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3d and 4d resonant photoemission in Pr and Nd metal
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Resonant photoemission experiments around ther®d 4d thresholds are presented for Pr and Nd metal.
The behaviors at the two thresholds are different, in that the data atiteege show a prethreshold enhance-
ment. In addition to the strong enhancement offthandf? final state structure for Rif? initial state and Nd
(f3 initial state metals, respectively, a wedk(Pr) andf3(Nd) final state structure is observed, startindeat
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[. INTRODUCTION structure with approximately 2-eV smaller binding energy
the interpretation of which is not established. Note that in
Photoemission spectroscop§ES measures a state with these intermetallic compounds, there is a strong contribution
one electron missing relative to the initial state. This oftenof the d electrons to the valence band spectra, which makes
results in complicated spectra, which are difficult tothe extraction of thd contribution for the spectra difficult.
interpret* There are two limiting cases that can be used toThe data on RrgThy ;, on the other hantf have only been
analyze experimental dataOne is the independerfone) measured up to a photon energy b =380eV, which is
electron model(thought to be applicable to, e.g., the free below the 4l threshold at 133 eV and therefore allows one
electron metals where one has very man\Nj electrons, not to deduce the f4contribution with confidence.
that do not interact with each other, and where the-(1) Here PE data for Pr and Nd metals around tdeashd 3
final state can be safely assumed to equal Nhelectrons thresholds are reported. The data differ for the two thresholds
initial state. On the other side there is the independent orbitajualitatively. The spectra at thedhreshold show the ex-
model, where one has an orbital not interacting with othepected behavior, with a clear separation of the valence band
ones(holding, e.g., for many though not all core orbitals of and thefN~? final state below the resonance. At the reso-
atoms, and to a lesser degree for those of solids and mohance thefN~? structure is strongly enhanced and additional
ecules where the N—1) final state can be calculated from structure is recovered. We give evidence that this additional
the N-particle initial state with a high degree of accuracy, structure is due té™ (f2 for Pr andf® for Nd) final states. In
becauseN is a relatively small number. In most practical approaching the @ resonance structure in the spectra ex-
cases these simple approaches are not sufficient and one haading to the Fermi energy gets enhanced, indicating its
to employ many electron schemes for an interpretation of theharacter, however, there is no clear distinction between the
data. A  particularly  successful one is the “on-resonance” spectra and the “off-resonance” spectra.
Gunnarsson-Scimammet™® approach, which has been The data presented emphasize the importance of fthe

used to analyze data from Gend YD systems where one —(ds) hybridization for the interpretation of PE spectra
has one localized felectron, which couples to the system of from rare earth€>-28
conduction electrons. In a simplified version of this model
the conduction electron system is replaced by a valence
orbital >~* While some authors have stressed the success of
the Gunnarsson-Schammer modet?!® others have ques-
tioned its validity'*~%° The experiments were performed at beamline 7.0.1 at the
In principle this model should not only apply to Ce sys- Advanced Light Source in Berkeley. The samples were films
tems but also to those containing other rare earth elementsvaporated on a {10 single crystal. Although the vacuum
Some works for Pr and Nd compounds have been performedas in the 10'-Torr range, an oxygen signal was always
to test the extension of the Gunnarsson-Stteonmer visible in the spectra taken around the ddge, while it was
model®2! On the theoretical side it was shown that in Prbarely detectable in the spectra from around tike8lge,
systems, in addition to th" final state, a second state nearersignaling the much reduced surface sensitivity in the kinetic
to (but not aj the Fermi energy can be produced by theenergy range obtained with the latter photon energies. For Pr
mixing of thef electrons and the conduction electrons. Onmetal the @ (4d) absorption maximum is at 931 el 33
the experimental side, a number of Pr and NdeV)and for Nd metal the corresponding numbers are 979 eV
intermetallic$?=2* show, in addition to thefN~! peak, a (137 eV.

II. EXPERIMENT
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Pr/W(110), f initial state Here the screening electron in the valence band has been

'} T : T TA I (;) ’ indicated by square brackets. The two equations indicate that

Pr3d-4fedge Af tinai state an enhancement in thef# final state structure should be

! ! : ) observed at the resonance, as is actually the case.

} Pl fi | | The additional structure in the on-resonance spectra is

| ] | IB mot likely produced by a # final state, which can occur via
/=930.5 6V (on resonance ! three mechanismgl) Because the correlation energy) of

e B ‘ '/T\ the 4f electrons is finité! there is a mixing of the® con-
”3:9‘°'° ev °""°s°""|"°e /T“\_ figuration into thef? ground state configuration of Pr. This,

4 4

via direct photoemission, results infa final state configu-
ration. (II) There is a second decay channel from the reso-
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! ! ! f ; nant photoemission intermediate state into the final state in
| | | ] i the resonant channel, namely:
ARRRANANE
hv=124.53 eV (on resonance) / [ 1 9463 3 10462 2
] L ! ! ! 3d°4f°(5d6s)°— 3d*"4f+(5d6s)“5d].
hv=100.0 eV (off resonance) | ./:\,_
‘ T | ™ N . .
! N It is difficult to determine the relative strength of the two
14 12 10 8 6 4 2 E, processes(lll) There is a(small hybridization between the
Binding Energy (eV) (5d6s)2 configuration and the # configuration. Therefore

the (5d6s) photoemission leads to & final state(and its
FIG. 1. (@ On-resonancef{w=930.5eV) and off-resonance excitation.
spectra fw=910.0eV) of Pr metal for the &—4f absorption Figure Ab) shows on- and off-resonance spectra of Pr
resonance. A large enhancement of the intensity is observed in thietal at the 4 threshold. In the off-resonance spectrum an
f2 final state structure but to a lesser degree also in the energyxygen signal around 6 eV has been removed, which is just
interval between thé? resonance and the Fermi enerds:]. (b) barely visible in the on-resonance spectrgior them the
On-resonance #{(w=124.53eV) and off-resonance spectiaa( o\ data are shown If one normalizes the spectra at the
=100.0eV) of Pr metal for the di—~Af absorption resonance. .1ance hand edge one makes the striking observation that
There is an enhancement in thkfinal state structure and also in the two spectra are surprisingly similar to contrast to the
the energy interval between tlié structure andEg . Adjusting the ituation at the @ resonance as documented in Figa)ithe
intensities in this second regime one notices that, in contrast to th% . . .
behavior near the 8- 4f resonance, now the shape of the spectrasame behaV|o_r will be seen in the Nd c)atal .
on and off resonance stays similar. The most likely reason f_or _th|s_ observation is the energy
dependence of thefdphotoionization cross section. For Pr
ll. RESULTS (and Nd this rises from low photon energies to a maximum
at slightly below 100 eV, and decreases slowly from then on,
) having decreased by two orders of magnitude between the
Figure 1a shows the “on-resonance”(and “off- 44 and the @I thresholds. This also explains that off reso-
resonance) spectra of Pr metal at thed3resonance. They nance at the @ threshold the #* peak is substantially larger

exhibit the anticipated features. The off-resonance spectriyan the valence band, while at thd ghreshold the reverse
give a valence band (8s?) with a width of slightly over 2 s trye.

eV and at 3.5 eV the # final state structure expected from | order to discuss the on-resonance spectra it is important

the  initial state of Pr in Pr metdf? The on-resonance 1o have a knowledge of the off-resonance spectra, which we

spectrum gives an enhancement of fiestructure but also  display, using energies smaller than those of ttee@ige for

additional intensities betwedfx and thef! structure. Aand  pr and Nd metals in Fig. 2. The two valence bands are quite

B mark the two final state structures observed in resonancgmilar with little structure, except for peaks &g and about

.. . . 2 _24 . ’ .

photoemission experiments on Pr intermetaffics 1 eV, and a width of about 2 eV. In addition the spectra show
In the simplest approach one assumes that to analyze thge 4fN~1 structure at 3.5 eV in Pr and at 5 eV in Nd.

resonant photoemission of Pr metal, there are two channelsomparison will be made with on-resonance data at tthe 4

A. Pr metal

at resonance that contribute to the spectra. edge, because these data have a higher resolution compared
(1) Direct PES: to those taken at thed3edge.
o Figure 3a) gives an on-resonance spectrum of Pr metal at
3d'%f2(5d6s)3— 3d'%4f1(5d6s)3[5d]. f[he 4d threshold, vv@ch show&lthough only barely visible
in the raw dataadditional structure. The structure was made
(2) Resonance PES: more visible by subtracting from the raw data a set of
ho(3d) smoothed dat#15 channels This procedure enhances the
3d1%f2(5d6s)® — 3d%4f3(5d6s)3 structures of the raw data, producing also the usual under-
shoot at the Fermi energy. Enhancing the structures by a
Auger division through the smoothed data leads to similar results
— 3d%%f1(5d6s)35d]. [Fig. 3(b)] indicating the consistency of the proceddfe.
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Nd metal Nd/W(100), £ initial state
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FIG. 2. Off-resonance spectra near thé@-34f absorption for hﬂﬂo'oe‘zl(omefona : E
Pr and Nd metals showing a gap between the valence band and the PRI v — : /\1 \ § §
4fN~1 final state structure for both metals. naoetietrsenaed N T T
L T
In order to analyze the structure it was assumed that it is 14 12 10 8 6 4 2 E
derived from a 42 final states structure. If this interpretation Binding Energy (eV)
is correct the additional peaks should correlate with the
known 4f? multiplet structuré>3We have indicated this FIG. 4. (a) On-resonancef{w=979.7eV) and off-resonance

structure weighted with their optical transition probabilities SPECtra £«=965.0eV) of Nd metal for the &4 absorption
g P P esonance(b) On-resonance f{lw=140.0eV) and off-resonance

. . . . I
by a bar diagram with no extension or contraction as used for X
tﬁ/e analysisgfor théN—1 and fN* T structure because now spectra fw=110.0eV) of Nd metal for the d—4f absorption

e X resonance.
a situation close to that of the ground state is encountered.

o In addition, the final states are indicated, that are expected
F.F . o - : ;
# from a direct photoemission out of &#initial (mixed into

D °F, *H, 3y, Optical intra the basic 42 initial state state leading to a# final state®
4f intensities

£ final

states B. Nd metal
from

Figure 4a) compares off- and on-resonance spectra at the 3
resonance and the general features are similar to those ob-
served for PfFig. 1(a)]. The off-resonance spectrum shows,
clearly separated, thef final state and the valence band,

X while in the on-resonance spectrum, additional structure is
Gaussian smoothed data (15 ch) . .
substracted from raw data created between these two features, with a large increase of
NS T D T TR T D intensity of thef? structure. A and B indicate the two final
()] state features observed in the spectra of the
raw data divided by intermetallics??~2* Figure 4b) compares the off- and on-
Gaussian smoothed
data (15 ch) resonance spectra at thel £dge and as for Pr, they are

similar indicating again that the resonance processes for the

3d and 4 absorption regions are not completely identical.

In Figs. 5a) and 3b) the 4d resonance spectra of Nd
metal of two samples are compared. The shapes are not iden-
tical, however, the positions of the weak structures remain

FIG. 3. (8 High resolution spectrum of Pr metal at thel 4 the same. .

—4f resonancegnote that this resonance covers a large energy In ord_er to come to an understanding of the O_‘ata We pro-
interval between 120 and 160 g\Vlhe data are also shown with a ceed as in the case of KFig. ,3)' A smoothed version of the
15-point smoothed curve and a difference curve of the raw data angPectra from both samples is produced and subtracted from
the smoothed curve in order to enhance the contrast. Bar diagrani@€ raw data in order to enhance the conttaddivision like

give the position of the #— 4f2 final state structure and the posi- in Fig. 3 produces identical resultsWe compare these
tion and intensities calculated for optical absorption spectraf Pr curves which reveal structures, again with the bar diagram of
ions in solution.(b) Division of the raw data by the smoothed data the optical (47) data'~3® and the 4° final states, deter-
from (a). mined from PE out of a # initial state, calculated by CoX.

. \ f PES The results for Nd metal are similar to those for Pr metal.

Praseodym (f initial state)
B

hv=150 eV

]

Intensity (arb. units)

24 20 16 12 08 04 E
Binding Energy (eV)
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|:I— @ to the case of the intermetallics, in the present metal spectra,
. | sample 1 | : : in addition to structure B, there are other structures present.
N | Ndad--> 4fedge Here no detailed theoretical analysis of the ddteyond
N |py=t40ev the N1 structure will be presented, only some suggestions
N\ : § can be given. Since the additional structure betweerihé
N : i final state and the Fermi energy is weak, it has to be assured
PN |hv=110 eV ; o . o :
= |35 & : 3 that it is not due to impurities. To that purpose three series of
3 248212 156 oo 022 data were taken at time intervals of several months with dif-
£ 1 g ferent samples. In Figs. 5 and 6, data of two samples of
8 : : evaporated Nd metal are compared and while the intensities
2 ! ; § do not agree in every detail, the position of {meeak peaks
2 [\ [sample2] | agree at 0.22, 0.62, 1.56, 2.12, 2.48, and 3.52 eV b&pw
-“=3 . : This is evidence that the structures are genuine. The en-
= __\ hv=140eV hancement of these weak structures as given in Fig. 6 dem-
: *—\.//"\ onstrates again the strong similarity of the two data &sts
: ; L cept for different statistigs
: : : An unhybridized 4N(5d6s)? configuration leads only to
3 2 1 E two structures in the valence band, namely

Binding Energy (eV) 4fN-1(5d6s)3[5d] (4fN~Istate

FIG. 5. (@) On- and off-resonance spectra of Nd metal at the

4d—4f absorption edgelb) On-resonance spectra of Nd metal at
the 4d— 4f absorption edge of a second sample. 4fN(5d6s)45d] (valence band

where[5d] is a screening electron.
For zerof — (ds) hybridization near the Fermi edge only
The observation of &" final state in addition to the com- the 5d6s valence band is observed and at tHfé'a! excita-
mon fN~1 final state in the photoemission of rare earth met-tion energy, the multiplet structure of this configuration. A
als has so far been restricted to @ad Yb systems, where, finite f —(ds) hybridization leads, in Ce systems négf, to
in addition to thef® final state at 2-eV binding energy,fa @ structure reflecting thef4occupancy of the initial state,
final state at the Fermi energy with its spin orbit excited stateSometimes called the Kondo peak. In Pr and Nd metals the
at 280 meV has always been observed. The data from thk~ (dS) hybridization will in an analogous way lead to &%

intermetallic compound (RE—Ru—Pd;, —Rh, —Ir, with a_nd 43 structure, respectively, with the corrgsponding ex-

RE=Pr, Nd, and RygThy),22-2* which showed two final cited states. These should equal those derived, e.g., from
' : tical spectroscopy.

In optical absorptiorior emission experiments the intra-

4f transitions are in principle not allowed for electric dipole

state configuration. The position of these two previously ob—(rf;\:):i ;?go;r; dbee?: gt?i(ca: ?Jggrﬁggg ?gﬁgﬂ%lguﬁ:kawoiggggc

served final states are mdpated _by Aand B In Figa) and observed electric dipole radiation strength in optical intfa-4
4(a). On the theoretical side a simple screening model, PUf,sitions originates from the mixing ofdSstates into the

Into mgthen’gﬂllca! form, e.g., with & two-level molecular or- 4¢ giates via the crystal field or lattice vibratighs?2 The
bital picture;™"" gives for any finitef —(ds) hybridization  jyiensity of the various multiplets reflects the amount df 5
two valence band final states, one with predominafly*  mixing. If the photoemission data are explained in terms of
character with somed(s) admixture and one with predomi- {—ds hybridization, likewise the intensity of the observed
nantly (ds) character and somg' admixture. Also a more 4 excited multiplets can reflect thedSadmixture produced
sophisticated theofy* could reproduce the experimental py the f—(ds) hybridizations. Thus the intensity of the op-
two-peak structure in the earlier Pr data. It seems from thesgcal intra-4f transitions and the intensity of thef excited
calculations that the second pe@deyond thefN~! peak is  states in a photoemission experiménta 4fN system may
produced by thd —(ds) hybridization, enhancing the struc- have the same origin, namely the admixture of tideviave
ture in the @s) valence band at the resonance. No attempfunctions. This is the reason why in Figs. 3 and 6 the optical
was made to incorporate arfy' excited state structure, be- intensity modulated #energies are used in comparison with
cause this had not been observed at that time. photoemission data, and not the bafeehergies.

So far only the origin of peak A in the Pr and Nd inter-  Another possibility attributes the observed™structure
metallic compounds has been analyzed in detail. It is obviouto photoionization of 4V*1 states mixed into the ground
to correlate structures A in Figs(d) and 4a) with similar  state by the correlation enerdy. To that purpose for Pr
structures in the intermetallicgnd previous results in the metal and Nd met&Figs. 3 and Balso thef? final states and
meta) and therefore assign them tof#~! final state. The f2 final states produced out of & #and 4* initial state are
interpretation of structure B is less obvious because contrarindicated, with intensities as given by Ck.

IV. DISCUSSION

states, provides evidence that in addition to the commorf?P
4fN-1(5d6s)°[5d] final state observed in rare earth sys-
tems, there should be another one containing tHé iditial
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sample 1 I Nd metal (a)
I: hv =140 eV

raw data
f initial state 2

number of 4 electrons in the ground statand in addition,
due to the(smal) mixing of thef electrons with the ds)
conduction electrons, there is alsd®final state visible in
-4 the spectra. The SIAM has computational difficulties in deal-
iteronce 62) ok ing with f2 or 2 initial states in the same kind of detail, as it
S N has done forf! initial states. In this respect a molecular
Pun ,K‘Gg S| |4 R V orbital model has certain advantages, although it must also
< \i i i i[Optical intra be stretched to account for all the excited states as observed
f ) G ¢ s inensites in the present experiment. Therefore taking into account the
Fnalstates 5 || (b) admittedly low statistical accuracy of the present data, we
from { PES ] think that it is very encouraging that one has been able to
. raw data identify the fN final state structure in some detail for Pr and
Gaussian broadﬁ \__ Nd metals. . .
/w/\ - The_re remains the questions of the nature (_)f the second
\/ peak in spectra of some rare earth intermetallic;-at eV
35 3.0 25 2.0 1.5 1.0 0.5 E_-0.5
Binding Energy (eV)

[§
[
—

sample 2

Intensity (arb. units)

nearer to the Fermi energipeak B. These 2 eV are the
energy needed to convert a &lectron into a 4 electron.
Therefore, the most likely interpretation of this peak seems
to be an intermediate state in the decay of the photoexcited
4fN~1 state to the 4" ground state. The question why this

FIG. 6. (a) and (b) High resolution on-resonance photoemission state shows up with large intensity in the intermetallic com-

spectra, smoothed data, and a substraction of raw and smooth&?unds’ but only b_arely in the metal;, is hard to _answer. It
data for Nd metal for two different samples. Bar diagrams are thd"ay have to do with the large density Of states in these
energies of the optical absorption maxima offNdbns in solution, m%tﬂ'als(RE P&, —Ru, —Rh, and Ip), which overlaps the
where in many cases a number of transitions have been summed 4~ energy and therefore can lead to a resonant process
make the general picture clear@ef. 32; also shown are thef4 ~ €xchanging & electron with ad electron.
final states obtained by photoemission fromf4 #itial state(Ref. In summary, 4% and 4f* final state structures have been
34). observed in the photoemission spectra of (Bf?, initial
statg and Nd(4f3, initial state metals. This is analogous to
The final state at~2eV (‘D) in Pr metal and at the 4f! final state structure found in Ce systems. Since both
~3.6eV (‘Dyp) in Nd metal does not appear in the bare 4 pr metal and Nd metal to the best of our knowledge are not
calculations of CoX' but can be interpreted by invoking  Kondo systems, the interpretation of these data in terms of
—(ds) hybridization, stressing its importance. the Kondo model seems hardly possible. The more general
The question arises whether the present data can be usgw seems to be one where thi§™final state structure in
to contribute to the ongoing debate about the validity of thephotoemission from #" initial state systems is interpreted in
single impurity Anderson modelSIAM) for the interpreta-  terms of hybridization between thel§) conduction elec-
tion of pho'goglmlssmn spectra of ceriufand ytterbium  trons and the #N quasilocalized electrons. A special case in
compounds?~?* The SIAM can be successfully used to de- this picture is the Kondo model, which was used successfully

scribe this qualitative nature of the spectra in some quantitap describe the spectral features of the Ce and Yb systems.
tive detail. Whether all the fine points come out correctly

seems to be a matter of controversy. This discussion seems
to be about quantitative matters rather than qualitative ones.
With respect to the qualitative nature of the problem, there
seems to be general agreement that the final state of a PE S.H. is grateful to the Deutsche Forschungsgemeinschaft
experiment in a RE compound, and hence also in a Ce or Yior financial support and the Advanced Light Source at LBL
compound, consists of & final state(whereN is the in Berkeley for its hospitality.
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