PHYSICAL REVIEW B, VOLUME 65, 165119

Giant hybridization effects in 4f photoemission spectra of Pr and Nd transition-metal compounds
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Large hybridization effects are observed ih#sonant photoemission spectra of Pr and Nd transition-metal
compounds that lead to energy splittings of several eV varying strongly with the composition of the com-
pounds. The phenomena are described quantitatively in the framework of a single-impurity Anderson model.
Large splittings of the # emission are obtained, if the energy position of the expecfedldctron-removal
state coincides with maxima of the valence-band density of states. Foifthgrdund states, admixtures of
4f"*+1 states of the order of some percents are obtained.

DOI: 10.1103/PhysRevB.65.165119 PACS nuni®er79.60.Bm, 71.20.Eh

During the last decades, more than thousand papers haweere usually discussed only in the light of Ruderman-Kittel-
appeared addressing hybridization effects in Ce systems thi&asuya-Yosida and crystal-field effects applied to pure
are responsible for many-body phenomena such as Kondetomiclike 4f configurations.
lattices and heavy-fermion behavior. Hybridization effects |n the present contribution, we show on the basis of a
may be studied directly by photoemissiGRE) where they  resonant PE study that hybridization leads 4" admix-

In addition to the 4° electron-removal state at about 2 eV Ng TM compounds. PE data were quantitatively analyzed in
binding einergy(BE) expected for a simple photoionization {he framework of the SIAM approach applied usually for the
of the 4f* ground state_ of trivalent Ce, one observes a fea'description of Ce systenfMain parameters in this approach
ture close tlo_the Fermi en_erg)E,e) that reproduces essen- .o e energy of a baref% state denoted as; and the
tially the 4f" final state and is commonly referred as "Kondo hybridization A describing the interaction of thef4state

”1 H H
pe_ak. Satellite structures in th_e Ceddcore-level spectra with the valence ban@VB) via hopping. Introduction of the
point also to the presence of final states corresponding tQ

. n i - on-site Coulomb-repulsion enerdy;; allows consideration
different 41 configurations. All these phenomena may beof further configurations with higherfdoccupations; hereb
described quantitatively in the framework of a single- 9 g P ’ Y:

impurity Anderson mode{SIAM),? where the appearence of 28f+U3” and 36f+3uff describe the energies Of. thef*
additional features in the PE spectra is explained in terms gtnd 4f° states, respectively. For Ce systems, typical values
configurational mixing. From the spectroscopically derivedof these parameters arg=—2 eV, Ui=7 eV and 0
model parameters, a consistent description of the groundsA<1.5 eV leading to energy positions of the baré and
state properties of the systems may be obtained. 4f3 states of 3 eV and 15 eV, respectively. Since thg energy
4f PE spectra of Pr and Nd metals are characterized bflifference between thef4 ground state and thef# configu-
single peaks at 3.3 eV and 4.6 eV BE, respectifeljne  ation is large as compared o, the latter does not contrib-
spin-orbit split Pr 4! final state consists basically of the Ute significantly to configurational mixing and is usually ne-
=5/2 component, since thg=7/2 component contributes glected. The situation changes when_ going from Ce to Pr,
only by about 10% of the intensity. In case of the Ntf4 wheree; becomes lowered due to the increase of the nuclear
final-state multiplet effects are more pronounced but spectrg=harge. From the analogy to the handling of @ecre-level
scopically unresolved, and lead to a broadening of th®g  SPectra this Iowerlng_may_ be estimated to be of the order of
signal. Unlike the pure metals the #E spectra of some Pr 10 eV (U¢;) resulting in energy values of-12 eV,
and Nd transition-metalTM) compounds reveal large split- —17 €V, and—15 eV for the bare #, 4f% and 4° states
tings of several eV that are reminiscent of the respectivé®f Pr, respectively. Now, the 8 configuration is energeti-
splittings in Ce compoundsin contrast to the latter, how- cally well separated from thef4 ground state and may be
ever, there is no peak appearing d”‘ect])Eat Since, simul- neglected. Shlftlﬂg the energy zero to the pOSition of thb 4
taneously to the splittings in thef4PE spectra, satellite State and identifying«;+U¢;) —&¢ with the energy neces-
structures were also observed in the rare-e@® 3d core-  sary to transform a # into a 4f2 configuration, one gets
level spectr&, an interpretation of the experimental data in formally a projection of Pr back to the Ce problem. An
analogy to Ce was proposed. Quantitative theoretical analyanalogous treatment is possible for the case of Nd systems.
ses in the light of SIAM, however, were never attempted, The simplest solution of the SIAM is the one presented by
although particularly TM compounds of these elements arémer and Wuilloud(IW).® Within this approach, the VB is
of great technological importance due to their magneticeduced to a single degenerated stateatAlthough the IW
properties. Instead, hybridization phenomena were mostlprocedure was successfully used for Ce metal, it is not well
ignored, and the electronic properties of these compoundsuited for the description of RE compounds with late TM’s,
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since these compounds are characterized by large TM
d-derived density-of-state®O9) that are mostly occupied
and in some cases shifted away frép. A proper descrip-
tion of these systems may be obtained by the solution of the
SIAM problem given by Gunnarsson and Sohammer
(G (Ref. 2 or, as it will be done in the following, by a
simpler approach that consists basically of an extension of
the IW procedure to various VB states and represents a rea-
sonable approximation of the GS solution.

In the present work, we report on Ce, Pr, and Nd com-
pounds with the late transition elements Rh, Pd, and Ag.
Polycrystalling(RE)Ag, (RE)Pd, and (REJRh, sampleSRE
= Pr, Nd were prepared by arc-melting under Ar atmo-
sphere, characterized by x-ray diffraction, and cleaned in
vacuum by scraping with a diamond file. PgPahd CePgl #
were grownin-situ as epitaxial filmgthickness about 100)A A & .
onto W(110 by thermal deposition of the pure constituents 6 4 2 Ex0-6 4 -2 EF0
under ultgahigh vacuum conditions and subsequent annealing Energy (eV)
to. 600 K."Sharp Io.W—energy eleqtron-dlﬁractlon patterns in- FIG. 1. Left panel: Experimental resonant PE spectra of Pr-TM
dicated th_e formation of the desired Augill) structures. _compounds taken at the Prd3-4f absorption threshold on-
PE experiments were performed at room temperature W'”Pesonance,hv=930 eV, @) and off-resonancehr=2923 eV,
hemispherical analyzety¥SW AR-65 and VG CLAM-2 us- () with 800 meV overall resolution. Shaded areas represent the
ing synchrotron radiation from the SX700-II dipole beam ponresonant contributions into the rough on-resonance data. The
line of BESSY I and the U49/2-PGM1 undulator beam line gjfference spectra obtained by subtraction of the off-resonance data
of BESSY II. The pressure during the experiments was bettefom the rough on-resonance spectrum are shown by open triangles
than 10 ' mbar and rose shortly to I8 mbar during film (V). The off-resonance and difference spectra are normalized to the
deposition and annealing. Oxygen contaminations wer@qual maximum intensity. Right panelf £E spectrasolid lineg
checked monitoring both the Osland O 2 signals and calculated for a Gaussian-like DQ8otted lines; energy positions
were found to be negligible. of Gaussians chosen according to the experimental data and given

The resonant PE spectra of PrAg, PrPd, angRRy are  in the figurg. For all spectra model parameters afe= —2.6, A
shown in Fig. 1. In order to extractf4contributions the =1.3, andUy=7.5. All energies are in eV.
on-resonance spectra have been corrected by substraction of
the respective off-resonance data. Due to the large kinetifitted by Gaussians superimposed by a weak broad semiel-
energy of the photoelectrons surface emissions contibute Hiptical background. For the calculated spedtfég. 1, right
less than 20% to the spectra and are, therefore, negligibl@ane) the model parameters were chosen in order to describe
The off-resonance spectra of all three compounds consist baroperly the on-resonance spectrum ofH,. For didactic
sically of symmetric peaks with a width of about 2.5 eV reasongto show the pure effect of changing the energy po-
FWHM (full width at half maximum). Their energy position sition of the TM DOS the same values of the parameters
shifts with increasing atomic number of the TM elementwere used to simulate PE spectra of PrPd and PrAg. For
from 2.5 eV BE in P¢Rh, to 3.2 eV in PrPd and 5.6 eV in Pr;Rh,, the energy splitting of the 4emission is due to a
PrAg. These peaks reflect emission from Thl-derived VB quenching of the energy degeneracy of the bafé fhal
states that undergo strong band narrowing as compared to tetate and the narrow DOS. It is analogous to the splitting of
respective pure TM metals due to the reduced atomic coolinteracting valence states into bonding and antibonding or-
dination and increased TM-TM distance in the compoundsbitals. Good agreement between theory and experiment is
Emission from the Pr # states is totally suppressed by the achieved, except, that in the experiment the whdlesignal
Fano antiresonance. The situation is completely reversed iis shifted by about 0.3 eV toward higher BE. Magnitude and
the on-resonance data, where the nonresonant @hoftri-  direction of this shift correspond to the “impurity term”
butions amount to only 5% of the spectral intensity. The PEknown from 4f PE spectra of heavier RE(®ef. 10 that is
spectra are now dominated by the resonantly enhanced Pr £aused by embedding the final-state ion into the matrix of
emission and consist of a narrow peak at 3.5 eV BE in PrAgground-state atoms. For PrPd and PrAg the model calcula-
that becomes asymmetrically broadened and shifts to abotibns describe the experimental data qualitatively correct.
2.5 eV BE in PrPd. In RRh, the 4f emission splits into two Hybridization effects are strongly reduced due to the in-
peaks at about 1.5 eV and 3.8 eV BE, respectively. Apartreased energy separation between the bétestéte and the
from these dominant features, a broad shoulder is seen in &IOS maximum. Better quantitative agreement between
spectra at low BE. This shoulder is pinned at the Fermi entheory and experiment may be obtained for these compounds
ergy and reflects contributions from resonantly enhanced Hry decreasing\ and shiftinge¢ to higher BE. The first cor-
5d state$ that are also visible as weak structures in the off-rection takes into account the decreased hybridization due to
resonance spectra. To describe the spectra in the framewoitkcreasing localization of the TMd}states from Rh to Ag.
of our approach to the SIAM, the VB contributions were The second one reflects the so-called chemical shift that de-

Intensity (arb.units)
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Cei:’d ! E T " ! TABLE |. Parameter values used in the calculations of the PE
3 spectra for CeRdand PrPg. All energies are in eV.

Bulk Surface
Uff €5 A o A
CePd 7.5 —-1.25 1.1 —-1.60 1.0
PrPg 7.7 —3.00 1.3 -3.35 1.2

In order to describe thefdemission in the framework of
SIAM the values ofe;, A, and U;; were used as fitting
parameters. An additional problem with the analysis of these
data stems, however, from the fact that in contrast to the
3d—4f resonance surface emissions contribute by about
50% of the total intensity at thedd— 4f absorption threshold
# and, therefore, should be taken into account. At the surface,
offres A e; is lowered due to the surface core-level shift by about

: - 0.35 eV andA is decreased by about 10% due to the reduced
coordination in the outermost atomic surface lay%eGood
agreement between theory and experiment is obtained for

FIG. 2. Experimental on-@) and off-resonance() PE spec- Parameter values given in Table I. Note that for both com-
tra of CePgd and PrPg compounds taken at thed4-4f absorption ~ PoundsA is almost the same, and the differences in the in-
threshold with 180 meV overall resolution in comparison with cal- tensity distributions are mainly determined by different posi-
culated 4 emission(solid line) and VB emission(dotted ling.  tions of ;.

Theoretical surfacéashegland bulk(dash-dotteficontributions to Thef occupancy is found to be equal lg=0.977 in the

4f emission are also presented. The on-resonance spectra wepellk of CePd. This value ofn; is very close to that obtained
taken athpy=120 eV and 130 eV, off-resonance data lat for y-Ce using almost the same parameter —1.27 evi3s
=112 eV and 114 eV for the CeP@nd PrPg, respectively. ¥)  However, in the bulk PE spectrum gfCe the 4° final-state
represent the experimental on-resonance data after correction feyeak is observed at 1.8 eV BE. Thus, the strong shift of the
nonresonant VB contributions. Experimental data are normalized 1 {0 emjssion is mainly caused by a “repulsive” character of
the photon flux and corrected by a linear background. The theorefne jnteraction with the VB that appears on the high-BE side
ical results are normalized cor_respc_)ndmgly to the ex_penmentabf e; in CePd and on the low-BE side of this energy in Ce
spectra. Shaded areas as described in the capture to Fig. 1. metal. For PrPglthe calculations give a bulk occupancy

scribes mainly the charge transfer between the RE and TNir = 2-025. In case of PrRdthe deviation ofn ;‘rom 2is
atom® This quantity may be estimated on the basis of therM&inly due to an admixture of about 3% of thé*4onfigu-

mochemical arguments and leads to shifts towggdof in- ration to the ground state, while contributions of thé! 4

creasing magnitude when going from PrAg over PrPd tgconfiguration are by about a factor of 10 smaller. In case of
PLRHh,. CePd, on the other hand, thef4 and 4f? admixtures to the

Instead of shifting the VB position we will tune in the 4t ground state amount to 3.4% and 1.1%, respectively.
following &; by comparing isostructural compounds of Pr _ AS @n example for a Nd compound, we show finally in
and Ce. Figure 2 shows resonant PE spectra of geRd F19- 3 @n on-resonance PE spectrum ofsRid,. For the
PrPd taken at the d—4f absorption threshold. The shape

Intensity (arb. units)

7 6 5 -4 -3 2 -1E=01
Energy (eV)

of the off-resonance spectra is in good agreement with the

DOS calculated by means of a linear muffin-tin orbital 0

method™ For CePd the corrected on-resonance spectrum 5

reveals an asymmetric peak at about 1 eV BE with a pro- <

nounced shoulder &, that reflects the well-known split- =

ting of the Ce 4 emission into 4° and 4! final states. As 2l

compared to PE spectra of Ce metal, the energy splitting é’

between these states is remarkably small due to a shift of the

4f° component by about 1 eV toward the Fermi energy. For -0 8 6 4 -2 E=0

PrPd a double-peaked structure is observed in the on- EnSTEyioV)

resonance spectra that extends over more than 5 eV, while g 3. Experimental on-resonance PE spectrum ofRig

the width of the 4 final state of Pr metal is smaller than 1 taken at the @ 4f absorption thresholdny=978.5 eV, @)

eV. The deep minimum of the corrected resonahtednis-  with 800-meV overall resolution and corrected on-resonance data
sion coincides roughly with both the maximum of the DOS (V), together with calculatedf4emission(solid line) and VB emis-
and the energy position, where thé'4emission of Pr metal sion (dotted line. Shaded area and normalization as described in
is expected. the capture to Fig. 1.
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model calculations the same Gaussian-like DOS is applied gsound reflecting the increasing localization of the gtates

for P;Rh,. The values of parameters ate=—3.8 eV, A when going from Pr to Nd.

=1.2 eV,andJ=7.5 eV.As in the case of the respective _In summary, we have shown that the PE line shapes of the
Pr compound the experimental spectrum reveals a splittingf emissions in Ce, Pr, and Nd systems are properly de-
of the 4f emissions into two components separated fronpcliP€d within the framework of SIAM. Large energy split-

each other by about 2 eV. Again, good qualitative agreemer{?9S ©f the 4 “ionization” peak are obtained, if the position
between theory and experiment is achieved, except, that t of th.e expected electron-removal sta’qe_commdes with the
! ’ t}%axmum of the DOS. Fog; values lying on the low-BE

width of both components is underestimated due to the Nedsije of the DOS. the maximum of thef €mission is pulled

Iigencl% of multiplet effects. The above-mentioned “impurity 5\vard E., whereas fog; values lying on the high-BE side
term”

providing an energy shift of about 0.3 eV toward of the DOS the opposite effect is observed. As follows from
higher BE is also not taken into account in the calculationsthe calculations, the hybridization in Pr and Nd compounds
The obtained occupancy is equal ta;=3.047 due to al- is of the same order as in Ce systems. For the ground states
most 5% admixture of thef4 configuration into the ground the hybridization leads in case of Pr and Nd to admixtures of
state. Note, that in contrast to the respective Pr compoundf" " configurations by some percents that might have con-
the intensity of the high-BE component is larger than that ofsequences for the magnetic properties of these systems.

the low-BE peak. This is a consequence of the |al’ger abso- This work was Supported by the Deutsche Forschungsge_

lute value ofe; that is shifted below the VB maximum. The meinschaft, SFB 463, Projects B2, B4, and B11. Expert as-
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