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Abstract. Many electron excitations in photoemission are observed to occur at selected
photon energies leading to resonant photoemission enhancements of the 4f multiplet levels
of terbium and dysprosium. We find that final state symmetry effects can alter the photon
energy of the photoemission resonances of the 4f levels creating a slightly different photon
energy dependence for the various 4f multiplets. Additional complications are observed
because of unresolved multiplets resulting from inter-atomic correlation effects. It is final
state 5d-4f interactions that give rise to a variety of valence band 4f multiplets not predicted
by one-electron theory.

1. Introduction

The rare earth multiplet features have historically been an area of considerable interest
and 4f resonant photoemission effects at the 5p and 4d thresholds are well established
{1-5]. Recent work has suggested that there are strong final state 5d-4f interactions
that occur in the photoemission process [6] resulting in pronounced satellite features.
Because of the wide variety of final state configurations, intensity variations between the
various multiplets are expected to reflect orbital interactions between the d and f valence
bands.

Our understanding of the 4f multiplets is based upon several assumptions. Perhaps
the most serious assumption that is often made is that correlation (or configuration
interaction) effects in the initial and final states can be neglected [7]. P S Bagus has shown
thatsuch correlation effects will be mostimportant when a hole is created in ashell having
the same principal quantum number as an open valence orbital [8]. Such asituation arises
in the resonant photoemission processes that involve a super Coster-Kronig decay.
Consequently, excited state multiplet lines are observed with the 4d to 4f resonant
photoemission process as a result of the wide variety of final states accessible in the many
electron excitation [2]. Clearly different final states, such as the different 4f multiplets,
can be influenced by restrictions upon the ion final state and the coupling between the 4f
levels and unpaired 5d electrons. This is why the 4f multiplet features do not share
identical partial cross-sections.

For many of the early rare earth metals, there are observed 4f satellite features not
explained by simple multiplet theory [7]. These 4f satellite features are rationalized to
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bearesult of different screening channels [9-13]. Additional difficulties in understanding
the heavy rare earth metals, with their complicated multiplet structures, may also be
anticipated because the relative 4f intensities are not accurately predicted by simple
multiplet theories and fractional parentage schemes [7]. The 5d valence band con-
tributions to the multiplet final states must be considered. Terbium with a singlet *S;,
feature, and dysprosium, with closely spaced 'Fs and "F, muitiplets, near the Fermi
energy are suitable for investigating different screening channels in photoemission from
the 4f multiplets of the heavy rare earth metals.

In order to study complications contributing to the 4f rare earth metal multiplet
structures, it is advantageous to study rare earth metals that do not exhibit multiple
valencies. Energetic arguments [14, 15] applied to the 4f level binding energies indicate
that Gd, Tb, Dy as well as Ce [9, 10] are unlikely to exhibit mixed valencies even for the
different local geometries of the surface and the bulk.

2. Experimental details

The experiments were carried out in an angle resolved photoemission system described
in detail elsewhere [4]. The light source for these experiments was the 800 MeV synchro-
tron at the Synchrotron Radiation Center dispersed by a variety of monochromators
including a 6 m toroidal grating monochromator (TGM), a 3 m TGM and an extended
range grasshopper (ERG). The methods for preparing clean rare earth films have been
previously described [4, 6]. All photoemission results were taken with the incident light
35°to 70° off normal so that the vector potential of the incident light contains components
both parallel and normal to the thin film (s and p polarizations respectively), while the
photoelectrons were collected normal to the surface.

The rare earth films were studied on a wide variety of substrates including Ni(111),
Cu(100), Si(111), and on FcC iron thin films deposited on Cu(100). Typically several
different rare earth film thicknesses were characterized on each substrate with the thick-
ness determined by a quartz crystal oscillator. The stated values for the film thicknesses
may err substantially and must be taken only as a nominal thickness. The films are
generally not ordered, as determined by low energy electron diffraction but the films
were not annealed to remove disorder so as to avoid complications resulting with inter-
diffusion with the substrate. All films were deposited at a deposition rate of approxi-
mately 1 A min~' or less onto the substrate placed at room temperature. During the
evaporations, the base pressure of the system did not exceed 5 x 1071 Torr.

The relative 4f partial cross-sections for estimating the fractional 4f contributions
were determined from photoemission spectra taken at each specific photon energy. The
relative contribution of each group of multiplet 4f states was obtained from these energy
distribution curves by subtraction of the background photoemission signal (using a poly-
nomial background) and integrating the areas of the various features following decon-
volution. The constant initial state (CIS) derived partial cross-sections are estimated
from the peak intensities with the monochromator operating at a seriously degraded
resolution and are normalized for incident photon flux using a gold diode, as has been
gone in other studies [4]. Because of the degraded resolution, used to obtain a better
estimate of the relative partial cross-section, these constant initial state spectra may
include contributions from several multiplet features as will be indicated in the text.
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Figure 1. Photoemission spectra for a thick
terbium film on Ni(111) (72 A thick). The light
incidence angle is 60° off normal and all photo-
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Figure 2. The relative 4f intensities for the terbium
multiplet levels as a function of photon energy.
The relative intensities are calculated from inte-

electrons were collected normal to the surface. gral peak areas from energy distribution curves

taken at each photon energy. The relative
intensities are plotted (top) for the °F, °H
levels (---x---); G level (---+---); ®D level
(---A---); 1, ®P levels (---<{---); and ¥S453°
tevels (---O---). The *S;;, levels are shown
in detail (bottom): *S¥3* (---O---), "8Y,
S

Throughout this paper, the nomenclature used to assign the 4f multiplets will denote
the 4f final state ignoring the 5d contributions as is current custom in the literature.

3. Results

Following deposition of terbium on Ni(111), photoemission spectra were taken at a
variety of photon energies as seen in figure 1. There is a wealth of terbium valence band
features in part a result of the different 4f multiplets [16-18]. These 4f final states can be
identified by comparison with x-ray photoemission spectra. The various multiplets can
be found at 2.2 = 0.1eV and 2.8 £ 0.1eV (5S,), 7.6 £ 0.1eV (°I, °P), 8.0 £ 0.1eV
(°D), 9.5 = 0.1eV (°G) and 10.4 = 0.1 (°F, °H) for thick films. It should be noted that
these binding energies change with coverage as has been observed for Gd overlayers [4,
19]. The 8S,/, multiplet exhibits two peaks, and these features will be designated as the
8S4, (3.1 eV binding energy) and ®S3), (2.1 eV binding energy) features, with binding
energies of 3.1 = 0.1 eV and 2.1 = 0.1 eV respectively, at moderate coverages (two to
four monolayers) and binding energies of 2.8 eV and 2.2 eV for the very thick films (more
than eight monolayers).
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While the 4f level binding energies vary little with photon energy as expected, the
relative intensities vary substantially with photon energy as seen in figure 2. In general
there is little resonant photoemission enhancement of the 4f multiplets, as seen in figure
3, across the Sp thresholds (28.4 £0.2eV and 22.2 £0.2eV) but large resonant
enhancements are observed at the 4d threshold. The partial cross-sections, as deter-
mined by constant initial state spectra (shown in figure 3), clearly show that, not only do
the relative 4f multiplet intensities differ with changing photon energy, but the partial
cross-section of the combined 85‘7’/3S levels differs substantially from the cross-section of
the combined °1, °P and °D multiplet levels. In particular, the resonance at the 4d
threshold (150 eV), for the ®S,/, occurs much more abruptly than the resonance for the
combined °I, °P, °D feature. The ®S44° miltiplet 4d threshold resonance occurs over a
far more narrow photon energy region, i.e. 1 to 2 eV full width at half maximum, as
opposed to a 4 to 6 eV full width at half maximum for the other 4f features. For the °I,
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Figure 6. The binding energies of the two pronounced 'F features as a function of photon
energy (+). Note that unlike the combined feature binding energy (O), the individual fea-
tures have binding energies independent of photon energy. The results are independent of
substrate.

5P, %D feature a resonance can be readily observed at the Sp;,, threshold, while this
resonance is weak and difficult to observe for the 5d band and the ® S45° multiplet as seen
in figure 3.

We find that the lower binding energy feature of 2.2 eV increases in intensity relative
to the 3.1 eV binding energy feature with decreasing terbium film thickness for photon
energies below 60 eV. In general there is also a shift in binding energy for these features
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to smaller binding energies as seen in figure 4, while the other features shift to slightly
greater binding energies as the film thickness decreases.

Figure 5 shows the energy distribution curves (EDCs) for the dysprosium valence band
region for photon energies between 140 and 160 eV for dysprosium thin films on iron.
As with terbium, the wealth of dysprosium 4f features can be identified by comparison
with x-ray photoemission spectra [16-18]. The various multiplets are the ’Fs and "Fgq
levels (at4.1 = 0.1and 5.0 = 0.1eV), Land *Glevels(at 7.9 = 0.2 eV), *Iand *Hlevels
(at 9.0 = 0.2eV), and the *K level (10.1 £ 0.2 eV).

As can be seen in figure 5, the 'F feature binding energy is strongly dependent upon
photon energy. By treating the ’F multiplets as a combination of two features, analysis
shows that the two contributing bands have binding energies independent of photon
energy as seen in figure 6. For the two contributing features to the ’F levels this has been
plotted as a function of photon energy in figure 7. As seen in figure 7, the ’F features
show a very large shift in intensity from the high binding energy component to the low
binding energy component at the 4d threshold. As with terbium, we observe that the
relative 4f multiplet intensities vary with photon energy.

4. Discussion

We would now like to show that the 4f levels, even the resulting 4f multiplets, cannot be
completely understood if correlation and interaction effects with other valence electrons
are ignored, and that these effects are dependent upon the wave function symmetries.
This is particularly true at or near a photoemission resonance.

4.1. Relative 4f multiplet cross-sections and final state effects

At the simplest level, studying a complete shell for example, multiplet splittings can be
seen as an exchange polarization interaction between the spin of the unpaired valence
electron and core level spins. Core level electrons with spins parallel to the valence
electron spin will have a different binding energy than for antiparallel alignment by the
amount of the exchange splitting [20]. When studying partially filled core levels, such as
the rare earth 4f levels, a more complicated theory is required [7, 21]. In the central field
approximation to an atom (neglecting spin interactions) there is an energy degeneracy
in the m; and m; values. Since there are g = 2(2/ + 1) states of different m, and m, values
in a shell n/, there is a degeneracy of
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for N electrons in the shell. For two incomplete shells, the degeneracy becomes

M) ()

The lifting of these degeneracies beyond the Hartree~Fock approximation is
accomplished with perturbation theory.

Estimates of the numerous 4f multiplet intensities have been undertaken by Cox
[7, 18] using a fractional parentage scheme that allows one to still use Slater deter-
minants. This scheme does not provide any indication of photon energy dependence as
we observe for terbium and dysprosium (figure 2) in the relative 4f intensities. Even off
resonance this fractional parentage scheme does not agree with the experimental data.
For example, the 8SY/*® feature contains more than twice the intensity (37%) predicted
by the fractional parentage scheme (14%) [7], if the 5d contributions are ignored.

In order to understand a major contribution to the deviations in the expected 4f
multiplet intensities, it is important to look at the resonant photoemission process.
Neglecting any lifting of degeneracies as a result of band symmetries, crystal field effects,
and spin interactions there are a number of many electron excitations that can result
in final states that contribute to the photoemission valence band spectra as seen in
photoemission (as seen in table 1). In general the strongest photoemission resonances
are the super Coster—Kronig transitions involving orbitals of the same principal quantum
number [22-27], and for terbium these are:

4d'05s25p®4£E5d 65> — 4d'V5s25p>4f¥5d26s? — 4d'V5525p°4f75d 6s?
and
4d'05s25p®4£85d 65> — 4d°5s25p®4f?5d' 6s° — 4d'V5s?5p°4f75d 6s?

which with the super Coster—Kronig decay and emission from the 4f levels can share
identical final states with direct emission from the 4f levels. The super Coster-Kronig
transitions have been observed for many of the rare earth metals [23] and the references
in [4] and are the major contributions to the 4f photoemission resonances observed for
terbium and dysprosium as seen in figure 3 for terbium. Auger decay process with final
states not identical with the direct photoemission processes can occur asoutlined in table
1 [2] and could contribute some intensity to the 4f photoemission features at selected
photon energies. For the most part, this additional complication will be ignored, but
cannot be eliminated from contributing to our CIS spectra.

It has been observed that for the rare earth metals, the different unoccupied 5d and
4f symmetry states have different binding energies [4, 17, 18, 23, 24]. Because of these
binding energy differences for the various 5d and 4f unoccupied states, a number of
intermediate ‘exciton’ states will occur at slightly different photon energies. Thus the
excitations outlined in table 1 do not account for any lifting of degeneracies as a result
of symmetry. Such lifting of degeneracies as a result of different symmetries is also
accompanied by alterations in the resonant photoemission threshold energy as has been
conclusively demonstrated for gadolinium [4, 23]. These different core excited resonant
photoemission processes differ principally in the symmetry of the wave function state of
the core excited electron. For example, in the 5p to 5d resonant excitation, the core
excitation could go as:
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Table 1. Resonant photoemission processes for the valence bands for terbium.

Resonant threshold
Initial state Excited state Final state (eV)
4d'95625p%4175d'6s*  4d'%5s25p4f*5d%6s?  4d'55%5p°4fPSd6s? 22 and 28
4d'95525p84£%5d!5s! 22 and 28
4d1°5825p54£55d%6s" 22 and 28
4d'95¢25p54175d'6s? 22 and 28
4d195575p54£75d%6s! 22 and 28
4d'55'5pt4£35d'6s%6p’ 4d'05s25pt4ft5d"6s? 46
4d"5s5psafsdiesiep! 46
4d''55%5p%4£85d!6s! 46
4d''5525p°4£45d'65%p! 46
4d"5635p04175d 652 46

4d4195575peaf’sd'6s'6p' 46
4d15s5poafsdiestep! 46

4d°3s25pt4*5d'6s2 4d'95¢?5p®4f*5d%6s? 152
4d1%5525p%445d 65! 152
4d"'5s25p®4£°5d°6s! 152
4d'5525p®4f°5d'6s" 152
4d'5¢25p%4175d'6s? 152
4d95s5ptafiedesiep’ 4d"5s76ptafisd'es? 151
4d955%6pafsdies'ep’ 151
4d1955%6pt4fsd'6s? 151
4d"56%6p4fisdlesiop! 151
4d"'5s26p®4f75d'6s> 151

4d"5s%6poaf’sdiesiop! 151
4d"5s%6peaf’sdlesep! 151

Px + lpy (Y%)__) dxz + idyz (Y%)
P: (Y(l)) - d.‘#zz»r2 (Yg)
or

Px — lpy (YTI)'—> dxz - idyz (Yfl)

ignoring spin-orbit coupling and the exchange splitting. The different core-excited 5d
electron states clearly have different wave function overlap integrals and interactions
with the different symmetry 4f states [27]. Thus excitations to different 5d or 4f sym-
metries will result in decay and emission of a 4f electron with a preferential symmetry [4]
(as a result of Fermi’s golden rule). This enhances one multiplet feature intensity over
others. Because of the non-degenerate binding energies of the different symmetry 5d
and 4f states, excitations to different 5d or 4f symmetries occurs at different photon
energies. This is consistent with the different 4f partial cross-sections (figure 3) and
relative 4f intensities (figure 2) observed for the different multiplet states of terbium and
dysprosium.

The different widths of the resonant photoemission process for different initial state
features must consider that different numbers of multiplet states contribute to the ‘initial
state’ used in the cIs spectra. Several multiplet states contribute to the ‘initial state’
feature with a very broad photoemission resonance at the terbium 4d to 4f giant reson-
ance, while only a narrow resonance is observed when only one multiplet state (the
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terbium #S¥4°) contributes to the ‘initial state’ feature as seen in figure 3. Nonetheless,
because of the different symmetry considerations for the intermediate excited states, the
appropriate joint density of states for the intermediate state may differ, resulting in
different resonant photoemission widths.

4.2. Evidence for different screening channels

Cox and others predict that the ®S,, 4f multiplet feature of terbium to be essentially only
a singlet feature [7, 16-18, 28]. The photon energy dependence of this feature can only
be understood if this feature is treated as the doublet indicated by the valence band
photoemission (figure 1). If the #SY%® multiplet feature is not split simply as a result of
multiplet splittings intrinsic to the 4f levels then this doublet feature can only reasonably
arise from three possibilities: a surface to bulk core level shift [29, 30], coexistence of
multiple valencies (4£85d'6s? or 4£°5d%6s?) [14, 15] or configuration interactions with the
5d electrons [7-13].

While the splitting of the terbium ®S;), feature (approximately 1.0 = 0.1eV at 24
monolayers, 0.5 eV for thicknesses greater than 8 monolayers and 1 ¢V for bulk single-
crystal terbium [31]) is only somewhat larger than the expected surface-bulk core level
shift for the heavy rare earth metals of about 0.5 eV [29, 30], the photon energy depen-
dence of these two features is difficult to reconcile with the surface to bulk core level
shift. With increasing photon energy one expects the surface (higher binding energy)
feature to decrease relative to the bulk feature (lower binding energy) feature because
of the increasing photoelectron mean free paths. The relative intensities should also vary
slowly with photon energy. As seen in figure 2, this behaviour is not observed. Indeed,
as seen in figure 2, the resonance behaviour of the higher binding energy feature is not
followed by similar behaviour in the lower binding energy feature. Such an observation
is not expected for a surface to bulk core level shift doublet.

It is also possible to eliminate a surface to bulk core level shift as the source of the
#S4/5° doublet on the basis of the terbium coverage dependent behaviour. For the heavy
rare earths, the surface component has a greater binding energy than the bulk component
[19, 29, 30]. For thinner rare earth films the surface contribution is large relative to the
bulk contribution. For a surface to bulk core level shift, the 88‘7‘/“55 feature should shift to
the overall feature to a greater binding energy. This is not observed. These resuits
cast some doubt upon the surface to bulk core level shift assignments for terbium and
gadolinium [29, 30] made on the basis of selected photon energy dependent photo-
emission spectra and not coverage dependence [30].

There are strong thermodynamic arguments [14] that terbium, like gadolinium, is of
only single valency and the surface does not have a different valence state from the bulk
metal. Were there two different valencies for terbium, the other valency would have a
4f multiplet structure akin to dysprosium. This is not observed.

One of the most important simplifications to multiplet theory is the lack of con-
figurational interactions [7]. Given that there are unpaired 5d electrons, known to be
polarized [31], this assumption is very serious. Two different screening channels have
been observed for the early rare earth metals, separating the 4f features by as much as
2.5eV[12,13,32,33]. Basically, the 4f hole can be screened by the 5d electrons near Eg,
resulting in a ‘fully screened’ final state photohole. Alternatively, the 5d conduction
band remains unpolarized (at room temperature both terbium and dysprosium are para-
magnetic), and only weakly hybridizes with the 4f hole, thus providing only a poorly
screened hole in the final state [12, 13]. This 5d to 4f hybridization, resulting in the
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two different screening channels {12, 13], is very structure sensitive for cerium [34].
Additional complications may also occur including ‘Fermi sea’ correlation effects [6],
andinitial state Sd—4fhybridization, though the latteris not likely to be very pronounced.
It is also important to realize that surface to bulk core level shifts can also not be com-
pletely eliminated from contributing to the 4f multiplet line shapes.

Changes in the 5d occupancy, as part of the excitation process will, of necessity, also
change the Coulomb interaction, Uy, between the 4f levels and the conduction band.
With a super Coster—Kronig photoemission resonance as additional electron is placed
into the conduction band. This changes the relative intensities between the screened
(5S35, at lower binding energy for terbium) and unscreened (®S¥), at higher binding
energy for terbium) peaks /,/(I; + 1,) at the photoemission resonance. This variation in
the relative probability for decay through either screening channel near a photoemission
resonance hasbeen clearly observed with weakly bound adsorbates such as N, on Ni(100)
[35]. We have plotted this variation in the screened versus unscreened channels in figure
2 for terbium.

While there exists a 'F5 and 'F¢ doublet for dysprosium, accepting that the doublet
iscloselyspaced, the above arguments can be applied to dysprosium as well as to terbium.
Such amodel can explain the 4f binding energy shifts (figure 6) and relative cross sections
(figure 7) for dysprosium in much the same manner as has been applied to terbium, The
complications of the multiplet doublet, and a surface to bulk core level shift are far harder
to eliminate in the case of dysprosium than is the case for terbium.

The smaller energy difference between the screened and unscreened 4f states, as
observed for terbium (1.0 e V) and dysprosium (0.6 e V), may be reconciled a weaker 4f—
Sdhybridizationin the final state. Since the 4flevels are separated from the 5d conduction
band by a far greater binding energy for terbium and dysprosium than is the case for
cerium {17], a difference in the orbital overlaps leading to weaker hybridization in the
case of Tb and Dy is reasonable. A shift of the ®S, , features to smaller binding energies
with decreasing coverage, as seen in figure 4, can now be understood as resulting from
increased screening by d electrons of the 4f hole. The additional d electron density,
leading to increased screening, can be donated by the nickel substrate, which has a high
d band density of states near the Fermi energy.

The ratio of screened to unscreened decay probabilities has been shown by Rise-
borough [13]to be related to the ratio of the Sd—4f interaction, Uy, and to the conduction
band width, W. We observe two different screening channels for terbium, and possibly
dysprosium as well, and in the model of Riseborough this implies that (2/ + 1)U > W/
2 [13]. At or near a photoemission resonance L/(/; + I,) cannot be evaluated in terms
of the model of Riseborough [13]. Off resonance, using the model of Riseborough,
(21 + 1)Ugy/W is approximately equal to 0.53 = 0.01 for terbium on nickel. Because of
the complications of the 'F multiplet structure, dysprosium cannot be reliably evaluated.
Indeed, it may not be possible to apply the model and Hamiltonian proposed by Rise-
borough accurately to terbium and dysprosium. Nonetheless, a correlation between the
Sdband and the 4flevelsin the final state resulting in 4f satellite features in photoemission
does suggest that other highly correlated states may exist in the final state, possibly
resulting in satellite features for the 5d band, particularly at a super Coster—Kronig
photoemission resonance where the interaction energy Uy, is seen to be large.

5. Conclusions

Analysis of resonant photoemission processes must consider the symmetry of the elec-
tron orbitals since the energy at which the resonance occurs is symmetry dependent, as
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seen elsewhere [4, 23, 24] and can be inferred from the results of this work. Because
decay routes are symmetry dependent, in the condensed state, partial cross-sections of
the various final state photoemission features will also depend upon symmetry. It is
abundantly clear that the different 4f multiplets do not and can not share identical cross
sections in photoemission.

There is also evidence supporting two different screening channels in the photo-
emission from the 4f levels of terbium and dysprosium as well as cerium. This suggests
that there is some final state hybridization of the 4f and 5d levels. Using the criterion of
Riseborough, this implies that the Coulombic interaction energy between the 4f and 5d
levels U can only vary according to:

0.5< (2! + DUy/W = 1.0

away from a photoemission resonance. This implies that the interaction energy is
appreciable.

The results near resonance suggest that the core hole can indeed be very important
as indicated by earlier work [8, 36, 37] and a single electron model is inappropriate for
the 4f rare earth metals. Photoabsorption studies of terbium [38] also suggest that strong
4fto 5d hybridization, consistent with this work, but find little core hole perturbation of
the adsorption spectra.
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