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investigation by x-ray-excited Auger electron spectroscopy
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Abstract. We present high-resolution measurements of several of the LMM and LMN
Auger spectra of Nb, Mo, Pd and Ag excited by bremssirablung. Because of their high
energy (2.0-3.5 keV), these spectra have not been reported in the literature. Assignments
of the peaks are made based upon emergy and intensity considerations.

1. Introduction

Considerable interest in lugh-resolutlon Auger spectroscopy of transition and noble
metals and their alloys has arisen because of the possibility of extracting new informa-
tion regarding electronic structure [1-5]. Auger transitions whose final states involve
only core levels (which we denote as ijk spectra) are especially interesting in this
regard since current theoretical interpretations of lineshapes [6-8] and energies [9-11]
in these materials assume, in general, that the final core holes are either atomic or
quasi-atomic. Among topics of interest are comparisons of the results of atomic cal-
. culations with spectra measured by x-ray-excited Auger electron spectroscopy (XAES)
[12-15], investigations of the Auger parameter [12, 15-20] and applications of Auger
kinetic energy shifts in alloys to extracting information regarding electronic structure
changes [3, 21-23].

Reports of such high-resolution spectra in the literature are few, however. Usually,
such spectra are either broad, partially as a result of the superposition of contributions
from various terms, as in the case of the L, ;M, ;M, ; spectra of the 3d series [12]
and the N; O, 50O, - spectra of Tl, Pb and Bj [13], or they are weak in intensity
and, necessanly, of very high kinetic energies, as in the case of the L, ;M, (M, ¢
spectra of the 4d series {14, 15]. For these reasons, it is not common to study Auger
transitions involving only core levels experimentally.

In the 4d series, in particular, the most commonly measured spectra correspond
to the M, ;N, N, ; Auger transitions. Since the final-state holes of these transitions
reside in the valence band, however, the lineshapes vary dramatically with different
chemical environments. This dependence and the fact that these spectra are generally
rather broad reduce their usefulness in many cases.

For these reasons, it is desirable to measure 7k transitions of the 4d metals.
The LMM and LMN Auger transitions are suitable candidates, despite their weak
intensities and high kinetic energies (ie. from 2.0 to 3.5 keV). Most of them are
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Figure 1. (a) Long scan from I1907.6 to 2406.3 eV of the Nb spectra. The assignments
described in the text are indicated. Regions 1 and II correspond to detailed spectra in
figures 3(a} and 5(a), respectively. (b) Long scan from 1997.4 10 2496.1 eV of the Mo
spectra. Regions I and II correspond to figures 3(b) and 5(b). respectively.

relatively narrow and the various contributions are usually well separated in energy,
thereby facilitating theoretical interpretation.

In recent work [14, 15, 19, 20], we reported measurements of the L, s M, (M, ;
Auger spectra of Nb, Mo, Ry, Pd, Ag, In, Sn and Sb. A considerable amount of
electronic structure information can be extracted from these measurements. In par-
ticular, measurement of the Auger parameter of these metals for these transitions
clarifies the valence electron screening mechanisms of the core holes [15, 19, 20]. In
addition, study of the evolution of the experimental lineshapes between open- and
closed-valence-shell metals may have important consequences for theoretical investi-
gations.

We can expect to be able to obtain similar information from measurements of the
other high-energy LMM and LMN spectra. An interesting point is the possibility of
observing and comparing transitions whose finai states have either two core holes or a
core hole and a valence hole (i.e. the LMM and LMN transitions, respectively), From
such a comparison, for example, insight into the different screening mechanisms can
be expected to be inferred.

Here, we present LMN and LMM Auger spectra excited by bremsstrahlung [24,
25] for metallic Nb, Mo, Pd and Ag. The experimental features are tentatively iden-
tified using both energy predictions from the x-ray tables [26] and intensity estimates
[27]. To our knowledge, this is the first time that such data have been reported.

In the next section we present the experimental details on the sample preparation
and analyser calibration. In section 3, we present the XAES results in the form of
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Figure 2. (a) Long scan from 2364.4 to 3362.0 eV of the Pd spectra. Regions I and II
correspond to figures 4(a) and 6(a), respectively. Region IV is exhibited in figure 7(a).
(v) Long scan from 24522 to 3449.7 eV of the Ag spectra. Regions I and I correspond
to figures 4(b) and 6(b), respectively. Region II' is exhibited in figure 7(b).

tables and as raw experimental spectra and briefly discuss the identification of the
various features. The conclusions are presented in section 4.

2. Experimental procedure

Polycrystalline samples of Nb, Mo, Pd and Ag were cold rolled (except for Mo)
and polished using standard metallurgical techniques. The resulting four metallic
foils were mounted on a mobile carousel. Sample cleaning was performed in situ by
several cycles of Ar ion bombardment and annealing until only traces of O, C and S
could be observed by x-ray photoemission spectroscopy (Xps) [28].

The XAES and XPS measurements were made using an ion-pumped system
(base pressure of (2-5) x 10~!° Tomr) with a Vacuum Science Workshop HA 100
hemispherical (100 mm mean radius) analyser. Both Al and Mg Ko excitations
(hv = 1486.6 ¢V and 1253.6 eV, respectively) were employed and the high-kinetic-
energy (above 1500 eV) Auger spectra were excited by bremsstrahlung radiation [24,
25]. Both Al and Mg anodes were operated with 15.0 irA emission current at 12.0 kV
voltage.

We should point out that the intensities of these lines are very small because
bremsstrahlung is several orders of magnitude less intense than the characteristic Ko
radiation. In order to reduce the data collection time, we were obliged to use high
transmission, i.€. a pass energy of 90.0 eV, which produces an FWHM for the Au
4f;,, line of 1.5 eV. This resolution did not prove limiting since the Auger lines are
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Table 1. Experimental (E) and x-ray-table-derived (T) kinetic energies [29] plus McGuire's
[27] transition rates multiplied by {2J+ 1) /2, where 2J + 1 is the multiplicity of the

initial hote.
McGuire's transition
Kinetic energy (eV) rate (10—4 au—1)

Transition Ne Mo  Pd Az I Ag

LeMisMys (E) 19383 20388 24692 25767 15456 17639
(T) 19614 20630 24997 26117

LMy sMys  (B) 20328 21435 26260 27503 7746 88.04
(T) 0554 21680 26566 27843

LiMysMes  (B) 22645 23842 28996 30820 3292 3860
(T) 2888 24086 29300  3066.4

LsM;Nz s (E) 19733 20880 1194 1564
(1) 19767 20925 25912 27212

LMsNz s (B) 598 182
(T) 20706 21975 27482 28933

LsMy sNas () 21204 22517 27755 29092* 1420 1466
() 21348 22570 27851 29233

LoMysNes (E) 21631 22888 28273 29662 494 4406
(T) 21637 22894 128349 29776

LeMysNzs  (B) 22220 23549  2930.0° 3080 7.0 734
(T) 22287 23620 29421 30959

LeMysNes () 22558 23916 29838 31387 246 2198
(D) 2577 123944 29919 31502

2 Very broad lines.

Table 2. Auger parameter £;,, for the indicated ijk trapsitions. (£i;x is the difference
between the theoretical and experimental Auger kinetic energies in table 1.)

Eijr

Nb Mo Pd Ag

LeMysMys 2301 242 305 350
IzM; sMgs 226 245 306 340
LiMgsMyy 243 244 304 348
LaM3 Nz 3 34 45

LeMysNzz 54 53 96 1412
LaMysNey 06 06 76 114
LM sN2s 67 71 121* 1570
L:MisNys 19 28 81 115

* Very broad lines.

relatively broad; we verified this by measuring the higher-intensity LyM, ;M, 5 spectra
with better-resolution fixed analyser transmission (FAT) modes aiso and observed no
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Figure 3. (a} Detailed spectra of the LsMy s Na 3 and LaMy 5Ny 5 transitions for Nb.
(b) Anzlogous spectra for Mo,

extra structure. Measurement of the high-resolution spectra took from 12 to 16 h.

A careful calibration of the spectrometer was carried out by precisely biasing a
clean Au foil in order to shift the kinetic energy of the 4f;,, electrons (binding energy,
84.0 eV) to the energy range of interest [15]. The XAES spectra were referenced to
the Fermi level of the spectrometer,

3. Results

Figures 1(a) and 1(b) respectively, display long scans of Nb and Mo through the
energy regions in which we find the LMM and LMN Auger spectra of interest (1907.6—-
2406.3 eV for Nb and 1997.4-2496.1 eV for Mo). Corresponding scans for Pd (2364.4—
3362.0 eV) and Ag (2452.2-3449.7 eV) appear in figures 2(a) and 2(b), respectively.
Identifications of the features indicated in figures 1 and 2 were made based upon
both energy predictions from Bearden’s [26] x-ray tables and intensity estimates from
McGuire’s [27] tables. '

The regions indicated as I and II in figure 1(a) correspond to detailed scans
in figures 3(a) and 5(a), respectively; regions 1 and II in figure 1(b) correspond
to figures 3(b) and 5(b), respectively. Regions I and I in figure 2(a) represent
figures 4(a) and 6(a), respectively, while those in figure 2(b) represent figures 4(b)
and 6(b), respectively. The region II' overlapping region II in figure 2 corresponds
to figure 7.

Table 1 presents the measured kinetic energies of the Auger peaks shown in
figures 1-7, as well as the respective predicted energies derived from the x-ray tables
[26, 29]. The measured kinetic energies were taken from the most intense feature of
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Figure 4 (2) Detailed spectra of the LgMy sNz2 2 and LaMy s Ny 5 transitions for Pd.
The LyMy Nz 3 spectrum is very broad, impeding determination of the peak encrgy.
Only estimates of this energy are given in table L. (b) Detailed spectra of the LgMy s No 3
and LaMy 5Ny s transitions for Ag. Because of the breadth of the LMy s N2 g peak,
only estimates of its energy are given in table [.

each spectrum. The energies of those features outside regions I, II and II' in figures 1
and 2 were taken from the long scans; otherwise, the energies are obtained from the
detailed spectra in figures 3-7. Table 1 also presents McGuire’s.[27] transition rates
(in 10~* au~!) for Zr and Ag weighted by the multiplicity of the initial core hole
[12]; the transitions indicated correspond to those of strongest intensity. Derived
Auger parameters [29-31] are displayed in table 2.

Of the spectra shown in figures 1 and 2, we discuss the L, ;M, M, ¢ spectra in
detail elsewhere [14, 15) and reserve the well defined structure below the LyM, ;M, ¢
spectra for a future publication, One peak in figure 1 which does not appear in the de-
tailed spectra lies between L;M, sM, 5 and L,M, (M, ; and we tentatively identify it
as LyM;N, 4 in the figures. This assignment is based on the agreement between mea-
sured and predicted energies, as well as on the consistency of the measured intensity
with that predicted and with that of other experimental features (e.g. LyM, (N, 3), as
shown in table 1. An apparent problem with this assignment arises when we observe
that the LyM;N, ; peak is predicted to have a similar intensity for Ag, but that it
fails to appear in either the Pd or the Ag long scans anywhere near the predicted
energy.

This difference between the Nb-Mo and Pd-Ag spectra may be related to dipolar
fluctuations of the 4p, ,, and 4p;,, core holes in the atoms near Xe in the periodic
table, which invalidate the one-particle description of these levels and cause relaxation
shifts, spectral redistributions and shape changes, and large widths of the correspond-
ing 4p Xps lines [4, 32, 33]. The effect of these fluctuations depends on the degree to
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Figure 5. (a) Detailed spectra of the LoMy s N2 3 and LoM, 5Ny 5 transitions for Mb.
Also displayed is the Ly My s M, 5 spectrum. (b) Analegous spectra for Mo.

which the 4p hole levels are degenerate with the {4d?]ef double-ionization continuum
(i.e. two 4d holes and a continuum state electron). Since the measured 4p linewidths
[30, 34] in Ag and Pd are much larger than in Nb and Mo, one expects this effect
to be much larger in the former than in the latter metals, which could explain our
failure to observe the putative LyMN, 5 transition in Pd and Ag.

It should be pomted out that another peak of comparable intensity just below
the L,M, ;M, ; line in the Nb and Mo long scans does not appear to correspond
to any predxcted Auger transition of significant intensity; this peak, too, does not
appear in figure 2. The analogous behaviour of this unidentified peak raises questions
concerning our assignment of LyM;N, 5

Comparison of figures 3 and 4 shows that the LM, 3N, 5 Auger peaks are sharper
for Nb and Mo than for Pd and Ag. The LoM, 5Ny 5 peaks shown in figures 5 and
6 seem to have the same behaviour. This behaviour would seem to agree with our
discussion above of the L;M;N, , transition. It is interesting to note, however, that,
in contrast with the L,M;N, 4 transition, the L, ;M, ;N, ; spectra are observable in
all four metals, even though 'the predicted transition rates in table 1 are comparable
for the L;M, ;N, ; spectra and smaller for the L,M, 3N, ; spectra.

The I_3M4 5N,I 5 peaks displayed in figure 4 present a clear double structure for
Pd and Ag, while for Nb and Mo (figure 3) this structure is not observed. Double
structures are also seen for the corresponding L,M, ;N, 5 lines in figure 6, although
not so prominently (especially for Pd). Figure 5 shows the L, M, ;M,  Auger peaks
for Nb and Mo. The corresponding peaks for Pd and Ag are displayed in figure 7.

An interesting point is that the I,M, ;N, ; and L,M, ;N, ; intensities (figures 3
and 5) for Nb and Mo compared with the L, ;M, ;N, ; intensities do not reflect the
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Figure 6. (a) Detailed spectra of the LyMy sNz 3 and Lz My 5Ny 5 tramsitions for Pd.
Because of the breadth of the L;,M4 5Nz z peak, only estimates of its energy are gwen
in table 1. (b) Analogous spectra for Ag.

relation given by McGuire [27] for Zr. On the other hand, his transition rates for
the L, 3M, N, 5 and L, ;M, ;N, ; intensities of Ag seem to describe adequately the
experimental spectra shown in figures 4 and 6.

in order to verify our assignments, we calculated the Auger parameters presented
in table 2 [29-31]. These quantities represent the effective Coulomb interaction
between the final-state holes. From general arguments [16], we expect these quantities
to depend upon the final state only, and to be larger for both holes with the same
principal quantum number than for those in different atomic shells. This expectation
is borne out by the close agreement between all the transitions with M, (M,  final
hole states and by the fair agreement between those with M, 5N, 3 and M,l sNas
final hole states. The decrease in the Auger parameter magmtudes as we proceed
from M, sM, 5 t0 M, 5N, 5 to M, sN, ¢ final hole states also supports the assignment
from considerations of the annular Spatla] regions in which the holes reside.

4, Conclusions

In this paper, we demonstrate, for the first time, the possibility of making high-
resolution measurements of the high-kinetic-energy (from 1500 to 3450 eV) LMM
and LMN xaEs spectra of Nb, Mo, Pd and Ag. The resulting spectra, although weak
in intensity, as manifested in figures 1 and 2, are, in general, at least as narrow and
well defined as those of the 3d [12] and 5d [13] metals previously studied,

The Auger features were tentatively assigned using both energy predictions from
x-ray tables and intensity estimates. Verification of the assignments rests upon the
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Figure 7. (2) The LM,y sMy s and LoM, s Nz a spectra for Pd. Note the breadth of
the Lp M, s Nz 3 peak. (b) Analogous spectra for Ag,

agreement between the measured and predicted features of the spectra, as well as
upon the experimental systematics of the Auger parameter, or effective final-state
hole-hole Coulomb interaction [16]. Spectral features assigned the same final two-
hole state exhibit Auger parameters which agree in magnitude, as we expect from
general considerations [16]. In addition, assigned final states whose holes reside in
different shells have smaller Auger parameters than those in the same shell, which,
again, agrees with expectations [16].

Both the LM, ;N, ; and the L,M, ;N, ; Auger peaks are sharper for Nb and
Mo than for Pd and Ag. The L;M, ;N, ; peaks of Pd and Ag present a double
structure, in contrast with the single feature observed for Nb and Mo. The same
behaviour seems to occur for the respective LM, 4N, ; lines.

Theoretical estimates [27] for Ag, a closed-valence-shell metal, agree with experi-
mental intensitics, whereas that for Zr, an open-shell metal, do not. It would seem
that the availability of systematic high-resolution spectra, such as we present here, is
important for improving the theoretical understanding of open-shell systems.
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