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Electronic structure of CeNi2Ge2 investigated by angle-resolved photoemission
and density-functional calculations
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We present a detailed investigation of the electronic band structure of the heavy Fermion compound
CeNi2Ge2 by means of angle resolved photoemission spectroscopy~ARPES!. Measured with high angular and
energy resolution, the experimental data from the~001! surface display several narrow bands close to the Fermi
energy. The nature of these bands was identified by a comparison with augmented spherical wave~ASW! band
structure calculations based on density functional theory~DFT! in the local density approximation~LDA !. In
contrast to the results of previous photoemission measurements onin situ prepared films of CeNi2Ge2 we
demonstrate that the investigated bands show strong dispersion, in agreement with the theoretical results. In
addition we show that the orbital character of the states close to the Fermi level is mainly Ni 3d and that an
‘‘unusual giant Kondo resonance’’ does not exist in the photoemission spectra.

DOI: 10.1103/PhysRevB.64.235104 PACS number~s!: 71.20.Eh, 71.27.1a, 71.28.1d, 79.60.2i
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I. INTRODUCTION

Strong electron–electron correlations in solids are resp
sible for a variety of interesting physical properties in ma
transition metal and rare earth compounds.1–4 Especially the
so-called heavy fermion~HF! behavior of metallic 4f and 5f
compounds—where one can observe an enormous effe
mass enhancement in the thermodynamic properties at
temperatures—has attracted much interest during the last
decades. If there is no magnetic ordering, most of these c
pounds can be described in the framework of the Fer
liquid ~FL! theory, where the hybridization of the conductio
electrons with the strongly correlatedf states forms heavy
quasiparticles with an effective massm* up to the order of
m* /m'1000 (m5 free electron mass!. However, there exis
intermetallic systems which, despite the lack of magne
order, exhibit strong deviations from the HF-FL behavi
For example, the electrical resistivityr(T) and the specific
heatC(T) of CeNi2Ge2 deviate significantly from the pre
dictions of the HF-FL scenario, although no magnetic ord
ing could be observed in this system.5 The origin of these
so-called non-Fermi-liquid~NFL! effects are not completely
clear, but in the case of undoped CeNi2Ge2 it is assumed tha
the reason for the NFL behavior is the proximity of an an
ferromagnetic quantum critical point.6,7

In general cerium compounds have been widely stud
by various techniques8–14 because there is only one 4f elec-
tron (nf&1), an important fact that simplifies the theoretic
description in comparison to systems with higher 4f occupa-
tion numbers. In principle, the most direct information on t
electronic states of a solid can be obtained by ang
resolved photoemission spectroscopy~ARPES!. In the con-
text of the HF or NFL effects, which appear on the tempe
0163-1829/2001/64~23!/235104~10!/$20.00 64 2351
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ture and energy scale of only'1 K, the experimental
limitations of ARPES are given by the finite energy reso
tion and the minimum sample temperatures, which are ty
cally one or two orders of magnitude above the lo
temperature regime where the coherent many-b
properties of the HF system develop. However, ARPES
able to give important information on the spectral propert
of HF compounds and the nature of the electronic sta
especially in combination with theoretical calculations.

The quality of the investigated sample surface is imp
tant for reliable ARPES experiments: contamination, surfa
roughness, and disorder can strongly influence the exp
mental results. Althoughin situ cleaved single crystals ar
known to yield well ordered and contamination free surfac
there are only a few ARPES experiments on sing
crystalline Ce compounds in the literature,15,16 mainly be-
cause of the restricted availability of such crystals and pr
lems in thein situ cleavage procedure. In the particular ca
of CeNi2Ge2, the only published ARPES measurements17–22

have been performed onin situ prepared, epitaxially grown
films in different orientations.

One of the most important methods to investigate
electronic structure of solids theoretically are band struct
calculations based on the density-functional theory~DFT!.
However, one has to bear in mind that DFT methods h
well known limitations:~i! DFT is a ground state theory an
does not necessarily describe the high energy excitation
the photoemission process, and~ii ! the single particle ener
gies obtained from the Kohn–Sham equations have, stri
speaking, no clear physical meaning, except for the high
occupied one, which corresponds to the ionization ene
Therefore a one-to-one correspondence to the experime
ARPES data can not bea priori guaranteed. Despite thes
©2001 The American Physical Society04-1
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D. EHM et al. PHYSICAL REVIEW B 64 235104
more fundamental limitations, experience has shown surp
ingly good agreement between ARPES results and calcul
bands in numerous cases.23 While this has been widely ac
cepted, it is still a matter of debate to what extent ba
theory can be applied to the description off electron systems
where electronic correlations are important.24 In addition to
pure local density approximation~LDA ! treatments~see,
e.g., Refs. 25 and 26 and the review by Norman a
Koelling27!—‘‘renormalized band’’ approaches have be
successful in calculating Fermi surfaces of a variety of
systems.24,28 Starting out from an LDA calculation ‘‘renor
malized band theory’’ is based on the assumption that i
spherical harmonics expansion only the scattering phase
associated with thef channel deviates substantially from th
one originating from an LDA calculation, while all othe
phase shifts are well described by the LDA. There rema
one single unknown parameter, thef electron phase shift
which is usually adapted to experimental data. Reversing
argument, as long as one is not particularly interested
describing the electronic correlations coming with thef
states, an LDA treatment is justified especially for a desc
tion of the Fermi surface topology.

In this paper we present high-resolution ARPES meas
ments on the~001! surface ofin situ cleaved single crystals
of CeNi2Ge2. In contrast to earlier results18,20 our low-
temperature data (T'20 K) exhibit strongly dispersing
bands, which are in agreement with the results of a com
hensive band structure calculation. In addition, electro
structure theory allows the determination of the orbital ch
acter of the individual experimentally observed bands. Cl
to the Fermi level one can distinguish two independent f
tures with high spectral intensity, where one peak can
assigned to the nondispersive Kondo resonance and a se
one has mainly Ni 3d character with a narrow paraboli
dispersion.

The manuscript is organized as follows: the crystal str
ture and sample preparation are described in the follow
section; the principles of the band structure calculation
the photoemission process are discussed in Sec. III, follo
by a description of the experimental setup in Sec. IV. Fina
in Sec. V we present and discuss the experimental and t
retical results.

II. CRYSTAL STRUCTURE

CeNi2Ge2 belongs to a wide class of cerium
compounds12,15,25,29–31that crystallize in the ThCr2Si2 struc-
ture having a body-centered tetragonal lattice with sp
group I4/mmm (D4h

17).11 The corresponding simple tetrago
nal unit cell, marked by thin solid lines in Fig. 1, compris
two formula units. While the Ce atoms are located at
Wyckoff position ~2a!: (0,0,0), the Ni and Ge atoms ar

found at positions~4d!: (0,1
2 ,6 1

4 ) and ~4e!: (0,0,zGe), re-
spectively.zGe is the positional parameter for the Ge atom
As is evident from Fig. 1, the atoms form horizontal plan
i.e., perpendicular to thez axis atz50, z5 1

2 2zGe, z5 1
4 ,

z5zGe, andz5 1
2 , with the sequence~Ce, Ge, Ni, Ge, Ce!.

The Ni atoms are tetrahedrally coordinated by both the
and Ge atoms. We extractedzGe50.372 from Knebel’s
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graphical representation,32 which is slightly different from
Yamagami’s26 value wherezGe53/8 was chosen. According
to our x-ray diffraction data, the lattice constants area
54.153 Å and c59.853 Å . These values are in clos
agreement with those from other authors.11,26,32

The CeNi2Ge2 samples investigated in the present wo
were cut from a single crystal grown by the Czochrals
technique in a Tri–Arc furnace from a slightly Ce-rich me
Single crystals of approximately 5 mm diameter and 10 m
length were characterized and oriented using x-ray diffr
tion techniques. Rocking curves showed only one sh
peak. Powder x-ray patterns taken from different parts of
crystal showed only the peaks of the ThCr2Si2 structure. Af-
ter orientation by Laue diffraction, the crystal was cut in
slices of 1 mm thickness with thec axis normal to the sur-
face.

Prior to the PES measurements the surface was prep
by in situ cleaving of the individual crystals atT&20 K,
because it was found that surface degradation of rare e
compounds is much slower at low temperature.33 The surface
quality of the sample was repeatedly controlled both by c
level photoemission~XPS!, which in our case showed n
carbon or oxygen contamination, and by ultraviolet pho
emission ~UPS! in the valence band region above 7 e
where no additional oxygen peaks could be observed.34,35

The single crystallinity of the surface was checked by lo
energy electron diffraction~LEED!. A typical LEED pattern
(E05142 eV) from a cleaved surface is shown in Fig.
Clearly visible is the fourfold symmetry and the two equiv

FIG. 1. Crystal structure of CeNi2Ge2 ~bct!. Ce, Ni, and Ge
atoms are printed in medium, dark, and light gray, respectivelx
andz indicate the crystal axes;a andc are the lattice constants in
the respective directions.
4-2
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ELECTRONIC STRUCTURE OF CeNi2Ge2 . . . PHYSICAL REVIEW B 64 235104
lent high symmetry directions@100# and@010# in the surface
plane.

III. THEORY

Our band structure calculation is based on dens
functional theory~DFT! in the local density approximation
~LDA !.36,37 We employ the augmented spherical wa
~ASW! method38 in its scalar-relativistic implementation~see
Refs. 39–41 for more recent descriptions!, which has already
been used in the calculations by Stichtet al.42 on CeCu2Si2
as well as for the isostructural actinide series UT2Ge2 ~T
5Mn, Fe, Co, Ni, Cu!.43 In order to minimize the spher
overlap coming with the atomic sphere approximati
~ASA!44 we used the recently developed sphere geom
optimization ~SGO! method, which solves the problem o
finding optimal sphere radii automatically.45 The atomic
sphere radii used in the calculations are listed in Table
together with the basis set orbitals. States given in paren
ses were included as tails of other orbitals~see Refs. 38–41
for more details on the ASW method!.

Self-consistency was achieved by an efficient algorit
for convergence acceleration.46 The Brillouin zone sampling
was done using an increased number ofk points ranging
from 28 to 1984 points within the irreducible wedge of t
tetragonal lattice, ensuring convergence of our results w

FIG. 2. LEED pattern (E05142 eV) of a freshly cleaved
CeNi2Ge2 ~001! surface (232 reconstructed!, before being rotated
to correct orientation.

TABLE I. Atomic sphere radii and basis set orbitals f
CeNi2Ge2 (aB is the Bohr radius!.

Atom Radius~units of aB) Orbitals

Ce 3.907 6s 6p 5d 4 f (5 f )
Ni 2.667 4s 4p 3d (4 f )
Ge 2.698 4s 4p 3d (4 f )
23510
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ry
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respect to the fineness of thek-space grid.
Figure 3 displays the electronic states along selected h

symmetry lines within the first Brillouin zone of the centere
tetragonal lattice, which is shown in Fig. 4. The correspon
ing dominant partial densities of states~DOS! are given in
Fig. 5. All other states play only a minor role in the ener
interval displayed. At lower energies, we find atEB
'25 eV the Ge 3d states~not shown!. In addition, we ob-
serve in Fig. 3 two bands in the binding energy interval fro
8 to 11.5 eV, which are almost exclusively of Ge 4s
character.

FIG. 3. Electronic bands of CeNi2Ge2 along selected symmetry
lines within the first Brillouin zone of the centered tetragonal latt
~cf. Fig. 4!.

FIG. 4. Brillouin zone of the centered tetragonal structure w
high-symmetry points. The photoemission data have been takenk
points in theG-N-Z plane.kz is parallel to the surface normal.
4-3
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D. EHM et al. PHYSICAL REVIEW B 64 235104
It is obvious from the partial densities of states that
occupied part of the band structure down to binding energ
of EB'4 eV is dominated by the Ni 3d states. They are
accompanied by rather small contributions from the Gep
states betweenEB52 eV and 4 eV. At the Fermi energy th
Ce 4f states begin and form a strong peak atEB5
20.35 eV. Finally, we observe the Ce 5d states aboveEB
'22 eV. The change of band character near the Fermi
ergy from mainly Ni 3d to mainly Ce 4f is visible in more
detail in Figs. 6 and 7, where we display the electronic ba
in the narrow energy range fromEB52.0 eV to EB5
22.0 eV in a special representation: In both figures e
band at eachk point is given by a bar, with a length which i
a measure for the contribution from specified orbitals. A
cording to Figs. 6 and 7 the occupied states are of mainly
3d character. The Ni 3d contribution continously decrease
with decreasing binding energy and becomes nearly zer

FIG. 5. Total and partial densities of states~DOS! of CeNi2Ge2

per unit cell. The maximum height of the Ce 4f peak amounts to
45.85 eV21.

FIG. 6. Weighted electronic bands of CeNi2Ge2. The length of
the vertical bars given for eachk point indicates the contribution
from the Ni 3d orbitals.
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EF , while on the other hand the Ce 4f character, becoming
visible first at aboutEB'0.4 eV, increases rapidly in ap
proaching the Fermi energy.

Of special interest in the subsequent analysis of the
perimental data are the highest occupied bands at the Z
G point. According to Fig. 6 and an analysis of correspon
ing representations of all other orbitals, the states atEB
50.64 eV at both the Z andG point are of almost pure N
3dxy character. In contrast, the highest occupied state aG,
i.e., the band atEB50.58 eV, is built up almost exclusively
from the Ce 5dx22y2 orbitals. All contributions of the other
Ce 5d orbitals can be neglected in this energy andk range. In
order to facilitate the following comparison with the expe
ment we point out that the Ce 5dx22y2 and Ni 3dxy orbitals
are aligned parallel to the in-plane tetragonal axes and
diagonal of thex-y plane, respectively. With the crysta
structure displayed in Fig. 1, we assign these electronic st
as the in-planes-bonding orbitals between the respecti
Ni-Ni and Ce-Ce pairs neighbored within a plane.

The total density of states at the Fermi energy amount
8.6 states/@~formula unit! eV#, corresponding to a specifi
heat coefficientg of 20.3 mJ/mol K2. This value is some-
what larger than the 16.1 mJ/mol K2 quoted by Yamagami26

but, as expected from an LDA-based approach, much sm
than the experimental value of 350 mJ/mol K2.47

In general we find a rather good agreement of our res
with those previously published by Yamagami.26 However,
there exist also distinct differences in the band structure
the splitting of the two Ge 4s bands at the Z point or the
exact positions of the two highest occupied bands at thG
point. In order to find the reasons for these differences
performed additional calculations with Yamagami’s26 basis
set, which includes the Ce 5p states instead of the Ce 6p
states, and treated the Ge 3d orbitals as core states. Thi
caused significant shifts of the higher lying bands of t
order of 0.2 eV. In particular, the energetic positions of t
two highest occupied bands at theG point resembled more

FIG. 7. Weighted electronic bands of CeNi2Ge2. The length of
the vertical bars given for eachk point indicates the contribution
from the Ce 4f orbitals.
4-4
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ELECTRONIC STRUCTURE OF CeNi2Ge2 . . . PHYSICAL REVIEW B 64 235104
the band structure published by Yamagami.26 Nevertheless,
there still remain differences, which might be due to the u
of spin-orbit coupling or of the muffin–tin approximation i
Yamagami’s work.26 In our calculation we find an occupatio
of '0.9 electrons of the Ce 6p states, whicha posteriori
supports our choice of basis set. Another calculation us
Yamagami’s26 crystal parameters showed that the slig
differences—in particular inzGe—has only little effect on the
results.

In interpreting the angular dependence of the experim
tal photoemission spectra one must be aware of the fact
the photoelectron emission angleu only defines theki com-
ponent of thek vector parallel to the surface. The perpe
dicular componentk' is not conserved at the surface and—
one assumes a free electron final state for the emi
photoelectron—can be approximately determined from
expressions

ki5
A2m

\
AEkin sinu, ~1!

k'5
A2m

\
AEkin cos2u1V0. ~2!

Combining Eqs.~1! and ~2! we obtain the component pe
pendicular to the surface by

k'5
A2m

\
AEkin1V02

\2

2m
ki

2, ~3!

wherem is the free electron mass. The parametersV0 and
Ekin are the inner potential and the kinetic energy of t
photoelectrons~see Ref. 23!, respectively. The kinetic energ
Ekin depends on the binding energy of the electrons and
work function F0, which defines the energetic distance b
tween the Fermi energy and the vacuum level :

Ekin5hn2EB2F0 . ~4!

The inner potentialV0 is related to the muffin-tin zero
~MTZ!, which is given by the bottom of the extended sta
in the LDA calculations with respect to the vacuum level

V05EF2MTZ1F0 . ~5!

In practice, the photon energyhn and the work functionF0
are specified by the experimental setup andEF2MTZ is
taken from the calculations.

To conclude, when performing an ARPES experimen
constant photon energy we actually follow a spherical path
k space rather than a straight line. The radius of this circl
determined by the square root of the kinetic energyEkin plus
the inner potentialV0. This is schematically displayed in Fig
8 for the photon energies used in this present investigat
Here we used an inner potentialV0513.18 eV determined
from the MTZ of the band structure calculation~see above!,
in agreement with estimations from photon energy depend
ARPES experiments. The muffin–tin zero used was M
58.79 eV and the work function was set toF054.39 eV,
which is the work function of the spectrometer and genera
is similar to the one of the sample.
23510
e

g
t

n-
at

-

d
e

e
-

s

t
n
is

n.

nt

y

IV. EXPERIMENTAL SETUP

The photoemission experiments were performed on
VUV undulator beam lines U2-FSGM at BESSY I in Berlin
and BL 10.0.1 at the Advanced Light Source~ALS! in Ber-
keley. The crossed undulator at BESSY I, followed by a
cusing spherical grating monochromator~FSGM!, allowed
the polarization plane of the incident light to change. T
photoelectrons were analyzed with an energy resolution
DE'30 meV by an Omicron-AR 65 spectrometer, po
tioned on a two-axis goniometer. The 1 mm aperture of
electron lens defines an angular acceptance ofDQ561°.48

The high resolution end station at the ALS was equipp
with a SCIENTA SES–200 spectrometer, which allows t
photoemission spectra over an angular range of67° to be
measured simultaneously with an angular and energy res
tion of DQ'0.3° andDE'11 meV, respectively.

In both experimental setups the samples were mounte
a liquid-helium-cooled manipulator with three translation
and two rotational degrees of freedom, allowing sample te
peratures down to 15 K. The base pressure was below 1210

mbar. The photoemission data have been measured at ph
energies ofhn535 and 43 eV, because of a reasonable p
ton flux of the beamlines and the high PES cross section
the Ce 4f and Ni 3d states at these energies.49

V. RESULTS

Because all of the spectra presented in this paper w
measured with highly polarized synchrotron radiation,
have to consider the effect of the polarization on the pho
emission intensities. The left and the right panel of Fig
show the energy distribution curves~EDC’s! along the@100#
direction~i.e.,ki lies in theG-N-Z plane! using an excitation
energy ofhn543 eV with s- andp-polarized light, respec-
tively. It is obvious that especially the spectral features v
close toEF appear more pronounced in the spectra withs
polarization, e.g., at an emission angle ofQ545°. For a

FIG. 8. Typical spherical paths through the Brillouin zone
various photon energies for states close to the Fermi level,
EB5EF . The inner potential was set toV0513.18 eV. Upper right
corner: Brillouin zone with drawn inG-N-Z plane~shaded area!
4-5
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FIG. 9. Angle resolved PE spectra taken athn543 eV withs-polarized~left panel! andp-polarized~right panel! light at T515 K in the
G-N-Z plane by changing the polar angleQ relative to the surface normal. The spectra are normalized to the photon flux. The triangle
circles indicate the maximum positions of thesp features. The filled symbols indicate the peaks found ins polarization; the hollow ones
represent the peak positions inp polarization. For clarity these symbols are also copied into the respective other data set.
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better comparison of the two data sets we indicate the p
positions from the EDCs ins polarization~left panel, labeled
with filled symbols! also in the data withp polarization~right
panel, labeled with open symbols! at the respective angles
andvice versa.

The dominating spectral feature in the data withs polar-
ization is labeled with a filled triangle. It disperses over
energy range of nearly 500 meV with binding ener
maxima at normal emission (Q50°) and Q'30°. In the
data measured inp polarization there is only little intensity
from this feature. Another feature appears at higher bind
energies.1 eV ~circles! and near the Fermi level~open
triangles!.

An instructive way to display the dispersion of spect
features is to plot the second derivatived2I (E,ki)/dE2 of the
individual EDC’s in a gray scale plot as a function ofki and
binding energy~see Fig. 10!. This representation is espe
cially advantageous in comparison to the EDC’s as in Fig
for strongly dispersing bands. The gray scale plot—the p
maxima appear as darkened areas—allow the calcul
band structure with the experimental data to be immedia
compared. We have to take into account the influence of
inner potentialV0 to the theoretical description of the ban
structure@cf. Eq. ~5!#: becauseV0 cannot be determined un
ambiguously from the experiments, we calculate the b
structure for different values ofV0 within reasonable limits.
The results of these calculations are shown in Fig. 10
gether with a gray scale plot for the experimental data d
played in the left panel of Fig. 9 (hn543 eV, s polariza-
tion!. The points atki50 represent normal emission; th
23510
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center of the next nearest Brillouin zone~BZ! is close toki
'1.5 Å 21 (Z point, see Fig. 8!.

For the following discussion it is useful to distinguis
three of the calculated bands: bandA in the energy range
between the Fermi level andEB'0.7 eV, with a binding

FIG. 10. Gray scale plot of the second derivative of the EDC
in s polarization (hn543 eV) shown in Fig. 9, left panel. Dark
structures reflects the position of peak maxima in the EDC’s. T
dashed, solid and dotted lines represent the LDA results using
ferent values for the inner potentialV0, set to 12.18 eV~dashed
line!, 13.18 eV~solid line!, and 14.18 eV~dotted line!.
4-6
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ELECTRONIC STRUCTURE OF CeNi2Ge2 . . . PHYSICAL REVIEW B 64 235104
energy maximum atki50 andki'1.5 Å 21 and a second
band B can be found in the same energy range with
W-shaped dispersion around normal emission (ki50). The
third band C has its minimum binding energy ofEB
50.65 eV to 0.85 eV aroundki51.15 Å21. It is obvious
that all bands reveal a more or less pronounced sensitivit
the inner potentialV0: By increasingV0 the bottom of the
W-shaped part of band B moves to higher binding energ
whereas other parts of the same band show no change
V0. The plotted part of bandC shifts in opposite direction
BandA shows only slight changes at energies close toEF .

The comparison of the calculated bands with the exp
mental dispersions in Fig. 10 shows an accurate agreem
of the theoretical bandA ~at V0513.18 eV! with the main
spectral feature in thes-polarized data, especially very clos
to EF at ki52.25 Å21. Contributions from the other two
bandsB andC cannot be resolved in thiss-polarization data.
But the gray scale plot of the spectra taken withp polariza-
tion describes a different situation~see Fig. 11!. The com-
parison of the experimental dispersions with the theoret
bandsA, B, and C ~calculated withV0513.18 eV) shows
that in addition to bandA ~filled triangles from Fig. 9! band
B also ~hollow triangles from Fig. 9! can be found in the
experimental data.

From the theoretically known orbital character of t
bands one can conclude that the observed bandA results
from states with mainly Ni 3dxy character, whereas bandB
mostly contains contributions from the Ce 5dx22y2 orbitals.
If one takes into account the spatial orientation of these
tial state orbitals, in respect to the experimental geome
~vector potential of the incident light, detection plane of t
analyzer!, and assumes that all corresponding PES fi
states carry mainlys character, one can calculate the mat
elements of the photoemission process. In this way it can
shown that the contribution of the Ce 5dx22y2 orbitals to the

FIG. 11. Gray scale plot of the second derivative of the ED
in p polarization (hn543 eV) shown in Fig. 9, right panel. Th
dashed lines represent the LDA result withV0513.18 eV. The
filled and hollow symbols are the same used in Fig. 9 to display
peak maximum positions.
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photoemission intensities ats polarization will always be
close to zero in our case. In contrast, we get nonzero ma
elements for photoemission inp polarization for the Ce
5dx22y2 orbitals, which still depend on the emission ang
Q. The contribution of the Ni 3dxy orbitals to the PES matrix
elements should be nonzero for both polarization directio
This is in accordance with our experimental observation.

Figure 12 shows a series of EDC’s measured withhn
535 eV in p polarization. To investigate the shape of th
spectral features in more detail we used here a much hig
energy and angular resolution than in the experiments
scribed above, namelyDE'11 meV andDQ'0.3°. In
principle one can observe the same spectral features a
ready seen in the data in Fig. 9 measured withhn543 eV.
The differences between the spectra at the two different p
ton energies are due to the differentk paths in the three-
dimensional BZ~see Fig. 8!.

Special attention should be paid to the spectral feat
close to EF that appears most distinct at emission ang
aroundQ5615°. To discuss this feature in more detail w
give in Fig. 13 a magnified view of the relevant spectra fro
Fig. 12, both as EDCs and a gray scale plot. The peak m
mum follows a parabolic dispersion with a maximum bin
ing energy of onlyEB570 meV atki50.87 Å21. This is
close to a Bragg plane between the first and the neighbo
BZ ~see Fig. 8!. Within a small angular range of62° the
peak shifts steeply towardsEF and crosses the Fermi level a
kF'0.8760.05 Å21. At negative emission angles~around
Q5218°) there is also an enhanced intensity nearEF but

s

e

FIG. 12. Angle resolved PE spectra taken withp-polarized light
(hn535 eV) atT515 K close by theG-N-Z plane~see Fig. 8!;
DE'11 meV andDu'0.3°. The spectra are normalized to th
photon flux. The triangles and circles indicate the maximum po
tions of the peaks.
4-7
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we could not resolve the features with the same clarity as
positive emission angles. At a photon energy ofhn
543 eV a similar narrow band appears at emission an
aroundQ545°, corresponding toki52.3 Å 21 ~see Figs. 9
and 10!, which in the 3–dimensionalk–space is equivalen
to the point where the peak appears withhn535 eV ~see
Fig. 8!. From the theoretical results also given in Fig. 10
can be seen that in thisk region both bandA and bandB
approach or even cross the Fermi level. With the inner
tentialV0513.18 eV bandA exhibits a local binding energy

FIG. 13. Top: enlarged view of the data in Fig. 12 (hn
535 eV); the arrows indicate the position of the main peak. B
tom: gray scale plot of the second derivative of EDC’s sho
above; the inserted triangles indicate the peak maximum posit
of the feature already seen in the EDC’s of Fig. 12, which canno
resolved in this gray scale analysis.
23510
r

s

t

-

maximum ofEB50.09 eV atki52.35 Å21. Therefore we
conclude that both spectral features athn535 eV and 43 eV
belong to the same bandA which has predominantly Ni 3d
character.

In addition to this dispersing Ni 3d peak the EDC’s of
Fig. 13 show also an enhanced intensity atEF that has a
weaker dependence on the emission angle than the o
band features discussed so far. For example, in Fig. 12
can clearly see that this enhanced intensity exists ove
much larger angular range than the dispersing maxim
and—in principle—can be observed in all measured EDC
To demonstrate this we added in Fig. 13 a spectrum au
527.23° far off the angular range where the narrow Ni 3d
peak appears. Obviously there exists another spectral fea
close to the Fermi level, which we interpret as aKondo reso-
nance~KR!, which has been observed for various polycry
talline and single-crystalline Ce compounds.13,16,23,50–58An-
gular dependent measurements on single crystalline sam
showed that the spectral weight of the KR is dependent
the emission angle, whereas the peak maximum rem
pinned at the Fermi level.16 In contrast to the other experi
mentally observed bands, which are in good agreement w
the LDA band structure, the Kondo resonance cannot be
equately described by the LDA calculation, since it is a ty
cal many–body feature of the 4f spectral function.

We summarize our results as follows:
~1! In the theoretical calculations we can distinguish thr

bands with different orbital character. BandA and B are of
mainly Ni 3dxy and Ce 5dx22y2 character, respectively. Th
third bandC, which is positioned at higher binding energie
is of Ni 3d character.

~2! BandA can be immediately found in the experiment
data with s-polarized light, whereas bandB cannot be ob-
served here. Its spectral signature appears, however, thro
out comparatively weak in the data measured withp polar-
ization.

~3! A narrow low-energy feature is visible close toEF
when theki component lies close to a Bragg plane betwe
two adjacent Brillouin zones (N-N cut, cf. Fig. 8!. This fea-
ture is of mainly Ni 3d character.

~4! Independent of this Ni 3d peak is a nondispersing
peak at the Fermi level, which we assign to the Kondo re
nance of the 4f spectral function.

There exist only a few angle resolved photoemission
periments on single crystalline Ce compounds in
literature.15,16 In the case of CeNi2Ge2, photoemission ex-
periments on epitaxially grown thin films of CeNi2Ge2 have
been published.18–21In Refs. 18 and 20 the authors report o
the preparation of a~001! surface of CeNi2Ge2, which al-
lowed the first ARPES investigation of the band structure
this system. But the results show significant discrepanc
compared to the results of the present work. Over the co
plete energy range the given spectra indicate only a w
angular dependence. Furthermore, at low temperatureT
520 K) there appears an enhanced spectral weight clos
the Fermi energy, which the authors in Ref. 18 discuss
detail as being the tail and the spin-orbit sideband of
Kondo resonance. Because the experimental band struc

-

ns
e
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shows practically no dispersion in the complete valence b
range, the authors also conclude that the band structure
responds to the dispersion of heavy quasiparticles, as kn
from the renormalized band structure calculation
CeCu2Si2.

42

From our results one must infer that both conclusions
not be valid. First one should note that at low photon en
gies used for the experiments in Refs. 18 and 20 the ph
emission cross section for the excitation of the Ce 4f states
is nearly negligible in comparison to the cross sections
the other valence band states. Typical photon energies fo
investigation of the Ce 4f spectra are aroundhn540 eV.
However, our data measured withhn535 eV and hn
543 eV show no indication of heavy Fermion bands
higher binding energies, but strongly dispersing bands as
scribed by the LDA. Only directly atEF do we see the
slightly enhanced intensity, which we assign to the Kon
resonance. In comparison to the other spectral features
particular the narrow Ni 3d peak close toEF—the intensity
of this Kondo resonance is small. But at lower photon en
gies the narrow Ni 3d peak might easily be misinterpreted a
a ‘‘giant Kondo resonance.’’18

Another possible reason for the different experimental
sults might be due to the surface quality: It is known th
surface degradation of rare earth systems33 can influence the
spectroscopic results significantly. Therefore all our exp
ments were performed on single crystals cleaved at low t
perature and subsequently measured atT,20 K to avoid an
accelerated deterioration of the surfaces. In addition, the
of synchrotron radiation has the advantage of optimum U
conditions without leakage gas from the discharge lamp.
tried to reduce the exposure time of the surfaces as fa
possible and repeatedly checked the surface quality by m
suring the spectra at higher binding energies. The bind
energy range fromEB54.0 eV to 7.0 eV is extremely sen
sitive to an oxidation of the surface, due to the appearanc
the O 2p features.34,35 The spectra shown in Ref. 20 sho
exactly in this energy range a considerable intensity wh
does not exist in our data. An influence of the larger angu
.
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acceptance (DQ53°) and energy resolution (DE
5150 meV) alone, compared to the setup for the data p
sented here, cannot explain the obvious discrepancy.

VI. CONCLUSIONS

In this work we have presented high-resolution, ang
resolved photoemission measurements on CeNi2Ge2, using
synchrotron radiation with changeable polarization directio
The measurements have been performed on high-qu
single crystals cleavedin situ at low temperatures. Paying
special attention to surface quality we could determine
experimental electronic band structure along certain thr
dimensional paths in theG-N-Z plane. In contrast to previ-
ous investigations18,20 we observe strongly dispersing band
A comparison with new LDA band structure calculation
along spherical paths in the three-dimensional BZ allows
unambiguous assignment of these experimentally obse
bands to be predominantly of Ni 3d character. Close to the
Fermi level we observe a sharp spectral feature that follow
narrow parabolalike dispersion over an energy range of
meV. The existence of this feature is confined to a sm
angular range, in contrast to an additional intensity enhan
ment pinned at the Fermi level, which shows only a we
dependence of spectral weight on the emission angle.
cause this feature is also explained by the LDA calculat
the appearance of an ‘‘unusual giant Kondo resonance18

claimed in a precious study on CeNi2Ge2 could not be con-
firmed.
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23S. Hüfner, Photoelectron SpectroscopyVol. 82 of Springer Series

in Solid-State Sciences~Springer-Verlag, Berlin, 1996!.
24P. Fulde,Electron Correlations in Molecules and Solids, Vol. 100

of Springer Series in Solid-State Sciences~Springer-Verlag, Ber-
lin, 1995!.

25E. Runge, R. Albers, N. Christensen, and G. Zwicknagl, Ph
Rev. B51, 10 375~1995!.

26H. Yamagami, J. Phys. Soc. Jpn.68, 1975~1999!.
27M. Norman and D. Koelling,Electronic Structure, Fermi Sur-

faces and Superconductivity in f Electron Metals~North-
Holland, Amsterdam, 1993!, Vol. 17, Chap. 110, pp. 1–85.

28P. Fulde, J. Keller, and G. Zwicknagl,Theory of Heavy Fermion
Systems, Vol. 41 of Solid State Physics~Academic Press, New
York, 1988!, pp. 1–150.

29S. Lister, F. Grosche, F. Carter, R. Haselwimmer, S. Saxena
Mathur, S. Julian, and G. Lonzarich, Z. Phys. B: Condens. M
ter 103, 263 ~1997!.

30F. Steglich, P. Gegenwart, R. Helfrich, C. Langhammer, P. H
mann, L. Donnevert, C. Geibel, M. Lang, G. Sparn, W. Assm
G. R. Steward, and A. Ochiai, Z. Phys. B: Condens. Matter103,
235 ~1997!.

31Z. Kletowski, J. Less-Common Met.95, 127 ~1983!.
32G. Knebel, Ph.D. thesis, Universita¨t Augsburg~1999!.
33F. Reinert, R. Claessen, G. Nicolay, D. Ehm, S. Hu¨fner, W. P.

Ellis, G.-H. Gweon, J. W. Allen, and W. Abmus, Phys. Rev. B
58, 12 808~1998!.

34D. H. Ehm, Ph.D. thesis, Universita¨t des Saarlandes~2002!.
35M. Matsumoto, K. Soda, K. Ichikawa, S. Tanaka, Y. Taguchi,

Jouda, O. Aita, Y. Tezuka, and S. Shin, Phys. Rev. B50, 11 340
~1994!.
23510
.

N.
t-

l-
,

.

36P. Hohenberg and W. Kohn, Phys. Rev.136, B864 ~1964!.
37W. Kohn and L. J. Sham, Phys. Rev.140, A1133 ~1965!.
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