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ABSTRACT
Photoelectron and Auger electron spectra are both obtained
with x-ray excitation, Using the photoelectron spectra as internal

energy standards, the energies of the prominent LMM Auger lines

in Cu, Ni, and Fe have been accurately determined. In addition,

the phctoelectron spectra provide a measure of the vacancy dis-

tribution created by the x-rays among the three L-subshells.
Thus, knowing both the energy values and the vacancy distribution,
we have assigned the three prominent Auger lines of Cu, Ni, and

Fe to be of type L;MM rather than L, MM.

it




I. INTRODUCTION

KLL Auger spectra have been investigated at length both theoretically and
expesrhnentally,1'2 but information on the Augsr transitions involving outer
shells has been rather meager. Noteworthy exceptions in this regard are the
works of Mehlhorn3-6, AsaadG, and Carlson and Krauss7'8, as well as Siegbahn
et al.2 on the L- and M-Auger spectra of the noble gases Argon and Krypton,
Recently, Harris910 obtained electron-excited Auger spectra with enhanced
signa!-to-noise ratios by taking the derivative of the electron energy dis-
tribution. Subsequently this method of signal-tc-nois® enhancement was adopted
in the low energy electrou diffraction (LEED) apparatusll=13 to produce useful
Auger spectra. Because of the low energy (<3 keV) of the incident electrons in
zuch LEED-Auger systems, for elements with medium or high atomic¢ numbers,
mostly Auger transitions involving outer shells are observed. Current efforts
to explore the potential usefulness of su:h spectra in the study of surfaces,
chemical effects, and elemental analysis have given impetus to, and intensified
interest in, the systematic survey of outer shell Auger Transitions14, Underly-
ing the observation and correct indexing of such spectra are the also theoretically
pertinent quantities such as Auger and Coster-Kronig yields and transition
rates.

In this paper the LMM Auger spectra of Cu, Ni, and Fe obtained by low
energy x-ray excitation will be examined and the results compared with results

obtained by electron-excitation12:14, The most important difference between
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electron-excited and x-ray-excited electron spectra lies in the fact that only
the Auger lines are characteristic of the sample in the former case, whereas
in x-ray excited spectra both pliotoelectron lines and Auger lines are char-
acteristic of the sample. Because ihe position of the photoelectron lines is
accurately known, an internal energy calibration standard exists for the lesser
known Auger lines. Another difference in the present context is, because of
the inherently high signal-to-background ratio of x-ray-excited spectra, no
differentiation of the energy distribution is necessary. The peak position can
be determined directly from the spectra rather than from the slope of the
differentiated spectra. Based on present data, a somewhat different assigriment
for the prominent LMM transitions in Cu, Ni, and Fe will be presented and

discussed,

II. EXPERIMENTAL METHOD

The detailed features of the instrumentation used in this experiment have
been reported elsewherel®, An oil-diffusion pump system operating at 10~ ©
torr houses a Deslattesl®-type soft x-ray tube and a hemispherical electro-
static analyzer. The electrons are pulse-counied by a channel electron-multiplier;
a multichannel analyzer operated in the multiscaler mode displays the energy
spectra. Two modes of operation are employed. In one, the sample and the
entrance slit of the spectrometer are kept at ground while the potential across

the hemispheres is varied by a linear voltage-ramp generator. In this mode of
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operation the percentage energy resolution AE/E stays constant, thus it is used
to observe the overall coarse features of the spectrum. In the owaer mode, the
spectrometer is set to accept 200-eV electrons while the voltage-ramp is used
to supply a varying retarding potential on the sample". Because the absolute
energy resolution AE is constant in this mode, it i8 useful for obtaining more
precise measurements of the finer features of a spectrum, A block diagram of
the instrumentation is shown in Fig, 1.

Samples were made from pure copper, nickel, and iron foils, and the
sample surfaces were routinely cleaned by Argon- or Nitrogen-ion bombard-
ment, Without such treatment, it was difficult to obtain any spectra of reasonable
quality.

Since the position of Auger lines, unlike the position of photoelectron lines,
is independent of the energy of the exciting radiation, both Al Ka‘ 2 (1487 eV)
and Mg K“l.z (1254 eV) x-rays were used tc ensure that the photoelectron and
Auger lines would be clearly distinguishable from each other. These different
x-ray sources also served as two independent energy calibration standards for

the Auger lines.

111, RESULTS
The overall spectra of Cu as excited by Al Ka1 2and Mg Ka‘ , X~Tays

are shown in Figs. 2A and 2B on a common energy axis. These spectra were

obtained by scanning the spectrometet' as described by mode A of Fig. 1. With
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the Al K“x.z x-rays, photoelectron lines from the Ly, Ly, Ly, My, and
M, 11 Shells, and the 3d4s bard of Cu, are all clearly displayed (Fig. %A).
Because of their lower energies, and consequently lower escape probabilities
from the sample, the L photoelectron lines excited by the Mg K a, ,X-Taye are
less clear (Fig. 2B). As expected, the features of the prominent Auger peaks
remain unchanged in both spectra.

In Fig. 2, the photoelectron lines appear on both the low and high energy
sides of the Auger peaks; therefore they serve as excellent energy standards
for the precise location of the Auger peaks. For this purpose, the following
procedure was adopted: The three regions containing L, ,,; photoelectrons,
Auger, and M photoelectrons were scanned separately under high resolution by
varying the retarding potential on the sample and setting the spectrometer to
accept 200-eV electrons. These spectra are displ:yed in Figs. 3, 4, and 5
respectively, The tabulated binding energy of L, was taken from Reference 2
tc compute the correct energy of the L;,,; photoelectron line. This value was
then assigned to the L, , line in Fig. 3. In this fashion, the work function of the
spectrometer was implicitly accounted for. Using the L, peak as a reference,
the positions of all the other photoelectron peaks were deduced from only the
experimental data shown ir Figs. 3 and 5. These peaks were then compared with
theoretical values to reassure that the instrumentation had linearity and had

functioned properly. Instrumental accuracy both below and above the Auger

region thus established, the energies of the Auger peaks themselves (Fig. 4)




could be determined and error limits assigned. Error limits are caused
mainly by the broadness of the Auger peaks, and in some cases poor counting
statistics. For redundancy, the same procedure was repeated for the spectra
excited by Mg K“t.z x-rays. The analogous set of Ni spectra shown in Figs,
6-8 was also analyzed in the same way. Statistical fluctuations made it difficult
to assign values to the fine structures in the Auger spectra other than to the one
labelled as A4 in Ni and Cu.

The Al K“x excited Fe spectrum is shown in Fig. 9. Because of the use

\

of Al K“:.z radiation, there is an unfortunate overlap between the L, photo-
electron peak of Fe (641 eV) and the A2 Auger peak (644 eV). However, judging

from the relative intensities of L, L;;; /L; in Cu and Ni, the L, photoelectron
peak should cause little distortion on the position of the A2 Auger peak, Due to

the high background, the A4 Auger peak cannot be seen with Al K“x.z X-rays.

Unfortunately, in our case, the Mg KaLl ) x~-rays did not give sufficient intensity

to provide a high quality Fe Auger spectrum,

IV, DISCUSSION
The energies of the LMM Auger peaks established in our experiment are,

12,14

in general, lower than those obtained through electron-excitation as shown

in Table I,

The following equation 18,19 ig often used to calculate the approximate

energies of the various Auger transitions,




Exy (Z) = E (2) = Ex(Z) - Ey(2)

- AZ [E,(Z+1) - E\(2) (1)

where E, xy(Z) is the energy of the LXY Auger electron of an atom with atomic
number Z, and E, (Z), E,(Z) and E (Z) are, respectively, the binding energies
of the atomic levels L, X, and Y of the neutral atom, and E,(Z + 1) is the
binding energy of the Y level of the atom one atomic unit higher, The last term
which includes the "effective incremental charge"ls. AZ, is used to account for
the increase in binding energy of the Y level when one electron is missing from
the X shell. This AZ value is empirically determined and usually falls between
0.7 and 1.320; the average can be taken as 1. In the present context, because
no AZ value is available, it is given an average value of 1 which reduces

equation (1) to the familiar form21;

Exy (Z) = E_(Z2) - Ex(Z) = Ey(Z+1). (2)
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(It should be pointed out that final assignment of the Auger lines based on the
present data is not affected even when AZ is chosen to be 0, although the energy
agreement is much poorer,)

A table is made up of all the possible LMM transitions in Cu, Ni, and Fe
using Equation (2). Strictly speaking, this form of classification of Auger
transitions implies j-j coupling of the final vacancies in the outer shells. How-
ever, because of the relatively coarse resolution and insufficient counting
statistics of the present data, it is possible to assign correctly only the most
prominent Auger lines to a given Auger group. This form of classification
should be adequate.19

Table {I shows that, for all the samples, Al and A3 peaks can be unambig-
uously assigned to the transitions L,M, ,M, , and LM, .M, respectively,
A2 is closer in energy to L, M, M, than L M, ,M, ; when EM4,5 (Z + 1) is used
to calculate the energy of L,M, ;, M, . transition. But when E"'z.s (Z+ 1) is
used, (it is equivalent to writing L, M, .M, , as shown in Table II), A2 becomes
equally close to L,M, M, and L,M, ;M ,  for Cu and Ni, and closer to
LM, M, for Fe. A4 agrees equally well with either L,M, ;M, , or
L,M, ;M, . in Cu and Ni. Dezpite these seeming ambiguities, A2 is assigned
tobe L,M, ;M, . and A4tobe L,M, ;M , for the following reasons: In a
specific experimental geometry, at a given x-ray energy, and for a given atomic
species, the intensity of a photoelectron line depends on several factors — the

photoelectric cross section of the sheil or subshell from which the electron is
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ejected, the angular distribution of the ejected photoelectrons from that shell,
the escape probability of photoelectrons from the sample with the ejected
kinetic ecnergy, and the detection efficiency of the spectrometer-detector system
for electrons with this energy. In the case of L, and L, photoelectrons with
almost equal kinetic energies, most of the factors mentioned above are also
ejual. Therefore, their relative intensities give a qualitative indication of their
relative photoelectric cross sections. However, the fact that the L, line is
superposed on the low e¢nergy continuum of the L ,,, line gives an exaggerated

indication of high intensity to L Thus, our data indicate that at Al K

u 1,2

x-ray energies, the L |, photoelectric cross section is about a factor of 2

larger than that of the L, shell in Cu, Ni, and Fe. The kinetic energies of the

L, photoelectrons are ahout 150 eV to 200 eV lov'er than those of L, and L, ;

their escape probability, therefore, is also expected to be lower. It is quite
obvious from Figs. 2 and 6 that, even allowing for the reduced escape probability,
our data show that the photoelectron intensity of L is far below that of L, and

L This is in agreement with other experimental?2 data and theoretical?3

190 G

calculations where the Lx/ L, + L, ratio in the region of our x-ray energy and

I11

atomic number is expected to be about 1/5.5. Therefore, it can be concluded
from these photoelectron spectra that among the three L shells most of the

ionizations (perhaps 85%) take place in the L, and L, shells, and that the

I1

L, shell is about 2 times more highly ionized than the L, shell. Furthermore,

since practically all the L vacancies will be filled in this Z-region via Auger or
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Coster-Kronig transiti,ona“, one expects the L,MM Auger transitions to
predominate strongly over those of L,MM; the L, MM transitions should be
barely observable., Based on these observations A2 is assigned to Le

L3M2’3M4.s rather than L M\ M,, and A4 to be LM M, rather than

2774, '8

LiM;sMy, ;e

One must mention in this connection the L, L, , M, , Coster-Kronig transi-
tions, Thie is another mechanism which tends to suppress even further the
L,MM intensity and enhance the LSMM/LQMM intensity ratio. In this region of
atomic number where Coster-Kronig transitions of the L, L, .M, . type are
energetically possible, the transition rates are much higher than the L, MM
Auger rates?4, Thus, it is expected that the majority of the vacencies created
in the L -shell will be filled by an L, or Lm-shell (rather than on M-shell)
electron, and an M, ; -shell electron will be ejected in the process. This will
shift the original photoelectric vacancy distribution to favor the L, and L, ~
shells even more, Callan2b has shown that the total L,L, , M, ( Coster-Kronig

rates essentially vary linearly with atomic number in this region. In addition,

he hits shown that the partial rate of L, L, M, . is about twice that of L, L, M 4'526.

This further enhances the Lm/LII vacancy ratio and, consequently, the

LSMM/ L, MM Auger intensity ratio. Although the L, MM and L, MM Auger transi-

tions following a Coster-Kronig transition of the L, L, ;M, , type will have a
slightly higher energy due to the initially doubly-ionized atom, the amount of

this shift will be small and probably not resolvable in the present experiment,




1]

V. CONCLUSION
Using the available photoeiectron spectra as energy standards, as well as
a measure of the relative ionization cross~-sections among the three L-subshells,
the energies of the three prominent Auger lines in Cu, Ni, and Fe have been

determined and assigned to be the transitions L,M, ;M LM, M, ,,and

2,3
L,M, M, ¢ (A fourth small Auger peak was assigned to the transition
LM, M, s») This differs from the L, MM assignment obtained by electron-
excitation!?14, The difference may be instrumental in origin or it may lie in a
different relative ionization cross-section among the L-subshells under electron-
excitation. However, even with electron-excitation, at electron energies about

twice that of the L-shell binding energies the L:L ,:L,;, vacancy ratio is

I
rxpected to be essentially (to within 10%) that of the electron pcpulation ratio

of 1:1:227, This ratio will in turn favor L,MM transitions over those of L, MM.

During the writing of this paper, we obtained a chart of Auger electron energies

based on electron-excitation data prepared recently by Y. E. Strausser and

J. J. Uebbing of Varian Associates. The energies of their Auger lines,

judging from the logarithmic scale of the chart, seem to be comparable {o our

values; they are given the same assignment as ours, The discrepancy between .
theii chart and references 12 and 14 puts futher emphasis on the need for

additional information to serve as criteria in assigning Auger transitions. The

data presented in this paper show that such additional information is readily

available from the photoelectron spectra. Further and more systematic study

SRR E e
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of the LMM Auger lines using x-ray excitation under higher resolution and

higher intensities is hopefully recommended.
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TABLE 1
Comparison of the prominent LMM Auger electron energies obtained by
x-ray excitation (this work) and by electron-excitation12,14,
N *
Auger peak Refs. 12, 14 This work
3 Element
- designation eV eV
o Fe Al 605 59343
A2 655 64443
4 A3 710 7042
Ry Ni Al 720 71043
A2 790 77542
e A3 860 84742
e A4 8642
Cu Al 795 769+3
. A2 875 839+2
A3 950 91912
A4 93742




. |
experimental values of this work. Numbers in bracket show possible assign-

ment from energy alone but discarded owing to other considerations as

discussed in the text, *The experimental value oi this line agrees better with .

the calculated value in which EM:; (Z + 1) is used rather than EM“ (Z + 1),

|
|
16
TABLE 1II
Comparison of calculated LMM Auger energies using Equation (2) with the

Peak Trans- Calc. Exp'l Calec. Exp'l Cale. Exp'l
desig. ition Cu Ni Fe
A2 L, M, M, 841 (839) 776 (775) 650  (644)
L, M, M,, 890 822 691
L, M, M, 969 894 748
A4 LM, M,, 936  (937) 866  (864) 730
L1M2,3 M4.5 1015 938 787
L1M4,5 M4,s 1087 1003

L,M;M, 695 640
L,M,M,, 744 686
L,M, M, 823 758
L,M,,M,, 790 730
L,M,, M, 869 802

i S— - e - -~ 8 o i e e i
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Peak Trans- Cale, Exp'l Calc. Exp'l Calc, Exp'l
desig. ition Cu Ni Fe
A4 L,M 4 Mys 941 937 867 864 714
LM, M, 675 623 514
L,M,M,, 724 669 555
LMM,, 803 741 612
Al LM, M, 770 769 713 710 594 593
R A2 *LM,, M, 849 839 785 775 651 644
- A3 LM, M, 921 919 850 847 701 704
I A2 *LM, M, 842 839 M 15 644 644
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FIGURE CAPTIONS
Fig. 1 Block diagram of instrumentation. Mode A. Scanning the spectrometer,
AE/E is constant, Mode B, Scanning the sample, AE is constant,
Fig. 2 Overall electron spectrum of Cu, scanning the spectrometer. 2A,

Al K“x ) excitation, 2B, Mg K"'x . excitation,

1] ]

Fig. 3 L,, and Ly; photoelectron lines of Cu (Al K"'t ) )« Scanning the sample.

Ll

Fig. 4 Cu Auger electron lines, Scanning the sample.
Fig. 5 M photoelectron lines of Cu (Al K, ) )« Scanning the sample,
1,

Fig. 6 Overall electron spectrum of Ni (Al K~ ). Scanning the spectrometer.
1,2

Fig. 7 L; , Ly photoelectron lines and Al, A2 Auger lines of Ni (Al Ka1 2).

Scanning the sample,
Fig. 8 Ni Auger electron lines, Scanning the sample.
Fig. 9 L, , L,; photoelectron lines and the Auger lines of Fe (Al K(,,1 2).

Scanning the sample,
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