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Measurements are reported of selected structure in the secondary-electron energy distribu-
tions of evaporated aluminum, nickel, and copper. The specimens were bombarded with 3-
keV electrons and the secondary structure was measured with a resolution of 0.1 eV. For
each metal, it was hoped to measure Auger transitions involving two relatively narrow inner-
shell levels and the valence band in order to obtain information on the valence-band density of
states. Att;empts were made to observe the Al KL& 3M Auger-electron energy distribution ex-
pected at about 1470 eV. Structure was, however, observed with a high-energy edge of
1485.9 + 0.5 eV and a breadth of 8-9 eV. This structure was interpreted as being due to
photoemission of valence electrons by internally generated Kn x rays and was similar to uv
photoelectron energy distributions and to the calculated density of states. Inelastic scattering
of the photoelectrons obscures the expected Al KL2 3M structure. Auger-electron peaks in the
ranges 730—800 and 820-865 eV were measured in the secondary-electron energy spectra for
nickel and copper, respectively. Structure was observed in the L3M2 SM4 5 Auger transition
(over a range of about 20 eV) that could be associated in part with the final atomic states and
in part with over-all features of the 3d-band density of states as determined by soft-x-ray-
emission spectroscopy and x-ray photoelectron spectroscopy. It is believed that Auger-elec-
tron spectra can yield useful data on changes of electronic structure (e.g. , by alloying or by
compounding) but, in general, density-of-states data cannot be derived from the Auger spec-
tra without detailed knowledge of the final states expected after the Auger transition of inter-
est.

I. INTRODUCTION

It has long been realized that features in the
secondary-electron energy distributions of solids
(excited by electron impact) can give information
on the electronic structure of the solid. Two types
of measurement have usually been made. First,
measurements of electron energy-loss spectra (due
to excitation of both valence' and inner-shell elec-
trons) can be analyzed to yield optical constants~
and thus be related to band structure. Second,
measurements of Auger-electron transitions in-
volving valence-band electrons can be related to
the valence-electron density of states N(E). '~

One of the original objectives of the work to be
described here was to deduce density-of-states
data from suitable Auger peaks in the secondary-
electron energy distributions of selected solids, as
suggested by Lander. ' Earlier work of this type
has been restricted to A valence-valence Auger
transitions '8 ' ' "or to L valence-valence Auger
transitions. ' ' ' ' For such transitions, the ob-
served Auger-electron energy distributions would
be proportional to an integral self-convolution of
the density of states times the transition probabil-
ity, assuming that the final holes in the valence
band do not appreciably modify N(E) To avoid de-.
convolution of the raw spectral data, it was decided
to observe Auger transitions involving two relative-
ly well-defined inner-shell levels and the valence

band. It was hoped that density-of-states data de-
rived in this way could be usefully compared and
contrasted with the results of other techniques (uv

photoemission, '"' x-ray photoemission, "' and
soft-x-ray emission spectroscopy "'). With all of
these techniques it is usually difficult to determine
the energy dependence of the transition probability
specific to each type of electronic transition and
the effects of particular vacancies or excitations
on the observed distributions. In the absence of
a complete theory to describe each type of mea-
surement, comparisons and contrasts of experi-
mental data obtained by different methods for a
given material can be valuable in determining the
common features of N(E), the energy variation of
the several transition probabilities, and the im-
portance of specific initial- or final-state effects
on the different spectral distributions.

Aluminum, nickel, and copper were selected for
measurement in this work. Aluminum is a nearly-free-
electronlow-g metal and itwas believed thata mea-
surement of the Al KI.2 3M Auger transition for a
metal with such a relatively simple electronic
structure would provide a good test of the useful-
ness of the Auger technique for deriving N(E) in-
formation. Nickel and copper have a more complex
electronic structure that has been investigated with
the use of other techniques' so that comparisons of
results are readily possible. The I.SM2 3M4 5 and
I.BM2 3N, transitions were selected as being useful
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TABLE I. Ground-state binding energies of electrons
(taken from Ref. 8) and the widths 8'z, Sz, , and 8& of3' 3
the K, I 3, and M3 levels, respectively (taken from Refs.
9 and 10), of Al, Ni, and Cu (all in eV).

Binding energies
K
L)
L2
1-3

Mg

M23

Level widths
&x
8'l.
W'~

Al

1559.6
117.7

73.1

~0
~0 ]

Ni

8332.8
1008.1
871.9
854. 7
111.8
68. 1

A+0 5
0.2-0.4

CU

8978. 9
1096.1
951.0
931.1
119.8
73.6

0.5
0.2-0.4

for each metal and convenient to measure; these
transitions could give information on the 3d- and
4s-electron contributions, respectively, to the
valence band. Nickel and copper are also neigh-
boring elements in the Periodic Table, nickel being
the last element of the first transition series and

copper a noble metal, so that any differences in
their Auger spectra could possibly indicate how the
transition features change with the filling of the 3d
level. Table I lists the binding energies of elec-
trons involved in the selected transitions as well
as the widths of the E, L3 and M3 levels. ' The
level widths set a natural limit to the resolution
with which valence-band features in the various
Auger transitions can be measured (unless decon-
volution techniques are employed). In the present
work, it was decided to measure the selected fea-
tures with an analyzer resolution of 0. 1 eV so that
the over-all energy resolution of the valence-band
structure was not appreciably inferior to that ex-

pected from the relevant inner-shell level widths.
The apparatus and the methods of data accumula-

tion and analysis will be described in Sec. II. Re-
sults for aluminum and for nickel and copper will
be separately presented and discussed in Secs. III
and IV, respectively.

II. EXPERIMENTAL

Figure 1 shows a schematic outline of the appa-
ratus used in this work. Specimens were prepared
by evaporation from tungsten helical filaments in
the case of Al and from tungsten conical baskets in
the case of Ni and Cu. The maximum pressure
during the 5-10-sec evaporation was usually be-
tween 5 and 10x10-' Torr, while the base pressure
was between 1 and 3&10 Torr.

The electron gun used to produce the 3-keV pri-
mary beam consisted of a Pierce diode" and a
single focusing element with deflection plates.
Features of the secondary-electron energy distri-
bution were measured with a Kuyatt-Simpson ana-
lyzer system' operated with a resolution of 0. 1 eV,
independent of the absolute electron energy being
measured. '3

Electrons enter the analyzer system through two
0. 014-in. -diam molybdenum apertures spaced
0. 125 in. apart; the distance between the center
of the target and the nearest aperture is 1 in.
These electrons are decelerated and then dispersed
in the electrostatic field between two concentric
hemispheres. The beam transmitted through the
energy-defining aperture is reaccelerated and de-
tected with an electron multiplier. Copper was
used for the fabrication of the analyzer hemispheres
and all lens elements. The earth's magnetic field
was neutralized (to about 2 mG) over the experi-
mental volume with two pairs of rectangular coils. '
The effects of residual fields and of small mechan-
ical misalignments could be corrected by use of
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FIG. 1. Schematic outline
of the apparatus. The gaps
between the electrodes have
been enlarged for clarity.
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two pairs of deflection plates in each linear seg-
ment of the apparatus.

Output pulses from the electron multiplier were
counted and stored in a multichannel analyzer,
operated in the multiscale mode. A staircase
waveform was produced by the multichannel ana-
lyzer as it moved from channel to channel; this
waveform was amplified and applied to the scatter-
ing apparatus to provide an energy sweep of vari-
able amplitude. Data accumulated in the multi-
channel analyzer could be punched on paper tape
for later computer processing (e. g. , summing of
runs on a common energy scale).

The apparatus was used to search for and to
measure Auger-electron features in the secondary-
electron energy distribution and to measure char-
acteristic electron energy-loss spectra. The latter
measurements were made for several purposes.
First, the loss spectra could be used to determine
whether a satisfactory evaporation had been made
as the loss spectra for Al, Ni, and Cu are fairly
well established. ' The loss spectrum of Al is sim-
ple and easily recognized but the loss spectra for
Ni and Cu are more complex. For the latter two
metals, it was found convenient to evaporate them
(separately) onto a previously evaporated layer of
Al to ensure that a sufficiently thick fresh speci-
men had been produced. The loss spectra were
remeasured at frequent intervals during the Auger-
electron measurements to monitor possible changes
in surface composition. In addition, the loss mea-
surements could be used to establish an absolute
energy scale. A relative energy scale was found
first by switching batteries (whose emf was deter-
mined potentiometrically) successively in series
with the voltage sweep. The peak of elastically
scattered electrons was thereby moved to differ-
ent points on the multichannel-analyzer channel
scale. The elastic peak locations were determined
by computer for the various battery voltages and
a quadratic fit was made of the data to determine
sweep voltage as a function of channel number; a
quadratic relationship was found necessary to ac-
count for a small nonlinearity in the multichannel-
analyzer output staircase voltage. The absolute
electron energy scale, referenced to the Fermi
level of the specimen, was established by relating

. an observed elastic peak position to the voltage
applied between the target and the gun cathode with
an additive correction of 4. 7 eV. This correction
includes the thermionic work function of the tung-
sten cathode (4. 5 eV) and the most probable energy
of thermionic emission (=0. 2 eV for an assumed
Maxwellian energy distribution). Auger-electron
energies could thus be readily compared with esti-
mates based on electron binding energies (also
referenced to the Fermi level). ' All energy-loss
spectra were measured with incident-electron en-

TABLE II. Typical voltages applied to the various
elements of the scattering apparatus shown in Fig. 1 for
the experiments with Al, Ni, and Cu. The symbol S de-
notes the sweep voltage.

Element

61 (Auger)
(loss)

G2 (Auger)
(loss)

Specimen
Al
A2
A3 and A12
A4 and A6
A5 and A10
A7 and A8
A9 and A11
A13
A14

Al

—3000
—1100
—2600
—880

Ground

385
Ground
S (0-26)
—710+S
—850+ S

—1030+S
—1090+S
—815+S

45
Ground

—3000
—785

—2600
—640

Ground

Ground
Ground
S (0-13)
—405+ S
—545 +S
—715 +S
-775+ S
—500+ S

45
Ground

CU

—3000
-850

—2600
-700

Ground

Ground
Ground
S (0—13)
-425+ S
—680+ S
—800+S
—840+ S
—625+ S

45
Ground

ergies (at the specimen) close to the energies of
interest in the secondary-electron spectra to estab-
lish satisfactory operation of the analyzer and to
determine the inelastic-scattering modes for the
Auger electrons.

Typical voltages applied to the various elements
of the apparatus are shown in Table II. All the
electrons that were finally detected at the multiplier
traversed the analyzer hemispheres with a stan-
dard energy of about 10 eV. The energy sweep,
applied to elements A2-A12 of the analyzer, had a
maximum amplitude of 26 eV for most of the work
with Al and of 13 eV for most of the work with Ni
and Cu, although occasionally sweeps with larger
amplitudes (=45 eV) were used. The smaller
sweeps were derived from a more stable amplifier
than that used for the larger sweeps and were con-
sistent with the desired energy resolution of 0. 1
eV and the channel capacity of the multichannel
analyzer.

Secondary-electron data were generally accumu-
lated in 200 channels of the multichannel analyzer
at a rate of about 4x 104 counts/sec. In the work
with Ni and Cu, the typical accumulation time for
a run was about 8 min (corresponding to =10~
counts/channel), although there were some longer
runs of 20—30 min. In the Al work, most of the in-
dividual run accumulation times varied between 10
min and several hours, although there were a few
=8-h runs. The loss spectrum of the sample was
measured after each evaporation and each run
(measurement time =80 sec). It is clear that the
present samples could have accumulated a mono-
layer of adsorbed gas during the main data-acquisi-
tion periods although it is believed (from the loss
spectra) that with frequent evaporations of speci-
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men material (to getter the chamber of active gases
and to renew the sample surface) and with desorp-
tion of adsorbed species by the 3-keV incident-
electron beam, no appreciable oxidation or surface
reaction was occurring. " Some concurrent changes
in the energy-loss and Auger spectra were found,

however, in the Ni and Cu work, usually either for
the first sample of a series of evaporations or over
a long period of time (~ 5 h), and these data will be
separately discussed below.

The various individual runs could be combined
after calibrations of the energy scales. In the Ni

and Cu measurements, the voltages on elements
A3-A12 were stepped by intervals of 10 V to cover
the energy range of interest. The secondary-elec-
tron spectra for each 13-eV sector were summed
and combined with neighboring sectors, with ap-
propriate normalizations based on the regions of
overlap, to produce the distributions presented be-
low (Fig. 8). These composite spectra were con-
sistent with the distributions obtained with larger
sweep amplitudes (=45 eV).
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FIG. 2. Portion of the secondary-electron energy dis-
tribution for aluminum excited by 3-keV electrons. A

quadratic interpolated background has been subtracted
from the raw data to display the structure. Each point
here represents an accumulation of about 2. 9&& 10
counts; the amplitude of the structure is approximately
0.1% of the background intensity. The solid line is a
smooth curve (found by a 9-point least-squares cubic-
function smoothing procedure) through the experimental
points. The Fermi energy has been located at 1485.9
+ 0.5 eV, the point of maximum slope on the high-energy
edge of the structure identified as being due to photo-
emission by internally generated Al Ka& 2 x rays.

III. RESULTS FOR ALUMINUM

Figure 2 shows a portion of the secondary-elec-
tron energy distribution for aluminum in the region

of the expected position of the Al KL2 3M Auger
transition. Approximately 145 && 106 counts were
accumulated in each channel of the multichannel
analyzer (total time =150 h) but, as the structure
is weak, the counts of neighboring pairs of chan-
nels were added and a quadratic background (found

by interpolation) was subtracted from the raw data
to yield the plot of Fig. 2. The peak height of the
main structure (located in the vicinity of 1485 eV)
is only about 0. 1% of the background intensity.

It is well known that Auger electrons emerge
from an initially singly ionized atom with energies
less than those calculated from ground-state elec-
tron binding energies for that atom. '6 For the
KL»M transition in Al, the Auger feature would be
expected'~ to occur with a high-energy edge (cor-
responding to the Fermi level) at an energy of
about 1470 eV. In Fig. 2, however, the main fea-
ture with the high-energy edge located at 1485. 9
+ 0. 5 eV corresponds (within 0. 6 eV) to the posi-
tion of the Al KLz SM Auger transition calculated
with no correction for the atom being left in a doub-

ly ionized state. On energetic grounds, principal-
ly, this feature is interpreted'7 as being due to
photoexcitation of Al valence electrons by internal-
ly generated Kn, ~ x rays.

At an incident-electron energy of 3 keV, K-shell
ionization occurs over a range of depths large com-
pared with the 40-A attenuation length of 1500-eV
electrons in Al. '.7 The K-shell fluorescence yield
is only 4/q, but some of the Kn, 3 x rays generated
deep in the sample can be absorbed in the surface
region, close enough to the surface so that a photo-
electron can leave the solid without inelastic scat-
tering. The Al KL2 3M Auger transition, however,
is weak compared to the KLL transitions'; in ad-
dition, only a small fraction of the Auger electrons
resulting from the decay of K vacancies can escape
without inelastic scattering. The internal x-ray
photoemission peak can thus be expected when

the fluorescent yield is not too small. Structure
observed at lower energies (shown in Fig. 2 and
Ref. 17) is due in part to the expected Kl.~ zM
Auger transition and to inelastic scattering (pre-
dominantly multiples of the 15-eV volume-plasmon
loss'~) of both photoexcited and Auger electrons.

Baer has shown that x-ray photoelectron energy
distributions involving valence-band excitation
should be simply related to the electronic density
of states. The high-energy edge at 1485.9 eV in

Fig. 2 then corresponds to the Fermi level of the
valence band. The finite width of this edge region
is due to the finite analyzer resolution (degraded
to 0. 2 eV in the data analysis), experimental drifts
during data accumulation (estimated to be less
than 0. 4 eV), and to the spin-orbit splitting of the

Ko., 2 doublet (0.4 eV). The apparent width of the

valence band of 8-9 eV is less than the width de-
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termined from soft-x-ray-emission spectroscopy
of about 11.3 eV. ' This apparent reduction in
bandwidth is believed due to a small amount of in-
elastic scattering; the low-energy portion of the
photoelectron band is distorted by 10-eV surface-
plasmon losses' of photoelectrons of higher energy
and it is thus not possible to locate readily the bot-
tom of the band.

The shape of the photoelectron band in Fig. 2 is
similar to the calculated Al density of states. " The
experimental distribution is fairly smooth, within
the statistical uncertainties, but weak structure is
believed detectable at about 3 and 5. 6 eV below the
Fermi energy. This structure corresponds to sym-
metry points in the Brilloujn zone and is similar
to that observed by Huen and Wooten in uv photo-
electron distributions. '

IV. RESULTS FOR MCKEL AND COPPER

A. Discussion of Main Data

Figure 3 shows the secondary-electron energy
distributions of Ni and Cu in the vicinity of the ex-
pected positions of the LSM2 3M4 5 Auger transi-
tions. The vertical bars in each panel indicate
the positions of the designated Auger transitions
expected on the basis of pure j-j coupling. ' These
positions have been computed with the binding en-
ergies of Table I and with no correction (estimated
to be about —5 to —10 eV) due to the emitting atom
being left in a doubly ionized state. ' We note also
that the tabulated binding energies for the M»
levels of Ni and Cu are about 2. 4 eV higher and 1.0
eV lower, respectively, than the Ms binding ener-
gies derived from recent soft-x-ray-emission ex-
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FIG. 3. Portions of the secondary-electron energy distributions for Ni and Cu excited by 3-keV electrons. iVLany in-
dividual runs were obtained, as described in the text, and combined after separate calibrations of the multichannel-ana-
lyzer channel scale and conversion of the observed number of counts/channel to number of counts at 0.1-eV intervals
(using a local four-channel quadratic fit). The ordinate scale thus corresponds to the number N of accumulated counts
per channel; the probable error of a single point is approximately N ~ . The dashed lines represent an assumed linear
background (to partially compensate for inelastic scattering) to give the curves of Fig. 4. Vertical bars indicate the po-
sitions of the particular Auger transitions based on pure j-j coupling and calculated with the electron binding energies
shown in Table I. Auger transitions would be expected to be observed at energies about 5-10 eV less than those indicated
as the emitting atom is left doubly ionized.



HIGH-BESOI UTION MEASUREMENTS OF. . . 4423

periments. '0

The most prominent feature in each distribution
of Fig. 3 is a pair of peaks that has been observed
previously. ' These peaks occur, as expected, at
energies somewhat less than the computed
L,M, 3M4, positions. We note here that there does
not appear to be any significant x-ray photoemis-
sion in Ni and Cu, as for Al. In principle, Ln& ~

radiation could excite electrons from the Ma, lev-
els and cause structure at the computed L3M~ 3M4,
Auger-transition energies shown in Fig. 1. This
lack of observed x-ray photoelectron structure for
Ni and Cu is attributed to the small I.3-shell fluo-
rescent yield (=0. 6/q)~6 and the presence of strong-
er Auger trar&sitions than in Al.

We will discuss in some detail the prominent
structure in Fig. 3 with four components (located
between 76'7. 5 and 785. 5 eV for Ni and between 830
and 850. 5 eV for Cu) and associate it with the

L3M~ 3M4 5 Auger transition for each element. The
weaker structure at higher energies is due to a
similar partially overlapping group due to initial
ionizations in the La shell. The weak peak at about
'735. 5 eV for Ni is believed to be due to the

L3MfM4 5 transition; the L~M,M4 5 transition would

be expected to be about 10 times weaker (by analo-

gy with the structure between 765 and 800 eV) and

is not detected here. The L&M&M, transition would

be expected to be weak and broad compared to the
other structure of Fig. 3 on account of the Coster-
Kronig transitions. Taking into account the sys-
tematic errors (noted above) that are believed to
exist in the Mz 3 binding energies listed in Table I,
the computed positions of the L/M1M$ and L3M2 3M4 5

transitions would nearly coincide for Cu but would

be separated by about 4 eV for Ni. The lack of
noticeable differences in the relative intensities of
the Auger structure for Ni and Cu in Fig. 3 sug-
gests that there is no appreciable intensity associ-
ated with the L&M&M, transition.

An interpretation of the structure of Fig. 3
should take into account the following observations
and factors.

(i) The separations of the two prominent peaks
in the L,M, ,M4 5 Auger groups for Ni and Cu are
about 7 eV, as observed earlier ' and discussed
recently by Coad. 8 These separations are much

larger than the differences in the binding energies
of electrons in the M~ and M3 shells that can be
estimated, by extrapolation, to be about 2 eV. In
addition, the two peaks in each spectrum are of
roughly equal intensity (taking into account inelas-
tic scattering that will be discussed below) where-
as, on the basis of pure j-j coupling, the ratio of
the I.3M3M4 5 intensity to the L3M~M4 5 intensity
would be expected ~ to be about 5. We note also
that the structure of interest in Fig. 3 is distrib-
uted over a total range of about 20 eV.

(ii) The two prominent peaks of each distribu-
tion have estimated widths of about 3-4 eV that
are consistent (taking into account the estimated
smearing in the I.3M3 3M4 5 Auger transitions of
about 0. 6 eV, due to the L3 and M3 level widths

shown in Table I) with the expected 3d bandwidths

of about 3 eV that have been determined from other
experiments. '""O' Some weak fine structure,
defined by sequences of points, is believed detec-
table in Fig. 3, but there does not appear to be a
good correlation in the relative positions of the fine
structure on the two main peaks for each element.
These observations are discussed further in Sec.
IV B.

(iii) As for Al, the attenuation length of = 800 eV
Auger electrons is expected to be much shorter
than the mean depth of L-shell ionizationp, . The
general increase in intensity with decreasing ener-
gy seen in Fig. 3 is believed to be due to inelastic
scattering of the Auger electrons. The structure
of interest can be displayed more clearly by sub-
tracting an arbitrary linear background, repre-
sented by the dashed lines in Fig. 3; the results
of this partial correction for inelastic scattering
are shown in Fig. 4. &e weaker peak at lower
energy than the main structure of. Figs. 3 and 4 (at
= 767. 5 eV for Ni and at =830 eV for Cu) was con-
sidered as being possibly due to a specific mode
of inelastic scattering associated with either of the
more intense pair of peaks (at 774. 2 and 780. 9 eV
for Ni, and at 838. 8 and 846. 4 eV for Cu). Mea-
surements of the energy-loss spectra for each
metal, shown in Fig. 5, indicated that no well-de-
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FIG. 4. Smooth curves showing L3M2 &M4, &
and weaker

I-PI2 3M4 & Auger transitions for Ni and Cu, obtained by
subtracting a linear background from the raw data of
Fig. 3, as described in the text. The vertical bars in the
top panel denote the calculated relapse energy separation
of the designated final states for the copper configuration
3s'3p'3d'.
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FIG. 5. Energy-loss spectra of Ni and Cu. These
spectra were measured with the cathode voltages shown
in Table II.

fined inelastic-scattering mechanism could be re-
sponsible for the weak 767. 5- and 830-eV maxima
in Ni and Cu, respectively. It might be remarked
that the loss spectra in Fig. 5 are similar to those
that have been measured earlier, ' although the
structure between 1- and 10-eV energy loss is more
prominent in the present data. This increase in
relative intensity suggests that this structure is
associated with surface-plasmon excitation; the
ratio of the intensity due to surface-plasmon ex-
citation to that due to bulk modes of energy loss is
known to depend strongly on the surface roughness
of evaporated specimens in "reflection" electron-
scattering experiments. ~'

(iv) The spectra for Ni and Cu in Fig. 3 are very
similar, suggesting a common origin of the struc-
ture. The spectra also closely resemble the
L3MQ 3%4 5 Auger spectrum of gaseous krypton
in which a structure consisting of three main peaks
and a weaker high-energy component is found.
These observations suggest that the principal fea-
tures of the transition are not a strong function of
atomic number and also that the principal transi-
tion features do not appear to be appreciably modi-
fied, in relative position or intensity, by filling of
the 3d level or by solid-state effects.

(v) The Auger spectrum reflects the different
possible final states of a system following initial

single ionization of an inner-shell level (that may
also be accompanied by additional ionization or
excitation). ~4 The more intense features of an
Auger spectrum are often due to the "normal"
Auger process'3 (decay of a sole inner-shell vacan-
cy) but extra "satellite" features have also been
observed with gas samples that can be associated
with inner-shell ionization and additional excitation
and ionization. We have to consider, for the in-
terpretation of the structure of Fig. 3, whether any
of the weaker features (e. g. , the shoulders at
=785. 5 eV for Ni and = 850. 5 eV for Cu, and per-
haps the weak structure at higher energy) are
Auger satellites, as described. Information on the
excitations produced by the incident-electron beam
accompanying inner-shell ionization can be ob-
tained from the appropriate x-ray-absorption spec-
trum. ' Although there is weak structure on the
high-energy side of the L, absorption edges of Ni
and Cu, ' there does not appear to be a satisfac-
tory correlation between these limited data and the
weak structure of Fig. 4. This lack of correlation
is at first sight surprising as a large majority of
the inner-shel. l ionizations are general. ly accom-
panied by excitations of the ejected core electron
to states well above (~ 10 eV) the Fermi level
(rather than just to states within a few eV of the
Fermi level). ' As the ratios of the intensities of
the "normal" Auger peaks to the intensities of pos-
sible satellite peaks in Fig. 4 are large ( 10), it
can be concluded that the excited core electron is
not apparently localized in the vicinity of the core
hole or does not significantly contribute to the in-
ner-shell Auger decay process.

(vi) Auger structure due to the L2M, ~M4, tran-
sition would be expected at higher energies than the
corresponding L, M~, M4 5 structure by the amount
of the L, L3 binding-ene-rgy difference (1'7. 2 eV for
Ni and 19.9 eV for Cu). On this basis, the peaks
at = 791.5eV for Niandat = 859 eVfor Cu are be-
lieved to be the strongest components of the
L2 MQ 3 M4 5 structure, corresponding to the
L3 Mp 3M4

~ 5 peaks at 774. 2 eV for ¹iand 838. 8 eV
for Cu, respectively. We must then consider that
some of the intensity in the shoulders located at
=785. 5 eV for Ni and = 850. 5 eV for Cu is due to
a low-energy component of the L&M~ 3M4, transi-
tions corresponding to the peaks at =767. 5 eV for
Ni and =830 eV for Cu. Some additional L2MQ 3M4 5

structure would be expected beyond the present
range of measurement. The low intensity of the
L~M~, M4 5 structure relative to the intensity of
the L3Mp 3M4 5 structure is believed to be due to
the effect of the Coster-Kronig transitions in de-
pleting the number of L&-shell vacancies.

The above discussion indicates that pure j-j cou-
pling is inappropriate for a detailed description of
the L3M~ 3M4 5 Auger transitions in Ni and Cu.
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The structure of Fig. 4 can be qualitatively under-
stood, however, on the basis of L-S coupling and
with the use of an atomic model that will be ap-
plied, for greater simplicity, only to copper.
Following the L3MQ 3M4 Q Auger transition, a
copper atom would have the configuration
1s 2s 2p Ss Sp'Sd 4s. As noted above, the widths
of the principal structure of Fig. 4 reflect mainly
the Sd bandwidths in each metal and we will ig-
nore here, for simplicity, the L3M& 3N& contribu-
tion to the Auger spectrum in this energy region
as the 4s bandwidths are known+ to be about 9 eV
wide and without significant features and as this
transition would probably be weaker tean the
L3 M~ 3 M4, transition. ' There are three possible
final singlet states ( Pz, D„and 'F, ) and three
possible final triplet states ( Po ~ » D, z s, and

F~ 3 4) associated with the Ss Sp'3d configuration.
Weiss of the NBS has computed the Slater inte-

grals" based on Clementi wave functions for
Cu" (Ss Sp Sd ) in its ground state to enable esti-
mates to be made of the energy differences between
the above six final states; these calculated relative
energy separations are shown in Fig. 4. Additional
calculations were made of the final-state energy
separations using wave functions for ground-state
Cu' (Ss Sp Sd ) and, by extrapolation, ground-
state Cu"' (Ss23p~Sd ) to determine the extent to
which differing atomic wave functions affected the
final-state energy separations. The calculated
final-state separations for the latter two calcula-
tions did not change by more than 1 eV compared
to the positions shown in Fig. 4. Although the spin-
orbit interaction in the Sp shell has been neglected
here (splitting = 2 eV) and a simplified atomic mod-
el has been used to describe, as a first approxima-
tion, an Auger transition involving the valence
band of a solid, the calculated Auger-electron en-
ergy separations corresponding to the designated
final states shown in Fig. 4 agree well with the ex-
perimentally observed separations. The largest
discrepancy, between the observed peak at =830 eV
and the calculated position corresponding to the
F state, may not be meaningful but it could indi-

cate that the = 830-eP peakwas a satellite feature
as described in item (v) above.

The selection rules for Auger transitions can
be applied to indicate that the most intense fea-
tures of the L3 Mz 3M4 5 Auger transition would be
those corresponding to the P and P final states.
For the transition 2p'Sp63d'o(2P) -2p63p'Sd e/, it
is reasonable to presume that the most likely value
of E would be zero. In this case, only two ~P
terms can be obtained from the Sp'3d' core, one
based on the 'P final state and the other based on
the P state. The separation of the two most in-
tense copper peaks in Fig. 4 corresponds closely
to the calculated 'P-'P final-state energy differ-
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FIG. 6. Comparison of Auger-electron spectra (AES),
soft x-ray-emission spectra (SXS) (Ref. 10), and x-ray
photoelectron spectra (XPS) f3ef. 7(b)], for Ni (left) and
Cu (right). The AES curves have been derived from Fig.
4 with each of the two prominent AES peaks for both Ni
and Cu vertically aligned with the SXS and XPS d-band
peak positions; the upper and lower AES curves thus
correspond to the upper and lower Auger-electron energy
scales, respectively, in each panel.

ence. The weaker peaks of Fig. 4 may be due to
transitions for which /= 2; in this case, P terms
can be found for all Sp'Sd final states.

We now conclude, on the basis of the above dis-
cussion and the calculation of the final-state en-
ergy separations for atomic Cu, that the
L3 Ma 3 M4 lj Auger structure for Ni and Cu consists
of four principal components. Additional weaker
structure can be detected in the vicinity of the
prominent peaks of Fig. 4 but it is not clear now

whether this is due to overlapping final-state com-
ponents (including possible Auger satellites) or to
structure in the density of states (to be discussed
below). The calculation for atomic Cu is not ex-
pected to be valid in detail for solid Cu while for
Ni a greater number of final states (associated
with the Sp'Sd8 configuration) would be possible.
In any more detailed analysis, the various final
states need to be defined more precisely and ap-
propriate transition probabilities calculated.

B. Density-of-States Information

We will now compare the L, Mz, M4, Auger
spectra for Ni and Cu with the results of other
types of experiments that give information on the
valence-band density of states. Figure 6 shows
the x-ray photoelectron spectra of Fadley and
Shirley~'"' which are similar though not identical
to the results of Baer et al. We also show the
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M, soft-x-ray-emission spectra of Cuthill et al. '
which show more fine structure than (but which are
otherwise similar to) the results of Fomichev et
al. We have not included in this figure uv photo-
electron spectra as the measured energy distribu-
tions change with photon energy, at least in the
7-40-eV energy range, although the photoelectron
energy distribution '" for Ni with A~ = 40. 8 eV is
similar to the measured x-ray photoelectron
spectra. ""' ' The ion-neutralization spectra of
Hagstrum" have not been included as this technique
appears to be more specific to the surface atoms
than the "bulk. " The top panels of Fig. 6 show the
present Auger data. We have arbitrarily aligned
each of the two prominent peaks for each element
in Fig. 4 with the 3d-band peak positions in the
soft-x-ray-emission and x-ray photoelectron spec-
tra in the lower panels of Fig. 6. Unfortunately,
the number of final states associated with the
L'3 M2 3 1414 5 Auge r trans itions for ¹iand Cu, dis-
cussed above, made it difficult to detect any fea-
tures of the 4s bands (associated with the weaker
L3M2 P'L transitions).

We observe that there is not a close correspon-
dence in the two sections of the Auger-electron
spectrum (AES) for each element, as would be ex-
pected if each part of the AES could be associated
with single final states (well separated in energy).
The upper portion of the AES in the top panel is
rather broader than the lower portion; this ap-
parent increase in breadth would be expected from
the overlapping Auger-electron contributions as-
sociated with the D and P final states indicated
for Cu in Fig. 4. It is also believed reasonable to
compare data from soft-x-ray spectroscopy (SXS)
and x-ray photoelectron spectroscopy (XPS) only
with the narrower AES peaks that are more likely
to be associated with a single final state (corre-
sponding to the IJ state for atomic Cu).

The lower AES curves are very similar in shape
and width to the corresponding SXS and XPS data.
Although different electronic processes are in-
volved in each form of valence-band spectroscopy,
the similarity in the gross features of the results
for each metal suggests that the over-all 3d-band
characteristics are being measured by each tech-
nique with comparable energy resolution. Weak
structure is seen in the lower AES curves at the
expected positions of the Fermi level but this and
the other fine structure, if real, could be asso-
ciated with overlapping final-state components as
we1. 1. as with structure in the density of states. There
does, however, appear to be some correlation be-
tween the fine structure in the lower AES curves
and that observed in the Ms soft-x-ray-emission
spectra of Cuthill et al. '

The detailed differences in the spectra for each
metal in Fig. 6 are considered due to differing in-

itial- or final-state conditions specific to each
form of valence-band spectroscopy (assuming that
there are no unknown specimen- and measure-
ment-condition artifacts associated with the Fig.
6 data). 42 Multiple initial- or final-state effects
have already been observed in SXS, ' XpS, ' and
AES (as discussed in Sec. IV A and as evidenced
by the maxima at =767. 5 eV for Ni and at =830 eV
for Cu in Fig. 6); multiple final-state effects were
not, however, apparent or considered in previous
attempts' to derive density-of -states information
from AES. Ideally, multiple-state effects and en-
ergy-dependent transition probabilities ' should be
known in a proper analysis of experimental va-
lence-band spectra but, in practice, the necessary
corrections cannot usually be determined with the
necessary accuracy. It is therefore believed that
AES can be a useful complement to SXS and XPS
for empirical estimates of the magnitudes of the
several possible perturbing effects and for deriv-
ing common features of the valence-band density
of states.

C. Data for "Contaminated" Ni and Cu Surfaces
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FIG. 7. Nickel Auger structure measured from what
is believed to be a Ni-Al alloy (as described in the text).
The corresponding characteristic loss spectrum is shown
in Fig. 8.

It is believed of interest to report briefly some
observations of concurrent changes in the energy-
loss and Auger spectra of Ni and Cu.

Figure 7 shows the region of the nickel spectrum
between = 767 and = 781 eV for what is believed to
be a ¹i-Al alloy. An apparently thin film of Ni
was evaporated onto Al to give the standard Ni loss
spectrum [Fig. 5 and curve (a) of Fig. 8]. Auger
data were then accumulated for 8 min (with some
change in the Auger spectrum over that shown in
Fig. 8) and subsequently the data of Fig. 7 were
accumulated for a further 15 min. The loss spec-
trum was remeasured [curve (b) of Fig. 8] and
found to be intermediate in appearance between the
loss spectra. of Ni and Al [curves (a) and (c) of
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FIG. 8. Characteristic loss spectra of a fresh Ni sur-
face, curve (a), of what is believed to be an Ni-Al alloy,
curve (b), and of a fresh Al surface, curve (c). The lat-
ter curve shows the 10.3-eV surface-plasmon energy
loss.

Fig. 8, respectively]. The Ni Auger signal in Fig.
7 is smaller than for a fresh Ni surface (Fig. 3),
and the structure is now centered at a lower energy.
Similar observations were made on several occa-
sions. It is believed that aluminum and nickel have

interdiffused during the data-accumulation time
and that the differences between Figs. 3 and 7 are
due to changes in band structures, chemical"
shifts4' of the Ni inner-shell energy levels (e. g. ,
the M~, level), or to a combination of these effects.

Figure 9(a) shows the portion of the copper Aug-
er spectrum between = 833 and= 846 eV (as in Fig.
3). The data shown as Fig. 9(b) were accumulated
over a 40-min period beginning 20 min after a cop-
per evaporation. Over this 1-h total period, the
characteristic loss spectrum changed as shown in
Fig. 10. The changes in the Cu Auger spectrum
are small; the main peak has broadened and the
fine structure appears to have been smeared out.
As for Ni, these changes could be due to Cu-Al
interdiffusion or to surface reactions. Changes
in the copper loss spectrum were usually apparent
only over a period greater than about 5 h after an
evaporation. The Auger and characteristic loss
spectra of Ni changed concurrently with time qual-
itatively in the same way as for Cu.

The concurrent changes in the Auger and charac-
teristic loss spectra for Ni and Cu just described
clearly indicate the occurrence of chemical changes
in the surface regions of the samples. Although
the nature of the chemical changes was not identi-
fied, it is believed that measurements of Auger-
electron spectra (for transitions of the type de-
scribed here) could yield useful data on changes of
densities of states (for example, in alloys, com-
pounds, and with phase changes).
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correspond to the characteristic loss spectra shown in
Fig. 10.
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FIG. 10. Characteristic loss spectra of copper mea-
sured within a minute of a fresh evaporation, curve (a),
and after the surface has become contaminated, curve
(b), as described in the text.
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tributions of Al, Ni, and Cu. For each element,
it was intended to measure a selected Auger tran-
sition involving two inner-shell levels and the va-
lence band in order to obtain information about the
valence-band density of states.

For aluminum, structure was observed that was
interpreted as being due to photoemission of va-
lence-band electrons by internally generated Kn
x rays. The KL2, M Auger transition that was
originally sought was obscured by inelastic scat-
tering of the photoelectrons. The x-ray photo-
electron energy distribution, however, was con-
sistent with uv photoemission data and with den-
sity-of -states calculations.

The L, M p 3M4 5 Auger-electron energy distribu-
tions in Ni and Cu showed considerable structure,
indicating the breakdown of pure j-j coupling.
Each transition had four components that could be
qualitatively interpreted in terms of the possible
final states, expected following the Auger transi-
tion, on the basis of an atomic model for Cu. The
narrowest component of the structure for each
meta. l (corresponding to a single final state for
atomic Cu) was found to be similar in shape to x-
ray photoelectron and soft-x-ray-emission spectra

that were obtained with comparable energy resolu-
tion. In general, the various possible final states
for a given Auger transition need to be explicitly
considered before density-of -states information
can be extracted from Auger-electron energy dis-
tributions.

Some concurrent changes were observed in
Auger and characteristic loss spectra for ¹iand
Cu that could be associated with chemical changes
in the surface regions of the samples. It there-
fore seems likely that changes in the density of
states (with compounding, alloying, or phase
changes) could be investigated satisfactorily using
suitable Auger transitions (that is, with no appre-
ciable overlap of final-state components).
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Size Dependence of the Transport Properties of Bismuth in the Phonon-Drag Region
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The low-temperature size effects in the phonon-drag thermopower and electrical and ther-
mal conductivities of bismuth, measured under identical experimental conditions on a tuning-
fork sample of arm thicknesses 2. 8 and 1.2 mm, are reported. The thin arm has the highest
positive thermopower and a plateau is observed for both thicknesses in a different temperature
range. It is shown that the size effect in the thermopower and electrical conductivity occurs
in the same temperature range, suggesting that the nonequilibrium phonon distribution should
be taken into account in discussing the electrical conductivity at low temperatures. The ther-
mal conductivity exhibits a size effect at temperatures higher than expected.

Throughout the period since the discovery of the
peculiar size dependence of the electrical con-
ductivity of bismuth at 4. 2 K, its explanation has
remained puzzling. The general feature ob-
served~'3 is first a decrease of conductivity with
thickness, then a leveling off, and then another de-

crease with thickness. Following the observation
of phonon-drag humps in the thermopower of bis-
muth at low temperatures, one of the present
authors (Z.-P. I.) suggested that both phenomena
might be related. ' The electrons dragging the
phonons would cause a departure of the phonon


