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Resonant photoemission spectra at the 4/ and 5p levels of Tm across the 4d-4 f absorption threshold
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The decay of the 4d core hole in the rare-earth metal thulium, following resonant absorption into the
4f level, has been monitored by photoelectron spectroscopy and compared with calculations predicting
the 4f and 5p electron distribution curves. The Tm, deposited on a cooled Ag surface to stabilize both
trivalent and divalent states, shows three strong peaks in the total electron yield spectrum. The first ab-
sorption peak (3H) results in a resonant enhancement of predominantly the 5s and 5p emission, together
with an increase in the trivalent 4f emission. The weaker absorption peak (3Hs) leads to a relatively
small increase in the emission through the trivalent 4f state. The last absorption peak (*Gs) shows a
strong enhancement of two specific channels, at higher binding energy, within the trivalent 4/ emission.
The divalent 4f emission is only enhanced near the *H resonance.

I. INTRODUCTION

Rare-earth (RE) metals are characterized by an outer
electronic structure comprised of incompletely filled and
localized 4f states which overlap the extended 5d6s
valence orbitals. This is responsible for a variety of
unique effects, such as valence fluctuations! and heavy
fermion behavior.> Another process which can occur as
a consequence of the localization of the 4f states is reso-
nant absorption,> !° when a core electron, from for ex-
ample the 4d shell, is excited into an empty 4f orbital,
4d'°4f">4d°4f"*1. Absorption occurs close to the
core ionization threshold due to the low binding energy
of the 4f level. The resonant absorption can be spread
over a broad energy range in excess of 20 eV as a result of
the extent of the excited state (4d°4f" *1) multiplet struc-
ture,” which is primarily a consequence of the electrostat-
ic interactions between the 4f electrons and the 4d core
hole. Following absorption, the atom may decay via
several routes, such as deexcitation of an electron from a
5p level into the 4d hole with the emission of a 4f elec-
tron. Throughout this paper, this type of process is re-
ferred to as a 4d5p4f decay. Such decay routes may pro-
duce electrons with the same energy as directly emitted
photoelectrons (from the 5p shell in the example above),
although some transitions can result in the appearance of
additional peaks at different energies.’%?! The study of
the hole decay following absorption allows details of
intra-atomic processes to be monitored.

Recent experimental studies of resonant photoemission
in RE’s have focused on 4d-4f absorption and subsequent
decay routes in La, Gd, and Eu??>23 which are at the low
mass end (La) and in the middle (Gd,Eu) of the RE series.
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In La a narrow absorption peak occurs at a lower energy
than an intense and broad giant resonance.” Decay is
found to be predominantly via resonant Auger processes
(the originally promoted electron is not involved in the
decay) for the narrow peak and autoionization leading to
5p ~! or 55 ! states for the giant resonance (the number
after the negative sign indicates the number of holes left
in the energy level). The results for Gd and Eu again
show narrow absorption peaks prior to the large giant
resonance. The excitations were found to decay mainly
by autoionization, in the narrow peaks to Sp ! or 55 !
final states and for the giant resonance to a 4f ! one-
hole state. Resonant Auger processes for the narrow ab-
sorption and normal Auger processes for the giant reso-
nance were also found to be significant decay channels.
As a free atom, thulium (Tm) is divalent but in the
solid, the trivalent 4f'? configuration is favored, lcaving
two unoccupied 4f orbitals into which electrons can be
excited. Thulium is therefore a relatively simple system
to study as the number of possible decay channels is re-
duced in comparison to most of the RE series. Resonant
absorption in Tm systems has been reported earlier, but a
detailed analysis of the spectra has not been performed.
Johansson, Allen, and Lindau?* made limited photoemis-
sion measurements of Tm metal, in the energy range
100-200 eV, but no explanation as to the origin of reso-
nant effects was given. Oh, Allen, and Lindau® have
studied resonant photoemission in mixed valence TmSe
and found resonant enhancement of both states at ener-
gies close to the Tm 4d binding energy. Again, however,
there is no indication of the decay processes following ab-
sorption. Other theoretical and experimental studies of
the absorption process have been reported,> !° but none
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of these have calculated the enhanced photoemission
features which may be produced by the hole decay. Off-
resonant photoemission features of trivalent and divalent
Tm have previously been calculated by considering the
fractional parentage coefficients derived from the theoret-
ica2l6 transitions 4/ '2—4f!! and 4f 412 respective-
ly.

We present measurements of the Ss, S5p, and 4f photo-
electron spectra of Tm as a function of photon energy
through the 4d-4f absorption threshold. The spectra are
compared with the results of calculations using a model
in which the decay processes are described by the atomic
Hartree-Fock plus statistical exchange approximation.
In Sec. III, details of the calculational method are ex-
plained; the results are presented and discussed in Sec.

Iv.

II. EXPERIMENT

Total electron yield and photoemission spectra were
recorded at the Daresbury Synchrotron Radiation Source
(SRS) on beamline 6.1, using photons in the energy range
100-200 eV.

Experiments were performed, in an ultrahigh-vacuum
(UHV) chamber with a base pressure of 5X 10~ mbar,
on thick (> 100 A) Tm layers grown on an Ag(001) sur-
face. The sample was cooled to 150 K prior to deposi-
tion, in order to observe the absorption and resonant
behavior of divalent Tm, in addition to the trivalent
Tm.?” An additional sample was prepared for each mea-
surement, by evaporating Tm from a tantalum-lined cru-
cible in a Knudsen cell surrounded by a water-cooled
shroud. Contamination (carbon, oxygen, sulfur) levels
were monitored by Auger electron spectroscopy (AES),
and were never observed to be greater than 2% of the Tm
169-eV Auger peak.

Total yield spectra were recorded by measuring the
sample drain current as a function of photon energy in
the range 150-200 eV. The electron energy distribution
curves (EDC’s) were recorded with a VSW HA-100 hemi-
spherical analyzer using multichannel detection, in fixed
analyzer transmission mode (FAT 4.4). All measure-
ments were made with the analyzer in the same horizon-
tal plane as the incoming beam, and the sample posi-
tioned such that the angle of incidence and the outgoing
angle to the analyzer were both 45° with respect to the
sample normal. The EDC’s were normalized to account
for the variation in monochromator transmission at
different photon energies. The total resolution was 200
meV at a photon energy of 135 eV, as measured at the
Fermi edge.

III. CALCULATIONAL DETAILS

The ground-state configuration of bulk Tm is
4£125525p%5d 652, Since the interaction of the 4f elec-
trons with the 5d electron is small and the other shells
are completely filled, only the 4f'? configuration is con-
sidered. The initial state is split by the 4f-4f Coulomb
interaction with Slater integrals F2, F*, and F° resulting
in a Hund’s rule ground state 3Hg, which is mixed with
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0.08% 'I due to the 4f spin-orbit interaction. The excit-
ed state, after N,, absorption, has a 4d4 13
configuration, where a 4d core electron has been excited
into the localized 4f shell; the underscore indicates a hole
in the shell. This configuration shows a multiplet struc-
ture due to splitting by the 4d and 4f spin-orbit interac-
tion and the 4f-4f and 4d-4f Coulomb and exchange in-
teractions. Dipole transitions from the ground state are
allowed to the *Hy, *H, 3G, and 'Hj levels. The transi-
tion to the 'H state at 12 eV above the Gy is spin for-
bidden, but obtains a very small intensity due to the
spin-orbit interaction.

The divalent Tm 4f'* configuration has a ground state
of 2F, ,,, and x-ray absorption is allowed to the 2D 5,2 lev-
el of the configuration 4d4f'*. The excited state
4d4f"*! can decay to the final states of 4f" g, Spafre,
Ss4f"e, Sp2afntle, 5s5p4f" e, or 5s%4f" T e, where €
is a continuum level. In these configurations, only the
first three can be accessed by direct photoemission, name-
ly 4f —¢, 5p—¢, and S5s—¢, respectively. These states
therefore show interference with the decay process.

The parameters for the ionic rare-earth configurations
in spherical symmetry were calculated using Cowan’s
code.”® This uses the Hartree-Fock plus statistical ex-
change (HX) method to evaluate the Slater integrals,
spin-orbit constants, and matrix elements for the dipole
and Auger transitions (see Tables I and II). To include
intra-atomic correlation effects, the FX(f,f) integrals
were reduced to 80%, the F and GXc,f) integrals to
60%, and the Auger matrix elements R to 75% for the
calculation of the absorption and resonant photoemission
spectra.

These spectra were calculated from the 4f" ground
state by taking into account radiative transitions to first
order to the 4" ~lg configuration, and Auger transitions
to infinite order to the 4f" !¢ and Sp4f’e
configurations.!® The direct photoemission has dipole
matrix elements (I||r||k ) with k =I+1. The /,l,; decay
has Auger matrix elements (R(l,,l,;l5,k) with
k=0,2,...,k, for k, even, and k =1,3, ...k, for k,
odd, where k,, =I,+1,+1;. Thus for the 4d4f4f process

TABLE 1. Hartree-Fock values (eV) of the Slater and spin-
orbit parameters for the initial, excited, and final state in the Tm
4d resonant photoemission, obtained by Cowan’s code (Ref. 28).

Configuration 4f'2 4d°4f' 5p3af12 4f1 4d®4f'* 5p34f13

F%(f,f) 16.469 16.710

FYf, 1) 10.330 10.494

FS(f, 1) 7.431 7.552

E(4f) 0.333 0.338  0.337 0.314 0.318
&(4d) 3.293  4.149 3271 3.779
F*(4d,c) 18.464  7.115 6.865
F%4d,c) 11.800

Gl(4d,c) 21.672

G%4d,c) 3.474 3.542
G3(4d,c) 13.653

G*(4d,c) 2.720 2.717
G>(4d,c) 9.666
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TABLE II. Hartree-Fock values of the dipole, and Coster-Kronig matrix elements for the Tm 4d
resonant photoemission, obtained by Cowan’s code (Ref. 28).

Transition Reduced matrix elements
f12
4d —4f (4d||r||4f >=0.99601 a.u.

4d4f4f decay

(4f||r|leq ) =0.03237 a.u./VRy

(4f|Ir|le, »=—0.27743 a.u./v'Ry

R (4d,4f;4f,c,)=—0.2578 eV/VRy
RM4d,4f;4f,e,)=0.0342,0.0781,0.0825 eV/V'Ry
R*(4d,4f;4f,e,)=—3.2922, —1.8625, — 1.2508 eV/VRy

4d5p4f decay

(5p|ir|le, ) =0.033 88 a.u./VRy

(5p||r|les > =—0.019 68 a.u./v'Ry

R, .(4d,4f;5p,e,)=0.3886,0.2500 eV/V' Ry

R} .(4d,4f;5p,e,)=1.3580,0.8487,0.4450,0.4869 eV/VRy
R} .(4d,4f;5p,e,)=0.9000,0.5166,0.4385,0.4054 eV/VRy

f13
4d —4f
4d4f4Af decay

(4d||r||4f>=0.99723 an.
(4f||r|leq ) =0.03498 a.u./VRy

(4f||r|leg > =—0.29461 a.u./V'Ry
R (4d,4f;4f,e,)=—0.2651 eV/V Ry o
RX4d,4f;4f,£,)=0.0156,0.0742,0.0824 eV/VRy

RM4d,4f;4f e, )=
(5p||r|les ) =0.03592 a.u./vRy

4d5p4Af decay

—3.0793,—1.7012, — 1.1305 eV/V'Ry

(5p||rlles)=—0.01729 a.u./V'Ry

R, .(4d,4f;5p,e,)=0.3925,0.2464 eV/V'Ry
R}.(4d,4f;5p,e,)=1.3806,0.8467,0.4430,0.4822 eV/V Ry
R}.(4d,4f;5p,e,)=0.8916,0.5051,0.4539,0.4087 eV/V' Ry

we have photoemission decay to the s, d, g, i, and ! con-
tinua, and direct photoemission to the d and g continua.
For the 4d5p4f process we have photoemission decay to
the s, d, g, and i continua, and direct photoemission to
the s and d continua. In the calculation we have neglect-
ed the emission to i and / continua, which is small.

The resonant photoemission decay leads to a broaden-
ing of each absorption line which is inversely proportion-
al to the decay rate, and which is given by the square of
the Auger matrix elements. The lifetime broadening due
to the intrinsic and experimental resolutions were
artificially included only in the calculated photoelectron
spectra by convoluting the line spectra with a Lorentzian
of '=0.12 eV and a Gaussian of 0 =0.085 eV.?®

Saturation effects, as mentioned in Ref. 3 for the 3d
edges of the rare-earth elements, will also be important in
this case. For the 4d absorption, the calculated total
transition probability is 22 times larger than for the 3d,
while depending on the specific peak the linewidth is on
average twice as large. This results in a typical absorp-
tion length at the Tm N, s edge of 10-20 A. This will
lead to strong saturation effects in the measurements,
which have not been included in the calculation.

The reduction factors of the Slater integrals determines
mainly the spread of the multiplet structure. The reduc-
tion factor of the Auger matrix elements determines
mainly the peak widths of the separate absorption lines.
It was not possible to control, at the same time, the rela-
tive peak positions as well as the relative intensities of
each peak. Knowing that the relative energies are more

accurate than the relative intensities and also more
straightforward to deduce from the proportionality with
the reduction factors, we choose for optimization of the
energy positions. The intensities of the peaks have, there-
fore, not been optimized.

IV. RESULTS AND DISCUSSION

A. Experimental and calculated absorption spectra

Figure 1(a) shows the measured total electron yield
spectrum from the Tm layer. It is composed of three
peaks at photon energies of 174.4, 177.5, and 181.3 eV,
which are identified with the transitions to the final states
3Hg, *H, and 3G, respectively (Ref. 10). There is a very
weak fourth transition to a 'Hy state, which although
spin forbidden is allowed by the spin-orbit interaction.
The peak widths and intensities are determined by the
magnitude and transition rates of the absorption and de-
cay processes.

Figure 1(b) shows the result of a calculation for the
dipole-allowed transitions. It gives the relative positions
of the peaks; the absolute energy of the absorption spec-
trum, which depends on the cohesive energy of the solid,
cannot be calculated within an ionic model. The calcula-
tion reproduces the triplet of peaks, with widths and in-
tensities dependent on the decay channels; see Sec. III.
The energy separations are in excellent agreement with
the measured spectrum. The relative intensity of the 3G
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FIG. 1. Total yield spectrum of Tm measured on sample (a)
together with calculations of absorption curves for trivalent Tm
(b) and divalent Tm (c). Dipole-allowed transitions are labeled
in LS coupling. The direct photoemission intensity (the non-
resonant part) is indicated by the vertical line to the left of each
figure.

peak is stronger in the calculated spectrum in comparison
to the measured curve. This can be explained as the
model allows only for deexcitation of either a 5p or 4f
electron into the 4d hole, whereas this process may also
occur for the 5s and 5d levels which are neglected in the
model.

Divalent Tm has a 4f'® configuration, in which only
one 4f orbital is vacant. The calculation for divalent Tm
is shown in Fig. 1(c) and results in a single absorption
peak. The intensity of the absorption has been normal-
ized to the area under the divalent photoemitted peaks
(Fig. 2). Although it coincides and is dominated by the
trivalent absorption band, the resonant enhancement of
the divalent photoemission will be observable since the
photoemission features are well separated in energy (Fig.
2).

B. Electron distribution curves

The decay following absorption is monitored by photo-
electron spectroscopy, using photons at the absorption
peak energies to excite the emission. Figure 2 shows the
full electron distribution curves from 0- to 60-eV binding
energy at different photon energies both on and off reso-
nance.

The peaks in the off-resonant spectrum, Fig. 2(a), are
assigned as follows. The broad peak centered at a bind-
ing energy of 54 eV is due to photoemission from the 5s
energy level. The two peaks at 32- and 25-eV binding en-
ergy constitute a doublet associated with the trivalent Tm
5p energy levels (5p;,, and 5p;,,). The series of peaks
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FIG. 2. Electron distribution curves (from 0—60-eV binding
energy) measured off and on resonance, at the energies indicat-
ed.

between binding energies of 4 and 12 eV is due to
trivalent 4f photoemission, and has previously been
modeled by Gerken?® using an intermediate coupling
scheme. Divalent Tm emission is also apparent, and is
identified by the triplet of peaks from O- to 4-eV binding
energy. This signature for divalent Tm has previously
been identified.?”3%3! Domke et al.?’ have grown Tm on
a cooled copper surface, and the agreement of the data
shown in Fig. 2(a) (off resonant) with the published spec-
trum is excellent. The divalent 5s and 5p peaks are too
weak to be observed.

The other EDC’s shown in Fig. 2 are measured using
the incident photon energies as labeled in the figure. The
changes visible in the peaks will be discussed in the fol-
lowing subsections, with particular emphasis on the 5p
and 4f energy levels, for which calculations are also in-
cluded. As with the absorption spectra calculations,
these give the relative energies and intensities of the
peaks, allowing the freedom for the spectra as a whole to
be moved along the energy axis, giving the best fit to the
experimental data. It must be emphasized, however, that
the shift in energy must be the same for all spectra.

C. 5s photoemission

As the photon energy is increased, the 5s peak is un-
changed through the low-energy side of the absorption
spectrum. At 174.4 eV (the *H absorption peak) there is
an abrupt change, with the 5s peak apparently increasing
in magnitude. It then reduces to its original level. This
enhancement at a binding energy of 57 eV and a photon
energy of 174.4 eV is due to a 5p* 4f 13 final state and not
as might have been thought a 5s! 412 final state which is
at ~3 eV lower binding energy. The 5p* 45! final state
is forbidden in direct photoemission. It has a maximum
intensity at the same photon energy as the 5p> 4/ 2 final
state but is at roughly twice the binding energy (Fig. 2).



D. 5p photoemission

Figures 3(a)-3(e) show the progression of the Tm 5p
photoemission doublet with incident photon energy. The
background has not been subtracted; the spectra are plot-
ted on an absolute intensity scale (with each curve offset
for clarity). Corresponding calculations, following ab-
sorption to the level shown in Fig. 1(b), of the 5p levels,
are shown in Figs. 3()-3(j); they allow for transitions of
the type 4d4f 5p.

The photoelectron peaks already show small
differences in the relative peak intensities at 170 eV, in
comparison to the off-resonant spectrum. When the pho-
ton energy reaches the first absorption peak at 174.4 eV,
there is an increase in intensity of the photoelectron
peaks which is attributed to the interference between the
4d4f5p decay and the direct 5p photoemission. This is
reflected in the calculated spectrum of Fig. 3(h), which is
noticeably stronger than those for lower photon energies
[Figs. 3(f) and 3(g)]. The measured spectrum [Fig. 3(c)]
also shows a noticeable broadening of the 5p3/2 peak at
174.4-eV photon energy. This behavior is confirmed by
the calculation, which indicates an enhancement of the
relative strength of the small feature on the low-energy
side of the main 5p;,, peak, between 26 and 28 eV [Fig.
3(b)]. It is clear that the changing shape of the 5p peaks
at the absorption threshold is the result of the interplay
between the magnitude of the Slater integrals, spin-orbit
interactions, and Auger matrix elements.

Experimental Curves Calculated Spectra
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FIG. 3. Tm 5p peaks (a)—(e) measured using photons of the
indicated energy, with no background subtracted. Calculations
at the same points are included (f)-(j) for comparison. The
same arbitrary intensity scale has been used for each column of
spectra.
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5p3/2 peak
at 25.02eV

Sp3/2 peak
at 26.27eV

Intensity (arb. units)

5p1/2 peak
at 31.86eV

T T T T T
170 175 180 185 190
Photon Energy (eV)

FIG. 4. Constant-initial-state (CIS) calculations for the 5p
states indicated. The direct photoemission intensity (the non-
resonant part) is indicated by the vertical line to the left of each
figure.

The photoemission spectra for the higher photon ener-
gies [Figs. 3(d) and 3(e)] are similar in shape, though
more intense, to the off-resonant spectra [Figs. 3(a) and
3(b)]. Measurement of the area under the peaks indicates
a slight increase in intensity between 177.5 and 181.3 eV,
as predicted by the model [compare Figs. 3(i) and 3(j)].

Figure 4 shows the calculated constant-initial-state
(CIS) spectra of the 5p emission. The three curves corre-
spond to the main 5p, , and Sp; , levels, Figures 4(a) and
4(c), respectively, and the peak on the high-binding-
energy side of the 25-eV peak, Fig. 4(b). The curves are
all similar in shape to each other and to the absorption
spectrum in Fig. 1. The relative strength of the peak at
174.4 eV is greatest for the binding energy of 26.27 eV
[Fig. 4(b)], consistent with the appearance of the high-
energy shoulder on the 5p; , peak in Fig. 3(c).

E. 4f photoemission

1. Trivalent Tm

Figure 5 shows a direct comparison, on an absolute in-
tensity scale, of the measured [Figs. 5(a)—5(e)] and calcu-
lated [Figs. 5(f)—5()] trivalent 4f spectra at photon ener-
gies on and off resonance. It should be noted that no
background has been subtracted in the experimental
curves, and the resolution in the calculations, given by
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Experimenial Curves Calculated Spectra
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FIG. 5. Tm 4f peaks (a)—(e) measured using photons of the
indicated energy, with no background subtracted. Calculations
at the same points are included (f)-(j) for comparison. The
same arbitrary intensity scale has been used for each column of
spectra.

the convolution of Gaussian and Lorentzian functions, is
much higher than experimentally observed. This allows a
clearer identification of the resonating peaks. The ap-
parent resolution of the experimental curves is reduced
by the presence of a surface-shifted component of the
trivalent signal (0.7 eV higher in binding energy), which
can clearly be seen as shoulders on the high-binding-
energy side of the main peaks. This effect is well docu-
mented,’? and these results are consistent with those
findings.

The multiplet structure of the trivalent 4f photoemis-
sion (shown between 4 and 12 eV in Fig. 2) has previously
been calculated by Gerken?® using an intermediate cou-
pling scheme. The energy positions included a nonphysi-
cal scaling factor of 1.1 which was necessary for agree-
ment with the experimental energy positions. The calcu-
lations presented here for the 4f energy-level multiplet
require no such a posteriori scaling factor as the Slater in-
tegrals have been reduced to 80-60 % of the Hartree-
Fock values, to account for intra-atomic correlation
effects. The multiplet calculation leads to a discrete ener-
gy spectrum [Fig. 5(f)], which is then broadened using
Gaussian and Lorentzian functions.? The agreement
with the experimentally measured spectrum [Fig. 5(a)] is
good. The fit could be improved by including the
surface-shifted trivalent emission, by moving the bulk
trivalent spectrum in energy and reducing the intensity,
consistent with the lower number of trivalent surface
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atoms.

At the energies of the three absorption peaks; 174.4
(*Hg), 171.5 (°Hs), and 181.3 eV (°Gs), mainly three
features show resonant enhancement. These are at bind-
ing energies of 10.3, 8.5, and 4.5 eV. The calculations
show that at all three absorption peaks the enhancement
is due to processes of the form 4d4f4f. The resonantly
emitted 4f electron will have the same energy as the
directly emitted 4f photoelectron, causing an enhance-
ment of the observed peak intensity.

Calculated CIS spectra for the three main 4f peaks are
shown in Fig. 6. We note that the curve at 4.5 eV has a
lower intensity than the 10.3- and 8.5-eV peaks. This is
consistent with the observation that the 10.3- and 8.5-eV
peaks are preferentially enhanced throughout the absorp-
tion energy range. The calculations also confirm the ob-
servation that, whereas the 10.3-eV peak and the 8.5-eV
one are of similar intensity at photon energies of 174.4
and 177.5 eV, the 10.3-eV emission is significantly larger
for photons of energy 181.3 eV. It is interesting to note
that the spectra in Fig. 6 show normal Fano profiles?
with a dip before the main peak, in contrast to the CIS
curves of the 5p levels in Fig. 4. This explains the relative
enhancement of the 4d5p4f process compared to the
4d4f4f one at a photon energy of 174.4 eV, in Fig. 2(c).

Binding
Energy of
peak (eV)

4.5

8.5

Intensity (arb. units)

10.3

T T T T
170 175 180 185 190

Photon Energy (eV)

FIG. 6. Constant-initial-state (CIS) calculations for the 4f
states indicated. The direct photoemission intensity (the non-
resonant part) is indicated by the vertical line to the left of each
figure.
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FIG. 7. Divalent Tm 4f peaks (a) and (b) measured using
photons of the indicated energy, with no background subtract-
ed. Calculations at the same points are included (c) and (d) for
comparison.

2. Divalent Tm

The photoemission features from the 4f levels of di-
valent Tm occur in the binding-energy range 0—4 eV and
are clearly visible in the 135-eV spectrum of Fig. 7(a).
The calculated absorption spectrum for divalent Tm indi-
cates a single peak at an energy close to the 3H trivalent
absorption peak. Therefore, the resonance should be ob-
servable in the 174.4-eV spectrum of Fig. 7(b). The calcu-
lated spectra indicate the resonance of the triplet of peaks
to be weak, with an increase of only three times the origi-
nal photoemission intensity. There is some evidence of
an enhancement in Fig. 7(b), with the central peak of the
three becoming more prominent, which may be due to
the overlap of the two small central peaks. The increase
is again predicted to be due to 4d4f4f processes, where
the 4f level involved is from the divalent 4/ !* Tm ground
state. There is no evidence of any resonance at higher
photon energies, with the 0—4-eV region being very flat.

V. CONCLUSIONS

The absorption spectrum for thick layers of Tm depos-
ited at 150 K on an Ag(001) surface shows three strong
absorption peaks; the *H¢ at 174.4 eV, the *Hy at 177.5
eV, and the °G; at 181.3 eV.

The decay of the 4d hole following resonant absorption
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into the 4f energy level has been monitored in Tm by
photoelectron spectroscopy, and modeled by calculations
predicting emission intensities. The absorption peak re-
sulting in a 3H( final state shows enhancement of
predominantly the S5s and 5p energy levels, and some in-
crease in the divalent and trivalent 4f states. This can be
explained by Fano antiresonance behavior of the 4d4f5p
emission compared to the normal Fano profile of the
4d4f4f emission. The weak peak (*Hjs) leads to a small
relative increase in the emission through the trivalent 4f
channel at 10.3 eV. The third absorption peak (3Gs)
shows strong enhancement at binding energies of 10.3
and 8.5 eV, in the trivalent 4f emission, relative to other
peaks.

There is evidence of a small enhancement of the di-
valent signal at a photon energy of 174.4 eV, which is
predicted to be close to the divalent absorption peak
maximum. This is consistent with a 4d4f4f process in-
volving divalent Tm.

In all cases, the observed enhancements are predicted
by calculations which allow for direct recombination into
the 4d hole (i.e., processes of the type 4d4fX, where
X =5s, 5p, or 4f). It can therefore be concluded that in
Tm the decay of the 4d hole following absorption is solely
by direct recombination, resulting in enhancement of the
directly emitted photopeaks.

We have demonstrated that we obtain good agreement
between experimental results and theoretical calculations
for both the 4d4f4f and 4d4f5p resonant decays, using
only scaling factors for the Slater integrals and Auger
matrix elements. This opens the way for (spin polarized)
photoemission on magnetic rare earths, using circularly
or linearly polarized x rays, since, given that the isotropic
spectrum is determined, the magnetic dichroism and the
spin spectrum in localized materials depend only on the
angular momentum coupling.>® The latter is determined
by the coupling regime, e.g., LS or jj coupling, or more
generally, as in this case, intermediate coupling. As has
recently been shown for nickel in Ref. 35, measurement
of the magnetic dichroism in resonant photoemission
provides a promising way to obtain ground-state magnet-
ic moments of magnetic materials.
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