)]

X

20(|p1+q| —kr) 1
- ; . —P
p(q)[epl—l-zZ(pl)—e}pﬁq’ —i3( lp1+q | )+a>p(q)] wp(Q)[ek-—le_,” —w,,(q)]

X V(q)wy(q)d(ex +€. —wp(q)—€p —€p,) 27
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FIG. 3. Closed diagrams contributing to the APS process ac-
companied by one-plasmon excitation.

after some relabeling of final momenta. Note that after
relabeling, 3f is equivalent to 3g and 3/ is equivalent to
3j. Renormalized particle energies have been used when-
ever the intensity function has been found to diverge.

All integrations in (24), (25), and the fourth term in (27)
have been done analytically, except the one over [q].

2p APS
ALUMINUM

(Eg =-61.40eV)

0.4

0.2

For (26) and the first and third terms of (27), numerical
integrations have been performed over |p;|, |q|, and
the angle between p; and q, while an additional numerical
integration over the angle between p, and q was required
for the second term in (27).

III. RESULTS AND DISCUSSIONS

Numerical computations have been carried out for the
2p and 1s APS intensity spectra of Al (r;=2.07,
E,=—61.4¢V for L level, and E,= —1547 eV for K lev-
el). Figures 4 and 5 give individual plasmon contributions
to the ratio I, /I, for the extrinsic, total intrinsic, and in-
terference terms, as well as the total plasmon.intensity ra-
tio I™/I,. In the presence of plasmon dispersion, the
first-order diagrams are expected to show two structures
in the APS spectra in simple metals.

The first is that, unlike the other terms, the extrinsic
term does not begin to contribute at the plasmon thresh-
old energy (e, =2Ep+w, —E,). Instead, it starts to con-
tribute at a somewhat higher energy €, at which the ex-
trinsic process becomes real. We now calculate the
minimum value of €, at which this term becomes
nonzero. This process becomes real when both energy and
momenta are simultaneously conserved, i.e., referring
back to Fig. 2 we must have

€|k—q| =€, 16 —E., (28)

or solving for ¢,

0.0

-0.2—

INTENSITY (ARBITRARY UNITS)

-0.4—4

i ' L

-0.6 } —-

eV ABOVE THRESHOLD

20eV

T T T

W, (ac) 23eV 26eV

FIG. 4. Intensity ratios for the 2p appearance potential spectrum of Al. Total intensity is shown by the dashed curve.
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. . )
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Wpac) 23ev 260V

eV ABOVE THRESHOLD —————

FIG. 5. Intensity ratio for the 1s appearance potential spectrum of Al. Total intensity is shown by the dashed curve.

g =k —kp[(p)/kp)?+(p2/kp)*—E,/Er]'/?,  (29)

this being the plasmon wave vector as a function of the
other parameters. At the threshold, |p;|=|p.| =kr,
our g value is

gr=k —kp(2—E,/Ep)'/? . (30)
Conservation of total energy can be written as

€k =€p +€p,+wp(q)—E, (31
or at the threshold,
€x=2Erp+wp[k —kp(2—E,/Ep)'/*]—E, . (32)

Solution of this transcendental equation yields the
minimum value of energy of the incident electron which
will excite an extrinsic plasmon. This energy obviously
depends on E.. For the L shell (E,=—61.4¢V) and K
shell (E,= —1547 eV) this energy takes the values 16.44
and 15.81 eV above the threshold, respectively. Note that
for the latter case, this energy is very close to the plasmon
energy wg( 15.8 eV) for Al. Figure 4 shows that at these
energies the plasmon contribution from this term for the
2p spectrum of Al starts out smoothly with a near-zero
slope. In fact, in this case close to the plasmon threshold
we have found a near cancellation of all terms, as was
found in the case of photoabsorption.'* The reason for
is that at these low incident energies, all processes (extrin-

sic, intrinsic, and interference) take place in the same spa- .

tial region resulting in a near complete cancellation of the
various terms as was noted by Laramore® and Chastenet
and Longe.® For the 1s spectrum of Al, however, the en-

ergy of the incident electron (~ 1560 eV) is not low and
the cancellation is no longer complete. This fact is evi-
dent in the calculated 1s spectrum of Al as shown in Fig.
5, where the plasmon contribution starts with a positive
slope at the threshold.

Any structures appearing in the intensity spectra are ex-
pected to become more pronounced in the derivative spec-
tra, i.e., dI (€, )/de,. In fact, since one observes the APS
spectrum superimposed on a bremsstrahlung background,
the structures in the APS are also experimentally

enhanced by using the potential modulation technique,

i.e., by recording dI (€;)/de;. Thus, it is more interesting
to calculate the derivative of the intensity. We have car-
ried out a numerical computation of the derivative of the
2p and 1s APS intensities for Al and the results are
shown in Figs. 6 and 7, respectively.

As expected, the above-mentioned structure at the
plasmon threshold (e, ~2Er —+—cog ~15.8 eV above thresh-
old) becomes more pronounced in the 1s derivative spec-
trum of Al (Fig. 7). However, for reasons discussed above
there is only slight modulation at the corresponding ener-
gy in the 2p derivative spectrum (Fig. 6).

A second structure occurs in both 1s and 2p derivative
spectra at the frequency correspondin% to the plasmon
cutoff frequency w,(q.) (=~21.2 eV >w,) above the APS
threshold. This structure is brought about by the process-
es which correspond to the excitation of a plasmon by the
two final-state electrons shown in Figs. 2(c) and 2(d). The
reason for this structure at this energy is that this is the
lowest value of €; where the plasmon excitation becomes
real. The same result occurs for the x-ray photoabsorp-
tion case, and the reader should refer to Ref. 13 for a de-
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2p APS

124 d(I,+1;)
ALUMINUM _ddgH)
dEy

(Eg=-61.40¢eV)

mwvm

00 t + t 1 } t
w p‘ 176V 20ev W, (%) 23ev 26ev

eV ABOVE THRESHOLD

FIG. 6. Derivative 2p appearance potential spectrum of Al. Note that there is a change in concavity at incident electron energy
2Er+wp(p.)—E, (=21.2 eV above threshold).-

1s APS
d(1y+1,)
ALUMINUM
d By

(E, =-1547eV)

INTENSITY (ARBITRARY UNITS)

0.0 $ i 4 ! } |

T — T

wp° 17eV 206V Wpac) 23eV 26eV

eV ABOVE THRESHOLD

FIG. 7. Derivative 1s appéarance potential spectrum of Al. Note that there are two structures present in this spectrum: one in the
form of a steep rise at 2E F+w§ —E, (=15.8 eV above threshold) and the other a change in concavity at 2Er+w,(q.)—E. (=21.2 eV

above threshold).
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tailed discussion regarding the origin of this structure. As
can be seen in Figs. 6 and 7, this structure appears as a
change in slope in both 1s and 2p derivative spectra of Al.

In the experimental 2p derivative spectrum of Al by
Nilsson and Kanski,® no significant structure has been ob-
served at an energy corresponding to the plasmon thresh-
old energy wg. This agrees with our calculation that no
major structure is expected at this energy because of
near-complete cancellation of the various terms contribut-
ing to the plasmon satellite. However, in this experimen-
tal 2p spectrum, a structure is present at approximately 21
eV above the threshold. It can be identified with the
structure we have calculated in this paper (see Fig. 6) at
w,(g.) above the threshold, even though it has traditional-
ly been attributed to the peak calculated near this energy
in the density-of-states function of Al.!* The experimen-
tal 1s derivative spectrum dI (€;)/de; of Andersson and
Nyberg? of Al is somewhat different. In this case a pro-
nounced peak is observed around 15.5 eV above the
threshold, which can be identified with the threshold
plasmon structure we have calculated at this energy (Fig.
7). A careful study of this experimental derivative spec-
trum indicates that there is a hump near 21 eV above the
threshold. This hump may be associated with the second

plasmon structure we have calculated at this energy in the
1s derivative spectrum of Al.

In conclusion, in this paper we have studied the
plasmon bands in the 1s and 2p APS spectra of Al. We
have calculated two structures in the 1s spectrum, near 15
and 21 eV above the threshold, and in the 2p spectrum
one structure near 21 eV above the threshold. These
theoretical results appear to be verified by the presently
available experimental spectra. However, as there are oth-
er structures present in the APS spectra of simple metals
due to band structure and extended fine-structure effects,
it would be useful if further experiments were performed
for more positive identification of the plasmon structures
calculated in this paper. Finally, it is interesting to note
that since the structures are expected to appear at the
threshold and cutoff of plasmon energy, their positive
identification will give an experimental estimation of the
extent of plasmon dispersion in metals.
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