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k-resolved electronic properties of ternary heavy fermion systems
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Electronic and structural properties of the heavy fermion intermetallics £S&Rahd CeNjGe, were deter-
mined using the techniques of low-energy electron diffraction, electron-energy-loss spectr@SEafy and
resonant photoemissioAtomically cleanandwell-orderedsurfaces were prepared by evaporating the corre-
sponding crystal onto a YW10) crystal. This preparation procedure allows the applicatioarafle-resolved
electron spectroscopic methods being sensitive to surface properties. The behavior of the rastatastivas
determined by EELS. Resonant photoemission was carried out by tuneable synchrotron radiation allowing a
direct assignment of the orbital nature of the electron states hybridizing in the valence band as well as to
distinguish between states of the different constitudi®8163-182608)02336-4

In the last two decades the so-called heavy fermiorof the intermetallics. Electron-energy-loss spectroscopy
system$™ (HFS) attracted a growing interest in solid-state (EELS) allowing dipole-forbidderf-f excitation was used to
physics constituting a widely studied class of strongly corredinvestigate the binding energies of the Clestates due to the
lated systems. These systems are binary or ternary conereation of a neutral excited state and thus avoiding a final
pounds with lanthanides or actinides. Thermodynamic invesionic hole.
tigations of these materials result in properties at low The experiment was performed in a UHV chamber with a
temperature, which are described by a very high effectivdbase pressure belowx210~ ' mbar. It is equipped with a
mass of the electrons. The reason of this feature lays in theombined LEED—-Auger system for surface characterization.
high correlation of thd electrons with the conduction elec- A W(110 crystal served as substrate for the growth of the
trons in form of hybridization like the Kondo effect. While heavy fermion films. The crystal was cleaned in the usual
the thermodynamic investigations have more integral charaawvay by heating in oxygen and flashing up to 2600 K. The
ter, electron spectroscopic methods can principally offer dilms were evaporated by means of an electron-beam evapo-
direct insight into the electronic properties. rator using crucibles with a melted CelS# and CeNjGe,

Up to now, these surfaces were generally prepared bgrystal inside, respectively. An integrated ionization-gauge-
scratching with a diamond file or fracturing. Other tech-like flux monitor facilitated a reproducible evaporation rate.
nigues such as sputtering to noble gas atoms roughens tik®r the MEED measurement, the LEED system in combina-
surface. tion with an external electron gun was used.

Angle-resolved photoemission is especially fundamental The electronic properties of the sample have been probed
for the determination of electronic properties and in conjuncby the techniques of resonant photoemission, x-ray photo-
tion with tuneability of photon energy a direct assignment ofemission spectroscogiXPS), and EELS. The energy distri-
the orbital nature of the states, which hybridize in the va-bution of the emitted and reflected electrons, respectively, is
lence band can be obtaingd. measured by a spectrometer system consisting of a

In our study, we grow monocrystalline thin films of HFS cylindrical-mirror analyzer with sector fiel 00 mm slit-to-
material on a single crystalline surface. This preparatiorslit distance with a high transmission. The energy resolution
technique enables us to prepa®@mically cleanandwell-  was set to about 150 meV. The angular resolution of the
orderedsurfaces. We have chosen the ternary intermetallicglectrons wast3°. The stoichiometry of the ternary system
CePdSi, and CeNjGe,, which were evaporated on a was determined by means of XPS and AES. The primary
W(110 crystal. The film growth was investigated by meansenergy of the EELS electron source can be varied between 5
of low- and medium-energy electron diffractiohEED, and 300 eV. It contains a cylindrical-sector analyzer serving
MEED) and Auger electron spectroscop4ES). The elec- asmonochromatomf the electron beam. The energy width
tronic behavior of these high-quality films was determined(full width at half maximum can be reduced to below 50
using the technique of resonant photoemission. The giamheV independently of the primary energy. Magnetic fields
resonance in the Cefdemission at 122 eV facilitated the were compensated to less than @T by Helmholtz coils
determination of #4-derived features in the photoelectron outside and screened by three layersuemetal foil inside
spectrd as well as to distinguish between the different hy-the vacuum chamber. In the near future, spin analysis will be
bridization characters of the bands involved in the bondingcarried out by a SPLEED detector. Making use of the advan-
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ﬂ T in the Ce 4 emission ahvr=122 eV? This behavior can be
hv = seen in Fig. 2 utilizing photon energies of 120 and 110 eV.

oy
w * \& 130eV | This resonance was identified as a result from the transition
& M 40%%411-4d%f2 followed by an Auger decay process

- 4d%412—4d%%f%+ e, being a so-called “super-Coster-

Kronig” transition® Both spectra are normalized in such a

way to give similar intensities in the energy region above 7

eV where no features are observed. The Pd-, Si-, Ni-, and

Ge-derived photoemission intensities vary rather weakly

’n,.’ with the photon energy. Therefore, by obtaining the differ-

] ence spectrum, structures have to be Ce induced. The (120
| —110eV) difference spectrum is shown in Figbp for
Wqﬁﬁw CePdSi,. The appearance of the peak n&aris not a result

°r of the subtraction procedure but is already seen in the 120 eV

. 1008V spectrum.

WW A prior investigation by Parkt all® determined both

features at 2 and 0.5 eV binding energy to be Galdrived.

0 : ! . ' In contrast, their sample was bulk material that was fractured

and the measurement was carried out in an angle-integrated

mode, thus only allowing the determination of the density of

N states but nok-resolved E(k) behavior. Their difference

- @ cenige, | ] spectrum only showed both features néar; the one at 5

O cepd,si, | eV with opposite sign was not detected. Therefore, the exis-

tence of this feature demonstrates the possibilitieanfle-

7 resolvedinvestigations on high-quality and well-ordered sur-

] faces. The corresponding investigation on GEW, [see

Figs. 2c) and Zd)] does not show this structure. This di-

i rectly points to a Pd-induced character. A possible explana-

tion may be the 4 character of Pd valence-band electrons,

7 in comparison to Ni 8, being involved into a-f hybrid-

] ization.

] ) In order to get a further insight into the electronic behav-

0 N T e ',"ﬂ ior of heavy fermion systems, it is indispensable to investi-
80 90 100 110 120 130 140 150 160 170 180 190 gate theorbital natureas well as theelement charactefor
(b) photon energy [eV] the different states being involved into the bonding of the
intermetallic. This determination was carried out for
FIG. 1. (8) Energy distribution curves of Cep&i, showing the  CePdSi, using photon energies between 75 and 150 eV. The
drastically enhanced emission of the Cp States at an excitation photoelectron intensities were determined for the three peaks
energy of about 120 eV(b) Peak intensities of the CepSstates as i, the energy region near the Fermi level at binding energies
a function of photon energy for Cefgl, (L)) and CeNjGe; (®). at 0.5, 2, and around 5 eWf. Fig. 2. These values are
shown in Fig. 3(@: 0.5 eV, ¢: 2 eV, R 5 eV). For excita-
tages of tuneable excitation energy, photoemission measuréen energies above 100 eV both peaks at low binding energy
ments were carried out at BESSY, Ber{8X700 monochro- possess very low intensity and exhibit a giant enhancement
maton). at photon energies around 125 eV. This observation directly
The spectra of the energy region around 20 eV bindingpoints to thef character of these electrons as already dis-
energy for excitation energies between 100 and 140 eV areussed abovécf. Fig. 2. The structure at a binding energy
shown in Fig. 1a). Obviously, the emission of Cepg, and  around 5 eV decreases slowly in intensity without any pro-
P32 is drastically increased at about 120 eV. This behavior imounced feature. Included into Fig. 3 are cross sections of Pd
directly correlated with the onset of the resonant enhance4d states being experimentally determifeddashed ling
ment of the 4—4f transition in the Ce compound. This and theoretically calculaté8l (dash-dotted ling respec-
process is described byd&%4f15p%+ hv—4d%4f?5p® with  tively. The shape of both curves is in good agreement to the
subsequent d°4f25p®— 4d'%4f15p>+e~.8 The peak areas intensity of the peak at 5 eV. This structure is therefore not
of the Ce J-induced structures after a linear backgroundcaused by emission of Cef4states. Below an excitation
subtraction were determined as a function of the excitatiorenergy of 100 eV the cross section of the peak at 0.5 eV
energy. This result is presented in Figbjlfor CePdSi, (() increases not significantly to lower photon energies. As al-
and CeNjGe, (®). The giant enhancement of the cross secteady observed for Cef4states:® this minimum is located
tion for a photon energy of about 120 eV is evident. Thearoundhv=100 eV. Being in contrast, the structure at 2 eV
shape of these curves is in good agreement with theoretic@ticreases rapidly to lower excitation energies. Below 100 eV
calculations for metallic C&. the energy dependence of the cross section is therefore the
For photon-induced excitations, there is a giant resonancgame as for the 5 eV feature. This structure must therefore
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FIG. 2. Photoelectron spectra of CeBdg (a) and (b) and CeNjGe, (c) and(d). The spectra were taken at room temperature with an
excitation energy of 110 and 120 eV. The difference spectra point tofGkedved emission at a binding energy of 2.0 and 0.5 eV due to
a giant resonance at about 120 eV.

arise from emission of a band being caused by orbital mixing L ' ' ' ' ' ]
due to a not significantly weighted hybridization of Pd and
Ce states. The theoretical calculated photoionization cross
sections of Ce ¢ state$? are shown as a dotted line. The : B
shape of this curve with its maximum arouhd=125 eV [ o} % ocead -
demonstrates thiecharacter of the photoemission peaks with :
binding energies of 0.5 and 2.0 eV.

EELS at low excitation energies is a surface sensitive
technique to study the electronic structure by exciting collec-
tive oscillations or electrons from occupied into unoccupied
states. In metals with a high density of states arising fcbm
electrons, the excitation of plasmon losses has a relatively
low probability. Therefore, the spectra are dominated by in-
terband or intraband transitions. In rare-earth metals, excita-
tions of the partially filledf shell are observed, that are as-
signed to be dipole-forbidden f44f transitions. These
transitions are enhanced near thé 4f thresholdt*

Figure 4 shows a typical electron-energy-loss spectrum
taken at a primary energy of the incident electron beam of - | 5
E,=27eV. Two characteristic features are present in the /2 ?
spectrum: a pronounced peak at 1.2 eV and aweak oneatan L. 0 @ -t :
energy loss between 2 and 3.5 eV. In comparison with band-
structure calculatiort3'®and ultraviolet photoemission spec-
troscopy (UPS), the broad feature at about 2.5 eV can be photon energy [eV]
assigned to be.an 'nterb_and transition. T_he loss at 1.2 eV FIG. 3. Peak intensities of the three features near the Fermi
represents a dipole-forbiddenf-4f transition of the Ce energy for CePsi, (@, W, #). Included are relative cross sections

compound. This value corresponds to the energy differencgr pd 4d [calculated, dash-dottetRef. 12; measured, dashed
of the occupied and unoccupied #vels and gives evidence (Ref. 11); and Ce 4l (calculated dotted(Ref. 12].
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e T r Tt electronic properties of #states will be useful for direct

comparison with band-structure calculations for heavy fer-
mion systems because in the photoemission process from a

T A localized state an ionic final state is created due to the emis-
-2 | L] | 1 sion of the photoelectron. Thus, the final-state energy can be
o N strongly shifted as compared with the neutral complex. As
é * already shown in UPS and EELS investigations on rare

. earths(e.g., on G’ the binding energies determined by
these techniques differ up to about 4 eV.

In summary we have determined structural and electronic
4 properties of the Ce-based, ternary heavy fermion interme-
tallics CePdSi, and CeNjGe, using the techniques of
LEED, MEED, AES, EELS, and resonant photoemission.
The atomically clean and well-ordered surfaces were pre-
pared by metal beam epitaxy on a(¥0 crystal. This
preparation procedure enables the applicatiorarmmjle re-
solving electron spectroscopic methods being sensitive to
surface properties of single crystalline material.

Using EELS, the binding energy of the Cd 4tates in
this compound could be determined being important for the-
1 oretical work because by this excitation technique a neutral
P TP T S S TR state is created in contrast to the remaining hole state in UPS.

5 10 15 20 25 30 35 The giant resonance in the Cé émission at 122 eV facili-
excitation energy [eV] tated the determination off4derived features in the photo-
electron spectra as well as to distinguish between the differ-

FIG. 4. Electron-energy-loss spectrum taken at room temperagnt hybridization characters of the bands being involved into
ture with a primary energy of the incident electron beamEgf  the ponding of the intermetallics. In the future, the electronic
=27 eV; the prominent feature at a loss energy of 1.2 eV is causeflynerties will be determined below the characteristic tem-
by a dipole-forbidden #-4f transition of the Ce compounsee  oa4,r6 and additionally spin resolved in order to obtain

inse). The Intensity of this feature is .Shown as a function of thefurther insight into the behavior of heavy fermion systems.
electron excitation energy demonstrating a variation of the relative

cross section. The authors thank the staff of BESSY for their coopera-
tion. We acknowledge financial support by the Deutsche For-

for a 4f binding energy of below 1.2 eV. The final state in schungsgemeinschaft through Grant No. SFB 252. We thank

this excitation spectroscopy is a neutral excited state becausgh. Geibel(TH Darmstadk for providing the CePs5i, and

no electron has been emitted. Therefore, the determination @eNiLGe, material.
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