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ABSTRACT

Auger Electron Svectroscopy (AES) has been used to
investigate the Lanthanide rere eerth series. ©Spectra
obteined with a cylindrical mirror énalyzer have been
identified in X-ray notetion for transitions between
atomic energy levels. Systematic shifts in energy with
increasing atomic number have been tabulated and described.
Intensity variations between peaks are shown in reproduced
spectra and described in semiquantitative terms.

Ionization loss peaks have been used to identify
transitions and supplement X-ray data for the lcwer energy
levels. Comparison between the data reveals large differ-
ences for energies less than 160 eV. Calculated Auger
energies are shown to be ih close agreement with experi-
ment only if ionization loss data is empioyed.

Calibration of Auger energies by reference to elastic
backscattered electrons is discussed. A constant differ-
ence of 4-5 eV is found between Auger energies thus cali-

brated and previously reported data.

ix



CHAPTER I
AUGER ELECTRON SPECTROSCOPY

INTRODUCTION

Auger Electron Spectroscopy (AES) uses the character-
istic kinetic energy of Auger secondary electrons to
identify surface species. An electron-stimulated second-
ary emission spectrum (Fig. 1) includes.a true secondary
background, an elastic peak, characteristic ionization
losses due to interaction of the primary beam with target
atoms, plasmon losses and gains-~--the result of guantum
transfers to and from cuantized electron cloud vibrations,
and Auger electrons. The last are produced during the
return of ionized atoms to ground state. The process
(Fig. 2) involves in general an initial ionization W,
electron transition from energy level X, and emission of
an electron bound in level Y. A WXY Auger electron has

kinetic enerzy
KBy = By - Ex - EY

where B, EX; and Ey are energies for levels W, X, and Y,

respectively.
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To the first approzimation W, X, und Y are K-rny
atomile cnerpgy leovelo, snd the WXY nototion employs X-roy

7

designations X, Ly, Ly, Ly, M1, elc. The error in using

atomic levels for icns is apparent. To caleculote Auger

$

energies Ey 1is generally nodified(l) to

w(z) = By(2) - AzfBy( - 1) - By(2]]

where AZ is an emvirically determined variable between O
and 1.0--usuzlly 0.7, BEy(Z + 1) and Ey(Z) are the energies
of the Y stomic energy level for elements Z and Z + 1,
respectively. A further correction(2> symmetrizes the
Auger enervgy

KE, = By - By - EY
since the atomic energy states after both WXY aznd WYX
transitions are egual, doubly lonized in the X and Y
levels. Good agreement has been shown(253) between empir-
ical end czlculated data. The use of notation, calculations
and X-ray atomic energy level data 1s discussed for the
rare earth series in Chapters II, IV, and V.

Auger electrons sre usually produced by low energy
elactron or X-ray excitation. The secondzry electron
spectrum is energy anelyzed by retardaztion or deflection
of emitted secondaries. The latter method is used in the
cylindrical mirror analyzer (Fig. %), which features high

zpeed energy discrimination while retzining good resolution.(s‘g)
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Figure 1. Electron-excited secondary electron spectrum.
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Figure 2. Auger process. Pictured is a .
general WXY transition with resultant
kinetic energy Ey-BEy-Ey
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A plot of current collected vs. energy yields the
secondary electron spectrum of Fig. 1. Unfortunately,
Auger peaks are usually difficult to distinguish from the
background. To reduce this problem the emission spectrum
is differentiated electronically(lo'l3). The method is
schematically represented in Fig. 3. A small sinusoidal
voltage DE is applied to the d.c. deflecting voltage. A
phase-sensitive detector is referenced so as to discriminate
the resulting change in current AN(E). The consequent
AN(E)/AE vs. E curve greatly reduces the continuous and
slowly varying background while enhancing the Auger spec-
trum. The differentiated Auger peaks (Fig. 6) exhibit both
positive and negative excursions--positive and negative
N(E)/AE. The minimum of the differentiated peak is taken
as the Auger energy.

Characteristic Auger peaks result from =lectrons
emitted in the first few monolayers(14”16?, and sensitivity
to surface species can therefore be enhanced using grazing
incidence excitation. Because AES is a surface tool,
nltrshigh vacuum is required to maintain an atomically

clean sample surface for reasonable experimental times.

EQUIPMENT
Necessary instrumentation for Auger spectroscopy
includes an excitation source, an electron energy &naly-
zer, and the associated electronics. A phase-sensitive

detector such z2s & lock-in amplifier for differentiation
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of the electron spectrum is also required. An ultrahigh
vacuum system and some means for obtaining clean surfaces
complete the essential apparati. -

The Auger and auxiliary eguipment used in these
studies were housed in an 1ll1"-diameter, 13" long cylin-
drical stainless steei chamber. Rough vacuum was obtained
by a cryosorption pumps; ultrahigh vacuum was reached using
200 liter-per-second (1lps) Sputter—ion pumping augmented
by a 200 1lps titanium sublimation pump. The system was
capable of less than 2 x 1010 torr as measured by a
Bayard-Alpert ionization gauge.

Arrangement of experimental apparatus in the chamber
is shown in Fig. 4. In addition to the cylindrical mirror
analyzer the facilities include an electron gun and sputter
bombardment gun for cleaning (see Appendix III). Not shown
in the top view of Fig. 4 is the specimen manipulator (Fig. 5)
which allows 360° rotation, linear travel both along and
transverse the axis of rotation, and tilt of the rotation
axis upvto 90 from normal.

A gas inlet system was constructed to allow admission
of sevéral cleaning gasses. The inlet line was separately
pumped in order to maintain gas purity. It was also conven-
ient vacuum procedure to backfill the chamber with dry
nitrogen through the inlet when cycling to stmosphere.

Both pumpdown time and initial contamination of the sample

were thereby reduced. The variable leak valve through



Figure 5. Specimen manipulator. Degrees
of freedom shown are rotation and transla-
tion in three dimensions.
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Figure 6. Cerium Auger spectrum. Hori-
zontal axis is electron energy, eV.
Sensitivity of higher range spproxzimately
2.5 X that of the lower.
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which gas entered the system features automatic pressure
control and variable conductance 10-10 - 102 standard

em3/sec.



CHAPTER II
AES - LIGHT LANTHANIDE RARE EARTHS

The lighter lanthanide rare earths are the elements
Ce, Pr, Nd, Sm, and Eu characterized by half-filling of
the 4f orbitals. The artificial element Pm has not been
studied, due to insufficient facilities for handling radio-
active materials. The fourteen lanthanide rare earths
share many properties; they are in general trivalent,
chemically similar, strongly paramagnetic, and often exist
as dissolved impurities in one another(17718). The lighter
rare earths oxidize rapidly in air at room temperature,
whereas the heavier elements are corrosion resistant.
Because the different oxidation characteristics indicate
probable distinction in Auger spectra snd certainly in
handling and cleaning procedures, the lighter and heavier
elements were studied separately. |

In this investigation it was purposed *o obtain clean
Auger spectra of the lighter rare earth elements. Uafor-
tunately, not all contamination could be removed from the
specimens, but the spectra obtained are thought to be
representative of the clean surface. Secondly, it was hoped
that because of the very similar overall electronic structure,

12
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Auger peak intensities might be used to determine the
density changes of the valence 4f orbitals with atomic

number.

EXPERIMENT

The rapid oxidation of the samples necessitated
several handling precautions. Specimens were received
incased in heavy oil or under plastic seal. Inorganic sol-
vents standzard to vacuum procedure(l9) were used in an
inert atmosphere to remove these coatings. The samplses
were transferred under inert gas to the system and mounted.
The chamber, which had been backfilled with dry N2, was
evacuated. A 2000C overnight bakeout followed which pro-
duced base pressures from 5-10'10 to 5-1079 torr, depend-
ing on sample and peculiarities of the system.

Several in vacuo cleaning techniques were tried.
Since oxygen was the principal evident contaminant, hydrogen
reduction was attempted. The gas iglet system admitted Hp
to 10‘4 torr. The sample was heated by electron bombard-
ment to 400-12000C for time periods of 15 min. to 3 hr.
Little improvement was observed in Auger spectra subsequent
to these procedures. It was not unusual for the carbon peak
to increase while the O peak remained undiminished.

Alternating between simple e.b. heating and argon ion
sputtering produced improvements in the Auger spectra. Sputé

tering was normally conducted at 5-10‘5 - 1-10-% torr as



1k
described below. In this ambient, as in the hydrogen gas,
difficulties were encountered with the electron beam heater
gun due to electrical discharge and breakdown. It is assumed
that the chief causes of these fallures were vaporization of
the sample onto the gun insulators and locslized higher pres-
sure regions in the vicinity of the gun and sample surface.
For proper focusing the gun-sample distance was 1-3 cm, and
gas evolution from the specimen surface was likely responsi-
ble for an observed gaseous blue discharge in the electron
gun.

Of the methods attempted long-term argon sputtering
produced the best results. Sputter times extended from one
to four =2ad a hslf days (for Europium), aversging thirty
hours. In general the decrease in observed contamination
appeared to be exponentisl, but since interruption of the
sputter process to collect Auger spectra allowed recontami-
nation, the exponential relationship is not confirmed.
Sputtering was conducted under the following conditions:
pressure - 5-10‘5 - lO‘)+ torr argon, accelerating voltage--
400v, ion current density--approximately 10-D éﬂ%. The
calculated removal rate is about .1 monolayer/zic.

Atomically clean spectra of the lighter rare earth
elements were not obtained. In view of the calculated
removal rate and analyzed purity of the samples this is
surprising. However, there are several possible explana-

tions. First, the removal rate calculation, which is only
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@ rough approximation, may be greatly erroneous. However,
the average sputter time length surely resullted in the
removal of several monolayers and therefore the removal
of the region explored in the initial Auger spectrum.
Since the surface analyzed after sputtering was entirely
fresh, other causes for residual contamination are indicated.
It is possible that a very thick oxide was formed on the
sample, but in this case one would not expect to observe an
exponential Oxygen intensity decrease until the oxides were
nearly removed. A more likely cause is contamination to
the sample during manufacture, shipping, handling, and
vacuum prepsration. Residual contaminatidn thus represents
base impurity levels in the specimen. Additionally, there
is recontamination from the vacuum ambient. Assuming a
unity sticking coefficient approximately one hour at 10-9
torr is required to form one monolayer on an atomically
clean surface. Thus a base pressure of 5.10-9 torr allows
experimental times of about twelve minutes. Considerable
recontamination occurs even during a normal two to four-
minute spectrum, as well as that which accumulates during
the set-up procedure. Lower base pressures obviously
lessen the difficulty, but even at 10-9 torr times neces-
sary for recording spectra assure a contamination build-up.

The principal impurity of the lighter lanthanide
rare earths is oxygen. None of the cleaning treatments

described abové succeeded in reducing the oxygen 513 eV
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Auger intensity much below one-half that of the major
rare earth Auger peak. For the highly reactive elements
Sm and Eu even this modest criterion was not attained.
However, the intensity relationships and energies of the
rare earth Auger peaks were in all cases apparently stabil-
ized at contamination levels above those at which final
spectra data were taken. While chemical effect on the
Auger spectrum for oxygen bonding cannot be unambiguously
established, it seems to be small. It is therefore assumed
that the final results correspond to clean Auger spectra.

Minor amounts of carbon and nitrogen were also
observed. Contamination levels were about ten per cent or
less than that of oxygen as measured by Auger intensity.
Sulphur was often found on samples prior to cleaning but
was easily removed and did not reappear in the spectra.
After sputtering a very small argon peak, due to imbedded
Ar atoms, appeared. No other traceable contamination was

present.

RESULTS
Spectra for the lighter rare earths are shown in
Figs. 6-10. A summary of the spectra with semiquantita-
tive intensity descriptions and transition identification

is presented in Table 1.
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Figure 7. Praseodynium Auger Spectrum.
Horizontal axis is electron energy, eV.
Sensitivity of higher range is approxi-
mately 2.5 X that of the lower.
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Figure 8. Neodymium Auger Spectrun.
Horizontal axis is electron energy, evV.
Sensitivity of higher range is approxi-
mately 2.5 X that of the lower.
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Figure 9. Samsrium Auger Spectrum.
Horizontal axis is electron energy, eV.
Sensitivity of higher range is approxi-
mately 5.5 X that of the lower.
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Figure 10. Europium Auger Spectrum.
Horizontal axis is electron energy, eV.
Sensitivity of higher range is approxi-
mately 5.5 X that of the lower.
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DISCUSSION

The Auger transitions listed in Table 1 have been
identified using X-ray notation(2l) for atomic energy
levels. While in the first approximation an Auger transi-
tion can be pictured as az WXY process, a more careful
examination suggests several necessary modifications. It
was found that for the lighter rare earths neither the
simple calculation nor the usual modifications account for
observed Auger energies. The assigned transition levels are
thus extensions of the X-ray designations.

The difficulty becomes immediately apparent in the case
of Ce, for which an Auger peak occurs at 121 eV. Threshold
techniques determined the initial ionization to be less than
200 eV. 0f the four energy levels listed in the atomic X-ray
tables of Bearden and Burr(22), only the Nh is in the proper
energy range to initiate the Auger transition. But the Ny
is listed as 110%f 0.6 eV - the maximum possible Auger energy
for an NLXY transition. It has been suggested(23) that
higher energy satellites of Auger peaks represent transi-
tions from once--or multiply--ionized atoms or plasmon
gains, but peak magnitudes and energy separation between
the 121 eV and the next lower 105 eV peak argue against
either of these explanations.

It was obser&ed from the discrete loss spectra

(Chapter IV) that the Ny level was 122 eV rather than 110 eV



Table 1

Miger encrgies (eV) for the lighter rore curlhs.
Semiguantitative intensity descriptions are very

22

strong (VS), strong (8), medium (M), weak (W),

and very weak (VW).

Ce Pr Nd Sm Eu
N,0705 67 S 71 M 74 S 81 M 8L M
NLN,0p 89 VS 91 VS 9% Vs 104 VS| 106 S
N, NgOo 105 8 107 8 111 S 121 s | 124 S
N5NgNg 121 S 123 S 125 S 136 VS| 140 VS
N5NgNg 127 S 129 S 142 s | 146 S
N3Ng02 185 1 193 M 202 M 222 M | 230 M
Mgy N, 536 W 599 M | 631 W
M iea 651 W | 704 W
M5N; 01 565 M 597 M 626 M 701 M | 735 M
M5N; 05 579 W 612 W 642 W 717 W | 758 W
Mg, Ny, 653 VS 699 VS 734 VS 81k VS| 858 VS
My, Ny Ny, 676 S 714 S 749 S 835 S | 881 M
M5Ny,07 735 W 777 W 818 W o004 W
MeN,0o 752 M 794 M 839 M 927 M | 950 W
MsN),Ng 769 S 811 s 858 S 943 8 | 984 S
M, Ny, Ng 787 M 830 M 877 M 965 M |1009 M
MgNgNg 879 W 926 W 975 M 1074 M 1125 M
M NgNg 896 W L5 W 9% W 1098 W |1152 M
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for surfsce atoms excited by 2-3 keV electrons. Simpla
subtraction calculations using this 122 eV value and those
from X-ray tables for N6,77 01, and 02’3 levels produced
excellent agreement between empirical and calculated Auger
transitions of the type Ny g XX, where X = Ng - 03 or 0p 3.

One other feature of the Auger spectra not expected
from X-ray data was the doublet Ny gNg oNg 7 splitting for
elements Pr, Nd, Sm, and Eu. Again the explanation lies in
the differences at the Nq,g level between X-ray and electron
excited loss data. The latter display a splitting of the
Ny and Ng levels which are degeneraﬁe according to X-ray
findings. The separate N4, Ng account for the obserﬁed
doublet Auger transitions.

There are many objections to the quantitative use of
differential Auger peak intensities between peaks. Overlap
of adjacent peaks, especially of the low energy tail,
inexact correlation between N(E) peak intensity and maxi-
mun slope, backscattered contributions depending on Augerh
energy, correlation between incident energy and Auger
intensity, and additive background and loss-gain effects
are but a few. It is almost impossible, however, to avoid
a natural temptation to attempt quantitative use of Auger
intensities, particularly among peacks in the same energy
range. Furthermore, there is evidence(1%,16,2%-28) tpat

such information is indicative, if not conclusive. For

the rare earth series the growth of the last peak (N4,5
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N6,7N6,7) of the major group with increasing atomic number
at the expense of others of the same group, particularly the
second (Nyllg0;), leads to quantitative speculation. Simply,
it appears that the filling of the 4f (N6,7) orbital is
reflected in the Auger intensity most connected with that
level. In turn this indicates that proper identification
has been made of the empirical data. Furthermore, it implies
that the Auger intensities of the major peak group are results
of a simple numeric probability of transition. Unfortunately,
scale standardization is presently impossible between samples
due to en absence of any internal criterion and large effects
on intensity produced by contamination and sample position.
- Therefore the description remains strictly semiquantitative.
A plot of the general intensity trends vs. atomic number

appears in Fig. 11.
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Figure 11. Percentage ratio of the peak to peak intensities.

N, NgOq/NyNgOq + NN Ng. Dashed line is the theoretical
inténsity basSed upon the electron ratios of the Ng (4f) and
07 (5s) levels times the constant 1.72.



INTRODUCTION
In this study Auger spectra for the heavy rere earths
--Gd, Tb, Dy, io, Er, Tm, ¥Yb, 2nd Lu--hzve been determined.
As & result of the 4f subshell filling sequence the differ-
ent atoms appesr electronically cuite similar. The heavier
of ths rare sarths share a resistance to corrosion, as well
as many other chemical similarities. It wrs expected that

considerable correspondence would exist among the Auger

®
o

spectra fcr the rore earths, as previous work(QO) has shown
similerities between the Auger spectrs for the transition

metals.

EXPERIMENT
After 2 standard degressing process, each high purity

rare earth samole wes mounted in the vaecuum chamber. A
twelve hour, 200C bakeout usually produced s system pres-
sure about 5 x 10-10 torr. High purity srgon was then
admitted to sputtering pressure of 10'4 torr. Lengthy
sputtering by a 0.5 cm dismeter 20 ma beam wes reguired
for each of the elements in order to obtain spectra

26
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representative of a clean surface. Mean sputter time wes
sixteen hours at lO‘)+ torr argon.

Data was taken under the following conditions: (1)
active gas pressure--less than 1079 torr, (2) 2 Xv uccelera-
ting voltage, (3) beam current—-éS/ya, (4) modulation ampli-
tude--2 v peak to peak. An experimental run included the
Auger spectrum from 100-200 eV and the characteristic loss
spectra for various vprimary beam voltages.

Carbon and oxygen were found to be the principal con-
taminants. As mentioned above long spuffter times were
necessary to reduce the C (275 eV) znd 0 (513 eV) peaks to
negligible intensities. Dirty samples of the rare earths
also exhibited the presence of iron and nickel (probably
from the stainless steel sample holder), and the N (385 eV)
veak was observed. Sulphur, present on the specimens hefore
cleaning, wes easlly removed by the sputter process. After
sputtering the Ar (216 eV) peak, due to imbedded Ar,

appeared in the spectrun.

RESULTS AND CONCLUSIONS
Table 2 lists the energy of the Auger peaks for each
element. The values have been labeled by the corresponding
X-ray energy level designations. Included are semiquanti-
tative descriptions of the peak intensities. The Auger

spectra obtained for each element are shown in Figs. 12-19.



Table 2

Auger energies (eV) for the heavier rare earths.
Semiquantitative intensity descriptions are
very strong (VS), strong (S), medium (M),
weak (W), and very weakx (VW).

Gd Tb Dy Ho Er Tm Yb Lu

N40102 91 M 9§ M 105 W 114 W
N)+N6Ol 111 S 117 S 120 S 129 S 135 M 143 M 153 W
N,0g0o 131 M 134 W 144 M 151 M 157 S 162 M 161 M
N5N6N6 142 VS 149 VS 146 S 156 VS 161 VS 170 VS 172 VS 174 VS
N4N6N6 142 VS 149 VS 155 VS 160 VS 166 VS 170 VS 177 VS 183 VS
N3N602 240 M 251 M 257 M 266 M 285 M 296 S 309 M 321 M
N3N6N6 : 326 M 334 M
M5N1N4 658 W 689 W 720 VW 747 VW 780 VW 815 Vw 846 VW 874 VW
Unidenti-

fied 728 W 759 VW 794 VW 821 VW 862 VW 895 VW 931 VW 966 VW
M5N101 765 M 799 M 833 W 871 VW 906 VW gkl VW 789 VW (1023 VW
M5N102V 793 W 828 W 865 VW 903 VW 939 VW 980 VW 1024 VW ]1061 VW
M5N4N4 895 S 933 S 976 M 1013 M 1054 M 1096 M 1140 M 1180 M

ac




Table 2 (Continued)

Gd Th Dy Ho Er Tm Yb ' Lu
M), Ny, Ny, 920 M 958 M| 1001 W | 1043 W | 1087 W | 1129 W 1179 W | 1225 W
Mg, Ng 1028 S 1075 S | 1124 M | 1172 M | 1221 M | 1269 M 1323 M } 1370 M
MuN), Ng 1056 M | 1106 M | 1155 W | 1207 W | 1264 W | 1300 W 1360 W | 1411 W
M5N6N6 1176 M | 1222 M 1280 M | 1334 M 1390 M 1446 M 1506 M { 1560 M
MyNgNe 1200 W | 1252 M | 1311 M 1370 M | 1428 M | 1490 W 155% W | 1611 W

62
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300 4c0 800

Figure 12. Gadolinium Auger Spectrum.

Horizontal axis is electron energy, eV.
Sensitivity of higher range is approxi-
mately 2X that of lower.
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Figure 13. Terbium Auger spectrum.
Horizontal axis is electron energy, eV.
Sensitivity of higher range is approxi-
mately 5X that of lower.
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Figure 14%. Dysprosium Auger Spectrum.

Horizontal axis is electron energy, eV.
Sensitivity of higher range is approxi-
mately 2X that of lower.
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Figure 15. Holmium Auger spectrum.
Horizontal axis is electron energy, eV.
Sensitivity of higher range is approxi-
mately 2X thet of lower.
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Figure 16. Erbium Auger spectrum.
Horizontal axis is electron energy, eV.
Sensitivity of higher range is approxi-
mately 5X that of lower.
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Figure 17. Thulium Auger spectrum.
Horizontal axis is electron energy, eV.
Sensitivity of higher range is approxi-
mately 2X that of lower.
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Figure 18. Ytterbium Auger spectrum.
Horizontal axis is electron energy, eV.
- Sensitivity of higher range is approxi-
mately 5X that of lower.
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Figure 19. Lutetium Auger spectrum.
Horizontal axis 1s electron energy, eV.
Sensitivity of higher range is approxi-
mately 5X that of lower.
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It can be seen from the table that Auger peak ener-
gies increase with increasing atomic number. This relation-
ship corresponds qualitatively to the theoretical approxi-
mation using stomic energy levels, but is opposite to
results for the period 6 transition series(29,30),

. Many of the transitions; such as those for the Ny and

No levels, are absent from this series of spectra. This is
consistent with the absence of the corresponding character-
istic loss peaks due to these levels. The transitions after
initial ionization for the most part involve electrons having
energies of 200 eV or less from vscuum level. The reason for
the general exclusion of higher energy levels from the second
and third steps of the Auger process is not clear. These
two factors combine to 1limit the number of Auger peaks to
only a few of the hundreds possible from energy considera-
tions alone.

Of these elements only Tm appears to have degenerate
Ny-Ng levels. The other elements show the structure reported
in Table 1 due to sepasrate Ny and N5 energies. This is most
noticeable for ¥Yb and Lu (Figs. 18, 19). Some evidence of
this same fine structure was found for the higher energy
peaks involving the Nj, and N5 transition, but results were
not conclusive. This finding does not agree with atomic
energy level data for Dy and Ho(22) yhich show a degenerate
Ny-Ng energy. Non-degenerate Ny and N5 levels for the

surface sensitive Auger process suggest an electronic
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structure for electron-excited surface stoms significantly
g

different from that for the bulk, due to X-ray ionization.

From the above the following conclusions may be drawn:

(1)

(2)

(3)

Auger spectra for the latter part of the rare
earth series are strikingly similar. This
similarity is not unexpected when the corre-
lated chemical nature of the elements are
considered.

In general Auger peaks for these elements are
within 200 eV of the initial ionization energy.

The extent of initial ionization is not con-
trolled solely by energy requirement.



CHAPTER IV

IONIZATION LOSS SPECTROSCOPY

X-ray atomic energy level tables, particularly those
of Siegbahn et 21(31) and Bearden and Burr(22), have been
used to calculate Auger energies and thereby assign WXY
transitions(29’3o) to observe Auger peaks. Applicability
of this technique has recently been questioned(l3).

An obvious error is introduced by assuming that
energy levels of the ionized atom during Auger transition
remain unchanged from those of the neutral atom. The well-
k¥nown modifications of Bergstrom and 7111(1) ang Chung and
Jenkins(2) attempt to correct this problem by viewing core
ionization as a reduction in the effective screening of
outer shell electrons from the nucleus. Bergstrom and

Hill's effective binding energy is computed as
/
By(2) = BEy(2) + a2(Ey(2+1) - Ey(2))

where Eé(Z) is the perturbed binding energy of the Y level
atomic number Z electron, EY(Z) its unperturbed energy,
Ey(Z+1) the Y level bonding energy for element Z+1, and

AZ an empirical constant. The expression of Chung and
Jenkins is similar, symmetrized to account for both WXY and
WYX transitions.

40
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Grant and Haas(32) have shown that carbon can be
identified as to chemical state by its Auger spectrum. In
their experiment carbon present in grephite form in CO-COp,
or in TaC produced distinctive fine structure of the C Auger
peak. These results are attributed to altered electronic
structure of carbon in its different chemical combinations.

The reasonable assumption of disparity between the
electronic structures of surface and bulk atoms has been
used successfully in the work function calculations of
Steiner and Gyftopoulos(33). This suggests that Auger
energies, the result of surface electronic transitions(lu“l6),
are not adequately determined by reference to bulk atomic
energy levels. The common X-ray measurements - absorption
edge, X-ray flourescense, and photoelectric emission by
high energy X-rays - employ far greater penetration and/or
escape depths than those associated with low energy
( 1000 eV) Auger transitions. The X-ray atomic energy level
tables may be regarded as appropriate for atoms in the bulk
state but questionable when applied. to surface atoms.

Hasas, Grant; and Dooley(29), Aksela, Pessa, and
Karras(3%s 35) and Coad and Riviere(36>, investigating the
first transition series metals, have discovered doublet
fine structure for each of the Auger transitions L3M2 3V,
L3M2,3M2,3, and Mp 3VV. Coad and Riviere attribute the
doublet peaks to splitting of the M2,3 level--listed as

degenerate in the X-ray data of Bearden and Burr(22),
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Because of the several questions raised concerning
use of X-ray energy levels, the determination of energy
levels at a surface under electron excitation 1s valuable.
Fortunately, a simple method can be used to obtain neces-
sary information. The secondary electron spectrum includes
a background of inelastically scattered electrons, Auger
peaks, the elastic peak, and loss peaks due to plasmon
interactions and to ionizations of the target ztom (Fig. 1).
The last peaks are characteristic of the atomic energy
levels. They have energy E7 = Ep - Ey, where ET is the
ionization loss peak energy, Ep the incident electron ener-
gy end Ey the energy of the initially ionized atomic energy
level (Fig. 20). Atomic energy levels are equal to Ep - Eg
and can be determined using common Auger equipment and
technigues.

Ionization loss peaks are easily distinguished from
Auger transitions, since the former vary as the excitation
energy, while the latter remain at constant energy--though
not intensity(12,13,31)--as long as the primary energy is
above threshold. Once Ej; is generally established, Ep can
be set conveniently by change in Ep. An example of ioni-
zation loss peaks is shown in Fig. 21. Some of the con-
siderations involved can be seen as well. Naturally the
energy Ey must not lie near or on Auger peaks. Since reso-
lution for the cylindrical mirror analyzer is a constant

0.6%--i.e. contribution to peak width is linear(5-9,38)--



43

E=EsE
I
| A
0
Y
X
W

Figure 20. Tonization loss energy diagram.
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Figure 21. Neodymium major Auger and ionization loss
peaks. Primary electron energy was 500 eV.
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low energy primery and loss peaks more accurately deter-
mine E7.

For the lanthanide rare earth series investigated,
"contamination--chiefly from carbon and oxygen--is consider-
able. Lengthy sputtering produced clean surfaces for Gd-Lu,
but the difficulties were greater for the more highly corro-
sive lighter elements Ce-Eu. Several combinations of sput-
tering and heating failed to remove all contamination.
However, by monitoring loss and Auger peaks for decreasing
contamination levels it could be readily assumed that loss
peaks at relatively low O coverages were nearly representa-

tive of the clean surface atomic energy states.

RESULTS

Atomic energy levels Ey determined from low energy
electron ionization loss peaks are listed in Table 3. In
general the primary energy was adjusted to produce loss
peaks in the 400-500 eV range, since this region is notice-
ably free of both rare earth and contamination Auger peaks.
Parentheses indicate data taken from the X-ray tables of
Bearden and Burr(22).

Plasmon loss peaks(37‘40) excluded attempts to find
the lower energy loss peaks. For the rare earths the 01-03
levels are listed in the X-ray tables as 20-40 eV and were

indistinguishable from plasmon losses in the same range.
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Table 3

Loss peak and X-ray data for

atomic energy levels

My, Mg N N,

Ce 899(901) 881(883) 286(289) (223)
T 947(951) 927(931) 301{304) (236)
Nd 1001(999) 979(977) 315(315) (243)
Sm 1107(1106) 1080(1080) 345(345) (266)
Eu 1159(1160) 1131(1130) 362(360) (284)
Gd 1212(1217) 1184(1185) 375(375) (288)
Tb 1270(1275) 1236(1241) 392(397) (310)
Dy 1326(1332) 1291(1294) LO7(416) (332)
Ho 1386(1391) 1347(1351) 433(438) (343)
Er. 1445 (1453) 140%(1409) 443 (449) (366)
Tm 1509(1514) 1460(1467) L63(472) (388)
Yb 1570(1576) 1520(1527) 488(487) | . (397)
Lu 1633(1639) 1582(1588) (506) (%10)
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Table 3 (Continued)

Ny N, N
Ce 206(207) 122(110) 122(110)
pr 215(217) 131(113) 125(113)
NG 225(22k%) 136(117) 128(117)
Sm 247 (247) 1%0(129) 130(129)
Eu 258(256) 145(133) 140(133)
Gd 268(270) 149(140) 149(1%0) -
Th 279{280) 15%(147) 146(147)
Dy 290(292) 161(15%) 155(15%)
Ho 303(306) 166(161) 160(161)
Er 314(320) 175(176) 167(167)
Tm 326(336) 175(180) 175(180)
Yb 345(343) 196(198) 182(184)
Lu 363(359) 213(204) 202(195)
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DISCUSSION

It can be seen from Table 3 that there is general
agreement between X-ray and ionization loss data for energy
lTevels M)y, - N3. The higher energy Ny and Ng peaks--i.e.
for elements Er-Lu--also agree well. For energy levels
below about 160 eV, however, there are large discrepancies
between loss peak and X-ray values.

It can be demonstrated that ionization loss data is
the more useful for surface atoms. Empirical Auger peaks
which must be attributed to transitions of the type NXX
more closely correspond to calculations using ionization
loss determinations of EN}+ than those based on X-ray ener-
gies. This is the case for the NyNgNg transition listed
in Table 4%, where empirical values and simple EN4(Z) -

. 2EN6(Z) calculations employing X-ray and ionization loss
data are tabulated. For the elements Ce-Ho the X-ray
calculations are in error by an average -10eV. Average
error for the seme elements using E; is +1 eV. Furthermore,
except Sm snd a slight diécrepancy for Dy Auger energies

by the latter calculation are high, as one would expect,
since thé unused modification E&6(Z) is generally lerger
than the EN6(Z) of the above calculations. On the other
hand, X-ray calculations are low, and the same modifica-
tion would only‘increase an already large error.

‘The X-ray table lists N4,5 as a degenerate level fof

all the rare earths except the heavy elementz Er, ¥Yb, and



Auger N N /Ng energies for the rare earths, empirical and

calculated using X-ray data and ionization loss data.

%9

Table 4

Calculations are simple EN)+ - 2EN6 subtractions.

Calculated
Empirical X-ray Ionization loss
Ce 121 110 122
Pr 123 109 127
Nd 130 114 133
Sm 136 118 129
Eu 142 133 145
Gd 142 140 149
Tb 149 142 149
.Dy 155 146 153
Ho 160 15% 159
. Er 157 168. 167
Tm 171 169 165
Yb 182 186 184
Lu 183 191 199
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Lu (Tzble 3). The ionization loss peaks indicate non-
degenerate Ny and N5 for all the rare earths but Ce, Gd,
and Tm. Auger doublets of the major peak group are
explained by the splitting of Ny and N5 levels (Fig. 22).
This agrees with the explanation of Coad and Riviere for
doublet structure of Auger peaks involving M2,3 levels in
the transition elements.

Attempts were made to increase the average escape
depth of the ionization loss peaks. Unfortunately, for
CMA's the necessary increase in energy produces broadening
of the peaks and consequent obliteration of fine structure.
The result was a single Nq,g peak with energy midway between
the doublet--e.g. Nd at primary energy 1400 eV produced a
single loss peak at 1268 eV; therefore EN435 = 132 eV
(Fig. 26). This compares with Ey = 136 eV, EN5 = 128 eV

for lower incident energy (Fig. 22, Table 3).

The possibility of N4,5 level degeneracy in deeper
atoms contributing to the ionization loss peak cannot be
dismissed. This phenomenon could pfoduce similar results
to those reported. Electrons from degenerate N“,S’ expected
to be in the same energy range as the non-degenerate Ny and
N5 electrons, would add to the overall intensity and could
~be expected to augment a portion of the N4,5 doublet so as
to produce a single broad peak. Better energy resolution
in the 1-2 keV range ought to determine whether the effect

is a materials phenomenon or due to instrumental causes.



Ny
N3

Nas

L

1000 1100

1200 1300

Figure 22. Neodymium ionization loss peaks.

electron energy was 1400 eV.

1400

Primary

15



52
CONCLUSIONS

Lanthanide rere earth Ny and N5 atomic energy levels
for surface atoms excited by slow electrons disagree mark-
edly with X-ray tabulations. The differences are both
quantitative--i.e. Ny (electron) - Ng (X-ray) = 11 eV
(avg.)--and gqualitative (splitting of the Ny and Ng levels).
The good agreement for the My, Mg, Ny, N3 energy indicates
that these discrepancies are not attributable to instrument
or discrete loss or gain phencmena.

The findings question Auger peak identifications in-
volving low energy transitions(2,8,29,41,42)  while in
many instances it is clear from external evidence or series
of data trends that particular Auger transition assignments
are appropriate, exact calculations and precise identifica-
tions must be justified by direct experimentai evidence.
X-ray values and extrapolations from such data cannot be
considered reliable even given excellent agreement with

experiment.



CHAPTER V

AN INTERNALLY REFERENCED CALIBRATION
OF AUGER ENERGIES

Auger energies are normally calculated using data
from X-ray atomic energy level tables(22,31,43)., since the
Fermi level is referenced as zero energy in these sources,
the calculated Auger vélues automatically assume the same
reference. Consistently, empirical Auger energies must
also be referenced to the sample Fermi level.

The usual Auger spectroscopic arrangement is shown
in Fig. 23. The electron gun is biased, negative with
respect to a grounded sample, accelerating thermionically
emitted electrons through a potential of generally 0-3 kV.
Backscattered electrons (elastically scattered, those due
to plasmon and ionization losses, Auger and other inelastic
collisions) are energetically discriminated, commonly by
LEED modification or the cylindrical mirror analyzer.

An energy diagram of the experimental arrangement is
shown in Fig. 24%. The sample is grounded. The Fermi level
of the electron source filament is biased with respect to
" the sample Fermi level, zero, by the bias voltage Vy.
Electrons are thermionically emitted at total energy .
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Shown are Fermi levels, work functions, and bias voltages
for filament, sample, and analyzer.

94



56
with respect to the filament Fermi energy, or Vg +'¢f
referenced to the sample’s Fermi level.

The kinetic energy of an elastically reflected elect-
ron just outside the sample surface is the total energy
minus the sample work function ¢g, or Vg + ¢f -¢s. At
the analyzer the kinetic energy is modified by the change
in the work function barrier between the sample and the
analyzer, ¢, - ¢s, where ¢a is the analyzer work function.
This analysis excludes instrumental fields applied for the
purpose of kinetic energy discrimination. Then kinetic

energy of the elastic electron at the analyzer is

Vg +bp -Pg - @a -§) = Vg + Py - s

Auger electrons may be similarly treated. Let the
total, or Auger energy, be E,. The kinetic energy of the
Auger electron in the analyzer is therefore Ep - ¢>a. Then
Auger energy can be found by adding the work function of
the analyzer to the kinetic energy of the Auger peak(13).

The method of calibration présently applied in this
laboratory is to use the elastically backscattered peaks as
the references for Auger energy (Fig. 25). They provide
internal standards which do not require careful measurement
of retarding or deflecting voltages or the necessary cor-
rections. Modifications of kinetic energy encountered in
the analyzer are canceled, since both elastic and Auger

electrons experience the same fields. Furthermore, use of
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Figure 25. Auger peak calibration. Pictured are contami-
nant Auger peaks on Ytterbium. Elastic peaks are 104%.5,
20%.5, 304.5, 4O4.5, and 504.5 eV.
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the differentiated peak minimum for both the differentiated
elastic and Auger peaks reduces errors concerning the N(E)
Auger peak maximum.

The total energy of the elastic peak is its maximum
potential energy Vg +¢f. Auger peaks are referenced to the
elastic peaks by interpolating between accurately determined
bias settings. The necessary correction for the work func-
tion is about 4.5 eV for a bare tungsten filament(44).
Using this calibration, some of the more common Auger peaks
are listed in Table 5.

The procedure above is similar to the one employed by
Askela, Pessa, and Karras(3%) using a cylindrical mirror
analyzer. Coad and Riviere(36) found that their data
obtained with a retarding grid analyzer generally disagreed
with that of Askela et al by the constant 4.5 eV tungsten
work function. This primafy difference in reported energy
is not understood. Auger energies found by Yin, Yellin,
and Adler(27) using XQray excitation agree quite well with
those of Askela et al. Since X-ray excited Auger transi-
tions were calibrated using well-known photoelectric‘peaks,
the propriety of using elastic peak calibration 1s indicated.

In summary Auger energies from electron stimulated
emissionvare calibrated for reference to the sample's Fermi
level, consistent with theoretical and X-ray work, by the

addition of the filament work function. Energies found
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Table 5

Auger Energies

elastic peak calibration

Ar C

152

216 eV 275 eV

385 eV

513 eV
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using this calibration are generally 4.5 eV above pre-

viously reported data.
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APPENDIX I

DATA

The rare earth samples used in these studles were one
inch square foils from .005" to .020" thick. The more
reactive elements were shipped under oil to prevent oxida-
tion. Degreasing followed standard vacuum procedure--
successive baths of acetone, trichloroethylene, trichloro-
ethylene, trichloroethylene, methanol, and acetone(19),
followed by deionized water rinse and drying. These pro-
cedures were conducted under an argon atmospnere for the
reactive specimens, and transfer made to the system in an
argon-filled plastic bag. The samples were mounted, and
the chamber was evacuated. After establishing base pres-
sure of 5¢10-10 - 5.310-9 torr, argon sputtering was employed
to clean the sample surface.

Electron kinetic energy discrimination using a cylin-
drical mirror analyzer is sufficiently fast to allow oscil-
loscope display of an Auger spectrum. This is of great
convenience in maximizing Auger intensities. Particularly,
sample position produces large effects on signal strength,
and therefore specimen manipulation while monitoring
oscilloscope display was standard procedure. Phase adjust-

ment for the lock-in amplifier optimizes the differentiation
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N(E)/ E and thus the Auger spectrum intensity. Sensitivity
settings on the lock-in amplifier, X-Y recorder, and oscil-
loscope, and voltage to the electron multiplier could be
used to vary signal display on either oscilloscope or chart.
The time constant on the LIA was normally turned off. Mod-
ulation amplitude of the impressed AC voltage was set at 2
V peak to peak. The incident beam current was typically
50 M a.

An initisl spectrum was taken from 0-600 eV. This
renge includes the major peak group, as well as several
other rare earth Auger peaks, and those of all the princi-
pal contaminants. Auger energies were calibrated, inter-
polating between elastic peaks set at 100 eV intervals.
Fine-grid rectangular coordinate paper aided intefpola—
tion and served as a check as to the linearity of the
analyzer-recorder signal response. ©oSmall or poorly
resolved portions of the spectrum were repeated at greater
sensitivity. Important parameters, typically beam current,
modulation voltage, accelerating voltage, pressure,
sensitivity, date, time and cleaning procedures were
recorded for each Auger spectrum.

A second portion of the Auger spectrum was take= from
500-1100 eV. 1In general a sehsitivity increase of iucia two
to five times that of the lower range produced large peaks
at these higher energies. Other parameters were generally

unchanged. Several rare earth Auger transitions produce
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electrons of 500-1100 eVj; also observed were Fe peaks (on
uncleaned samples) and the 513 eV oxygen peak. The 500-600
eV overlap between first and second energy ranges permitted
a direct comparison of rare earth Auger intensities using
oxygen as a reference standard.

The third spectrum, from 1100-2000 eV, generally
reqﬁired sensitivity settings near the instrumental maximum.
Resultant noise increased difficulty in determining Auger
energies and tended to obliterate fine structure. Peak
broadening as a linear function of energy, inherent in the
analyzer, was apparent also. However, this last factor per-
mitted an increase in moduletion amplitude--and consequent
increase in signal strength--without diminishing resolution
further. Several high energy Auger transitions of the
heavier rars earths are observed between 1100-1600 eV. No
spectra were recorded above 2000 eV, as both nolise and slope
increase toward the 3 keV (maximum possible incident energy)
elastic peak covered Auger signals, if any.

Ionization loss peaks were used to identify Auger
peaks and for calculations of the expected transition
energies. X-ray atomic energy level tables provided esti-
mates of loss peak energy Ei = E. - E,, where Er is loss

P

peak energy, B  is the primary energy, a2nd B is the W

p
level energy recorded in the X-ray tables. Several con-
siderations effect the choice of primary energy. First

there is the problem of broadening ehcountered for the
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higher energy peaks. This reduces loss fine structure
definition and consequently the accuracy of calculation.
Secondly, overlap of loss and Auger peaks must be aveided.
Third is the necessity of sensitivity 1lncrease and attend-
ant nolse as the primery energy--and therefore the beam
current--decrease. One would also like to obtain loss
peaks as close as possible to their associated Auger peaks
so as to nearly equalize electron escape depths. Generally
the range 400-500 eV was used for loss peaks. This region
is free of contamination and rare earth Auger pesks and
represents a compromise among the other energy considera-
tions.

The specimen surface 1s expected to receive contami-
nants from the ambient to the extent of one monolayer per
hour at an active gas pressure 10-9 torr. For this reason
the various spectra described above were obtained over
several experimental periods. In order to monitor contami-
nation the low energy range 0-600 eV, which includes the C
eand O peaks, was swept at the beginning and end of experi-
ments. The various spectra could then be compared not only
as to contamination levels--rare earth/oxygen Auger intensi-
ties, for example--but also as to overall intensity. Tb
improve reliability of the data spectra were repeated at
least twice.

Final Auger energies represent averages from spectra

meeting contamination criteria. For energies less than 600
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eV the observed differences between Auger energy for traces
of the same spectrum were less than 2 eV. Above 600 eV

the maximum spread was 5 eV.



APPENDIX II

SPUTTER BEAM PROFILE

The rare earth elements required extensive sputtering
in order to produce acceptable Auger spectra. To improve
cleaning efficiency 1t was desirable to maximize sputter
current density.

There are several rough adjustments which Increase
sputtering efficiency. Visual positioning was found to
produce surprisingly reproducible results. Beam current
can be varied by both accelerating and focus voltage con-
trols, as well as filament current. Neither the current
density profile or the center of maximum density are deter-
mined by simple gun adjustments, however.

In order to profile the sputter beam use was made of
a Faraday cup (Fig. 4). The one used in these experiments
was constructed from the emitter section of an electron gun.
The outer cylinder hole diameter is .020". Ion current
passing through the hole was monitored by an electrometer.
Total beam current was read from the sputter gun control
unit.

A commercially manufactured manipulator (Fig. 5)
features linear translation along and transverse its rota-
tion axis. Of the three translations that are paralleling

70
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the axis is the most precise and was used to maneuver the
Faraday cup during beam profile experiments. Other degrees
of freedom--excluding tilt adjustments, which were not used--
provided initial adjustments for the experiments.

The profile was determined by setting sputter gun
controls in an Argon ambient of 10~% torr. Common gun
control values were total current--10 Ra, accelerating
voltage--400 V. The sample was rotated and translated
across the rotation axis to maximize the current incident
on the inner collector. The cup was then lowered by the
manipulator to the extreme end of travel along the rota-
tion axis. A precision level was employed to visually
determine sample position. Measurements were made through
a viewport opposite the sputter gun (Fig. 4), and vertical
travel could be read to .05 mm. A table of collected
current vs. spectrum position was compiled.

4 beam profile plot is shown in Fig. 26. Data points
were taken by moving the specimen until a predetermined
current change occurred. The one-dimensional plots obtained
from sputtering are approximate normal distributions, as
expected. The assumption has been made that the true beam
profile is simply & rotation aboﬁt the gun axis of the
one-dimensional distribution. This seems reasonable from
the éylindrical symmetry of the sputter gun. Furthermore,
rotation of the flange-mounted gun by 60° increments pro-

duced distributions similar to the original.
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Figure 26.
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One-dimensional ion sputter beam profile.
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A sample's position before the analyzer could be
determined to lmm. A 1lmm offset from sputter beam center
produces current density about 80% of maximum. For calcu-
lating removal rates the 80% maximum current density was
used.

Removal rate calculations involve the current density,
sputtering efficiency, and atomic density cf the bombarded

surface. These factors are expressed in the equation

r = X monolayers/sec.

ve ( fA/w>2v3

where 1 is the incident ion current density, x the sputter-
ing efficiency atoms/ion, v the average valence of the
sputter gas ions, e electronic charge, mass density of
the sample, A Avogadro's number, and W the specimen atomic
weight. For rare earths sputtered by argon, x and v are
assumed equal to 1.0, and FA/W is about equal to 3 x 1022
atoms/cm3: The removal rate under standard sputtering con-

ditions is calculated to be 0.1 monolayers/sec.



APPENDIX IITI

LN e

IMPURITIES

The rare earth samples were purchased from Research
Chemiczls, a Division of Nuclear Corporation of America,
Phoenix, Arizona. An optical emission spectrograph had
been taken for each lot from which the samples were cut.

A summery of impurities is listed in Table 6.

A1l the samples are rated 99.9% pure exclusive of the
processing crucibles, which for these specimens were Ta.
Impurity listings do not include oxygen, apparently because
the reactive natures of rare earths cause oxygen content to
be principally a functioﬁ of handling. There is doubtless
a significant initial oxygen content whatever handling pro-
cedures are used upon receipt of the materizl. Carbon is
also assumed to have been present in smsll amounts in the

materials received.
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Table 6

Mg AL Si Ca | Mn{ Fe Y Pr Sm Eu |Gd Ta Dy o
ce | .o1x|.o1|.0o1%| .00 .05 | .01 |.05* |
Pr | .01* | .01% .02 | .01* .01* M
N@ | .o1* | .01 | .o1*{ .01 .01*
Sm | .01* | .01#| .01* | .01*|.05}.01*% | .05% M .05%| L05%
Eu | .01* | .01#| .01* | .01% L01*% | .,O1* 01%] M [ .01 Lo1x
Gd | .01* | .01*% .01* | .01% L01% | .02 .01*| .005%[ M | .o1¥| .ou
Tb | .01% | .01*| .01* | .01 L01* | .01* .01 M
Dy | .O1* | .01*| .01* | .0O1. .01% | .005% 1 M |.01%
Ho | .o1* | .01%| .01* | .01 .01* | .08 N
Er | .005 | .01*| .0054 .02 .005¥ .001* .0014
Tm | .01* | .01* LO1* L01* LO1*
Yb | .01 [.01|.01 | .01% .03 | .005% .005*
Lu | .01* |.01*|.01* | .02 .05 | .005%

*No evidence of impurity at

this test level.
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Table 6 (Continued)

Er Tm Yb Lu Ta

Ce
Pr
Nd
Sm .O1*

{Eu
Ga 3
Tb
Dy .005%* 1.0
Ho .003 | .005%* .001*
Er M .02% .003* 1.0
Tm 01 | M .005* -9
Yb .008 | .005%* M .005%
Lu .005%*} .005* .005%* M 2.0

*No evidence of impurity of this test level.
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