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Ordered rare-earttRE)—transition-metalTM) surface compounds have been prepared by thermal deposi-
tion of thin Ce and Dy films onto Ri11) and Pd111) substrates and subsequent annealing. Low-energy
electron diffraction and Auger data suggest a crystallographic structure and stoichiometry isomorph to the
(111 surface of the AuCytype compound (RE)(TM) Valence-band angle-resolved photoemission data of
the films are in good agreement with optimized LDA-LCAO band-structure calculations of the corresponding
(RE)(TM)5; compounds. Particularly, an observed energy shift of the drkdetived states to higher binding
energies in the Ce-Pd system as compared to the Dy-Pd compound is correctly reproduced by the theory and
related to a noninteger occupation of the (esfates[S0163-182€08)00523-2

[. INTRODUCTION ments of the density of states, since most of the experiments
were performed on polycrystalline samples. Single-
The recent discovery of superconductivity in rare-earth-crystalline samples, necessary for angle-resolved mapping of
Ni— and rare-earth-Pd—boron carbides with transition temelectron bands, are difficult to obtain. Moreover, the prepa-
peratures up to 25 KRefs. 1-3 has renewed the interest in ration of clean, single-crystalline surfaces is not easy due to
rare-earth(RE)—transition-metalTM) compounds. A num- the high chemical reactivity of the RE’s. As an alternative
ber of these compounds reveals interesting magnetic propeapproach, experiments can be performed on ordered surface
ties as well as other electron-correlation effects like mixed-compounds, which are prepariedsitu by deposition of RE’s
valence or heavy-fermion behavior, which are caused bwnto single-crystalline TM substrates followed by thermally
interactions of the open REf4shell with the partly occupied driven surface or interface reactions. Of course, not all bulk
valence bands of the TK1. phases can be prepared in this way. On the other hand, sur-
RE-Pd compounds frequently behave differently fromface compounds, which differ in structure and stoichiometry
other RE-TM systems, due to the Pd-derived bands that from the existing bulk phases, may also be stabilized. Nev-
become occupied in the compounds leaving the Fermi erertheless, the resulting compounds reflect material properties
ergy Er in a region of low density of statd®0S). Due to  potentially relevant for technological applications of these
this low DOS atEr the magnetic coupling between localized systems in form of thin films and multilayers.
4f moments via the Ruderman-Kittel-Kasuya-Yosida In the present publication we report on angle-resolved
mechanism becomes weak, and since the occupied Rzhotoemission(ARPE) studies of RECe,Dy)-TM(Pd,RhH
4d-derived states do not essentially contribute to magnetisngurface compounds. The samples were prepareth [sjtu
magnetic order is absent in RE-Pd systems or appears only deposition of the RE elements onto clean(Pd) and
very low temperature3By the same way hybridization ef- Rh(111) surfaces, followed by annealing of the interfaces at
fects, that play a dominant role in Ce-TM systefifiecome 1100 K. Low-energy electron diffractioft EED) and Auger
strongly reduced in Ce-Pd compourfdSven the compound analyses of the films reveal a structure and chemical compo-
with the largest Pd concentration, CePtepresents only a sition corresponding to th€111) surface of the cubic
moderately hybridized mixed-valent systéifwhile the Ce  AuCus-type compounds (RE)(TM) The ARPE data are in
4f-states in the isostructural Rh compound are on the bordegood agreement with band-structure calculations for these
of bandlike behavior:** compounds. Particularly for CeRdan observed shift of the
Investigations of the electron structure of RE-TM com- Pd 4d-derived bands to higher binding energies as compared
pounds by means of electron spectroscopies have mosttp their position in DyPg is correctly reproduced by the
been concentrated on the properties of tlfiestates. Studies theory and attributed to a noninteger occupation of the Ce 4
on the valence bands were usually restricted to measuretates.
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IIl. EXPERIMENTAL DETAILS AND BAND-STRUCTURE Pd and Rh; 6, 6p, and 5 states for Dy; and § 6p, 5d,
CALCULATIONS and 4 states for Ce. The treatment of the Dy 4tates as

. . partially filled atomiclike core shell accounts for the local-
The ARPE experiments were performed at the Berlinefi;oq pehavior of these states in heavy RE’s. The Dyod-

Elektronenspeicherring fuSynchrotronstrahlundBESSY)  cypation was chosen to be 9, corresponding to a trivalent
exploiting synchrotron radiation from the toroidal-grating configuration. In contrast to the case of Dy-derived com-
monochromator TGM1. Valence-band ARPE spectra wergounds, the # states in Ce-Pd and Ce-Rh systems were con-
taken using a rotatable hemispherical electron-energy anaidered to be itinerant. The assumption of a normal metallic
lyzer (VSW-ARIES) tuned to an energy resolution of about state with noninteger #occupation should yield an approxi-
150 meV(FWHM) and an angle resolution of 1°. All experi- mately correct ground-state charge distribution even if this
ments were performed at a photon incidence angle of 30ground state is mixed valent (Cefd” Using the linear tet-
relative to the sample surface. rahedron method, thke sums were performed over a mesh
Single-crystalline PA11) and Rf111) substrates containing 165k points in the irreducible part of the Bril-
(1.5-mm-thick disks with diameters of 5-6 mm from louin zone(BZ). The intermetallic compounds were handled
MaTeck, Inc) were cleaned by argon ion bombardment fol-@S ideal crystals without accounting for surface and real

lowed by a series of 10-min cycles of annealing at a temStructure effects. _ _ _
perature of 1100 K in an oxygen atmosphere of 5 Good agreement both with experimental data and with
%10"8 mbar. The annealing was repeated until no carborPrEVious calculations was obtained for the weakly correlated

—20
or other bulk-originating contaminations were detected by4d bands of Pd and Rh metdi.’ For the compounds, the

; : ; 22
LEED and Auger-electron spectroscopdES). In order to results are in accor_dance with previous (S%%Igulaﬁbﬁjs as
desorb the oxidized surface layer the substrates were flashg\be” as with %nszlIe integrated photoemisston(PE) and in-
during 10 sec at a temperature of 1400 K until characteristic ¢">¢ PE data™ on several (RE)(TMj compounds.
sharp hexagonal LEED patterns and no oxygen contamina-
tions in ARPE and AES spectra were observed. Dy and Ce
were thermally evaporated at a rate of 3 A/min from metal The valence-band structure of the grown surface com-
pieces inserted into W-Re coils. The evaporation rates agounds was studied by ARPE in a photon-energy range from
well as the thicknesses of the deposited layers were monR1.2 eV to 95 eV. Due to stoichiometry and cross-section
tored with a quartz microbalance. During the experimentseffects, the valence-band spectra taken at these photon ener-
the vacuum was better tharnxL0™ % mbar. It shortly rose gies are dominated by emissions from TM 4tates. ARPE

to 1x10~° mbar during evaporation. spectra from Ce/Rd11) (2X2) taken at various photon en-

A deposition of 20—40 A of RE’s onto substrates kept atergies in normal-emission geometry are shown in Fi@).1
room temperature or at the temperature of liquid nitrogenThe data have been normalized to equal maximum intensity.
resulted in nonordered overlayers. A following step-by-steg-or the Ce-Pd system, the spectra are dominated by four
annealing of the interfaces at increasing temperatures in thfieatures at approximately 1.2 eV, 2 eV, 3 eV, and 4.5 eV
range from 1000 K to 1200 K led to sharp hexagonalbinding energyBE). These features reveal intensity modu-
(2% 2) overstructures in the LEED patterns. Surface condations but almost no dispersion upon variations of the pho-
taminations were checked by ARPE and AES and found tdon energy. A steplike PE signal at the Fermi energy de-
be negligible. creases when going from lower toward higher photon

For the Dy-Pd system a simple quantitative analysis of thenergies demonstrating a metallic character of the interface
AES data gives an atomic concentration ratio of Dy to Pdwith predominantlysp-like states aEf.
close to 1/3. The observed ¥2) overstructure of the LEED In Fig. (b), the observed peak positions were assigned to
pattern agrees with a crystalline structure isomorph to thédand-structure calculations for CePdrree-electron-like fi-
(111) surface of the cubic AuGgtype phase (RE)(TM)'?  nal states and direct interband transitions in the reduced BZ
Here, every second TM atom in every second row of eaclscheme were assumed. The minimum of the parabolic
layer is replaced by a RE atom. This leads to a lattice misenergy-dispersion curve of the free-electron-like final states
match less than 5% relative to the pure(Pd) surface was pinned at the calculated bottom of the valence band. The
layer. The formation of these compounds upon annealingarabolic slope was fitted to the correspondsdgke branch
may, therefore, be considered as a simple replacement of Fd the region close to th€-point by a proper choice of the
by RE’s atoms leaving the Pd matrix almost unchangedeffective electron mass. This standard approach that neglects
Identical LEED patterns could also be obtained from metalthe influence of the actual atomic potentials has been applied
lic films grown by codeposition of Dy and Pd in the atomic quite successfully to many solids. Particularly in the present
ratio 1 to 3 onto a WL10) substraté? This observation gives case of a simple cubic symmetry and final states, which are
further support for the formation of (RE)(TM)compounds energetically far above the unoccupied REstates and RE
in the present case. 5d-derived bands, this approach is expected to represent a

Band-structure calculations for the intermetallic com-satisfactory approximation of the real final states. Figute 1
pounds as well as for pure Pd and Rh metal were performerkveals a reasonable agreement between band-structure cal-
in the framework of the local-density approximatirtDA) culations and PE data. However, the experimentally obtained
with the standard Hedin-Lundquist exchange-correlatiordispersion of valence bands is somewhat weaker than what is
potentiat* exploiting the optimized method of linear combi- predicted by the theory. This may point to a loss of transla-
nation of atomic orbitaf§ (LCAO) in its scalar relativistic tion symmetry in the direction perpendicular to the surface
version:® The used basis includes5 5p, and 4 states for caused, for example, b§f) a quasi-two-dimensional nature

Ill. RESULTS
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FIG. 1. (a) ARPE spectra of Ce/Rti11) (2 2) taken at various photon energies in normal-emission geoneinAssignment of the
experimentally observed peak positidiselid circles to calculated bands of CePésee text

of the film or by (ii) a distorted stacking sequence of the Ce? As for Ce-Pd, the experimental results for Dy-Pd are in
crystallographic planes. Since the AES data indicate a filna reasonable agreement with band-structure calculations for
thickness, which is large as compared to the electron meaiie corresponding intermetallic compound with (RE)(EM)
free path in the ARPE experimentabout 10 A, possibility ~ composition.

(i) may be ruled out. Respective spectra of an ordered Dy-Pd In contrast to the normal-emission data, ARPE spectra
surface compound reveal similar dispersive behavior. Altaken at fixed photon energies and different emission angles

though, they differ from Ce-Pd data by an almost rigid en-reveal stronger dispersions of the valence-band features. Fig-
ergy shift to lower BE’s of the Pdd+derived bands. A simi- Uré 2 shows ARPE spectra frofe) Dy/Pd (2x2) and (b)

lar phenomenon has been reported previously for &€/Pd (2<2) recorded at 33 eV photon energy along the

comparison of angle-integrated PE spectra of GeRdd I'-K direction of the surface BZ. In both compounds, the
LaPd; and has been related to the mixed-valent character cARPE spectra taken at small polar ang@sare character-

Dy/Pd(111) (2x2) : (a) Ce/Pd(111) (2x2)

T—K direction '

N
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FIG. 2. ARPE spectra taken =33 eV and various polar anglé€}for (a) Dy/Pd111) (2X 2) and(b) Ce/Pq111) (2% 2). Solid lines
serve as guides to the eye marking dispersion of main emission features.
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k" k" kM branches of the 2.5-eV feature, which are almost degenerated
o T ’ in ARPE spectra taken close to the normal-emission geom-
etry, split up at larger emission angles. The 1.5-eV structure
can clearly be identified only at small polar angles; it disap-
pears al® >10°. The lowest-lying feature recorded at about
0.8 eV BE at normal emission reveals almost no dispersion
up to ®=30°. Then it moves slightly toward the Fermi en-
ergy, where its intensity strongly increases.
An assignment of the observed peak positions for Dy/Pd
[see Fig. 2a)] to the calculated bands of DyP& shown in
Fig. 3. As beforg[Fig. 1(b)], we consider direct transitions
‘ ! ! into free-electron-like final states and assume conservation of
ol \//*' the component of the electron momentum parallel to the sur-
in TRXR-plane ! in TRMR-plane N face k| . The horizontal axis in Fig. 3 scalés values along
\ 1 \ \ g the two high-symmetry directions in the BZ of the simple-
! 05 0 ) 1/2'5 ! 18 2 cubic structure [ —R andT' —M) projected onto thé111)
n (A surface. The electron structure was calculated within the
FIG. 3. Comparison of peak positiorisolid circles in ARPE ~ 'RXRandI'RMR planes in the extended BZ along a circle
spectra taken atp=33 eV and various polar angles from Of constant energy corresponding to the mean energy of ex-
Dy/Pd(111) (2x2) with calculated bands of DyRdsee text cited (hr=33 eV) electrons relative to the bottom of the
valence band® ARPE spectra of Ce/Rihil1l) (2x2) taken

at 33 eV photon energy and different emission angles are

ized by four main features. Two of them are split into sub-shown in Fig. 43). While in this figure the PE structures are
structures. Solid lines connecting corresponding peaks of diftess pronounced as compared to those of the RE-Pd systems,
ferent spectra serve as guides to the eye indicating ththe observed dispersion of the valence bands is similar to the
assumed dispersions. For the Dy-Pd system, the correspongsults obtained for Ce-Pd and Dy-Pd. The main difference
ing structures are shifted by about 0.6 eV toward lower BE'sto Ce-Pd, however, is a strong low-BE shift of the bands in
as compared to those for the Ce-Pd compound. Ce-Rh. This energy shift is even larger as compared to that

The dispersion of the ARPE structures is similar for bothobtained by the substitution of Ce by Dy in Pd-based com-
compounds. Upon angle variation from 0° to 18° in thepounds. It ranges to more than 1.0 eV for the low-BE PE
Dy-Pd system, the 4.2-eV feature shifts to lower BE whilefeatures. The structure, observed at approximately 3 eV in
one branch emerging from the 2.5-eV structure moves in théne normal-emission spectra of Ce-Peig. 2(b)], appears
opposite direction. At 180 =<26° these two branches now at about 2.5 eV in the corresponding electron energy
cross each other, giving rise to hybridization phenomena adistribution curves of the Ce-Rh surface compound. The
shown by the band-structure calculations. Another twomost pronounced sharp feature, which is seeror22° at
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FIG. 4. (a) ARPE spectra taken &tv=33 eV and various polar anglé€} for Ce/RH111) (2% 2). (b) Assignment of the experimental
data(solid circles to calculated bands of CeRlfsee texk
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lished. Since in a PE experiment binding energies are mea-
sured relative to the Fermi energy, this charge transfer is
reflected in the ARPE spectra by a shift of the Rbband to
higher BE. Upon compound formation, in addition to the
charge transfer band narrowing occurs due to the reduced
coordination with equivalent atoms. Within a simple tight-
binding formalism, this band narrowing is proportional to the
square-root of the coordination number®® In the present
case of Pd, N reduces from 12 in the metal to 8 in the
(RE)PG compounds resulting in a contraction of the 4
band by a factor of 0.8. For the RE’s, this effect is more
dramatic, since in the compounds the RE atoms are sur-
rounded only by Pd neighbors. The RE neighbors appear first
in the second coordination shell. Assuming that the RE at-
oms in the second shell contribute to the bandwidth only half
1.0-1.2 eV BE in Ce-Pd, is shifted directly # in the as much as nearest neigbors, the effective coordination of the
RE atoms reduces from 12 in the pure metal to 3 in the
fcompounds causing a narrowing of the RE band by a
the experimentally observed peaks for the Ce-Rh system arff@ctor of 0-5. Due to the band contraction a broad pseudogap
results of band-structure calculations for CgRIn analogy ~P€tween Pd d- and RE %l-derived states is formed. Since
to the analysis performed for Dy-R&ig. 3 the ARPE data within this simple model only about oned%lectro_n is trans-
were assigned to electron bands calculated withil RBR fgrred to three Pd atoms, the charge transfer is toq small to
plane along a circle of the corresponding constant energyill the Pd 4d bands completely. Therefore, the Fermi energy

The calculated bands are projected onto a plane parallel fgecomes stabilized close to the top of the Ritderived

the sample surface. In agreement with the experiment th¥alénce band. _ , .
calculated band dispersion remains qualitatively the same A more elaborate discussion should take into account the

upon substitution of Pd by Rh. The energy positions of dif-hybridization bgtwgen REdband TMq states that gives rise
ferent branches, however, are shifted toward the Fermi ef® RE &d contributions to the occupied T band and TM
ergy in the Rh-based compound. This shift is larger ford contributions to the unoccupied part of the RE band.
low-BE branches. It becomes insignificant at the bottom off NiS kind of hybridization is particularly essential for the
the valence band. As in the case of the Pd-based compoun#gderstanding of the magnetic coupling betweenadd &

a good agreement between ARPE results taken from th@tates in TM-rich hard magnetic RE-TM compouritidn
Ce/RI{111) (2x2) interface and calculated bands of the this sence, one could also speak in terms of a covalency gap
CeRh compound is obtained. separating occupied and unoccupigdstates: Anyhow, al-

To our knowledge, DyRh does not exist as a bulk ready the simplified plcture is in good agreement with PE
phase® Notwithstanding, LEED patterns obtained for the and Bremsstrahlung-|sochromat-specztarosc(JBLS) experi-
Dy-Rh system are identical to the patterns observed for thE'ents on several (RE)Bd¢ompounds: o
CeRh compound. Furthermore, the experimentally observed The effect of valency of the RE's can also be visualized
valence-band ARPE structure of Dy/@A1) (2x2) is in within th_ls simple model. Treating thef4states as narrow
good agreement with the calculated bands of a hypothetifands pinned at the Fermi energy, a larger charge transfer to
AuCus-type compound DyRfand very similar to the Ce-Rh Pd becomes possible leading to a filling of the FRdderived

data shown in Fig. @). Thus, one may conclude, that this bands and to stabilization of the Fermi level in the
phase could be stabilized in thin films. pseudogap between Pdl4and RE %i-derived states due to

the partially occupied # states. This pinning of the Fermi-
level position is reflected in the ARPE experiments by an
almost rigid shift to higher BE of the valence-band emissions

As a first approach to a better understanding of the elecin CePd as compared to those in DyRdReplacing Pd by
tron structure of the (RE) (TM)phases a simple model may Rh, the 4l occupation is reduced, and even the additional
be considered that describes compound formation in terms atharge supplemented from thd 4tates of Ce is not suffi-
charge transfer between microscopic pieces of RE's andient to fill the 4 band. Consequently, the Fermi energy
TM’s.?” Charge transfer is governed by the electron densitiesemains pinned near the top of the valence band almost in-
and the contact potential, which are related to the individuatlependent of the # occupation. The Ce f4band is still
densities of states and work functions, respectively. The patocated within the 4-5d gap, that now is formed well above
tial sp andd DOS of pure Dy and Pd metals are sketched inthe Fermi level. This scenario is in accordance with experi-
the left pannel of Fig. 5, plotted with respect to a commonmental results of the present work, where only small differ-
energy zero E,.. With about nined electrons per atom, the ences have been observed between the valence-band ARPE
Pd 4d band is almost filled, while for the RE metal the spectra of DyRh and CeRh. The above model is also in
5d-band occupation is close to 1, and the Fermi energy liesigreement with previous BIS experiments, where the posi-
close to the bottom of this band. When bringing these metaltion of the Ce 4 final state was found to be shifted from
into contact, the contact potential leads to a charge transfél.5 eV to 1.6 eV above the Fermi energy when going from
from the RE to Pd until a common Fermi energy is estab-CePd to CeRh.?*

Pd and Dy before contact DyPd,

FIG. 5. Tight-binding model illustrating the formation of the
pseudogap due to charge transfer and band narro(sizg texk

Ce-Rh system.
Figure 4b) shows a comparison of the energy positions o

IV. DISCUSSION
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FIG. 7. BIS spectra of CeRdnd CeRh as compared to thef4
emission ofy-Ce (shaded subspectrynSubspectra denote the con-
tributions of 4f states(dash-dotted and non-4-derived valence
states(dashedl (from Ref. 24.

taken previously as experimental evidence for an itinerant
character of thé states in CeRh On the basis of the present
results, this point should be discussed in more detail. The
question of whether electron states should be taken as local-
ized or itinerant may be treated in terms of the LDA band-
width W and the Coulomb-correlation enerdy that de-
6 4 2 E -2 -4 scribes the energy necessary to transfer an electron from one
Binding Energy (eV) atom to another. lU<W the state may be considered as
itinerant, while forU>W the state can be taken as localized.
FIG. 6. Calculated total DOS df) DyPd;, (b) CePd, and(c)  |n the present case of Ce(Tlompounds, there are basi-
CeRHRy. Partial contributions of .PddL Dy 5d, and Ce .4 states are  cally two kinds of bands containinfycharacter: the “pure”
shqwn by broken gnd dot_ted lines and shaded anedk magnifi- ~ 4f band with the widthw;<1eV, and thefd hybrid band
cation 10, respectively. Sl_nce Dy #Astates were treated as atomi- |, .ih the width W, =5eV (Fig. 6). For Ce, the Coulomb-
clike, they are not shown in the DOS. correlation energyJ; amounts to about 6 eV for atomiclike
4f states, while a smaller valug;, for hybrid states is ex-
The more quantitative approach within our optimizedpected due to the larger spacial extend of the wave functions.
LDA-LCAO calculation shows that the predictions of the From these considerations, the hybrid states may be taken as
tight-binding model are basically correct, although the situaitinerant, while the “pure” 4 band represents states, that
tion is more complex than suggested. Particularly, not onlyare only supposed to be itinerant within a single-particle ap-
simple charge transfer occurs, but hybrid states between thgroximation and should be treated as localized in a more
different RE and TM orbitals are also formed. TMi4and  elaborated approach. In CeRéolely hybrid states are popu-
RE 5d character is found on both sides of the pseudogapated and, therefore, correlation effects will be weak. Thus,
whereby both states near the top of the valence band and te 4f?> component is expected in the BIS spectrum of
bottom of the conduction band are dominated by Tl 4 CeRh. The remaining question is whether th&*4inal state
contributions. This situation is illustrated for DyPdn is expected at the energy position of the “pure’f H4and
Fig. 6@). In Ce systems, the situation is not correctly de-predicted by the single-particle calculation, or whether the
scribed by a simple depopulation of the Cestates, instead population of a localized # state within the BIS process
hybridization leads to # admixtures to the valence bands leads to an energy relaxation of the system. Here, one may
[Fig. 6(b)+6(c)] leaving the totaF count almost unchanged. argue that the largé admixture to the valence states allows
The main difference between CePdnd CeRh stems a complete final-state screening of the electron-addition state
from the filling of the “pure” 4f band, which is character- in CeRh causing an energy position close to the one pre-
ized by only weak valence-band admixtures giving rise to thelicted by the single-particle band-structure calculation. For
prominent 4 peak in the calculated DOS. While this band is CePd, the situation is different, because the “puref Band
slightly occupied in CePRg it becomes empty in CeRh s partly occupied. Addition of an extra electron to this band
Here the wholef count of about 0.8 electrons per formula leads to strong correlation effects that nhow cannot be com-
unit is found in itinerant hybrid statés:?2 pensated by final-state screening. Since the ground state can
This fact explains the experimental finding that the BISbe described by a linear combination of%4and 4 con-
spectrum of CeRjreveals only a hugef4 final state, thatis  figurations, the electron-addition state should contdhatl-
close in energy to the calculated position of the Gebdnd,  mixtures as well. As a result, bothf4 and 4f? final states
while the BIS spectrum of CeRdlisplays both 4! and 42  appear in the BIS spectrum in Fig. 7, which is not related
componentsFig. 7). The lack of the 42 state and the good anymore to the DOS, but may be described within the
agreement with the single-particle calculation have beem\nderson single-impurity modé{’
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V. SUMMARY electrons per formula unit is spread into the valence band.

In summary we have shown, that deposition of Ce and DyTh|s fact explains the lack of correlation effects noted previ-

on clean P@L11) and RK111) substrates followed by subse- ously in the 4 PE and BIS spectra of this compound.
guent annealing leads to a sharp<{2) overstructure in the
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