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An alternative explanation for the origin of the K3’ satellite of the K3, ; x-ray emission
line of the first transition elements (21 <Z <29) has been given using the Bohm and Pines
theory of plasma oscillations in solids. The present calculated values for the energy
separation (AE), and the relative intensity of the K3’ satellite with respect to the K3, ; x-
ray emission line, agree better with the experimentally observed values than the values
calculated by the exchange-interaction theory of Tsutsumi et al., Salem et al.,, and Ekstig

et al.

I. INTRODUCTION

X-ray satellites are relatively weak lines often
observed close to the main x-ray diagram lines.
The energy of these lines cannot be expressed as
the difference of two levels in the conventional
energy-level diagram. For this reason these satel-
lite lines are often called nondiagram lines. There
exist a number of theories' ~> which can satisfac-
torily explain the origin of those x-ray satellites
which are found on the high-energy side of the x-
ray diagram lines, often abbreviated as high-energy
satellites (HES). However, there is no theory which
can account for the existence of the low-energy sa-
tellites (LES) which are found on the low-energy
side of the parent diagram line. In particular, the
origin of the K3’ satellite of the K3, 3 emission
line, which have been observed by several work-
ers*=!7 in the elements (21 <Z <29) of the first
transition series, lack proper explanation.

Several researchers*~!" have proposed from time
to time explanations for the origin of the K3’ satel-
lite. Tsutsumi,’ Parratt,'® and Ekstig et al.'® have
reviewed the various theories for the KB’ satellite;
however, none of these theories can account satis-
factorily for either the energy separation or the re-
lative intensity. In this paper, we propose a theory
based on plasmon oscillations in solids and com-
pare our results with earlier theoretical and experi-
mental findings.
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II. PREVIOUS THEORIES

Deodhar’s theory based on double ionization®
and Sawada’s theory invoking two-electron transi-
tions’ were both rejected by Tsutsumi’ since the
observed excitation voltage for the K’ satellite is
lower than what is predicted by both these
theories. Parratt!® proposed that the K’ satellite
originated from 1s hole states with excited valence
electron configuration (VEC) states but his hy-
pothesis was disapproved by Schnopper,'® who stu-
died the K’ satellite of 1s hole states of Mn ori-
ginating from K capture of **Fe and found no
difference to the emission from states produced
with electron excitation. In the former case there
would be little change in the effective potential ex-
perienced by the valence electrons and thus low
probability for the production of VEC states com-
pared with the electron excitation method. Coster
and Druyvesteyn® had proposed that the K’ struc-
ture originates from the interaction between a hole
and the incomplete 3d shell. This hypothesis was
extended by Tsutsumi’ and Tsutsumi ez al.'!?
According to them the origin of the Kf' line is
derived from the exchange interaction between the
electrons in the incomplete 3d shell of elements in
the first transition series and the hole in the incom-
plete 3p shell, owing to the emission of the K, ;
line. Thus, the Kf3; ; and KB’ lines are emitted by
transition to the states having the total spins equal
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toS +% and S — %, respectively, where S is the to-
tal spin of the incomplete 3d shell and % is that of
the incomplete 3p.she11 in the final state having
one vacancy in the 3p shell, owing to the transition
of an electron from the complete 3p shell to the 1s
shell by the emission of the KB, ; line. A similar
theory has also been proposed by Salem et al.!” ac-
cording to which the exchange interaction between
the 3d and 3p electrons splits both levels, causing
some of the electrons in the 3p state to move to
lower energy levels; transition from these levels ap-
pear as the K3’ emission satellite on the low-
energy side of the KB, ; line. The energy differ-
ence between K 3 and Kf' lines would then cor-
respond to the difference between the exchange en-
ergies of S +% and S —% states. The exchange in-
teraction of the state having a total spin (S +s5) is
given by!*%

—3J(144S"s),

where J is the exchange integral,?! S is the total
spin vector of the incomplete 3d shell, and s is that
of the 3p shell. For the transition metals, J can be
expressed in terms of Hartree-Fock-Slater inte-
grals’! G! and G* as

J=[7G"(3p,3d)+ G (3p,3d)] . gy

[There is a printing error in the paper of Salem

et al.'’ in the numerical coefficient of G* in Eq.
(1). The correct numerical coefficient of G
should be ;35— rather than % as mentioned in Ref.
17.] The values of G' and G* have been computed
by Mann.?? The magnitude of the energy differ-
ence AE between the exchange interaction for

S +% and for § -—% states is given by

AE=J[(S+5)S+75+1)
—(S—3NS—3+D]=J(25+1). ()
From Eqgs. (1) and (2) we can also have

AE=[+G'(3p,3d)++G*(3p,3d)]2S+1).  (3)

The relative intensity I'/I of the K’ to Kf3; ; lines
is estimated from the ratio of the multiplicity of
each state, that is,

25 —7)+1 s
2AS+4)+1 S+

Using Egs. (3) and (4), Tsutsumi et al.>'"!2 have
calculated the values of AE and i for some transi-
tion elements. However, their results give only an
order of magnitude agreement (see Tables II and

i=I'/I= 4)

IID). Ekstig et al.'® have also tried to explain the
origin of the Kf3' satellite by considering the initial
state of the emission process as consisting of the 1s
hole coupled to the ground term of the correspond-
ing 3d" configuration. Assuming that this d” term
has the orbital angular momentum L and the spin
S0, the two new 1s3d" terms can be described by
the quantum numbers (L, S+ %) and

(Lo, So— %). The energy splitting between these
two terms estimated from Clementi’s®® wave func-
tions is of the order of 0.04 eV. It is obvious that
this splitting is too small to be observable.

The final state of the K3, ; emission has the
configuration (3p>3d™), that is, the original 1s hole
has been filled by a 3p electron. In general, six
terms arise with quantum numbers L=L,—1, L,
or Ly+1and S=S—7 or S+5. Here all hole
states are described in the frozen electron approxi-
mation, that is, with the same orbital wave func-
tion as the neutral ground state. Under these cir-
cumstances, and neglecting the energy dependent
factor, Ekstig et al.'® have shown that the relative
transition probabilities are proportional to (25 +1)
(2L +1), the same result as that obtained by Tsut-
sumi et al.>'""'2 and Nefedov.'*

Recently, Salem et al.!” have studied the low-
energy Kf3' satellite in the K3, 3 x-ray emission
spectra of transition elements Sc, Ti, V, Cr, Fe, Co,
Ni, and Cu, both in the metallic state, as well as in
the following oxidized states: CuO, NiO, Co;0,,
Fe,03, MnO,, Cr,0;, VO, and TiO,. They have
compared their observed values with the calculated
values obtained from formulas (3) and (4) of Tsut-
sumi et al.>!'12 for the energy separation and rela-
tive intensity, respectively. They have also stated
that the exchange interaction between the 3d elec-
trons and the 3p hole in these metals causes some
of the 3p electrons to move to lower energy levels.
Transitions from these levels appear as the satellite
K3’ on the low-energy side of the diagram line
K, ;. However, as shown in Table III and Fig. 2,
there is considerable disagreement between the ob-
served and the calculated values of the relative in-
tensities of the K3’ satellites. Furthermore, Salem
et al.'” have not given any calculated numerical
value for the energy separation and relative intensi-
ty of the KB’ satellite of the following oxidized
states: TiO,, VO, Cr,03;, MnO,, Fe,0;, Co;0,,
NiO, and CuO.

It was therefore thought of interest to attempt to
explain the origin of the K’ satellite by an alterna-
tive theory. We present in this paper a theory
based on plasmon oscillations. Though the
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exchange-interaction theories of Salem et al.!” and
Tsutsumi et al.>112 may also be valid, it will be
seen that our calculated values for relative intensity
and energy separation are in better agreement with
the experimental values than are the values calcu-
lated on the basis of exchange-interaction

theories. 111217

III. PLASMON THEORY

The theory of plasmon oscillation in solids is
fairly close to the suggestion of Blochin® in that
part of the energy quantum of the K3, 3 line may
be absorbed by 3d electrons giving rise to the low-
energy Kf3' satellite. This approach was quite ap-
propriate but Blochin could not explain how much
energy will be shared by the 3d electron and what
might be its final state. Tsutsumi’ rejected the
above approach without assigning any reason.

According to the plasmon oscillation theory,
during the x-ray emission process, the transiting
valence electron excites a plasmon in the valence
band. The transition energy of the KB, ; line will
thus be shared between the plasmon and the emit-
ted photon which will thus be deprived of an ener-
gy equal to the plasmon energy (%iw,) used up in
exciting the plasmon. Thus, this process will give
rise to the emission of a low-energy x-ray plasmon
satellite Kf'. Such low-energy satellites have been
observed by several workers®*~32 in several metals
and their compounds, and a few of them have been
explained by the theory of plasmon oscillation
merely on the basis of their energy separation from
the parent emission line. In the present paper, we
use the plasmon oscillation theory to calculate not
only the energy separation but also the intensity of
the low-energy satellite K3’ relative to the parent
diagram line KB, ;. It is seen that there is fairly
good agreement between our calculated values and
the observed values of Salem et al.’>~!" and Tsut-
sumi et al.>'"12 for both the energy separation as
well as the relative intensity except in Sc, where
the d level has just one electron, and in Cu, where
the d shell is almost completely filled.

IV. ENERGY SEPARATION (AE)
OF THE KpB' SATELLITES

According to what has been said above, the ener-
gy separation (AE) of the low energy KB’ satellite
from the KB, ; (KM ;) emission line should equal
the quantum of plasmon energy #iw, which can be
calculated by the formula given by Marton et al.®?

as 172

Zo
fico, =28.8 W eV (5)

b4

25

where Z is the effective number of electrons taking
part in plasmon oscillations, o is the specific gravi-
ty, and W is the molecular weight.

Equation (5) is valid for the free electron model,
but to a fairly good approximation it can also be
used for semiconductors and insulators. According
to Kittel,** plasma oscillations in dielectrics are
physically the same as in metals. This fact can be
substantiated by the work of Raether,** and Philipp
and Ehrenreich®® who have shown, after taking
into account the band sctructure of solids, that the
plasma frequency for dielectrics is

2
@p

(1—58¢y) ©

op=

where 8¢, is a very small quantity, and can be
neglected in a first approximation. Philipp and
Ehrenreich®® have shown that the calculated values
of #iw, and #iw,, are in fair agreement with their
observed values of plasmon energy for dielectrics.

The recent data®’~* on the plasma loss values
in transition elements show that the effective num-
ber of electrons taking part in plasma oscillations
is one, because from Sc to Cu (3d"4s ), the d elec-
trons are highly localized, and so only the 4s' elec-
tron can take part in plasmon oscillations. Thus,
the value of Z is one for all transition elements in
Eq (5). This fact has also been shown recently.*
Glasstone*! has shown that in the case of oxygen
the number of unpaired electrons is two. Hence,
Z =2 for oxygen. Taking the values of Z, o, and
W from Table I and using Eq. (5), the values of
plasmon energy (%iw,) have been calculated (see
Table I). They are found to be fairly close to the
experimentally observed!” values of the energy
separation (AE) of the K’ satellite from K, ; em-
ission line (see Table II and Fig. 1). In the case of
metals, volume plasmons are excited (see Tables I
and II), while in case of oxides, only surface
plasmons are excited. Thus, the KA’ satellite in
transition metals is due to the excitation of volume
plasmon, while in case of compounds it is due to
surface plasmon excitation. Hence, from energy
considerations alone, the K3 satellite in transition
elements and their compounds can be regarded as
being due to the excitation of volume and surface
plasmons, respectively.

V. RELATIVE INTENSITY
OF THE KB’ SATELLITE

Further confirmation of the origin of the Kf3’
satellite can be made by calculating intensity rela-
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TABLE 1. Plasmon energy of transition elements.

L)
fiw, = V3
Surface
fiw, = plasmon
Serial  Element/ 28.8VZo/W loss s
No. compound Z o w (eV) (eV) re= 4;('01 ! ]
p
1 Sc 1 25 44.96 6.79 3.6377
2 Ti 1 45 47.90 8.83 3.0533
3 TiO, 5 3.84 79.90 14.12 9.98 2.8140
4 \% 1 596 50.95 9.85 2.8387
5 VO 3 5.758 66.95 14.63 10.34 2.7483
6 Cr 1 720 52.01 10.72 2.6830
7 Cr,0; 8 521 152.02 15.08 10.66 2.6930
8 Mn 1 720 54.94 10.43 2.7325
9 MnO, 5 5.026 86.93 15.48 10.95 2.6452
10 Fe 1 7.86 55.85 10.80 2.6697
11 Fe,04 8 5.24 159.70 14.76 10.43 2.7325
12 Co 1 890 58.94 11.19 2.6073
13 Co304 11 6.07 240.82 15.16 10.72 2.6830
14 Ni 1 8.90 58.71 11.21 2.6042
15 NiO 3 745 74.69 15.75 11.14 2.6151
16 Cu 1 892 63.54 10.79 2.6713
17 CuO 3 640 79.54 14.15 10.01 2.8084
TABLE II. Energy separation (AE) of the KB’ satellite lines.
Tsutsumi et al. Salem et al.
(Refs. 9, 11, 12) (Ref. 17) Authors
AE AE AE
Serial Element/ Calc. Obs. Calc. Obs. plasmon loss
No. compound (eV) (eV) (eV) (eV) (eV)
1 Sc 371 5.73+0.86 6.79
2 Ti 6.22 7.08+0.71 8.83
3 TiO, 5.08+0.70 9.98
4 A% 9.07 10.24+1.09 9.85
5 VO 9.51+1.0 10.34
6 Cr 1.77 8.3 13.35 11.04+1.11 10.72
7 Cr,0; 5.88 12.8 10.62+1.1 10.66
8 Mn 3.55 9.02 15.65 12.28+1.2 10.43
9 MnO, 7.36 14.72 12.87+1.3 10.95
10 Fe 13.84 11.71+1.2 10.80
11 Fe,03 9.72 14.19 13.36+1.3 10.43
12 Co 11.69 11.54+1.1 11.19
13 Co;0, 12.19+1.2 10.72
14 Ni 9.22 12.98+1.9 11.21
15 NiO 11.29+1.7 11.14
16 Cu 0.00 12.34+2.4 10.79
17 CuO 12.81+2.5 10.01
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FIG. 1. Comparison of our results for the energy
separation of the K3’ satellite with respect to the K3, ;
x-ray emission line in transition elements with the re-
sults of Salem et al.[O authors; X, Salem et al. (obs.);
A Salem et al. (calc.)].

tive to the K3, ; line. Langreth*’~* and Chang

and Langreth® have developed a general theory to
explain the presence or absence of plasmon satel-
lites in soft x-ray spectroscopy (SXS), x-ray pho-
toelectron spectroscopy (XPS), soft x-ray appear-
ance potential spectroscopy (SXAPS), etc., experi-
ments, and differentiated between extrinsic and in-
trinsic coupling processes. An extrinsic effect is
generally associated with an energy-loss process,
while an intrinsic effect is important for plasmon
satellites. They have further classified the intrinsic
effect into two types of processes: (1) those in
which the number of slow electrons is not con-
served, e.g., in SXAPS and XPS, etc., experiments
and in which case plasmon satellites will be strong
if the coupling constant is sufficiently large; and
(2) those in which the number of slow electrons is
conserved, e.g., in SXS experiments and in this
case plasmon satellites will be weak even though
the coupling constant itself, may be large.

Following Langreth*® the transition probability
P(w) per unit time per unit energy range at energy
#iw for the emission of a plasmon satellite is given
by

_a "
P(m)=|f|2§e dms(w——fh—awp'f‘nwp), (7)
where a, the coupling parameter,** =% is given by
2
e qmax
=——~0.12r, , 8
a ' 7 (8)

f is the matrix element for the process, g, is the
plasmon cutoff wave vector, and r is a dimension-
less parameter*® given by

a7.11 |77

fico,

9)

rs

The weight factor e ~%a"/n! in Eq. (7) represents*?
the strength of the nth satellite (n =0 represents
the main peak). Thus, the relative intensity of the
first plasmon peak to the main peak in fluorescent
excitation is given by

1,
i=—=a=0.12r, . (10)
Iy

The coupling parameter a can further be modi-
fied*’ by taking into account the effect of “slow-
fast” interference terms which produce the cancel-
lation when a “slow” charge is conserved. The ef-
fect*?=% of the interference term is to modify a to
a new coupling parameter:

6'2

F, 11
70 (11)

a'=a—

where F is a slowly varying function of velocity
and has a value very nearly equal to unity. The
value of (e2/#v) has been calculated*>—* to be of
the order of 0.1 for incident energies of the order of
keV, so that @’ is given by

e?
a =a—;i;=0.12r,—0.1 . (12)

Thus, using Egs. (9)—(12) we have the relative in-
tensity of the K3’ satellites as
I,
i=—=a'=0.12r,—0.1 . (13)
I,

The calculated values of i for transition metals and
their oxides are given in Table III, in which the
results have also been compared with those of oth-

0.8F
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T oout
9 ! i
° o
0.2k & ° o o o o
¥ Ed i
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0.0 n " L L ! L L L L
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z

FIG. 2. Comparison of our results for the relative in-
tensity of the KB’ satellite with respect to the K, 3 x-
ray emission line in transition elements with the results
of Salem et al. The symbols in the figures stand for the
following: O, authors; X, Salem et al. observed; A,
Salem et al. calculated.
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TABLE III. Relative intensity i of the K’ satellite lines.

2843

Tsutsumi et al. Salem et al.
Serial Elements/ (Refs. 9, 11, 12) (Ref. 17) Authors
No. compound Calc. Obs. Calc. Obs. Calc.
1 Sc 0.33 0.069+0.01 0.34
2 Ti 0.5 0.102+0.01 0.27
3 TiO, 0.6 0.183+0.027 0.24
4 \% 0.6 0.163+0.016 0.24
5 VO 0.250+0.025 0.23
6 Cr 0.23 0.26 0.71 0.234+0.023 0.22
7 Cr,0; 0.60 0.39 0.292+0.029 0.22
8 Mn 10.34 0.11 0.71 0.302+0.030 0.23
9 MnO, 0.60 0.14 0.326+0.033 0.22
10 Fe 0.37 0.66 0.344+0.034 0.22
11 Fe,0; 0.71 0.33 0.394+0.039 0.23
12 Co 0.6 0.157+0.016 0.21
13 Co;0, 0.255+0.026 0.22
14 Ni 0.5 0.112+0.020 0.21
15 NiO 0.062+0.02 0.21
16 Cu 0.0 0.062+0.020 0.22
17 CuO 0.063+0.02 0.24

er workers. It will be seen that the observed rela-
tive intensities of the K’ satellite are in better
agreement with our calculations than with those
obtained on the basis of exchange-interaction
theories. However, the data plotted in Fig. 2 sug-
gest that in addition to the plasmon oscillation
processes, probably exchange interaction may also
be contributing to the origin of the low-energy Kf3'
satellite.

VI. CONCLUSION

The values of the energy separation AE of the
K’ satellites experimentally observed by Salem
et al.'®'" are found to agree better with our calcu-
lated values than with the values calculated by
these authors themselves on the basis of exchange-
interaction theories. In the case of oxides there is
no theoretically calculated data to compare with,

but our calculated values agree fairly well with the
observed values of Salem et al.!®!7 The calculated
values of the relative intensity from the present
theory (see Table III) also agree better with the ob-
served values except in Sc, where the d level has
only one electron, and in Cu, where d shell is al-
most completely filled. However, the data plotted
in Fig. 2, suggest that possibly both plasmon oscil-
lation and exchange interaction contribute to the
origin of the K’ satellite.
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