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The soft-x-ray appearance-potential spectra (SXAPS) of M,s and N, levels of rare-earth metal holmium
(**Ho) have been obtained in the 130-1400-eV range with a simple, nondispersive spectrometer which
measures the derivative of the total x-ray fluorescence of the anode surface as a function of bombarding
electron energy. The spectrum represents the differential excitation probability of 3d and 4d core levels and
mirrors the self-convolution of the density of empty 4f states in Ho. The M, peak shows two distinct
components, 1.8 eV apart, followed by two satellites at 5.7 and 8.7 eV and a secondary peak at 33.5 eV above
the M; threshold. The N,s spectrum is more complex, consisting of two prominent peaks. The more intense
peak appears at 10.2 eV above the N, threshold in agreement with theoretical calculations. The spectral
features have been discussed in terms of the existing excitation state and satellite line theories. The binding
energies of the M,, Ms, and N,s levels of Ho were, however, found to be consistently a few eV lower than

those found by most other techniques.

INTRODUCTION

Soft-x-ray appearance-potential spectroscopy
(SXAPS) has been recognized as a technique for
studying the surface properties of solids. These
include element identification, chemical shift de-
termination, and investigation of the electronic
states of atoms at solid surfaces. A monochroma-
tic electron beam striking the solid surface ex-
cites a soft-x-ray flux consisting of bremsstrah-
lung and characteristic radiation. The yield of
this fluorescence process increases abruptly at
the threshold energies for core-level excitation
and this increase is proportional to the probability
of excitation. In the simple one-electron picture,
this probability will be determined by the densities
of initial and final electronic states. The onset of
SXAPS peaks, therefore, corresponds to the bind-
ing energy at which the core electrons can be ex-
cited to unoccupied states. The subsidiary struc-
ture beyond the threshold is expected to reveal
information regarding the density of unfilled va-
lence states above the Fermi level. Unfortunately,
bremsstrahlung and low-energy characteristic
processes tend to obscure the characteristic x-
ray lines. The first attempts to extract the onset
of characteristic radiation by graphical differen-
tiation of the excitation curve were made in the
early 1900’s.!"® Renewed interest in SXAPS com-
menced with the development of potential modula-
tion differentiation and ultrahigh-vacuum tech-
niques.*® SXAPS was developed into its present
form by Park, Houston, and Schreiner® in 1970.
Several recent review articles’!® have summa-
rized the experimental results and various theo-
ries of SXAPS.

The present paper describes the application of
soft-x-ray appearance-potential technique to rare-
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earth elements. Theories of soft-x-ray absorption
and emission in metals predict that the M,  and
N,,s edges in rare-earth metals will be particular-
ly well enhanced and, therefore, quite suitable for
study by the appearance-potential technique. The
importance of rare-earth metals to modern tech-
nology has stimulated experimental studies of their
electronic structure. The position of the 4f states
relative to the Fermi energy in rare-earth metals
is important for understanding their unique mag-
netic, electrical, and optical properties. SXAPS
measurements on some actinides and lanthanides
have been reported previously.!'** The purpose
of this paper is to report the SXAPS studies on
holmium (Ho).

EXPERIMENT

The spectrometer used in the present investiga-
tion is shown schematically in Fig. 1. The spec-
trometer chamber is constructed of 304 stainless
steel using metal gaskets to minimize outgasing.
The system operating pressure was kept below
108 Torr for measurements reported here by a
triode Vaclon pump. The addition of an encasing
oven that allows baking of the chamber walls and
the pump at temperatures of 200-250 °C reduced
the pressure to 10™° Torr range. The bakeout is
highly desirable for extended low-pressure opera-
tion. The necessity of ultrahigh vacuum is evident
in the consideration that a monolayer of contami-
nants forms on the target in less than two hours
at a vacuum less than 107*° Torr.” Inside the
chamber the target and filament are mounted on
high-vacuum feed through flange. The filament
is a fine tungsten wire mounted close to the target
for stable operation of the spectrometer at low
accelerating potentials. The detector assembly is
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FIG. 1. Simplified schematic diagram of the
sof t-x-ray appearance-potential spectrometer. The grid
is biased -50 V relative to the filament to prevent the
filament emission from reaching the detector assembly.
The filament is heated by an 8% duty cycle 20-V 400-Hz
pulse to improve the resolution and signal-to-noise
ratio. The potential of the target is modulated by the
isolation transformer and swept by the programmable
dc power supply. The component of the detector current
corresponding to the potential oscillation on the target
is selected by a tuned circuit and phase-lock amplifier.

mounted on another flange on the opposite end of
the chamber and is screened from the filament-
target assembly by a nickel wire mesh grid. This
grid is biased at —50 V relative to the filament.
The function of the grid is to prevent the thermal
electrons from reaching the detector assembly.
The detector consists of two intersecting nickel
planes biased at + 300 V mounted normal to the
target. The chamber walls act as a photocathode.
Electrons from the filament are accelerated to
produce soft x rays upon impinging on the target.
The filament is operated by an emission control
unit which maintains a constant emission current
irrespective of the target potential. The potential
on the target is varied from 0 to 2000 V by a vari-
able slope ramp generator. The same potential
drives the abscissa of the x-y recorder. In order
to record the spectrum, the target potential is
linearly varied through the desired voltage range.
The resulting x rays pass through the grid and
strike the chamber wall, generating photoelec-

trons. These electrons are collected by the de-
tector. As the target potential approaches thresh-
old for core-level excitation of surface atoms,

the x-ray production increases abruptly with en-
ergy. Extraction of the signal from the background
is accomplished by differentiation of the signal.
This is accomplished by superimposing a 0.5-V _
4.5-kHz excitation signal on the accelerating
voltage. This excitation voltage causes the x-ray
intensity, I, tovaryata 4.5 kHz rate, the amplitude
and phase of the variation being proportional to
AI/AV of the intensity curve between V+0.25 V
and V-0.25 V, where V is the accelerating voltage.
Detection is accomplished by filtering the photo-
electron current to extract the 4.5-kHz component
which is then amplified and synchronously rectified
to provide a dc level corresponding to the slope of
the x-ray intensity. This signal drives the ordinate
of a x-y recorder. The appearance-potential spec-
trum is plotted in terms of the detector output ver-
sus the accelerating potential. The emission cur-
rent, modulation voltage, and time constant of the
phase-lock amplifier were adjusted to record the
precise spectra as determined by the signal-to-
noise ratio and peak width at half-maximum. No
soft-x-ray filter in the form of Al foil or Mylar
was used to reduce the shot noise and ac coherent
noise.

The resolution of the spectrometer is dependent
upon the stability of the target potential, the modu-
lation potential and the voltage drop across the
filament. The modulation voltage held at approxi-
mately 0.5 V peak-to-peak works adequately.
Monoenergetic bombarding electrons were pro-
duced by eliminating voltage drop across the filament.
This was accomplished by operating the spectrom-
eter in a filament-off detector-on mode.?® This
chopped, filament heating current and gated coun-
ter technique resulted in the ability to bombard
the target with electrons whose effective spread
in energy in less than about 0.2 eV. An alternate
technique of heating the filament by an 8% duty
cycle 20-V 400-Hz pulse not only resulted in a
similar reduction in the energy spread of bombard-
ing electrons but also improved the signal-to-noise
ratio by a factor of 2. The total width of the spec-
tral window of the instrument, determined by com-
parison of published L spectra of titanium with
that recorded in this work, was estimated to be
less than 1.5 eV.

High-purity Ho in the form of polycrystalline
1x3x 3_10 in.? was obtained from Alfa Inorganic
Inc. The target was cleaned by argon sputtering
and annealed at a 2000-V 10-mA x-ray tube setting
for about an hour. The entire process of cleaning
the target and scanning the spectrum over a range
of 100 V can easily be accomplished in less than



14 APPEARANCE-POTENTIAL STUDY OF THE 4f STATES OF... 5233

2 h. Since the samples used were not prepared in
situ, the possibilities of impurity migration from
the bulk, contamination with any residual gas, and
a change of target structure due to argon bombard-
ment are present.

RESULTS

Holmium has an electronic configuration of
5p°4f''6s®. The M, , appearance-potential spectra
of Ho (Fig. 2) was recorded at an emission cur-
rent of 2 mA. The M, spectrum shows a narrow
intense peak and an undershoot. Considering the
narrowness of the structure, it is logical to assign
this peak to the M, ~ N, , transition. The differ-
ence between the maxima of the positive peak and
the undershoot reflects the degree of mixing of the
empty states of different symmetry at the Fermi
level. The M, peak consists of two distinct com-
ponents approximately 1.8 eV apart and exhibits
a pronounced shoulder on the low-energy side.
There is also evidence of two satellites on the
high-energy side of the M, peak as can be seen by
inspection of Fig. 2. These satellites are rela-
tively weak but were consistently recorded at ap-
proximately 5.7 and 8.7 eV from the A threshold.
Another secondary broad peak shows up at approx-
imately 33.5 eV above the M, threshold. The
smaller peak and almost negligible undershooting
in the case of M, spectrum implies a decrease in
probability of M,-N; . transition. Following the
M, and the M peaks the trace dips below the base
line, indicating an enhanced transition probability
at the threshold. A highly simplified representa-
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FIG. 2. Holmium M, and M; soft-x-ray appearance
potential spectrum. Electron current 2 mA, modulation
potential 0.5 V;-,. The derivative of the photocurrent
(1) with respect to electron accelerating potential (V) is
plotted vs V.

tion of SXAPS approximates the width of the empty
4f band by the width of the positive peak. This
width measured at half-maximum and corrected
for instrumental distortion has been found to be
2.6 eV. The N spectra shown in Fig. 3 exhibits
several additional peaks associated with the N,
level of Ho. Two main peaks are resolved and
clearly identifiable as separate peaks. The rela-
tively intense peak seems to split into a doublet
structure as indicated by a dip in the signal
strength. The remaining peaks are relatively nar-
row and neither intense nor symmetric, and give
the appearance of superposition on the broad band.
The base width of this band has been determined
to be approximately 20 eV. The spectrum is rep-
resentative of many runs. Near the threshold the
spectrum should roughly reflect the density of
unoccupied states.'® For metals the binding energy
should correspond to the Fermi level represented
by the abrupt discontinuity in the density of empty
states. Thus the point of intersection of the ex-
trapolated base line and low-energy edge of the
peak determines the Fermi energy. The threshold
energies of the peaks were corrected for the work
function of the tungsten emitter, the modulation of
the sample potential, and the thermal energy
spreac of the bombarding electrons. In the present
measurements the total correction amounted to
approximately 5.0 eV. The binding energies de-
termined in this way are given in Table I and com-
pared to values obtained by other methods. Table
II lists the positions of the additional peaks and
their relative energy difference from the threshold
energies of the peaks allowed by normal dipole se-
lection rules.
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FIG. 3. Holmium N, ; soft-x-ray appearance potential
spectrum from 135 to 195 eV (electron current 1 mA,
modulation potential 0.5 V,_,) is compared with cal-
culated photoabsorption spectrum from Ref. 26.
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TABLE I. Electronic binding energies of holmium (eV).

Bearden Fischer
Peak SXAPS? and Burr® and Baun® Lotz¢
My 1387.3+0.4 1391.5+0.7 1384.3 1395
M 1347.5+0.4 1351.4+0.8 1343.7 1354
Nys  158.0£0.5  161.0+1.0 172

164

2The SXAPS are experimental values derived from
present measurements.

PReference 17.

®Reference 23.

9The electron binding energies (ionization energies) of
all subshells are calculated for free atoms by W. Lotz,
J. Opt. Soc. Am. @, 206 (1970).

DISCUSSION

As can be seen from Table I, the M, and M, en-
ergy levels of Ho surface atoms determined in this
work are lower than the bulk atoms as reported
by Bearden and Burr.!” The agreement between
the present N, , values and those of Bearden and
Burr is within 3 eV. The discrepancy is partially
due to the lowering of the interatomic effects at
the surface of the target, the difficulty of deter-
mining the thresholds of peaks due to a decrease
in signal-to-noise ratio, the auger lifetime broad-
ening of the core levels, and the instrument dis-
tortion.

The holmium target also exhibited a weak oxygen
K peak at 532 eV. The reactivity of Ho with oxygen
at pressures of 10 Torr implies that the sample
was partially Ho oxide. The impurities are ex-
pected to have some influence upon the results
reported here. Previous measurements on rare-
earth elements by Murthy and Redhead,** and
Park and Houston'' show minimal changes in
spectral features on oxidation. Consequently,
oxidation of holmium is not expected to result
in significant changes in the spectra. Shifts in
core-level binding energies due to oxidation in
actinide uranium were less than 0.2 eV.!! The
resonant line phenomenon reported in some lan-
thanides'® was clearly observable as a multiplet
structure in the M, peak.

TABLE II. Peak positions in holmium above the
threshold (eV).

M; threshold Ny, 5 threshold ..
M 2.4 A’ 3.3
B 4.2 Ny,s 5.5
C 5.7 B’ 10.2
D 8.7 c’ 11.6
E 33.5 D’ 14.2
M, threshold

M, 3.4

Chamberlain and Baun'® have observed a similar
representation of line isochromat inthe M, spectra
of Sm and attribute the low-energy component (des-
ignated as M, in Fig. 2) to the x-ray yield from the
principal M, x-ray line. According to their interpre-
tation, the incident electronand 3d, ,, (or 4d;,,) elec-
tronare excited to double occupancy of a normally
empty bound-ejected-electron state of 4f symme-
try. The high-energy resonantline (B) results from
the transition of one of the bound electrons tofilla 3d
(or4d) core hole. The other electronascends toan
available state in the conduction band. The bound-
ejected-electron state couples the fast electron-
atom system to the slow electron-x-ray-atom
system and generates energy-dependent resonances
in the inelastic electron scattering cross section.
The effect is thought to depend upon the large over-
lap of 3d or 4d states with conduction band states
of 4f symmetry and is predicted for M, and N,
lines in most lanthanides, M, and N, levels in
light lanthanides and M, M,,N;,N,, O, O, levels
of light actinides. These linelike resonances
have also been observed in the M, M, emission
spectra of light rare earths (La, Z=57, and
Ce, Z=58) excited with electrons of energy near
the ionization threshold of M, and M, levels, re-
spectively.'®

Laramore'® has extended the model used by
Noziéres and De Dominicis® for calculating the
threshold behavior of x-ray emission and absorp-
tion in metals to the SXAPS where a core-level ex-
citation is caused by a fast electron. This theory
predicts divergent threshold behavior accompany -
ing the s-state core-level transition for SXAPS.
Wertheim et al.?* explain the satellite peaks on
the basis of excitation from valence band to unoc-
cupied 4f levels. The absence of satellites follow-
ing the M,, M,, and M, peaks of La and Gd is con-
trary to this explanation.!* Chang and Langreth?®
have considered the interaction of slow electrons
with plasmons by perturbation theory and predict
the association of strong plasmon satellites with
slow-slow coupling in SXAPS.

The present investigation measures the separa-
tion of the two peaks of M, series characteristic
x-ray line from M, peak as 40.8+0.5 and 39.0+0.5
eV, respectively. The energy difference between
the Ho M and M, x-ray absorption-edge positions
was determined by Fischer and Baun® to be 40.6
eV. Bearden and Burr!” report the corresponding
spin-doublet splitting to be 40.1 eV. The apparent
agreement of these values with the observed ener-
gy difference of lower-energy M, component from
M, peak suggests that the origin of the lower-en-
ergy peak of M, SXAPS in Fig. 2 is directly re-
lated to the onset of the M, series x-ray line. The
other peak, B, is believed to result from the quasi-



14 APPEARANCE-POTENTIAL STUDY OF THE 4f STATES OF... 5235

monochromatic x-ray emission line which arises
from the scattering of the incident electron into an
f state of the excited atom. This singularity ap-
pears to follow the dipole selection rule. The M,
peak does not seem to depict any significant multi-
ple structure components.

Satellites similar to those observed at approxi-
mately 5.7 and 8.7 eV from the threshold have been
reported for La and Gd.'* Since the linelike x-ray
emission accompanying the near threshold excita-
tion of M, level is believed to be a single quasi-
monochromatic line instead of a series of lines,
the explanation of these satellites must be sought
somewhere else. These satellites may result
from plasmon energy losses as a result of coupling
between the collective modes of conduction elec-
trons and the core hole. Such satellites have been
reported in the SXAPS of boron, graphite, and
oxygen.?* The surface plasmon energy of rare-
earth metals neighboring Ho is approximately 7
eV which corresponds to the position of the first
satellite. The second satellite observed at ap-
proximately 8.7 eV may then be associated with
the bulk-plasmon energy loss which is predicted
to be 11 eV. The broad peak located at 33.5 eV
from the M, threshold may be attributed to the
plasmon energy loss of higher order. It will be
interesting to compare these results with soft-
x-ray absorption spectra (SXA). The M, ; x-ray
absorption spectrum of Ho recorded by Fischer
and Baun,* which exhibits four peaks associated
with M, edge and single peak for M, edge, agrees
with this study. Since selection rules are not rig-
idly obeyed in SXAPS, as in the case of photoexci-
tation,'® SXA of all symmetries must be considered
for correlating spectral features in SXAPS and
SXA.

The N, ; SXAPS exhibits two main peaks located
at approximately 5.5 and 10.2 eV above the N, ,
threshold. The more intense peak, which posses-
ses considerable secondary structure, evidently
splits into two components. The onset of the x-ray
yield is observed at 158.0 eV. Numerous weak
lines also appear near the threshold as on the
broad band. These lines were consistently repro-
duced and are likely to represent the transitions
involving the core level and excitation states. In
addition to the above features a broad peak was
observed at approximately 37 eV for the N, ,
threshold. This peak appears as an entity separate
from the broad band.

Dehmer et al.?® have attributed the broad peaks
in the photoabsorption spectra of rare-earth metals
above the 4d edge to 4d'°4f " - 44°4f"+! transitions.
According to their interpretation, a centrifugal
potential barrier of 10-20 eV prevents low-energy
f orbits from overlapping the 4d orbits for Z <517.

However for Z = 57,4f orbits contract and admix
with 4d orbits. The 5f and higher discrete orbits
and low-energy f continuum remain suppressed by
the barrier. Accordingly 4d—4f photoabsorption
spectrum involves transitions from ground level
of a 4d'°4f" configuration to numerous levels of

a 4d°4fV+! configuration which extend over a broad
range of =20 eV as a result of exchange interac-
tion between the f electrons and d vacancy. This
interaction is stronger between subshells with

the same principal quantum number. Sugar® has
calculated the energy levels and their weighted
oscillator strengths for Ho*® 4d'°f!°-44d°4f" transi-
tions.

Figure 3 shows a comparison of present N, ¢
SXAPS of Ho with calculated positions and relative
oscillator strengths. The vertical lines represent
the calculated spectrum with relative peak values
determined by the oscillator strength scale. Some
peaks result from a blend of two or more lines.

It is believed that strong absorption peaks usually
arise from transitions involving high-purity levels.
We have attempted to identify the observed main
peaks with the few calculated strong lines. The
overall accuracy of the predicted positions varies
from 0.2 to 0.5 eV. The comparison is not con-
sidered strictly valid since SXAPS corresponds

to the transition of two electrons into the conduc-
tion band in contrast with SXA where a single elec-
tron is involved. Furthermore, in the case of
rare-earth metals with a more than half-filled 4f
shell, the oscillator strength is divided between
the °H and *G terms in the ratio of 1:3. Accord-
ing to Sugar,® these terms depend on 'G and are
separated by 10 eV, predicting the interval be-
tween the onset of absorption and the more intense
peak to be on the order of 10 eV. The interval of
the present N, ; SXAPS is measured as 10.2 and
the base width as 20 eV. Both measurements are
in good agreement with the calculations of the
4d°4f "+ energy levels and relative oscillator
strengths of the transitions involved in Ho.

Sugar has also invoked the overlap of 4f and 3d
orbits to account for the observed line structure
in the vicinity of the M, and M, photoabsorption
edges of La, Er, and Tm. The overlap in this
case is much less than that of 4f with 4d. Con-
sequently, the spin-orbit interval is preserved
and relatively few lines are predicted near the
positions of M, and M, edges. These lines result
from 3d*°4f" — 3d°4f ¥+ transitions. His calculated
M, and M, photoabsorption spectra are in good
agreement with the experimental results.?””?® Er
and Ho, being neighboring elements of the lantha-
nide family, are expected to follow the same gen-
eral trend. To correlate their characteristics
further computation of the eigenvalues of the ex-
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citation states of 3d°4f'? and 4d°4f'? configurations
in Ho are needed. These calculations are expected
to provide a plausible interpretation of the spectra
reported in this paper.

CONCLUSION

It is evident from the foregoing that the Ho
M, ; and N, , SXAPS do not follow the simple one
electron theory. We have compared the SXAPS with
photoabsorption spectra and have attempted to ex-
plain some of the observed spectral features by
quantitative arguments using simplifying assump-
tions. Because the incident electrons are at
threshold excitation energies, SXAPS samples a
shallow layer of the solid and provides informa-
tion characteristic of the surface atoms. The
binding energies of M,, M,, and N, ; levels of Ho
were determined to be consistently a few eV lower
than those based on other techniques. The dif-
ferences are in excess of the uncertainties in the
determination of absolute binding energies. The
discrepancies directly result from reduced coordi-
nation of Ho surface atoms in accordance with the
measurements of Houston et al.?® on 3d transition
metals and of Redhead and Richardson'? on thorium.
The shifts in core-level binding energies as a re-

sult of some oxidation of holmium surface are not
expected to be more than 0.2 eV.

The presence of two distinct peaks in the spectra
of My and N, , levels imply a double peaked density
of 4f states in holmium. This feature is also in-
terpreted as a singularity in the x-ray yield when
the electron-excitation energy is near the ioniza-
tion potential of either the M, or N, level. Addi-
tional spectral features associated with the M, and
N,,s peaks seem to complicate this explanation.
The origin of the spectral features must be under-
stood before any meaningful measurement of spec-
tral parameters are made. The preliminary cal-
culations of the energy levels of 4d°4f'! configura-
tion in Ho are found to be in general accord with
the experiment. A more detailed and precise the-
ory of the excitation of SXAPS of rare-earth metals
is likely to provide a more plausible explanation of
spectral features of holmium reported in this work.
Additional experimental data on the spectra of
other rare earths should help in the development
and testing of the proposed theoretical calculations.
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